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Abstract

The Drosophila melanogaster protein Scalloped (Sd) is a member of the TEA/ATTS family of transcription
factors, present throughout Eukarya. The protein is best known for its involvement in the development
of the wing imaginal disc of Drosophila, although roles in nervous system, muscle (both cardiac and
somatic), eye and leg development as well as the control of cellular proliferation have also been shown
or predicted. Scalloped itself lacks a transcriptional activation domain and thus is thought to rely on
binding with transcription intermediary factors (TIFs) which have one or more of these domains. Under
this paradigm it is thought that Sd facilitates nuclear localization and targeted DNA binding of the Sd/TIF

complex, while the TIF activates the target gene(s).

In order to understand the mechanisms behind the nuclear translocation of Sd, it is
demonstrated that a candidate bipartite nuclear localization signal is functional in S2 cells, and further
that the region containing this signal is critical for Sd function during wing development. Evidence for
the presence of a nuclear export signal is also given. Finally, a broad region of the C-terminal domain of

Sd is identified as also being required for the proper nuclear localization of the protein.

Although several TIFs of Sd have been identified, there are several lines of evidence which make
it likely there are others yet to be discovered. Identifying these new factors would shed light on the
function of Sd within whichever tissue a new TIF is discovered. With this in mind a candidate-gene
approach was used to identify Drosophila vestigial-like 4 (dvgl-4). Herein it is demonstrated that dVgl-4
contains two putative Sd interacting domains and is able to interact with Sd in vitro and ex vivo. Itis also
shown that this protein is able to act in a dominant negative fashion during wing development, and that
there are likely two isoforms of mRNA expressed from this gene, and that the expression of each is likely
under the control of different promoters. Finally, over-expression phenotypes are described for several

tissues in order to begin elucidating a potential function for dVgl-4 in Drosophila development.
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Chapter One: General Introduction

The TEF-1 family of transcription factors

The grouping of the transcriptional enhancer factor-1 (TEF-1) family of transcription factors is
based on the TEA/ATTS DNA binding domains (TEAD) common to these proteins. The domain was
described as a region of amino acid identity present in TEF-1 (Homo sapiens), Transposon Enhancement
Control-1 (TEC-1, Saccharomyces cerevisiae) and AbaA (Aspergillus nidulans) (Andrianopoulos and
Timberlake, 1991; Burglin, 1991), and it is these proteins for which the domain was named (TEA for TEF-
1/TEC-1 AbaA, and ATTS for AbaA, TEC-1, TEF-1 sequence). Since the original classification in 1991,
family members have been found throughout Eukarya. Indeed, four different classes of TEAD proteins
have been found in vertebrates, and many organisms have several family members. Although many
different naming schemes have been used for members of these four classes, a unified approach has
been proposed in which the subfamilies are named TEF-1, divergent TEF-1 (DTEF-1), related to TEF-1
(RTEF-1) and embryonic TEA domain-containing factor (ETF), based on the first vertebrate example of
each cloned (Xiao et al., 1991; Yasunami et al., 1995; Azakie et al., 1996; Stewart et al., 1994, 1998) and
it is this scheme that will be used herein. While these proteins are about 70% identical overall, the TEAD
is ~100% identical between the four classes (Yoshida, 2008). The TEAD was originally predicted to
contain three a-helices (Davidson et al., 1988) and recent solution nuclear magnetic resonance
spectroscopy work verifies this (Anbanandam et al., 2006). When the TEAD domain was first
characterized, it was demonstrated that human TEF-1 could bind to Sph and GT-IIC binding sites in the
early promoter of Simian virus 40 (Davidson et al., 1988). Later, it was also demonstrated that members

of this family can interact with muscle-specific cytidine-adenosine-thymidine (MCAT) elements which



regulate the expression genes involved in muscle development (Farrance et al., 1992; Maeda et al.,

2002b).

In vertebrates, the TEAD family of transcription factors has long been implicated in neural and
muscle development (Shimizu et al., 1993; Chen et al., 1994; Maeda et al., 2002a; Milewski et al., 2004)
and more recent work has shown that TEAD proteins act to control cellular proliferation in a variety of
tissues via the Hippo (Hpo) pathway (Zhao et al., 2008; Ota and Sasaki, 2008). Although members of this
family are generally widely expressed in a given organism, the ability of TEAD proteins to activate
transcription is thought to rely on transcriptional intermediary factors (TIFs), which allow activation of a
variety of downstream genes in a tissue specific manner, depending on the TIFs present (Hwang et al.,
1993). One family of TIFs is the Vestigial-like (Vgl) family, indentified based on the presence of a TEAD
protein interacting domain, called a TONDU (TDU) domain, which was originally identified in the human
homologue of Drosophila Vestigial (Vg), TDU (Vaudin et al., 1999). In chicks, Vgl-2 responds to signalling
by muscle differentiation factors (such as Myogenic differentiation, MyoD) and is expressed in
developing and adult skeletal muscle tissue (Maeda et al., 2002a; Bonnet et al., 2010). Furthermore, in
vitro experiments have demonstrated that that Vgl-2 interacts with RTEF-1, TEF-1 and Myocyte
enhancer factor-2 (MEF2) which has long been known to be critical in animal muscle development
(Olson et al., 1995; Maeda et al., 2002a). Intriguingly, RTEF-1 has a higher affinity for MCAT sites in the
presence of Vgl-2 compared to when Vgl-2 is absent, while the opposite relationship is seen for TEF-
1/Vgl-2 complexes (Chen et al., 2004a). This an important result, because in addition to being present in
muscle gene promoters, MCAT elements are also present in placental gene promoters (e.g. human
placental lactogen, hPL) which are known to be TEAD protein targets (Chen et al., 2004a). Thus, the
ability of tissue specific TIFs to alter TEAD binding to target MCAT sequences provides one mechanism
by which TIFs might regulate TEAD protein function. More evidence of the role of vgl-2 as a muscle

specific TIF exists; vgl-2 morpholinos interfere with the differentiation of skeletal muscle in chicks (Chen



et al., 2004a). Finally, both vgl-2 and DTEF-1 homologues are found in zebrafish muscle-cell progenitors
(Mann et al., 2007). Altogether, the evidence supports the idea that vertebrate Vgl-2 is a muscle specific
TIF of the TEAD proteins. There are other examples as well: Vgl-1 and Vgl-3 are virtually exclusive to the
placenta specific factors, and thus could be placental specific TIFs (Maeda et al., 2002a), while Vgl-4 has
been shown to be critical for cardiac muscle development and could be a heart-specific TIF (Chen et al.,
2004b). Another example is in mouse cell lines and embryos, where Yes associated protein-65 (Yap65)
acts together with mouse TEF-1 and ETF to mediate Hpo dependent proliferation (Zhao et al., 2008; Ota
and Sasaki, 2008). In total, it seems probable that the tissue specificity of TEAD proteins is conferred —

at least partially — by the array of cofactors present in a given tissue.

scalloped

Among invertebrates, the first TEAD family member identified was encoded by the Drosophila
melanogaster gene, scalloped (sd), which is X-linked and was cloned in 1991 (Campbell et al., 1991).
Drosophila is an excellent system to study the TEAD gene family for a variety of reasons. First, the
organism itself is a well-studied model system with many benefits. These include a published genome
(Adams et al., 2000), a short generation time (about 10 days at 25°C) and a wealth of genetic tools. For
example, many chromosomal markers exist as well as balancer chromosomes which are useful for
maintaining heterozygous mutations in the absence of selection. Furthermore, P-elements can be used
which allow for chromosomal integration of artificially constructed transgenes and the UAS-GAL4
system which can be used to drive transgene expression in a temporally and spatially specific manner
(Brand and Perrimon, 1993). There are also many pathways conserved between fruit flies and

vertebrates. Indeed, many signalling paradigms such as the Wingless (Wg) and Hedgehog (Hh) pathways



were originally discovered in Drosophila (Sharma and Chopra, 1976; Nisslein-Volhard and Wieschaus,

1980).

Sd is itself a useful model for TEF-1 family function. Like other members of the family, Sd has a
highly conserved TEAD (98% identical to that of TEF-1; Figure 1.1) and is 68% identical to TEF-1
throughout the rest of the protein (Campbell et al., 1992). Moreover, there is clearly functional
redundancy, as TEF-1 is able to significantly rescue the wing phenotypes seen in sd”** hypomorphs
(Deshpande et al., 1997). In addition to the evidence for functional redundancy of the protein, it is
apparent that the family is functioning in similar developmental pathways in both Drosophila and
vertebrates. For instance, while Sd is best understood for its role in facilitating the development of the
wing in Drosophila -which is quite specific to that organism - many other pathways for Sd function have
been discovered. Indeed, like its vertebrate orthologues, Sd has been shown to have roles in muscle
(both somatic and cardiac) development, neural development and cellular proliferation (Campbell et al.,
1992; Srivastava and Bell, 2003; Garg et al., 2007; Goulev et al., 2008; Zhang et al., 2008; Deng et al.,
2009). Another advantage to studying Sd is that, unlike in vertebrates, Sd is the only known TEF-1 family
member in Drosophila. That said, sd is thought to code for several differentially spliced mRNAs (Figure
1.2; Campbell et al., 1991) and the product of each could function in unique ways. To date, the E21
mRNA is the only isoform whose product has been rigorously characterized and it is this protein product
which is discussed herein. Like the other members of the TEF-1 family, Sd has been shown to bind to
MCAT elements and this binding also appears to be modulated by TIF cofactor binding, similar to RTEF-1
and TEF-1 as discussed previously. Indeed, as was the case with Vgl-2 and TEF-1, Vg is able to greatly
reduce the ability of Sd to bind to MCAT sites. Moreover, when in complex with Vg, the binding
preference of Sd changes from singlet so called “A sites”, to doublet “B sites” (Halder and Carroll, 2001;

Halder et al., 1998) .



The E21 mRNA isoform of sd codes for a 440 amino acid protein, which is known to have at least
three (partially overlapping) domains and these domains are also present all of the other predicted
isoforms (Figures 1.2 and 1.3). The first domain is the TEAD as noted previously. In addition to this DNA
binding domain, two cofactors of Sd, Yorkie (Yki; the Drosophila homolog of Yap65) and Vg, have been
shown to interact with the C-terminal domain of Sd (Simmonds et al., 1998; Paumard-Rigal et al., 1998;
Goulev et al., 2008). More specifically, based on data involving the human homologs of Sd and Vg, Vg is
thought to bind to a domain called the Vestigial interacting domain (VID) which lies within amino acids
220-344 (Vaudin et al., 1999). Moreover, a TDU domain has also been identified in Vg, and this domain
(along with C- and N- terminal activation domains) has been shown to be necessary for Vg —and by
extension Sd — function in wing development, supporting the idea that Sd lacks an activation domain
and is thus unable to activate transcription in the absence of TIFs (Hwang et al., 1993; MacKay et al.,
2003; Vaudin et al., 1999). The last domain is inferred from X-ray crystallography data which mapped
the Yap65 interaction domains of TEF-1 and RTEF-1 (Li et al., 2010; Chen et al., 2010). The critical amino
acids present in the Yap65 interacting domains of these proteins are also present in Sd and lie with the
domain stretching from amino acids 267-435. Thus, it is plausible that this region contains the Yki-
interacting domain of Sd. Sd has also been shown to interact with Drosophila Mef2 (dMef2), and the
site of this interaction may constitute a fourth domain, though the binding site is currently

uncharacterized (Deng et al., 2009).

Drosophila Development

The first step in the patterning of Drosophila occurs during oogenesis when the unfertilized egg
is loaded with maternally provided mRNAs. Initially the anterior-posterior (A-P) and dorsal-ventral (D/V)

polarity is established when gurken (grk) is expressed in the dorsal anterior corner of the developing



oocyte (Neuman-Silberberg and Schiipbach, 1993; Roth, 2003; Van De Bor et al., 2005). This positional
information is then used to enrich the anterior and posterior poles of the embryo with maternally
loaded bicoid (bcd) and nanos (nos) mRNA, respectively, prior to fertilization and the activation of
zygotic transcription (Driever and Nusslein-Volhard, 1988a, 1988b; St Johnston and Nisslein-Volhard,
1992). Furthermore, dorsal (dl) becomes enriched in the ventral side of the embryo (Steward, 1989; Ip
et al., 1991). Subsequent to fertilization, the developing embryo exists as a syncytium of nuclei, which
divide synchronously 13 times (Foe and Alberts, 1983). During the 14™ cycle, the embryo begins the
process of cellularization. Additionally, between the 10" and 14" cycles, zygotic transcription begins in
earnest (Anderson and Lengyel, 1979). This transcription is regulated by the maternal factors that have
already established polarity within the embryo. Indeed, the maternal bcd, nos and d/ mRNAs are
translated and, due to their enrichment in particular regions of the embryo and the nature of the
syncytial embryo, establish anterior-posterior, posterior-anterior and ventral-dorsal gradients of
expression, respectively, of the three morpchogens. Historically, the gradients were thought to be
based only on protein diffusion (Driever and Nisslein-Volhard, 1988a), but both old and recent work
have demonstrated that bcd mRNA diffuses and that this diffusion is likely at least partially responsible
for the Bcd gradient (Frigerio et al., 1986; Spirov et al., 2009). Thus, it is possible this is also true for the
other two morphogens. Regardless of the mechanism(s) of gradient establishment, the information is
then used to further subdivide the developing embryo into 14 segments (three anterior which
eventually form the head, three thoracic which eventually form the legs, wings and halteres and 8
abdominal; Figure 1.4), in the following manner (DiNardo et al., 1994; Pick, 1998; Sanson, 2001): First,
Bcd and Nos act to define the expression of two other maternally inherited mRNAs — hunchback (hb)
and caudal (cad) — such that Hb forms a gradient concentrated in the anterior portion of the developing
embryo, while the inverse is true of Cad. The expression of these genes leads into regulation of the

identical zygotic genes as well as downstream factors known as the gap genes, examples of which are



kruppel (kr), knirps (kni) and hb itself. The gap genes divide the embryo into coarse segments along the
A/P axis. Through the activity (both direct and indirect) of the gap proteins, the pair-rule genes (e.g.
even-skipped (eve), fushi tarazu (ftz), hairy (h) and runt (run)) further subdivide the embryo into seven
pairs of parasegments. Each parasegment is then divided into an anterior, engrailed (en) expressing
region and a posterior, wg expressing region, establishing polarity for the subsequent development of
each segment (Figure 1.5). Finally, the homeotic transcription factors assign segmental identity to the
polarized segments. A classic example of a homeotic gene is antennapedia (antp). The primary
function of Antp is to act as a switch between the leg and antennal developmental programs. Indeed,
one of the best known homeotic transformations involves gain-of-function mutations which cause
antennal discs to develop as legs (Gehring, 1967; Lewis et al., 1980). Conversely, loss-of-function
mutations cause a leg to antennal homeotic transformation (Struhl, 1981). It is important to note that
each segment also has anterior-posterior polarity, defined by the expression of Wg in the anterior half
and Engrailed (En) in the posterior half of each segment (Couso et al., 1993). After segmental
specification, gastrulation proceeds until the egg hatches and a first instar larva emerges approximately
24 hours after fertilization. This larva then undergoes two molts (each separated by roughly 24 hours of
feeding) progressing from the first to second to third larval instar. The third instar feeds for about 48
hours before leaving the food and beginning the five day process of pupariation. It is during pupariation
that the adult structures are formed, with the majority of the adult structures developing from clusters
of cells known as the imaginal discs, whose development begins in the embryonic ectoderm (Auerbach,
1936; Garcia-Bellido and Merriam, 1969; Wieschaus and Gehring, 1976), in a segment specific fashion
(Akam, 1987). From these discs the head, thorax, legs, wings, halteres and genitalia are formed — along
with cuticle that forms the majority of the body wall - while the cells of the histoblast nests make up the

abdominal epidermis.



Scalloped During Development

The sd locus was originally identified by mutational analysis in 1929 (Gruneberg, 1929).
However, once the gene was cloned, a thorough temporal and spatial analysis of the expression of the

gene was undertaken, using sd*"*

which is an enhancer trap allele of sd (Campbell et al., 1991). In third
instar larvae, reporter expression was detected in almost all discs, including the wing, eye-antennal, leg
discs and genital discs. Furthermore, expression was observed in and around the optic lobes and in the
ventral nerve cord. Staining was also seen in the embryo, particularly in cells of the central and
peripheral nervous system (CNS and PNS). More recently, sd expression has also been detected in

embryonic somatic and cardiac muscle cells (Deng et al., 2009). The expression data of sd are

summarized in Table 1.1.

Consistent with the expression data described above Sd has been shown to be important for a
variety of developmental programs. Indeed, sd mutants have defects in cardiac development (Deng et
al., 2009). There is also evidence that Vg modulates flight muscle differentiation (Sudarsan et al., 2001).
Given that Sd is co-expressed with Vg in the precursors of flight muscle cells (Bernard et al., 2003), it is
possible that Sd is also involved in this process. That said, no sd mutants have been demonstrated to
have flight muscle defects. Mitotic clones of sd*”" (a larval lethal allele of sd) in the eye and leg disc
cause mispatterning and loss of eye bristles, as well as loss of distal leg tissue in the adults; while
dominant negative forms of Sd cause gross defects in the eyes and legs (Garg et al., 2007). Roles for
nervous system development have also been described, as sd mutants have defects in sensory bristles
(most notably in the wing margin but also in the adult eye; (Campbell et al., 1992; Srivastava and Bell,
2003; Garg et al., 2007). Also, Sd expression can modulate the expression of several Odor receptor (Or)
genes, and thus specify the identity of at least some olfactory receptor neurons (ORNs) which are

present in the olfactory organs (the antenna and maxillary palp) and whose identity is based on the



subset of Or genes expressed within them (Ray et al., 2008). Finally, Sd, along with Yki is required for
cell proliferation in both the eyes and wings (Zhang et al., 2008; Goulev et al., 2008). It is important to
note that no specific cofactor for Sd activity has, as of yet, been found in either the developing legs discs
or the optic lobe. However, yki is broadly expressed (Chintapalli et al., 2007) and the protein may be a
cofactor of Sd in either or both of these tissues. Still, verifying whether or not this is true, and

identifying any other TIF(s) of Sd in these tissues remains an important issue.

Drosophila Wing Development

While progress is being made in understanding the role of Sd in the tissues noted previously, to
date the majority of studies has focused on the role of Sd in the development of the wing imaginal disc
of the third instar larvae of Drosophila. The wing of Drosophila has been an attractive model for
studying Sd function, primarily because it is not necessary for the viability of laboratory stocks, and
moreover, it is a highly patterned tissue which is sensitive to perturbations. Thus, it is worthwhile
examining wing development in detail, along with what is known about the role of Sd in this tissue. In
order to understand what follows, a fate map relating the regions of the developing wing disc that give

rise to the corresponding regions of the adult wing is provided for reference as Figure 1.6 (Bryant, 1975).

In Drosophila, the cells of the wing primordia first arise due to their proximity to a group of cells
in the thoracic segment which express both Wg (in a dorsal-ventral stripe) and Decapentaplegic (Dpp;
perpendicular to the Wg stripe, i.e. along the A/P boundary) (Cohen et al., 1993; Campbell et al., 1993).
Once specified as disc cells by these signals they proliferate and separate into two populations: ventral
Distal-less (DII) expressing cells (which will give rise to the leg discs in all three thoracic segments; T1, T2
and T3), and dorsal DlI-free cells (which will give rise to the wing and haltere discs in segments T2 and
T3, respectively; (Fuse et al., 1996b)). While all three thoracic segments are competent to form wing
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discs at this stage, the actions of the homeotic Sex comb reduced (Scr) and Ultrabithorax (Ubx) proteins
repress or modify this formation in the first and third thoracic segments, respectively (Carroll et al.,
1995; Weatherbee et al., 1998). Once the wing and haltere primordia segregate from the presumptive
leg primordia, the presumptive wing discs begin to express Snail (Sna) and Escargot (Esg). These
transcription factors act to induce the expression of vg, which serves as the earliest known marker for

the wing imaginal discs (Williams et al., 1991; Fuse et al., 1996a).

Wing disc development is a process that tightly couples growth (the wing disc expands from ~50
cells in first instar to ~50,000 cells by the late third instar) and patterning. This patterning begins in the
embryo (as discussed above) and continues in first instar larvae, as cells of the wing disc maintain the
embryonically derived expression of en in the posterior compartment. However, wg expression is lost
during the migration of these cells from the leg disc primordia and is not seen at this time. Expression of
vg is also maintained and is ubiquitous during this stage (Williams et al., 1993; Couso et al., 1993).
During the second instar, the anterior/posterior (A/P) boundary is set up through the activity of Dpp
which is expressed as a stripe on the anterior side of the A/P boundary, through the actions of Hh and
the embryonically inherited En (Sanicola et al., 1995; Blair and Ralston, 1997). In addition to its role in
specifying the A/P boundary, En, along with its co-expressed paralog Invected (Inv), is necessary to
define the posterior compartment (Simmonds et al., 1995; Simmonds and Bell, 1998). Once the spatial
characteristics of the wing are established, wg expression is re-initiated as a wedge in the ventral-
anterior region of the disc and this is required, along with Dpp, to repress teashirt (tsh). The repression
of tsh is likewise required for the proper development of the adult wing blade (Couso et al., 1993, 1995;
Klein and Arias, 1998b; Wu and Cohen, 2002; Zirin and Mann, 2004). Another factor important in
establishing polarity in the developing wing disc is Apterus (Ap), which has two functions: The first is to
specify dorsal fate, while the second is to establish the dorsal/ventral (D/V) boundary (Diaz-Benjumea

and Cohen, 1993; Blair et al., 1994; Williams et al., 1994; Couso et al., 1995; Milan et al., 2002). The
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expression of ap (which is in the dorsal region of the wing disc, and overlaps the most dorsal region of
wg expression) relies on Wg and Epidermal growth factor receptor (Egfr) signalling. Egfris itself
activated by a secreted ligand, Vein (Vn). However, while the expression of ap is controlled as described
above, Vg is required for the proper activity of Ap (Couso et al., 1995; Wang et al., 2000; Delanoue et al.,
2002). The role of Ap in defining the D/V boundary is mediated by the activation of Notch (N), through
its ligands Serrate (Ser) and Delta (DI), as well as a regulator of N activity, Fringe (Fng). It is known that
Ap function is involved in regulating expression of ser and fng; furthermore the juxtaposition of dorsal
Fng" cells with ventral Fng cells is necessary for N activation along the D/V boundary (Couso et al., 1995;
Kim et al., 1995), although it is not known how this occurs (Panin et al., 1997; Klein and Arias, 1998c;
Delanoue et al., 2002; Milan and Cohen, 2003). Regardless, it is clear that this N activation, in
conjunction with Wg signalling, is required to maintain vg expression along the D/V boundary, via the vg
Boundary Enhancer (vg®*; Figure 1.7) (Couso et al., 1995; Kim et al., 1995, 1996; Klein and Arias, 1998b,
1999). By the end of the second instar, Vg is localized along the D/V boundary and, along with Wg
(whose expression is refined to this region through the actions of N and Vg), is required for the
specification of the wing margin (Liu et al., 2000; MacKay et al., 2003; Srivastava and Bell, 2003). In the
third instar, the wing blade is specified by the activity of Vg which is activated in the pouch of the wing
disc through the vg Quadrant Enhancer (vg“; Figure 1.7). This enhancer is regulated by inputs from
both the D/V (through margin localized Vg and Wg) and A/P (through Dpp signalling) boundaries but is
not active in the wing margin, possibly due to repression via Egfr signalling along the D/V boundary
(Klein and Arias, 1998b; Nagaraj et al., 1999; Guss et al., 2001). The pouch and D/V expression of Vg,
along with Sd, is required for wing blade and margin fate. Also at this time, Wg is expressed ina 0
pattern, forming a stripe across the D/V boundary, as well as marking the outline of the presumptive
wing pouch (Figure 1.6; (Couso et al., 1994). It is the expression of Wg along the periphery of the

nascent wing, along with Vg and other factors, that acts to specify and pattern the proximal and distal
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wing hinge (Neumann and Cohen, 1997; Klein and Arias, 1998a, 1999; Casares and Mann, 2000; Azpiazu
and Morata, 2000; Liu et al., 2000; Rodriguez et al., 2002; Kolzer et al., 2003; Whitworth and Russell,

2003).

Control of wing disc growth involves many of the same factors as patterning (reviewed in Neto-
Silva et al., 2009). For example, both Dpp and Wg are required for patterning, as mentioned, and both
can induce growth when ectopically expressed (Martin-Castellanos and Edgar, 2002; Giraldez and
Cohen, 2003). However, in their absence the wing disc fails to grow properly and eventually is lost
(Couso et al., 1993; Zecca et al,, 1995). The mechanism of tissue loss is different for each; when Wg is
absent, the pro-apoptotic gene hid is induced and the cells of the disc die. On the other hand, when
Dpp signalling is absent, the cells of the disc delaminate from the epithelium and are killed due to the
activation of the Jun-N-terminal kinase (JNK) stress pathway (Gibson and Perrimon, 2005; Shen and
Dahmann, 2005). To some degree, the proliferative functions of Wg and Dpp have been shown to be
effected by the actions of Diminutive (Dm; aka dMyc) (Johnston et al., 1999; Prober and Edgar, 2000;
Duman-Scheel et al., 2004). Indeed, Dpp signalling can increase Dm levels, while Wg can inhibit dm
expression at the D/V boundary thus inducing a transient cell cycle arrest. Dm affects cell proliferation
through a mechanism known as cell competition; cells which express low levels of Dm relative to their
neighbours will die, while those expressing higher levels of Dm will proliferate (de la Cova et al., 2004;
Johnston, 2009). Dpp has also been shown to regulate Yki function via the Hpo/Wts pathway (Huang et

al., 2005; Rogulja et al., 2008) and Yki is required for proliferation in the wing disc (Huang et al., 2005).

Scalloped During Wing Development

A generally accepted model for Sd/Vg function is that each protein provides discrete functions
to the complex. Specifically, Vg provides transcriptional activation, while Sd allows the complex to

12



localize to the nucleus and bind DNA (Halder et al., 1998; Paumard-Rigal et al., 1998; Simmonds et al.,
1998; Srivastava et al., 2002; MacKay et al., 2003). There is evidence that the target specificity of DNA
binding is conferred by the TEAD of Sd, but modified by Vg/Sd interactions (Halder and Carroll, 2001;
Hwang et al., 1993). Several genes whose enhancers are bound and activated by the Sd/Vg complex, in
combination with other signals, have been identified. These include serum response factor (srf), cut (ct),
Drosophila E2F1 (dE2F1), Drosophila inhibitor of apoptosis protein-1 (DIAP1), Or59c and possibly spalt
(sal) and Or85d (Jack and Delotto, 1992; Guss et al., 2001; Halder and Carroll, 2001; Barrio and de Celis,
2004; Delanoue et al., 2004; Goulev et al., 2008; Zhang et al., 2008). Furthermore, sd and vg expression
are auto-regulated and the Sd/Vg complex is necessary to maintain both vg® and sd transcription in the
developing wing disc (Williams et al., 1993; Guss et al., 2001). The co-expression of Sd and Vg is
necessary for proper patterning and proliferation of the blade and margin tissues of the wing (Delanoue
et al., 2004) and misexpression of Vg is sufficient to induce ectopic wing tissue in competent tissues,
which include most of the imaginal discs (Kim et al., 1996). It has been proposed that the presence of Sd
— likely through its ability to complex with Vg — along with N and Wg signalling, is what confers
competence to Vg induced wing formation in imaginal discs (Maves and Schubiger, 1998; Kurata et al.,
2000; Baena-Lopez and Garcia-Bellido, 2003). For example, in the eye discs where Sd, N and Wg are
expressed, but Vg normally is not, the ectopic expression of Vg leads to an outgrowth of wing tissue
from the adult eyes (Simmonds et al., 1998). More specific to the patterning of the wing itself, it is also
known that the Sd/Vg complex is required for either the establishment or maintenance of the D/V stripe
of Wg expression required for proper wing patterning (Srivastava and Bell, 2003). It appears that Sd is
also required for the proper function of Senseless (Sens) which in turn is vital for the specification of
sense organ precursors (SOPs), which the bristles which line the margin of the adult wing eventually
derive from (Srivastava and Bell, 2003). Finally, Sd complexes with Yki, and subsequently facilitates both

the translocation of the complex to the nucleus and the binding of the complex to target DNA sites,
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allowing for Yki to activate target genes which induce proliferation (an example of which is diap1)

(Goulev et al., 2008; Zhang et al., 2008; Wu et al., 2008).

Scalloped as a model for the TEAD family

Understanding how the TEAD family functions is of great importance, since, as described above,
family members participate in a variety of critical developmental processes such as neural genesis and
muscle development. Moreover, now that the family is known to be involved in the Hippo pathway, it
raises the possibility that TEAD family members may be critical for controlling proper cellular
proliferation during development, which means the mis-regulation of this gene family may have

implications in the development of cancers.

There are several reasons why it is advantageous to use Sd as a model for studying the TEAD
family of proteins. First, as mentioned above, Drosophila is itself an excellent model system, with many
genetic and molecular tools which can be utilized. Also, within Drosophila, sd is the only TEAD family
member, which means there is no need to worry about functional redundancy. The high degree of
protein identity seen between Sd and its vertebrate orthologues also implies that any insights gained
into the structure and function of Sd are likely to be applicable to the other family members.
Additionally, the fact that there is conservation of function and that (so far) all known cofactors of Sd are
present in higher organisms (and vice versa; see the previous sections) implies that any new pathways
and cofactors identified in Drosophila are likely to be present in vertebrates as well, and moreover, the

information gained about them will also be applicable.
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Research Focus

As described above, it has long been known that Sd is vitally important for wing development,
and recent evidence for roles in other tissues and pathways have also been described. A functional
dissection of the Sd protein has been carried out which attempted to assign functions to different
regions of Sd, particularly in regards to wing development (Chow et al., 2004). Moreover, as expected
for a transcription factor, Sd has been shown to be localized to the nucleus and is thought to be required
for the proper nuclear localization of Vg (Halder et al., 1998; Simmonds et al., 1998; Srivastava et al.,
2002). However, nothing is known in regard to how Sd itself translocates to the nucleus. Furthermore,
it is not clear if all of the TIFs of Sd have been identified. In fact, it seems likely given the broad
expression of Sd, that other unknown binding partners exist, besides the three described above (Vg,
dMef-2, Yki). Based on the first of these two ideas, experiments to characterize regions which mediate
the nuclear translocation of Sd are presented in Chapter Two. Indeed, the experiments presented
therein show that Sd contains a bipartite nuclear localization signal which would explain the nuclear
localization of Sd. However, the data described also provide evidence that Sd contains a nuclear export
signal, and that the C-terminal region of Sd influences the localization of the protein. On the other
hand, Chapter Three explores the possibility that an uncharacterized protein, CG10741, which contains
two putative tandem TDU domains, is in fact an unidentified TIF of Sd. Finally, in Chapter Four, general

conclusions are made and some insight into possible future directions is given.
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Figure 1.1. Alignment of human TEAD proteins. The four human TEAD proteins (TEF-1, Related
to TEF-1 (RTEF-1), divergent TEF-1 (DTEF-1) and Embryonic TEA domain-containing factor (ETF)) and the
Drosophila Sd are shown aligned. Conserved residues are shaded black; the black bar running from
amino acids 88-163 of Sd is the TEA domain; the gray bars running from amino acids 96-108, 127-139
and 145-162 of Sd represent a-helices one, two and three, respectively. Alignments were done using

Jalview (Waterhouse et al., 2009).
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Figure 1.2. Overview of sd mRNA isoforms. All predicted sd isoforms are shown along with their
intron-exon structure, along with cg8509-RA (which is internal to the sd locus). The exons composing
the TEA domain (orange box) as well as the Vestigial interacting domain (green box) are shown and are
common to all of the isoforms. Modified from Tweedie et al., 2009.
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Figure 1.3. Schematic of the Sd protein. The three known domains of Sd are indicated. The TEA
DNA binding domain and Vg interacting domain (VID) are as indicated. The black bar represents the
extent of the predicted Yorkie interacting domain (YID), which is inferred based on the residues of TEF-1
and Related to TEF-1 which interact with Yes associated protein-65 (see text).
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Figure 1.4. Fate map of Drosophila embryonic segments correlated to adult tissues. Simplified
diagrams of a Drosophila embryo and adult are shown, with the adult structures colour-coded to show
which embryonic segments they are derived from. H1-3 are head segments 1-3, T1-3 are thoracic

segments 1-3 and A1-8 is abdominal segments 1-8. Modified from Sadava et al., 2009.
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Figure 1.5. Schematic of early embryonic A/P patterning. Maternally inherited transcripts of
bicoid (bcd) and nanos (nos) are translated and the proteins form anterior-posterior and posterior-
anterior gradients, respectively. This leads to translation of cad transcripts which together with Bcd,
regulate translation of maternal hb (hunch-back) transcripts and establish a pattern of Hb localization
similar to Bcd. Hb induces the zygotic expression of gap genes, which further divide the embryo along
the A/P axis. This causes further subdivision into parasegments due to the expression of the pair-rule
genes, and then each parasegment is divided into A and P halves due to the effects of segment-polarity
gene expression. Hb (M) is Hb translated using maternally inherited hb transcript; hb (Z) is zygotically

transcribed hb. Modified from Griffiths, 2002.
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Figure 1.6. Simplified fate map of the wing imaginal disc. A) A diagram representing a third
instar wing imaginal disc. Shown are the presumptive notum (blue), dorsal and ventral hinge (red and
purple, respectively), dorsal and ventral blade (grey and green, respectively), pleura (pink) and margin
(yellow). The wing pouch is inclusive of the area bounded by the presumptive dorsal and ventral hinge
tissue. Modified from Bryant, 1975. B) A diagram of the dorsal surface of the adult wing, colour coded
based on the regions of the disc that give rise to the corresponding tissues: the notum (blue), hinge

(red), blade (grey) and margin (yellow).

26



Ventral Blade Ventral Hinge

Dorsal Blade

Dorsal Hinge

Dorsal Blade

Margin

27



Figure 1.7. Overview of vg and wg expression in the wing imaginal disc of third instar larvae.
Expression pattern of the vg Quadrant Enhancer (vg; blue), the vg Boundary Enhancer (vg®; green),
wingless (wg; red) and a region along the D/V axis where both the vg®™ and wg are transcriptionally

active (yellow). See text for details.
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Table 1.1. Overview of regions of sd expression in Drosophila embryos and larva. Regions
where sd transcript have been detected are indicated, along with the corresponding adult structure that
is derived from the noted tissues (where applicable). MF is the morphogenetic furrow, and PNS is the

peripheral nervous system. The data are a summary based on the results Campbell et al. 1992 and Deng

et al. 2009.
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Larval structure

Corresponding adult structure

Clypeolabrum discs
Eye-antennal discs (behind MF)
Wing discs
Haltere discs
Leg discs (all thee pairs)
Genital disc
Optic lobe/ventral nerve cord

Embryonic Structure

Labrum
Eyes and antennea
Wings
Halteres
Legs
Genitilia
Central nervous system

Corresponding adult structure

Somatic muscle precursors
Cardiac muscle precursors
Anterior sense organs
PNS
Supraesophageal ganglion

N/A (larval muscle precursor)
Dorsal vessal
N/A (larval anterior sense organ precursor)
N/A (larval PNS)
Brain
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Chapter Two: Identification of a classical nuclear localization signal in Scalloped®

Introduction to nuclear transport

One of the hallmarks of eukaryotes is the compartmentalization of their nuclear material within
the nuclear envelope (which consists of an inner and outer membrane (D’Angelo and Hetzer, 2006).
However, this compartmentalization creates a fundamental biological problem — namely, how is it
possible for the genetic information present in the nucleus to be utilized by the molecular machinery of
the cytoplasm, and conversely, how can the state of the cell be communicated to the nucleus in order to
facilitate an appropriate transcriptional response? In a general sense, these problems can be solved by
allowing for the export of mMRNAs from the nucleus and the import of proteins, such as transcription
factors, into the nucleus. Indeed, many compounds are transported into and out of the nucleus,
including various RNA species, proteins (both soluble and those targeted to the membrane), ions and
small molecules like sugars, amino acids and nucleotides (Franke and Scheer, 1974; Sorokin et al., 2007).
This transport occurs (often bilaterally) through large and complex protein channels present in the

nuclear envelope, known as nuclear pore complexes (NPCs).

The NPCis a large complex ranging from 44 MDa in yeast to 60 MDa in vertebrates (Rout et al.,
2000; Cressman et al., 2001). Although there is some variability in the structure of the NPC from
organism to organism, generally it is composed of three segments: cytoplasmic fibrils, a central core
(running between the two membranes of the nuclear envelope) and a nuclear basket consisting of
nuclear filaments (Rout and Wente, 1994; Suntharalingam and Wente, 2003). These components each
have an eight-fold radial symmetry, and given the large size of the NPC, a relatively scant variety of

proteins called nucleoporins (Nups) compose the NPC (Rout et al., 2000; Cronshaw et al., 2002). In fact,

! A version of this chapter has been accepted for publication in PLoS ONE. A. C. Magico and J. B. Bell.
Identification of a Classical Bipartite Nuclear Localization Signal in the Drosophila TEA/ATTS Protein Scalloped. All
experiments were designed, conducted by and analyzed by A. C. Magico
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only about 30 different Nups are found in the NPC, although each is typically present in multiples of
eight (due the symmetrical arrangement of the NPC), and in total 500-1000 Nups of these 30 species
make up the complex. The pore itself is plastic and roughly 45 nm in length, ranging in diameter from
about nine nm to 40 nm during passive and active transport (see below), respectively (Paine et al., 1975;

Keminer and Peters, 1999; Panté and Kann, 2002).

As noted above, there is species to species variation in structure of NPCs. Thus, it is not
surprising that there is variation in the Nups that compose the NPC as well. Indeed, many Nups
identified in yeast show very weak identity with those identified in vertebrates, and vice versa (Vasu and
Forbes, 2001; Suntharalingam and Wente, 2003). That said, based on position within the NPC as well as
neighbor interactions, the majority of Nups appear to have orthologs in both vertebrates and yeast
(reviewed in (Sorokin et al., 2007). Nups can be divided into three classes, based on their sequence and
function. The most common class of Nup (by percent of NPC mass) are the FG-Nups, which are named
for amino acid sequence repeats present within the protein (FG, FXFX, GLFG or FN), and are generally
distributed evenly at the nuclear and cytoplasmic faces of the NPC, although the asymmetries that do
exist are thought to be important for transport (see below). The other two classes of are the
transmembrane Nups, which fix the NPC to the nuclear membranes, and those that contain a-solenoids
(a-helices) and B-propellers (B-sheets), which are thought to anchor the Nups of the inner and outer
membranes together (Rout et al., 2000; Cronshaw et al., 2002; reviewed in Devos et al., 2006; Sorokin et

al., 2007).

Transport via the NPC is mediated by one of the two mechanisms alluded to previously. The
first is via passive diffusion through the NPC, which allows the passage of small metabolites, ions and
proteins smaller than approximately 40-50 kDa, although the efficiency of transport decreases as the

protein size approaches these upper-limits (Macara, 2001; Tran and Wente, 2006). Passive diffusion
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does not require energy, and allows these small molecules which are not much larger than 6 nm in
diameter to transverse the NPC without requiring interactions with the Nups (Gorlich and Kutay, 1999).
However, even relatively small compounds such as tRNAs and histones are transported actively, rather
than passively, suggesting that passage through the NPC is generally a regulated process (Zasloff, 1983;
Jakel et al., 1999). The second mechanism which allows translocation through the NPC is active

transport and is dependent on interactions with a subset of the Nups.

While active and passive transport through the NPC facilitates the movement of various proteins
across the nuclear envelope, there are also examples of proteins that have domains capable of retaining
them in a given location, thereby retarding transport via the NPC. These are known as retention signals
and come in two flavours — nuclear and cytoplasmic — which can act to retain a protein in the given
compartment under certain conditions. For instance, Glucocorticoid receptor (GR) is a steroid hormone
receptor transcription factor which regulates genes implicated in a variety of processes, including
glucose homeostasis, lipid metabolism and cancer (reviewed in Charmandari et al., 2004; Chrousos et
al., 2004). GRis known to transport actively into the nucleus, yet in the absence of steroid hormone, GR
is retained in the cytoplasm; likely due to interactions with a Heat shock protein 90 (Hsp90) containing
complex which retains the protein in the cytoplasm. Once a ligand binds, GR is released from the
complex and allowed to enter the nucleus actively. On the other hand, nuclear GR is retained there in
the absence of a ligand, even though the naive (ligand unbound) receptor is normally targeted for
nuclear export. This nuclear retention is due to a specific nuclear retention signal, which may facilitate
specific interactions with 14-3-3c¢ protein (Chintapalli et al., 2007). Cytoplasmic and nuclear retention
signals provide an additional layer of regulation that acts on some proteins which undergo active

transport. The following three sections will focus on active transport.
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Active nuclear transport

Although there are alternate pathways (discussed below), the majority of translocation events
are thought to be mediated by proteins known as Karyopherins (Gorlich and Kutay, 1999). These
proteins can be specific for import (Importins), export (Exportins) or both (Transportins). There are two
types of Karyopherins: Karyopherins-a and Karyopherins-B. The number of Karypherins presentin a
given species is variable (for instance, the number of Karyopherins-a varies from three in Drosophila to
six in humans and the number of Karyopherins-p varies from six in Caenorhabditis elegans to 20 in
humans (Mathé et al., 2000; Torok et al., 1995; Kiissel and Frasch, 1995); reviewed in Weis, 2003 and
Tejomurtula et al., 2009, but there are certainly far fewer than there are proteins which undergo active
transport. Thus, a given Karyopherin must be able to recognize and transport many different proteins.
This occurs via recognition sequences known as nuclear localization signals (NLSs) and nuclear export
signals (NESs) which are found within cargo proteins. Karyopherins-p can either interact directly to
cargo allowing for transport, or they can interact with Karyopherins-a which in turn interact with cargo
proteins directly (i.e. they act as adapters of Karyopherins-f mediated transport) into or out of the

nucleus.

Nuclear import

The stereotypical example of nuclear import involving Karyopherins-o/B (Importins-a/B) and NLSs is
the Ran-dependent model, an overview of which is shown as Figure 2.2. In the a/B model, an Importin-
a binds to an NLS enriched for basic residues (which is called a classical NLS, or cNLS) in a cargo protein,
and then Importin-a is in turn bound by Importin-B1 (Sorokin et al., 2007). This whole complex then
interacts — via Importin-B1 — with the FG repeats of FG-Nups present in the cytoplasmic fibrils of the NPC
(Wu et al., 1995; Yokoyama et al., 1995; Adam and Adam, 1994; Gorlich et al., 1994; 1995). There is
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evidence that the interaction between Importin-B and the FG-Nups is dependent on binding the small-
GTPase RAs-related Nuclear protein-GTP (Ran-GTP), which is present at low levels in the cytoplasm
(Shah et al., 1998). However, this is paradoxical since the presence of Ran-GTP is known to interfere
with the stability of the Importin-a/B complex (Floer and Blobel, 1996; Lounsbury and Macara, 1997a).
One explanation for these conflicting data that has been proposed is that Ran-GTP is quickly hydrolyzed
to Ran-GDP upon binding the cNLS-cargo protein/Importin-a/Importin-B1/FG-Nup complex (due to Ran
protein’s intrinsic but normally slow GTPase activity, which is enhanced by accessory proteins present in
the complex that accelerate the GTP->GDP conversion) (Lounsbury and Macara, 1997b; Lonhienne et al.,
2009). Ran-GDP, along with associated factors, is then translocated through the channel into the
nucleus. The precise mechanism by which this occurs is unknown, but it appears that the complex
passes from cytoplasmic Nups to nuclear Nups, which only interact with Ran-GDP (Panté and Aebi, 1996;
Moore and Blobel, 1994; Nehrbass and Blobel, 1996). Once in the nucleus, GDP is quickly exchanged to
GTP, allowing for dissociation from the nuclear Nups. Furthermore, the presence of Ran-GTP also
causes Importin-a to release its cNLS containing cargo protein into the nucleus, thus achieving the

ultimate goal of nuclear translocation (Rexach and Blobel, 1995).

It should be noted that the process described above is similar to when Importins-f mediate
interactions with the cargo protein directly, through a non-classical NLS. However, cNLSs have a
relatively well defined character, making it easier to identify proteins which contain them. The cNLS
itself is defined based on similarity to the first member of this class of NLS discovered, the Simian virus
40 (SV40) T-antigen NLS (Lanford and Butel, 1984; Kalderon et al., 1984). These signals are found in two
forms — monopartite and bipartite — which have one and two clusters of basic amino acids with the
following consensus sequences: [K(K/R)X(K/R)] and [(R/K),X~10(R/K)s3/s], respectively (Robbins, 1991;
Dingwall and Laskey, 1991; Chelsky et al., 1989), although recent work has shown that the length of the

spacer in a bipartite signal can be as large as 29 amino acids (Lange et al., 2010).
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In Drosophila, there are three known members of the Importin-a (Imp-a) family: Imp-a1,2 and 3
(Torok et al., 1995; Kiissel and Frasch, 1995; Mathé et al., 2000; Mason et al., 2002). Based on the
results of rescue experiments, the three Imp-a proteins are generally functionally redundant, although
specialized roles in gametogenesis have been found for Imp-al and Imp-a2. However, neither of those
proteins are essential for survival (Mason et al., 2002; Gorjanacz et al., 2002; Ratan et al., 2008). On the
other hand, Imp-a3 is required for larval survival and development of larval and adult structures (Mathé

et al., 2000).

Some proteins are known to be transported actively without requiring Importins-f to mediate
the process. Rather, these are able to interact with Nups directly. One example is B-catenin which has
been shown to interact directly with cytoplasmic filaments (Fagotto et al., 1998). Moreover, this study
demonstrated that the interaction is likely at the same sites as Importin-B1 binds to, since the presence
of Importin-B1 can inhibit the import of B-catenin. Finally, while the mechanism of translocation is
unknown, transport of B-catenin can occur in both a RanGTP-dependent and independent fashion, and it
has been demonstrated that interactions Smad3 and Smad4 promote nuclear translocation (Fagotto et

al., 1998; Zhang et al., 2010).

Nuclear export

In a similar fashion to NLSs, nuclear export signals (NESs) are recognized by specific exportin-p
proteins which shuttle proteins though the NPC and into the cytoplasm. However, in this case it is
RanGTP that associates with the NES/exportin-f complex in the nucleus, which is subsequently
transported to the cytoplasm, and the cargo released upon GTP hydrolyzing to GDP (Bischoff et al.,
1994; Lindsay et al., 2001). The best characterized exportin-B is Chromatin Region Maintenance 1
(Crm1), and the single Drosophila ortholog is encoded by embargoed (emb). Crm1 recognizes
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hydrophobic NESs that are typically L/I rich, with a classical consensus of (LX{2,3}[LIVMF]X{2,3}LX[LI])
(Bogerd et al., 1996); however, a variety of exportins and NESs exist (reviewed in (Macara, 2001;
Sorokin et al., 2007). Furthermore, there are many examples of functional Crm1 dependent NESs that
do not fit this pattern. For example, when this consensus was originally derived, an NES that was known
to deviate from this pattern had already been discovered in the equine infectious anemia virus Rev
protein (Meyer et al., 1996). Recently, Kusugi et al tested a large set of artificially generated NESs for
their ability to facilitate Crm1 mediated nuclear export and used these results to generate six classes of
consensus sequences (1a-d, 2 and 3; Table 2.1), which were then compared to experimentally derived
signals (Kosugi et al., 2008 and see the NES database at NESbase: www.cbs.dtu.dk/databases/NESbase/;

la Cour et al., 2003).

In the remainder of this chapter, experiments are shown which provide compelling evidence
that Sd contains a bipartite cNLS. Additionally, further evidence that is largely consistent with the
presence of an NES and some data which starts to unravel a broader role of the C-terminal domain of Sd

in regulating the nuclear translocation of the protein are also presented.

Results

Sd contains a putative NLS matching the classic bipartite sequence, which is conserved in many TEAD

family members.

Using in silico analysis, an NLS fitting the consensus of the bipartite family of signals (see
introduction) which could account for the theorized ability of Sd to translocate itself and its binding
partners to the nucleus was previously identified (Srivastava et al., 2002; Robbins, 1991). The sequence

of this signal is RKQVSSHIQVLARRKLR, which is a close match to the classical consensus of

49



[(R/K)2X~10(R/K)s3/5] mentioned above (Figure 2.3A; Robbins, 1991). Moreover, the amino acids
comprising this putative NLS are highly conserved among TEAD family members from species within

both Choanozoa and Animalia (Figure 2.3B).

The NLS within Sd is sufficient to target an eGFP reporter to the nucleus.

In order to confirm the function of the putative NLS of Sd, | elected to tag the protein with an
eGFP reporter and express the fusion proteins (under the control of a heat shock driver) in Drosophila S2
cells. The results of the experiments listed below are summarized in Table 2.2. When eGFP is
expressed alone, diffuse signal is observed throughout the cytoplasm and nucleus of the cells, with
~61% of the total signal located in the nuclei of cells, on average (Figure 2.4A). This is likely because the
small size of eGFP (~27kDa) enables it to pass through the NPC via passive diffusion. It has been
previously shown that a chimeric protein consisting of amino acids 63-211 of Sd and full-length Vg is
able to substitute for endogenous Sd function during wing development (Srivastava et al., 2002). This,
combined with the presence of the predicted bipartite sequence within this stretch of amino acids,
implied that this region of Sd is sufficient to permit nuclear translocation of the complex. To verify this,
we expressed a reporter construct containing a fragment of Sd which contained both the TEAD and the
putative NLS signal (TEA-eGFP; amino acids 88-174). In this case over 90% of the signal is nuclear in S2
cells (Figure 2.4B). Extending this further, amino acids 143-163 (the predicted NLS extended by two
amino acids on either side) were also sufficient to strongly target eGFP (NLS-eGFP ) to the nucleus (88%
nuclear; Figure 2.4C). The large increase in nuclear signal compared to eGFP alone, suggests that these
fusion peptides are being translocated much more efficiently. However, these two fusion peptides are
both smaller than 40kDa, so it is also possible that nuclear retention, rather than nuclear translocation,
has been increased. To eliminate this possibility, we also tested ability of the TEAD, the NLS and the

TEAD lacking the NLS (amino acids 88-144) to drive eGFPx2 + GST (hereafter referred to as simply
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eGFPx2) to the nucleus. Unlike eGFP alone, this tag is very large (94KDa) and is almost completely
excluded from the nucleus (Figure 2.4D and see (Chan et al., 2007). As before, both the TEAD and NLS of
Sd are able to shift the localization of this tag to the nucleus (TEA-eGFPx2 and NLS-eGFPx2; Figures 2.4E
and F), giving 79% and 60% nuclear signal, respectively. Conversely, the TEAD lacking the NLS failed to
drive the protein tag (TEAANLS-eGFPx2) to the nucleus, as less than 20% of the observed signal was
nuclear (Figure 2.5G). As a general observation, | noted that eGFP and NLS-eGFP appeared to be able to
localize to the nucleolus, while all other constructs tested (including those described below) were largely

excluded from this region.

The NLS is necessary for the proper nuclear localization of Sd as well as efficient Importin-a3 binding.

When expressed in S2 cells, eGFP-Sd shows very strong nuclear localization (Figure 2.5A). When
the NLS was either deleted (Sd ANLS, Figure 2.5B) or the six basic amino acids (R145, K146, R157, R158,
K159 and R161), identified in Figure 2.3A, were mutated to asparagines (Sd mNLS™*; Figure 2.5C) the
ratio of nuclear signal to total signal is reduced to less than 50%, compared to greater than 90% for
intact Sd (Table 2.2). This provides evidence that the identified NLS is required for the proper

localization of Sd.

Extending this analysis, tagged Sd isoforms were generated where only the N-terminal basic
amino acids (R145 and K146), or the C-terminal basic amino acids (R157, R158, K159 and R161) are
mutated to asparagines (Sd mNLS" and Sd mNLSS, respectively). When the N-terminal amino acids are
mutated, a small but significant (p<0.001) increase in cytoplasmic signal is observed (Figure 2.5D) and
the nuclear fraction is reduced to ~80% (Table 2.2). Conversely, mutating the C-terminal basic amino
acids results in diffuse localization of the eGFP signal to both the nucleus and cytoplasm (Figure 2.5E).
The magnitude of mis-localization is similar to that seen when the entire NLS is deleted or both clusters

of basic amino acids are mutated, with less than 50% of the total signal seen in the nucleus (Table 2.2).
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Surprisingly, regardless of which method of NLS disruption was employed, a significant fraction (>40%;

Table 2.2) of signal was still observed in the nucleus of expressing cells.

As mentioned previously, Imp-a3 appears to be generally required throughout development and
so | elected to test both the ability of this protein to bind Sd, and whether this binding was dependent
on the NLS of Sd. To do this 3xFLAG-tagged Sd or Sd mNLS™*“ were expressed in S2 cells and tested for
the ability to co-immunoprecipitate (Co-IP) endogenous Imp-a3. A mock transfection was also done
using water. While Imp-a3 was detected in the lysate of all three types of transfected cells, only

3XFLAG-Sd and, to a much lesser extent, 3xFLAG-Sd mNLS™*“ were able to Co-IP Imp-a3 (Figure 2.5F).

Discrete regions within the C-terminal domain of Sd act to facilitate or repress nuclear localization.

There are many examples of proteins which contain multiple signals/regions which influence (in
both a positive and negative fashion) the localization of the protein (for examples see Ylikomi et al.,
1992; Weber et al., 1998; Zheng et al., 2005; Knapp et al., 2009). Given our results, it was hypothesized
this might be true for Sd as well. To test this, a complete series of ~50 aa deletions of Sd was generated
and assayed for the ability to drive eGFP to the nucleus (Figure 2.6A). Three deletions (Sd A1-56, Sd
A51-102 and Sd A199-248) which in all cases leave the NLS intact, showed a small decrease in the ratio
of nuclear to cytoplasmic signal of ~7-9%, relative to full-length Sd (Figure 2.6A, rows 2,3 and 6
compared to row 1). As the deletions are significant in size, this minor perturbation is likely due to
overall changes to the tertiary structure of the deletion molecules, rather than the disruption of specific
signals. A fourth construct, deleting the N-terminus portion of Sd up to the NLS was also tested (Sd Al-
142, Figure 2.6A row 16). In this case the localization was reduced further relative to the other N-
terminal deletions (70.4% nuclear vs. 85.1% and 83.2% for Sd A1-56 and Sd A51-102, respectively).
However, this reduction of ~24% relative to wildtype is still less severe than those seen for deletions

encompassing the NLS or the C-terminal domain of Sd (see below). Additionally, disrupting both the NLS
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and C-terminal domain, but leaving the TEAD otherwise intact, essentially abolishes all signal in the

nucleus (Figure 2.6A, rows 17-20 and see below).

The five other deletions (Sd A101-149, Sd A246-300, Sd A301-355, Sd A354-400 and Sd A392-
440) all had a greatly reduced nuclear signal relative to cytoplasmic signal, as compared to full-length Sd
(ranging from a 40% reduction with Sd A354-400 to a 67% reduction with Sd A246-300; Figure 2.6A rows
4,5 and 7-10). The first, Sd A101-149, disrupts the NLS of Sd, lending further support to the notion that
this domain is required for Sd localization. The other four deletions either disrupt the Vestigial
interacting domain, (VID, Sd A246-300 and Sd A301-355) or the remainder of the C-terminal domain of
Sd (Sd A354-400 and Sd A392-440). A small 20 amino acid deletion at the C-terminus of Sd is also able to
reduce the ratio of nuclear signal to total signal by 65%, relative to full length Sd (Sd A421-440, Figure
2.6A row 13). These data show that large portions of the C-terminal domain of Sd, including the VID, are
necessary for Sd to direct the eGFP tag to the nucleus of S2 cells. However, this domain cannot direct
eGFP to the nucleus alone since both Sd A348-440 and Sd A1-400 are located predominantly in the
cytoplasm. Interestingly, mutating the seven critical basic amino acids of the NLS in conjunction with
each of the four large deletions in the C-terminus (Sd mNLS"*® A246-300, Sd mNLS"* A301-355, Sd
mNLS™*© A354-400 and Sd mNLS™*“ A392-440) results in a phenotype considerably stronger than that
when only the NLS is mutated or only the deletions are present. Indeed, three of these constructs were

exclusively cytoplasmic in all cells studied, while the fourth, Sd mNLS"*®

A354-400, was exclusively
cytoplasmic >80% of the time and showed a diffuse localization in the remainder of the cells examined
(Figure 2.6A rows 17-20 and compare to Figure 2.5C and Table 2.2). Additionally, two known alleles of
sd, sd®® and sd™** previously mapped to the C-terminal coding region of sd (Srivastava et al., 2004) were

generated as eGFP fusion constructs and expressed in S2 cells. The mutant fusion proteins generated

both localized strongly to the nucleus (data not shown).
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Contrary to the deletion results detailed above, Sd molecules truncated just downstream of the
beginning of the VID or roughly half-way into the VID (Sd A229-440 and Sd A294-440) locate strongly to
the nucleus (>90% nuclear signal), even though they lack the more C-terminal portions of the molecule
shown to be important via the previously described deletion analysis (data not shown and Figure 2.6A
row 11, respectively). An additional series of truncations was generated to further narrow down
potential signals in this last region. As mentioned above, Sd A348-440 showed a mis-localization
phenotype, with less than 41% of the signal being nuclear (Figure 2.6A row 12). Truncations further C-
terminal to amino acid 347 (Sd A374-440 and Sd A401-440) also had a strong mis-localization phenotype
(data not shown). These results imply that one or more regions within amino acids 294-348 interfere
with nuclear localization in some fashion, at least in the absence of the remainder of the C-terminus.
Consistent with these results, a construct containing the majority of these amino acids (Sd A1-300)
shows strong cytoplasmic signal with only 35.5% nuclear signal on average and almost half of the cells
showing nuclear exclusion of the eGFP signal (Figure 2.6A row 15). However, it should be mentioned
that the previously mentioned internal deletion Sd A301-355, is largely localized to the cytoplasm, yet
also deletes the majority of this region. Representative cells for the described phenotypes are shown as

Figures 2.6B-E.

One potential flaw in the previous analysis is that the deletions generated may have an impact
on protein structure and/or stability and therefore the changes in localization seen may be a secondary
effect of the deletions, rather than a primary effect due to the removal of targeting signals. While it is
impossible to rule out this possibility completely, there are a few lines of evidence to counter this line of
reasoning: First, two deletions (Sd A301-355 and Sd A392-440) were tested with a C-terminal GFP tag,
rather than an N terminal tag. No significant difference in localization between the C-tagged forms and
the N-tagged form were seen (data not shown). Secondly, unstable proteins which are abundantly

expressed would be expected to form aggregates known as inclusion bodies (reviewed in Markossian
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and Kurganov, 2004). While a small amount of aggregation is seen, the relative levels appear to be low,
especially given that eGFP alone is known to aggregate readily. Thus, it seems unlikely that the
distributions of signal seen in the Sd deletions is simply due to a properly folded eGFP moiety being size-
excluded from the nucleus due to a bulky misfolded Sd isoform anchoring it, even though the properly

folded isoform would still be able to mediate nuclear translocation.

The region antagonizing Sd nuclear localization contains a putative NES and is responsive to Leptomycin

B.

Based on the results described above, amino acids 294-347 of Sd act to inhibit nuclear
localization in some fashion. Within this stretch of amino acids, there is a region with an abundance of
hydrophobic residues (11/16 residues, not including K), beginning at V332 and ending at V347 (Figure
2.7A). Although the identity of the residues differs slightly between family members, this hydrophobic
region is also present in TEAD proteins from Choanozoa and Animalia. The consensus of this region
contains hydrophobic residues in 10/16 positions total, and these residues align with those in Sd with
the exception of residue 1339. This residue is hydrophobic in only 4/11 of the species examined (Figure
2.7B). The hydrophobic region of Sd can be aligned with four of the NES classes (1a, 1b, 1d and 3), while
the consensus sequence aligns with three of the NES classes (1a, 1b and 3) described by Kusugi et al

(Figure 2.7C and see Table 2.1; (Kosugi et al., 2009).

To test the possibility that this region contains a NES, a small peptide which includes the
putative NES region (Q325 to E352) was fused N-terminally to eGFP (NES-eGFP) and expressed in S2
cells. This caused the average nuclear fraction to be reduced by ~26%, relative to eGFP alone.
Moreover, contrary to eGFP, which never showed nuclear exclusion, the NES-eGFP expressing cells
examined showed nuclear exclusion of the eGFP tag (Figure 2.7D) 25% of the time. The other
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distributions seen were also quantified and tabulated in Table 2.2. Compared to eGFP which showed an
enrichment of nuclear signal 80.0% of the time, this distribution was observed in only 22.7% of the NES-
eGFP expressing cells. Finally, 55.3% of NES-eGFP cells showed more diffuse localization, compared to
20.0% for eGFP alone. Altogether, although NES-eGFP had a range of phenotypes, some of which
overlapped eGFP, the presence of the hydrophobic region of Sd generally decreased the amount of

nuclear signal observed and resulted in nuclear exclusion in many cases.

Leptomycin B (LB) is a potent inhibitor of Crm1 dependent nuclear export (Kudo et al., 1998;
Bogerd et al., 1998). Thus, we tested the ability of this chemical to influence the sub-cellular trafficking
of NES containing constructs (Figure 2.7E). When LB is added to cells expressing eGFP alone, no
significant change in localization is seen. Similarly, Sd A301-355 and Sd A294-440 (which lack the NES
described above) do not show a response to LB treatment. On the other hand, the NES-eGFP construct
is responsive to LB, as are deletion constructs which are lacking the NLS but contain the NES (Sd ANLS
and Sd A1-300). Furthermore Sd isoforms which contain both the NLS and NES, but are disrupted more

C-terminally to the NES (Sd A348-440 and Sd A392-440) are also rescued by the addition of LB.

3XFLAG-PMSD and SD mNLS"*¢ are potent dominant-negative forms of sd and cannot substitute for wild-

type Sd in wing development.

To test for the necessity of Sd nuclear localization in vivo, a Sd protein that contains a Yes
palmitoylation/myristoylation (pal/myr) signal as well as a Fyn linker sequence appended to the N-
terminal domain of Sd (PMSD) was constructed. This sequence is known to target eGFP to the plasma
membrane and endosomes (McCabe and Berthiaume, 1999). As Figures 2.8A and B demonstrate, fusing
this sequence to Sd and a monomeric red fluorescent protein (mRFP) tag likewise targets this fusion
protein to these same locations, rather than the nucleus as is the case for Sd lacking the (pal/myr) signal.

Two transgenic lines (3-2 and 4-1) each containing a flag-tagged form of this construct (UAS-3xFLAG-
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PMSD) were generated, and the transgene was expressed under the control of a sd-GAL4 driver. In
these crosses, 76 and 111 progeny were scored, respectively. The majority of the progeny of the first
cross were females (45%) or males (34%) which inherited a balancer chromosome, rather than the
transgene. The remaining 21% of the flies were females with greatly reduced wings and halteres
(Figures 2.8D), relative to an Oregon-R (Ore®) fly (Figure 2.8C). No non-balancer male progeny were
observed. In the second cross, 29% and 21% of the progeny were females or males, respectively, which
inherited the balancer chromosome. Furthermore, 27% of the progeny were females with greatly
reduced wings and halteres similar to those seen when the 3-2 line was used. Contrary to the 3-2 line,
the 4-1 line also yielded male progeny with this phenotype. These flies accounted for 23% of the total

N+C

progeny. Transgenic flies containing a flag-tagged UAS-3xFLAG-SD mNLS "~ transgene were also

generated. A similar range of progeny phenotypes was also seen when a UAS-3xFLAG-SD mNLS"*“ was
expressed using the sd driver. Again two lines were used, A (39 progeny of the sd-GAL4 cross scored)
and B (62 progeny of the sd-GAL4 cross scored). When line A was used, the distribution of progeny
females with the balancer, progeny males with the balancer and progeny females with reduced
wing/haltere tissue (Figure 2.8E) was 50%, 42% and 8%, respectively. No non-balancer male flies were
observed. The equivalent distribution observed when using line B was 45%, 19% and 32%. In this case

males with the wing/haltere phenotype were seen 3% of the time. None of the progeny from any of the

four crosses had any obvious defects outside those observed in the wing and haltere.

Over-expression of wildtype Sd is able to cause strong wing phenotypes in an otherwise
wildtype background. However, in sd mutants which have a strong wing phenotype ( sd**’; Campbell et
al., 1992) this same construct is also able to significantly restore wing development when driven with vg-
GAL4 (Chow et al., 2004). While both UAS-3xFLAG-PMSD and UAS-3xFLAG-SD mNLS"*“ have a strong
dominant negative effect in wildtype flies, as shown above, neither is able to rescue the wings of sd*®

flies when driven with vg-GAL4 (data not shown).
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The SV40 large T-antigen NLS is the prototypical classic NLS (cNLS) and is known to be able to
direct eGFP to the nucleus (Cressman et al., 2001; Kalderon et al., 1984; Lanford and Butel, 1984). As
such, we tested to see if this NLS was able to rescue our Sd NLS mutants by generating transgenic lines
which contained a 3xFLAG-SV40NLS-Sd mNLS"*© transgene. While the addition of this signal was able to
increase the amount of eGFP-Sd mNLS"*C found in the nucleus of S2 cells from ~44% to 68%, no change
in the in vivo dominant negative phenotypes were seen, and this isoform of Sd was still unable to rescue

sd”® mutants (data not shown).

Western analysis of Sd reveals the presence of two bands, one of which is phosphatase sensitive.

As shown above, Sd contains an NLS as well as possibly an NES and moreover, the C-terminal
domain of Sd is also important for the nuclear localization but there is no evidence for an additional NLS
in that domain. Together these data raise the possibility that Sd may shuttle between the nucleus and
cytoplasm, and therefore that there may be regulation of this process. One manner in which NLSs and
NESs may be regulated is via post-translational modification of the protein (reviewed in (Sorokin et al.,
2007). These modifications may either alter the ability of Importins/Exportins to bind to their cognate
sequences directly (e.g. by sterically interfering with binding) or indirectly (e.g. by causing
conformational changes which cover or uncover the NLS or NES). To determine whether this might be
true of Sd as well, FLAG-Sd was expressed ex vivo, purified using anti-FLAG beads and analyzed by
Western blot on a low-bis acrylamide gel. Under these conditions, two bands were observed for Sd — a
smaller one and a slightly shifted larger band, raising the possibility that the larger band is a post-
translationally modified form of Sd (Figure 2.9). Further evidence that this is indeed the case, and that
the nature of the modification is phosphorylation was the fact that this band was sensitive to A
phosphatase treatment (Figure 2.9). Indeed, in silico prediction programs (e.g. NetPhos; Blom et al.,

1999) predict a multitude of phosphorylation sites spread more or less evenly throughout the protein.
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However, when the 50 amino acid deletions noted in Figure 2.6 were tested in a similar fashion to
determine which region of Sd was necessary for the presumed phosphorylation, none of them lacked

the second, higher molecular weight, band.

Discussion

The data presented show that a the previously predicted putative NLS of Sd is indeed functional.
Both eGFP and eGFPx2-GST are targeted to the nucleus by the NLS of Sd, even though the latter is too
big to undergo passive diffusion into the nucleus. Based on the sequence of the NLS, and the fact that
this sequence facilitates Imp-a3 binding, this signal is likely a member of the bipartite family of cNLSs.
Moreover, although mutating the N-terminal basic amino acids in the signal only has a minor effect on
the strength of the signal, this is consistent with typical bipartite signals, where the N-terminal cluster of
basic amino acids is less critical then the C-terminal cluster (Kosugi et al., 2009). To our knowledge, this
is the first such signal that has been confirmed to be functional within a TEAD containing protein.
However, the signal is well-conserved and it is plausible that it is also functional in other representatives

of this widespread and important family of transcription factors.

As mentioned, the NLS of Sd shows homology to the classically defined bipartite family.
However, the sequence is not consistent with a more refined consensus derived by Kosugi et a/ (2009).
These researchers compared published NLS sequences to randomly generated artificial sequences which
were assayed for their ability to direct eGFP to the nuclei of various cell lines. In this way they
generated two consensus sequences: KRX;o_1:K(K/R)X(K/R) and KRX;o_12K(K/R)(K/R). Even though the

NLS of Sd (RKQVSSHIQVLARRKLR) is similar to both of these patterns, it is unique in that RK, rather than
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KR, is found at the N-terminal portion of the signal and furthermore R, rather than K, is found at the first

position of the C-terminus. Thus, the NLS of Sd is a novel member of the bipartite family of cNLSs.

It has been previously speculated that mutant forms of Sd, which retain the ability to interact
with Vg and other co-factors but lack the ability to enter the nucleus or bind DNA, act in a dominant
negative fashion by titrating the binding partners of Sd This in turn reduces the amount of these co-
factors available to interact with endogenous Sd (Garg et al., 2007; Simmonds et al., 1998; Chow et al.,
2004).(Chow et al., 2004)(Chow et al. 2004) We have reinforced this idea by expressing isoforms of Sd
which are either targeted to the cytoplasmic membrane and endosomes (3xFLAG-PMSD) or have a
mutated NLS (3xFLAG-Sd mNLSV*). Both these isoforms act as strong dominant negative forms of Sd
during wing development, implying they are still able to interact and titrate endogenous Vg. However,

neither is able to substitute for endogenous Sd in a sa®*

mutant background, demonstrating that a
critical function is impaired in both isoforms of Sd. In the case of 3xFLAG-PMSD, the protein has not
been altered in any way, thus it is unlikely that anything other than the protein’s sub-cellular localization
has changed. By extension, the fact that 3xFLAG-Sd mNLS"*“ gives identical phenotypes to 3xFLAG-
PMSD and that the NLS is clearly functional in S2 cells strongly suggests that localization is similarly

impaired in vivo. Contrary to this, the SV40 NLS is not able to rescue the function of Sd mNLS"*

in vivo,
even though it can rescue localization in vitro. We do not believe these results are incompatible for
three reasons. First, the magnitude of rescue in S2 cells was significant, but not complete. Therefore, it
is possible that no effect is seen phenotypically. Second, our data are consistent with the notion that
the sub-cellular localization of Sd is regulated in some fashion. Thus, the SV40 tagged form of Sd may

still not be localizing to the nucleus at the correct times. Finally, the mutations fall within the DNA

binding domain of Sd, and thus might have secondary effects on the protein’s ability to function in vivo.
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In addition to identifying a cNLS in Sd, we also identified an NES which likely relies on Crm1 to
facilitate nuclear export, which together with the presence of the NLS we identified, implies that there is
a switch between nuclear and cytoplasmic forms of Sd and that the protein may be capable of shuttling
between the two domains. Furthermore, our data indicate that the domain C-terminal to the NES
(amino acids 353-440) must have at least one other signal which facilitates nuclear import. In silico
analysis did not identify any other regions which resemble an NLS, and the C-terminal domain of Sd is
not sufficient to target an eGFP tag to the nucleus, so it is unlikely that another NLS exists within this
domain of Sd. Rather, all available evidence suggests that this domain is responsible for protein-protein
interactions, since two of the three known cofactors of Sd (Yki and Vg) are known to bind to this domain
(Simmonds et al., 1998; Goulev et al., 2008). The binding site of the third Sd-binding protein (dMef2)
has not been elucidated (Deng et al., 2009). This would also help to explain why Sd is still partially able
to locate to the nucleus when the NLS is disrupted. Likely, this domain allows Sd to bind a co-factor
which is able to translocate to the nucleus. It is quite possible that one of the other proteins is
endogenous Sd, since Sd is known to dimerize and there is evidence that Sd transcripts are enriched in
S2 cells (Chintapalli et al., 2007, and our unpublished data). It is worth noting that neither Yki nor Vg
have a predicted NLS. Furthermore, Yki is completely cytoplasmic in the absence of Sd (Goulev et al.,
2008; Zhang et al., 2008). Most evidence suggests that Vg requires Sd for nuclear localization, yet it
shows some nuclear accumulation when expressed alone in S2 cells (Halder et al., 1998; Simmonds et
al., 1998; Srivastava et al., 2004). This is likely due to endogenous Sd, rather than the presence of an
NLS in Vg. However, the Mef2 family is known to contain an NLS and dMef2 transcripts are present in S2
cells (Borghi et al., 2001; Chintapalli et al., 2007). Taken together, it seems likely that the C-terminal
domain of Sd modulates the nuclear localization of the protein by binding accessory factors that either

facilitate nuclear transport directly, and/or alter the function of the localization signals of Sd. This idea is
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a novel one for a TEAD containing protein, and given the high sequence similarity of proteins of this

family, has implications for the regulation of TEAD proteins in other organisms.

Two alleles of sd, sd®® and sd™", have been mapped to the 3’ coding region of the gene. These
alleles cause the lethal mutations Y355N and H433L, respectively (Srivastava et al., 2004). The first
causes a reduction in Vg nuclear localization in sd®®" flies, even though the product of this mutant allele
is able to interact with Vg in vitro. The second lies within the region deleted in Sd A421-440, which we
have shown to be important for nuclear localization. Thus, we hypothesized that one or both might be
involved in the nuclear localization of Sd. However, both Sd**" and Sd°® are able to strongly direct an
eGFP tag to the nucleus of S2 cells (data not shown). This implies that neither mutation directly impacts
the nuclear localization of Sd. However, these results do reinforce the idea that the C-terminal domain

has functions in addition to those already described.

In summary, herein evidence has been presented which indicates that the sub-cellular
localization of Sd is dependent on multiple signals, including at least one bipartite cNLS and possibly an
NES as well. Furthermore, the domain C-terminal to the NES of Sd is also important for trafficking the
protein. While it seems likely that this is mediated by the ability of this domain to facilitate binding to
cofactors, rather than direct binding to importins and exportins (although we cannot rule this possibility

out), the mechanism by which this occurs is yet to be determined.

Materials and Methods

Construct design- Internal deletions were generated using inverse PCR followed by blunt-end

ligation prior to cloning. Substitution mutations (mutations to the sd NLS coding sequence) were
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generated either by inverse PCR with non-overlapping primers, followed by blunt-end ligation prior to
cloning, or by using inverse PCR with primers containing partially overlapping 5’ ends, followed by Dpnl
treatment and transformation into E. coli (modified from Fisher and Pei, 1997). Deletions, point
mutations, the TEA coding sequence and the NLS coding sequence were cloned into pENTR using the
PENTR/D-TOPO kit (Invitrogen Life Technologies). These constructs were then subsequently subcloned
into pHGW (N-terminal eGFP), pHWG (C-terminal eGFP), pHFW (N-terminal 3xFLAG) or pTFW (N-
terminal 3xFLAG, pUAST based transformation vector) using LRIl recombinase (Invitrogen Life
Technologies) according to the Murphy lab protocols
(www.ciwemb.edu/labs/murphy/Gateway%20vectors.html#_References). In order to make C-terminal
GFPx2-GST tagged proteins pMT/v5(A)+eGFPx2-GST was used (described in (Chan et al., 2007). To
clone into this vector, Kpnl restriction sites were appended to the NLS, TEA and the TEA ANLS coding
domains using PCR amplification. These sites were then used for cloning 5’ to the tags.
Oligonucleotides were used to append the palmitoylation, myristoylation and a linker domain to the sd
coding sequence in order to generate PMSD, which was subsequently cloned in pENTR and subcloned
into the monomeric red fluorescent protein (mRFP) tagging vector, pHRW. Oligonucleotides were also
used to add the SV40 NLS coding sequence (which translates to PKKKRKV) into the Notl site of pENTR+Sd
mNLSV©. Routine PCRs were done with PlatinumTaq HIFI, while inverse PCRs were done with either

Pfx>° or AccuPrime Pfx*° (all from Invitrogen Life Technologies).

Drosophila Stocks- sd, PMsd-mRFP, sd mNLS"*“ and SV40-sd mNLS"*“ were cloned into pTFW for
subsequent micro-injection. The first was injected as described previously (Rubin and Spradling, 1983),
into y w; A2-3/Sb embryos. The other two injections were performed commercially (BestGene). At least
two independent lines for each injection were generated. All crosses were performed at room

temperature. y w; A2-3/Sb was a gift from A. Simmonds.
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Cell culture- S2 cells were obtained from Invitrogen Life Technologies. The cells were cultured in
HyQ CCM3 (HyClone) at room temperature and 0.6 ug of the desired plasmids were transfected using
Cellfectin (Invitrogen Life Technologies) according to the manufacturer’s directions. In order to drive
expression of GFP tagged constructs, the cells were heat-shocked @ 37°C for 40 minutes, approximately
36 h after transfection. pMT/v5(A) based constructs were induced by adding 0.4mM CuSQ,, 24 h after
transfection. Induced cells were collected 38 hours post-transfection, washed, fixed in 2%
paraformeldehyde and stained with DAPI diluted to a final concentration of 1 ug/ml. PBS was used as a
buffer for all manipulations. The cells were mounted in PBS for imaging and coverslips sealed with
VALAP (1:1:1 mixture of vasoline, lanolin and parafin wax (North, 2006). For Leptomycin B treatment,

cells were incubated with 25 nM of the chemical for 2 h prior to heat-shock.

Cells were imaged on a Zeiss 510 confocal microscope, using the appropriate filters for eGFP,
mRFP and 4',6-diamidino-2-phenylindole (DAPI). To minimize potential cross-talk between channels,
scans were done sequentially. Images were initially imported and analyzed in Imagel) (Abramoff et al.,
2004). Subsequently Adobe lllustrator CS3 10.0 was used for final assembly (annotations and
adjustments to brightness and contrast). Microsoft Excel 2007 was used to perform two-sample t-tests
assuming unequal variance in order to test for statistical differences between the mean nuclear

localizations.

Quantification of nuclear signal was done determining the total cellular signal and the nuclear
signal using Imagel. Cells were than normalized for both cytoplasmic and nuclear size. Finally, the
normalized nuclear signal was divided by the normalized total signal to get the percent nuclear signal.
The percent nuclear signal was then arbitrarily assigned to one of four categories: Nuclear denotes
cells that contain exclusively or almost exclusively nuclear signal (>80% nuclear signal). Diffuse Nuclear

includes cells which show predominant expression in the nucleus along with varying degrees of
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cytoplasmic signal (79-58% nuclear signal). Diffuse is for cells with signal approximately evenly
distributed between the nucleus and cytoplasm or slightly enriched in the cytoplasm (57-36% nuclear
signal). Excluded categorizes those cells which have exclusive or almost exclusive cytoplasmic signal
(<35% nuclear signal).

N+C

Co-immunoprecipitations- pHFW + sd and pHFW + sd mNLS""" were transiently transfected and
induced in S2 cells as described above. A mock transfection was also done with water. Instead of fixing
the cells, they were lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NacCl, 1% NP-40, 0.5% deoxycholic
acid, 0.1% SDS) containing Complete Protease Inhibitor Cocktail (Roche) for 15 min onice. The lysed
cells were then harvested and the lysate incubated with aFLAG M2 Affinity Gel (Sigma-Aldrich) for two
hours at 4°C. The affinity beads were extracted and diluted into standard 4x SDS protein loading buffer.
Equal amounts of 3xFLAG-Sd and 3xFLAG-Sd mNLS"*“ protein were loaded and separated on a 10% poly-
acrylamide gel. Blotting was on Hybond ECL (GE Healthcare) with subsequent analysis using either anti-
FLAG (Sigma-Aldrich) or anti-Importin-a3 (Mathé et al., 2000) as primary antibodies. Detection was with

horseradish peroxidase-labelled anti-mouse or anti-rabbit secondary antibodies (Invitrogen), both at

1:50000, and the SuperSignal Substrate Western Blotting kit (Pierce).

Analysis of post-translational modifications of Sd- 3xFLAG-Sd was expressed and purified as in
the Co-ip experiments detailed above , except that 30 mM Sodium Pyrophosphate, 0.5 mM DTT, 10 mM
Sodium Orthovanadate and 50 mM Sodium Flouride were added to inhibit phosphatase activity in the
cell lysate. Additionally, subsequent to purification, the purified protein was either treated with A
phosphatase (New England Biolabs) in buffer, or with buffer alone. These samples were then analyzed
by Western blot on a low-bis (119:1 acrylamide:bis-acrylamide) gel using aFLAG to detect the fusion

protein.
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Alignments- Jalview (Waterhouse et al., 2009) was used to align TEAD containing sequences
identified through BLASTp (www.ncbi.nlm.nih.gov, except EGL-44) searches using the Sd protein
sequence as the query. EGL-44 was identified using wormbase (www.wormbase.org,WS204, July 29"

2009).
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Figure 2.1. Simplified schematic of nuclear pore complex. The nuclear pore complex spans the
inner and outer nuclear membranes and consists of cytoplasmic filaments, a nuclear core (through

which the central pore spans) and nuclear filaments. Modified from Sorokin et al., 2007.
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Table 2.1. Consensus of experimentally determined NES sequences. Shown are the three
classes (the first of which is composed of four subclasses) of consensus sequences demonstrated to be
competent to act as NESs in a yeast-based assay (Kosugi et al., 2008). X, X2, X3 are any one, two or
three amino acids, respectively; ®isL, 1, V, M, F, C, W, Aor T, but no more thanone ® canbe C, T, Aor
W. A higher proportion of L and | indicates a stronger likelihood that a given sequence that matches one

of the indicated consensuses is a true NES.
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Class Consensus

1a D-X3-O-X2-O-X-O
1b D-X2-O-X2-O-X-O
1c D-X3-O-X3-O-X-O
1d D-X2-O-X3-O-X-O
2 DO-X-O-X2-O-X-O

3 DO-X2-O-X3-0-X2-O
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Figure 2.2. Simplified overview of Importin-a/B mediated nuclear import. Importin-a binds to
the NLS of a cytoplasmic cargo protein. Subsequent to this, Importin-B and Ran-GDP also enter the
complex. This complexis then competent to travel through the nuclear pore and into the nucleus. Once
in the nucleus, Ran-GTP replaces the Ran-GDP bound to Importin-B, allowing for Importin-a and the

cargo protein to disassociate from the complex. Modified from Sorokin et al., 2007.
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Figure 2.3. Identification of a putative bipartite NLS. (A) A schematic diagram of Sd. Sd
contains two known functional domains, the TEA (DNA binding) domain and the Vestigial interacting
domain (VID), as shown. At the C-terminus of the TEA domain, there is a 17 amino acid stretch from
R145 to R161 which closely matches the consensus classic bipartite NLS sequence. (B) The region
corresponding to the bipartite NLS shows strong identity with a variety of TEAD proteins from both
animals and Choanozoa protists. Arrowheads mark the sites of the two N-terminal and five C-terminal
residues known to be important for the bipartite sequence. ‘X’ marks the 10 intervening amino acids
lying between the two termini. A ‘+’ indicates a basic residue (L/R) lies at one of the N- or C-terminal
critical sites in the consensus sequence of the aligned TEAD proteins. The dark shading indicates

identity with the consensus, while the lighter shading indicates similarity.
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Table 2.2. Quantification of the cellular distribution of the eGFP tagged peptides. The eGFP
fusion constructs from Figures 2.4A-G, 2.5A-E and Figure 2.7D were assayed for the percentage of eGFP
signal seen in the nuclei of the expressing cells; see materials and methods. (S.E.M) is the standard error
of the mean. A T denotes a construct with diffuse or nuclear excluded signal (<58% nuclear signal). N is
the total number of cells measured from at least two independent transfections. The next four columns
represent four arbitrary localization patterns along with the mean nuclear signal each grouping
represents. For each peptide, the percentage of cells that fall into one of the four categories is
indicated. The means of the experimental constructs TEA-eGFP, NLS-eGFP and NES-eGFP are statistically
different from their control (eGFP) at p < 0.001. Likewise, NLS-eGFPx2, TEA-eGFPx2 and TEAANLS-
eGFPx2 are significantly different from eGFPx2, at p < 0.0001. Finally the mean of the control eGFP-Sd
was significantly different from the four reporter constructs in which the NLS was mutated, at p < 0.001.

Nuc. = Nuclear. Excl. = Excluded.
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Average

%Nuc./Total %Nuc. %Diffuse Nuc. %Diffuse  %Excl.
Construct (KDa) N  (SEM) (>80%)  (79-58%)  (57-36%) (<35%)
eGFP (29.7) 20 61.1(0.9) 0.0 80.0 20.0 0.0
TEA-eGFP (39.6) 25 94.6(0.9)  100.0 0.0 0.0 0.0
NLS-eGFP (32) 34 882(1.2) 853 14.7 0.0 0.0
eGFP-Sd (78.7) 32 925(0.6)  100.0 0.0 0.0 0.0
eGFPx2 (82.9)* 25 225(1.2) 0.0 0.0 8.0 92.0
NLS-eGFPx2 (86.0) 19  60.8(2.8) 42 62.5 29.2 42
TEA-eGFPx2 (94.0) 19 788(24) 579 42.1 0.0 0.0
TEAANLS-eGFPx2 (91.9)t 19 14.8 (0.7) 0.0 0.0 0.0 100.0
¢GFP-SDANLS (76.6) 31 42.6(1.1) 0.0 3.2 83.9 12.9
eGFP-SD mNLS" (78.5) 37 79.6(1.6) 514 43.2 5.4 0.0
eGFP-SD mNLS" (78.5)t 38  46.9(0.8) 0.0 0.0 100.0 0.0
eGFP-SD mNLS™'C (78.5)t 35  44.1(1.3) 0.0 2.9 91.4 5.7
NES-eGFP (32.5)t 44 45.1(2.1) 0.0 22.7 52.3 25.0
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Figure 2.4. The NLS of Sd directs an eGFP tag to the nucleus. (A-G) Localization of the indicated
eGFP reporter tagged peptides in transiently transfected in S2 cells with DAPI stained nuclei and
visualized via confocal microscopy. A’-G' are the green (eGFP) channels. A%-G? are the blue (DAPI)
channels. A’-G? are the green and blue channels (merge). Hatched lines indicate the boundary of cells,
as determined by the extent of the weak cytoplasmic signal. Percentages indicate the percent nuclear
signal relative to total signal measured in the given cell. (A) eGFP. When eGFP is expressed alone,
diffuse expression is seen throughout the cell, including the nucleus. (B) TEA-eGFP. A fragment of Sd
stretching from amino acids 88-178 (which includes the entire TEA/NLS domain) shows almost exclusive
reporter activity within the nucleus of the expressing cells. (C) NLS-eGFP. Amino acids 143-163 of Sd
(which includes the NLS and two flanking amino acids on either side) drives reporter expression to the
nucleus. (D) eGFPx2 + HA (referred to hereafter as eGFPx2). eGFPx2 expression is excluded from the
nucleus. (E) TEA-eGFPx2. A TEA-eGFPx2 fusion is primarily nuclear. (F) eGFPx2 + NLS. This construct is
found throughout the cell, but is enriched in the nucleus. (G) TEAANLS-eGFPx2. When the NLS is

removed from the TEA domain, it is no longer able to direct the tag to the nucleus.
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Figure 2.5. The intact NLS is necessary for proper nuclear translocation and Importin-a3 binding.
(A-E) Localization of the indicated eGFP reporter tagged proteins in transiently transfected in S2 cells
with DAPI stained nuclei and visualized via confocal microscopy. See legend for Figures 2.4A-G for
details. (A) eGFP-SD. When Sd is expressed in S2 cells, reporter activity is predominantly nuclear. (B)
eGFP-SD ANLS. Deleting amino acids 143-163 of Sd disrupts its localization and leads to diffuse reporter

M€ Mutation of the six basic

activity throughout both the nucleus and cytoplasm. (C) eGFP-SD mNLS
amino acids identified as being critical in the consensus bipartite sequence (see Figure 2.3) to N causes
disruption of localization similar to that seen when the NLS is deleted. (D) eGFP-SD mNLS". When the

two N-terminal basic amino acids are mutated to N, a lesser disruption of the nuclear signal is observed
(compare to A). (E) eGFP-SD mNLS®. Sd with the four C-terminal basic amino acids mutated to N drives

N+C

diffuse localization of the eGFP reporter, similar to that seen for SD ANLS and SD mNLS" . (compare to
panels B and C, respectively). (F) Co-IP of Sd and Imp-a3. Cells expressing 3xFLAG-Sd, 3xFLAG-Sd
mNLS“*¢ as well as cells mock transfected with water alone were lysed, immunoprecipitated with aFLAG
beads and analyzed via western blotting. Detection was with anti-FLAG or anti-Imp-a3. Detection with
oFLAG ensures expression of the two tagged proteins is approximately equal. The lysate of all cells had
a strong Imp-a3 signal. Imp-a3 co-immunoprecipitated strongly with 3xFLAG-Sd, while only weakly with

3xFLAG-Sd mNLS (N+C). The mock transfected cells showed almost no Imp-a3 signal after

immunoprecipitation, controlling for the specificity of the anti-FLAG beads.
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Figure 2.6. The C-terminal domain can act to both repress and facilitate the nuclear localization
of Sd. A series of internal deletions and truncations of Sd were generated, expressed with a fused N-
terminal eGFP marker in S2 cells and assayed for cellular distribution. (A) Schematic of the various Sd
isoforms generated along with a summary table of the localization experiments. The domains of Sd are
as described in Figure 2.3A. ‘mNLS™“ is described in Figure 2.5C. For a description of the table, see
Table 2.2. (B-E) Representative cells showing 81%, 65%, 47% and 31% nuclear signal (B, C, D and E,

respectively). See Figure 2.4A-G for details.
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A Average

%Nuc./Total %Nuc. %Diffuse Nuc. %Diffuse %Excl.
Row eGFP-construct (KDa) (S.EM.)  (>80%)  (79-58%)  (57-36%) (<35%)

1 Sd (78.7) 92.5(0.6)  100.0 0.0 0.0 0.0
2 Sd A1-56 (72.9) 85.1(09) 810 19.0 0.0 0.0
3 Sd A51-102 (73.4) 832(1.0) 744 256 0.0 0.0
4 Sd A101-149 (72.8) 480(1.1) 00 53 92.1 26
5 Sd A150-200 (72.6) 46.5(1.0) 00 73 92.7 0.0
6 Sd A199-248 (72.9) 856(1.0)  80.0 20.0 0.0 0.0
7 Sd A246-300 (72.2 309(1.0) 00 0.0 26.8 732
8 Sd A301-355 (72.5) 53.1(18) 00 25.0 75.0 0.0
9 Sd A354-400 (72.5) 552(1.8) 00 436 513 5.1
10 Sd A392-440 (74.8) 343(14) 00 0.0 48.1 519
11 Sd A294-440 (63) 90.6(1.0) 966 34 0.0 0.0
12 Sd A348-440 (69.1) 408(1.7) 00 3.6 750 214
13 Sd A421-440 (77.1) 322(14) 00 0.0 333 667
14 Sd A1-400 (35.1) 463(12) 00 42 95.8 0.0
15 Sd A1-300 (45.8) 355(1.1) 00 0.0 514 486
16 Sd Al1-142 (64.6) 704(18) 172 759 6.9 0.0
17 Sd mNLSN*CA246-300(72.0) 23.0(0.8) 0.0 0.0 0.0 100.0
18 Sd mNLSNCA301-355(72.2) 2040.7) 00 0.0 0.0 100.0
19 Sd mNLSNCA354-400 (72.3) 283(12) 00 0.0 154 846
20 Sd mNLSN"CA392-440 (74.6) 243(1.0) 00 0.0 0.0 100.0

',Dz
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Figure 2.7. Sd contains a sequence at amino acids 332-347 which resembles an NES, and
increases the cytoplasmic fraction of a fused eGFP tag in a leptomycin B (LB) sensitive manner. (A)
Schematic of Sd with the putative NES marked. The domains of Sd are described in Figure 2.3A.
Hydrophobic residues are underlined. The open and closed arrowheads mark the boundaries of the
region intact in SD A344-440 (which directs eGFP to the cytoplasm) and missing in SD A294-440 (which
directs eGFP to the nucleus), as seen in Figure 2.6A, rows 12 and 11, respectively. (B) Alignment of
several TEAD proteins. Dark shading indicates hydrophobic residues L, I, V, M and F, while light shading
indicates hydrophobic residues C, W, A or T, with the first group being generally more favourable to NES
function (Kosugi et al., 2008). (C) Overview of four NES classes in comparison to the Sd hydrophobic
sequence, and the comparable TEAD consensus. In the second column, the consensus of the four given
classes of NES, derived from a comparison to natural and synthetic NESs (see text and Table 2.1 for
details) are indicated. In the third column, the Sd hydrophobic region is aligned to fit these patterns,
and if possible, the fourth column shows the equivalent residues from the TEAD protein consensus.
Within the Sd or TEAD containing protein consensus sequence, an underline represents a hydrophobic
residue. A bolded and enlarged hydrophobic residue is one that is compatible with the associated NES
class pattern. (D) Sd amino acids 330-347 (which includes two amino acids N-terminal to V332 and two
amino acids C-terminal to K345) were fused N-terminal to eGFP and assayed for spatial distribution. A
representative cell showing nuclear exclusion of the fusion protein is shown. Figure 2.4A-G for details.
(E) Nuclear fraction of eGFP tagged constructs in LB treated and untreated S2 cells. Isoforms of Sd
which contained the NES (NES, Sd ANLS, Sd A348-440 and Sd A392-440), had an increased nuclear
fraction in LB treated cells, relative to untreated cells. eGFP alone, and Sd fragments in which the NES
was deleted (Sd A301-355 and Sd A294-440), did not show a significant increase in nuclear localization
after LB treatment. N is >15 for all conditions. * indicates a significant difference at P < 0.001. Error

bars are the standard error of the mean.
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A VVLVCST]VCSEGKQ!347 B Consensus TCSTKMCSEGKQ

332 Sd (D. melanogaster) CST CSEGKQ
Y r Undescribed (4. gambiae) TCSTKMCSEGKQ

TEF-1 (H. sapiens) TCSTKMCSEGKQ

TEAD-1 (M. musculus) TCSTKMCSEGKQ

TEF-1 (X. laevis) TCSTKMCSEGKQ

Tead-1 (D. rerio) TCSTKVMCSEGKQ

TEAD-4 (G. gallus) TCSTKMCSEGKQ
EGL-44 (C. elegans) KI STMACSEGNQA
Undescribed (M. brevicollis) EllSMcATQLGK PN
AbaA (4. nidulans) SKPTSNEYQAPPQ
TEC-1p (S. cerevisiae) PRS AT.T Q.Q SR P.

C

NES Class  Consensus Sequence Sd Sequence Consensus Sequence

Equivalent TEAD

VVLVCSTIVCSFGKQV
la O3X-0-2X-O0-X-O T —— - — Qv NA

1b O-2X-0-2X-0-X-0  VVLVCSTIVCSFGKQV N/A
VVLVCSTIVCSFGKQV MVITCSTKVCSFEGKQV

1d O2X-0-3X-0-X-&  VVLVCSTIVCSFGKQV N/A
VVLVCSTIVCSFGKQV MVITCSTKVCSEGKQV

2 O-X-0-2X-0-X-O =
VVLVCSTIVCSFGKQV N/A

1 -LB

80 [
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Figure 2.8. During wing development, 3xFLAG-PMSD and 3xFLAG-SD mNLS"*“ act as dominant
negative forms of Sd. (A and B) Localization of the indicated mRFP reporter tagged proteins in
transiently transfected in S2 cells with DAPI stained nuclei and visualized via confocal microscopy. See
Figure 2.4A-G for details. (A) Sd-mRFP expression. Sd strongly localizes an mRFP tag to the nucleus. (B)
PMSD-mRFP expression. Sd tagged with a N-terminal palmitoylation/myristoylation sequence (PMSD)
and C-terminal mRFP tag shows strong localization to the cytoplasmic membrane of S2 cells. (C-E) Light
micrographs of flies with the indicated genotypes. (C) Wildtype Oregon-R (Ore®) fly. (D-E) Males
containing either UAS-3xFLAG-PMSD or UAS-3xFLAG-SD mNLS"* (see Figure 2.5C) inserted on the 2"
chromosome and balanced over CyO were crossed (two independent lines/insert) to virgin females
homozygous for sd-GAL4 and the resultant progeny were scored. Insets are magnified views of the wing
tissue. Scale bars are Imm (D-E) or 0.1mm (D and E insets). Arrows indicate the wing, while
arrowheads indicate the haltere. (D) Female fly containing UAS-3xFLAG-PMSD under the control of sd-

N+C

GAL4. Almost no wing or haltere tissue is present. (E) Female fly containing UAS-3xFLAG-mNLS™" under

the control of sd-GAL4. Again, virtually no wing or haltere tissue is present.
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Figure 2.9. Sd shows two isoforms when analyzed by Western blot — one which is sensitive to A
phosphatase. 3xFLAG-Sd was expressed ex vivo and purified using mouse aFLAG beads. The purified
protein was then treated either with A phosphatase in buffer, or with buffer alone and then both
samples were analyzed by Western blot on a low-bis acrylamids gel. In the absence of phosphatase two
bands are seen, one running slightly higher than the other (closed arrowhead). In the presence of
phosphatase, the upper band is absent (open arrowhead). Detection was with aFLAG. PP’tase = A

phosphatase.
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Chapter Three: Identifying a novel binding partner of Scalloped’

Sd interacting proteins

As noted in the general introduction (see Chapter 1, page 2), Sd requires a TIF in order to function
properly as a transcription factor. While several TIFs (e.g. Vg, Yki, dMEF2) have been identified, there are
Sd expressing tissues in which no TIF has yet been identified, such as the leg discs and optic lobes.
Additionally, two TIFs, Vg and Yki, are required for wing development while two others, Vg and dMEF2,
are required for muscle development. As such, a given tissue may require multiple TIFs and thus even
tissues where TIFs have been identified may have yet undiscovered binding partners of Sd. In
vertebrates, several TIFs are known. Probably the best characterized are the Vgl family — Vgl-1 (or
Tondu; TDU) and Vgl-2-4. Vgl-1, 2 and 3 each contains a single well-conserved Sd interacting domain
(called a TDU domain), while Vgl-4 contains two tandem domains (Figure 3.1) (Vaudin et al., 1999;
Maeda et al., 2002; Chen et al., 2004). Interestingly, when hvgl-4 was identified, a Drosophila gene with
unknown function — cg10741 — was also identified as potentially coding for a protein with two TDU
domains (Chen et al., 2004). While hVgl-4 and CG10741 (hereafter referred to as Drosophila Vgl-4; dVgl-
4) show very little similarity outside the TDU domains, each of the putative TDU domains in dVgl-4 have
a corresponding TDU domain of high similarity in hVgl-4 (i.e. TDU1 of dVgl-4 and hVgl-4 are very similar

and TDU2 of dVgl-4 and hVgl-4 are also very similar; Figure 3.1).

2All experiments in this chapter were designed, conducted by and analyzed by A. C. Magico, except for the GST
pull-down experiment which was designed and conducted by A. J. Simmonds.
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vgl-4

To date, only two studies have presented data pertaining to Vgl-4in vertebrates. The first worked on
hVgl-4 (Chen et al., 2004). In that study, they found that hVgl-4 is expressed primarily in heart, brain and
kidney tissue culture cells and is able to interact with both hTEF-1 and hMEF-2. Interestingly, the two
TDU domains of hVgl-4 were shown to interact differentially with these two cofactors. Specifically,
TDU1 mediates the interaction with hTEF-1, while TDU2 mediates the interaction with hMEF-2. They
suggested that hVgl-4 could therefore act as a bridge between the two proteins. Perhaps the most
interesting discovery was that hVgl-4 interfered with hTEF-1 mediated transcriptional activation,
suggesting that hVgl-4 might act as a negative regulator of hTEF-1 mediated transcription. Finally, they
found that the protein is able to shuttle between the nucleus and cytoplasm and identified a putative

NES signal in the protein (which is not present in dVgl-4).

The second study of vgl-4 was done in zebrafish (Faucheux et al., 2010). In this study they
identified zebrafish homologues for all four vgl genes, and determined their temporal and spatial
expression patterns. Zebrafish vgl-4 is inherited maternally in the zygote followed by ubiquitous

expression throughout the developing embryo.

dvgl-4

The dvgl-4 gene lies on chromosome 3L, between 70B2 and 70B3. There are two predicted transcripts —
RA and RB — which code for predicted proteins of sizes 535 (dVgl-4 PA) and 332 amino acids (dVgl-4 PB),
respectively. These two putative proteins have differing N-termini, but both contain the predicted TDU
domains mentioned above, although they are not in close proximity as they are in hVgl-4 (Figure 3.2).

Outside of the TDU domains, no predicted functional domains have yet been detected. Only one
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mutant phenotype for dvgl-4 is known: discoloration of the notum has been observed when double
stranded RNA against dvg/-4 is generated under control of pannier (pnr)-GAL4, in order to generate an
RNA interference (RNAI) response against the endogenous transcript (Mummery-Widmer et al., 2009).
RNAi is a method to specifically reduce the expression of an endogenous gene in eukaryotic cells (Liu
and Paroo, 2010; Carthew and Sontheimer, 2009). In Drosophila, RNAi relies on the exogenous
expression of double-stranded mRNA (typically generated by expressing an inverted repeat using
sequences specific to a gene of interest). The double-stranded mRNA is processed into short 21-23 nt
fragments called small interfering RNA (siRNA) by the enzyme Dicer-2 (Bernstein et al., 2001). Dcr-2
along with these fragments is then assembled into a superstructure known as the RNA-induced silencing
complex (RISC; Pham et al., 2004). This enzyme then guides these fragments to complementary mRNA
sequences (which would thus be present in the transcript of the gene being targeted for silencing) and
these mRNA molecules are degraded, thus reducing or abolishing gene expression prior to translation

(Hammond et al., 2000; Schwarz et al., 2004).

In the remainder of this chapter, | show that dVgl-4 contains two probable TDU domains, based
on sequence conservation between dVgl-4 and hVgl-4. Consistent with this idea, in vitro and ex vivo
data is presented which indicates that dVgl-4 is able to interact with Sd. An allele of dVgl-4 is also
analyzed and shown to be hypomorphic for one of two predicted isoforms of dvgl-4, raising the
possibility that the two isoforms are controlled by independent promoters. Finally, attempts to

generate further alleles of dvgl/-4 are detailed.
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Results

Investigating dvgl-4 expression

Genome-wide screens of gene expression have shown weak dvgl-4 expression in the PNS of stage 13-16
embryos (Tomancak et al., 2002). This expression partially overlaps with Sd expression during that time
(Campbell et al., 1992). In order to examine protein expression, both in the embryos and the larvae, a
custom peptide antibody directed against amino acids TKWRRERRQRSAGY (Figure 3.1) was
manufactured. To assay the ability of this antibody to detect dVgl-4, 3xFLAG-dVgl-4 was expressed in
cell culture. The cells expressing the fusion construct were then lysed and the lysate was analyzed by
western blot using either anti-FLAG or anti-dVgl-4. In both cases, a protein running at approximately 50
KDa was detected (Figure 3.3A), although the anti-dVgl-4 antibody also detected a band at ~43 KDa.
Next, a transgenic line containing UAS-dvgl-4 was crossed to a line containing a patch (ptc)-GAL4 driver,
which drives GAL4 expression along the A/P boundary of the wing disc. Immunostaining of the resultant
third instar larval wing discs with anti-dVgl-4 showed a ptc pattern of expression, as expected (Figure
3.3B). However, while the antibody could reliably detect ectopically expressed dVgl-4, no reliable and
specific signal was observed in any late stage embryos or in 3" instar larvae although earlier stages were

not tested.

Ex vivo and in vitro analysis of dVgl-4 and Sd interactions

Given the presence of the tandem TDU domains, it is reasonable to expect that dVgl-4 is capable
of interacting with Sd. To test this hypothesis, a Myc-tagged Sd was co-expressed with 3xFLAG-tagged
dVgl-4 in S2 cell culture and vice versa. The cells were lysed and the 3xFLAG-dVgl-4 or 3xFLAG-Sd

proteins were immunoprecipitated using anti-FLAG beads. The precipitate was then analyzed for the
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presence of Myc-Sd or Myc-dVgl-4 via Western blot. Consistent with the ability of the two proteins to
interact, the Myc-tagged proteins were detected in the immunoprecipitate of the 3xFLAG-tagged
proteins in both combinations (Figure 3.4A). Interestingly, Myc-dVgl-4 is detected as a doublet,
although 3xFLAG dVgl-4 is not. Further evidence of this interaction was provided by Andrew Simmonds
who, in collaboration, demonstrated that in vitro translated GST-tagged Sd is able to pull down
radiolabelled dVgl-4 (Figure 3.4B). There is also evidence (albeit weak) of a genetic interaction, since
using the UAS/GALA4 system (Brand and Perrimon, 1993) a UAS-3xFLAG-dvgl-4 transgene can be driven in
the wing disc by sd-GAL4 and this results in almost complete abolishment of the adult wing (Figure 3.9A
and see below). Analysis of the expression of eGFP tagged dVgl-4 in S2 cells also revealed that the

protein localizes to the nucleus (Figure 3.5).

Characterization of a P-element insertion into the promoter region of dvgl-4

To date, there are no described alleles of dvgl-4. However, there are several p-element
insertions both 5’ and 3’ of the open reading frame. One of those insertions — pBac{RB}CG10741°°7%,
generated as part of the Exelixis collection (Thibault et al., 2004) — consists of a piggyBac transposable
element inserted 124 bp upstream of the predicted dvg/-4 RB transcriptional start site. This site was
confirmed by sequencing from the 3’ end of the p-element insertion. Flies homozygous for this insertion
show a marked disruption in both the tergite bristles of the abdomen and the overall abdominal
pigmentation patterning (Figure 3.6A). Moreover, analysis by real-time quantitative polymerase chain
reaction (QPCR) demonstrated that the expression of the RB mRNA isoform is almost undetectable in

01789 third instar larvae, but present in heterozygous animals of the same

homozygous dvgl-4
developmental age; however, expression of the RA isoform is normal (Figure 3.6B). In order to verify

that the phenotype was specific for the insertion, homozygous dvgl-4**’* flies were crossed to flies
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carrying one of two deficiencies (Df(3L)Exel6119 and the much larger deficiency Df(3L)ED4502), both of
which uncover the dvgl-4 locus. Unfortunately, dvgl-4 “**”*’ hemizygotes showed no phenotype,
although both deficiencies showed the expected larval lethal phenotype when transheterozygous with a

mutant allele of starvin (stv) which is close to the dvgl/-4 locus.

dvgl-4 loss-of-function

In an effort to generate loss-of-function data for dvgl-4, three approaches were used. The first
was to use RNAI (see above) against dvgl-4. In order to generate siRNA specific for dvgl-4, three lines
were used, one generated by the Vienna Drosophila RNAi Centre (VDRC; Dietzl et al., 2007), and two
additional lines were created by generating transgenic flies containing the vector pWIZ with an inverted
repeat of exon three of the dvg/-4 open reading frame. In both cases, expression of the inverted repeat
of dvgl-4 is under the control of the UAS-GAL4 system. A wide variety of GAL4 drivers were used to
express the RNAI (including sd-GAL4, vg-GAL4, mef-GAL4 and pnr-GAL4; see Table 3.1 for the complete
list), however no obvious phenotypes were observed for any driver, including pnr-GAL4, which has been
previously shown to give a notal phenotype (see introduction). However, it is important to note that the
VDRC RNAi transgene line used in this case did not generate a phenotype when driven with pnr-GAL4 in
the Knoblich lab screen mentioned in the introduction (Mummery-Widmer et al., 2009) either; rather
the phenotype they observed was only present when using a different VDRC strain that is no longer

available (from either the VDRC or the Knoblich lab itself).

The second approach to generating loss-of-function data was to attempt to generate a defined
deletion between Exelixis pBAC insertion sites (Figure 3.7A). This method involves recombination
between two FRT sites inserted on two homologous chromosomes, which generates a chromosome in
which the region between the FRT sites is deleted (Thibault et al., 2004; Parks et al., 2004). Two lines
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containing FRT insertion sites near dvg/-4 — pBac{RB}CG10741 (which is the source of the dvg/-4

€01789 3llele as mentioned) and pBac{WH}f01796 — were chosen and would generate an excision of dvgl-4
as well as four other genes: spt20, Vacuolar protein sorting 36 (Vps36), Liprin-B and cg10710, using this
method (Figure 3.7B). This is an improvement over the smallest deficiency currently available which
uncovers dvgl-4, Df(3L)Exel6119, and eliminates 13 genes in addition to dvgl/-4, including starvin (stv)
and bruno-3 (bru-3) — which are larval and embryonic lethals, respectively, when homozygous null.
However, it was not possible to generate the smaller deletion, since the supposed pBac{WH}f01796

containing stock received from the VDRC had lost the insertion, and all other available combinations

delete either stv or bru-3 or both.

The third approach attempted was to generate a null allele using ends-out recombination (Gong
and Golic, 2003; Figure 3.8). This method involves generating a transgenic animal containing a P-
element with a 5’ region of homology to dvg/-4 and a 3’ region of homology to dvg-4, with a marker —in
this case white” (w’) — between them. A series of crosses are used to excise (via FLPAse treatment to
generated recombination between flanking FRT sites) and linearize (via I-Scel treatment to cut at
flanking I-sites) the two regions of homology along with the marker, and test for the reintegration of this
genetic element into the genome. Ideally, the reintegration event is by homologous recombination
between the two regions of homology and their corresponding sequences at the dvg/-4 locus, thus
replacing the coding sequence of the dvgl/-4 gene with the w* marker, and generating a null allele.
Following FLPase and I-Scel treatment, females which had survived the heatshock used to drive the
FLPase and I-Scel were crossed to w males. Adult progeny of these crosses (representing the products
of roughly 10,000 gametes) were screened for the presence of red- or mosaic-eyed flies which were
isolated and the chromosome of P-element integration mapped. The original P-element insertion was in
chromosome I, thus those insertion events that mapped to chromosome lll (of which there were almost

500) represented re-integration events (potentially, but not necessarily, specific to dvgl-4) of the excised
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P-element and were selected for further analysis. Of those, over 120 were screened molecularly (via
PCR) for the loss of the dvgl-4 locus, and these and the remaining lines were also screened genetically by
crossing the flies containing a balanced putative null allele to flies carrying a balanced deficiency
uncovering the dvgl-4 locus (Df(3L)Exel6119). The molecular screening did not detect any null dvgl/-4
alleles, and similarly, no fly transheterozygous for the excision/insertion event and the 3L deficiency

showed reduced viability or obvious defects in the adult mutants.

dvgl gain-of-function

In addition to attempting to generate loss-of-function phenotypes, UAS-3xFLAG-dvgl-4 was
exogenously expressed with a variety of drivers in order to generate phenotypic data related to over-
expression. As mentioned previously, expression driven by sd-GAL4 leads to extreme loss of wing tissue
(Figure 3.9A) and pupal lethality. Indeed, no sd>3xFLAG-dvgl-4 males survive as adults. However, other
than the wing defects, no phenotypes are observed in other tissues of the surviving females, including
those of known sd-GAL4 expression, such as the eyes and legs. Among those animals that die as pupae,
there is seldom any identifiable tissue present, although occasionally the heads and eyes are
recognizable. Strong phenotypes are also seen when pnr-GALA4, actin (act)-GAL4 and escargot (esg)-
GAL4 are used to express the transgene (Figures 3.9B and C and data not shown). The driver pnr-GAL4
was tested because, as noted previously, an RNAi phenotype has been observed using this driver.
Expression using this driver was primarily pupal lethal. The few adult flies seen had severely disrupted
notal tissue and disorganization of the notal bristles (Figure 3.9B) and similar phenotypes were seen in
pupae that failed to eclose. On the other hand, act-GAL4 was used to test for phenotypes in a broader
range of tissue. The result of using this driver was primarily pupal lethality, but the few surviving adults

had wings that appeared as masses of bulbous tissue, and also had disrupted notal tissue (Figure 3.9C),
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but no defects in other sd-expressing tissues (such as the eyes and legs) were observed. Finally, esg-
GAL4 was of interest because it drives expression in the histoblast nests, which develop into the adult

e01789

abdomen — the region disrupted in the dvg/-4 mutant. When this driver was used, disruption of

e01789

abdominal patterning, similar to that in the dvgl/-4 mutant was seen (data not shown).

Discussion

The difficulties in generating loss-of-function data for dvgl-4 have considerably hindered analysis
of its role in development and at this point it is not possible to say with certainty that this gene is
important for Drosophila development. Indeed, the inability of three separate lines (made with two
different transgenes) of UAS-RNAI argues that this gene is dispensable for development. However, a
single line of RNAI has been used to show a phenotype in notal development when driven by pnr-GAL4,
as mentioned (Mummery-Widmer et al., 2009). This raises the possibility that the position of insertion
of the RNAI transgene in the Drosophila genome is influencing the double-stranded mRNA expression
levels, and thus the efficiency of gene knockdown. However, given that only one out of four lines shows
this phenotype it is also possible that the phenotype is due to a secondary effect in which the insertion
of the transgenic element is interfering with the expression of an unrelated gene. Unfortunately, since
this line of transgenic animals is no longer available, it is impossible to determine definitively which
possibility is correct. That said, there are ways to potentially overcome the position effect of the
insertion site, if that is indeed the culprit behind the lack of phenotype. The most direct way would be
to generate new lines containing the RNAi transgene. This could be done by reintroducing the A2-3
transposase to mobilize the P-element and allow for a new reintegration event. This would likely
generate second-site mutations though (due to imprecise excision of the P-element) and so it would be

superior to generate new transgenic animals by re-injecting the RNAi containing P-element construct
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into embryos containing the A2-3 transposase. Even better would be to remake the RNAi transgene in a
vector compatible with the ¢C31 integrase system (Groth et al., 2004; Bischof et al., 2007). This method
allows for targeted integration of a transgene of interest into one of several sites in the Drosophila
genome, and thus allows for more consistent transgene expression. Beyond testing novel insertion
sites, it might also be possible to increase the strength of the RNAi effect in three ways. The first would
be to introduce a UAS-GAL4 element into the final animal containing the UAS-RNAi and driver-GAL4.
This would cause a feed-back which would cause increased expression of the dvgl-4 RNAI transgene.
Another method would be to add a UAS-dcr2 element into the final test animal, since it is thought that
by up-regulating the RNAI processing machinery in this fashion, the strength of the gene knock-down by
RNAi increases (Rousset et al., 2010). As a final option, the driver-GAL4/UAS-dvgl-4 RNAi combination
could be assembled together in a fly carrying a heterozygous deficiency for dvgl-4 (e.g. Df(3L)Exel6119).
In principal it would even be possible to combine all three approaches, although the genetics would be

complicated.

The fact that no phenotype was generated when the product of the ends-out recombination
was crossed to a deficiency uncovering dvg/-4 could be due to multiple factors. First, it is possible that
no specific re-integration of the P-element occurred, and thus no null allele was generated. Typically, of
500 re-integration events, 0.1 — 5% of them (or 0.5 — 25 of the re-integrations) would be expected to be
specific (Huang et al., 2008). Thus, it is certainly possible that dvgl-4 represents a locus resistant to the
homologous recombination necessary to generate the null allele, and thus falls on the low end of that
frequency. Itis also possible that a null was generated, but did not show a phenotype when carried over
a deficiency. This could be due to functional redundancy, or perhaps be because the gene does not
actually code for a functional protein or perhaps the phenotype is only manifest under certain

conditions. For instance, a null allele of the gene Drosophila Hormone receptor-like in 96 (DHR96)
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generated by ends-in recombination showed no phenotype on standard media, but was homozygous

lethal on cholesterol depleted media (King-Jones et al., 2006).

e01789

The abdominal phenotype of the allele dvgl/-4 is most likely due to a second-site mutation

on the third chromosome based on the inability of deficiencies for dvgl-4 to recapitulate the phenotype

when transheterozygous with dvgl-4 "%

. That said, gPCR analysis of the P-element insertion did reveal
something interesting about the dvg/-4 locus. Namely, it appears the RA and RB mRNA isoforms are
likely under the control of alternative promoters. Alternative promoter elements can drive the
expression of different isoforms of the same gene in a spatially and temporally distinct fashion, in order
to further refine the expression patterns of the differing isoforms (Ayoubi and Van De Ven, 1996).
Evidence for this is given by the fact that insertion of the P-element into the 5’ first exon of dvg/-4 RB
almost completely abolishes the expression of the RB isoform while the RA isoform is unaffected and, as
shown in Figure 3.10, the first exon of the RB isoform is at the 5’ end of the gene, but the first exon of
the RA isoform is interior to the gene and not common to the RB isoform. Based on this, it seems
unlikely that both isoforms are expressed under the control of the same promoter and then subject to

differential splicing, but instead, the evidence suggests that each isoform is transcribed independently

under the control of its own promoter element.

While no loss-of-function data was generated, there is evidence that dvgl/-4 is capable of coding
for a functional protein product. Indeed, the RB mRNA isoform codes for a protein product which,
consistent and as predicted by experiments with hVgl-4, is able to interact with Sd both in vitro and ex
vivo. Thus it is likely that one or both the predicted TDU domains are indeed functional and are
responsible for mediating this interaction. This is not surprising given that the TDU domains of dVgl-4
are very similar to both those of hVgl-4 and the TDU consensus, implying functional conservation.

Furthermore, the protein is nuclear in S2 cells, compatible with a possible function as a modulator of Sd
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transcriptional activity, an idea based on the assumption that dVgl-4 is orthologous to hVgl-4. Also
consistent with this is the fact that dVgl-4 expression in the wing disc using an sd-GAL4 driver leads to a
strong dominant-negative effect. Furthermore, most of the progeny of this cross die as pupae, which
could be due to interference with a critical developmental role of Sd — perhaps somatic or cardiac
muscle development, for instance. On the other hand, the surviving flies have no defects in their eyes,
heads or legs, which implies that dVgl-4 is unable to interfere with Sd in these tissues, at least when
driven with a sd-GAL4 driver. The fact that dVgl-4 expression driven in the notum via a pnr-GAL4 results
in extreme disruption of that tissue is also consistent with the notion that the gene codes for a product
that is functional, and moreover, correlates well with the observation made previously that expression
of an inverted repeat of part of dvg/-4 causes notal discoloration. Thus, these are two pieces of
evidence that the protein is functional within the notum, though the inability to verify the RNAi data
weakens this argument. Abdominal defects are also seen when an esg-GAL4 driver is used to express
UAS-dvgl-4 in the precursors of the adult abdomen — the histoblast nests. Finally, expression with act-
GAL4 recapitulates the phenotypes seen with the first two drivers (namely wing and notal defects as
well as pupal lethality), but curiously, does not show the same abdominal phenotype observed when the
esg-GAL4 driver is used. Intotal, it is clear that dVgl-4 is capable of functioning in a variety of
developmental contexts, and would be predicted to interact with Sd in order to mediate some
developmental process. That said, what that developmental process or processes might be is unknown

at this time and is subject to future investigation (discussed in Chapter Four).

Materials and Methods

Cell culture experiments- See Chapter 2, page 61.
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Antibody generation and detection- The antibody was made commercially by Invitrogen as follows: the
peptide sequence TKWRRERRQRSAGY was synthesized and used to make a Rabbit anti-dVgl-4 antibody.
Bleeds from two rabbits were subsequently peptide purified prior to shipping the final purified
antibodies. For Western blotS, the antibody was used at a 1:1000 dilution. Detection was with 1:50000
horse radish peroxidise (HRP) conjugated anti-rabbit secondary antibody (Invitrogen) and the

SuperSignal Substrate Western Blotting kit (Pierce).

Construct design and cloning- Cloning into pHFW (N-terminal 3xFLAG), pTFW (N-terminal 3xFLAG) and
pHMW (N-terminal Myc tag) was as per Chapter 2, page 60. To generate an RNAI construct, exon three
of dvgl-4 (which is present in both the RA and RB mRNA isoforms) was PCR amplified with Xbal sites
appended to each end. Xbal generates sticky ends compatible with both Avrll and Nhel. These are the
sites found 5’ and 3’, respectively, to a w intron found within the pWIZ vector used to make the
transgenic RNAiI lines (Lee and Carthew, 2003). Cutting the vector with Avrll and Nhel and the PCR
product with Xbal allowed for the insertion of exon three of dvg/-4 w intron in the forward (5’ to 3’)
direction, and downstream of the w intron in the inverse (3’ to 5’) direction. Thus, upon expression, the
w intron is spliced out, and the inverted repeat of exon three forms a double-stranded RNA. In order to
generate the construct containing the inverted repeat, it was necessary to use SURE2 cells (Stratagene)
as a host strain, since it was extremely prone to rearrangements when expressed in standard DH5a cells.
For ends-out recombination, the p[w35] vector was used. A region 5’ to the transcriptional start site of
dvgl-4 (“A”) was PCR amplified with BamH]I sites appended and cloned into the BamHI sites of p[w35]. A
region 3’ to the transcriptional start site (“B”) was likewise generated with Sphl sites appended and

cloned into the corresponding sites in p[w35]+ dvg/-4 A, giving p[w35]+dvg/-4 AB.

Drosophila stocks- Df(3L)Exel6119, Df(3L)ED4502, pBac{RB}CG10741°°"% w1118, pnr-gal4, esg-GAL4,

were acquired from Bloomington (stock numbers 7598, 8097, 17985, 6326 and 3039, respectively).
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pBac{WH}f01796 was from the Exelixis stock collection, act-GAL4 was a gift from J. Locke and Mef2-
GAL4 was a gift from H. Deng. For ends-out recombination y[1] w[*]; p{70FLP}11 P{70I-Scel}2B
noc[Sco]/CyO0, S[2] and yw; Flp; Sb/TM6 Tb flies were used (both from Bloomington). The UAS-3xFLAG-
sd lines are described in Chapter two, page 21 and UAS-3xFLAG-dvgl-4 was cloned in a similar fashion.
The injections done to generate the UAS-3xFLAG-dvgl-4 and p[w35] + dvgl/-4 AB transgenic lines (two
each) were performed commercially by Bestgene. The two pWIZ + dvgl/-4 RNAi transgenic lines were

made as per Chapter Two, page 61.

Co-immunoprecipitation of dVgl-4 and Sd- 3xFLAG-Sd/dVgl-4 were expressed and purified as per Chapter
2, page 23. In this case, blotting of the Myc-labelled Sd/dVgl-4 proteins was with 1:500 mouse anti-Myc
(Invitrogen). Detection was with 1:50000 HRP conjugated anti-mouse secondary antibody (Invitrogen)

and the SuperSignal Substrate Western Blotting kit (Pierce).

GST pull-down experiment- This experiment was performed by Andrew Simmonds as follows: Sd-GST
fusion proteins were expressed in E. coli (Rosetta 2(DE3), Novagen) and purified according to the
manufacturer's directions (GE Biotech). Vg and dVgl-4 were S35 labeled in vitro using the TNT-coupled
in vitro transcription-translation system (Promega). For the in vitro binding assay, 3-6 ul of $>-labeled
probe protein was incubated with 2 pg of immobilized GST fusion protein in 500 pl of buffer (20 mM Tris
pH 7.6, 100 mM NaCl, 0.5 mM EDTA, 10% glycerol, 1% Tween-20) containing 0.25% bovine serum
albumin (BSA) and protease inhibitor cocktail for 2h at 4°C. The beads were washed six times in 500 pl of

the same buffer and the bound proteins were resolved by SDS-PAGE and analyzed by autoradiography.

Ends-out recombination- Virgin females containing p[w35] + dvg/-4 AB inserted on the second
chromosome were crossed to y[1] w[*]; p{7OFLP}11 P{70I-Scel}2B noc[Sco]/CyO, S[2]. Third instar larvae
from this cross were then heat-shocked @ 37°C for 30 min to generate the linear dvgl-4 AB fragment.

Adult females were then crossed to yw; FLP; Sb/TM6 Tb males in order to facilitate the removal of any
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remaining p[w35] +dvg/-4 AB constructs which had not excised during the heatshock step. Red- or
mosaic-eyed progeny were then crossed to w''*® flies in order to map the w" insertion site. Finally, lines
which had a 3™ chromosome insertion site were balanced and crossed to Df(3L)Exel6119 or analyzed by

PCR (using primers interior and exterior to the predicted w” insertion site).
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Figure 3.1. Tondu (TDU) domain consensus from the human and Drosophila Vg/Vgl family. A)
Alignment of the core TDU domains from the four human Vgl proteins and Drosophila Vg and Vgl-4.
Dark shading shows amino acids that are conserved in 50% (4/8) of the shown TDU domains. Grey
shading indicates those residues that are conserved in 25% (2/8) of the TDU domains. TDU1 is the most
N-terminal TDU domain in both hVgl-4 and dVgl-4. TDU2 is the most C-terminal TDU domain in both
hVgl-4 and D-Vgl-4. B) Logo map (Schneider and Stephens, 1990) of the core consensus TDU domain
sequence. For each of the 11 positions of the core TDU domain, the probability of any given residue

being found is indicated. The logo map was generated using WebLogo 3.0 (Crooks et al., 2004).
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Figure 3.2. Protein sequences of hVgl-4 and the two dVgl-4 isoforms. In the three protein
sequences shown, the black shading indicates the N-terminal Tondu-1 (TDU1) domain and the C-
terminal TDU2 domain. Grey shading indicates the variable N-terminal regions of the two dVgl-4
isoforms, PA and PB (which are the products of the RA and RB mRNA isoforms, respectively). The

underlined residues are those against which the rabbit anti-dVgl-4 antibody was raised.
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hvgl-4
METPLDVLSRAASLVHADDEKREAALRGEPRMQTLPVASALSSHRTGPPPISPSKRKFSMEPGDEDLDCDNDHVSKMS
RIFNPHLNKTANGDCRRDPRERSRSPIERAVAPTMSLHGSHLYTSLPSLGLEQPLALTKNSLDASRPAGLSPTLTPGERQN
RPSVITCASAGARNCNLSHCPIAHSGCAAPGPASYRRPPSAATTCDP I AIRaIRE KN YKEPEPAPNSVSITGY R
[EXWE D TWLQIKAAKDGASSSPESASRRGQPASPSAHMVSHSHSPSVVS

dvgl-4 RA
MALRLDYRCLLDAFEDYYYHKEIQRLVAETAGGATATSPASSASSASSTASISSASCSSGPSTSSIVSSAASSHGSLAQVAT

ARAAAALADQQALASQRAMFYNVQHPQQLEQLHALQAESGNQQMHPQANADPNASSMANSLLWQPWRDLQQA
AAMHHQLYRQQQQQLQLHSEMRATSKVLTTTKWRRERRQRSAGYQPHEAGNSERERERERDREDRDMDSPIDMSV
TTGALKQRASPPPPYREPLPGTNYAANSRPSVITQAPPKREPPEQAHSTDMAM CINHRIRGIREENY AALFAKKSPTP

TPTPTPSPSGTPKQQVSPLAYGLPSSTSTAASQHYQQQRSPLAKSGWVILEPESLQPELPPPQEEPLPLSLALHRTQTPPS
PPPSATGSAPALPTAVSQVMEAAVAGRRILDTPHHTPPRYNTPPPPPPAYGIAGTTVVAPTLTPTPTPNPTPSQIPTPTP

SMPAIIRVKAEPGLAAVAASSTQTPPASPTSSTNISIFTKTEASYNRIE ARG E TWKKLQGGHKE

dvgl-4 RB
METALDVLSRAATMVQNNPSEMRATSKVLTTTKWRRERRQRSAGYQPHEAGNSERERERERDREDRDMDSPIDMS

VTTGALKQRASPPPPYREPLPGTNYAANSRPSVITQAPPKREPPEQAHSTDMAM I NAIREE N YAALFAKKSPT
PTPTPTPSPSGTPKQQVSPLAYGLPSSTSTAASQHYQQQRSPLAKSGWVILEPESLQPELPPPQEEPLPLSLALHRTQTPP
SPPPSATGSAPALPTAVSQVMEAAVAGRRILDTPHHTPPRYNTPPPPPPAYGIAGTTVVAPTLTPTPTPNPTPSQIPTPT
PSMPAIIRVKAEPGLAAVAASSTQTPPASPTSSTNISIFTKTEASY I IRIZ ARG E TWKKLQGGHKE

114



Figure 3.3. A dVgl-4 antibody detects ectopic dVgl-4 expression. A) 3xFLAG-Vgl-4 was
expressed in S2 cells and the lysate was subjected to Western blot analysis. Primary detection was with
anti-FLAG (left) or anti-dVgl-4 (right). Both detected a protein running at ~68 KDa, and the anti-dVgl-4
also detected a band at ~55 KDa. B) Wing discs were dissected from third instar larva expressing UAS-
3xFLAG-dvgl-4 under the control of ptc-GAL4 and immunostained using rabbit anti-dVgl-4 as the primary
antibody. A ptc pattern of expression along the A/P axis is seen. The secondary antibody used was goat
anti-rabbit conjugated with alkaline phosphatase, which was detected using the alkaline phosphatase

substrate BCIP/NBT.
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Figure 3.4. Sd and dVgl-4 interact in both ex vivo and in vitro assays. A) Myc-Sd was expressed
either alone or with 3xFLAG-dVgl-4, and Myc-dVgl-4 was likewise expressed either alone or with
3xFLAG-Sd. The cells from the four transfection experiments were then lysed and purified using anti-
FLAG beads. The immunoprecipitated lysates were then analyzed by Western blot, and primary
detection was with either anti-FLAG or anti-Myc. B) In vitro translated and radio-labelled dVgl-4 and Vg
(as a positive control) were ran over a column containing either bound GST-Sd, or not (negative control).
A sample of radio-labelled Vg and dVgl-4 prior to loading (“Load”), eluted protein from the columns
(“Eluate”) which either contained GST-Sd or not and the flow through (“Flow-through”) from each
column were then analyzed by SDS-PAGE. When GST-Sd is present in the column, almost all of the
loaded Vg and dVgl-4 probe proteins bind prior to elution. Conversely, most of the radio-labelled

protein probes are present in the flow-through when run over a column lacking GST-Sd.
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Figure 3.5. dVgl-4 localizes to the nucleus of S2 cells. eGFP-dVgl-4 was expressed under the
control of heatshock in DAPI stained S2 cells. A) Green (eGFP) channel. B) Blue (DAPI) channel. C)

Merge. The hatched line marks the outline the cell.
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e01789

Figure 3.6. The expression of dvgl-4 RB is virtually abolished in homozygous dvgl-4
insertion mutants. A) Phenotype of a female dvg/-4°°7%° homozygote (right) compared to a female
dvgl-4°°7%° /TM6 Tb heterozygote (left). The arrow indicates a break in the abdominal pigmentation
and disorganization of the tergite bristles. The wings were removed from both flies to aid in the
visualization of the abdomen. B) Quantitative real-time PCR analysis of the RA and RB vgl-4 isoform

01789 mutants relative to w'*®flies. RNA was extracted from

expression levels in homozygous dvg/-4
whole third instar w'*® and dvgl-4°°’’%° larvae. These samples were then analyzed for the expression
levels of the RA and RB transcripts in the mutant larvae relative to the w'*® larvae (which are arbitrarily

assigned a value of 1.00 for expression level). For clarity, the fold change relative to w''* larvae is

indicated numerically above each bar. Error bars are the 95% confidence intervals.
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Table 3.1. Overview of GAL4 drivers used to drive UAS-dvg/-4 RNAI. Each was used to generate
transheterozygous flies containing the driver and three different UAS-dvg/-4 RNAI lines (one from the
VDRC; UAS-dvgl-4 RNAi Y%, and two generated in-house; UAS-dvgl-4 RNAPPY'“* and UAS-dvgl-4 RNAPY'™
%). The general regions of third instar larval expression are indicated. As a whole, the drivers also are

expressed in a wide-variety of embryonic tissues.
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Driver

Expressed in third instar larval

sd -GAL4

vg -GAL4
act5c -GAL4

pnr-GAL4

heatshock-GAL4
wg -GAL4
ey -GAL4
DIl -GAL4
en-GAL4
mef -GAL4
dpp -GAL4
esg -GAL4

Imaginal discs, optic lobe
Wing disc
Ubquitous or nearly so
Wing and eye-antennal imaginal discs
Ubiquitous, or nearly so, when exposed to elevated temperatures (~37°C)
Imaginal discs, optic lobe
Eye-antennal imaginal disc
Imaginal discs, optic lobe
Wing and leg imaginal discs
Somatic, viceral and cardiac muscle
Imaginal discs
Histoblast nests, imaginal discs
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Figure 3.7. Overview of generation of a dvgl-4 deficiency using the Exelixis methodology. A) In
order to generate Exelixis deletions, two strains containing P-element mediated FRT insertion sites are
needed. When the two strains are crossed and the FRT sites are trans-heterozygous, treatment with
FLPase will generate a chromatid with the region between the two sites (in this case dvgl/-4) deleted, as
well as a chromatid containing a duplication of the region. (Parks et al., 2004). B) This diagram
illustrates the genomic region between the FRT sites pBac{RB}CG10741°°*’®° and pBac{WH}f01796.
FLPase mediated FRT recombination between the two sites would yield a chromatid lacking dvg/-4,

Spt20, Vacuolar protein sorting 36 (Vps-36), Liprin-8 and cg10710.

125



B

dvgl-4 Vps36 cgl0710
pactrB}CG1074101739 —JP—Pr—<GP—— 3101796
Spt20 Liprin-f

126



Figure 3.8. Gene replacement using ends-out recombination. The 5’ dvg/-4 + 3’ dvgl-4 element
(which contains an interior w* mini-gene and is referred to in the text as dvg/-4 AB) is excised and
linearized by the actions of FLP recombinase (at the FRT sites) and I-Scel endonuclease (at the I-sites),
respectively. The 5’ and 3’ elements then recombine with their counterparts in the endogenous dvgl/-4
gene replacing the interior of that gene with the w* mini-gene. Chr = chromosome. Modified from

Gong and Golic, 2003.
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Figure 3.9. Phenotypes of 3xFLAG-dvgl-4 overexpression animals. A-C) UAS-3xFLAG-dVgl-4 was
expressed using: sd-GAL4 (A), act-GAL4 (B) or pnr-GAL4 (C). In (A), the filled and open arrowheads mark
the sites of the missing wing and haltere tissues, respectively. The wings were removed from (C) in

order to aid in the visualization of the notum.
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€01789 allele contains

Figure 3.10. Schematic of P-element insertion into dvgl-4 locus. The dvgl-4
a P-element inserted at the 3’ end of the first exon of the RB isoform of dvg/-4 as indicated by the
orange arrow. This insertion is not present in the RAisoform, which is also shown. Modified from

Tweedie et al., 2009.
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Chapter Four: General conclusions and future directions

Nuclear localization of Sd

In Chapter two, evidence was provided that shows quite clearly that Sd contains a functional
nuclear localization signal (NLS). As discussed in that chapter, this is the first time an NLS has been
proven to be functional in a member of the TEAD family of proteins. However, the available evidence
also indicates that this NLS, while necessary for the proper nuclear of localization of Sd, is not sufficient.
Indeed, it is clear that at least one other signal — present within the C-terminal domain of Sd —is
required as well. More intriguingly, evidence that Sd also contains a nuclear export signal (NES) was
presented as well. If Sd does indeed contain an NES, then that is suggestive that Sd may cycle
bidirectionally between the cytoplasm and nucleus, rather than unidirectionally into the nucleus. If so,
understanding the regulation of this process would thus provide insight into the regulation of Sd

function vis-a-vis transcription.

A major problem with analyzing Sd localization, and therefore understanding the regulation
thereof, has been the lack of working antibody. For instance, while a working antibody against TEF-1
has been developed, it is not compatible with Sd. Furthermore, two attempts to make a Sd-specific
antibody by our laboratory have met with limited success. The first was unable to detect Sd under any
condition, while the second (made in a similar fashion to the dVgl-4 antibody discussed in Chapter
three), could weakly detect (via immunostaining or Western blot) exogenously expressed Sd, but not the
endogenous protein (data not shown). This has made it difficult to study the endogenous nuclear
localization of Sd, and moreover, to test the hypothesis that Sd may shuttle between the nucleus and
the cytoplasm under certain conditions. Although it is possible that the correct conditions for
immunostaining with Sd antibodies has not been found, it is also possible that Sd is expressed in low

guantities and thus is difficult to detect, and of course these possibilities are not mutually exclusive. If
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the latter is true, one way around this problem would be to employ the tyramide signal amplification
system (PerkinElmer), which can greatly amplify the sensitivity of immunostaining. Further, there are a
many different fixation techniques that could be tried in order to improve accessibility of the antibody
to the antigen. If the antibody could be reliably detected, a host of experiments could be done. One
would be to examine the in vivo localization behaviour of the various Sd mutants discussed in Chapter
two (by making and expressing transgenic UAS-mutant sd lines). It would also be worthwhile to
examine the localization of Sd in sd mutants (of particular interest would be sd®®, which shows the
curious vg mislocalization phenotype). Lastly, the spatial, temporal and sub-cellular localization could
be studied at various time points, ranging from embryonic to pupal development, in order to confirm
the in situ and enhancer trap localization patterns previously described as well as to determine if there
are times/tissues in which Sd shows enrichment in the cytoplasm — which would be more evidence that
Sd may be regulated by nuclear-cytoplasmic shuttling. However, barring an improvement in the
antibody efficacy, other experiments could also be attempted. The first would be to conduct an RNAI
screen, using the localization of several eGFP-tagged isoforms of Sd (such as Sd itself, Sd mNLS* and
SdA392-440; see Chapter two) as a read-out. The rationale behind this experiment would be two-fold.
First, it could act to confirm that Imp-a3 is involved in the nuclear translocation of Sd as well as
determining whether either of the other two Imp-a proteins are also involved. Secondly, the screen
would hopefully identify other genes which could also modulate Sd translocation — ideally identifying
proteins which bind to the C-terminus of Sd in order to mediate that function. It would also strengthen
the argument that Sd contains an NES if it could be shown that RNAi against the exportin Crm1
differentially rescues the localization of Sd mutants containing the putative NES signal. If one or more of
the Imp-a’s are identified in this approach, but no additional genes, it would consistent with the idea

that there is an additional NLS signal in the C-terminal domain of Sd.
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A small pilot-screen has already been done, expressing eGFP-Sd together in S2 cells treated with
RNAi against Imp-a1-3, vg, dvgl-4 and sd. The first three RNAi treatments (alone or in combination)
resulted in almost complete abolishment of transfection in the treated cells (data not shown). The
ability of RNAI treatment to interfere with transfection seems to be a general complication that has
been observed by others (D. Bond, personal communication), although this effect may also have been
worsened as a consequence of interfering with the nuclear import machinery, since the RNAi against the
latter three genes mentioned above did not interfere with transfection, but nor did they disrupt eGFP-Sd
localization. In order to overcome the difficulties of transiently transfecting RNAi treated cells, stable
lines expressing the various constructs could be generated and used for the screen. As far as the lack
of phenotype when treating with vg, sd and dvg/-4 RNAI, there were two limitations to the study: First,
no measurements were made comparing transcript levels between control and RNAi treated cells, so it
is possible the RNAi was not efficient in reducing the transcript levels of one or more of the target genes.
Second, only full-length Sd was tested. If mutant forms of Sd were also tested, phenotypes may have
been observed. Particularly in the case of Sd mNLS"*, one could imagine that binding to endogenous Sd
— which has an intact NLS — could be responsible for some or all of the observed translocation seen in
this mutant. However, that would not explain why the C-terminal domain is required for proper
localization even when the NLS is intact (e.g. in the case of SAA392-440). Ideally, this experiment would
provide a gateway to revealing new Sd interacting proteins, and possibly give insight into the regulation
of Sd function via control of nuclear import and export — based on the assumption that some of these

new interactors would be involved in that regulation.
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dvgl-4

It is difficult to say what role, if any, dVgl-4 has in Drosophila development. Certainly, the fact
that it is able to interact with Sd, and that there is clearly conservation between the sequence and
arrangement of the dVgl-4 and hVgl-4 TDU domains is suggestive that the protein is needed for some
undefined biological process. It is also clear that the protein is capable of biological activity, based on
the over-expression phenotypes. However, a reasonable assumption that could be made is that the
dVgl-4 over-expression phenotypes are simply due to binding to and interfering with endogenous Sd,
whether or not the physical interaction demonstrated is biologically relevant in vivo. Indeed, one could
imagine that by the erroneous (at least in those tissues) binding of dVgl-4 to Sd, the correct TIFs of Sd
would have their own ability to bind Sd reduced (i.e. there would be competition by dVgl-4 for Sd
binding). That said, while an enhancer trap detects sd expression in the presumptive scutellum (which
gives rise to the posterior end of the dorsal thorax) and the mesopleura (which gives rise to the lateral
portion of the thorax) of the wing disc, no defects are seen when either of two UAS-sd RNAI constructs is
driven by pnr-GAL4, although the transgene is able to interfere with Sd function in the wings and eyes of
the fly using drivers specific to those tissues (Zhang et al., 2008; and data not shown). Additionally, the
cuticle and bristles of the notum show a great deal of disorganization in the pnr>dvgl-4 animals, and
there is no evidence that sd is expressed in the presumptive notum of the wing disc. Thus, pnr-GAL4 is
the only driver tested which causes defects when driving UAS-3xFLAG-dvgl-4 that are not easily
explained by a possible interaction with Sd. Indeed, the act-GAL4 driver gives results consistent with
this idea. Most of the phenotypes are possibly explained by Sd interactions; the lethality seen could be
due to defects in nervous system or cardiac muscle development, while the wing defects could also
reflect a dominant-negative interaction with Sd during the development of that tissue. However, the
only other phenotype observed in adults is a thoracic phenotype similar to that seen when using the

pnr-GAL4 driver. Altogether, this could indicate that dVgl-4 is capable of a biological function beyond
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interacting with Sd. Elucidating this function may be difficult however, especially if dVgl-4 has functional
redundancy with one or more other proteins. Generating a null or a knockdown and identifying
phenotypes for either or both must be the first priority. Possible ways to improve the efficiency of the
RNAi were already given in Chapter Three. By using in situ hybridization it may be possible to identify
the tissue(s) in which dvg/-4 is expressed, and thus perhaps lead to the selection of a more specific
driver to use for the UAS-RNAI lines (although act-GAL4 and HS-GAL4 gave no phenotype with the RNAI
lines so there is no guarantee a more-specific driver would yield more informative results). As far as
generating a null, there have been improvements made to the ends-out replacement scheme (Huang et
al., 2008) and those improvements could be used in a second attempt to generate a null allele.
Additionally, nearby P-elements could be used to generate partial or complete deletions in a variety of
ways (e.g. imprecise excision). See Hummel and Klambt, (2008) for a review of this and other
techniques. Once a null has been generated, if a phenotype is seen, it will be evidence that the PB
isoform of dVgl-4 is sufficient for development in the absence of the PA isoform, but that the loss of
both is deleterious. If not, it will be further evidence that supporting the idea that there is functional
redundancy provided by the product of another gene. If this is the case, a screen would need to be
done in order to identify the compensatory gene. This could be done in two ways. First, flies
homozygous null for dvgl-4 could be treated with a mutagen in order to generate second-site mutations
which show phenotypes in this background. Unfortunately, this procedure would generate many
mutations in genes that are not related in any way to dvgl/-4 and so the mutations generated would
need to be crossed back into a wildtype background to ensure the phenotype is dependent on both the
new mutation and the dvg/-4 null. The second way would be to use large scale deficiencies which in
aggregate uncover the whole of the Drosophila genome, to generate a set of flies homozygous (or
hemizygous) for the dvgl-4 null which also contain the deficiency. This would generate the dvg/-4 null,

plus hemizygotes for the genes uncovered by the deficiency. Hopefully, losing both copies of dvg/-4 and
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a copy of whatever gene is providing the compensatory function would result in an observable
phenotype. Unfortunately, both techniques are labour intensive and neither is guaranteed to be

successful.

Suppressors of sd”> mutants

Not discussed in this thesis was work done to characterize mutations which suppress the

d*®* mutants. These mutants are comprised of four independent lines

extreme wing phenotypes of s
that were previously generated by feeding sd® flies the mutagen ethyl methanesulfonate (EMS; which
induces G:C to A:T transitions) and screening the progeny for suppressors of sd*® as characterized by the
restoration of wing tissue relative to the original mutants. All four of these mutations have been
successfully mapped to the right arm of the second chromosome (T. Kelly, unpublished results).
Moreover, they are all dominant mutations which either effect viability in the heterozygous state, have
a reduced penetrance, or both (data not shown). Attempts to balance them have been largely
unsuccessful since the viability of the strains (already quite poor) is reduced even further when
maintained over balancer chromosomes. Due to the difficulties in generating balanced lines, it has not
been possible to determine how many complementation groups the mutations fall into or estimate the
penetrance of the phenotype, but given that they show a similar range of wing phenotypes in the sa***
background and that they all map to the right arm of chromosome two, it is possible that they are all
alleles of the same gene. While deficiency mapping was determined to be the most suitable method to
determine the gene(s) mutated in these lines, time constraints prevented the experiments from being

done. However, this information would be very useful, since one or more genes that interact - either

genetically or physically - with Sd in the context of wing development would be identified. This would
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not only potentially lead to a better understanding of the function of Sd during wing development, but

would also identify potential candidates which may regulate the sub-cellular localization of Sd.

Conclusion

In the course of this thesis a bipartite classical nuclear localization signal was confirmed to be
present and functional within Sd. Additionally, hints that there may be complex regulation of the sub-
cellular localization of the protein were also obtained. Indeed, there is evidence that Sd also contains an
NES, is subject to post-translational modification and requires another NLS and/or binding to unknown
protein(s)in order to be properly translocated to the nucleus. Additionally, a potential TIF of Sd has
been identified in dvgl-4, and means to identify one or more additional TIFs (by characterizing the sd®*°
suppressors and determining if there are additional proteins that modify the localization of Sd) have
been provided. Identifying new TIFs of Sd could provide insight into further functional roles of Sd,

ideally outside the tissue in which the function of Sd has been best-characterized — the wing imaginal

disc.
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