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Abstract 

 

Cells require the ability to modulate function in response to their surroundings so that they 

are able to contribute to the survival of the organism. A key mechanism that allows tunable 

responses to changes in environment is by differential control of gene expression by 

transcriptional regulators. In Drosophila, the Vestigial-like (VGLL) family of transcriptional 

co-factors is comprised of two genes, vestigial (vg) and Tondu domain-containing Growth 

Inhibitor (Tgi). Regulation of these co-factors is key during development of metazoans, and 

their dysregulation in humans is associated with several types of cancers.  

 

Vg, the Drosophila orthologue of the mammalian VGLL1-3 proteins, is regulated by 

phosphorylation at the Serine-215 residue. This phosphorylation is mediated by association 

with the transcription factor Scalloped (Sd), and the residue is a target of the p38 mitogen-

associated protein kinase (MAPK) pathway. Interfering with phosphorylation at Serine-215 

causes developmental defects in the adult Drosophila wing, as well as altering terminal 

specification of the embryonic somatic musculature.  

 

Tgi, the Drosophila orthologue of the mammalian VGLL4 protein, is a recently identified 

second member of the VGLL gene family in Drosophila. Tgi is able to interact with Sd 

similarly to Vg, but Tgi and Vg are unable to form a co-complex. A potential explanation for 

this is that Tgi and Vg are competing and excluding the other from interaction with Sd. 

Ectopic expression of Tgi causes wing size reduction and fate defects in the adult wing, and 

this wing size reduction is dose-sensitive to the level of vg expression. Additionally, 

overexpression of Tgi in Drosophila Kc167 cells causes an exclusion of Vg to the 
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cytoplasmic domain, and Tgi and Vg direct Sd to differentially regulate target genes. Finally, 

Tgi induces the expression of vg, setting up a negative feedback loop to repress its own 

activity.  
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Portions of Chapters 2 and 4 of this thesis were published as:  

 

Pimmett, V. L., Deng, H., Haskins, J. A., Mercier, R. J., LaPointe, P. and Simmonds, A. 

J. (2017). The activity of the Drosophila Vestigial protein is modified by Scalloped-

dependent phosphorylation. Dev. Biol. 425, 58–69. 

 

The paper cited represents a collaborative work between all authors. I was responsible for 

data collection and replication, analysis, manuscript writing and editing. H. Deng and J. 

Haskins also performed data collection and analysis, R. Mercier provided data collection, and 

A. Simmonds provided data analysis and manuscript writing and editing. P. LaPointe and A. 

Simmonds were supervisory authors. Chapter 2 contains data from this publication, and 

Chapter 5 contains methods and materials used to generate this data. 
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Chapter 1: General Introduction 

 

One of the most important functions of both individual cells and cells that comprise entire 

organisms is the ability to recognize and respond to change. There is a wide range of signals that 

cells need to be able to integrate and react appropriately to, such as intracellular communication, 

nutrient availability, or physical cues (reviewed in Baker, 2017; Danielsen et al., 2013; West and 

Harris, 2016; Zhang et al., 2018). Failure to recognize these cues or to implement an appropriate 

reaction can lead to cell stress and possibly cell death. A key mechanism that allows for a graded 

response to shifts in cellular demands is differential control of gene expression. This process is 

especially important during development of complex multicellular organisms (reviewed in 

Murakawa et al., 2016; Reiter et al., 2017; Voss and Hager, 2014). The process of development 

requires maintaining a balance between cell proliferation to expand tissue volume, fate 

determination/differentiation to develop specific physiological structures, and cell death to 

eliminate damaged or unnecessary cells. Implementation of specific cell fates requires cells to 

differentially express specific subsets of genes, a process regulated in part by the combinatorial 

expression of specific transcriptional regulators (reviewed in Heinz et al., 2015; Todeschini et 

al., 2014).  

 

1.1 Modeling Disease in Drosophila 

 

Drosophila melanogaster has historically been an excellent model system to probe  

transcriptional regulation by virtue of a deep body of knowledge of developmental processes 

across multiple tissue types and stages of development (reviewed in Arbeitman et al., 2002; 
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Schwarzer and Spitz, 2014). It also presents a useful mid-level model system, wherein the 

complexity of the system is reduced with fewer redundant or partially redundant genes while still 

presenting all three germ layers and multiple tissue types comparable to humans (reviewed in 

Adams et al., 2000). A rich and well-developed system of genetic manipulation exists to 

investigate the functional consequences of gene mutation, inactivation, and overexpression 

(reviewed in Hales et al., 2015; St Johnston, 2002). Practical considerations such as the short 

generation time, comparative ease of culture, and amenability of tissue for macroscopic and 

microscopic visualization have assisted the use of Drosophila as an effective model for human 

development and disease.  

 

An estimated 75% of disease-associated genes in humans have a homologue in Drosophila 

(reviewed in Pandey and Nichols, 2011; Reiter et al., 2001). The founding members of many 

human disease-associated gene families were originally discovered in Drosophila, such as 

wingless (wg), orthologous to the mammalian Wnt family (reviewed in Klaus and Birchmeier, 

2008); hedgehog (hh) with the human orthologues sonic hedgehog, desert hedgehog and indian 

hedgehog (reviewed in Ingham et al., 2011). This also includes vestigial (vg), orthologous to the 

mammalian Vestigial-like (VGLL) family of transcriptional co-factors (reviewed in Simon et al., 

2016). Drosophila has a considerably less complex genome compared to mammals and other 

metazoan model systems, with fewer functionally redundant homologous genes compared to 

humans and mice. For example, the Hh family mentioned above has only a single Drosophila 

orthologue in comparison to multiple mammalian homologues. Interestingly, the VGLL gene 

family has two paralogous genes in Drosophila compared to four in mice and humans (reviewed 

in Simon et al., 2016). 
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1.2 The Vestigial-like Family of Transcriptional co-factors 

 

The founding member of the VGLL family of transcriptional co-factors, vg, was initially 

described via a mutant allele resulting in a ‘vestigial’ wing structure in a screen of adult flies by 

Thomas Hunt Morgan (Morgan and Bridges, 1919). Subsequently, Vg was identified as a nuclear 

protein involved in development of adult wings and halteres (Williams et al., 1991). It is best 

described as a “selector” gene, as its ectopic expression in different tissues results in conversion 

to a wing fate (Simmonds et al., 1998). This family of genes is broadly conserved across 

evolution, appearing in Eumetazoans from the tunicate Ciona intestinalis through invertebrates 

such as Caenorhabditis elegans and the Drosophilid family and higher vertebrates such as Danio 

rerio and Xenopus laevis as well as mice and humans (Waterhouse et al., 2011). Interestingly, no 

member of the Vestigial-like family is present outside of the Opisthokonts or fungi such as 

Saccharomyces cerevisiae or Schizosaccharomyces pombe (Simon et al., 2016).  

 

The defining characteristic of the VGLL family is the presence of one or more TONDU 

functional domains in the gene product (Figure 1.1A) (Simmonds et al., 1998; Vaudin et al., 

1999). This domain is a 24 amino acid region that is significantly conserved across multiple 

species (Simmonds et al., 1998; Vaudin et al., 1999). It is required for interaction with the 

transcription factor Scalloped (Sd), as deletion of the region results in a loss of interaction in 

vitro between Vg and Sd; in vivo, deletion of the TONDU domain in Vg causes impaired adult 

Drosophila wing development (MacKay et al., 2003; Simmonds et al., 1998). All known 

members of the Vestigial-like family are obligate partners of the TEF-1/TEC-1/ABAA  DNA-
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binding (TEA domain, or TEAD) (Bürglin, 1991) domain containing family of transcription 

factors (Pobbati and Hong, 2013). In  Drosophila, the sole TEAD family member is encoded by 

the sd gene (Campbell et al., 1991; Campbell et al., 1992).  This interaction is mediated by a 

direct binding of the carboxyl-terminal half of Sd to the TONDU domain of Vg (Simmonds et 

al., 1998). This effectively forms a complete unit wherein Sd provides the DNA binding 

capabilities and Vg is able to recruit the basal transcriptional machinery, as TEAD proteins alone 

do not display the ability to activate their target enhancers (MacKay et al., 2003; Xiao et al., 

1991).  

 

1.3 Subfamilies of the Vestigial-like Transcription co-factors 

 

Two subfamilies of Vestigial-like genes have been identified. This division is based on the 

number of TONDU domains encoded. The first subfamily, of which vg is a member, contains 

only one TONDU domain; the second family is comprised of genes with >1 TONDU domain 

(Figure 1.2). These subfamilies may have arisen at separate points over evolution (Simon et al., 

2016), as genes of the second subfamily are present in a wider range of species compared to a 

more restricted subset of species with genes identified as members of the single TONDU domain 

subfamily (Koontz et al., 2013). Historically, the VGLL family has undergone a series of gene 

renaming events as previously named genes were discovered to be homologues or orthologues to 

each other. Initially, VGLL1 was named in mice as vrf-1 and TONDU in humans; VGLL2 was 

named VITO-1 or Vgl-2 in both mice and humans; VGLL3 was named VITO-1b or VITO-2 in 

both mice and humans, followed with a shift to Vgl-3; and VGLL4 was named Vgl-4 in both 

mice and humans (Chen et al., 2004a; Chen et al., 2004b; Günther et al., 2004; Mann et al., 2007; 
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Mielcarek et al., 2002). As functional and sequential homology was clarified both experimentally 

and bioinformatically, gene names were modified to the sequential VGLL standard to reduce 

confusion in the mammalian system and comply with the HUGO Gene Nomenclature 

Committee. Drosophila gene nomenclature has not adopted this system for the VGLL family, 

likely owing in part to historical continuity and in part to the incongruent number of mammalian 

orthologues to vg.  

 

Identification of other Vestigial-like family proteins outside Drosophila resulted from a series of 

experiments showing that the human TEAD1 protein, a Sd homologue, was able to bind Vg and 

functionally substitute for it during development (Deshpande et al., 1997). This lead to a search 

for Vestigial-like family binding partners in humans and other species. In humans, four 

Vestigial-like genes were identified (Chen et al., 2004a; Maeda et al., 2002a; Vaudin et al., 1999) 

and named VGLL1-4. VGLL1-3 are paralogues with only a single TONDU domain, and show a 

high degree of conservation, while VGLL4 is relatively more divergent in comparison and has 

two TONDU domains. Mice also have 4 VGLL genes (Chen et al., 2004a; Halperin et al., 2013; 

Maeda et al., 2002a; Mielcarek et al., 2002), and follow a similar pattern to humans with 

VGLL1-3 having a single TONDU domain and VGLL4 having two. Caenorhabditis elegans is 

unique among the most common model organisms in that it has a single putative VGLL4 

subfamily orthologue but no orthologue to Vg/VGLL1-3 (Simon et al., 2016). Xenopus laevis 

and Danio rerio both have five VGLL genes (Faucheux et al., 2010; Mann et al., 2007; Melvin et 

al., 2013). Unlike mice and humans, they retain the VGLL1-3 genes with a single TONDU 

domain but have two highly similar VGLL4 paralogues (VGLL4 and VGLL4L), each with two 

TONDU domains, that likely resulted from a genome duplication event. 
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1.4 Expression Patterns of VGLLs in Drosophila and Other Model Systems  

 

Drosophila vg has a highly restricted pattern of expression that stretches from mid-

embryogenesis through to the adult fly. Vg expression is first apparent in stage 10 embryos as 

lateral stripes from the first thoracic to seventh abdominal segments. By stage 11, additional 

clusters in the second and third thoracic segments fated to become the wing and haltere imaginal 

discs form, as well as some expression in the presumptive ventral nerve cord (VNC; Williams et 

al., 1991).  The Vg-positive cells of the VNC by stage 12 number approximately 10-12 cells per 

segment (Guss et al., 2008). At stage 13, expression of the mRNA transcript in the head region is 

apparent, as well as expression in a select group of embryonic muscles, namely the dorsal acute 

1-3, lateral longitudinal 1 and ventral lateral 1-4 muscles (Baylies et al., 1998; Tixier et al., 2010; 

Williams et al., 1991). By stage 16, VNC cells in the thoracic segments expressing Vg have 

multiplied into 41-43 cells divided into dorsal and ventral subgroups, while cells in the 

abdominal segments are fewer in number. These cells go on to form a subset of interneurons, as 

well as three midline ventral unpaired motor neurons (Guss et al., 2008). The ventral clusters of 

proto-wing and -haltere disc cells continue to express Vg transcript in stages 16-17, and are 

maintained through hatching into the first instar larvae (Williams et al., 1991).  

 

The larval expression pattern of Vg is complex and varies substantially through the larval stage. 

In the first and early second instar stages, Vg+ cells are present throughout the entire wing and 

haltere disc. By mid-second instar, the wing disc shows a slowly restricting pattern with loss in 

the distal portion of the disc (Williams et al., 1993). The third instar expression pattern has been 
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very well established, along with the cis-regulatory elements controlling it. Vg is expressed at a 

very low level throughout the disc, but is significantly concentrated along the dorsal/ventral 

(D/V) boundary as well as in the notum/presumptive wing hinge region (James and Bryant, 

1981; Williams et al., 1993). This overlaps with the expression pattern of Sd in the wing disc, 

which also shows a gradient across the presumptive blade region with a peak at the D/V 

boundary (Campbell et al., 1992; Williams et al., 1993).  

 

Very little is understood about the expression and regulation of Tgi within the developing 

embryo. It is ubiquitously expressed at a low level in larval wing and eye discs, as well as the 

entire adult carcass and the ovaries, as determined by RNA-FISH (Koontz et al., 2013); the 

embryonic expression pattern has yet to be fully determined. This contrasts to the very specific 

pattern of Vg, indicating that Tgi may not be an identity factor like Vg but instead have broader 

functions. It also overlaps with the previously described Sd expression pattern in the larval wing 

disc, although it is also expressed outside of the Sd domain as well. Whether this indicates other 

binding partners for Tgi is unknown, as no other interacting partners have been conclusively 

established.  

 

The expression pattern of the mammalian VGLL genes has diversified from the Drosophila 

orthologues, partially due to the gain and loss of specific structures such as wings across the 

evolutionary tree. In humans, VGLL1 and VGLL3 are both expressed in the placenta, while 

VGLL2 seems to be restricted to skeletal muscle (Chen et al., 2004b; Maeda et al., 2002a; 

Mielcarek et al., 2002). VGLL4 expression is more diverse in terms of expression than the first 
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three VGLL genes, and is detectable in the brain, heart, skeletal muscle, colon, thymus, spleen, 

kidney, liver, small intestine, placenta and lung (Chen et al., 2004a).  

 

Expression of VGLL genes in model systems other than Drosophila is not as well characterized 

as that of flies and humans. Mice express VGLL2 and VGLL3 in skeletal muscle and somites, 

while Xenopus laevis and Danio rerio share the VGLL2 somite expression although as yet have 

not been shown to have skeletal muscle expression (Faucheux et al., 2010; Maeda et al., 2002a; 

Mann et al., 2007; Mielcarek et al., 2002; Mielcarek et al., 2009). VGLL2-/- mice show a 

conversion from slow-twitch muscle fibres to fast twitch muscle fibres, but had no major 

developmental defects (Honda et al., 2017). VGLL4 has a common expression pattern in the 

mouse, frog and fish brain and lungs/pharyngeal pouches (Barrionuevo et al., 2014; Faucheux et 

al., 2010; Thisse et al., 2001; Zhang et al., 2014).  

 

1.5 Scalloped and the TEAD Family Transcription Factors 

 

Sd is a member of the TEAD transcription factor family and is the essential binding partner of 

Vg. The founding member of the family is the human TEAD1 protein, originally named TEF-1 

and identified on the basis of its ability to bind and activate the SV40 enhancer (Xiao et al., 

1991). Since then, a large number of related proteins have been identified in multiple species, 

including 4 in humans and mice (TEAD1-4) and one in Drosophila (Sd; Campbell et al., 1991; 

Campbell et al., 1992).  
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All known TEAD proteins have the same general domain architecture and conformation. The N-

terminal of the protein contains the TEA/ATTS domain necessary for DNA binding, and 

conforms into a triple helical homeodomain-like fold (Anbanandam et al., 2006; Bürglin, 1991; 

Hwang et al., 1993). This domain is also able to interact with the Myocyte enhancer factor 2 

(MEF2) via its MADS domain, which is a key regulatory step in muscle gene expression (Gupta 

et al., 2001; Maeda et al., 2002b).  The C-terminal region, which binds to Sd co-factors like Vg 

and Yki, takes on a modified β-sandwich fold conformation with two extra helix-turn-helix 

inserts (Tian et al., 2010). As Sd lacks the ability to recruit the basal transcriptional machinery 

alone, this C-terminal region provides a platform for recruitment of co-factors that can then 

nucleate the transcriptional machinery (Xiao et al., 1991).  

 

The target motif for TEAD proteins is known as the muscle-specific cytosine-adenine-thymidine 

(MCAT) motif. It was first identified in the promoter of the chicken cardiac troponin-T gene 

(Farrance et al., 1992; Mar and Ordahl, 1988). The MCAT motif is a heptameric sequence of 5’-

CATTCCT-3’, although there is substantial flexibility in the motif as the sequence of three 

MCAT elements in the SV40 enhancer do not conform exactly to the optimal sequence 

(Davidson et al., 1988; Larkin and Ordahl, 1999; Larkin et al., 1996; Stewart et al., 1994; Xiao et 

al., 1987). Interestingly, the targeting of Sd can be significantly impacted by its cognate co-

factor, as binding of Sd and Vg causes a shift in motif grammar preference from a single MCAT 

element to a pair of side-by-side sequences requiring the coordination of two Sd and two Vg 

proteins in a four part complex (Figure 1.1B) (Halder and Carroll, 2001). It is unknown whether 

Tgi, with the potential to coordinate Sd proteins in a 1:2 ratio instead of the Vg:Sd 2:2 

stoichiometry due to its paired TONDU domain structure, would have any impact on coordinate 
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gene regulation in the same fashion, or if this is an obligate heterotetramer for regulation of all 

target genes.  

 

Throughout development, the expression of sd is spread across multiple different tissue types. 

During embryogenesis, sd is expressed in the central and peripheral nervous systems beginning 

at stage 10, approximately 4h40 after the egg is laid (AEL), and continues through at least the 

beginning of stage 14 (10h20 AEL) (Guss et al., 2013). Expression of Sd is detectable at the 

protein level in all somatic muscle cells at early stage 16 (13h AEL), although mRNA is 

detectable even earlier via in situ hybridization at stages 12-13 (7h20-10h20 AEL), where its 

expression progresses from the ventral to lateral regions (Deng et al., 2009; Guss et al., 2013). Sd 

is also a key transcription factor for cardiac development in the embryo, where interestingly its 

expression does not overlap with Vg but does overlap with Tgi (Deng et al., 2009; Yu et al., 

2015). The structure of the embryonic heart differs in Drosophila when compared to mammals, 

as Drosophila does not have a closed circulatory system (Vanderploeg and Jacobs, 2017). 

Instead, cardiac muscle cells are surrounded by pericardial cells in a structure known as the 

dorsal vessel that acts as a single chamber heart with an aorta (reviewed in Ahmad, 2017). Sd 

expression is detectable in the heart muscle at stage 13 (9h20 AEL) but is entirely absent by 

stage 16 (13h AEL). Finally, Sd protein is also detectable in the embryonic wing and haltere 

primordia as well as myoblasts fated to become IFMs, both of which overlap with Vg expression 

(Bernard et al., 2003; Guss et al., 2013). 

 

In the larva, sd expression has been well characterized in the wing and haltere discs. By the third 

instar, sd is expressed throughout the wing pouch as well as in aspects of the hinge and notum 
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(Campbell et al., 1992); this overlaps significantly with both Vg in the wing pouch as well as 

Tgi, which is expressed ubiquitously throughout the entire disc (Koontz et al., 2013). It is also 

expressed at relatively lower levels in both the leg and eye discs (Campbell et al., 1992; Guss et 

al., 2013). A subset of larval VNC cells also co-express sd and vg, the neuroblast 1-2 

descendants as well as the ventral unpaired median motor neurons (Guss et al., 2008; Guss et al., 

2013; Landgraf et al., 2003) although whether they also overlap with Tgi expression is as yet 

unclear. In the adult, sd is expressed along with vg in the flight muscles (Bernard et al., 2003; 

Bernard et al., 2009). It is also required for proper central nervous system development (Garg et 

al., 2007).  

 

Sd was originally identified as a wing-specific protein, not a myogenic factor (Campbell et al., 

1991; Campbell et al., 1992). Loss of sd expression results in poorly developed adult wings with 

phenotypes ranging from scalloping of the margins to a majority loss of the wing blade, 

depending on the degree of gene dysfunction or loss (Campbell et al., 1992). The partnership 

between Vg and Sd is required for later differentiation by driving expression of key fate 

specification genes including cut (ct), knirps (kni), and senseless (sens) (Blochlinger et al., 1991; 

Ludlow et al., 1996; Srivastava and Bell, 2003).  

 

As inferred by the name of its target MCAT motif, Sd is a key transcription factor in myogenic 

fate specification. In Drosophila, Sd and Vg form a non-obligate tripartite complex with the 

muscle-defining transcription factor Mef2 to promote embryonic somatic muscle differentiation 

(Deng et al., 2009; Deng et al., 2010). Vg and Sd interaction is important at both the protein and 

DNA level, as Sd also acts as a scaffold for recruitment of p38 MAPK for Vg phosphorylation 
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that is necessary for proper late-stage muscle differentiation (Pimmett et al., 2017). This function 

is also conserved in humans and mice. Sd is also important for specification of the cardiac 

muscle program during embryogenesis. Much of the initial investigation into MCAT elements 

was performed on the chicken cardiac Troponin-C promoter (Mar and Ordahl, 1988; Mar et al., 

1988; Stewart et al., 1994), and further research has shown both Sd and its mammalian 

orthologues are necessary in Drosophila, mice, and human cardiac muscle (Chen et al., 1994; 

Deng et al., 2009; Stewart et al., 1994; Stewart et al., 1998).  

 

In mammals, the expansion of the TEAD family to four genes is reflected in a complex 

expression pattern extending from the earliest developmental stages through to adult tissues. 

TEAD1 and TEAD3 are detectable in unfertilized mouse oocytes, while TEAD2 mRNA is 

already apparent at the two cell stage (Kaneko et al., 1997). As the embryo develops, TEAD 

proteins are required for the trophectoderm to form, as well as cardiac and skeletal muscle, the 

notochord and neural crest cells (Anbanandam et al., 2006; Milewski et al., 2004; Qiu et al., 

2011; Sawada et al., 2008; Yagi et al., 2007), indicating some conservation between Drosophila 

and mice in terms of expression. There is some degree of functional redundancy between 

TEAD1 and TEAD2 (Sawada et al., 2008), although a complete study of redundancy between 

the four genes has yet to be completed.  

 

1.6 Development of the Adult Wing 

 

Vg and Sd were both originally named based on the mutant phenotype in the adult Drosophila 

wing (Gruneberg, 1929; Morgan and Bridges, 1919). The system of wing development in 
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Drosophila has been used for examining developmental and homeostatic regulatory mechanisms 

due to several convenient or unique features. The adult Drosophila wing is derived from the 

embryonic ectoderm and is a highly stereotyped structure with precise architecture and well-

understood developmental processes. Although the wing is a complex structure, adult laboratory 

Drosophila strains do not require them for survival or reproduction. The wing is an ideal system 

for experimentation for several reasons: they are dispensable, easily manipulated with genetic 

tools, widely studied and provide an easily visible phenotype.  

 

Imaginal discs are clusters of cells set aside during embryogenesis that are later used during the 

larval aspect of the life cycle to develop into specific adult structures (Figure 1.3). There is a 

total of 19 imaginal discs in the Drosophila larvae: bilateral pairs of clyprolabral, labral, eye-

antenna, dorsal prothoracic, wing, haltere, and first, second and third leg discs, along with a 

single genital disc.  

 

The larval wing disc is largely comprised of a columnar epithelial monolayer that will go on to 

form much of the adult wing, along with a small population of myoblasts and few tracheal and 

neural cells. It is bordered by a peripodial membrane of squamous cells that contributes very 

little to the adult wing. The larval wing disc is an excellent model for fate acquisition and 

implementation, as the epithelial monolayer is easy to image both in terms of gross structure as 

well as individual cell dynamics across development. The adult wing is also easily examined for 

defects with low-power magnification and is generally dispensable for most aspects of the adult 

lifecycle.   
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Tissue patterning, the process of defining regions of presumptive fate from a cellular field to 

generate complex structures, begins early in the embryo. The wing disc is specified during 

embryogenesis at the intersection of stripes of Wg and Decapentaplegic (Dpp) expression in the 

ectoderm, positioned dorsally to the leg disc in the second thoracic compartment (Cohen et al., 

1993). Initial isolation of wing progenitor cells comes from a small cluster of approximately 22-

24 ectodermal cells marked by Vg expression on each side of the T2 segment of the embryo 

(Bate and Arias, 1991; Cohen et al., 1993; Meise and Janning, 1993). At 9-10h AEL, the 

presumptive wing cells begin to invaginate from the ectoderm in the ventral half of the embryo. 

By stage 15 of embryogenesis, approximately 11.5-13h AEL, the presumptive wing cells can be 

identified by expression of Vg protein (Cohen et al., 1993). As the egg hatches into the first 

instar larva at approximately 24h AEL, the wing imaginal disc is comprised of 38 cells 

(Madhavan and Schneiderman, 1977). These cells begin to rapidly proliferate halfway through 

the first instar stage and continue through the second and third instar until the late third instar 

disc is approximately 50 000 cells (Martin, 1982).  

 

One of the challenges of using the larval wing disc as a model is the patterning of a three-

dimensional adult structure on a two-dimensional plane. The wing disc is defined by radial 

patterning, where the centre of the disc comprises the wing blade and the more proximal adult 

structures such as the hinge and notum are organized at the periphery of the disc (Figure 1.4). 

The initial signals that control patterning in the wing disc define the boundary between the wing 

and notum/body wall regions. This is accomplished by induction of wingless (wg) expression 

during the second instar larval stage (Garcia-Bellido et al., 1973; Morata and Lawrence, 1977), 

which separates the tissue into wg+ presumptive wing cells and wg- notum cells. wg is considered 
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the hierarchical master of wing fate, as complete loss of wg expression results in a fate 

transformation of the entire wing into notum (Morata and Lawrence, 1977), while ectopic 

expression causes the notum to become a wing (Ng et al., 1996).  

 

To further refine a future wing blade/pouch region separate from the hinge, the disc must be able 

to coordinate two separate organizing centres at the anterior/posterior (A/P) boundary and the 

dorsal/ventral (D/V) boundary. While the precise mechanism behind these organizing centres is 

unclear, the A/P boundary is established first, demarcated by engrailed (en) expression in the 

posterior compartment. Subsequently, the D/V boundary is established via expression of the 

dorsal-specific protein apterous (ap), which can be seen in the first instar larval wing disc 

(Nienhaus et al., 2012).  

 

The formation of the D/V boundary by ap drives the expression of the Notch (N) pathway 

ligands delta (Dl) and serrate (ser), as well as the effector fringe (fng) specifically at the D/V 

boundary (Diaz-Benjumea and Cohen, 1993; Klein and Martinez Arias, 1998; Williams et al., 

1994). As Notch signaling is cell-cell contact-mediated, this activation is restricted to a small 

region that overlaps with the ventrally-restricted expression of wg. N and wg together activate the 

expression of vg via Suppressor of Hairless (Su(H)) activation of the vg margin enhancer (vgME) 

(Kim et al., 1996). Vg is a transcriptional co-factor and the key wing blade identity gene in the 

wing disc, as misexpression of Vg in other non-wing tissues causes a fate conversion to wing 

(Simmonds et al., 1998), and its expression eventually marks all cells of wing blade fate. vg 

expression driven by the vgME at the D/V boundary overlaps with a region of high sd 
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expression, the partner transcription factor necessary for Vg activity (Guss et al., 2013; 

Simmonds et al., 1998; Williams et al., 1991).  

 

Activation of the vgME drives the initiation of a feed-forward circuit of Vg auto-activation 

(Klein and Martinez Arias, 1999). Vg and Wg expression from the D/V boundary, as well as 

expression of Dpp from a stripe at the A/P boundary, collaborate to activate a second vg 

regulatory element, the quadrant enhancer (vgQE), during the third larval instar (Zecca and 

Struhl, 2007a), that activates an as-yet unknown signal to expand the presumptive wing pouch 

(Figure 1.5). Both the vgME and the vgQE are self-reinforcing; expression of exogenous Vg 

causes activation of both enhancers in vivo, and the TEA domain of Sd has been shown to bind 

directly to DNA sequences within the vgQE (Halder et al., 1998). Wg and Dpp are diffusible 

morphogens, the combination of these two signals as well as the unknown Vg-responsive 

element allows for the non-autonomous expansion of Vg expression (Kim et al., 1997; Zecca and 

Struhl, 2007b; Zecca et al., 1995). It has been proposed that the Hippo pathway may partially 

mediate the unknown Vg-responsive factor (Zecca and Struhl, 2007b), as high Vg expression 

drives expression of the Hippo pathway gene four-jointed (fj) and represses Dachsous (Ds) (Cho 

and Irvine, 2004; Zecca and Struhl, 2010). The inverse gradients of Fj and Ds enable a high level 

of yorkie (yki) expression at the interface. Yki is a transcriptional co-regulator that also functions 

through Sd at the wing blade primordium (Goulev et al., 2008; Wu et al., 2008). Interestingly, 

Yki is known to compete with Vg for Sd interaction (Li et al., 2015a). Ectopic expression of Vg 

may then cause a titration of Sd away from Yki to bind Vg, shifting the balance of proliferation 

versus differentiation signal and stopping the recruitment of cells into the wing blade, resulting 

in smaller adult wings.  
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Beyond the edges of the wing blade region is tissue fated to become the wing hinge. The hinge 

region is refined during the third instar larval stage by restricting expression of the key 

transcription factors homothorax (hth) and teashirt (tsh). Together Hth and Tsh repress the wing 

pouch fate by inhibition of the vgQE (Kim et al., 1996). Interestingly, although Hth and Tsh 

inhibit Vg expression, there is still a non-autonomous requirement for Vg and Sd in hinge 

development that is unclear (Liu et al., 2000).  

 

1.7 Vestigial-like Genes and Cancer 

 

vg and its related orthologues are involved in cancers of several different tissue origins. 

Upregulation of VGLL1 is noted specifically in triple negative-like basal breast carcinoma of 

both sporadic and hereditary BRCA1 mutation origins, and is associated with reduced patient 

survival (Castilla et al., 2014). VGLL2 fusion events are strongly associated with spindle cell 

rhabdomyosarcoma (SRMS) in children, particularly with the CITED2 and NCOA2 genes; a 

small study indicated 7 of 11 SRMS cases had VGLL2 fusions or mutations (Alaggio et al., 

2016). The same study also found of the remaining three cases, two of them had TEAD1 fusion 

events; this presents a strong case for a causative relationship between a TEAD and VGLL 

complex with SRMS.  

 

Of the vg/VGLL1-3 subfamily of Vestigial-like genes, VGLL3 has been more extensively studied 

across a range of cancers. In several types soft tissue sarcomas, including undifferentiated 

sarcomas, pleiomorphic rhabdomyosarcoma, dedifferentiated and well-differentiated 
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liposarcomas, and leiomyosarcoma, VGLL3 is amplified and overexpressed along with another 

TEAD-binding protein and downstream Hippo pathway effector, the Yki orthologue Yes-

associated protein-1 (YAP1; Hélias-Rodzewicz et al., 2009). When VGLL3 expression is 

knocked down in soft tissue sarcoma cell lines, cells display diminished proliferation and 

migration, suggesting that this amplification may play a role in invasion and metastasis (Hélias-

Rodzewicz et al., 2009). This same amplification was also commonly noted in 

myxoinflammatory fibroblastic sarcoma and hemosiderotic fibrolipomatous tumours (Antonescu 

et al., 2011; Hélias-Rodzewicz et al., 2009). Conversely in epithelial ovarian cancer, VGLL3 

expression may function as a tumor suppressor. Low to absent expression of VGLL3 was 

identified in malignant tumor biopsies compared to healthy controls and benign tumor samples, 

and expression of VGLL3 in OV-90 human ovarian cancer cells is significantly diminished 

(Cody et al., 2009; Gambaro et al., 2013). Coincident with its role in ovarian cancer, VGLL3 has 

also been implicated in female-biased autoimmune disorders where genes regulated by VGLL3 

were strongly associated with diseases such as lupus, Sjögren’s syndrome, and scleroderma 

(Liang et al., 2016). Prostate cancer is associated with a VGLL3 oncogenic signature, where low 

expression of VGLL3 along with IGFBP3 and F3 in prostate cancer biopsies correlate to an 

aggressive form with a median survival time of 3.23 years, and relatively higher expression of all 

three genes correlated to a less aggressive prostate cancer with a median survival time of 9.85 

years (Peng et al., 2014).  

 

Tgi/VGLL4 subfamily genes are broadly considered tumor suppressors and have had the most 

progress made with pharmacologic interventions for various types of cancer out of all the 

Vestigial-like genes. A mutagenesis screen in mice identified VGLL4 mutation as a driver of 
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pancreatic cancer, and associated mutations in the human gene with significantly poorer survival 

(Mann et al., 2012). Subsequently VGLL4 mutations or expression level changes were associated 

with gastric, lung, colorectal, and esophageal cancer (Jiang et al., 2015; Jiao et al., 2014; Jiao et 

al., 2017; Li et al., 2015; Zhang et al., 2014). Interference with YAP1-TEAD binding using a 

VGLL4-mimicking peptide however showed a protective and anti-proliferative effect in human 

MCG-803 gastric cancer cells as well as in vivo mouse gastric tumours (Jiao et al., 2014). This 

caused a reduction in YAP1-responsive gene expression, indicating a likely competitive 

inhibition of the YAP1-TEAD transcriptional complex, a theory borne out with several other 

studies (Liu-Chittenden et al., 2012; Zhang et al., 2014). This may be achieved both using 

pharmacologic disruption, as well as deubiquitination of the endogenous protein and VGLL4-

mediated sequestration of Inhibitor of Apoptosis (IAP) family proteins in the cell nucleus (Jin et 

al., 2011; Zhang et al., 2016).  

 

1.8 Cancer Stem Cell Hypothesis and Differentiation Therapy 

 

One of the mysteries of cancer progression is how tumors are initiated and propagated within 

normal tissue. One theory building substantial evidence is the cancer stem cell (CSC) hypothesis. 

The CSC hypothesis states that tumors are heterogeneous in genotype, and a small pool of stem-

like cells (CSCs) divide to produce daughter cells that make up the bulk of a tumor (Sell, 2004; 

Tannishtha et al., 2001). CSCs share many similarities with normal stem cells, in that they are a 

self-renewing population capable of asymmetric division to produce daughter cells that become a 

tumor mass, but differ from both typical stem cells and bulk tumor cells in that they have 

undergone an epithelial-to-mesenchymal (EMT) transition. They are also resistant to traditional 



20 

 

cancer therapeutics, through combinations of upregulated DNA damage responses, infrequent 

cell cycling, improved drug efflux, and better resistance to reactive oxygen species (Ffrench et 

al., 2017; Kurtova et al., 2015; Somasagara et al., 2017; Song et al., 2017; Wu et al., 2017).  

Because they can divide asymmetrically, CSC daughter cells are able to undergo rapid 

proliferation and generate a cancerous mass without compromising the integrity of the CSCs 

themselves, which can remain resident in tissue even after traditional cancer treatments halt or 

remove the tumor itself (Kreso et al., 2013). The quiescence and reduced vulnerability to 

traditional therapeutics means that CSCs may remain to induce relapse in patients.  

 

One of the hallmarks of CSCs is the mis-activation of developmental signaling pathways such as 

the Wnt, Hippo and Notch pathways (Clevers, 2011; Tannishtha et al., 2001). During 

development, activation of the Wnt pathway is required for promoting cell division in multiple 

tissues (Giraldez and Cohen, 2003; Heallen et al., 2011; Hu et al., 2004; Reya et al., 2003); re-

activation of this pathway is a key component of proliferation in several types of cancers, and 

attenuation of its activity is able to significantly diminish the hyperproliferative phenotype of 

cancer cells in vitro (Kansara et al., 2009; Ordóñez-Morán et al., 2015; Wang et al., 2015). 

Similarly, the Hippo signaling pathway is key in organ size specification and terminal 

differentiation by repressing cell division and permitting apoptosis  (Boone et al., 2016; Lee et 

al., 2010; Peng et al., 2009; Shen et al., 2015). Dysregulation of this pathway is prevalent in 

several cancers, including gastric cancer, breast cancer, and lung cancer, and is frequently 

associated with poorer prognosis (Jang et al., 2017; Lamar et al., 2012; Zhang et al., 2014).  
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Cancers associated with changes in VGLL family gene expression or function link several of the 

traits of the CSC hypothesis. Two recent studies have examined the broader Hippo signaling 

pathway and disruption of the VGLL-TEAD interaction as a potential therapeutic target for 

differentiation therapy. The initial study done in a mouse cancer model (Jiao et al., 2014) showed 

that injection of a VGLL4-mimicking peptide caused a strong inhibition of tumor growth both in 

vivo and in vitro using gastric cancer cell culture models when compared to the control by 

preventing the interaction between YAP and TEAD4, and that this inhibition is mediated through 

the TDU domains of VGLL4 necessary for interaction with TEAD family proteins. This 

inhibition was also extended to include a range of in vivo induced tumors, including HeLa, 

HCT116, A549, MGC-803 and MCF-7 derived masses, and that the degree of tumor growth 

inhibition correlated to the expression profile of VGLL4 in the original cell line. The second 

study (Jiao et al., 2017) presented a significant downregulation of VGLL4 in clinical colorectal 

cancer cells, and this loss of expression was associated with poorer prognosis and shorter patient 

survival time. However, colorectal carcinoma disease progression was significantly inhibited in 

mice treated with a VGLL4-mimicking peptide, likely due to disrupting a TEAD4-TCF4 

complex that would otherwise co-regulate both the Hippo and Wnt signaling pathways. Both 

studies indicated that cells treated with the VGLL4-mimicking peptide lost traits associated with 

the CSC phenotype; cells had a lower proliferation rate, became less motile, and were more 

susceptible to apoptosis. Conversely, overexpression of VGLL4 in human embryonic stem cells 

causes a significant decrease in cell death and increase in colony formation from dissociated 

single cells in culture (Tajonar et al., 2013).  
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Because of the intrinsic complexity and crosstalk between the Hippo signaling pathway and 

other pathways, directly targeting upstream components of the pathway to force differentiation 

of cancer cells is likely not feasible. However, because the Vestigial-like family is a known 

downstream regulator of TEAD family transcription factors with few other regulatory partners, 

and because interfering with the VGLL-TEAD interaction has already been shown to promote 

various outcomes mentioned above that indicate differentiation therapy is a viable option, 

investigating further the link between VGLLs and TEADs is a necessary component of 

developing potential targeted therapies such as the VGLL4-mimicking peptide discussed above. 

Relative levels of TEAD and VGLL proteins have also shown some prognostic value, which 

could also lead to better molecular diagnostic methodologies as well as improving treatment 

selection for patients. By understanding the link between VGLLs and developmental 

programming, it will be possible to develop future strategies to understand and treat several types 

of human diseases. 

 

1.9 Summary 

 

In this thesis, I establish the role of Vg phosphorylation in regulating development of the adult 

Drosophila wing and embryonic somatic musculature (Pimmett et al., 2017). Vg is 

phosphorylated by p38 MAPK on Ser-215, and this phosphorylation is dependent on the 

presence of Sd. Vg phosphorylation affects anterior/posterior fate specification in the developing 

wing disc and altering phosphorylation via a non-phosphorylatable or a phosphomimetic mutant 

results in mis-specification of the anterior and posterior margins respectively.  
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Further, the role of the recently identified second VGLL family gene in Drosophila, Tgi, was 

examined. Tgi has substantial regions of homology to human VGLL4 as well as other model 

system orthologues, particularly in the TONDU domain sequences. I propose a competitive 

model to describe interactions between the Vestigial-like proteins and Sd, as even though Tgi 

and Vg are able to co-immunoprecipitate with Sd, they do not form complexes together. 

Overexpression of Tgi in the Vg domain causes a decrease in wing surface area and wing 

cupping from loss of ventral cells that is dependent on the relative level of Vg expression. 

Expression of Tgi also causes nuclear exclusion of Vg in live Drosophila Kc167 cells, and both 

developmentally- and cell cycle-related target genes of Sd are cross-regulated when Sd is 

overexpressed with either Vg or Tgi. Finally, I propose some potential mechanisms for how a 

competitive binding model may be implemented at the cellular level. 
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Figure 1.1: A diagram of the Drosophila VGLL and TEAD family proteins. A) Vg and Tgi 

contain a common TONDU domain (green), although Vg has a single domain while two are 

present in Tgi. Sd has a single Vestigial Interaction Domain, or VID (yellow). B) The coordinate 

heterotetrameric binding of Vg and Tgi to the cut promoter requires the coordination of two Vg 

and two Sd proteins. The binding sequences of Sd (Guss et al., 2001) are shown for each protein 

in blue and red. Note that there is divergence from the canonical MCAT motif.  
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Figure 1.2: A phylogenetic tree showing the evolution of the human (HSap), mouse (MMus), 

Drosophila (DMel) and C. elegans (CEle) VGLL family proteins. The Tgi/VGLL4 subfamily is 

clustered in the upper portion, while the Vg/VGLL1-3 family clusters as a collective subfamily 

in the lower portion. The phylogenetic tree was constructed using BIONJ (Gascuel, 1997). 
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Figure 1.3: Adult structures in Drosophila are specified during embryogenesis. Clusters of cells 

in the embryo are fated to become specific adult structures and set aside for later expansion 

during the larval stage. After hatching, larvae undergo rapid cell proliferation and further 

specification of adult structures in cell clusters called imaginal discs. During pupariation, these 

discs further expand and differentiate to form the adult structures. Adult structure colours are 

represented in the larvae and embryo. Cell clusters fated to become wings are labelled in orange. 

Original design from Beira and Paro, 2016. 
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Figure 1.4: The third instar larval wing imaginal disc is specified in fields. The body wall 

adjoins the fly thorax (purple). The hinge forms a flexible structure necessary for flight (pink). 

The wing pouch becomes the blade of the adult wing (yellow). The anterior/posterior boundary 

is demarcated in light blue and the dorsal/ventral boundary in dark blue.  
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Figure 1.5: Enhancers of vestigial in the wing pouch (yellow) form a feed-forward circuit. 

Induction of Notch and wingless signalling at the nexus of the dorsal/ventral and 

anterior/posterior boundary induces expression of vg at the vgME. Vg, N and Wg synergistically 

reinforce the expression of vg at the vgME. vg also combines with the expression of wg from the 

dorsal/ventral boundary and decapentaplegic at the anterior/posterior boundary as well as 

unknown factors to expand the domain of vg expression by auto-activation of the vgQE. This 

domain expands to define the complete wing pouch region.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



34 

 

Chapter 2: Phosphorylation of Vestigial is Necessary for Proper Tissue Differentiation  

 

Portions of this chapter were previously published as: 

Pimmett, V. L., Deng, H., Haskins, J. A., Mercier, R. J., LaPointe, P. and Simmonds, A. J. 

(2017). The activity of the Drosophila Vestigial protein is modified by Scalloped-dependent 

phosphorylation. Dev. Biol. 425, 58–69. 

 

2.1 Introduction 

 

Drosophila tissue development is a complex process relying on the activity of “selector genes” at 

specific points in defined sub-populations of cells that narrow the fate of a group of cells from a 

broad, general fate to a specific identity that is then maintained throughout development 

(Hariharan, 2015). Selector genes most frequently encode transcriptional regulators such as 

transcription factors and co-factors that stipulate fate by driving a specific program of target gene 

expression resulting in terminal differentiation of the tissue. vg is a key selector gene involved in 

differentiation of the wing blade from the wing imaginal disc (Williams et al., 1991; Williams et 

al., 1994). vg is necessary for both specification and proliferation in the larval imaginal wing 

disc, as homozygous loss of the gene causes a complete absence of the adult wing, variable loss 

of wing structure with hypomorphic alleles dependent on the strength of the hypomorph, and 

transdifferentiation of non-wing ectoderm into a wing fate when the gene is expressed 

ectopically (Green, 1945; Kim et al., 1996; Silber, 1980; Simmonds et al., 1997; Simmonds et 

al., 1998; Williams et al., 1991).  
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More recently, the functional importance of vg has been demonstrated in tissues outside the 

wing. In the developing embryonic mesoderm, Vg acts as a regulator of late stage muscle 

differentiation. Loss of vg causes a weakened muscle phenotype in the embryo, with poor 

attachment of the muscle to tendon cells and absence of ventral lateral (VL) muscles (Deng et al., 

2009; Deng et al., 2010). In the adult, Notch-dependent Vg expression is also required for correct 

specification of the adult indirect flight muscles (IFMs). Reduction of Vg via hemizygous vgnull 

allele expression causes a fate transition to a direct flight muscle (DFM)-like fate and apoptotic 

degradation of the muscle fibre (Bernard et al., 2003; Bernard et al., 2009).  

 

One of the mechanisms found to control protein function and activity is post-translational 

modification of the existing peptide. There are a large variety of post-translational modifications 

that have been identified so far and with wide-ranging effects. These modifications include 

attachment of macromolecular structures such as carbohydrate moieties via glycosylation, lipid 

groups by cholesterylation, and covalent linkage of small peptides by sumoylation (Ciepla et al., 

2015; Monribot-Villanueva et al., 2017; Smith et al., 2012; Walski et al., 2017). Also common 

and important to cellular function and proper tissue development are phosphorylation or 

dephosphorylation of target proteins (Oliva and Hassan, 2017; Zhao et al., 2017).  

 

Many of the kinases present in Drosophila are conserved in humans and other mammals, 

including but not limited to cyclin-dependent kinases (CDKs), mitogen-activated protein 

kinases(MAPKs), and receptor tyrosine kinases (RTKs) (Ashton-Beaucage and Therrien, 2017; 

Fry et al., 2017; Ishidate et al., 2014; Morrison et al., 2000). The p38 MAPK signaling pathway 

is required for the development of the wing through regulation of the Transforming Growth 
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Factor-β/Decapentaplegic (TGF-β/DPP) pathway downstream of the receptor thickvein (tkv) 

(Adachi-Yamada et al., 1999). Further, increasing the activity of Tkv by ectopic expression of a 

constitutively active mutant increased the levels of active p38, and blocking the activity of p38 

attenuated the phenotype in the adult wing caused by ectopic constitutively active Tkv (Adachi-

Yamada et al., 1999). p38 MAPK also regulates the Activating transcription factor-2 (ATF-2) 

protein; while ectopic expression of a dominant negative p38b allele using the MS1096-GAL4 

driver had no effect on wing size or shape, ectopic expression of a dominant negative ATF-2 in 

the wing disc using the same driver resulted in smaller wings with disrupted veins, and the 

phenotype was enhanced by co-expression of the dominant negative p38 allele (Sano et al., 

2005).  

 

Another signaling pathway that relies on phosphorylation to regulate its activity is the Hippo 

signaling pathway (Figure 2.1). The core of the Hippo signaling pathway is comprised of a 

kinase cascade that relies on the phosphorylation status of Yki to direct target gene expression 

(reviewed in Pfleger, 2017). When the signaling pathway is inactive, Yki is phosphorylated on 

Serine 168 and either sequestered in the cytoplasm by the 14-3-3 protein or targeted for 

degradation (Oh and Irvine, 2008; Pfleger, 2017; Ren et al., 2010). Activation of the pathway 

results in formation of a Yki/Sd nuclear complex that can activate transcription of target genes 

(Wu et al., 2008; Zhang et al., 2008).  One of the most studied roles of Sd is as an effector 

transcription factor for the Hippo signaling pathway (reviewed in Lin et al., 2017b; Wu et al., 

2008; Zhang et al., 2008). Sd and TEAD1-4 have recently been identified to be a target of active 

regulation by post-translational modification as well (Lin et al., 2017b). TEAD1 is targeted in 

cardiomyocytes and choriocarcinoma cells by both Protein Kinase A and Protein Kinase C 
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respectively for phosphorylation, both of which have functional consequences for protein 

function and gene expression (Gupta et al., 2000; Jiang et al., 2001). TEAD1, TEAD2, TEAD3, 

and TEAD4 as well as Sd are lipidated through addition of a palmitoyl group to a conserved 

cysteine residue (Chan et al., 2016; Noland et al., 2016). Surprisingly, palmitoylation of TEAD1 

was required for interaction with the Yki orthologues YAP1 and Transcriptional coactivator 

with PDZ-binding motif (TAZ), but not for TEAD1/VGLL4 binding (Chan et al., 2016).  

 

The VGLL family proteins are also modified post-translationally. Vg is a known target of 

sumoylation, and although the specific residue where the SUMO covalent linkage is made is 

unclear, blocking this by downregulation of the E3 ligase Ubc9 reduces Vg-dependent activation 

of a vgQE luciferase reporter in S2 cells (Takanaka and Courey, 2005). Sumoylation of 

transcription factors is strongly increased relative to the general protein pool in human cells 

(Filtz et al., 2014). Paradoxically, sumoylation is associated with both increased transcriptional 

repression by some transcription factors and chromatin-associated proteins, and increased 

transcriptional activation by others, as evidenced by the necessity of sumoylation on DNMT1 for 

DNA methylation and condensation of heterochromatin as well as the enhanced RNA 

polymerase II recruitment to constitutively active promoters with sumoylated proteins (Cubeñas-

Potts and Matunis, 2013; Lee and Muller, 2009; Rosonina et al., 2010).  

 

In the mammalian VGLL family, there is some evidence that VGLL2 is phosphorylated by 

casein kinase II on Ser-96 (Teng et al., 2008), but the functional relevance of this is unknown. 

VGLL4 is acetylated on Lys-224 in the first TONDU domain, although this residue is not 

conserved in Drosophila (Lin et al., 2016). Importantly, this acetylation reduces the ability of 
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VGLL4 to interact with TEAD1 in cardiomyocytes, and blockage of VGLL4 acetylation by 

mutation decreases cardiomyocyte proliferation in vivo (Lin et al., 2016). VGLL4 is also 

phosphorylated by cyclin-dependent kinase 1, and is a target of the de-ubiquitinating enzyme 

Ubiquitin-specific protease 11 which interacts with VGLL4 at the amino terminus and stabilizes 

the protein (Zeng et al., 2017; Zhang et al., 2016).  

 

In this chapter, evidence is provided for Vg post-translational modification via Ser-215 

phosphorylation. This residue is a possible target of p38 MAPK, and its phosphorylation is 

dependent on interaction between Vg and Sd. In vivo, both pseudo-phosphorylation and 

phosphorylation blockage at this residue result in fate changes in the adult wing. The 

requirement for Vg phosphorylation is partially maintained in the embryonic muscle, 

demonstrating both the similarities and differences inherent in repurposing of transcriptional 

regulators across different germ layers and tissues.  
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2.2 Results 

 

Vestigial is Phosphorylated on Serine 215 

 

Seven deletion mutants were made within Vg, each removing approximately 50 amino acids and 

leaving the TONDU domain intact (VgΔ1- VgΔ7, Figure 2.2). These were transfected into 

Drosophila Schneider-2 (S2) cells, both with and without the presence of Sd. Western blots of 

these lysates showed that in most cases, co-transfection of the Vg deletion mutant with Sd 

resulted in higher molecular weight bands (Pimmett et al., 2017). However, the VgΔ5 mutant 

had only a single band both with and without co-transfection of Sd (Pimmett et al., 2017). Within 

the VgΔ5 region, there are 11 serine, 2 threonine and 1 lysine residue, with a consensus MAPK 

site at Serine-215 (S215) (Figure 2.3A). Analysis of both the full-length Vg peptide (Figure 

2.3B) as well as the VgΔ5 deletion region (Figure 2.3C) by kinase prediction software indicated 

that S215 was the most likely target for phosphorylation and was a likely target of the MAPK 

pathway. Mutagenesis of S215 to either the non-phosphorylatable alanine (VgS215A) or the 

pseudo-phosphorylated glutamic acid (VgS215E) followed with co-transfection in S2 cells with Sd 

showed that the VgS215A mutant was unable to recapitulate the higher molecular weight bands of 

wild type Vg, while the VgS215E mutant showed increased post-translational modification 

consistent with the wild type Vg (Figure 2.3D).  

 

To confirm the effect of co-expression of Sd on Vg post-translational modification, two-

dimensional gel electrophoresis followed by immunoblotting was performed on transiently 

transfected S2 cell lysates and probed with anti-Vg antibody. Lysates of 6xMyc-Vg transfected 
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cells resolved into three distinct isoforms with the same molecular mass but different isoelectric 

points (Figure 2.4A). Treatment of 6xMyc-Vg lysate with λ-phosphatase caused a collapse of 

isoforms into one single position with the same predicted size and isoelectric point of unmodified 

Vg (Figure 2.4B). Co-transfection with 6xMyc-Vg and GFP-Sd (Figure 2.4C) resulted in the 

three same molecular weight isoforms with different isoelectric points as in Figure 2.4A. 

Similarly to Figure 2.3B, treatment of the co-transfected lysate with λ-phosphatase also caused a 

collapse of isoforms into a single point (Figure 2.4D). Analysis of the relative proportions of 

each of the three positions showed that co-transfection with 6xMyc-Vg and GFP-Sd caused an 

increase in phosphorylated Vg isoforms compared to 6xMyc-Vg lysate alone (Figure 2.4E). The 

same results were shown using an anti-Myc antibody (not shown). Since λ-phosphatase 

treatment reduced both single transfected and co-transfected Vg to a single point, sumoylation of 

Vg (Takanaka and Courey, 2005) was examined via co-transfection with 3xFLAG-SUMO 

(Figure 2.4F). Interestingly, all Vg isoforms seem to be relatively equally sumoylated, indicating 

that the pool of un-sumoylated Vg is below the detection limit of a two-dimensional Western 

blot.  

 

Phosphorylation of Vestigial affects wing development 

 

To investigate whether S215 phosphorylation affects Vg function, we developed transgenic 

Drosophila expressing either a 3xHA-VgS215A or 3xHA-VgS215E transgene under the control of 

the UAS promoter. These transgenes were expressed using a synthetic GAL4 driver that contains 

two Vg enhancer elements, the vgME and vgQE (vg(M+Q):GAL4). Together these enhancers 

recapitulates the majority of the vg expression pattern in the wing blade, with vgME driving 

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transgenic
http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/drosophila
http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/promoter-genetics
http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enhancer-genetics
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expression along the wing imaginal disc dorsal/ventral boundary during the third larval instar 

and vgQE driving expression in the wing pouch (Figure 1.4). During larval development, these 

enhancers are self-activated by Vg in a feed-forward loop to delineate wing fate across the entire 

blade region of the wing disc (Kim et al., 1996; Williams et al., 1994; Zecca and Struhl, 2007a).  

 

Expression of either VgS215A or Vg S215E in a wild type w1118 background alone had no phenotypic 

effect on the adult wing (data not shown), indicating there was no dominant effect created by 

hyperphosphorylation or blocked phosphorylation at VgS215. A rescue experiment was designed 

to test the effect of altered Vg phosphorylation in the presence of insufficient endogenous Vg. 

The vgnull allele of Vg, a mutant allele derived from P-element mutagenesis with an eight exon 

deletion in the vg gene, is largely pupal lethal when homozygous, with a few adult escapers. 

These escapers have extremely reduced larval wing discs with adults having very small wings 

with no definable features relative to a wild type adult wing, suggesting a failure in 

differentiation, proliferation, or both (Delanoue et al., 2004; Paumard-Rigal et al., 1998). The 

homozygous vgnull phenotype can be rescued by expression of 3xHA-Vg under the control of the 

Vg(M+Q):GAL4 driver (Figure 2.5B), although the wings are slightly diminished in size. 

Expression of the 3xHA-VgS215A transgene in the same conditions partially rescues the vgnull 

phenotype (Figure 2.5C), but shows clipping of the lateral wing margin that appears similar to 

the weak loss of function alleles of sd or vg (Campbell et al., 1992; Williams et al., 1991). The 

anterior margin of the wing also had partial loss of the sensory bristles, and patchy replacement 

by the finer bristles of the posterior margin (Figure 2.5C’). Conversely, rescue of the vgnull 

phenotype using 3xHA-VgS215E largely restored wing size as well as maintained anterior sensory 

bristle structure (Figure 2.5D), but instead showed partial duplication of the posterior bristles 

http://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/imaginal-disc
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(Figure 2.5D’). Collectively this indicates that phosphorylation of Vg is required to maintain 

anterior vs posterior margin identity. To ensure this was not a function of Vg expression levels, 

qPCR testing of wing discs indicated a similar level of Vg expression in all three rescue 

experiments (Figure 2.5E). The vgQE has been shown to be bound by and regulated by the 

Vg/Sd complex (Halder and Carroll, 2001; Halder et al., 1998) , so a dual-luciferase assay was 

performed in S2 cells to examine whether or not Vg phosphorylation affected the ability of Vg 

and Sd to regulate the vgQE. It showed that while wild type Vg and Sd could significantly 

upregulate the vgQE compared to Vg alone, the activation of the vgQE was attenuated when 

VgS215A or VgS215E was expressed with or without co-transfection with Sd (Figure 2.5F).  

 

Sensory bristles in the adult wing are derived from sensory organ precursor (SOP) cells in the 

larval wing disc. These cells are located along the dorsal/ventral margin of the third instar wing 

disc. Subsets of these cells are identifiable by expression of the pro-neural Vg/Sd target genes cut 

(ct) and achaete (ac) (Skeath and Carroll, 1991; Skeath and Carroll, 1994). Specification of 

SOPs requires the expression of Sd (Morcillo et al., 1996; Srivastava and Bell, 2003) but as yet 

there is no functionally identified role for Vg in this process. To examine SOP cell specification, 

third instar larval wing discs from the wing rescue experiments were examined using anti-ct. In 

wild type wing discs, Ct+ cells are expressed in a row along the dorsal/ventral margin in the wing 

pouch (Figure 2.6A). Expression of the 3xHA-Vg transgene using vg(M+Q):GAL4 in a 

homozygous vgnull background causes restoration of the disc at a reduced size, along with 

reappearance of the Ct-positive cells along the margin (Figure 2.6B). The same rescue 

performed with the 3xHA-VgS215A transgene also results in restoration of the disc at a diminished 

size, but few Ct+ cells are observed along the dorsal/ventral margin, consistent with the loss of 
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sensory bristles in the adult wing (Figure 2.6C). The expression pattern of the Vg transgene is 

also altered compared to other transgenes expressed from the same GAL4 driver. Cells 

immediately proximal to the dorsal/ventral margin are not Vg-positive (anti-HA), and there 

appears to be a reduced amount of Vg in the disc compared to wild type. This may indicate that 

non-phosphorylated Vg may be unable to activate the feed-forward mechanism required to 

sustain the enhancers driving GAL4 expression, or that the VgS215A protein is destabilized and 

targeted for degradation. Expression of 3xHA-VgS215E in the same rescue background is also able 

to restore the disc, and the number and position of Ct-positive cells is largely normal with 

occasional small gaps (Figure 2.6D). This collectively suggests that Vg phosphorylation has an 

effect on the ability to drive a pro-neural SOP cell fate and the ability to sustain the Vg margin 

enhancer (Halder et al., 1998), but not the Vg/Sd-mediated cell proliferation in the rest of the 

disc induced by the Vg quadrant enhancer (Zecca and Struhl, 2007a).  

 

Embryonic muscle specification also required Vg phosphorylation at Ser-215 

 

While best studied in the wing, Vg also plays a role in the specification of the embryonic somatic 

musculature. The Drosophila somatic musculature is comprised of a repeating pattern of 30 

individual muscles per abdominal hemisegment, and is analogous to human skeletal muscle 

(Figure 2.7). This muscle pattern is maintained after hatching and through the larval stages 

(reviewed in Dobi et al., 2015). This provides an interesting context to study what aspects of Vg 

function are conserved between different tissues and germ layers, as the musculature is derived 

from the mesodermal layer instead of the ectoderm like wing tissue. The musculature also forms 

a stereotypical and regularly repeating pattern, making the observation of subtle or infrequent 
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phenotypes easier to examine (Figure 2.8A). As with the wing tissue, expression of either the 

3xHA-VgS215A or 3xHA-VgS215E transgenes under the control of a muscle-specific Mef2:GAL4 

driver caused no observable phenotypic differences in comparison to the wild type embryonic 

musculature.   

 

Embryos that are homozygous for vgnull have significantly reduced viability, as well as muscle 

contraction defects, weak attachment between the myotubes and tendon cells, and occasional loss 

of the VL2 muscle (Deng et al., 2009). When the 3xHA-VgS215A transgene was expressed using 

the Mef2:GAL4 driver in a homozygous vgnull background (Figure 2.8B), partial rescue was 

achieved with weak attachments in the VL muscles and some muscles absent entirely (Figure 

2.8B’). The ventral musculature also showed rounding defects (Figure 2.8B”). This is a similar 

phenotype to the rhea-sensitized vgnull embryo (Deng et al., 2010). Rhea-sensitized embryos are 

deficient in talin, a βPS integrin-interacting protein needed for interactions between the muscle 

and tendon cells (Brown et al., 2002). The vgnull allele shows defects in muscle-tendon 

interaction in a rhea-sensitized background, while expression of a VgS215A allele shows similar 

defects even without reduction of tailin, indicating a stronger phenotype than vgnull alone.  

 

Expression of the 3xHA-VgS215E transgene using Mef2:GAL4 in the homozygous vgnull 

background also was able to rescue the vgnull phenotype to a substantially greater extent (Figure 

2.8C). No significant rounding or detachment phenotypes (Figure 2.8C’, C”) were present in the 

lateral or ventral musculature. This indicates collectively that phosphorylation of Vg is a 

requirement for proper muscle differentiation at both the early (muscle founding) and late 
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(muscle attachment and positioning) stages, and blocking phosphorylation inhibits terminal 

differentiation.  

 

p38β is required for Vestigial phosphorylation 

 

Kinase prediction software (Xue et al., 2011) indicated that the most likely position within the 

VgΔ5 region, as well as the entire Vg peptide, to be phosphorylated was at Ser-215; further, this 

position was most likely the target of the p38 MAPK pathway (Figure 2.3). Ser-215 is within a 

canonical MAPK consensus sequence of Pro-Asp-Ser-Pro (Davis, 1993). To test whether p38 

MAPK had an effect on Vg phosphorylation, S2 cells were transfected with 3xHA-Vg and 

3xFLAG-Sd, and treated with the pan-p38 MAPK inhibitor SB203580 (Han et al., 1998). 

Phosphorylation of Vg was inhibited by SB203580 (Figure 2.9A), as increasing concentrations 

of SB203580 caused a diminished presence of the heaviest molecular weight bands. This was 

Sd-dependent, as treatment of cells without Sd showed no difference in Vg banding. 3xFLAG-

p38β and 6xMyc-Sd co-immunoprecipitated in S2 cells, indicating that this could be the kinase 

responsible for phosphorylation of Vg (Figure 2.9B). However, expression of RNAi against 

p38β in the wing disc using the Vg(M+Q):GAL4 driver did not result in any differences in wing 

structure (Figure 2.9C), possibly because the level of knockdown was insufficient to produce 

noticeable effect or there was compensatory phosphorylation by p38a (Figure 2.9D,E). 

Expression of a dominant negative p38β isoform however did result in a similar lateral clipping 

phenotype as the wings observed in the VgS215A mutant rescue wings (Adachi-Yamada et al., 

1999).  

 



46 

 

2.3 Discussion 

 

There is a well-established role for Vg as an identity gene for wing development. Because of the 

ability to enforce a new fate on non-wing tissue (Simmonds et al., 1998), regulation of Vg 

activity must necessarily be tightly controlled to ensure proper fate specification during 

development. Regulation of a specific gene product can and does occur at multiple levels; 

mechanisms such as epigenetic chromatin modification, combinatorial transcriptional control, 

RNA interference and sequestration, and protein modification are all employed to ensure that 

proteins are available when, where and in the proper amount that the cell requires for 

development. Post-translational modifications in particular have a long history of providing fine-

tuned control over activity and expression levels (Lomelí and Vázquez, 2011; Talamillo et al., 

2008; Tootle and Rebay, 2005). Here phosphorylation of Ser-215 is established in regulating the 

function of Vg, and the functional consequences of alterations in Ser-215 phosphorylation are 

shown.  

 

Previous to this, the only known post-translational modification of Vg was sumoylation 

(Takanaka and Courey, 2005). Sumoylation of Vg was established based on a mass spectrometry 

screen of sumoylated Drosophila proteins, and addition of SUMO residues to Vg by the E3 

ligase Ubc9 was shown to be required for activation of a vgQE-fused luciferase reporter in S2 

cells. However, the position of the SUMO conjugated residue is unclear. There are 5 lysines 

within the Vg peptide that could possibly be used for SUMO covalent linkage. Of these, 

Takanaka and Courey established that it was not K180, and mutants for the sumoylation pathway 

in wings did not show a sensory bristle phenotype. Further, our lab has also shown that K257 
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was also not sumoylated as mutation of the residue to arginine did not result in loss of the SUMO 

modifier.  

 

The second post-translational modification established here is phosphorylation of Ser215. 

Deletion of amino acids 197-258 (VgΔ5) resulted in a loss of both higher molecular weight 

bands present after co-transfection of Vg and Sd in S2 cells, leaving only one at the predicted Vg 

molecular weight. Further, examination of Vg for sumoylation showed that all isoforms of Vg 

are sumoylated, and treatment of cell lysate with λ-phosphatase resulted in only a single point 

instead of a sumoylated and non-sumoylated position. This indicates that sumoylation of Vg does 

not appear to be dependent on initial phosphorylation. None of the 5 lysine residues are within a 

canonical phosphorylation-dependent sumoylation motif (Mohideen et al., 2009), which further 

supports this hypothesis. However, the fact that neither the VgS215A or VgS215E isoforms were 

able to fully recapitulate activation of the Vg quadrant enhancer in a luciferase assay suggests 

that these modifications may play a different or more subtle role. One potential function may be 

to keep Vg in a ‘poised’ state of pre-activation, so that rapid phosphorylation or 

dephosphorylation can be used to sharply and quickly adjust Vg function as time and 

development continue. Priming of proteins has been corroborated across multiple species and 

tissues, including in the Drosophila embryo and mammalian T cells (Bevington et al., 2017; Sun 

et al., 2015a). Phospho-turnover can be very dynamic, and relatively less taxing on cellular 

resources than continual degradation and translation of new protein across a broader timespan 

(reviewed in Prabakaran et al., 2012). Alternatively, assembly of an activating complex may 

require a change in Vg phosphorylation and not just a simplistic binary yes/no. By preventing Vg 

from being phosphorylated or dephosphorylated in a dynamic manner by expressing only 
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phosphomimetic and non-phosphorylatable Vg mutants, formation of a complex dependent on 

dynamic modification may be prevented.  

 

Within the VgΔ5 region, Ser-215 was identified as a candidate site for phosphorylation by the 

MAPK pathway. 3xHA-tagged mutant forms with non-phosphorylatable (vgS215A) and 

phosphomimetic (vgS215E) Vg coding sequence were placed under UAS control to investigate the 

functional role of Vg phosphorylation in vivo. While expression of 3xHA-VgS215A or 3xHA-

VgS215E using Vg(M+Q):GAL4 in a wild type background did not have a dominant effect over 

endogenous Vg, rescue experiments using mutant Vg to compensate for a homozygous vgnull 

background showed that phosphorylation of Vg is key to proper specification of the adult wing, 

especially in establishing anterior versus posterior margin identity. Rescue with the vgS215A allele 

was able to re-establish wing fate with minor clipping of the lateral margin, but could not fully 

promote pro-neural gene activation, resulting in loss of sensory bristles on the anterior margin. 

Conversely, the vgS215E allele was able to properly establish anterior margin but caused bristle 

duplication along the posterior margin. Tracing the sensory bristle precursor cells to the third 

instar larval wing disc, the vgS215A allele was not able to promote expression of the SOP marker 

Ct, whereas the vgS215E allele could.  

 

Interestingly, the vgS215A allele was unable to sustain expression along the dorsal/ventral 

boundary where the vgME is normally active in the third instar (Klein and Martinez Arias, 1999). 

In normal wing discs, induction of the vgME at the dorsal/ventral boundary by Wg (Williams et 

al., 1994) drives the Vg-dependent induction of its own quadrant enhancer (Kim et al., 1996), 

both of which are also initiated at a low level by basal expression from the priming enhancer 
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(Zecca and Struhl, 2007b). The feed-forward nature of the Vg enhancer system is not cell-

autonomous (Zecca and Struhl, 2007a). Decoupling of these enhancers by altering the 

phosphorylation status of Vg is a novel aspect of this regulatory network that indicates a method 

for positional and temporal control that is more nuanced than a simple on/off mechanism. By 

altering relative levels of Vg phosphorylation, the wing disc may be able to control input into the 

circuit in a more graded manner. Combined with the concept of a ‘poised’ state for Vg via 

sumoylation, this fine-grained control of activity is more complex than previously demonstrated.  

 

Overexpression of either the VgS215A and VgS215E mutants resulted in wing discs smaller than 

wild type, indicating increased apoptosis and/or diminished proliferation. Vg and Sd both play a 

role in managing the balance between proliferation and differentiation. Absence of Vg blocks 

proliferation of the third instar wing pouch by affecting the cell cycle, while truncated Vg 

proteins alter the levels of Death-associated inhibitor of apoptosis-1 (diap1) expression 

(Delanoue et al., 2004; Legent et al., 2006; Van de Bor et al., 1999; Williams et al., 1994). Sd 

also controls cell cycle re-entry and progression through interactions with dE2F1 and Yki 

(Meserve and Duronio, 2015; Shu and Deng, 2017; Zhang et al., 2017a). Phosphorylation of Vg 

may interfere with either proliferation or apoptosis, or both, by interfering with the stability of 

the Vg protein or Vg/Sd complexes, or by changing the regulation of pro-apoptotic or cell cycle 

repressor targets.  

 

Transcription factors are often repurposed in different contexts during Drosophila development. 

In mammalian systems, this repurposing can be eliminated in part by the existence of multiple 

overlapping and/or semi-redundant developmental regulatory genes with differential expression 
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patterns. In Drosophila embryogenesis, Vg and Sd are repurposed for specification of the VL1-4, 

LL1, and DA1-3 somatic muscles (Bataillé et al., 2010; Deng et al., 2009; Deng et al., 2010). 

Loss of Vg in the embryonic musculature leads to weak muscle attachments, muscle rounding, 

poor motility and absence of the VL2 muscle. Rescuing the homozygous vgnull phenotype using 

either the vgS215A or vgS215E transgenes had a differential effect on the degree of rescue observed. 

In the vgS215A rescue embryos, muscle attachment weakness was still apparent in the ventral 

muscles, and in some cases the VL muscles were entirely absent. This can be contrasted to 

rescue performed using the vgS215E
 transgene, which restored an essentially wild type 

musculature pattern with no defects in attachment or absent muscles. This indicates a 

requirement for Vg phosphorylation in muscle development that differs from wing development 

in that dephosphorylation of Vg may not be necessary for proper gene regulation. The 

requirement for Vg sumoylation, and thus its function as a priming mechanism as proposed for 

wing development, is still unknown and a potential area for future research.  

 

Finally, p38β was identified as the kinase potentially responsible for Ser-215 phosphorylation. 

Previous studies have shown some degree of compensatory overlap and redundancy between 

p38a/Mpk2 and p38β in Drosophila (Chen et al., 2010), as loss of either gene individually 

showed no phenotype but loss of both genes results in larval/pupal lethality with few escapers. 

Sd interacts with p38β as shown by co-immunoprecipitation, which then posits a model where 

Sd acts as a scaffold for p38β/Vg interaction in addition to its role as the partner transcription 

factor for Vg. A p38 MAPK family protein interaction map has been performed in S2 cells via 

mass spectrometry, but did not pull down either Vg or Sd as interacting partners (Belozerov et 

al., 2014); this is not particularly surprising as endogenous Sd expression is low and Vg virtually 
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absent in this cell line (Cherbas et al., 2011). One of the challenges of examining p38-mediated 

phosphorylation of Vg pharmacologically using SB203580 is that the drug may be able to inhibit 

other kinases at a lower level (Cuenda et al., 1995; Davies et al., 2000). This could potentially be 

resolved by the use of dsRNA-mediated knockdown of the p38 MAPKs to reduce function. 

Alternatively, co-transfection of a known dominant negative form of p38β could also be used to 

examine the role of the specific kinase but would require careful evaluation of the pleiotropic 

effects of the dominant negative isoform on cell viability and function.  

 

The Hippo signaling pathway has recently been found to be regulated by p38β-mediated 

phosphorylation of Ajuba, which modulates the F-actin accumulation in the cell and alters Yki 

activity resulting in changes in Diap1 regulation (Huang et al., 2016). TEADs in mice are also 

regulated by interaction with p38 MAP kinases that regulate shuttling between the nucleus and 

cytoplasm while cells are under stress (Lin et al., 2017a). It is possible that the interaction 

between Sd, Vg and p38 may regulate the downstream effects of the Hippo pathway. Sd is a key 

transcription factor that mediates the signaling pathway output in conjunction with the co-factor 

Yki (Goulev et al., 2008; Wu et al., 2008). However, Yki and Vg compete for Sd binding (Li et 

al., 2015a). If Vg binding to Sd is sequestering it from Yki, then destabilization of Vg itself or 

the Vg/Sd interaction by changes in Vg phosphorylation could affect the amount of available Sd 

that Yki is able to interact with. Thus, whether or not Vg phosphorylation affects Hippo pathway 

signaling output is an interesting area for future research.  
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Figure 2.1: A schematic of the core Drosophila Hippo signaling pathway. When the Hippo 

signaling pathway is on, Hpo phosphorylates Sav, which results in phosphorylation of Wts and 

Mats, and subsequent phosphorylation of Yki. Phospho-Yki can then either be sequestered in the 

cytoplasm or targeted for proteasomal degradation. When the pathway is off, Yki is instead 

targeted to the nucleus where it associated with a number of transcription factors such as Sd, Hth, 

Tsh and Mad. Yki and Sd are able to induce expression of a number of pro-proliferative and anti-

apoptotic genes. Yki and Tgi compete for Sd binding to alter Sd target gene expression.  
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Figure 2.2: A schematic showing the location of Vg deletions within the protein. Numbers 

within each row indicate the position of deleted amino acids. The labelled grey bar represents the 

TONDU domain necessary for interaction with Sd.  
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Figure 2.3: A) Amino acid sequence of the VgΔ5 deletion region indicated in Figure 2.2. The 

canonical MAPK target motif is indicated in blue with Ser-215 labelled in red. B) Top 10 

predicted phosphorylation sites predicted across full Vg peptide with highest likelihood kinase 

family. GPS 3.0 kinase prediction software indicated Ser-215 (highlighted) as a likely site of 

post-translational modification by MAPK family kinases. The CMGC kinase group includes 

cyclin-dependent kinases, CDK-like kinases, casein kinase 2, CLK kinases, DYRK kinases, 

glycogen synthase kinases, mitogen-activated protein kinases, RCK kinases and SR-rich protein 

kinases (Morrison et al., 2000). C) Top 10 predicted phosphorylation sites for VgΔ5 amino acid 

sequence with highest likelihood kinase family. Ser-215 is listed as position 19. D) Western blot 

of S2 cell lysate co-transfected with with Sd and either wild type Vg, a non-phosphorylatable 

mutant (VgS215A) or a phosphomimetic mutant (VgS215E).  
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Figure 2.4: Vg phosphorylation is dependent on Sd. A) 2-dimensional gel electrophoresis of S2 

cell lysate transfected with 6xMyc-Vg shows three distinct isoforms (arrows 1-3). B) Treatment 

of 6xMyc-Vg lysate with λ-phosphatase causes collapse of three isoforms to one. C) Co-

expression of 6xMyc-Vg and GFP-Sd in S2 cells shows three isoforms of Vg. D) Treatment of of 

6xMyc-Vg and GFP-Sd lysate with λ-phosphatase again results in a single isoform. E) 

Quantification of intensity at each of three positions in 2-dimensional gel electrophoresis 

immunoblot shows that co-transfection of 6xMyc-Vg with GFP-Sd results in a shift in position 

intensity to the left (Position 3) compared to transfection of 6xMyc-Vg alone. Treatment with λ-

phosphatase causes collapse to Position 1, indicating lower pI positions are the result of 

phosphorylation.  F) All isoforms of Vg are sumoylated, as immunoprecipitation of Vg followed 

by anti-Vg Western blot shows all forms are linked to 3xFLAG-SUMO. N = 3 for all two-

dimensional gel electrophoresis immunoblots and quantifications.  
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Figure 2.5: Phosphorylation at Ser-215 affects rescue of the wing development of a vgnull 

mutation by a mutant transgene. A) A wild type wing showing the normal wing structure. B) 

Expression of UAS-3xHA-Vg under the control of the vg(M+Q)-GAL4 driver expressing at the 

margin and quadrant enhancer-controlled domains leads to rescue of the adult wing including 

both anterior and posterior margins. C) Expression of a 3xHA-VgS215A transgene only partially 

rescues the homozygous vgnull phenotype. The resulting wing shows clipping of the lateral 

margin and slight L5 vein reduction (arrows), and loss of anterior margin sensory bristles (C’). 

D) Expression of the 3xHA-VgS215E transgene in a homozygous vgnull background also partially 

rescues the wing although duplication of the posterior margin bristles is often seen (D’). E) 

qPCR measurement of mRNA isolated from dissected wing discs of the genotypes shown in A-D 

show the UAS-Vg, UAS-VgS215A and UAS-VgS215E transgenes are expressed at similar levels. (N 

= 3 independent biological replicates) F) Activation of the vgQE in S2 cells by Vg, VgS215A and 

VgS215E with and without co-expression of Sd. (N = 3 independent biological replicates) 
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Figure 2.6: Phosphorylation of Vg215 is necessary for wing imaginal disc growth and 

differentiation. Scale bar is 50μm. A) A wild type late third instar larval wing disc showing 

normal expression of Cut (Ct). The row of Ct positive cells along the dorsal/ventral margin 

marks sensory organ precursors fated to become sensory bristles (arrow). B) Inducing expression 

of a 3xHA-Vg transgene along the wing margin via vg(M+Q)-GAL4 in a vgnull background 

produces a wing disc with slightly reduced size compared to wild type but with Ct+ cells similar 

to wild type. C) Expression of a 3xHA-VgS215A transgene via vg(M+Q)-GAL4 in a vgnull 

background leads to a reduced disc size compared to wild type and a reduction in Ct+ cells 

(arrow). Cells at the dorsal/ventral boundary do not sustain HA-VgS215A expression (arrow) D) 

Expression of a 3xHA-VgS215E transgene via vg(M+Q)-GAL4 in a vgnull background largely 

restores the overall size of the wing disc and the pattern of Ct+ cells is similar to wild type with 

some gaps at the dorsal/ventral border (arrow). Some ectopic Ct+ cells are seen adjacent to this 

region in the wing pouch (arrow).  
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Figure 2.7: The embryonic somatic musculature is a pattern of 30 muscles per hemisegment that 

repeats along the length of the embryo. The majority of the muscles are named according first to 

their position (D – dorsal; L – lateral; V – ventral) and then to the angle of orientation (O – 

oblique; L – longitudinal; T – transverse; A – acute). The exception to the naming convention is 

the segment border muscle (SBM). The top figure shows the full muscle pattern, and the lower 

two are separated for clarity of naming. Original design adapted from Dobi et al., 2015. 
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Figure 2.8: Phosphorylation at Ser-215 is required for muscle differentiation in embryos. Whole 

embryo scale bars are 40 µm and inset scale bars are 20 µm. A) An example of the pattern of 

somatic muscles in a wild type embryo. Close-up views of dorsal and ventral muscles are shown 

in A’ and A’’ respectively. B) Expression of 3xHA-VgS215A in a homozygous vgnull embryo leads 

to muscle defects at both the dorsal (B’) and ventral (B”) regions as shown by absent muscles in 

the dorsal musculature (B’, arrow) and ventral musculature with weak and misdirected 

attachments (B”, arrows). C) Expression of 3xHA-VgS215E rescues Vg function in terms of 

directing muscle attachment in a vgnull embryo. The attachment points and positioning of the 

dorsal (C’) and ventral (C”) muscles are comparable to wild type. 
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Figure 2.9: Pan-p38 MAPK inhibition by SB 203580 reduces Sd-directed Vg phosphorylation. 

A) S2 cell lysates co-transfected with Vg and Sd and treated with the pan-p38 MAPK inhibitor 

SB 203580 show a dose-dependent decrease in intensity of the λ-phosphatase-sensitive Vg 

uppermost band. B) 6xMyc-Sd and 3xFLAG-p38β can co-immunoprecipitate together. C) 

Knockdown of p38β by RNAi did not result in altered wings. D) Knockdown of Mpk2/p38α did 

not result in altered wings. E) qPCR quantitation of RNAi-mediated knockdown of p38β and 

Mpk2 in third instar larval wing discs. * indicates p<0.05, with N = 4 independent biological 

replicates.  
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Chapter 3: Tondu domain-containing Growth Inhibitor is an inhibitor of Vestigial in Drosophila 

wing development 

 

3.1 Introduction 

 

Maintaining the balance between cell growth and differentiation during tissue development is a 

complex process requiring coordinated input from several signaling pathways. Dysregulation of 

this process can lead to cancer in the case of hyperproliferation, and misspecified tissue or 

developmental failure in the case of precocious differentiation (Aiello and Stanger, 2016; De 

Craene and Berx, 2013).  

 

A key signaling pathway involved in regulation of tissue size and fate in most metazoans is the 

Hippo signaling pathway (Figure 2.1, reviewed in Irvine and Harvey, 2015). The core kinase 

cascade regulating this pathway culminates with phosphoregulation of the transcriptional co-

regulator Yki (Huang et al., 2005). Unphosphorylated Yki is able to translocate to the nucleus, 

where it interacts with a host of transcription factors such as Sd (Wu et al., 2008), Homothorax 

(Hth; Peng et al., 2009) and Cabut (Cbt; Ruiz-Romero et al., 2015). The Yki/Sd complex 

regulates expression of target genes such as diap1, Cyclin E (cycE) and the miRNA bantam (Shu 

and Deng, 2017; Slattery et al., 2013; Zhang et al., 2008). The cells where these interactions 

occur are frequently tissue- and temporally-restricted, providing a control mechanism for cell-

fate selection during development. In particular, Sd is required for proper formation of the adult 

Drosophila wing (Campbell et al., 1992); the progressive decrease in Sd function results in 

increasingly strong phenotypes, ranging from scalloping of the wing margin in a weak sd mutant 
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to loss of the wing blade entirely with a strong sd mutant (Campbell et al., 1992; Srivastava et 

al., 2004). Interestingly, Yki requires co-expression of Sd only in the developing wing disc 

(Goulev et al., 2008; Wu et al., 2008), but is dispensable for directing expression of Yki target 

genes in other imaginal discs. In this model, the default regulatory function of Sd is thought to be 

repressive when not bound to Yki, and binding of Yki to the C-terminus of Sd  is linked to 

activation of target genes (Koontz et al., 2013; Wu et al., 2008).  

 

A function for Sd in the wing imaginal disc was established prior to the identification of Yki, 

based on its interaction with Vg (Simmonds et al., 1998; Williams et al., 1991). Vg binds to the 

C-terminus region of Sd via its TONDU (TDU) domain (Halder et al., 1998; Paumard-Rigal et 

al., 1998; Simmonds et al., 1998; Vaudin et al., 1999). This interaction alters the DNA motif 

preference of Sd from a single Sd binding motif to a paired binding motif requiring formation of 

a 2xSd+2xVg protein complex for coordinate gene regulation (Halder and Carroll, 2001). 

Together this exclusion mechanism may fine-tune gene expression in the developing wing disc. 

Vg and Sd are able to form co-complexes with other transcriptional regulators as well, such as a 

tripartite complex with Myocyte enhancing factor-2 (Mef2), to direct terminal fate acquisition in 

a subset of the body wall muscles (Deng et al., 2009; Deng et al., 2010). Loss of the Vg/Sd/Mef2 

complex leads to poor attachment of myotubes at the myotendinous junction and embryonic 

lethality.  

 

Tgi, the second Vestigial-like family member gene in Drosophila, and related VGLL4 subfamily 

genes are broadly considered tumor suppressors (Li et al., 2015c; Zhang et al., 2014; Zhang et 

al., 2017b). VGLL4 mutation or expression level changes in humans is associated with gastric, 
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lung, colorectal, and esophageal cancer (Jiang et al., 2015; Jiao et al., 2014; Jiao et al., 2017; Li 

et al., 2015; Zhang et al., 2014). While comparatively little is known about the function of Tgi 

during Drosophila development, studies of mouse VGLL4 suggests it is critical during 

regulation of tissue growth and development (Lin et al., 2016; Shen et al., 2015). Tgi is thought 

to be expressed throughout the imaginal wing disc at a low level as well as in the ovaries and eye 

imaginal discs based on in situ hybridization (Koontz et al., 2013; Li et al., 2015a). This domain 

of expression overlaps with the restricted domain of cells expressing Vg in the wing disc. Tgi 

also plays a role in adult Drosophila heart function, where overexpression of Tgi can attenuate 

Raf-driven cardiac hypertrophy through a Sd-dependent mechanism (Yu et al., 2015). The 

function of Tgi in the wing disc has been found to be absolutely dependent on the presence of 

TDU domains (Guo et al., 2013), which is similar to the role of Vg as an intrinsically Sd-

dependent co-factor (MacKay et al., 2003; Simmonds et al., 1998; Srivastava et al., 2002). Since 

both proteins require an interaction with the same domain of Sd to direct transcriptional 

regulation, this leads to the hypothesis that there is a competitive interaction between Vg and Tgi 

for Sd binding.  

 

Here, it is established that although Vg and Tgi are both able to bind Sd, they do not form a co-

complex with each other in vitro. In vivo, changing the relative levels and expression patterns of 

Vg, Sd and Tgi indicate that there is a dose-dependent response in size and fate determination of 

the adult wing, and that size and structural effects are established at least as early as the third 

instar wing disc. In Kc167 cells, Vg/Sd and Tgi/Sd complexes are both nuclear, but co-

expression of fluorescently-tagged Vg and Tgi result in a nuclear accumulation of Tgi and 

cytoplasmic localization of Vg. qPCR analysis of Kc167 cells showed that co-transfection of Sd 
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and Tgi caused a significant increase in vg expression, and that overexpression of Vg/Sd or 

Tgi/Sd in vitro resulted in differential regulation of Sd target genes.  Taken collectively, this 

supports the hypothesis that Vg and Tgi are competing for Sd binding in order to direct 

development of the Drosophila wing.  
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2.2 Results 

 

Tgi is an evolutionarily conserved protein 

 

Analysis of both Tgi isoforms (Tgi-PA and Tgi-PB) using MAFFT (Kuraku et al., 2013) showed 

conservation of Tgi at the protein level (Figure 3.1). This conservation is seen in across Danio 

rerio VGLL4L and VGLL4B, Caenorhabditis elegans R08C7.12, human VGLL4, and mouse 

VGLL4 orthologues. Tgi shows a substantial degree of conservation with its orthologous genes, 

particularly the Tgi-PB isoform. This is especially captured in the TONDU-2 domain at the C-

terminus of the protein, which shows a very high degree of conservation. Tgi-PB was chosen for 

this study based on the higher degree of conservation, as well as other groups that have reported 

the Tgi-RA and Tgi-RB mRNA transcripts have similar expression patterns as shown by in situ 

hybridization in larval tissues and thus chosen to analyze the PB isoform (Koontz et al., 2013).  

 

Tgi Interacts with Scalloped but not Vestigial 

 

It is well established that Vg and Sd are able to form a co-complex through the TONDU domain 

of Vg (Simmonds et al., 1998). Tgi has also been shown to interact with Sd and Yki (Guo et al., 

2013; Koontz et al., 2013). The ability of Vg to interact with Tgi was tested by co-transfection of 

6xMyc-Vg with 3xFLAG-Tgi into Kc167 cells (Figure 3.2), followed by co-

immunoprecipitation to look for formation of complexes. While a 6xMyc-Vg/3xHA-Sd 

interaction was preserved in Kc167 cells, as well as the 3-FLAG-Tgi/3xHA-Sd interaction, 

6xMyc-Vg was unable to co-immunoprecipitate with 3xFLAG-Tgi. As Vg is known to form 
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heterotetramers with Sd for DNA binding, and that the Vg-Vg homotypic interaction is mediated 

through domains outside the TONDU domain (Halder and Carroll, 2001), the lack of a co-

complex containing both Vg and Tgi indicates a possible mechanism for Sd regulation via 

titration of available Sd protein between Vg and Tgi.  

 

Altering Relative Tgi Levels Affects Wing Development 

 

If Vg and Tgi are competing for available Sd protein in the cell, then changes in the relative 

expression levels of Vg and Tgi would cause phenotypic consequences in tissues where both are 

expressed. Previous research has shown that Tgi is expressed ubiquitously and at a low level in 

the larval wing disc (Koontz et al., 2013), where Vg and Sd are known to play an important role 

in specifying wing fate.  To investigate this, a system was developed in the Drosophila wing to 

test changes in the relative levels of Tgi and Vg using the vg(M+Q):GAL4 driver line. This is a 

synthetic driver combining sequences from the VgME, which expresses at the dorsoventral 

margin, and the VgQE, which drives expression through the wing pouch region. We also 

developed a line for overexpression of the Tgi-PB coding sequence doubly tagged with 3xFLAG 

and 6xMyc (denoted FM-Tgi).  

 

When FM-Tgi is overexpressed using the vg(M+Q):GAL4 driver, a vg-dose-dependent response 

is observed in both size and development of the wing. Compared to a wing from a w1118 fly 

(Figure 3.3A), overexpression of FM-Tgi in a vg+/+ background causes adult wings to be 

approximately 40% smaller than wild type and cupped downwards, with 18% displaying a 

shortened L5 vein that fails to connect with the posterior margin (Figure 3.3B). To increase the 
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imbalance between Vg and Tgi expression further, a hemizygous vgnull allele was incorporated 

into the genetic background of the vg(M+Q):GAL4>UAS:FM-Tgi cross. The vgnull allele has no 

Vg expression due to a loss of multiple exons (Paumard-Rigal et al., 1998), and a homozygous 

adult escaper will have very little to no functional wing tissue. In a hemizygous vgnull 

background, overexpression of Tgi under the vg(M+Q):GAL4 driver results in wings on average 

70% smaller than the vg+/+ wings. There were a range of phenotypes within this genetic cross, 

with some wings retaining a general wing-like phenotype (Figure 3.3C), but with substantial 

downward cupping as well as short L5 veins and occasional absence of the posterior crossvein as 

well (Figure 3.3C, arrows). The short L5 vein and absend posterior crossvein phenotype is very 

similar to wings from flies carrying mutations in the TGF-β/BMP pathway, especially dpp and 

glass-bottom boat (gbb) (Bangi and Wharton, 2006; Khalsa et al., 1998). Dpp signaling from the 

anterior/posterior boundary is required to activate the vgQE and expand the wing pouch domain 

(Kim et al., 1996; Kim et al., 1997), so this phenotype may indicate that the Dpp signal is 

affected in some manner. At the most affected end of the phenotypic spectrum, the wing was 

largely comprised of semi-differentiated tissue with occasional small numbers of bristles of 

indeterminate origin (Figure 3.3D). The entire phenotypic range demonstrated substantial 

cupping and blistering reminiscent of integrin-ECM interaction failures (Dominguez-Gimenez et 

al., 2007).  To test whether this phenotype is dependent on endogenous expression or loss of vg, 

Tgi was overexpressed using a tsh:GAL4 driver. tsh expression overlaps in the early second 

instar wing disc with endogenous vg expression, but the fields of vg and tsh expression become 

opposing, as repression of tsh expression is required for induction of the wing pouch (Wu and 

Cohen, 2002). If the effect of Tgi overexpression is dependent on Vg, overexpression of Tgi in 

cells not expressing vg should result in no significant change to the wing. This is the phenotype 
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shown in tsh:GAL4>UAS:FM-Tgi wings, which have neither a change in wing area nor any 

appreciable changes in differentiation (Figure 3.3E). The wing area change was quantified for 

analysis, which showed a vg dose-dependent response to Tgi overexpression, but no significant 

change when Tgi was overexpressed outside the vg domain (Figure 3.3F).  

 

Another phenotype resulting from overexpression of Tgi in the vg(M+Q):GAL4 domain is 

cupping of the wing. Cupping is caused by an imbalance in the relative volumes of the dorsal and 

ventral regions of the wing disc. During pupariation, the wing blade evaginates from the 

dorsal/ventral margin into a bilayered structure that inflates after the adult emerges. If the 

available tissue volume for the dorsal and ventral planes of the adult wing are unequal due to 

inhibited proliferation or diminished cell death, tension between the two surfaces will cause 

cupping. The boundary of the dorsal/ventral region is composed of a band of wg-expressing cells 

across the centre of the presumptive wing blade. When Tgi is overexpressed using 

vg(M+Q):GAL4 in a vgnull/+ hemizygous background, there is a strong loss of ventral disc 

volume, as well as a decrease in the ratio of total disc volume to ventral segment volume. As the 

imaginal discs proceed through pupariation, histolysis and formation of the adult wing structures, 

the imbalance between dorsal and ventral tissue results in the cupping observed in the adult 

wing. To determine the source of the cupping from overexpression of FM-Tgi via the 

vg(M+Q):GAL4 driver, third instar larval wing discs were analyzed for size and tissue 

compartment volume (Figure 3.4). Compared to wild type discs (upper panel), ectopic 

expression of FM-Tgi in a vgnull/+ background (lower panel) had both smaller total disc volume 

as well as a relatively smaller ventral compartment volume. This disparity explains both the 

significantly smaller size of wing as well as the cupping observed in Figure 3.3B-D.  
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Overexpression of Tgi using Tgi:GAL4 also results in a slightly smaller wing in comparison to 

wildtype (Figure 3.5A), although with no observable differentiation defects (Figure 3.5B,D), 

consistent with the proposed role of Tgi as a tumor suppressor causing diminished proliferation. 

However, overexpression of HA-Vg using Tgi:GAL4 causes loss of the anterior and posterior 

margins as well as an overall size reduction of the adult wing (Figure 3.5C,D). The phenotype is 

similar to a sdEXT4 or sd1 mutant wing (Paumard-Rigal et al., 1998); both of these alleles are sd 

hypomorphic mutations. Overexpression of HA-Vg in the Tgi domain, which comprises the 

entirety of the wing disc, mimicking an sd insufficiency seems to support the idea that Vg and 

Tgi compete for Sd binding, and titration of available Sd into complexes with ectopic Vg would 

alter expression of genes responsive to a Tgi/Sd complex. Overexpression of HA-Vg does not 

affect the posterior crossvein or the L5 vein, unlike overexpression of Tgi in the Vg domain. This 

indicates a possible fate decision point during development, where the option for cells to become 

vein or margin may be decided by relative levels of Vg and Tgi expression. Overexpression of 

FM-Sd using the Tgi:GAL4 driver results in a larval lethality phenotype very similar to a Tgi-/- 

larvae (Koontz et al., 2013). Compared to a wild type larvae (Figure 3.5E), the 

Tgi:GAL4>UAS:HA-Sd larvae are smaller, and die in first and second instar, with very rare 

escapers to early third instar and no pupae ever observed (Figure 3.5F). The wing imaginal discs 

are often not present at the second instar, and the phenotype is 100% lethal prior to pupariation 

with most larval death occurring in second instar. 

 

Finally, the effect of Tgi overexpression in the Sd domain was examined. Compared to a wild 

type wing (Figure 3.6A), sd:GAL4>UAS:FM-Tgi expression resulted in necrotic tissue that was 
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extremely poorly differentiated and very fragile (Figure 3.6B). This cross only resulted in 

female adults, and no male was ever observed. The expression of a dsRNA line targeting Tgi 

mRNA (UAS:Tgi TRiP) under the control of the sd:GAL4 driver line had no effect on 

differentiation (Figure 3.6C). The degree of knockdown was measured at 10-30% using qPCR, 

which may partially explain this lack of response. Wing area was quantified (Figure 3.6D), 

which showed a significant reduction in size for the sd:GAL4>UAS:FM-Tgi wing but not for the 

sd:GAL4>UAS:Tgi RNAi wings.   

 

Vg and Tgi compete for transport into the nucleus 

 

If Vg and Tgi are competing to bind Sd for transport into the nucleus, then cells with an 

insufficient amount of Sd expressed would preferentially transport one co-factor into the nucleus 

over the other. KC167 cells were co-transfected with plasmids encoding GFP- or RFP-labelled 

constructs to determine if nuclear transport was affected by the presence of both Vg and Tgi. 

Individual transfection of GFP-Sd, RFP-Vg and GFP-Tgi resulted in a nuclear localization for 

GFP-Sd, which has an NLS, as well as RFP-Tgi, and cytoplasmic punctae for RFP-Vg (Figure 

3.7A-C). While neither Vg nor Tgi have a canonical nuclear localization signal (NLS) and both 

proteins are too large for passive diffusion into the nucleus, a general cytoplasmic localization 

was expected; the nuclear localization of GFP-Tgi is possibly a result of low-level expression of 

endogenous Sd in Kc167 cells (Cherbas et al., 2011), or potentially a non-canonical NLS within 

the peptide. When either Vg or Tgi were transfected alongside fluorescently-labelled Sd, both 

proteins were present in the nucleus of the cell (Figure 3.7D-D”, E-E”). Sd has previously been 

shown to be necessary for Vg nuclear transport via an internal NLS located immediately next to 
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the DNA-binding domain (Halder et al., 1998; Magico and Bell, 2011). However, when Vg and 

Tgi were co-transfected into Kc167 cells, there was a preferential localization of Tgi into the 

nucleus and exclusion of Vg into the cytoplasm where it formed large aggregates (Figure 3.7F-

F”). This posits a second possible mechanism for differential regulation of Tgi/Sd versus Vg/Sd 

target genes that does not rely on transcription factor binding site variations.  

 

A negative feedback loop is established by Tgi and Sd 

 

Titration of available Sd by Vg and Tgi by necessity would rely on a careful balance of the 

amount of Vg and Tgi in the cell. However, there would need to be a mechanism in place to alter 

the relative levels between Vg and Tgi in order to drive differential gene expression.  Vg is well 

known to drive its own expression via a Vg/Sd-dependent feed-forward loop in the vgQE (Zecca 

and Struhl, 2007a) that expands the domain of Vg in the wing pouch. Because Tgi is expressed 

ubiquitously throughout the wing disc (Koontz et al., 2013), the use of exclusive domains of 

expression is not possible. Another possibility is the use of genetic control via the 

implementation of another feedback loop. Kc167 cells were co-transfected with either 6xMyc-

Vg and 3xHA-Sd, 3xFLAG-Tgi and 3xHA-Sd, or 3xFLAG-Tgi and 6xMyc-Vg, and the 

resulting mRNA was analyzed by qPCR to determine if exogenously increased expression of 

either pair of genes affected expression of the third. Co-expression of Vg and Sd did not 

significantly alter expression of Tgi mRNA, and neither did co-expression of Tgi and Vg change 

the level of Sd mRNA (Figure 3.8A). However, co-expression of Tgi and Sd caused a significant 

increase in the level of Vg mRNA expressed in Kc167 cells. The increase in Vg resulting from 

high levels of Tgi and Sd co-expression may institute a negative feedback loop that allows for 
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the expansion of the field of Vg-expressing cells in the wing disc, which then reinforces itself via 

activation of a Vg enhancer.  

 

Next, the expression of known Sd target genes in the wing were examined to determine if there 

was a differential regulation when Sd was co-expressed with either Vg or Tgi in Kc167 cells. 

Interestingly, this differential regulation was found for some but not all target genes, and for both 

differentiation-related and cell cycle-related targets (Figure 3.8B). achaete (ac), spalt-major 

(salm), blistered (bs) and serrate (ser) are Sd targets in the wing disc, and mediate different 

aspects of differentiation (Couso et al., 1995; Gómez-Skarmeta et al., 1995; Halder and Carroll, 

2001; Halder et al., 1998). Salm is particularly interesting in the context of Tgi overexpression, 

as it is required to transduce the Dpp signal during development (Akiyama and Gibson, 2015; 

Bosch et al., 2017; Organista et al., 2015), which may help to explain the L5 vein shortening 

phenotype that is similar to a dpp or gbb mutant. dE2F2 encodes an E2F family transcription 

factor that negatively regulates the G1/S-phase cell cycle transition (Korenjak et al., 2004). Sd is 

known to physically interact with dE2F1, a paralog of dE2F2, but there has yet to be any 

indication that Sd and dE2F2 share that interaction (Zhang et al., 2017a).  

 

 

 

 

 

 

2.3 Discussion 
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While the function of Vg has been explored to a considerable extent in the past near-century 

since its original discovery (Morgan and Bridges, 1919), examination of its paralogue Tgi is in 

relatively early stages. This is some of the first evidence that Tgi has an important functional role 

to play during wing development. Balancing the relative levels of Tgi and Vg in the larval wing 

disc is required for cell survival and fate specification. Prior to this, Tgi was shown to interact 

with Sd and Yki in the larval wing and eye-antenna discs as well as the adult heart, where its 

ability to attenuate the overgrowth phenotype caused by ectopic expression of Yki requires 

expression of Sd (Guo et al., 2013; Koontz et al., 2013; Yu et al., 2015). Tgi also affects the 

differentiation of germ cells in the ovary, where it is again dependent on Sd for function (Li et 

al., 2015a).  

 

The evidence for a competitive relationship between Vg and Tgi for Sd binding is exemplified 

by showing that both Vg and Tgi are able to co-immunoprecipitate with Sd, but do not co-

immunoprecipitate with each other (Figure 3.2). There is previous evidence to indicate that Vg 

is able to form multipartite co-complexes with other proteins, as it was able to form a non-

obligate complex with Sd and Mef2 (Deng et al., 2009), and has been shown to form a co-

complex with Yki as well (Li et al., 2015a). Tgi has also previously been shown to interact with 

Sd and with Yki, but not both simultaneously (Koontz et al., 2013). Because both Vg and Tgi 

bind to the VID of Sd via their TONDU domains, the most simple theory is that one protein is 

displacing the other from interacting with Sd (Guo et al., 2013; Koontz et al., 2013; Simmonds et 

al., 1998). It was intriguing to see that there was no co-immunoprecipitation of Vg and Tgi. Vg 

and Sd are known to form multimeric complexes when bound to DNA, so there was potential for 
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the formation of larger co-complexes incorporating all three (Halder and Carroll, 2001). This 

may imply that the binding partner of Sd is the key to a repression/activation switch on specific 

genes, or to alternative gene targeting between Vg/Sd and Tgi/Sd complexes.  

 

Examining the effect of altered Vg and Tgi levels in vivo showed that there is a dose-dependent 

response to increased Tgi and decreased Vg expression in the wing (Figure 3.3). Overexpression 

of Tgi using the vg(M+Q):GAL4 driver caused a decrease in wing size, as well as cupping and 

shortening of the L5 vein. This effect was stronger in the hemizygous vgnull background, where 

only half of the normal expression level of Vg is maintained. When the difference between Vg 

and Tgi was maximized while still maintaining the potential for wing growth, the resulting wings 

were significantly smaller, ranging from slightly reduced in comparison to the 

vg(M+Q):GAL4>UAS:FM-Tgi genotype to a largely undifferentiated structure with a 

significantly reduced tissue size. The vgnull/+, vg(M+Q):GAL4>UAS:FM-Tgi wings also had 

shortening of the L5 vein as well as occasional loss of the posterior crossvein. The vgnull allele in 

the heterozygous state (vgnull/+) alone is insufficient to cause size or fate differences in the adult 

wing, indicating that half of normal Vg levels is enough to meet the necessary threshold to drive 

normal wing development. Escaper adults with homozygous vgnull phenotype have no wings 

whatsoever (Paumard-Rigal et al., 1998). The ectopic expression of Tgi is sufficient to 

antagonize normal Vg expression, and the stronger phenotypes resulting from reducing Vg 

expression in addition to providing ectopic Tgi shows that there is some degree of antagonism 

between both proteins. Further, the effect of Tgi overexpression seems to be dependent on Vg, as 

overexpression of Tgi outside the wing pouch using tsh:GAL4 had no observable effect on any 

wing structures. Sd is expressed both across the wing pouch as well as in parts of the hinge and 
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notum regions of the disc (Campbell et al., 1992; Guss et al., 2013), but there were no apparent 

defects in these regions. Tgi function then may be restricted to the wing pouch and not the entire 

disc, even though Tgi mRNA is ubiquitously expressed throughout the disc (Koontz et al., 2013).  

 

Shortening of the L5 vein as well as loss of the posterior crossvein is frequently seen with TGF-

β/BMP pathway mutations, especially dpp and gbb (Bangi and Wharton, 2006; Khalsa et al., 

1998; Ray and Wharton, 2001; Serpe et al., 2005). The L2-L5 wing veins are specified 

sequentially in narrow fields running parallel to the anterior/posterior border in the wing pouch, 

with the L2 vein at the most anterior position and the L5 vein furthest to the posterior edge of the 

disc (Shimmi et al., 2014). The posterior crossvein is entirely formed from cells in the ventral 

portion of the wing disc (Díaz-Benjumea et al., 1989). Although the link between Vg and Dpp in 

the wing has been extensively studied, the interplay between TGF-β signaling and the Hippo 

pathway has not been examined in detail. During larval wing disc development, Dpp secreted 

from the anterior/posterior boundary results in activation of the vgQE via binding of the 

transcription factor Mad (Basler and Struhl, 1994; Kim et al., 1997). Loss of Mad blocks the 

expression of Vg by both being unable to directly activate Vg expression as well as mediating 

Wg signaling which is required for propagation of the Vg-inducing signal in the wing pouch 

(Eivers et al., 2009; Kim et al., 1997). In the ovary, Yki and Hh collectively work to inhibit BMP 

signaling through Dpp and Gbb (Huang et al., 2017), where Tgi and Sd are proposed to mediate 

default repression in absence of Yki (Koontz et al., 2013; Li et al., 2015a). It is possible that high 

Tgi expression in the wing disc is also repressing TGF-β signaling in areas where the 

concentration of Dpp diffused from the boundary is lowest, leading to shortened or absent wing 

veins, whereas Vg may be permitting or promoting this signal as a mechanism to recruit cells 
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into the wing pouch field. It also may explain why the posterior crossvein is absent, as there is a 

strong reduction in ventral compartment volume in the wing disc. What this theory does not 

explain is why the L2 vein was not also shortened, as it is roughly equidistant from the 

anterior/posterior boundary as L5 is but is entirely within the anterior domain. It could be 

informative to examine the effect of Tgi overexpression on Dpp pathway activity in vivo in the 

wing disc, possibly via a Dad-GFP reporter (Hamaratoglu et al., 2011) or through the expression 

of Dpp target genes such as omb and sal.  

 

The loss of anterior compartment cells in the third instar wing disc (Figure 3.4) results in 

cupping in vg(M+Q):GAL4>UAS:FM-Tgi and vgnull/+, vg(M+Q):GAL4>UAS:FM-Tgi wings. 

Cupping is the result of an unequal amount of material available to form the dorsal and ventral 

surfaces of the wing during pupariation – a shortage of ventral cells results in a downward 

cupping effect as demonstrated with the adult wings listed. It is difficult to determine what 

causes the loss of ventral cells, as this could be due to either reduced cell proliferation or 

increased cell death within this domain. Other groups have shown that a decrease in Tgi 

expression results in diminished expression of a diap1 reporter (Koontz et al., 2013). As reduced 

diap1 expression is associated with relief of the inhibition on apoptosis (Hay et al., 1995), 

increased cell death may account for the loss of ventral compartment cells. On the other hand, 

knockdown of VGLL4 via MiR-222 results in increased proliferation in gastric cancer, and a 

MiR-130 inhibition of VGLL4 in bladder cancer also caused increased proliferation, indicating 

that Tgi may also have some function in controlling cell cycle as well (Li et al., 2015c; Liu et al., 

2018).  
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Another challenge in understanding the function of Tgi during development is the complete 

absence of known cis-regulatory elements controlling spatiotemporal expression of the gene. 

Recently a Tgi:GAL4 line derived from an insertion in the second intron has been released from 

the inSITE Enhancer Trap Project (Figure 3.5) (Gohl et al., 2011). The position of this element 

is curious in that Vg is also known for its internal enhancer sequences in the second and fourth 

introns (Guss et al., 2001; Kim et al., 1996; Williams et al., 1994). Although the cis-regulatory 

element controlling expression of GAL4 has yet to be fully defined in the Tgi:GAL4 enhancer 

trap line, the line itself is expresses ubiquitously throughout the wing disc. Overexpression of Tgi 

in its own domain resulted in wings that were smaller than wild type but had no observable 

differentiation defects. Smaller wings are also consistent with the concept of Tgi as a tumor 

suppressor. Overexpression of Vg in the same domain resulted in smaller wings as well, but also 

defects in anterior and posterior margin differentiation similar to but stronger than that caused by 

the rescue of vgnull wings by pseudo-phosphorylated VgS215A in Chapter 2. These wings resemble 

the phenotype of sd1 or sdEXT4 mutants (Anand et al., 1990; Campbell et al., 1991; Campbell et 

al., 1992; Paumard-Rigal et al., 1998), both of which are hypomorphic sd alleles. The fact that an 

overexpression of Vg causes a phenotype similar to an insufficient amount of Sd implies that at 

some point during development Tgi must associate preferentially over Vg with Sd in order to 

implement the proper genetic programming for formation of the wing. Proper spatiotemporal 

expression of Vg is also shown to be necessary for formation of the margin, reinforcing what 

was demonstrated in Chapter 2. It is impossible to tell if the L5 vein defect is corrected here in 

comparison to the vg:GAL4>UAS-FM-Tgi and vgnull/+, vg:GAL4>UAS-FM-Tgi genotypes, 

since there is no posterior margin for the vein to connect with. Remarkably, the overexpression 

of Sd in the Tgi domain results in a phenotype very similar to the Tgi-/- phenotype with weakly 
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motile larvae that die in first and second instar, and some very rare small third instar escapers 

with no pupae or adults. These larvae are also very poorly differentiated upon dissection, with 

very little in terms of identifiable morphological structures. While two null alleles of Tgi have 

been published, one is difficult to obtain (Guo et al., 2013) and the other is unstable (Koontz et 

al., 2013), possibly owing to a requirement for sufficient Tgi expression to reach adulthood as 

well as a confirmed necessity of Tgi in the adult ovary for proper function (Li et al., 2015a). The 

recapitulation of this phenotype by overexpression of Sd, and presumably higher association and 

activity of the Tgi/Sd complex, is a likely result of both reduction in cell number as well as poor 

tissue differentiation causing larvae to be unable to reach the checkpoints at the end of first or 

second instar and instead die of necrosis.  

 

It is interesting to note that overexpression of Tgi using the sd:GAL4 driver also results in poorly 

differentiated and necrotic wing tissue from escaper adults (Figure 3.6). Escapers are also 

always female. The phenotype is consistent with the idea that Tgi is acting as a tumor suppressor, 

similar to the proposed function of VGLL4 in mammals (Zhang et al., 2014; Zhang et al., 

2017b). It is interesting to note that this does not seem to affect the notum at all and instead is 

restricted to the wing blade itself. However, this may be a survivorship bias issue, as more 

strongly affected individuals may be part of the majority that do not survive to the end of 

pupariation. The fact that expression of an anti-Tgi RNAi (sd:GAL4>UAS:Tgi RNAi) did not 

cause a difference in wing size or fate has several potential explanations. First, the degree of 

knockdown ranged from 10-30%, which is not particularly strong. This may indicate that the 

degree of Tgi knockdown is simply insufficient to result in a phenotype. A RNAi screen in the 

notum showed that knockdown of Tgi caused a colour defect (Mummery-Widmer et al., 2009), 
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but this phenotype was not replicable using an independent RNAi line, leading to the possibility 

that the phenotype resulted from a second-site mutation or off-target effect. Another conceivable 

explanation is that loss of Tgi is unable to cause a size outgrowth of the wing simply because the 

wing area is maximized already. Mutations causing larger wings are comparatively far rarer than 

mutations causing smaller or absent wings, even though outgrowth of the wing disc itself is 

frequently seen; mutation of the cell adhesion protein echinoid (ed) is able to result in non-

uniform increases in wing size, but also ectopic vein tissue not present with Tgi knockdown (Bai 

et al., 2001).  

 

There are several potential solutions to the challenge of developing a Tgi knockdown system in 

vivo. One option would be design of a stronger RNAi line that targets both isoforms of Tgi or 

simply has a more effective target sequence than the currently available lines. Engineering a new 

RNAi line is technologically simple but in practice requires a large amount of validation and 

consideration of off-target effects. Alternatively, incorporation of increased dicer-2 (dcr-2) 

expression with the currently existing RNAi line could hopefully strengthen the effect of the 

knockdown by increasing the capacity to process dsRNA at the cellular level. Another alternative 

is a very recent development in Drosophila, which is the ability to activate CRISPR/Cas9-

mediated gene knock-in or knockout conditionally in cell subsets (Jia et al., 2018; Lee et al., 

2018; Port et al., 2014). This technique relies on conditional expression of the Cas9 protein using 

the UAS/GAL4 system coupled to tissue-specific promoters, combined with ubiquitous 

expression of a sgRNA targeting the gene of interest using the U6:3 promoter. This system will 

then only be able to activate sgRNA-mediated genome editing in the tissues where Cas9 is 

conditionally expressed. The benefit to this system is that the spatial and temporal control of 
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Cas9 can separate the effects of gene knockout into different compartments. Tgi-/- flies have 

complete larval lethality, so the effect of Tgi knockout in the wings alone can’t be examined 

because no adult wings ever form. Restricting Tgi knockout to only the wing discs, or even 

regions within the disc, isolates the pleiotropic effects of the currently available mutant. This 

system does have several caveats (Peng et al., 2016). There would need to be a way to monitor 

whether none, one or two alleles of the gene have been targeted in knockout tissues. 

Additionally, the CRISPR/Cas9 system relies on DNA repair systems incorrectly repairing the 

DNA. This system is imperfect, and repairs are not necessarily identical in all cells; some may 

contain deletions of large regions, others a small number of mutant bases, and some might be 

repaired correctly. This mosaicism is also compounded by off-target effects of sgRNAs, although 

targeted engineering of Cas9 variants combined with careful sgRNA sequence selection can 

reduce this considerably.  

 

The mechanistic aspect of the Tgi/Vg competition for Sd is interesting in that both Vg and Tgi 

are competing for the same domain on Sd instead of competing for separate binding domains that 

prevent co-binding due to steric hindrance. Two non-exclusive possibilities exist to explain 

where or how Vg and Tgi compete. The first possibility is a competition for Sd as it iss pre-

bound to the DNA. This would propose that both Vg and Tgi are transported into the nucleus by 

Sd, or another unknown factor capable of transporting Tgi into the nucleus as Sd has been shown 

to be required for Vg transport (Halder et al., 1998; Simmonds et al., 1998). Sd would then be 

essentially poised to undertake repressive or activating function depending on whether Tgi or Vg 

is bound to the Vestigial interaction domain (VID) of Sd. The second possibility, presupposing 

that the limiting factor is the availability of unbound Sd, is that competition for Sd binding at the 
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VID takes place in the cytoplasm, where unbound Sd would preferentially associate with either 

Tgi or Vg for active transport into the nucleus. If this scenario were the case, the subcellular 

localization of Vg and Tgi when co-expressed with Sd should be broadly exclusionary such that 

one remains majority cytoplasmically and the other is transported into the nucleus. Co-

expression of Sd and either Vg or Tgi in Kc167 cells shows that both Vg/Sd and Tgi/Sd 

complexes can enter the nucleus, while expression of either Vg or Tgi alone causes a majority 

cytoplasmic accumulation, which is unsurprising as Kc167 cells express relatively low levels of 

endogenous Sd (Cherbas et al., 2011). However, when both Vg and Tgi are co-transfected into 

Kc167 cells without addition of exogenous Sd, Tgi accumulates in the nucleus while Vg is more 

strongly cytoplasmic. This does not preclude competition at the DNA level, however, as there is 

still some level of Vg in the nucleus and Tgi in the cytoplasm. The concept of competition for Sd 

binding in general has been previously demonstrated, and the model proposed here is certainly 

simplified in comparison to the biological reality. Sd has been shown to bind a number of other 

proteins, including Yki (Goulev et al., 2008), Vg (Simmonds et al., 1998), Mask (Sidor et al., 

2013), and dE2F1 (Zhang et al., 2017a). It has also been shown that Yki is able to competitively 

interfere with Vg binding to Sd, likely through a steric hindrance due to the proximal positioning 

of the VID and PPxY motifs required for Yki interaction (Li et al., 2015a; Salah and Aqeilan, 

2011). Tgi is also able to bind Yki via three PPxY motifs (Koontz et al., 2013), which leaves 

open an interesting question on how Yki affects the formation of Vg/Sd and Tgi/Sd complexes. 

 

Because both Vg/Sd and Tgi/Sd complexes are required to form in vivo during development, as 

shown in this chapter and by many other groups, there must therefore be some means of 

regulating which co-factor Sd is interacting with. There are several potential options, all of which 
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may be responsible in part. One alternative is that post-translational modification of any one or 

more of the three proteins may cause a conformational change or quaternary structure change 

that affects the ability of Vg, Tgi or Sd to form a specific complex (Figure 3.9A). In Chapter 2, 

post-translational modification of Vg at Ser-215 was demonstrated (Pimmett et al., 2017), and 

although it doesn’t entirely attenuate the ability of Vg to associate with Sd since the wing blade 

is able to form, phosphorylation may affect the relative stability of the complex. Vg is also 

necessarily sumoylated at an unidentified residue, and blocking sumoylation results in the 

inability of Vg to activate the vgQE in vitro (Takanaka and Courey, 2005). All TEAD proteins in 

humans, as well as Sd in Drosophila, are palmitoylated (Chan et al., 2016; Noland et al., 2016); 

palmitoylation of TEADs is not necessary for binding of VGLL4 and does not affect nuclear 

localization, but is required for formation of complexes between TEADs and the Yki orthologues 

YAP1 and TAZ (Chan et al., 2016). VGLL4 in mice is post-translationally modified by 

acetylation at Lys-225, which inhibits the formation of TEAD1/VGLL4 complexes in the cardiac 

muscle (Lin et al., 2016). It is also targeted for phosphorylation by cyclin-dependent kinase 1 

(CDK1) in mice; interestingly, blocking phosphorylation at four mitotically key residues 

increased the stability of the VGLL4/TEAD1 complex (Zeng et al., 2017).  

 

A second alternative is that one co-factor can outcompete the other based on a relative increase 

in abundance resulting in increased frequency of stochastic interactions initiating formation of a 

co-complex (Figure 3.9B). This appears to be partially the case with Vg and Tgi. While co-

expression of Vg and Tgi does not alter Sd mRNA expression in Kc167 cells, and co-expression 

of Vg and Sd does not alter the levels of Tgi mRNA, co-expression of Tgi and Sd results in an 

84-fold increase in the level of vg mRNA. This essentially forms a negative feedback loop 
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wherein Tgi suppresses its own interaction with Sd by increasing the level of its competitor. The 

existence of negative feedback loops in Drosophila is well understood, as they are a component 

of several key systems such as the circadian clock (Mendoza-Viveros et al., 2017; Sivachenko et 

al., 2013). Sd is able to bind to both the vgME and the VgQE, where previous to this it was 

known to interact with Vg (Guss et al., 2001; Kim et al., 1996; Williams et al., 1994). A Tgi/Sd 

complex may be able to co-opt this to upregulate Vg expression to initiate a wave of recruitment 

of putative wing blade cells in the wing pouch. However, this enhancer also requires the 

cooperative activity of other signals such as Dpp and Wg (Kim et al., 1996; Kim et al., 1997).  

 

Competition between Vg and Tgi for Sd binding could occur in either the cytoplasm or the 

nucleus (Figure 3.9C). This adds a further layer of complexity to the model. There are two key 

aspects to the Vg/Sd interaction that enables the complex to function; first Sd is required to bring 

Vg into the nucleus, and secondly Vg is required by Sd to appropriately target the cis-regulatory 

elements of specific genes and recruit the transcriptional machinery for target gene expression 

(Halder and Carroll, 2001; MacKay et al., 2003; Magico and Bell, 2011). Whether or not Sd is 

also required to bring Tgi into the nucleus is not known and a priority for future research, but is 

likely based on the absence of any identified type of NLS within the Tgi peptide. If it is the case 

that Sd is required for nuclear transport of both Tgi and Vg, then one mechanism for regulatory 

control of Sd is through preferential nuclear transport. This theory implies that the interaction 

with Sd for shuttling to the nucleus is the limiting factor for which Vestigial-like protein is able 

to form a functional transcriptional complex with the DNA. Some support for this theory lies in 

the live cell imaging wherein co-transfection of fluorescently tagged Tgi and Vg results in a 

nuclear localization of Tgi and cytoplasmic sequestration of Vg. Further experiments will be 



93 

 

required to determine whether or not Tgi requires Sd for nuclear localization, and whether or not 

there is a difference in binding affinity between Vg and Tgi for the VID of Sd.  

 

A second competitive mechanism is the substitution of Vestigial-like proteins on Sd at the site of 

the DNA itself (Figure 3.9D). This model posits Sd as a potentiator of transcription, and the 

actual activation or repression of a target gene is dependent on which binding partner is 

partnered with Sd. Analysis of mRNA expression of known Sd target genes showed that there is 

a degree of cross-regulation between Vg/Sd and Tgi/Sd complexes, which lends some credence 

to this model as well. Curiously, it was not a uniform suppression or enhancement of 

transcription response – some targets had increased expression and others were repressed. To 

investigate this in more detail, it would be interesting to look at the degree of overlap between 

Vg/Sd- and Tgi/Sd-bound cis-regulatory elements and compare the mRNA expression from 

those particular genes under each condition.  

 

Differential gene regulation by Vg/Sd and Tgi/Sd complexes is a deceptively complex level of 

control for fate determination. Examination of some known Sd target genes indicated that at least 

a subset of these are differentially regulated by Vg/Sd compared to Tgi/Sd in Kc167 cells. It is 

unclear what separates those genes differentially regulated by either complex. As Kc167 cells are 

not a wing-derived cell line, it may simply be that some of the target genes require other 

transcriptional regulators not present in the cell line for any noticeable activation or cross-

regulation. It is interesting that targets are not collectively repressed or activated by one complex 

over the other, which is a departure from the existing literature confoundingly describing both 

Vg/Sd and Tgi/Sd as repressive complexes (Deng et al., 2009; Koontz et al., 2013). The 
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biological reality appears to be more complicated than simple activation versus repression, and 

the causes of this behaviour is certainly worthy of further examination.  
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DMel_TGI-PA     ---MALRLDYRCLLDAFEDYYYHKEIQRLVAETAGGATATSPASSASSASSTASISSASC 

DMel_TGI-PB     ---METALD--------------------------------------------------- 

HSap_VGLL4      ---METPL--------------D------------------------------------- 

MMus_VGLL4      MLFMKMDLLN-----------YQ------------------------------------- 

DRer_VGLL4L     -----MAVTN-----------FH------------------------------------- 

DRer_VGLL4B     MLFTKMDLLN-----------YQ------------------------------------- 

CEle_R08C7.12   -------MAS-----------PHAE----------------------------------- 

                       :                                                     

DMel_TGI-PA     SSGPSTSSIVSSAASSHGSLAQVATARAAAALADQQALASQRAMFYNVQHPQQLEQLHAL 

DMel_TGI-PB     --------VLSRAATM-------------------------------------------- 

HSap_VGLL4      --------VLSR------------------------------------------------ 

MMus_VGLL4      --------YLDK------------------------------------------------ 

DRer_VGLL4L     --------YITR------------------------------------------------ 

DRer_VGLL4B     --------YLDK------------------------------------------------ 

CEle_R08C7.12   --NDMVPEMIDH------------------------------------------------ 

                         :                                                   

DMel_TGI-PA     QAESGNQQMHPQANADPNASSMANSLLWQPWRDLQQAAAMHHQLYRQQQQQLQLHSEMRA 

DMel_TGI-PB     ------VQNNP--------------------------------------------SEMRA 

HSap_VGLL4      ------------------------------------------------------------ 

MMus_VGLL4      ------------------------------------------------------------ 

DRer_VGLL4L     ------------------------------------------------------------ 

DRer_VGLL4B     ------------------------------------------------------------ 

CEle_R08C7.12   ------------------------------------------------------------ 

                                                                             

DMel_TGI-PA     TSKVLTTTKWRRERRQRSAGYQPHEAGNSERERERERDREDRDMDSPIDMSVTTGALKQR 

DMel_TGI-PB     TSKVLTTTKWRRERRQRSAGYQPHEAGNSERERERERDREDRDMDSPIDMSVTTGALKQR 

HSap_VGLL4      -------------------------------------------AASLVHADDEKREAALR 

MMus_VGLL4      -------------------------------------------MNNNIGVLCYEGEASLR 

DRer_VGLL4L     -------------------------------------------MSSGFKVYILEGQPNLR 

DRer_VGLL4B     -------------------------------------------MNNNIGILCYEGDAALR 

CEle_R08C7.12   --RHLQMWKWLHSR-------SGARGNTSETSFESSVSVSTNSFDFSADMSRSIDSSSSR 

                                                                           * 



96 

 

DMel_TGI-PA     ASPPPPYREPLPGTNYAANSRPSVITQAPPKREPPEQAHSTDMAMCDIDEHFRRSLGENY 

DMel_TGI-PB     ASPPPPYREPLPGTNYAANSRPSVITQAPPKREPPEQAHSTDMAMCDIDEHFRRSLGENY 

HSap_VGLL4      GE---PRMQTLPVASALSSHRTGPPPISPSKRKFSMEPGDEDL---DCDNDHVSKMSRIF 

MMus_VGLL4      GE---PRMQTLPVASALSSHRTGPPPISPSKRKFSMEPGDKDL---DCENDHVSKMSRIF 

DRer_VGLL4L     SE---------DRFRHMTSDRVRMRPAHPMKRKHSSDRGR------TLEERRERALSKCV 

DRer_VGLL4B     GE---SRMQSL--SSAVSNHRTGPPPISPSKRKHSAEQADDDI---DCNSEHVAKMSRLF 

CEle_R08C7.12   MLPSPITNFVTPSSSFSSHQMHDIYSLAASYLQAPPPPYTPTTAFHPHNAHQLLLLHNMT 

                                 :       .  .   : .             :      : .   

DMel_TGI-PA     AALFAKKSPTPTPTPTPSPSGTPKQQVSPLAYGLPSSTSTAASQHYQQQRSPLAKSGWVI 

DMel_TGI-PB     AALFAKKSPTPTPTPTPSPSGTPKQQVSPLAYGLPSSTSTAASQHYQQQRSPLAKSGWVI 

HSap_VGLL4      NPHLNKTANGDCRR---DPRER---SRSPIERAVAPTMSLHGSHLY------TSLPSLGL 

MMus_VGLL4      SPHLNKTVNGDCRR---DPRER---SRSPIERAAAPAVSLHGGHLY------ASLPSL-M 

DRer_VGLL4L     ANSARRSSGFSIPE---SPTSTWSPTASPTHLIPSPVFS-----------------SPVM 

DRer_VGLL4B     AAQLGKPANGDYRK---DPRER---SRSPIERMAAPSMSLVGGH-H------LYMPSLAL 

CEle_R08C7.12   AAVQTPEDPDIDVVGLADTTNLVSLNDKEDEEKLDQTTESEESDRISI--------STTE 

                                 ..        .          .                 .    

DMel_TGI-PA     LEPESLQPE---LPPPQEEPLPLSLA-LHRTQTPPSPPPSATGSAPALPTAVSQVMEAAV 

DMel_TGI-PB     LEPESLQPE---LPPPQEEPLPLSLA-LHRTQTPPSPPPSATGSAPALPTAVSQVMEAAV 

HSap_VGLL4      EQPLALTKN--SLDASRPAGLSPTLTPGERQQNRPS------------------VITCAS 

MMus_VGLL4      EQPLALTKN--SSDTGRSA--------VERQQNRPS------------------VITCAS 

DRer_VGLL4L     DEPLALIKK---PRPEPEKTESQNKA-TTQIQMRPS------------------VITCVS 

DRer_VGLL4B     DQPLALTKN---MDSSRSMGISPTASPVERQQNRPS------------------VITCAP 

CEle_R08C7.12   ECPLDLTFKPTSLDSPTSSTFIP---------LRPS------------------VII--- 

                  *  *  :     .                   **                  *:     

DMel_TGI-PA     AGRRILDTPHHTPPRYNTPPPPPPAYGIAGTTVVAPTLTPTPTPNPTPSQIPTPTPSMPA 

DMel_TGI-PB     AGRRILDTPHHTPPRYNTPPPPPPAYGIAGTTVVAPTLTPTPTPNPTPSQIPTPTPSMPA 

HSap_VGLL4      AGARNCNLSHCPIAHSGCAAPGPASY------------------RRPPSAATTCDPV--- 

MMus_VGLL4      AGARNCNLSHCPIAHSGCSAPGSASY------------------RRPPSATATCDPV--- 

DRer_VGLL4L     SASRSTKQDCCN--HSTAVSKHSYDH---------------------------------- 

DRer_VGLL4B     ANNRNCNLSHCTGSHNGCSPGLNASY------------------RRASNSNTACDPV--- 

CEle_R08C7.12   -------DHHIPKPHT-------------------------------------------- 

                              :                                              



97 

 

 

DMel_TGI-PA     IIRVKAEPGLAAVAASSTQTPPASPTSSTNISIFTKTEASVDDHFAKALGETW-KKLQGG 

DMel_TGI-PB     IIRVKAEPGLAAVAASSTQTPPASPTSSTNISIFTKTEASVDDHFAKALGETW-KKLQGG 

HSap_VGLL4      -----VEEHFRRSLGKNYKEPEPAPNS-------VSITGSVDDHFAKALGDTW-LQIKAA 

MMus_VGLL4      -----VEEHFRRSLGKNYKEPEPAPNS-------VSITGSVDDHFAKALGDTW-LQIKAA 

DRer_VGLL4L     -----VEEHFQRSLGINYHR------A-------TSISVSVDDHFAKALGDKW-LQLKAS 

DRer_VGLL4B     -----IEEHFRRSLGKNYKEPEPVTNS-------VSITGSVDDHFAKALGETW-LQIKA- 

CEle_R08C7.12   --------SVRRSMSSVSSS------A-------SSTQEEVAAHFRRSLSGKWPKRCKVN 

                         .    .           :        .   .*  ** ::*. .*  : :   

DMel_TGI-PA     HKE--------------------------------------------------------- 

DMel_TGI-PB     HKE--------------------------------------------------------- 

HSap_VGLL4      KDGASSSPESASRRGQPASPSAHMVSHSHSPSVV-----S-------------------- 

MMus_VGLL4      KDSASSSPESASRRGQPASPTAHMVSHSHSPSVV-----S-------------------- 

DRer_VGLL4L     SSSCHSSSSSSS-SSPPSSP-TFIHSPGYSPKRARKDSSSPTTTTP-------NFWSD-- 

DRer_VGLL4B     -KGGSSSPD--------ASPNTHMVNHNHSPSLV-----S-------------------- 

CEle_R08C7.12   SEEARNSPLRRRPSFNTHTSVSSLSVHSVSPT--------PPVTSSAQTIIVNNHCSDTT 

                 .                                                           

DMel_TGI-PA     ------------------------- 

DMel_TGI-PB     ------------------------- 

HSap_VGLL4      ------------------------- 

MMus_VGLL4      ------------------------- 

DRer_VGLL4L     ------------------------K 

DRer_VGLL4B     ------------------------- 

CEle_R08C7.12   LSVADHFRRALLGKGLFDFQRKSNK 
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Figure 3.1: Tgi is an evolutionarily conserved protein homologous to humans as well as 

other model systems. MAFFT (Kuraku et al., 2013) alignment of the Drosophila TGI-PA and 

TGI-PB isoforms, as well as the human (HSap), mouse (MMus), Danio rerio (DRer), and 

Caenorhabditis elegans (CEle) protein sequences show substantial regions of homology. 

Outlined are two TONDU domains (TONDU-1 in blue and TONDU-2 in yellow) necessary 

for interaction with Scalloped (Guo et al., 2013; Koontz et al., 2013).  
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Figure 3.2: Vestigial and Tgi do not form co-complexes. Co-immunoprecipitation of Kc167 

cell lysates transfected with indicated constructs show that 6xMyc-Vg and 3xHA-Sd form a 

co-complex (left), and 3xFLAG-Tgi and 3xHA-Sd also form a co-complex (centre). 

However, 6xMyc-Vg and 3xFLAG-Tgi are unable to co-immunoprecipitate together (right), 

indicating a mutual exclusion from protein complexes.  
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Figure 3.3: Altering levels of Tgi and Vg relative to each other results in defects in the adult 

wing. A) a w1118 adult wing demonstrating normal size and structure. N = 8 independent 

biological replicates, n ≥ 5 per replicate. B) Increased levels of Tgi in the domain of Vg 

cause shrinking of the wing volume, wing cupping, and shortening of the L5 vein (arrow). N 

= 12 independent biological replicates, n ≥ 4 for each replicate. C and D) Increased Tgi 

expression combined with hemizygous reduced vg expression results in a smaller wing, 

increased wing cupping, loss of the posterior crossvein (C; left arrow) shortening of the L5 

vein (C; right arrow). Panel D shows strongest affected phenotype with minimal identifiable 

wing structures. N = 8 independent biological replicates with n ≥ 5 for each replicate. E) 

Overexpression of Tgi under the control of a tsh:GAL4 driver showed no significant 

difference in wing size or differentiation. N = 6 independent biological replicates with n ≥ 4 

for each replicate. F) Wing area diminishes in a dose-dependent manner based on relative 

increase in Tgi expression coupled with decrease in vg expression. Scale bar for wings 

indicates 500 μm and **** indicates p<0.001. 
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Figure 3.4: Cupping of the wing is the result of cell loss in the ventral compartment. A) 

Comparison of third instar larval wing discs from w1118 (upper panels) and vgnull/+, 

vg(M+Q):GAL4>UAS:FM-Tgi larvae. DAPI is shown in blue, anti-Tgi in green, and anti-

Wg in red. Scale bar indicates 30 μm. B) Quantification of the total disc volume and ventral 

segment volumes for both genotypes. N = 4 for w1118 discs with n = 4 for each replicate, and 

N = 3 for vgnull/+, vg(M+Q):GAL4>UAS:FM-Tgi discs with n = 4 for each replicate.  
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Figure 3.5: Ectopic expression of Vg or Sd in the Tgi:GAL4 domain results in **** A) A 

w1118 wing showing normal size and structure. N = 10 independent biological replicates with 

n ≥ 4 for each replicate. B) Overexpression of Tgi using the Tgi:GAL4 driver results in no 

significant change in wing size or structure. N = 14 independent biological replicates with n 

≥ 4 for each replicate. C) Overexpression of Vg using the Tgi:GAL4 driver results in wings 

that are scalloped along the anterior and posterior margins. N = 5 independent biological 

replicates with n ≥ 6 for each replicate. D) The wing surface area of Tgi:GAL4>UAS:FM-

Tgi is not significantly different than wildtype, but wings from the Tgi:GAL4>UAS:HA-Vg 

genotype are significantly smaller. E) A w1118 third instar larva showing normal size. F) Third 

instar larva resulting from overexpression of Sd via Tgi:GAL4 are very rare and smaller than 

wild type. Scale bar for wings indicates 500 μm and scale bar for larvae indicates 1 mm. 

**** indicates p<0.001. 

 

 

 

 

 

 

 

 

 

 

 



107 

 

 

 

 

 

 

 

 

 

 

 



108 

 

Figure 3.6: Altering Tgi expression in the Sd domain results in undifferentiated and necrotic 

tissue. Scale bars indicate 500 μm. A) A w1118 wing showing normal size and structure. N = 8 

independent biological replicates with n ≥ 4 for each replicate. B) Wings from 

sd:GAL4>UAS:FM-Tgi female adults are necrotic, broadly undifferentiated, and fragile. N = 

7 independent biological replicates with n ≥ 3 for each replicate. C) Expression of a dsRNA 

targeting Tgi (UAS:Tgi TRiP) via sd:GAL4 shows no change in wing differentiation or 

structure. N = 4 independent biological replicates with n ≥ 4 for each replicate. D) 

Quantification of wing area relative to controls shows a significantly smaller size for 

sd:GAL4>UAS:FM-Tgi wings, but no difference for sd:GAL4>UAS:Tgi RNAi wings.  
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Figure 3.7: Live imaging of Kc167 cells shows subcellular separation of Vg and Tgi 

domains. Scale bar is 3 μm. A-C) Kc167 cells individually transfected with GFP-Sd, RFP-Vg 

and GFP-Tgi. Not shown is RFP-Tgi, which is identical to GFP-Tgi. D-D”) Co-transfection 

of GFP-Sd and RFP-Vg shows a combined nuclear localization of both proteins. E-E”) Co-

transfection of GFP-Sd and RFP-Tgi indicates RFP-Tgi is nuclear and GFP-Sd is largely 

nuclear with small amounts of cytoplasmic protein. F-F”) Co-transfection of GFP-Tgi and 

RFP-Vg shows that GFP-Tgi is localized to the nucleus while RFP-Vg is localized in 

punctate bodies in the cytoplasm.  
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Figure 3.8: Tgi induces expression of its own competitor by upregulating vg mRNA. A) 

qPCR analysis of Kc167 cells co-transfected with the indicated plasmids show that Tgi 

mRNA is not upregulated in response to increased expression of Vg and Sd, and sd 

expression is not induced by increased expression of Vg and Tgi. However, increased 

expression of Tgi and Sd causes an 84-fold upregulation of vg mRNA. B) qPCR of Sd target 

genes shows differential regulation in Kc167 cells overexpressing 6xMyc-Vg and 3xHA-Sd 

(left) compared to cells overexpressing 3xFLAG-Tgi and 3xHA-Sd (right). N = 3 

independent biological replicates for both analyses. ** indicates p<0.05, ** indicates p<0.01, 

and **** indicates p<0.001.  
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Figure 3.9: Potential models for Vestigial-like family competition for Sd binding. A) Vg/Sd 

binding may be stabilized or destabilized by post-translational modifications, leading to a 

change in complex affinity and the ability of one binding partner to bump out the other. B) 

Relative expression levels of the Vestigial-like proteins change the Sd binding partner by 

increasing the frequency of stochastic interactions between them. C) Gene regulation is 

mediated by Sd-dependent transport of Vg or Tgi into the nucleus. D) Sd acts as a potentiator 

of regulation, and Vestigial-like proteins are bound or released from complexes on the DNA.  
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Chapter 4: General Discussion and Conclusions 

 

4.1 Phosphorylation of Vestigial is Necessary for Proper Tissue Differentiation  

 

In Chapter 2, evidence was provided for the regulation of Vg activity during development by 

phosphorylation at Serine-215 (Ser215). Prior to this, the only known post-translational 

modification of Vg was the addition of a SUMO moiety at an unidentified position 

(Takanaka and Courey, 2005). The functional relevance of sumoylation to Vg function 

remains unclear. There is a significant enrichment of sumoylation modifiers attached to 

transcription factors relative to the overall level of cellular protein modification (Cubeñas-

Potts and Matunis, 2013). It is interesting to note that all forms of Vg appear to be 

sumoylated, which indicates that it may be a functional requirement and not a temporary 

modification. Sumoylation may impact the ability of Vg to interact with Sd, whether in 

initially forming a co-complex or in stabilizing one once it has already associated. Fine-

tuning the interaction between these proteins, and how that interaction impacts the ability of 

Sd to interact with its many other partners may be a useful control mechanism for regulating 

transcriptional output.  

 

Vg was demonstrated to undergo post-translational modification via Western blot, as shown 

by a pattern of multiple bands of different molecular weight. At least some of the post-

translationally modified forms of Vg result from phosphorylation on Serine 215 (Ser215), 

and this phosphorylation is dependent on Sd (Pimmett et al., 2017). Ser-215 phosphorylation 

of Vg has specific physiological consequences in multiple tissues. In the adult wing, non-
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phosphorylatable Vg (VgS215A) expression in Vg-specific regions of the larval wing disc 

result in poor differentiation of the anterior margin sensory bristles and clipping of the lateral 

margin; this is reinforced by diminished expression of Vg-responsive pro-neural genes in the 

third instar larval wing disc, as well as reduced wing disc size. Conversely, Expression of a 

pseudo-phosphorylated Vg isoform (VgS215E) caused duplication of posterior margin bristles 

(Pimmett et al., 2017). The requirement for phosphorylation was conserved in the somatic 

musculature as well, where non-phosphorylatable Vg caused poor muscle attachment and 

occasional absence of specific dorsal muscles (Pimmett et al., 2017). Finally, Vg was 

demonstrated to be a target of p38 MAPK for Ser-215 phosphorylation as inhibition of p38 

MAPK caused reduced Vg phosphorylation, and p38b was able to co-immunoprecipitate 

with Sd (Pimmett et al., 2017).  

 

Transcriptional regulators are frequently nodal points at which multiple signaling pathways 

are integrated to direct cellular function on multiple levels such as migration, metabolism, 

fate and communication outward with neighbouring cells. Tightly controlling their function 

is integral for cells to appropriately respond to signals by directing gene expression. Post-

translational modification of transcriptional regulators is a way to restrict protein activity 

without the lag time associated with de novo protein translation. Post-translational 

modifications of transcriptional regulators in general have multiple potential consequences: a 

modification may alter subcellular localization, stability, the ability to form complexes and 

associate with other proteins, and/or the ability to associate with the DNA (Filtz et al., 2014). 

The rapid tunability of transcriptional coregulators may be particularly important during 
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development, where organisms are undergoing rapid changes in cell identity, adhesion and 

migration, and proliferation/survival.  

 

The only currently established interactors of Vg are Sd, Mef2 and Yki (Deng et al., 2009; Li 

et al., 2015a; Simmonds et al., 1998), although that certainly does not preclude any other as-

yet unidentified interactors. The identity of other physically interacting proteins is a large 

hole in the current knowledge about Vg. One of the challenges faced by current high-

throughput mass spectrometry proteome screens is that proteins with low abundance and 

weaker interaction partners are missed due to the inability of the mass spectrometry analysis 

algorithms to identify the peptides at a sufficiently high level, the absence of the protein of 

interest in the input material, or the stringency of the protein purification protocol disrupting 

weaker interactions. Both a general mass spectrometry interaction screen and a phospho-

protein specific screen have been performed on the Drosophila proteome (Bo Zhai et al., 

2008; Giot et al., 2003; Murali et al., 2011). The DroID screen (Murali et al., 2011) used a 

two-hybrid based approach and was able to confirm the Vg/Sd interaction, a good positive 

control, as well as 10 other potential interactors. This list included proteins like Mad, which 

seems to be likely based on the combined requirement for vg enhancer activation (Kim et al., 

1997). It also identified another DNA-binding protein, deformed wings (Dwg), as a potential 

interactor. dwg is a zinc finger C2H2-type transcription factor that is associated with 

insulator elements and the boundaries of topologically associated domains (Zolotarev et al., 

2016). However, none of the novel DroID interactions have been validated outside of large 

screens, which is a significant gap in the knowledge base for an otherwise well-studied 

protein. Further, there has been no investigation into different binding partners of Vg across 
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multiple contexts. Are the binding partners in the wing disc the same as those in the muscle? 

Is there a partial overlap, or is the complex entirely novel? And importantly, how does that 

affect gene targeting in the wing compared to the muscle? 

 

Another interesting question is how Vg post-translational modification regulates transcription 

of its target genes. The full spectrum of Vg post-translational modification has yet to be 

explored. Two-dimensional gel analysis of Vg indicates that there are at least three forms of 

Vg, all of which are sumoylated and at least one of which is also the result of 

phosphorylation. However, that still leaves at least one form entirely unexplained. Secondary 

to this is the fact that the sumoylation conjugation point is unknown. A SUMO modifier is 

linked to its target protein via a lysine residue, similar to that of the closely related ubiquitin 

moiety (Lomelí and Vázquez, 2011).  The target residue generally is found in a ψKxE motif, 

where ψ is a large hydrophobic residue and x is any amino acid. Vg had 5 lysine residues 

(Lys-180, Lys-227, Lys-315, Lys-318, and Lys-448), but none of them are found within a 

canonical sumoylation target motif. Mutagenesis of Lys-180 (Takanaka and Courey, 2005) 

and Lys-257 (Hua Deng, unpublished observations) does not affect sumoylation. How is 

sumoylation affecting Vg function? Is it reducing the ability of Vg and Sd to form 

complexes, blocking nuclear translocation, or stopping recruitment of the transcriptional 

machinery? This is an area where targeted proteomic analysis would be ideal to locate the 

position of the sumoylation linkage. Analysis in Chapter 2 showed that there were no un-

sumoylated forms of Vg identifiable by Western blot, but it is possible that a more sensitive 

detection method would be able to isolate a small pool of un-sumoylated Vg.  
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It is unclear if there is a signal that induces Vg phosphorylation, or what that signal may be. 

Vg does not appear to be automatically phosphorylated in the wing disc upon completion of 

protein folding, as expression of a pseudo-phosphorylated protein results in incorrect 

specification of the posterior wing margin, so some mechanism of induction must be 

required. Studying this in vitro or in vivo will require development of a phospho-specific Vg 

antibody to detect this change; as yet, production of this antibody has proven extremely 

difficult, as is even getting a high quality antibody to Vg with no mind to modifications 

(Williams et al., 1991). While phosphorylation was shown to be Sd-dependent, it is not likely 

that the signal is expression of the Sd protein itself as both proteins have temporally 

overlapping patterns of expression that are not sequential. One possibility may be post-

translational modification of Sd. Sd is known to be palmitoylated in Drosophila (Chan et al., 

2016; Magico and Bell, 2011), and in both mice and humans TEAD4 is targeted by the p38 

MAPK pathway to regulate shuttling between the cytoplasm and nucleus (Lin et al., 2017a). 

An alternative theory is that p38 MAPK function is induced by the activity of Dpp, a TGF-β 

family secreted ligand in the developing wing. vg is a target of Dpp via Mothers against dpp 

(Mad) (Kim et al., 1997), and Vg is required for overgrowth mediated by the Dpp receptor 

tkv (Martín-Castellanos and Edgar, 2002). Further, p38 MAPK signaling via p38b is a known 

modulator of Dpp signaling downstream of Tkv, and expression in the wing disc of a 

constitutively active tkv mutant in a hemizygous p38 genetic background causes wing 

phenotypes similar to the non-phosphorylatable Vg mutant (Adachi-Yamada et al., 1999). In 

the same vein, it is unclear whether there is a phosphatase able to reverse Vg 

phosphorylation, and whether de-phosphorylation of Vg would also be dependent on Sd. 

There is a body of evidence for interplay between phosphorylation and ubiquitination in 
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targeting proteins for degradation (Nguyen et al., 2013). Vg phosphorylation may not 

stabilize the Vg/Sd complex, but instead destabilize it for proteasomal degradation. A similar 

mechanism is well understood for the cyclin/cyclin-dependent kinase interplay at cell cycle 

checkpoints (Santo et al., 2015). If Vg is destabilized, Tgi may be able to interfere with a 

weaker Vg/Sd interaction or Vg may just simply be absent from the competition altogether. 

This seems unlikely, however, as both pseudo-phosphorylated and phosphorylated Vg are 

able to rescue the homozygous vgnull mutant phenotype; if phosphorylated or 

dephosphorylated Vg was targeted for degradation, one of these classes of mutant would 

most likely have a phenotype unable to so thoroughly recapitulate the expression of Vg.  

 

Does Vg phosphorylation or sumoylation affect its ability to form larger complexes with 

transcriptional regulators beyond Sd? It does not impede the ability of the Vg-Sd complex to 

recruit RNA polymerase to the transcriptional start site, as rescue of the homozygous vgnull 

phenotype, which would have no wings, with a pseudo-phosphorylated or non-

phosphorylatable mutant still results in identifiable adult wings with relatively minor 

specification defects. How does phosphorylation cause discrimination between posterior and 

anterior margin genes in the wing disc? It is well established that binding of Vg and Sd 

causes the target motif for Sd-DNA interaction to switch from a single MCAT element to 

paired MCAT elements (Halder and Carroll, 2001). Why Vg and Sd forms a heterotetramer 

when bound to DNA is unclear, but it could potentially be mediated by Vg phosphorylation. 

If phosphorylated and unphosphorylated forms of Vg cause target switching from single to 

paired MCAT elements, then genes required for implementation of posterior versus anterior 

margin fate could be identified based on the number and positioning of MCAT elements 
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within cis-regulatory elements. To test this, re-imagining of the original electrophoretic 

mobility shift assay experiments showing that Vg and Sd bind in heterotetramers to paired 

MCAT motifs (Halder and Carroll, 2001) could be employed, using purified Vg mutant 

protein instead of non-mutant Vg. If phosphorylation affected targeting of specific paired 

MCAT motifs, the shift in bound protein would be apparent. An alternative approach is to 

perform ChIP-seq on tissue overexpressing a tagged Vg phosphorylation mutant, followed by 

examining the specific sequences enriched in the ChIP. While there may be some 

confounding effects from ectopic Vg expression, unless the vgnull rescue paradigm is 

employed, this methodology has the benefit of enabling identification of potential co-

regulatory factors. Vg and Sd are known to co-regulate target enhancers with cubitus 

interruptus (Ci), suppressor of Hairless  (Su(H)), and Mad (Halder et al., 1998; Hepker et al., 

1999; Kim et al., 1997). Other co-regulatory transcription factors are certainly possible, and 

their ability to associate with a Vg/Sd complex may depend on Sd phosphorylation as well.  

 

p38 MAPK activity is a known regulator of the Mef2 muscle identity gene family in mice 

and humans (Han and Molkentin, 2000; Yang et al., 1999; Zhao et al., 1999). It is interesting 

to note that in Drosophila, Vg phosphorylation is necessary for terminal differentiation of 

somatic muscle but an unphosphorylated isoform appears to be dispensable. This contrasts to 

the wing disc, where both phosphorylated and unphosphorylated forms of the protein are 

required for fate specification (Pimmett et al., 2017). This may also be a form of target gene 

switching, as genes required for terminal differentiation of musculature are not necessarily 

the same as those required to define wing fate. Additionally, the heterotetrameric complex of 

Vg and Sd required for activation of wing gene transcription has never been demonstrated for 
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muscle-specific genes, nor for any neural-specific genes in neuronal lineages expressing Vg 

and Sd (Guss et al., 2008; Guss et al., 2013; Halder and Carroll, 2001). It would be 

noteworthy to see whether the specific motif grammar of wing cis-regulatory elements must 

be maintained in other lineages co-expressing Vg and Sd, and what impact phosphorylation 

of Vg has on target gene activation or repression. Examining this by tissue-specific ChIP-seq 

paired with RNA-seq or qPCR to look at both binding targets and resulting gene expression 

changes is a straightforward methodology. This could even be accomplished from difficult to 

isolate tissue such as the embryonic musculature using one several protocols that isolate 

specific cells or nuclei via FACS using fluorescent labelling in live cells or with fluorophore-

conjugated antibodies in fixed cells (Bonn et al., 2012; Deal and Henikoff, 2010).  

 

4.2 Tondu domain-containing Growth Inhibitor is an inhibitor of Vestigial in Drosophila 

wing development 

 

There is very little information available with regards to its expression and function of Tgi 

during Drosophila development It clearly has a biologically relevant role, as loss of Tgi 

expression is lethal in Drosophila (Guo et al., 2013; Koontz et al., 2013), and its conservation 

across a broad range of metazoans, particularly with regard to the TONDU domains, argues 

the same. Here we have shown that Tgi is capable of interacting in vitro with Sd, as Vg also 

does, but the Vg/Sd and Tgi/Sd complexes are mutually exclusive. This leads to a hypothesis 

that Vg and Tgi are functioning in a competitively exclusionary manner for Sd binding. In 

vivo, this hypothesis appears to be supported, as overexpression of Tgi in the Vg domain of 

the third instar wing disc shows a Vg dose-dependent decrease in wing size, along with 
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cupping of the wing structure. Analysis of the third instar wing disc shows that this is likely a 

result of both a smaller wing disc in general, as well as a relative decrease in the proportion 

of ventral wing tissue that causes the cupped phenotype. Tgi overexpression in the wing disc 

using sd:GAL4 caused a largely pupal lethal phenotype with exclusively female escapers 

showing entirely necrotic tissue with no differentiation in place of the wing; no male escapers 

were ever observed, and escaper females were entirely sterile. Overexpression of Sd using 

Tgi:GAL4 resulted in a larval lethal phenotype similar to that previously described for Tgi-/- 

(Guo et al., 2013; Koontz et al., 2013) with no escapers. Furthering the competitive exclusion 

hypothesis in vitro, Kc167 cells transfected with Vg and Sd or Tgi and Sd showed nuclear 

import of both Vestigial-like family genes and colocalization with Sd, but co-transfection of 

Vg and Tgi together showed that Tgi was preferentially transported into the nucleus over Vg. 

As neither Tgi nor Vg contain a canonical nuclear localization signal, and instead must rely 

on Sd for import, this evidence points towards Tgi being a preferential partner for Sd over 

Vg. An autoregulatory loop could potentially form to fine-tune the titration of available Sd, 

however. Although co-transfection of Vg and Sd does not increase Tgi mRNA expression in 

Kc167 cells, and co-transfection of Vg and Tgi did not upregulate Sd mRNA, a significant 

increase in Vg mRNA was noted when Tgi and Sd were coexpressed in Kc167 cells. This 

points to a fine balance between Vg and Tgi for Sd binding, one that may alter its own 

balance through a negative feedback loop. The role of Tgi as an activator of Vg expression is 

also unexpected, as both Tgi and its mammalian counterpart VGLL4 are considered tumor 

suppressors when Tgi/VGLL4 is bound to Sd/TEAD in the absence of Yki/YAP/TAZ 

(Koontz et al., 2013; Li et al., 2015a; Zhang et al., 2014).  
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There is a vast number of unanswered questions regarding the function of Tgi. Chapter 4, as 

well as other groups, have shown Tgi expression in several larval tissues including the wing 

disc, haltere disc, ovaries, and the ventral nerve cord of the brain via a newly developed Tgi 

antibody (Guo et al., 2013; Koontz et al., 2013). There has also been shown a functional 

requirement for Tgi in the adult fly heart (Yu et al., 2015). The full expression pattern of Tgi, 

including regions of overlap and non-overlap with Vg and Sd, has yet to be fully elucidated, 

particularly the embryonic expression pattern. Both overlapping and non-overlapping regions 

of cells expressing Tgi and vg/sd are interesting for different reasons. The degree to which 

Vg and Tgi compete for Sd binding, and the effect of this on gene regulation, has interesting 

implications for the function of Vg as an oncogene and Tgi as a tumor suppressor as 

proposed to be the case in several different cancers (Castilla et al., 2014; Zhang et al., 2014; 

Zhang et al., 2017b). If the balance between them could be altered pharmacologically to 

drive differentiation of de-differentiated tumor cells, this may be a promising 

chemotherapeutic target (Jiao et al., 2014; Jiao et al., 2017). On the other hand, regions 

where expression of Tgi does not overlap with Vg, such as the heart, may indicate that Vg 

and Tgi do not necessarily act as repressors or activators of the same genes and instead may 

have exclusive subsets of Sd target genes. Finally, any potential regions where Tgi does not 

overlap with Sd could show evidence for interaction with other transcriptional regulators that 

Vg does not share. Although Vg is known to interact with Sd directly, and at the least 

indirectly with Mef2 and Yki, it has no other known binding partners (Deng et al., 2009; Li et 

al., 2015a; Paumard-Rigal et al., 1998; Simmonds et al., 1998). Sd has a host of transcription 

factors and coregulators that it interacts with in different contexts (Deng et al., 2009; 

Paumard-Rigal et al., 1998; Sansores-Garcia et al., 2013; Simmonds et al., 1998; Wu et al., 
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2008; Zhang et al., 2008; Zhang et al., 2017a), consistent with its role as an integrator of 

multiple signaling pathways. The only known interactors of Tgi are Sd and Yki (Guo et al., 

2013; Koontz et al., 2013; Kwon et al., 2013), so cells expressing Tgi but not Sd would be 

strongly indicative of other DNA binding partners for Tgi, a novel finding for VGLL proteins 

in Drosophila.  

 

The gene targets of a Tgi regulatory complex are also unknown. There is only one published 

target of Tgi in diap1; this is a known target of the Hippo signaling pathway (Koontz et al., 

2013). It is safe to assume that this is not the only gene regulated by Tgi. What precisely the 

other targets are, however, is deserving of attention. Do all Tgi target genes have MCAT 

elements in the cis-regulatory sequence? A no would imply that Tgi is able to interact 

somehow with other DNA-binding proteins or that it affects transcription through alternative 

regulatory mechanisms. Is the MCAT element motif grammar maintained between Vg and 

Tgi target genes? As Tgi has two TONDU domains and thus is possibly coordinating Sd in a 

1:2 stoichiometry, it would seem likely that the paired MCAT motif would be key to the 

function of a Tgi/Sd complex. To what degree do Vg and Tgi target genes overlap? A 

competitive exclusion relationship between Vg and Tgi would indicate that a substantial 

degree of overlap between the two should exist. Vg has previously been shown to repress 

transcription of certain target genes in the embryonic musculature (Deng et al., 2009), and to 

activate its own transcription in the wing disc (Halder et al., 1998; Zecca and Struhl, 2007a). 

The genes cross-regulated by Vg/Sd and Tgi/Sd complexes identified here have not been 

shown to be direct targets and may in fact be secondary effects to loss of another regulator. It 

is interesting, however, that targets of this complex affect both the cell cycle and 
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differentiation. When this is considered with the concept of differentiation therapy in mind, 

as well as the known pharmacological mimics of VGLL4 in mice, it is easy to imagine a 

scenario where the ability to adjust the balance between Vg and Tgi, or their mammalian 

homologues, could be used to drive the differentiation of cancer cells and prevent the 

hyperproliferative phenotype key to the disease. The bifunctionality of Vg as an activator or 

repressor of transcription is curious, and how Tgi might play into the activate versus repress 

decision is deserving of further study.  

 

VGLL have been shown to interact with other non-TEAD partners in other species (Jiao et 

al., 2017; Lee et al., 2011), but this has never been replicated in Drosophila, nor has any 

large-scale screen for interacting partners or genetic suppressors or enhancers ever been 

performed using Tgi as the bait. There are several potential methods of studying this, 

including a mass spectrometry co-immunoprecipitation screening of Tgi interactors either 

from cell culture or using tissues with known Tgi expression. A ChIP grade Tgi antibody 

does not currently exist, so this would be limited by ectopic expression of a tagged 

transgene/construct unless an endogenous tag could be inserted into the genome either in cell 

lines or in vivo (Bottcher et al., 2014; Koles et al., 2015; Kunzelmann et al., 2016). To look at 

genetic interactors with Tgi, a complementation screen in wings using the commercially 

available deficiency kit from the Bloomington Drosophila Resource Centre or the RNAi 

library from the Vienna Drosophila Resource Centre would be feasible, albeit labour-

intensive. This screen would could be handily done in the wing, which is not a strictly 

necessary tissue in adults, but is complicated by the fact that Tgi-/- flies die in larval stages. A 

hemizygous Tgi-/+ background could be employed, or the previously mentioned new tissue-
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specific CRISPR/Cas9 schema used to reduce Tgi expression (Jia et al., 2018; Lee et al., 

2018; Port et al., 2014). Alternatively, this screen could also be performed to look for genes 

that are able to attenuate the Tgi overexpression phenotype in the wing. While the wings are 

strongly reduced in size and development, the fertility of the adults does not seem to be 

substantially affected. This approach would be complicated by the fact that identifying 

weaker modifiers of an already visually strong phenotype would be complex, and this screen 

would therefore quite possibly overrepresent strong enhancers and suppressors while missing 

less obvious ones.  

 

An obvious parallel to the work described in Chapter 2 and Pimmett et al. (2017) is an 

analysis of Tgi post-translational modification. VGLL4 is known to be acetylated on Lys-225 

in the mouse heart (Lin et al., 2016). Acetylation of Vgll4 reduces its interaction with 

TEAD1, and expression of a mutant VGLL4 caused diminished proliferation and necrosis in 

cardiomyocytes (Lin et al., 2016). While this was examined in the context of a competitive 

interaction for TEAD1 between VGLL4 and YAP, there are certainly parallels with Tgi and 

Sd. Lys-225 in mouse VGLL4 is not conserved in either Tgi isoform. Additionally, other 

large mammalian mass spectrometry screens have identified four separate sites of VGLL4 

phosphorylation, including one specifically on the mitotic phospho-proteome (Dephoure et 

al., 2008; Zhou et al., 2013), and VGLL4 has been shown experimentally to be a target of 

CDK-1 phosphorylation (Zeng et al., 2017) and de-ubiquitination at the amino terminal by 

Ubiquitin-specific protease 11 (Zhang et al., 2016). Analysis of the Tgi amino acid sequence 

by post-translational modification predictors indicates that Tgi may be a target for 

sumoylation at three separate positions, as well as numerous phosphorylation sites and a 
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putative glycosaminoglycan linkage. The post-translational modification of Vg and its 

importance in development, along with many other known requirements with other proteins, 

speaks to the usefulness of exploring this avenue.  

 

There are two different splice isoforms of Tgi, the Tgi-RA/Tgi-PA and Tgi-RB/Tgi-PB 

variants. These two isoforms differ in both the 5’ untranslated region (UTR) as well as the 

amino terminal coding sequence. Splice isoforms are a conserved and useful way to increase 

the coding capacity of the genome by encoding different mRNAs within the same sequence. 

Variances in the 5’ and 3’ UTR can affect transcript stability and localization, and coding 

sequence variation can confer differences in protein-protein, protein-DNA and protein-RNA 

interactions, changes in post-translational modification, changes in compartment targeting or 

trafficking, or other functional alterations. Curiously, there is some debate as to whether or 

not splicing is actually a major regulator of functional variation; some groups hold that the 

majority of splice isoforms are evolutionarily neutral variants with no actual different 

function from the canonical sequence while others have shown that the majority of isoform 

variants retain less than 50% of their interactors in common (Tress et al., 2017; Yang et al., 

2016). In Drosophila, alternative splicing is key to the sex determination pathway. 

Alternative splicing of sex-lethal (sxl) is regulated by the ratio of X chromosomes to 

autosomes, such that flies with a sex:autosome ratio >0.5 will make one splice isoform that 

defines female-specific tissue, while a ratio of ≤0.5 directs a second splice isoform 

containing an extra exon and stop codon that encodes a truncated male-specific Sxl protein 

(Hartmann et al., 2011; Moschall et al., 2017; Sun et al., 2015b). Alternative splicing is 

maintained as a sex determination pathway subsequent to Sxl, as there is also female-specific 
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splicing of transformer (tra) mRNA as well as doublesex (dsx) and fruitless (fru) (Moschall 

et al., 2017). The two alternative splice isoforms of Tgi were established by in situ 

hybridization to be expressed in the same larval tissues (Koontz et al., 2013) but there is little 

evidence in the embryo to show where and when Tgi is expressed, nor which splice isoform 

is employed. The small number of groups studying Tgi expression and function have 

collectively declared the Tgi-PB isoform to be the canonical form, but there’s limited 

rationale for this choice. There are no identified functional domains or motifs in either splice 

isoform N-terminal region, but that does not necessarily mean that there are not different 

interactors that connect at this region. The 5’UTRs are also quite different even though the 

final two exons and 3’ UTRs are shared. Some evidence exists that transcription factors 

themselves regulate alternative splicing (Han et al., 2017), which is a yet further complex 

layer of regulatory control. The ability of the Tgi-PA isoform to compete with Vg and Tgi-

PB for Sd binding could be tested by co-immunoprecipitation, and its expression pattern 

monitored against the Tgi-PB isoform in the embryo by use of dual-labelled in situ 

hybridization probes against unique sequences in each transcript. It would be difficult to 

completely inhibit the expression of the Tgi-PA isoform by mutagenesis, as the isoform starts 

from an internal transcriptional start site in the second intron of the Tgi-RB isoform. This 

intron contains regulatory regions, shown by some preliminary luciferase assay data and the 

presence of the Tgi:GAL4 P-element insertion, so mutagenesis of the transcriptional start site 

may have some secondary effects. However, it may be possible to mutate the transcriptional 

start site for the Tgi-RB isoform using CRISPR/Cas9 to see if the Tgi-RA isoform is able to 

functionally substitute during development.  

 



130 

 

4.3 Conclusions 

 

The VGLL family, despite a long history of study in Drosophila, is still an area of research 

with information yet to be discovered. Here I have shown that Vg phosphorylation on Ser-

215 is a key regulatory post-translational modification with phenotypic consequences. 

Rescue of the vgnull phenotype using a non-phosphorylatable mutant Vg transgene results in 

anterior margin bristle loss and the inability to activate the vgME in larval wing discs, while 

the same rescue with a phosphomimetic transgene causes duplication of posterior bristles but 

no change to margin activation. The requirement for Vg post-translational modification is 

only partly recapitulated in the mesoderm-derived embryonic musculature, as non-

phosphorylatable Vg causes loss of some muscles as well as poor terminal differentiation and 

attachment. The phosphorylation of Vg is Sd-dependent, and likely due to p38β, as Ser-215 

is positioned within a p38 MAPK motif and the specific kinase is able to interact with Sd.  

 

Second, I have shown that there is a likely competitive interaction between Vg and Tgi, a 

second member of the Drosophila Vestigial-like family of transcription co-factors. Tgi is an 

evolutionarily conserved protein that is able to interact with Sd similarly to Vg but is unable 

to form a co-complex with Vg in Kc167 cells. This presents a theory that Vg and Tgi are in 

competition for Sd binding. In vivo examination of the competition theory in wing discs 

showed that the effect of Tgi overexpression in the Vg domain of the wing disc is dependent 

on the level of Vg expression, and overexpression of Vg in the Tgi domain causes a sd 

mutant phenotype in the adult wing. Overexpression of Sd in the Tgi domain results in a 

phenotype very similar to a Tgi-/- larvae, both of which die in late second or early third instar. 
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Furthering the competitive hypothesis, live cell imaging of Vg, Tgi and Sd showed that while 

Vg/Sd and Tgi/Sd mis-expression resulted in nuclear localization of both proteins, co-

expression of Tgi and Vg caused a nuclear localization of Tgi and a cytoplasmic 

sequestration of Vg. Tgi upregulates its own inhibitor, as co-transfection of Tgi and Sd in 

Kc167 cells results in an 84-fold upregulation of Vg. Known Sd target genes are also cross-

regulated by Vg/Sd and Tgi/Sd co-expression, although not in a clear activating versus 

repressive complex fashion. Further investigation into the role of Tgi during development, 

both as a partner of Sd and as an antagonist of Vg, could provide interesting new directions 

for modulating Hippo pathway signaling.  

 

As a unifying model for these observations, it is possible that Tgi and Sd are interacting in 

the wing disc (Figure 4.1), as Sd appears to preferentially ensure Tgi remains in the nucleus 

in vitro. Tgi acts in concert with Sd to repress some Sd target genes while increasing the 

expression of Vg. However, increasing the amount of available Vg in the cell titrates Sd 

away from Tgi binding (Figure 4.2), which inverts the regulation of Sd target genes. The 

affinity of Vg for Sd binding may be mediated by the phosphorylation of Vg such that 

changes in the post-translational modification of Vg either destabilize Vg itself or the ability 

of the Vg/Sd complex to form and regulate target genes appropriately.   
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Figure 4.1: Sd and Tgi act to repress transcription of a set of Sd target genes while activating 

expression of Vg.  
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Figure 4.2: The Vg/Sd interaction is mediated by the post-translational modification of Vg. 

Increased Vg expression titrates available Sd away from binding to Tgi. This interaction is 

mediated by phosphorylation of Vg, which may alter the stability of Vg itself or the ability of 

Vg and Sd to form stable interacting complexes.  
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Chapter 5: Materials and Methods 

 

Cell culture and transfection 

 

Drosophila Schneider-2 (S2) cells were grown at 25°C in SFX media (Invitrogen) 

supplemented with 100U/mL penicillin and 100μg/mL streptomycin (Invitrogen). Kc167 

cells were obtained from the Drosophila Genomics Resource Centre and grown at 25°C in 

M3 medium (Invitrogen) supplemented with Bacto-Peptone and yeast extract (Difco) and 5% 

fetal calf serum (Invitrogen). Transfections of S2 cells were carried out using 

didecyldimethylammonium bromide (Han, 1996). Kc167 cells were transfected using 

Effectene transfection reagent (Qiagen). SB203580 (Cuenda et al., 1995) was solubilized in 

DMSO and used as previously described (Han et al., 1998).  

 

Drosophila strains 

 

All crosses were performed at 25°C. The UAS:3xHA-Vg, UAS:3xHA-VgS215A, UAS:3xHA-

VgS215E, and UAS:3xFLAG-6xMyc-Sd strains were made in the Simmonds laboratory using 

P-element mediated insertion. The UAS:3xFLAG-6xMyc-Tgi strain was made by BestGene 

Inc. using P-element mediated insertion. The vgnull derivative strains, including vgnull/+, 

UAS:3xHA-Vg and related mutants, vgnull/+, vg(M+Q):GAL4 and vgnull/+, Mef2:GAL4 

strains, were developed in the Simmonds laboratory. The UAS:Tgi RNAi line was obtained 

from the Vienna Drosophila Resource Centre. All other lines were obtained from the 

Bloomington Drosophila Stock Centre.  
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Plasmids  

 

Vectors made for use in S2 and Kc167 cells were made using Gateway Technology 

(Invitrogen) to clone appropriate coding sequences into pENTR/D-Topo, followed by LR 

cloning (Invitrogen) into the Drosophila Gateway destination vector collection (Terrence 

Murphy, Carnegie Institute of Washington). Plasmids used for expression of epitope-tagged 

or fluorescently tagged proteins used the Drosophila Actin5c (Act5c) promoter with the 

exception of GFP-Sd (Chapter 2), which was expressed using the Drosophila Heat-shock-

protein 70 (Hsp70) 87A7 promoter (Huynh and Zieler, 1999)  Site directed mutagenesis was 

used to make point mutations in the vg coding sequence based on the QuickChange Site-

Directed Mutagenesis Kit (Stratagene). The pNL3.1-vgQE reporter plasmid was constructed 

by PCR amplification of the vgQE enhancer (Guss et al., 2001) and inserted via Gibson 

cloning (New England Biolabs). The pGL4.54 vector (Promega) was a gift from Dr. 

Francesca Di Cara.  

 

Immunoprecipitation and Immunoblotting 

 

S2 and Kc167 cells were transfected in T25 flasks with the relevant constructs, using either 

the Act5c or Hsp70 promoter as indicated in the above section. For the Hsp70 promoter, cells 

were subject to two rounds of heat shock consisting of 30 minutes at 37°C followed by a 30 

minute recovery at 25°C, and a final round at 37°C for 30 minutes followed by recovery for 

≥6 hours. Immunoprecipitations were performed using Radio-IP (RIPA) buffer (50 mM Tris 

pH 8.0, 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) 
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supplemented with Complete protease inhibitor (Roche) and PhosStop (Roche). Co-

immunoprecipitations were performed using modified mild lysis buffer (20 mM HEPES 

pH7.5, 100 mM potassium chloride, 0.05% Triton X-100, 2.5 mM EDTA) (Ceriani, 2007) 

supplemented with Complete protease inhibitor (Roche) and PhosStop (Roche). Antibodies 

for immunoprecipitation include mouse anti-FLAG M2 (Sigma), rat anti-HA (Roche), and 

mouse anti-myc 9E10 (a gift from Dr. Paul LaPointe). Protein G-sepharose beads (Biovision) 

or MycTrap beads (Chromotek) were used for capture. Vg resolution for phosphorylation 

state was performed on a low-bis-acrylamide (118:1) polyacrylamide gel. All others were 

performed on standard 10-12% bis-acrylamide gels. After transfer to nitrocellulose 

membrane, blots were blocked using 50% LI-COR blocking buffer/50% PBS for minimum 

of 1h at room temperature. Primary antibodies for immunoblotting include mouse anti-FLAG 

M2 (Sigma, 1:1000), rat anti-HA (Roche, 1:500), rabbit anti-Vg (1:400, Williams et al., 

1991), rabbit anti-myc (Abcam, 1:2000), mouse anti-myc 9E10 (Dr. P. LaPointe), rabbit anti-

SUMO Smt3 (Abcam, 1:1000), and mouse anti-GFP (Sigma, 1:1000). Secondary antibodies 

were obtained from Invitrogen or Jackson ImmunoResearch and include goat anti-mouse 

AF680 and AF790 (Abcam), goat anti-rabbit AF680 and 790 (Abcam), donkey anti-mouse 

CF680, donkey anti-rabbit CF790, and donkey anti-rat CF680 and CF790 (all 1:10000, 

Sigma).  Blots were resolved using the Odyssey Infrared Imaging System (LI-COR).  

 

2-Dimensional gel electrophoresis 

 

S2 cells were transfected and heat shocked as described above, and cells were flash frozen in 

liquid nitrogen for storage at -80°C. The cell pellet was resuspended in mild lysis buffer (20 
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mM HEPES pH7.0, 50 mM sodium chloride, 1 mM EDTA, 1 mM EGTA, 1.0% Triton X-

100) with Complete protease inhibitor (Roche) and PhosStop (Roche). Cells were lysed via 

Dounce homogenization and sheared with a 22G needle. Immunoprecipitation was 

performed using MycTrap beads (Chromotek) at 4°C overnight followed by washing and 

sample division into two. One of the two samples was treated with λ-phosphatase (New 

England Biolabs) for 45 minutes at 37°C. Samples were resuspended in a rehydration buffer 

with DTT followed by overnight isoelectric focusing on a Pharmacia IPGphor using an 

Immobiline DryStrip pH 4-7 (GE Healthcare). Second dimension resolution was performed 

on a 10% polyacrylamide gel. Immunoblotting was performed with mouse anti-myc 9E10 

(Dr. P LaPointe) and rabbit anti-Vg (Williams et al., 1991, Simmonds lab), followed with 

donkey anti-mouse AF790 and donkey anti-rabbit AF680 (1:5000, Abcam). Blots were 

resolved using the Odyssey Infrared Imaging System (LI-COR), and analyzed using the 

Odyssey software package (LI-COR), Excel (Microsoft) and Prism (Graphpad).  

 

qPCR 

 

qPCR analysis of wing discs was performed by isolating 25 pairs of wing discs from third 

instar larvae of the indicated genotype. RNA was isolated by mechanical disruption followed 

by TRIzol purification of RNA (Life Technologies). RNA was reverse transcribed using the 

iScript Select cDNA synthesis kit with an oligo(dT)20 primer (BioRad) on an Mastercycler 

(Eppendorf AG). Relative quantification of transcript abundance was performed using an 

Mastercycler Realplex2 (Eppendorf AG) and iQ SYBR Green supermix (BioRad) following 

manufacturer’s protocol. Primers were designed to target the transgene via the epitope tag. 
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All genotypes were quantified in biological triplicate replicates and compared to Rp49 

amplification using Excel (Microsoft) and Prism (Graphpad). Statistical significance was 

tested using Student’s t-test.  

 

qPCR analysis of Kc167 cells was performed by pelleting of a T-25 transfected as described 

above, followed by TRIzol purification of RNA (Life Technologies). RNA was reverse 

transcribed using the iScript Select cDNA synthesis kit with an oligo(dT)20 primer (BioRad) 

on an Eppendorf Mastercycler (Eppendorf AG). Relative quantification of transcript 

abundance was performed using an Eppendorf Mastercycler realplex2 (Eppendorf AG) and 

iQ SYBR Green supermix (BioRad) following manufacturer’s protocol. Primers were either 

individually designed or derived from FlyPrimerBank (Hu et al., 2013). Quantification was 

performed in biological triplicate replicates and compared to Rp30 amplification using Excel 

(Microsoft) and Prism (Graphpad). Statistical significance was tested using Student’s t-test. 

 

Luciferase Assay 

 

S2 or Kc167 cells were transfected as described above using the relevant constructs. 

Activation of the vgQE enhancer was monitored using the Nano-Glo Dual Luciferase Assay 

kit (Promega) in 96 well plate format. Luminescence was measured on a BioTek Synergy2 

plate reader. Analysis was performed using Excel (Microsoft) and Prism (Graphpad), and 

significance was tested using a two-tailed analysis of variance (ANOVA).  
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Antibody Generation 

 

The Tgi-RB coding sequence was cloned into pDEST17 using the Gateway cloning system 

(Invitrogen). The plasmid was transformed into BL21 DE3 cells (New England Biolabs) to 

generate full length 6xHIS-Tgi. Purified protein was isolated from crude lysate using the 

ÄKTA liquid chromatography system and HisTrap FF column (GE Healthcare). Purified 

protein was sent to Pocono Rabbit Farms & Laboratories for injection into two guinea pigs. 

Serum from guinea pigs was then affinity purified against a column with full length Tgi-PB 

protein.  

 

Fluorescence Microscopy 

 

Wing imaginal discs were dissected, fixed with 4% paraformaldehyde in phosphate-buffered 

saline and stained as described previously (Hughes and Krause, 1999). Embryos were 

collected in 2 hour intervals using apple juice agar plates, fixed using 4% paraformaldehyde, 

and stained as previously described (Hughes and Krause, 1999). The following primary 

antibodies were used at the indicated concentrations: rat anti-HA (1:500, Roche), mouse anti-

Cut (1:20, deposited by Gerald M Rubin and obtained from the Developmental Studies 

Hybridoma Bank), rat anti-myosin (1:1000, Abcam), mouse anti-Wg 4D4 (1:200, 

Developmental Studies Hybridoma Bank), guinea pig anti-Tgi (1:250). Species specific 

fluorophore-conjugated secondary antibodies were used to amplify primary antibody signal 

for imaging (1:5000, Abcam, Jackson ImmunoResearch), along with 4’, 6’-diamidino-2-

phenylindole (1:5000, Thermo Fisher). Imaging was performed on a Zeiss LSM 700 using a 
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Plan-Apochromat 20x lens (NA=0.8, Zeiss). Analysis was performed using Huygens 

Professional (SVI), Imaris (Bitplane), and Prism (Graphpad), and statistical significance was 

analyzed using Student’s t-test.  

 

Live cell imaging was performed by transfecting Kc167 cells as described above in LabTek-

II chambered coverslip dishes (Sigma). Image acquisition was performed using a spinning 

disc confocal system (Ultraview ERS; PE Biosciences) and Axioimager M2 (Zeiss) with a 

63x Plan-Apochromat oil lens (NA=1.4, Zeiss), and Volocity acquisition software (PE 

Biosciences). Analysis was performed using Huygens Professional (SVI) and Imaris 

(Bitplane). 

 

Adult Wing Analysis 

 

Female adult flies from the labelled genotypes were collected and stored for a minimum of 

24 hours in 70% ethanol to soften the cuticle. Wings were removed and mounted using 

Aquamount (Invitrogen) prior to imaging on an Axioplan 2 (Zeiss) using a Fluar 5x lens 

(NA=0.17, Zeiss). Analysis was performed using ImageJ and Prism (Graphpad), and 

statistical significance was examined using a two-tailed analysis of variance (ANOVA).  
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Table 1: List of Drosophila Gene Abbreviations 

 

Abbreviation Gene 

ac achaete 

ap apterous 

Atf-2 Activating transcription factor-2 

bs blistered 

ct cut 

ci cubitus interruptus 

CycE Cyclin E 

Dcr-2 Dicer-2 

dE2F2 E2F transcription factor 2 

Diap1 Death-associated inhibitor of apoptosis-1 

dl dorsal 

dpp decapentaplegic 

dsx doublesex 

ed echinoid 

en engrailed 

fru fruitless 

gbb glass-bottom boat 

hh hedgehog 

hth homothorax 

kni knirps 

Mad Mothers against decapentaplegic 

mats mob as tumor suppressor 

Mef2 Myocyte enhancer factor-2 

mpk2 mpk2/p38α MAP kinase 

N Notch 

p38β p38β 

RpL30 Ribosomal protein L30 

salm spalt major 

sav salvador 

sd scalloped 

sens senseless 

ser serrate 

Su(H) Suppressor of Hairless 

sxl sex-lethal 

Tgi Tondu domain-containing Growth Inhibitor 

tkv thickvein 

tra transformer 
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tsh teashirt 

Ubc9 lesswright/Ubc9 

vg vestigial 

wg wingless 

wts warts 

yki yorkie 
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