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Abstract 
 

Mechanisms of change in the gene expression landscape during development and 
cancer in Drosophila melanogaster 

 
by 

 
Joanna Carmen Downes Bairzin 

 
Doctor of Philosophy in Molecular and Cell Biology 

 
University of California, Berkeley 

 
Professor Iswar Hariharan, Chair 

 
 
 

 How multicellular organisms establish and maintain a diversity of incredibly 
complex body plans is a fundamental question in development. Complex body plans 
require patterning of limbs, organs, and tissues along axes, such as the segmentation 
seen along the anteroposterior axis in insects and the vertebrate central nervous system. 
This diversity of forms is regulated by an intricate network of genetic interactions, and 
allows for a diversity of functions in the living world. To reproducibly and correctly 
create complex systems, the genes that control patterning, known as selector genes, 
must be tightly regulated so that they are only expressed in their correct locations and 
at the correct time. Normally these patterns of gene expression are stable and invariant. 
How this regulation occurs continues to be a major area of study in developmental 
biology.  

Key genes that confer patterning were first discovered in the fruit fly Drosophila 
melanogaster, and the utility of these selector genes was later found to be conserved 
throughout metazoans. Flies remain an incredibly valuable tool to study the principles 
of how patterns form. In Chapter 1, I discuss some basic principles of the genetics of 
pattern formation by selector genes and how this is regulated at the epigenetic level, 
with a focus on patterning in Drosophila. I also cover how cancer coopts these processes 
and what the relationship between tumorous growth and developmental patterning 
means for the treatment of cancer. I focus on two pathways, the Hippo pathway and the 
Hedgehog (Hh) pathway, which have been extensively studied for their conserved roles 
in growth and patterning, and which are the focus of my dissertation research. 

The Hippo pathway has been implicated as a driver of tissue growth in multiple 
different types of cancer. Over the last fifteen years, the core pathway as well as several 
targets of the Hippo pathway have been identified, but it remains unclear exactly how 
the pathway acts through these targets to control growth, as well as what other effects 
the pathway has on processes including patterning, cell-cell communication, and 
regulation of chromatin modification factors. Some aspects of Hippo pathway 
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interactions with signaling pathways that control patterning have been studied, 
including between the Hippo pathway and Decapentaplegic (Dpp), which is the 
ortholog of vertebrate BMP2/4. However, interactions with other pathways aren’t fully 
understood. There has been some work done on the relationship between the Hippo 
pathway and the Hh pathway, but this mostly relates to Hh’s role upstream of the 
Hippo pathway and not on whether the Hippo pathway works through the Hh 
pathway. The Hh pathway has also been implicated in various types of cancer, but it is 
still not fully clear what regulates the inappropriate activation of the Hh pathway in 
cancer, nor what its role might be in tumor progression. My work identifies a role for 
Yorkie (Yki), the transcriptional co-activator of the Hippo pathway, in activating 
inappropriate Hh pathway signaling in tumorous tissue, which leads to downstream 
effects within the tumor and in surrounding cells. 

Chapter 2 describes my work investigating the relationship between these two 
pathways and how it relates to growth and heterotypic interactions between tumor 
tissue and surrounding cells. I characterized the intriguing phenomenon of Yki 
inappropriately activating selector gene expression in tumor tissue, and found that this 
phenomenon relies on Yki’s activity through two targets, the microRNA bantam and the 
chromatin regulator taranis. I identified evidence that Yki-mediated activation of these 
targets leads to changes in chromatin modifiers that facilitate inappropriate patterning 
gene expression, and I also found evidence that inappropriate developmental signaling 
from Yki-expressing tumors has an effect on the growth of surrounding wild type cells. 
Chapter 3 discusses the significance of this work in the budding study of how tumor 
cells control and communicate with their environment, as well as how they cause 
epigenetic changes that broadly alter gene expression.  

My work provides key information about how oncogenes can hijack normal 
developmental and genetic processes to facilitate the formation of cancer in otherwise 
healthy tissue. It contributes to our knowledge of how cancer cells behave, which can be 
used in future study on the biology of tumor tissue, as well as how to treat, categorize, 
and screen for it. 
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1.1 From single cell to complex metazoan 
 
A fundamental process in metazoan development is the establishment of multiple cell 
types which combine to form a complex multicellular organism. The various cell types 
found in animals work in concert to carry out a myriad of processes, from digestion and 
immunity to muscle and nervous system function. During development, increasingly 
intricate layers of gene expression determine cell identity, location, and function. 
Understanding how these layers of gene expression are established and how they lead 
to cell specification is a major theme in developmental biology, while efforts to 
understand how these processes are corrupted and coopted form the basis of much of 
cancer research. 
 Like the molecular mechanisms underlying development, the study of 
embryology is relatively ancient. Aristotle first proposed the idea of “epigenesis”, or the 
formation of complex organisms through multiple steps beginning from a single cell, in 
350 BCE (Aristotle, translated by Platt). Hundreds of years later, Leonardo da Vinci 
produced incredibly detailed anatomical drawings of human embryological 
development and quantified aspects of organ growth over time, a subject still being 
extensively studied (including in this dissertation). The modern study of developmental 
biology first took off in the mid 19th century with Heinz Christian Pander and Karl 
Ernst von Baer’s discovery of embryonic germ layers, as well as Charles Darwin’s 
evolutionary theories. The early 20th century saw a boom in advances in embryology 
and genetics, from Hans Driesch’s observation that individual organisms can arise from 
the dissociated cells of a sea urchin embryo, to Hilde Mangold and Hans Spemann’s 
discovery of the embryonic organizer, to Thomas Hunt Morgan and Alfred Sturtevant’s 
work on genetic linkage on chromosomes and establishment of fruit flies as a model 
system. Advances in technology during the 20th century propelled developmental 
biology into the age of molecular biology, genomics, and genetic engineering, and 
recent advances in gene editing have expanded developmental biologists’ ability to 
address longstanding questions in the field. Rather than becoming an archaic corner of 
biological research, developmental biology remains on the forefront of new avenues of 
understanding how organisms come to be. 
 Of particular interest to developmental biologists are genes that establish tissue 
patterning, as well as the factors that control their precise expression domains to ensure 
the proper formation of anatomical structures. In the early embryo of the fruit fly 
Drosophila melanogaster, for example, an opposing set of diffusible factors establish 
anterior and posterior identity (reviewed in St. Johnston and Nüsslein-Volhard, 1992). 
Mutations that abolish function of these factors prevent the formation of major 
anatomical regions. For instance, bicoid is localized anteriorly, and a lack of functional 
bicoid results in no head or thorax structures forming in the embryo, while posterior 
structures expand into normally anterior regions because bicoid is no longer present to 
repress posterior factors (Driever and Nüsslein-Volhard, 1988). Conversely, nanos is 
localized to the posterior, and loss of nanos prevents abdomen formation; in this 
situation, anterior structures expand posteriorly because nanos can no longer inhibit 
anterior fates (Lehmann and Nüsslein-Volhard, 1991; Wang and Lehmann, 1991). In the 
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example of the developing vertebrate spinal cord, the signaling molecule and 
morphogen Sonic Hedgehog (Shh) triggers different gene expression profiles in 
recipient cells based on what concentration of Shh they receive (Roelink et al., 1995; 
Briscoe et al., 2001). These gene expression patterns then translate to the various neural 
cell identities and spatial domains in the spinal cord (Xiong et al., 2013). shh is the 
conserved mammalian homolog of fly hedgehog (hh) (Echelard et al., 1993), which 
regulates segment polarity and other patterning events throughout the Drosophila 
embryo and larva (Tabata, Eaton and Kornberg, 1992; Tabata and Kornberg, 1994). 
These kinds of interactions are at the heart of formation of tissue with complex 
architecture and multiple cell types that choreograph to form a functional structure. 
 
Fruit flies as a model for studying pattern formation 

Since Thomas Hunt Morgan’s pioneering experiments identifying and 
characterizing the genetics of Drosophila mutations in the early 20th century, which 
provided a foundation for the modern study of genetics (Morgan, 1910), Drosophila has 
been used as a model system to tease apart how gene expression translates to 
development and physiological function. The decades since those first experiments 
have seen an explosion in the variety of tools available to Drosophilists to label and 
control where and when genes are expressed, as well as to precisely alter the sequence 
and structure of genes to probe their function. It is this wealth of resources that permits 
Drosophilists to ask highly complex genetic questions, including those surrounding the 
regulation of pattern formation in development. Furthermore, the morphology of 
Drosophila larvae provides a useful system in which to study gene expression in 
epithelia. Like other insects, Drosophila larvae contain epithelial structures known as 
imaginal discs, which give rise to the legs, eyes and antennae, wings, halteres, and 
genital structures of adults (Garcia-Bellido and Merriam, 1969; Postlethwait and 
Schneiderman, 1973) (Figure 1.1). The cells that give rise to these imaginal discs are 
specified in embryogenesis from regions that have already received patterning 
instructions with regards to their anterior-posterior axial identity (Bate and Arias, 1991). 
These imaginal discs have regions of specific gene expression that lead to the proper 
formation of the structures for which they are precursor tissue. Particularly for genes 
whose expression patterns are established early and which denote a lineage-specific 
compartment, there is little variation seen in wild-type tissue. Thus, any perturbation of 
wild-type expression patterns can be used to study the processes by which these 
patterns are established, and what downstream factors they control. 
 Pattern formation begins during embryogenesis as successively complex layers 
of gene expression are generated, even before the embryo has transitioned from a multi-
nucleate syncytium to a cellularized embryo. These layers of gene expression establish 
the anterior-posterior and dorsal-ventral axes and demarcate the precursors to specific 
tissue types that will emerge later in development (Rivera-Pomar and Jäckle, 1996). 
Genes that give a cell regional, tissue type, field, and/or compartment identity are 
known as selector genes; these encode transcription factors that control the expression 
of downstream gene regulatory networks required for proper patterning (Garcia-
Bellido, 1975) (reviewed in Mann and Carroll, 2002). In contrast to transcription factors 
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with more specific roles in tissue patterning, transcription factors encoded by selector 
genes have broad abilities to control the expression of many downstream targets to 
pattern large regions of tissue. 
 

 
Figure 1.1: The Drosophila melanogaster larval imaginal discs give rise to adult 
structures. The fly larva contains epithelial structures called imaginal discs that give 
rise to various structures in the adult, including, wings, legs, and eyes. The wing disc 
has regions of stable selector gene expression that are normally invariant and define the 
anterior and posterior compartments. 
 

Because selector genes can act on multiple targets, their specific interactions with 
signaling molecules give them the capacity to exert broad control over developmental 
events. For instance, the wing field selector Scalloped (Sd) interacts with several other 
transcription factors to regulate expression of many different target genes and elicit 
wing-specific fates (Guss, 2001). More recently, the advent of methods to sequence and 
identify regions of open chromatin have allowed for the characterization of enhancers 
acted upon by selector genes (Tsompana and Buck, 2014; Buenrostro et al., 2015; Davie 
et al., 2015). This has led to further clarity on how combinations of relatively few 
selector genes in a given region of tissue at a given time serve as master regulators of 
their target gene regulatory networks throughout development, including the 
revelation that combinations of selector genes act on the same set of enhancers, though 
the set of accessible enhancers available to selector genes changes over developmental 
time (McKay and Lieb, 2013). In this way selector genes can be localized to large regions 
of developing tissue, but remain versatile in their function; this also explains why 
disruption in the expression of selector genes can cause dramatic phenotypes. 
Understanding how disruption of selector gene expression occurs, such as when tissue 
is abnormal due to cancer or exposure to environmental insults, as well as what 
consequences this has downstream, is important to inform our knowledge of both 
proper development and congenital defects. 
 
 

fly	larva	 adult	fruit	fly	

Larval	wing	imaginal	disc	
with	stable	patterning	gene	

expression	
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Regulation of selector gene expression by Polycomb and Trithorax Group proteins 
The power of selector genes to control multiple developmental events over broad 

regions in time and space requires complex regulation of selector gene expression to 
ensure they are only expressed at the appropriate time and place, and that their proper 
expression patterns are maintained. This regulation happens through the combination 
of the activity of other selector genes, as well as by chromatin modification events 
which promote the formation of either closed, transcriptionally silent heterochromatin, 
or open, transcriptionally active euchromatin. Regulation of selector gene expression is 
still not fully understood, though it is clear that the process involves many complicated 
interactions between the various regulatory factors. 

Control of the accessibility of chromatin is largely due to regulation by two 
groups of factors: Polycomb group (PcG) proteins and Trithorax group (TrxG) proteins 
(Francis and Kingston, 2001; Simon and Tamkun, 2002; Schuettengruber et al., 2007). 
Generally, PcG and TrxG regulate gene expression by two mechanisms: covalent 
modification of histones located in target regions of DNA, which adds or removes 
marks associated with either transcriptional repression or activation such as methlation 
and acetylation, and remodeling of the chromatin architecture itself, which controls the 
regions that are physically accessible to transcription factors. The collective 
modifications applied to histones are known as the histone code, and these 
modifications are thought to recruit protein complexes that regulate transcription. PcG 
proteins are thought to promote gene silencing and closed chromatin by causing 
targeted DNA regions to become bound up in histones and inaccessible to 
transcriptional machinery as well as adding histone marks for transcriptional 
repression. These genes were identified and characterized based on their ability to cause 
transformation of homeotic segment identity when mutated, in a way that suggested 
loss of function of these genes removed repression of segment identity genes (Lewis, 
1978; Jürgens, 1985). On the other hand, TrxG proteins are thought to promote 
transcriptional activation by causing remodeling of chromatin that makes it 
transcriptionally accessible and adding histone marks for transcriptional activation; 
these genes were characterized on the basis of their mutants’ ability to suppress Pc 
mutant phenotypes and prevent formation of homeotic structures (Capdevila and 
García-Bellido, 1981; Capdevila, Botas and García-Bellido, 1986). While PcG and TrxG 
proteins are generally thought to have opposing roles, their actual interactions are far 
more complex; in particular, TrxG proteins are sometimes implicated in genetic 
repression and can function in concert with PcG proteins (reviewed in Kassis, Kennison 
and Tamkun, 2017). However, the general principle holds that during normal 
development, these two groups of regulatory factors ensure that selector genes are 
expressed only in their correct domains by promoting their activation in specific regions 
while repressing their activation in others. Disruption of this process is thought to 
underlie cell fate changes caused by misexpression of selector genes in regenerating 
tissue, a phenomenon known as transdetermination (Maves and Schubiger, 2003; 
Worley, Setiawan and Hariharan, 2012). 

One well-characterized example of selector gene regulation by PcG and TrxG 
proteins is the case of Ubx, which specifies identity in the third thoracic (T3) and first 
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abdominal (A1) segments giving rise to the haltere and third leg (Lewis, 1978; Irvine, 
Helfand and Hogness, 1991; Weatherbee et al., 1998). The Ubx enhancer region contains 
sequences known as Polycomb Response Elements (PREs), which a complex of PcG 
proteins binds to and, along with Hunchback (Hb), represses expression of Ubx outside 
of T3 and A1 (White and Lehmann, 1986; Chan, Rastelli and Pirrotta, 1994). This action 
is mediated by trimethylation of lysine 27 on histone H3, which is facilitated by 
Polycomb Repressive Complex 2 (PRC2), and recruits Polycomb Repressive Complex 1 
(PRC1) to bind via the chromodomain of Pc to H3K27me3 (Cao et al., 2002; Czermin et 
al., 2002; Müller et al., 2002; Min, Zhang and Xu, 2003; Viré et al., 2005). While PREs were 
first described for their role in maintenance of anterior-posterior expression boundaries 
in the bithorax complex (BX-C), which includes Ubx (Simon et al., 1993), they are present 
throughout the genome and required for the regulation of various selector genes that 
confer tissue patterning.  

Furthermore, TrxG proteins also function at and around PREs to selectively 
promote gene expression against a backdrop of PcG-mediated repression. For example, 
with ChIP analysis of tissues with active vs. inactive Ubx expression, Papp and 
colleagues found that while PcG protein complexes are constitutively bound to PREs, 
not all core TrxG components are. Rather, the TrxG histone methyltransferase Ash1 
binds at the promoter region of Ubx only during its transcription and prevents 
trimethylation, while leaving other trimethylation marks and placement of PcG proteins 
on PREs elsewhere in the genome the same (Rozovskaia et al., 1999; Papp and Müller, 
2006). TrxG proteins also bind to Trithorax Response Elements (TREs), which function 
in concert with nearby PREs to modulate long-range regulation of Ubx (Tillib et al., 
1999). Additionally the TrxG complex TAC1 promotes transcription of noncoding 
RNAs of another BX-C component, bithoraxoid (bxd); this transcriptional event itself 
prevents expression of Ubx in certain nuclei (Petruk et al., 2006). In this way, PcG 
proteins and TrxG proteins function together to create ON and OFF states of gene 
expression, leading to complex gene expression patterns and the precise control of 
tissue morphology required to form normal structures. Disruption of this regulatory 
process can lead to severe anatomical defects. For example, when repression of 
Ubx/BX-C expression is lost, as in loss-of-function mutants for PcG proteins, BX-C 
expression expands anteriorly, resulting in mispatterning of anterior segments (Simon 
et al., 1993). Similarly, when Ubx expression is lost, the third thoracic segment 
transforms into a second thoracic segment and develops wings (Lewis, 1978; Kerridge 
and Morata, 1982). 

 
Maintenance of anterior and posterior identity by Polycomb group proteins 

In the Drosophila wing imaginal disc, anterior and posterior identity are defined 
by the expression of segment polarity genes which serve as selector genes. Many of 
these genes are evolutionarily conserved and implicated in various congenital 
conditions and diseases, and study of their function in Drosophila has yielded important 
insights into patterning mechanisms throughout multicellular organisms. The 
expression of the selector gene Engrailed (En) controls posterior development and 
compartment identity (Eker, 1929; Morata and Lawrence, 1975; Lawrence and Morata, 
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1976; Busturia and Morata, 1988). Loss of function of en results in transformation of 
posterior tissue to anterior identity (Garcia-Bellido and Santamaria, 1972). en is first 
expressed in the early gastrula in a periodic pattern in cells posterior to the cephalic 
furrow, though anatomical segments have not yet formed. It continues to be expressed 
in posterior segmented tissue throughout embryonic and larval development (Kornberg 
et al., 1985). In wing disc development, en expressing cells give rise to the lineage-
restricted posterior compartment; cells mutant for en violate the anteroposterior 
compartment boundary (Bryant, 1970; Lawrence and Morata, 1977).  

Conversely, the selector gene Cubitus interruptus (ci), the fly homolog of 
vertebrate Gli genes, defines anterior tissue (Tiniakow and Terentieva, 1933; Orenic et 
al., 1990). ci is first expressed uniformly in the embryonic blastoderm, but doesn’t 
resolve into periodic segmental expression until later in development than other 
segment polarity genes. In wing disc development, the two adjacent cell populations 
expressing en and ci coordinate to form what will become the adult wing; the region at 
which the two populations meet is known as the compartment boundary and serves as 
a developmental organizer that directs pattern formation. The expression of signaling 
molecules emanating from this organizer is induced first by signaling from the pathway 
responsible for defining anterior and posterior tissue. This initial signaling event then 
activates a downstream cascade of signaling events that confer tissue identity to specific 
regions of tissue. The formation of this organizer is controlled by en itself, through 
interaction with the PcG protein Polyhomeotic (Ph) (Tabata et al., 1995; Maschat et al., 
1998). Conferral of anterior and posterior identity based on gene expression occurs at 
the blastoderm stage, and cells determined to be anterior do not give rise to posterior 
structures in culture, and vice versa; regardless of their removal from their original 
anatomical location and subsequent transplant to a new location with different signals, 
these cells maintain their established fate (Chan and Gehring, 1971; Nüsslein-volhard 
and Wieschaus, 1980). What, then, controls the maintenance of this identity? 

 As with other selector genes, PcG and TrxG proteins regulate the expression of 
genes that pattern the anterior and posterior compartments of the wing disc to ensure 
that en is restricted to the posterior compartment and ci is restricted to the anterior 
compartment. In the anterior, PcG proteins inhibit en expression, and loss of function of 
several, but not all, PcG members results in expansion of en expression into anterior 
tissue (Moazed and O’Farrell, 1992; McKeon et al., 1994). The engrailed/invected locus 
includes long regulatory regions (around 79 kb) (Kuner et al., 1985; Cheng et al., 2014) 
and contains PREs that PcG proteins must bind in order to regulate en expression, 
though the specific composition of different PcG protein complexes varies along PREs 
within the en locus (Strutt and Paro, 1997; Americo et al., 2002; DeVido et al., 2008). In 
posterior tissue, en expression is first activated in the embryo by the pair-rule genes 
fushi tarazu (ftz) hairy (h), and odd paired (opa); loss of ftz, h, or opa results in fewer 
posterior parasegments (Howard and Ingham, 1986; Benedyk, Mullen and DiNardo, 
1994). Once this initial activation of en occurs, expression is maintained by Trithorax 
(Trx), which binds in the en enhancer (Breen, Chinwalla and Harte, 1995). Ph also plays 
a role in maintaining the correct level of en expression in posterior cells while 
simultaneously repressing en expression in anterior cells (Randsholt, Maschat and 
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Santamaria, 2000). En itself promotes the expression of hedgehog (hh), another posterior 
marker responsible for activating its own signaling pathway across the compartment 
boundary (Tabata et al., 1995). The activation of hh by En requires Trx binding to PREs 
in the hh enhancer (Bejarano and Milán, 2009). It is signaling through the Hedgehog 
pathway that turns the compartment boundary into an organizer which activates 
downstream targets required for patterning, such as decapentaplegic (dpp) (Zecca, Basler 
and Struhl, 1995). My work demonstrates that this same phenomenon occurs ectopically 
in tumor tissue, which provides insight into the behavior of tumors in relation to their 
normal neighbors. 

In posterior tissue, En directly inhibits the expression of ci beginning early in 
development, and maintains this inhibition throughout development of the posterior 
compartment via cooperation with Ph, which acts on PREs in the ci enhancer (Eaton and 
Kornberg, 1990; Chanas et al., 2004). Some mutations in the ci locus result in ectopic ci 
expression in the posterior wing disc due to initial uniform ci expression failing to 
resolve into periodic anterior expression, providing evidence for negative regulation of 
ci in restricting its zone of expression (Slusarski, Motzny and Holmgren, 1995). Because 
Ci inhibits the expression of hh in anterior tissue, repression of ci by En is what allows 
expression of hh in posterior tissue (Méthot and Basler, 1999; Bejarano and Milán, 2009). 
Furthermore, repression of ci by En requires the cooperation of Combgap (Cg), a DNA 
binding protein that recruits PcG proteins to PREs and binds the ci locus (Svendsen et 
al., 2000; Ray et al., 2016). Cg is also required for activation of ci in the anterior, and cg 
mutants phenocopy ci loss of function (Campbell and Tomlinson, 2000). Additionally, 
the TrxG protein Nejire (Nej) activates ci in the anterior wing disc and is required for 
activation of Ci targets such as patched (ptc) and dpp (Akimaru et al., 1997), while 
insufficient levels of Nej may prevent normal expression of ci (Florence and McGinnis, 
1998). Regulation of ci by other TrxG and PcG proteins remains to be characterized, 
though the work described in this dissertation includes an indirect role for TrxG and 
PcG proteins in activating ci ectopically. 
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Figure 1.2: The anterior selector gene ci specifies tissue patterning from 
embryogenesis to adulthood. In the fly embryo, the selector gene ci is expressed in the 
anterior of each segment, defining parasegment identity. This selector gene expression 
continues into larval development, where it specifies the anterior compartment of the 
wing imaginal disc. The wing imaginal disc gives rise to the adult wing blade, where 
the tissue that expressed ci in the wing imaginal disc becomes the anterior half of the 
adult wing. 
 
 
1.2 Oncogenes destabilize epigenetic landscapes 

 
Epigenetic regulation of patterning genes is tightly controlled throughout development 
and in adult tissues during processes like homeostasis, wound repair, and regeneration. 
The complex interplay between PcG and TrxG proteins, as well as other associated 
chromatin regulators, with transcription factors and signaling pathways ensures that 
cells in a tissue maintain their correct identity and function. However, cells in living 
organisms face a constant barrage of insults that threaten the robustness of this 
regulation. Some of these insults merely result in death of cells within tissue, which 
allows for the problem to be contained and possibly for the damaged cells to be 
replaced. Yet other insults that disrupt gene regulation allow irregular cells to remain in 
tissue and behave aberrantly. The best example of this is in cancer, where cells are able 
to proliferate in an uncontrolled manner, as well as invade other tissues and travel 
throughout the body, spur angiogenesis to feed growing tumors, and evade the 
immune system so as not to be eliminated. Studying gene regulation in cancer cells 
provides insight into how cancer arises and progresses, which enables development of 
improved screening and treatment methods. 
 
Common epigenetic changes in cancer 

When scientists consider cancer genetics, we often first think of activating 
mutations in oncogenes, or inhibitory mutations in tumor suppressors. While several 
extensively studied forms of cancer are rooted in these types of “cancer driver” 
mutations, such as those in ras and APC, there are relatively few mutations disrupting 
the coding sequence of cancer-related genes that directly cause tumorigenesis, despite a 
high frequency of passenger mutations in tumors (Vogelstein et al., 2013). Rather, much 
of tumorigenesis is due to changes in methylation making chromatin more or less 
accessible, or changes in the ability of transcriptional machinery to regulate cancer-
associated gene expression (reviewed in Feinberg and Tycko, 2004; Iacobuzio-Donahue, 
2009). The wealth of knowledge of changes in chromatin marks during cancer acquired 
over the last 35 years has proven extremely valuable in identifying tools for diagnosing 
and targeting specific tumor types. 

Since the first observation of a global decrease in methylation content in tumor 
cells (Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983), other epigenetic changes in 
cancer have been extensively profiled. Modifications to histones are one type of change 
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found in cancer cells. For example, loss of H4K16 monoacetylation and H4K20 
trimethylation are now known to be general early markers of cancer cells (Fraga et al., 
2005). Loss of function of histone acetyltransferases (HATs) and histone deacetylases 
(HDACs), which are directly responsible for adding or removing acetyl groups to 
histones, is linked to tumor formation (Ropero et al., 2006). Because acetylation is 
generally associated with active chromatin, loss of HDAC activity would represent a 
block on an important checkpoint in preventing inappropriate gene expression, such as 
proliferative genes in cells that should be quiescent. Changes in DNA methylation that 
lead to aberrant recruitment of HDACs may cause deacetylation at loci that should be 
active, leading to inappropriate silencing of genes such as tumor suppressors.  

Histone methylation is a heritable mark used in long-term epigenetic regulation, 
both to promote activation and silencing of gene expression. One of the best 
characterized examples of methylation as a marker of silencing is H3K27 trimethylation, 
which is catalyzed by the EZH2 histone methyltransferase (HMT) component of PRC2 
and bound directly by the chromodomain of Pc (Min, Zhang and Xu, 2003; Viré et al., 
2005; Jiao and Liu, 2015). Conversely, the Trithorax-related protein Utx is responsible 
for demethylation of H3K27 specifically in the case of di- and tri-methylation, though 
not monomethylation, and Utx is associated with regions of active transcription (Smith 
et al., 2008). Disruption of H3K27 trimethylation is associated with carcinogenesis and 
drug resistance in acute myeloid leukemia (Morin et al., 2010; Schenk et al., 2013). 
Furthermore, H3K27 trimethylation has been shown to silence tumor suppressors, 
driving tumorigenesis in multiple cancer types (Kondo et al., 2008; Yoo and 
Hennighausen, 2012; Chan et al., 2013; Conway, Healy and Bracken, 2015). A mark 
associated with active gene expression is H3K4 trimethylation. This is found to be 
increased in multiple cancer types; for instance, AKT promotes H3K4 trimethylation in 
breast cancer (Spangle et al., 2016), and high levels of H3K4 trimethylation is associated 
with poorer outcomes in renal cell carcinoma (Jörg et al., 2010). 

Epigenetic changes to DNA itself, as opposed to modifications to the histones 
around which DNA is packaged, also play a role in cancer. Methyl groups can be 
covalently attached to some cytosine bases, including at short regions known as CpG 
islands, or regions of cytosine bases 5’ to guanosine commonly found in areas with 
repeat sequences. These areas include promoter regions (Klose and Bird, 2006). While 
CpG islands are usually unmethylated in normal tissue, CpG methylation increases 
with age as well as in cancer. In particular, the hypermethylation of CpG islands in the 
promoters of tumor suppressors has been well characterized as a mode of epigenetic 
silencing in cancer; while loss of methylation in CpG islands of oncogene promoters 
also plays a role in cancer (Stirzaker et al., 2004; Ballestar and Esteller, 2005). 
Hypomethylation is associated with genomic instability, which may predispose cells to 
inappropriate gene expression and higher risk of mutation, leading to cancer (Eden et 
al., 2003). More recently, microRNAs (miRNAs) have been shown to play a role in 
various aspects of cancer epigenetics, including in regulating DNA methylation and 
histone modification as well as regulation of the expression of chromatin modification 
proteins (Biswas and Rao, 2017). Some of the findings in this dissertation identify a 
miRNA in regulating the inappropriate expression of patterning genes in tumor tissue, 
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providing another potential role for miRNAs in cancer. Altogether, the various 
epigenetic changes associated with cancer provide multiple avenues for therapeutic 
targets (reviewed in Dawson and Kouzarides, 2012). 
 
Role of chromatin modifiers in tumorigenesis and cancer stem cells 

Beyond epigenetic changes made directly to histones and DNA in cancer cells, 
changes in the activity of chromatin modifiers that affect gene expression also play a 
key role in tumorigenesis. Several PcG proteins have been identified as having specific 
oncogenic potential through interactions with growth-promoting genes, while others 
are found to be upregulated in tumors. The first PcG protein found to be oncogenic was 
mouse Bmi1, the homolog of fly posterior sex combs (psc), which cooperates with MYC to 
induce transformation and produce lymphoma by downregulating tumor suppressors 
(van Lohuizen et al., 1991; Jacobs et al., 1999). In flies, loss of function mutations in 
components of PRC1 lead to strong overgrowth in eye imaginal discs via sensing of cell 
polarity defects and subsequent activation of the JAK-STAT pathway, indicating that 
they function as tumor suppressors (Classen et al., 2009; Bunker et al., 2015). Other PcG 
proteins, such as SUZ12 and EZH2, are also upregulated in cancer and correlate with 
poor prognosis and metastasis (reviewed in Sparmann and Lohuizen, 2006). EZH2 
mutations in particular seem to be associated with tumorigenesis (Kroeze et al., 2012). 
Furthermore, MYC is thought to hijack the silencing ability of EZH2 in order to 
downregulate tumor suppressors (Kaur and Cole, 2013).  While not an oncogenic 
context, fly PcG proteins interact with the Hippo pathway tumor suppressor warts to 
maintain sensory neuron dendrites. This provides an example of an established 
interaction between PcG proteins and a cancer-associated gene during development, a 
process which may be coopted in cancer formation (Parrish et al., 2007). The increased 
activity of PcG proteins in general could lead to silencing of tumor suppressor genes 
which facilitates cancerous growth. Conversely, mutations that abolish the function of 
factors that recruit PcG proteins to pro-growth loci can lead to unchecked expression of 
those genes. For instance, human ASXL1 associates with PRC2 and is required for 
H3K27 trimethylation in gene repression. Mutations in ASXL1 result in a loss of H3K27 
trimethylation and are associated with poor prognosis in leukemia (Fisher et al., 2010; 
Abdel-Wahab et al., 2012). 

PcG proteins may play another role in tumor development that relies on their 
function in regulating cell fate and stem cell identity. In embryonic stem cells, PcG 
proteins silence expression of patterning genes required for differentiation while also 
maintaining the expression of pluripotency factors; it is in this way that they can 
maintain the potential of ES cells to take on multiple different fates as well as self-renew 
(Boyer et al., 2006; Lee et al., 2006; Mikkelsen et al., 2007; reviewed in Aloia, Stefano and 
Croce, 2013). Inappropriate activation or targeting of PcG proteins in differentiated 
tissue could trigger de-differentiation into a stem-like state, creating a population of 
multipotent and potentially proliferative cells residing in adult tissue, or cancer stem 
cells. Cancer stem cells from pediatric brain tumors express high levels of BMI1 
(Hemmati et al., 2003), and cancer-specific promoters in PcG targets are far more likely 
to be hypermethylated than those in non-targets of PcG, indicating that PcG may 
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promote permanent silencing of differentiation genes in cancer cells, forcing them into a 
stem state and predisposing them towards malignancy (Widschwendter et al., 2007). 
 
Misexpression of selector and patterning genes in cancer 

Among the aberrant gene expression seen in cancer cells is misexpression of 
several selector genes and other patterning genes. This misexpression is perhaps a 
consequence of the general genomic instability seen in cancer cells, but because 
developmental signaling pathways are often involved in processes such as growth, 
migration, and cell-cell communication, it can also serve a role in tumor progression 
(Ko et al., 2012; Bhatlekar, Fields and Boman, 2014; Ko and Naora, 2014). These changes 
in gene expression in cancer are still poorly understood, and as such, further inquiry is 
warranted. The work presented in this dissertation tackles one instance of this 
phenomenon, wherein the Hedgehog (Hh) signaling pathway becomes inappropriately 
expressed in tumor tissue. 

The Hh signaling pathway is broadly involved in patterning in development, 
with roles in patterning structures from the anteroposterior compartment boundary in 
Drosophila imaginal discs to ventral cell identities in the developing vertebrate spinal 
cord. Mutations in the Hh pathway can cause severe congenital defects, notably 
holoprosencephaly, which results from a failure of the two lobes of the cerebellum to 
properly separate into hemispheres. The Hh pathway is activated in many cancers, but 
is best known for its role in cancers such as basal cell carcinoma (BCC), 
medulloblastoma (MB), glioma, and rhabdomyosarcoma (reviewed in Wu et al., 2017). 
The Gli genes, which are vertebrate homologs of fruit fly ci, are in fact named for their 
role in glioma (Kasper et al., 2006). The most common ways in which the pathway 
contributes to tumorigenesis are through activating mutations in smo or inactivating 
mutations in ptc, particularly in BCC and MB (Gailani and Bale, 1997; Xie et al., 1998; H. 
et al., 2000). The Hh ligand itself also plays a role. Tumors can produce Hh, which 
travels to surrounding cells and signals to generate and maintain the tumor 
microenvironment, which facilitates survival and angiogenesis by tumor cells (Pola et 
al., 2001; Dierks et al., 2007). Recent study has identified a role for the Hh pathway in 
induction of cancer stem cells, and there is evidence that the Polycomb protein Bmi1 
activates Gli in both normal stem cells as well as cancer stem cells in human mammary 
tissue (Liu et al., 2006). Furthermore, inhibition of the BET bromodomain protein BRD4, 
the human homolog of the fly TrxG protein Fs(1)h, efficiently prevents tumor cell 
proliferation and viability in Hh pathway-driven cancers (Tang et al., 2014). Together, 
this evidence supports a role for epigenetic regulation of the Hh pathway in initiating 
tumorigenesis. Changes in promoter methylation for components of the Hh pathway, as 
well as negative regulation by microRNAs, underlie expression differences that 
contribute to various forms of cancer (reviewed in Wils and Bijlsma, 2018). While these 
are several examples of regulatory changes in the Hh pathway that contribute to cancer, 
it still is not fully clear what other changes occur, how this relates to specific tissue and 
tumor types, and over how much time these regulatory changes take place. More 
investigation of the role of epigenetic regulation of the Hh pathway in cancer should be 
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done to better establish the interplay between this signaling pathway and more broadly 
used regulatory machinery. 

 
 

1.3 The Hippo pathway in development and cancer 
 
Many pathways that are required for the growth and patterning of multicellular 
organisms are also frequently coopted during cancer. One well-characterized pathway, 
initially proposed to have a role in cancer due to key discoveries made in Drosophila, is 
the Hippo pathway (Justice, Woods and Bryant, 1995; T Xu et al., 1995; Tapon et al., 
2002). This pathway is highly conserved and best studied for its role in growth control, 
and its components are often mutated or expressed inappropriately in tumors 
(reviewed in Pan, 2010; Kieran F.Harvey, 2014; Yu, Zhao and Guan, 2015). The fruit fly 
model has proven especially useful for studying the Hippo pathway in cancer, since the 
vast array of tools available make it relatively simple to control expression of 
components of the pathway and manipulate tissue with a fine level of control. Work on 
the Hippo pathway in flies has uncovered many of the mechanisms by which this 
pathway causes cancer, as well as its role in growth and cell-cell signaling; these 
principles have later been shown to be true in other organisms. 
 
An overview of the core Hippo pathway 

The core Hippo pathway consists of a multi-protein module that functions to 
phosphorylate the pathway co-activator Yorkie (Yki), the fly homolog of mammalian 
YAP and TAZ, and prevent it from translocating to the nucleus to act on its targets 
(Huang et al., 2005). Hippo (Hpo) and Warts (Wts) are kinases in the module, and Hpo 
directly phosphorylates Wts (Justice, Woods and Bryant, 1995; Tian Xu et al., 1995; 
Harvey, Pfleger and Hariharan, 2003; Pantalacci, Tapon and Léopold, 2003; Udan et al., 
2003). Two other proteins, Salvador (Sav) and Mob as Tumor Suppressor (MATS), bind 
with Hpo and Wts; mutations that inactivate any of these components results in 
overgrowth (Kango-singh et al., 2002; Tapon et al., 2002; Lai et al., 2005). Wts directly 
phosphorylates Yki at serines 111, 168, and 250 (Oh and Irvine, 2008). Of these 
phosphorylation sites, S168 is the most critical for prevention of Yki entry into the 
nucleus. Neutralizing mutations in S168 lead to a hyperactive form of Yki that causes 
spectacular overgrowth when overexpressed, compared to a much smaller level of 
overgrowth caused by overexpression of wild-type Yki (Huang et al., 2005; Dong et al., 
2007; Oh and Irvine, 2009). When Yki enters the nucleus, it does not bind DNA directly. 
Rather, it interacts with its DNA binding cofactors, Scalloped (Sd), Mothers against Dpp 
(Mad), Homothorax (Hth), and Teashirt (Tsh), to activate target genes that lead to 
growth and prevention of apoptosis (Goulev et al., 2008; Peng, Slattery and Mann, 2009; 
Oh and Irvine, 2011). Yki targets include the cell cycle progression gene cyclinE and the 
anti-apoptosis protein diap1, (Huang et al., 2005), the microRNA bantam (ban) (Nolo et 
al., 2006; Thompson and Cohen, 2006), and upstream Hippo pathway regulator expanded 
(ex) (Hamaratoglu et al., 2006). In particular, my work includes a characterization of the 
role of the relationship between Yki and ban in altering gene expression in tumor 
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tissues. While Yki has been confirmed to target ban, and several targets of ban have been 
predicted, only the apoptosis-causing hid and Notch inhibitor numb have been 
confirmed (Brennecke et al., 2003; Stark et al., 2003; Grün et al., 2005; Y.-C. Wu et al., 
2017). Because ban promotes proliferation in addition to blocking apoptosis, it must 
have other as-of-yet uncharacterized functions activated by the Hippo pathway. 
Additional targets of ban remain a mystery and continuing cause for study. 
 
The Hippo pathway in development, homeostasis, regeneration, and cancer 

Though the Hippo pathway is best known for its role in cancer, it is required for 
several core processes in development, homeostasis, and regeneration (reviewed in Pan, 
2010; Maugeri-Saccà and De Maria, 2018). The initial characterization of the Hippo 
pathway began with a screen in flies for mutants with overgrowth, but not disruption 
of developmental patterning. The resulting work identified several key regulators of 
organ size; flies with tissue mutant for sav, hpo, and wts all had far larger heads and 
excessive interommatidial cells when compared to wild type (reviewed in Kango-Singh 
and Singh, 2009). Conversely, flies with yki mutant clones in imaginal discs result in 
smaller organs in adult flies; heads and eyes are small compared to wild type (Huang et 
al., 2005). The Hippo pathway in flies has also been implicated in linking control of 
organ growth with developmental timing. Work over the last ten years has 
demonstrated that the hormone Dilp8 regulates entry of larvae into metamorphosis, 
delaying this event when larval organs are growing inappropriately and ensuring 
proper symmetric organ growth during development (Parker and Shingleton, 2011; 
Colombani, Andersen and Leopold, 2012; Garelli et al., 2012). Subsequent research 
identified Hippo responsive elements (HREs), or Sd binding sites, in the promoter of 
dilp8. Mutation of this HRE resulted in dilp8 loss of function phenotypes, with increased 
fluctuating asymmetry in organ growth. Overexpression of Yki also caused 
upregulation of Dilp8 in a Sd-dependent manner, thus indicating that the Hippo 
pathway via Yki and Sd must be able to act on dilp8 to control symmetric organ growth 
(Boone et al., 2016). Adding to what is known about the context of overgrowth-induced 
developmental delay, my work demonstrates that this extended growth period 
provides the setting for disruption of stable patterning gene expression, which has 
various potential implications for tumor development and interaction with surrounding 
tissue. 

In mammalian development and homeostasis, the Hippo pathway is particularly 
important for regulation of proliferation and differentiation in organ progenitor cell 
populations. Across different tissues, YAP’s primary role is to promote self-renewal of 
stem cell populations and prevent differentiation, while the upstream kinase cascade 
opposes this. The earliest indication that YAP was involved in mammalian 
development was an observation that YAP overexpression caused increased liver size, 
as well as proliferation of intestinal stem cells and loss of differentiated cells, evidencing 
a role for the Hippo pathway in regulating the formation of these tissues (Camargo et 
al., 2007; Dong et al., 2007). More recent work showed that loss of lats1/2 caused an 
activation of YAP/TAZ, which forces hepatocytes to commit to a biliary epithelial 
lineage and promotes proliferation while suppressing later differentiation, thus 
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disrupting proper liver development (Lee et al., 2016). Recently, an alternative Wnt 
signaling pathway that functions through YAP/TAZ and is independent of the 
canonical Wnt pathway was identified and shown to have a role in development. Wnt-
activated osteogenesis was dependent on YAP function, and Wnt-mediated cell 
migration in wound closure was mostly abolished without functional TEAD (the 
mammalian homolog of Sd) (Park et al., 2015). In this way, the Hippo pathway is 
directly linked to a known and widely utilized developmental signaling pathway in 
order to facilitate morphogenesis. 

The Hippo pathway plays a further role in regeneration of damaged tissue. Mice 
mutant for yap and taz could not effectively regenerate damaged liver tissue, and 
hepatocyte entry into S phase was strongly diminished. Confusingly, this loss of 
proliferative function in adult tissue followed an initial overproliferation in liver 
development in yap/taz mutant mice, contradicting the previous notion that YAP and 
TAZ are required for organ growth during development (Lu, Finegold and Johnson, 
2018). In the intestine, YAP is activated to reprogram Lgr5+ stem cells upon tissue 
damage, and its expression is required for regeneration, though not for homeostasis 
(Cai, Zhang and Zheng, 2010; Gregorieff et al., 2015). While some vertebrates are 
capable of regeneration, adult mammals have limited regenerative capacity. 
Mammalian heart tissue has some regenerative capability during development and very 
early post-natal, but this capacity diminishes rapidly. Recent study has implicated the 
Hippo pathway in regulating the regenerative ability of mammalian heart tissue by 
limiting the number of cardiomyocytes. Neonatal mice with damaged cardiac tissue 
were more efficiently able to regenerate and repair the tissue when Sav1 was blocked or 
when Yap was expressed, and YAP protein is detected in neonatal hearts but much less 
in heart tissue of older animals (reviewed in Zhou et al., 2015). It appears that, similar to 
the Hippo pathway’s role in development, it serves to promote proliferation of 
progenitor cells in regenerating tissue. 
 The Hippo pathway has been implicated in many different kinds of cancer across 
organisms, and this subject has been extensively reviewed (Pan, 2010; Harvey, Zhang 
and Thomas, 2013; Yu, Zhao and Guan, 2015; Maugeri-Saccà and De Maria, 2018). The 
same aspects of the Hippo pathway that are important in development and 
regeneration also make it a potent driver of tumorigenesis, primarily by allowing 
uncontrolled proliferation of cells that should be quiescent or under tight proliferative 
control. Activation of YAP/TAZ has also been linked to metastasis, maintenance of 
cancer stem cells, and resistance to chemotherapeutics in human cancers, and serves as 
a marker of poor prognosis. For example, beyond merely promoting uncontrolled 
proliferation, TAZ has been shown to play a role in driving metastasis via interaction 
with TEAD in breast cancer (Chan et al., 2008). It also confers chemoresistance and 
enhances the migratory potential of breast cancer stem cells, while removing TAZ from 
these cells inhibited their ability to metastasize and evade chemotherapeutics (Bartucci 
et al., 2014). Activation of YAP contributes to malignancy in a plethora of cancers, while 
inactivation of Lats1/2 may stimulate the immune response against cancer cells in 
melanoma (reviewed in Maugeri-Saccà and De Maria, 2018). Because of the Hippo 
pathway’s key involvement in so many types of cancer, as well as its high degree of 
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conservation across species, studies in Drosophila remain critical to our understanding of 
this pathway as it relates to disease. 
 
Hippo pathway interactions with chromatin modifiers 
 A major question in determining the Hippo pathway’s role in promoting 
proliferation and changes in cell behavior in cancer and development is how the Hippo 
pathway itself changes gene regulation upstream of these processes. Additionally, the 
direct control of expression of Hippo pathway components is also of interest, as this 
could provide clues as to how to target Hippo pathway-caused tumorous growth. 
Interactions between transcriptional machinery and chromatin modifiers likely underlie 
these processes, though there is still much left to learn about how these interactions 
contribute to changes in gene expression. 
 In addition to the previously discussed role for PcG proteins in maintaining 
Drosophila sensory neuron identity through the Hippo pathway (Parrish et al., 2007), 
there are other established interactions between chromatin modifiers and the Hippo 
pathway. TEAD binding to PRC2 target loci maintains homeostasis and prevents gene 
expression that leads to acquisition of tumor characteristics like epithelial-to-
mesenchymal transition (Serresi et al., 2016). LATS2 positively regulates PRC2, leading 
to increased H3K27 trimethylation, in HeLa cells (Torigata et al., 2016). Interactions 
between the Hippo pathway and the SWI/SNF complex have also been investigated. 
TAZ is responsible for ensuring basal cell fate in mammary tissue, acting through the 
SWI/SNF complex to ensure gene expression specific to the basal cell lineage; this is 
consistent with work showing that TAZ is upregulated in basal cell-like breast cancer 
(Skibinski et al., 2014). In flies, Brahma (Brm), the homolog of human Brg1, physically 
interacts with Sd and Yki to target crumbs (crb) and induce tissue growth (Zhu et al., 
2015). In perhaps some of the most intriguing hints as to the relationship between the 
Hippo pathway and chromatin modifiers, Yki was found to interact directly with 
several chromatin modification complexes, including the Brahma complex. These 
interactions were found to be required for transcriptional activation of Yki targets (Oh et 
al., 2013). Yki was also predicted to target and differentially regulate several chromatin 
modifiers in wts null tissue. One of these is taranis (tara), a TrxG protein that interacts 
with the Brahma complex, and which my work identifies as a regulator of ectopic 
selector gene expression in tumorous tissue caused by expression of an active form of 
Yki. Though my work did not find ectopic selector gene expression in wts null tissue, 
it’s possible that similar changes occur in this condition as those that happen in active 
Yki tissue, though at a much less dramatic level. It will be interesting to further 
investigate the mechanism by which Yki uses chromatin modifiers to alter patterning 
gene expression. 
 
Hippo pathway interactions with selector genes 
 Because the Hippo pathway is critical for controlling organ size and cell growth 
in developing tissues, it is likely that it functions in concert with the other important 
aspects in developing tissue, such as morphogens and selector genes that control large 
downstream signaling networks. Indeed, the upstream Fat-Dachs branch of the Hippo 
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pathway modulates Dpp’s ability to confer fate and promote proliferation, in addition 
to responding to Dpp activity itself (Rogulja, Rauskolb and Irvine, 2008), and this 
branch is also responsible for recruiting cells to the developing wing primordium in 
response to Wingless (Wg) (Zecca and Struhl, 2010). Proper haltere development 
controlled by Ubx depends on the Hippo pathway functioning downstream, and loss of 
function resulting in Yki activation results in transformation of haltere to a wing-like 
phenotype (Singh, Sánchez-Herrero and Shashidhara, 2015). Interestingly, wts and melt 
have a role for determining specific ommatidial subtype in the adult fly eye. Though 
both wts and melt are involved in growth (albeit different kinds of growth, proliferation 
in the case of wts and cell growth and metabolism in the case of melt), neither is a 
transcription factor. However, in this instance they transcriptionally repress each other 
in a bistable loop. This leads to wts inducing the R8 cell type to adopt the y fate and 
become a green-sensitive photoreceptor, and melt inducing the R8 cell type to adopt the 
p fate and become a blue-sensitive photoreceptor. Notably, this is a unique example of 
transcriptional regulation of cell fate in post-mitotic cells by the Hippo pathway 
(Mikeladze-Dvali et al., 2005).  
 There are some established interactions between the Hippo pathway and the Hh 
signaling pathway. Activation of the Hh pathway has been shown to cause expression 
of the Hippo pathway targets ex and diap1 (Kagey, Brown and Moberg, 2012), and Hh 
pathway activation is required for Hippo pathway function in maintenance of fly 
ovarian follicle stem cells (Huang and Kalderon, 2014), as well as in mammalian 
medulloblastoma (Fernandez-L et al., 2009). Indeed, Ci has been found to competitively 
bind to Wts instead of Hpo, blocking Wts from phosphorylating Yki and preventing Yki 
entry into the nucleus (Li et al., 2015).  However, the only observed instance of the 
Hippo pathway activating the Hh pathway is in mammalian neuronal differentiation 
(Lin et al., 2012). 

Though more roles for the Hippo pathway in responding to or integrating inputs 
from developmental signaling pathways have been hypothesized, much remains to be 
uncovered about the interactions between the Hippo pathway and developmental 
signaling networks in control of organ growth and patterning (Crickmore and Mann, 
2008). Furthermore, while attention has been paid to how developmental signaling 
pathways can alter the behavior of the Hippo pathway, less thought has been devoted 
to how the Hippo pathway can trigger changes in developmental signaling and 
patterning, much less what role this plays in the broader context of tissue 
morphogenesis. This is a core question in my dissertation work as it relates to aberrant 
gene expression in cancer and how this affects the tumor microenvironment. 
 
 
1.4 Summary of dissertation work   
 
A key area of study in our lab has been the genetic pathways driving tumorigenesis. 
Earlier work in our lab identified and characterized important components of the Hippo 
pathway, fueling the explosion of research into this signaling pathway and how it 
controls tissue growth (Tapon et al., 2002; Harvey, Pfleger and Hariharan, 2003). To 
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contribute to this body of work, I focused on probing the mechanisms by which stable 
gene expression changes in overproliferating tumor cells caused by expression of active 
Yki. The seed of this work was a relatively simple experiment that led to an unexpected 
yet fortuitous observation. I generated clones in the larval wing imaginal disc 
expressing three different oncogenes, one of which was active Yki (YkiCA), and 
discovered that clones expressing YkiCA in the posterior compartment ectopically 
activated the anterior selector gene (and Hh pathway effector) ci. As previously 
discussed, expression of ci is normally tightly controlled, so ectopic ci signaled a 
dramatic disruption in patterning gene regulation caused specifically by activation of 
Yki. That observation grew into the work described in Chapter 2, which sheds light on 
how the Hippo pathway changes the regulation of gene expression in tumorous tissue, 
and how these changes shape the interaction between tumors and their non-malignant 
neighbors. 

The most well-characterized gene expression changes in cancer include 
downregulation of tumor suppressors and upregulation of oncogenes, as well as 
upregulation of stem cell markers (Ginestier et al., 2007; Cordenonsi et al., 2011; Mathieu 
et al., 2011). However, cancer can also misexpress patterning genes normally involved in 
development, including selector genes that control a wide array of downstream 
signaling events (Lustig and Behrens, 2003; Evangelista, Tian and De Sauvage, 2006; 
Shah and Sukumar, 2010; Skoda et al., 2018). It is particularly intriguing when cancer 
cells express selector genes outside of their normal expression domains, given that those 
domains are generally thought to be stable and invariant. Ectopic expression of genes 
involved in developmental signaling likely forms the basis for much communication 
among cancer cells and their surrounding tissue, though this is not fully understood. 
Studying these changes could allow us to better understand the genetics driving tumor 
formation, as well as identify potential markers and therapeutic targets for different 
types of cancer. Furthermore, it could provide insight into how cancer may harness the 
activation of signaling pathways involved in normal development to aid its growth and 
spread throughout tissue. 

In my dissertation research, I profiled the changes in stable selector gene 
expression found in Hippo pathway tumors caused by constitutive activation of Yki in 
fly larval wing disc, as well as the mechanisms underlying these changes in selector 
gene expression. I observed ectopic expression of the Hh pathway activator ci and the 
Hox gene Ubx in active Yki tissue, and found that ectopic ci corresponded to a 
downregulation of the posterior selector gene en. Through different mechanisms that 
both involve altered activity of PcG and TrxG proteins, a downregulation of en could 
explain the upregulation of both ci and Ubx. My work identifies the microRNA bantam 
and the Trithorax group protein Taranis as key facilitators of this phenomenon, 
suggesting that Yki achieves these downstream gene expression changes by altering the 
chromatin landscape.  

I also found that this selector gene destabilization occurs most frequently in the 
wing disc hinge, a previously identified region of genetic plasticity. The hinge acts as a 
tumor hotspot (Tamori, Suzuki and Deng, 2016), and hinge cells are resistant to 
radiation-induced apoptosis and contribute to regenerating pouch tissue (Verghese and 



 19 

Su, 2016). Thus, hinge gene expression and cell fate may be more plastic than in other 
regions, though this difference in plasticity is not fully understood. Furthermore, I 
determined that the genetic destabilization in active Yki tissue leads to a cascade of 
developmental signaling events, including the production of the morphogen Dpp and 
subsequent activation of the Dpp signaling pathway (Zecca, Basler and Struhl, 1995), 
resulting in possible nonautonomous growth promotion in wild type tissue 
surrounding active Yki tissue. Again, this phenomenon is particularly noticeable in the 
hinge, where tissue is most sensitive to Dpp signal (Nellen et al., 1996). Clones that 
ectopically expressed Dpp and Ptc, a component and target of the Hh pathway, did not 
show uniform ectopic expression, but rather a boundary-like effect reminiscent of the 
normal anteroposterior compartment boundary in the wing disc, suggesting that active 
Yki expression may turn clones into autonomous developmental signaling centers. 
Future study will further investigate the role that Dpp itself has in growth-promoting 
communication between active Yki tissue and its surrounding neighbors, as well as 
which other signaling pathways might be involved. It will also be interesting to study 
how this communication might allow tumors to exist in an environment surrounded by 
non-tumorous neighboring cells, some of which may be simultaneously acting to 
eliminate or neutralize the tumor. 
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Chapter 2 
 

The Hippo pathway co-activator Yorkie can reprogram 
cell fates and create compartment boundary-like 
interactions at tumor margins 
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2.1 Abstract 
 
In developing organisms, tissue-specific patterns of gene expression are initially 
established by combinations of transcription factors and then stably maintained over 
multiple rounds of cell division via epigenetic mechanisms. When cells become 
cancerous, however, they can overcome these constraints and express genes that are 
inappropriate for that tissue or developmental stage. In Drosophila imaginal discs, 
elevated activity of the Hippo-pathway transcriptional co-activator Yorkie (Yki), the 
ortholog of the mammalian YAP oncogene, is known to cause overgrowth. Here we 
show that Yki is also especially capable of reprogramming cell fates by altering 
established patterns of expression of selector genes such as engrailed (en) and 
Ultrabithorax (Ubx). In the posterior compartment of the wing imaginal disc, clones 
expressing an activated form of Yki can downregulate en and express cubitus interruptus 
(ci), a protein normally expressed only in the anterior compartment. The microRNA 
bantam and the chromatin regulator Taranis both function downstream of Yki in 
reprogramming posterior cells to have anterior cell characteristics. The boundary 
between the Yki-expressing tumor and surrounding wild-type posterior cells then 
acquires properties reminiscent of compartment boundaries which function as tissue 
organizers during development. The Hedgehog signaling pathway becomes activated 
in tumor cells close to wild-type cells resulting in the production of the BMP-2/4 
ortholog Dpp which is a long-range morphogen. Thus, in addition to their role in 
promoting growth, oncogenes can reprogram cell fates and induce heterotypic 
interactions between tumor cells and adjacent wild-type cells in ways that can influence 
cell proliferation and tumor dissemination. 
 
2.2 Results and discussion 
 
Mammalian cancers often express genes that are inappropriate to their tissue of origin 
(Axelsen et al., 2007; Flavahan, Gaskell and Bernstein, 2017). Neither the mechanisms 
responsible for inappropriate gene expression nor its consequences for tumor 
progression are well understood. During Drosophila development, patterns of selector 
gene expression are established early in embryogenesis by combinatorial expression of 
transcription factors and then maintained stably by epigenetic mechanisms involving 
the Trithorax group (TrxG) and Polycomb group (PcG) genes (reviewed in Kassis, 
Kennison and Tamkun, 2017). The activation of individual oncogenes in clones of cells 
in imaginal discs, the primordia of adult structures such as wings and eyes, can result in 
tissue overgrowth. To test whether oncogenes can also impact the stability of selector 
gene expression we created clones of cells expressing either Myc (Johnston et al., 1999), 
an activated form of Ras (RasV12) (Prober and Edgar, 2000), or an activated form of yki 
(ykiCA) with a mutation in its critical serine 168 phosphorylation site (Huang et al., 2005; 
Dong et al., 2007; Oh and Irvine, 2008) in the wing imaginal disc. In third-instar wing 
discs, Ci is expressed only in cells anterior to the compartment boundary (Figure 2.1A), 
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and Ubx is expressed in the squamous cells of the peripodial epithelium (Figure 2.1B) 
but not in the disc proper. In discs containing multiple ykiCA-expressing clones, we 
found clones in the posterior (P) compartment expressing Ci (74/76 discs) and clones in 
the disc proper expressing Ubx (23/28 discs) (Figure 2.1C, D). Many of these clones 
appear to be extruding from the epithelium, as has been described when patterning 
gene expression has been altered within clones of cells (Gibson and Perrimon, 2005; 
Shen and Dahmann, 2005; Bielmeier et al., 2016). To rule out the possibility that the 
posterior Ci-expressing clones had originated in the anterior (A) compartment, we 
generated ykiCA clones using mitotic recombination that marked both the ykiCA-
expressing clone and its wild-type sister clone. We observed Ci-expressing ykiCA clones 
in the P compartment adjacent to wild-type twin spots, thus confirming that they 
originated in the P compartment (Figure 2.1E). We did not observe a similar 
misexpression of these genes in discs expressing either Myc or RasV12 (Figure 2.2A, B). 
Thus, of the oncogenes tested, yki appears especially capable of altering expression 
patterns of selector genes. We also observed Ci expression in ykiCA clones posterior to 
the morphogenetic furrow in the eye disc (Figure 2.1F), in the P compartment of the leg 
disc, and in the CNS (Figure 2.1G) indicating that ykiCA can promote Ci expression in 
diverse tissues. In addition to ectopic expression of Ci, we sometimes observed elevated 
Ci expression in tissues where Ci is normally expressed, such as in clones in the anterior 
compartment of the wing disc (Figure 2.1C, 2.1H). 

The induction of ectopic Ci expression was not observed in clones 
overexpressing wild-type yki or clones mutant for the Hippo pathway components 
hippo (hpo) or warts (wts), indicating that high levels of Yki activity were necessary 
(Figure 2.21C-E). Furthermore, observing clones at different stages of development 
indicated that ectopic Ci expression required prolonged expression of ykiCA (Figure 2.3). 
Even within a given tissue, we observed regional differences in the level of ectopic Ci 
expression. In the wing disc, clones in the hinge typically expressed higher levels of Ci 
than clones in the pouch (Figure 2.1H). When ykiCA was expressed using nub-Gal4, 
which is mostly expressed in the pouch, relatively little ectopic Ci was observed (Figure 
2.1I-J). In contrast, when the hinge driver 30A-Gal4 was used, ectopic Ci was 
consistently observed, especially in the ventral hinge posterior to the compartment 
boundary (Figure 2.1K-L). The hinge is a region of the disc that displays increased 
plasticity following damage and can be a tumor “hot spot” (Tamori, Suzuki and Deng, 
2016; Verghese and Su, 2016), suggesting that the underlying cause of these phenomena 
may be related. 

ci is normally transcribed exclusively in anterior cells of the wing disc and is 
repressed in posterior cells by Engrailed (Eaton and Kornberg, 1990; Schwartz et al., 
1995; Chanas et al., 2004). Clones of posterior cells that are mutant for both en and its 
adjacent paralog invected (inv) express Ci (Eaton and Kornberg, 1990). Posterior ykiCA 
clones upregulate a transcriptional ci reporter ci-lacZ, indicating that ci transcription is 
indeed de-repressed (Figure 2.1M). Large Ci-positive posterior clones have reduced 
levels of staining with antibody 4D9, which recognizes both En and Inv (Patel et al., 
1989), suggesting that the derepression of ci transcription could result from a reduction 
in En and Inv levels (Figure 2.1N). En has also been shown to negatively regulate Ubx 
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expression in the wing disc although that mechanism is less well defined (Mann, 1994; 
Emerald and Shashidhara, 2000); consistent with this, we only observed ectopic Ubx in 
posterior ykiCA clones. Importantly, since Ci is expressed at elevated levels in anterior 
clones, where En is not normally expressed, ykiCA must also be capable of regulating ci 
expression by mechanisms that are independent of changes in En levels. 

How does Yki regulate Ci levels? Yki promotes growth, in significant part by 
activating expression of the microRNA bantam (ban) (Brennecke et al., 2003; Nolo et al., 
2006; Thompson and Cohen, 2006). To address a possible role for ban in mediating 
ectopic ci expression, we reduced ban levels by generating ykiCA clones in flies 
heterozygous for a null allele of ban, ban∆1 (Hipfner, Weigmann and Cohen, 2002) 
(Figure 2.4A-B, control in 2.5A). In ban∆1/+ discs, clone size was unaffected (Figure 
2.4H), yet the frequency of Ci-expressing ykiCA clones was reduced both overall and 
especially in the hinge (Figure 2.4I). Thus, the ability of YkiCA to activate Ci expression 
in posterior clones is more sensitive to bantam levels than its ability to promote 
overgrowth. We also used a “bantam sponge” which encodes an RNA which has 10 
optimal ban-binding sites upstream of the DsRed coding region; low DsRed expression 
likely correlates with clones with higher ban levels (Herranz, Hong and Cohen, 2012). 
We found that clones expressing high levels of DsRed had low Ci levels and vice versa, 
suggesting a correlation between ban levels and induction of Ci (Figure 2.4C-D). 

We also investigated taranis (tara), originally classified as a TrxG gene, which is 
known to modulate homeotic gene expression by hitherto undefined mechanisms 
(Calgaro et al., 2002). A genome-wide ChIP screen for Yki targets found an enrichment 
of Yki binding in the tara promoter, as well as increased tara transcription in wtsP2 discs 
(Oh et al., 2013). There is a putative binding site for Scalloped, Yki’s primary binding 
partner, approximately 400 bp upstream of the tara transcriptional start site. 
Additionally, tara negatively regulates en expression in regenerating imaginal discs and 
in embryos (Schuster and Smith-Bolton, 2015; Dutta and Li, 2017). We found that 
Taranis protein levels were increased in ykiCA-expressing clones, as was the expression 
of a tara-lacZ transcriptional reporter (Figure 2.4E-F). These findings are consistent with 
the possibility that an increase in Taranis in ykiCA clones reduces En levels and thus 
allows Ci expression. To examine this possibility, we reduced tara expression in ykiCA 

clones (Figure 2.4G, control in 2.5B). These clones were slightly larger than ykiCA clones 
(Figure 2.4H), but the expression of ectopic Ci was reduced (Figure 2.4I). This result 
implicates tara in the pathway by which YkiCA induces Ci expression and also shows 
that ectopic Ci expression does not simply correlate with the extent of overgrowth. 

Since our results implicate both ban and tara in the pathway by which YkiCA 
activates ectopic Ci expression, we tested whether increasing ban and tara levels, either 
alone or in combination, could induce Ci expression in the posterior compartment. 
Posterior clones overexpressing either ban or tara alone in wild-type discs expressed 
very low levels of Ci at most (Figure 2.5D-E). However, when expressed in combination 
with a wild-type version of yki, which normally does not induce Ci expression (Figure 
2.5C), either ban or tara could induce Ci expression, especially in the posterior ventral 
hinge (Figure 2.4J-K). tara overexpression also enhanced Ci expression in YkiCA clones 
(Figure 2.4L). When using the hinge 30A-Gal4 driver, combined expression of both ban 
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and tara, but not either alone, induced a low but reproducible level of Ci and Ptc 
expression in wild-type discs (Figure 2.4M-N, control in 2.5F-G). Thus, other Yki targets 
likely function in addition to ban and tara to promote Ci expression in posterior clones. 
Additionally, while tara overexpression induced ban expression as assessed by a ban-
GFP reporter (Brennecke et al., 2003) (Figure 2.4O), ban overexpression did not induce 
tara (Figure 2.4P), indicating that the increase in Tara levels does not result from the 
known ability of Yki to activate ban expression. 

To look for evidence of alterations in chromatin in ykiCA clones, we used a panel 
of antibodies that recognize specific post-translational modifications of histones. We 
found that ykiCA clones, especially in the hinge, show elevated levels of H3K27 
trimethylation (H3K27me3), which typically correlates with increased Polycomb Group 
(PcG)-mediated gene repression (Müller et al., 2002; Viré et al., 2005) (Figure 2.6A). We 
observed less obvious increases in the level of H3K4me1 and H3K4me3, but not 
H3K9me3 or H4Ac (Figure 2.6B-E). The increase in H3K27me3 could potentially explain 
the decrease in En expression in ykiCA clones. However, the expression of en in the 
posterior compartment of imaginal discs is regulated by a particularly large region 
(approximately 79 kB) (Cheng et al., 2014) composed of multiple regulatory elements 
that sometimes function antagonistically which makes it difficult to evaluate the 
relevance of local alterations in H3K27me3. The apparent global increase in H3K27me3 
levels did not always correlate with increased PcG-mediated repression; a reporter that 
is silenced by a polycomb-responsive element (PRE) from the bxd locus (Dellino et al., 
2004) is derepressed in ykiCA clones (Figure 2.6F). Thus, the effects of YkiCA on 
chromatin state appear to be complex and hence effects on individual genes are not easy 
to predict. This is consistent with the notion that ykiCA activates Ci expression by 
multiple mechanisms as demonstrated by effects on Ci in both anterior and posterior 
compartments. 

What are the consequences of creating ykiCA clones that have downregulated en 
and express ci in the posterior compartment? The juxtaposition of cells that express en 
and those that do not normally occurs at the anteroposterior compartment boundary. ci 
is expressed in anterior cells but repressed by En in posterior cells, which instead 
secrete the short-range morphogen Hedgehog (Hh) (Tabata, Eaton and Kornberg, 1992). 
Activation of the Hh signaling pathway in cells anterior to the compartment boundary 
stabilizes the activator form of Ci and results in the transcription of multiple target 
genes including patched (ptc) and dpp (Aza-Blanc et al., 1997; Von Ohlen et al., 1997). Dpp 
is a long-range morphogen that diffuses widely from its source and regulates tissue 
growth and gene expression in both compartments (Lecuit et al., 1996; Nellen et al., 
1996). We found that the presence of Ci-expressing ykiCA clones in the posterior 
compartment generates ectopic sites of Hh-pathway signaling near the clone boundary, 
possibly due to increased levels of the full-length activator form of Ci. The target genes 
dpp and ptc were both expressed in these clones (Figure 2.7A-B). Evidence of Dpp 
signaling, as assessed with the presence of the phosphorylated form of the signaling 
protein Mad (pMAD), was also observed (Figure 2.7C). Thus, the clone boundary has 
indeed adopted compartment boundary-like properties, at least with respect to Hh 
signaling. 
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What are the consequences of activating Hh signaling in ykiCA clones? When we 
inactivated smo in ykiCA clones we found no impairment in growth, nor did we find 
growth impairment when we reduced Ci itself in ykiCA clones (Figure 2.8A-D). Thus, 
their overgrowth is not dependent on Hh signaling. This is consistent with the obvious 
overgrowth observed in ykiCA clones far from the compartment boundary in the anterior 
compartment, which are also far from a Hh source. Clone overgrowth and changes in 
selector gene expression were also not dependent on JNK pathway activation, which 
has been previously linked to Hippo pathway signaling and thought to facilitate 
propagation of Yki activity to cells neighboring tumor cells (Enomoto and Igaki, 2013; 
Codelia, Sun and Irvine, 2014; Enomoto et al., 2015; Ma et al., 2017) (Figure 2.8E-H). To 
investigate potential non-autonomous effects of ykiCA clones we used the TIE-DYE 
system (Worley, Setiawan and Hariharan, 2013), which has three independent FLP-out 
genes, two of which, when activated, express reporters driven by constitutive 
promoters (ubi-GFP and act-lacZ). The third is a FLP-out Gal4; these clones express 
UAS-ykiCA. While ykiCA-expressing clones are obviously overgrown, we also observed 
occasional large neutral clones that appeared to be composed of cells that were close to 
the perimeter of the ykiCA-expressing clones, including anterior clones which have 
elevated full-length Ci (Figure 2.7D-E, Figure 2.1C’). Such clones were not obviously 
evident when a UAS-dppRNAi transgene was co-expressed with ykiCA (Figure 2.7F-G), 
suggesting that Dpp secreted by ykiCA clones can promote the growth of adjacent cells, 
especially in the periphery of the disc. 

Studies of human cancer genomes have, unexpectedly, implicated mutations in 
chromatin-remodeling factors and splicing regulators at a high frequency (Vogelstein et 
al., 2013). Although the implications of these findings are unclear, it is likely that these 
mutations would result in the expression of genes or spliced isoforms that are 
inappropriate for the cells of origin. We have demonstrated that alterations in selector 
gene expression caused by ykiCA can establish signaling events at tumor margins. 
Additionally, the extrusion of ykiCA clones from the epithelium could result in part from 
differences in selector gene expression with neighboring wild-type cells. Thus, rather 
than simply being bystander effects, we suggest that inappropriate gene expression by 
cancers, by promoting heterotypic signaling and extrusion, could have biological 
consequences that include trophic signaling between tumor cells and their neighbors as 
well as effects on tumor dissemination and spread. 
 
2.3 Materials and methods 
 
Drosophila stocks 
Stocks used in this study include: hsFLP; act<stop<Gal4, UAS-ykiS168A.v5, 
hsFLP;act<stop<Gal4, UAS-RFPNLS, hsFLP, UAS-GFPNLS; tub-Gal80, FRT40A (MARCM 
FRT 40A), ubi>RFP, FRT40A, banD1, banGFP, en-Gal4, dpp-lacZ, UAS-RFP, AP-1-RFP 
(Chatterjee and Bohmann, 2012), TIE DYE (Worley, Setiawan and Hariharan, 2013). 
Stocks were obtained from Bloomington Drosophila Stock Center (BDSC): UAS-
ykiS168A.v5 (#28818), UAS-yki.v5 (#28819), UAS-yki::GFP (#28815), wtsX1 (#44251), smo3 
(#3277), UAS-Ci RNAi (#64928), tara1-lacZ (#6403), UAS-taraRNAi  (#31634), nub-Gal4 
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(#42699), 30A-Gal4 (#37534), UAS-dMyc (#9674), UAS-rasv12 (#4847), UAS-jnkDN 
(#9311). Ci-lacZ was a gift from D. Kalderon (Columbia University, USA). UAS-
bantamsponge and UAS-bantam.D  were gifts from S. Cohen (University of Copenhagen, 
Denmark). hs-Pc-sensor was a gift from V. Pirrotta (Rutgers University, USA). UAS-
myc::tara was a gift from R. Smith-Bolton (University of Illinois, Urbana-Champaign, 
USA [originally from M. Cleary, University of California, Merced, USA]).  
 
Temperature shift and clone induction experiments 
Experiments using heat shock-controlled FLPase and act<<Gal4 were maintained at 
25˚C and heat shocked for 7 minutes at 37˚C at 72 hours after egg lay (hAEL) ±12h, then 
dissected and analyzed at 144hAEL ±12h. hsFLP-induced MARCM experiments were 
conducted under the same conditions, but with 10-15 minute heat shocks. Discs in S4A-
B were dissected at 120hAEL due to the lack of developmental delay in these larvae, 
while larvae expressing ykiCA are delayed by approximately 1 day and thus were 
dissected at 144hAEL. Crosses using nub-Gal4, 30A-Gal4, and en-Gal4 were incubated at 
25˚C and larvae were dissected at wandering third instar (approximately 120-144hAEL). 
 
Immunohistochemistry 
Imaginal discs were dissected and fixed in 4% paraformaldehyde for 20 minutes, 
washed and permeablized in phosphate buffered saline with 0.1% Triton-X100, and 
blocked in 10% Normal Goat Serum. Primary antibodies used were a-Ci (1:25, 
Developmental Studies Hybridoma Bank/DSHB), a-Ubx (1:10, DSHB), a-En (1:25, 
DSHB), a-b-Gal (1:500, Promega), a-V5 (1:500, Sigma), a-Delta (1:25, DSHB), a-Ptc (1:50, 
DSHB), a-pMad (1:500, Abcam), a-Smo (1:10, DSHB), a-MMP1 (1:100, a combination of 
14A3D2, 3A6B4 and 5H7B11, DSHB), a-Tara (1:700, Kyunghee Koh), a-H3K27me3 
(1:500, Active Motif), a-H3K9me3 (1:500, Active Motif), a-H3K4me1 (1:500, Active 
Motif), a-H3K4me3 (1:500, Active Motif), a-H4ac (1:500, Active Motif). Secondary 
antibodies were from Cell Signaling and used at 1:400. Nuclei were stained with DAPI 
(1:1000, Cell Signaling). Samples were imaged on a Zeiss LSM 700 confocal microscope.  
 
 
Data analysis 
Images were processed using FIJI (Schindelin et al., 2012) and statistical analysis was 
completed with GraphPad Prism and VassarStats 2x2 Contingency Table. All scale bars 
are 100 µm unless otherwise noted. For clone size comparisons in Figure 2.4H, P values 
generated through a one-way Anova with Tukey’s multiple comparison test for ykiCA 
clones in a wild type background, ykiCA clones in a ban∆1/+ background, and ykiCA clones 
with taraRNAi. Error bars are standard deviation. For comparisons of the rate of Ci 
positive posterior clones in Figure 2.4I, Yates P values calculated with Chi square test. 
All are <0.0001 except ykiCA compared to ykiCA, ban∆1/+ total clones, which is 0.0009. P 
value significance <0.001: ***, very significant; 0.001 to 0.01: **, very significant; 0.01 to 
0.05: *, significant; >0.05: not significant. 
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2.4 Figures 
 

 
Figure 2.1 Constitutively active Yorkie (YkiCA) disrupts stable selector gene 
expression.  
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Figure 2.1: Constitutively active Yorkie (YkiCA) disrupts stable selector gene 
expression. (A) WT wing imaginal disc with Ci staining in anterior (cyan). Anterior is to 
the left in all images. All scale bars are 100 µm. (B) WT wing disc stained for Ubx 
(green), showing expression in the squamous cells of the peripodial epithelium but not 
the disc proper. (C-C’’) Clones expressing activated Yki (UAS-ykiCA). The posterior clone 
expresses ectopic Ci (C’, white arrow) and Ubx (C’’) and the anterior clone expresses a 
higher level of Ci (C’, yellow arrow). Discs with Ci-positive clones: n=74/76. Discs with 
Ubx-positive clones: n=23/28. (D, D’) Additional Ubx-expressing ykiCA clones in the 
disc proper. (E, E’) ykiCA-expressing clones generated by mitotic recombination express 
UAS-GFP and 2X RFP (white arrows), while neighboring twin-spots (yellow arrows) are 
marked by the absence of RFP and GFP. The remaining wild-type tissue in the disc 
expresses only 1X RFP. (F-G) ykiCA clones expressing ectopic Ci are found in other 
tissues such as the eye disc (F-F’), leg disc (G-G’, yellow arrow) and larval brain (G-G’, 
white arrow). (H) ykiCA clones generated by mitotic recombination using MARCM also 
express GFP. ykiCA clones express Ci more often in the posterior hinge (white arrow), 
but inconsistently in the pouch (red arrows). Some anterior ykiCA clones express 
elevated levels of Ci compared to surrounding wild-type tissue (yellow asterisk). (I-L) 
ykiCA does not cause ectopic Ci when expressed with the mostly pouch-specific driver 
nubbin-Gal4 (J, marked by GFP, control disc in I), but does cause ectopic Ci when 
expressed with the mostly hinge-specific driver 30A-Gal4 (L, marked by stain of V5 tag 
on YkiCA, control disc in K). Ectopic Ci is particularly highly expressed in the ventral 
hinge compared to the lateral or dorsal hinge. (M-M’) A transcriptional reporter for ci, 
ci-lacZ shows it is activated ectopically in posterior clones (white arrow) and activated 
at a higher level than wild type tissue in anterior clones (yellow arrow). (N) Posterior 
ykiCA clones also downregulate En. Downregulation of En coincides with ectopic Ci. (N’) 
XZ section of posterior ykiCA clone shows an En-negative clone that has been extruded 
basally. 
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Figure 2.2 Ectopic Ci activation requires high Yki activity. (A-B) Overexpression of 
two other oncogenes, Myc (A) and RasV12 (B) did not elicit ectopic Ci. (C) Clones 
expressing UAS-Yki (wildtype) do not induce ectopic Ci expression. (D-E) Clones 
homozygous for loss of function alleles of wts (D, wtsX1) or hpo (E, hpo42) overgrew but 
did not express Ci ectopically. In (D) clones without RFP are wts null. In (E), GFP-
positive clones are hpo null. 
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Figure 2.3: ykiCA tumors disrupt patterning gene expression late in tumor 
development. (A) FLP-out clones expressing ykiCA were induced at different 
developmental time points and allowed to grow for different durations before 
dissection. Start point of colored boxes indicates when clones were induced, and end 
point of colored boxes indicates when discs were dissected and imaged. Length of box 
corresponds to the amount of time between clone induction and disc imaging, or the 
duration of tumor growth. Red-filled boxes indicate that no ectopic Ci was seen under 
that clone induction/imaging condition, green-filled boxes indicate ectopic Ci was seen 
consistently, and yellow filled boxes indicate ectopic Ci was sometimes seen. All larvae 
were raised at 25° C and heat shocked at 37° C.  
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Figure 2.4: ykiCA tumors require ban and tara to disrupt patterning gene expression. 
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Figure 2.4: ykiCA tumors require ban and tara to disrupt patterning gene expression. 
(A, B) Clones expressing YkiCA in banD1 heterozygotes are overgrown but have reduced 
levels of ectopic Ci (compare to control ykiCA clones in A). (C,D) ban sponge contains 10 
optimal binding sites for ban upstream of dsRed and should therefore reduce ban 
miRNA levels. dsRed levels inversely correlate to ban levels. Clones expressing ban 
sponge alone have uniformly high levels of dsRed fluorescence and do not express 
ectopic Ci (C). Posterior clones expressing YkiCA and ban sponge show variation in both 
dsRed and Ci expression (D). Clones with higher dsRed expression are smaller and do 
not express Ci (white arrows), whereas other clones in the same disc with low or no 
dsRed are still overgrown and express Ci, resembling clones expressing YkiCA alone 
(yellow arrows). (E-F) Clones expressing YkiCA have increased levels of Tara protein (E-
E’) and upregulate a tara transcriptional reporter (F-F’), especially in the hinge (arrows). 
(G) RNAi knockdown of the predicted Yki target, tara, also decreases ectopic Ci in ykiCA 
clones without compromising overgrowth. (H) Reduction of ban or tara function in 
posterior hinge YkiCA clones does not reduce overgrowth. Hinge ykiCA clones lacking 
ectopic Ci in a banD1/+ background are not significantly smaller than posterior hinge 
ykiCA clones in WT background, while clones coexpressing taraRNAi have a significant 
increase in average size. (I) Posterior ykiCA clones in either banD1 discs or coexpressing 
taraRNAi show ectopic Ci expression less frequently than posterior ykiCA clones in WT 
discs, especially in the hinge. The Y-axis indicates percentage of ykiCA clones expressing 
ectopic Ci in each background in either the hinge (white boxes) or total hinge and pouch 
clones (black boxes). (J-J’) Clones expressing both banD and ykiWT show ectopic Ci 
expression. This ectopic Ci expression was only seen in clones in the hinge, usually the 
ventral hinge. (K-K’) Overexpression of tara in ykiWT clones enhances expression of 
ectopic Ci. (L) Overexpression of tara in ykiCA clones leads to at least as much 
overgrowth and ectopic Ci as in ykiCA clones alone, and an enhancement of ectopic Ci 
expression. (M-N) Overexpression of both ban and tara together in the hinge using 30A-
Gal4 caused a marked increase in overgrowth, as well as subtle but consistent 
upregulation of Ci (M’) and Ptc in the posterior hinge (N’). (O) Overexpression of tara 
with en-Gal4 causes upregulation of ban-GFP in the posterior compartment (white 
arrows). (P) Overexpression of banD in the hinge with 30A-Gal4 does not cause obvious 
upregulation of tara-lacZ. 
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Figure 2.5: Manipulating ban or tara alone in wild-type cells does not alter Ci levels. 
(A) RFP-marked neutral clones induced in a banD1/+ disc are small and do not express 
ectopic Ci. (B) Clones expressing taraRNAi alone do not express ectopic Ci. (C) YkiWT 
expression alone also did not induce ectopic Ci, or did so at a very low level. (D) Clones 
expressing banD, did not express ectopic Ci, or did so at a very low level. (E) 
Overexpression of tara alone causes a low level of ectopic Ci expression on its own. This 
is especially evident in the hinge (white arrows). (F) ban overexpression in the hinge 
using 30A-Gal4 caused overgrowth, but not upregulation of Ci in the posterior. (G) 
Overexpression of Tara in the hinge using 30A-Gal4 did not cause overgrowth or 
ectopic Ci in the posterior. 
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Figure 2.6: ykiCA tumors show chromatin alterations.  
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Figure 2.6: ykiCA tumors show chromatin alterations. (A-A’) ykiCA tumors (labeled with 
GFP) show increased H3K27 trimethylation (red), a marker of transcriptional repression 
regulated by Pc (A). This increase is only seen in tumors in the hinge, where H3K27 
trimethylation (H3K27me3) is already higher than the rest of the disc (white arrow), and 
not in the pouch (yellow arrow). (A’) Increased H3K27me3 correlates with ectopic Ci 
expression. (B-B’) A typical marker of heterochromatin, H3K9 trimethylation, is not 
altered in ykiCA clones. (C-C’) ykiCA clones (visualized with GFP) show increased H4K3 
monomethylation, a mark of active enhancers, in the hinge, though not less than 
H3K27me3. (D-E) Two markers of active genes, H3K4 trimethylation and H4 
acetylation, are not altered in ykiCA clones. H3K4 trimethylation in ykiCA clones is the 
same as surrounding wild type tissue (D-D’), and H4 acetylation is largely absent 
throughout the disc (E-E’). (F-F’) ykiCA tumors show decreased Pc-mediated repression 
of a PRE from the bxd locus linked to a lacZ reporter (green). Pc represses at a moderate 
level throughout the wing disc (control, F), but repression is markedly decreased in 
clones that express YkiCA tagged with V5.  
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Figure 2.7: ykiCA tumors activate a developmental signaling cascade. 
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Figure 2.7: ykiCA tumors activate a developmental signaling cascade.  (A) In addition 
to Ci, tumors also express Ptc, especially at their margins (A’) as well as Dpp (B’) 
visualized using dpp-lacZ. pMAD is indicative of Dpp signaling (C’).  Control discs 
without ykiCA clones are shown in A, B, and C. (D-E) ykiCA clones cause nonautonomous 
overgrowth in neighboring wild type tissue. The TIE-DYE system has three 
independent FLP-out transgenes that express Gal4, GFP and lacZ. Clones might express 
none of these or any combination of these depending on the number of FLP-out events 
in founder cells. Gal4-expressing clones express UAS-Yki and are visualized with anti-
V5. Neutral GFP-expressing clones are shown in green and lacZ-expressing clones in 
blue. Arrowheads indicate two unusually large GFP-positive wild-type clones that are 
immediately adjacent to overgrown YkiCA-expressing clones (red). (F-G) Knockdown of 
dpp in ykiCA clones. In these discs, neutral clones adjacent to ykiCA clones are not as 
overgrown (arrows). (H) Model: YkiCA causes changes in selector gene expression in the 
posterior compartment via upregulation of ban and tara. As a result of heterotypic 
interactions at clone boundaries, ectopic organizing centers are created resulting in the 
production of morphogens (e.g. Dpp), as well as extrusion of ykiCA tissue. 
  



 38 

 
Figure 2.8: Overgrowth and ectopic Ci expression in ykiCA tumors is not dependent 
on Hh signaling or the JNK pathway. (A-C) Clones made by mitotic recombination 
using the MARCM system such that clones lacking Gal80 express UAS-GFP and/or 
UAS-ykiCA. (A) MARCM smo3/smo3 clones expressing GFP are small and irregular. (B) 
MARCM +/+ clones expressing UAS-ykiCA and UAS-GFP are overgrown with smooth 
boundaries. Ectopic Ci is observed in posterior ventral hinge clones. (C) MARCM 
smo3/smo3 clones expressing UAS-ykiCA and UAS-GFP are also overgrown and have 
smooth edges. Although Smo protein is absent in clones (C’), ectopic Ci protein is still 
observed (C’’). Thus, Ci expression per se is not dependent on Hh signaling. Hh 
signaling could potentially affect the relative amounts of the activator and repressor 
form of Ci. (D) Ci expression is not required for YkiCA-induced overgrowth. Clones 
expressing UAS-ykiCA and UAS-ciRNAi lack Ci expression in clones (including ectopic Ci 
in posterior clones) but still overgrow. (E) Some YkiCA-expressing clones (marked with 
V5) express the AP-1 reporter, AP-1-RFP (arrows), but most clones express a low level 
or no RFP. (F) A minority of ykiCA clones (marked with RFP) express MMP1 (arrows), a 
target of JNK signaling, but most clones do not express MMP1. (G, H) Clones 
expressing YkiCA and JnkDN overgrow and express ectopic Ci, similar to YkiCA alone. 
(G) Expression of JNKDN in wild-type clones does not alter Ci expression. (H) Clones 
expressing YkiCA and JnkDN express ectopic Ci and also downregulate En (H’). 
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Chapter 3 
 

Summary of dissertation significance 
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The work presented in this dissertation describes a previously uncharacterized 
disruption of selector gene expression in tumor tissue, and identifies part of the 
mechanism by which a specific tumor type causes ectopic expression of genes involved 
in patterning. I identify this phenomenon as a unique consequence of high levels of Yki 
activity, and not merely as a result of other ways of activating the Hippo pathway, or 
activation of other oncogenic pathways. I demonstrate that this ectopic expression of 
patterning genes occurs late in tumor development, after significant overgrowth has 
already occurred. Characterization of specific types of aberrant gene expression in 
cancer cells could provide new ways to identify and diagnose cancer, as well as provide 
potential therapeutic targets to better treat cancer. 

While a number of putative Yki targets have been identified (Oh et al., 2013), 
their roles in growth and tumorigenesis have yet to be fully characterized. Here I 
provide evidence that active Yki causes a change in activity of one putative target, tara, 
leading to aberrant expression of developmental patterning genes which results in 
broader morphological changes through the interaction between tumor tissue and 
surrounding wild type tissue. I show that activation of Yki causes an upregulation of 
both tara transcription and Tara protein, and that Tara is required for the ectopic 
selector gene expression seen in active Yki tissue, though not for tissue overgrowth. I 
suggest that Yki’s action on Tara may result in changes to the epigenetic landscape 
leading to altered selector gene expression. It is not yet clear how Yki upregulates Tara 
expression, but the presence of a binding site for Sd within 500 bp of the tara TSS 
suggests that Yki may activate Tara through Sd (indeed, this is likely how Tara was 
identified as a potential Yki target by Oh and colleagues in their 2013 paper). There is 
another Sd binding site about 1.8 kb upstream of the TSS and yet another 3 kb 
upstream; while these are more distant, it’s possible they also play a role in activating 
Tara expression. It would be interesting to target mutations to each of these sites, 
particularly the site directly upstream of the tara TSS, and test whether mutant tissue 
coexpressing active Yki still expresses Tara, and whether it is still capable of activating 
ectopic Ci. 

I also demonstrate that this change in selector gene expression relies on ban, 
shedding light on the means by which ban facilitates Yki-mediated tumorigenesis. 
Additionally, I find that Tara activates ban, placing it in the network of interactions 
between Hippo pathway components and Yki targets in generation of abnormal tissue. 
While ban and Tara are capable of reconstituting the aberrant gene expression and 
overgrowth seen in active Yki tissue by themselves, they do so at a low but consistent 
level, indicating that there are other, as-of-yet unidentified factors involved in this 
process. It will be interesting to further identify these factors and decipher what their 
roles are in contributing to gene expression changes in Hippo pathway tumors. 

There are some clues as to what Tara’s role might be in destabilizing selector 
gene expression. Tara was first characterized as a TrxG protein because tara loss of 
function mutations served as genetic antagonists for PcG genes pc and ph, and enhanced 
the phenotypes of TrxG genes trx, brm, and osa (Calgaro et al., 2002). It is thought to 
have a role in controlling the proliferation patterns of different neural progenitor cell 
types in the developing fly brain, indicating that it at least works in parallel with 
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processes that determine fate (Manansala, Min and Cleary, 2013). Previous work has 
proposed that Tara suppresses en expression specifically by recruiting Polycomb (Pc) to 
PREs in the en locus; loss of Tara abolished Pc localization to the en locus, but not to 
other loci (Dutta and Li, 2017), while another study postulates that Tara negatively 
regulates en expression in regenerating tissue (Schuster and Smith-Bolton, 2015). If Tara 
is capable of changing the localization of Pc to regulate en, it could also be recruiting Pc 
away from PREs elsewhere in the genome, such as at the Ubx locus. If that is the case, 
Tara is causing a relief in repression of Ubx by Pc in the wing disc, as well as potentially 
activating other Pc-regulated genes that haven’t yet been examined in this context. 
Notably, ectopic Ubx is only seen in the posterior compartment, where En is expressed 
and Tara protein levels are highest. This could reflect that ectopic Ubx is dependent on 
the downregulation of en, and/or dependent on high levels of Tara. I also observe 
enhanced overgrowth in tissue overexpressing Tara, most notably when in combination 
with ban overexpression. This is intriguing with regards to previous work showing that 
the Brahma complex, which Tara interacts with, promotes overgrowth in tumors caused 
by cell polarity defects (Bunker et al., 2015). Taken together, this work may point to a 
new role for Tara in promoting oncogenesis, possibly through changes in patterning 
gene expression that lead to growth. 

It is still unclear how ban factors into Yki’s destabilization of patterning gene 
expression, though if it functions through a different downstream pathway than Tara, it 
could explain the elevated levels of Ci seen in anterior ykiCA clones (whereas if Tara is 
functioning through Pc-mediated silencing of en, that only explains the ectopic Ci 
expressed in posterior clones). My work demonstrates that Tara is capable of activating 
ban expression, so it is possible that ban is receiving multiple activation signals 
depending on location in the tissue. The role of ban in activating growth and changing 
expression of patterning genes is less clear. Only two targets of ban have been validated, 
the pro-apoptotic gene hid and the Notch inhibitor numb (Brennecke et al., 2003; Y.-C. 
Wu et al., 2017), and other targets have been proposed but are yet to be confirmed. 
Perhaps another target of ban is responsible for regulating Ci expression, or interacts 
with a Ci regulator, leading to increased expression levels of Ci in the anterior. 
Alternatively, perhaps excess ban leads to a loss of function in the machinery that 
sequesters and degrades Ci in anterior tissue outside of the central stripe that receives 
Hh. If this is the case, the long, activator form of Ci would be stabilized in ykiCA clones, 
leading to ectopic expression of Hh pathway targets without those cells having to 
actually receive Hh. The fact that we see increased transcription of ci in anterior clones 
seems to indicate that activation of Hh pathway signaling is not merely due to 
stabilization of the activator form of Ci, but both increased Ci transcription and 
stabilization of the activator form of Ci could occur simultaneously. 

Finally, I demonstrate that this aberrant selector gene expression causes 
activation of a downstream cascade of developmental signaling events, likely leading to 
the production of secreted signaling molecules from Yki tumor tissue that facilitate 
heterotypic interactions between tumor and wild type cells, and turning Yki tumors 
into autonomous signaling centers similar to developmental organizers. In support of 
this, I see that wild type cells directly adjacent to Yki tumor tissue seem to overgrow 
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compared to more distant wild type neighbors, and that this effect is lost when dpp 
expression is knocked down in Yki tumors. This occurs even in anterior tumors distant 
from the compartment boundary and therefore far from the reach of Hh, suggesting 
that Yki tumors produce so much Ci that it remains present in its activator form long 
enough to ectopically activate its targets without Hh. Altogether, these findings suggest 
a mechanism by which a specific tumor type hijacks developmental processes and 
utilizes them to facilitate tumor progression and communication with its 
microenvironment. It will be interesting to further elucidate the mechanisms by which 
ectopic signaling molecules from Yki tumors nonautonomously alter their 
surroundings, as well as the specific ways in which Yki leads to changes in the 
chromatin landscape of developmental selector genes. 
 As discussed in the introduction to this dissertation, it’s not unheard of for tumor 
tissue to misexpress genes that would normally be silent in the tissue the tumor arose 
from. What makes the ectopic expression of Ci and Ubx, and the downregulation of En, 
intriguing is that tight and robust controls had to be overcome for this aberrant gene 
expression to occur. While it may not be entirely surprising that the epigenetic 
landscape in tumor tissue is different from wild type adult tissue, or even from actively 
dividing and changing developing tissue, the specific changes that occur and the 
mechanisms by which they lead to chaos (or ordered malignancy) in cancer cells are 
highly complex and still poorly understood. The interactions between oncogenic 
pathways and chromatin modifiers is a topic that deserves continuing study to better 
understand how cancer destabilizes the epigenetic landscape, and how this contributes 
to the symptoms and spread of cancer. My work sheds some light on how this process 
occurs, which could be useful in future study of how to classify and target cancer. 
 Additionally, the role of aberrant expression of specific patterning genes in 
cancer deserves more study. Perhaps the epigenetic changes caused by cancer are broad 
and nonspecific, but they may also serve particular functions that aid tumor growth and 
progression. Other instances of selector genes cooperating with oncogenes to promote 
growth have been observed; Ubx  and eyeless (Ey) thought to cooperate with lethal 
giant larva (Lgl) to promote tumor growth in the Drosophila eye disc (Gupta, Bajpai and 
Sinha, 2017). In the fly wing disc, cells expressing the wrong selector gene for the 
compartment they reside in are extruded (Gibson and Perrimon, 2005; Shen and 
Dahmann, 2005), a phenomenon I also observed in ykiCA clones. Recent work 
demonstrated that adjacent populations of differently fated cells induce actomyosin 
contractility, which leads to extrustion and cyst formation (Bielmeier et al., 2016). It’s 
possible that by inappropriately expressing selector genes, tumor cells signal to their 
wild type neighbors to initiate extrusion, which could facilitate metastasis. 

Overall, my work provides evidence that inappropriate expression of 
developmental patterning genes serves to aid in communication between tumor tissue 
and surrounding wild type tissue, and that this communication facilitates changes in 
cell behavior that could lead to increased tumor malignancy. I also begin to untangle 
the mechanism by which a specific type of tumor creates these changes in gene 
expression. Though much is left to be learned, my work provides important insight into 
the mechanisms of tumor development, which could be applied to discovering better 
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ways to diagnose and treat cancer. In addition, my work sheds light on how patterning 
gene expression causes behavioral changes in cells, which could have implications for 
understanding how cells move and grow in response to cues from their neighbors 
during development. 
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Chapter 4 
 
Interactions between tumor cells and their surroundings 
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4.1 Using the CoinFLP Ras system to screen for 
nonautonomous interactions between tumor tissue and 
surrounding tissue 
 
In studying tumor formation and progression, a topic that deserves more attention is 
the nonautonomous interactions between tumor cells and their neighbors, particularly 
with regards to cell competition. Tumor cells secrete signaling molecules that cause 
changes in surrounding cells, and changes in membrane-bound signaling and 
mechanical tension at the boundary between tumor tissue and wild type tissue could be 
informative for understanding how tumor cells leave the epithelium and travel 
throughout the body (Hafezi, Bosch and Hariharan, 2012; Brás-Pereira and Moreno, 
2018). Understanding how cells determine that their neighbors are less fit, and how they 
translate that information into nonautonomous interactions, is a key question in 
studying tumorigenesis. 

The phenomenon of competition remains a primary area of study regarding the 
interactions between tumor cells and their neighbors. First described in Drosophila 
imaginal discs, cell competition occurs when one cell population has a growth 
advantage over its neighbors, causing overrepresentation of those cells in tissue and 
elimination of neighboring tissue without the growth advantage (Morata and Ripoll, 
1975). Further study found that cell competition can occur when wild type cells are 
adjacent to neighbors with a growth disadvantage, as was found when cell competition 
was first characterized, or when wild type cells are adjacent to cells with a growth 
advantage, known as “supercompetitors” (Vincent, Fletcher and Baena-Lopez, 2013; Di 
Gregorio, Bowling and Rodriguez, 2016; Merino, Levayer and Moreno, 2016). Because 
cell competition is based in interactions between cells with a growth advantage and 
cells without, understanding and harnessing these interactions has the potential to 
inform cancer treatment. It’s possible, for example, that wild type cells neighboring 
supercompetitor tumor cells could be induced to outcompete the supercompeting cells. 

One such supercompetitor cell type is due to overactivation of the oncogene Ras, 
which causes overproliferation (Prober and Edgar, 2000). A former graduate student in 
our lab, Justin Bosch, built a modified screening system in the Drosophila eye from 
CoinFLP, a system that he initially created to generate two marked populations of cells 
to visualize clonal boundaries for screening purposes (Bosch, Tran and Hariharan, 
2015). In the original CoinFLP, red clones were neutral, and white clones expressed 
Gal4 and thus could be used to screen UAS-driven candidates to easily study 
interactions between white and red cell populations. In this modified system, termed 
CoinFLP Ras, the red cells constitutively express a weak form of active Ras (RasV12), 
and therefore have a slight growth advantage over wild type cells. This causes a “red 
over white” (R>W) phenotype, with a larger fraction of the eye being red than white 
(Figure 4.1). I used this system for two screens to assess the behavior between Ras tissue 
and other tissue. 
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The first screen centered on what are known as “cancer driver mutations”, which 
have a causative role in tumor formation, as opposed to “passenger mutations” which 
occur frequently in tumors but aren’t the causative agent of tumorigenesis (Vogelstein et 
al., 2013). Vogelstein and colleagues in 2013 identified a list of approximately 140 genes 
that are known to acquire cancer driver mutations, which either cause activation of an 
oncogene or inactivation of a tumor suppressor. I wanted to test whether causing the 
conditions for any of these cancer driver mutations in tissue adjacent to Ras tissue could 
confer a slight advantage to the adjacent tissue and lead to reduction or elimination of 
Ras tissue, which in this system would result in a “white over red” (W>R) phenotype. 
Any W>R results could be potentially useful for understanding conditions in which 
wild type cells can fight back against cancer cells. I screened 139 candidates in this 
CoinFLP Ras system, including the fly orthologs of most of the genes identified as 
cancer driver genes, plus a few additional genes known to be involved in tumor 
formation, by overexpressing or constitutively activating oncogenes and knocking 
down or otherwise decreasing function of tumor suppressors. From this screen, I 
obtained 11 hits that caused an obvious W>R or otherwise interesting phenotype that 
suggested cell competition (Table 4.1, green), in addition to 9 other hits that caused 
potentially interesting but less obvious phenotypes (Table 4.1, purple) (hits 
summarized by phenotype and cell process in Table 4.2 and Table 4.3). I followed up 
on some of these hits by coexpressing them in the same tissue as Ras using flies 
expressing ey-Gal4, UAS-rasV12. I reasoned that if these candidate genes could reduce 
Ras overgrowth in when expressed in neighboring tissue, they might be able to 
suppress the Ras overexpression phenotype when expressed in the same tissue. RasV12 
expression by itself with ey-Gal4 causes a severe reduction or loss of most of the head 
structures, though flies progress to the pharate adult stage (Figure 4.2). When RasV12 is 
coexpressed with one of several hits from the screen, head and eye tissue is regained 
(Figure 4.2, see UAS-hyxRNAi and UAS-PI3K92eOE for examples). For the screen hits that 
suppress the RasV12 phenotype, this indicates that those genes may have a role in 
regulating Ras oncogenicity. 

The second screen was completed in collaboration with a summer NSF REU 
undergraduate student, Chris Luthers, and tested whether overexpression of any 
miRNAs could confer a competitive advantage to cells surrounding Ras tissue. The 
importance of miRNAs in cancer is becoming increasingly evident, but their specific 
individual functions remain largely unclear (Hayes, Peruzzi and Lawler, 2014; Peng and 
Croce, 2016). We tested a panel of 158 Drosophila miRNAs driven by UAS in the 
CoinFLP Ras system to see if any caused a W>R or otherwise interesting phenotype 
(Table 4.4, “-“ indicates no phenotype, “N/S” indicates not scored). This screen 
generated less than 10 interesting hits, but one miRNA in particular was intriguing. 
mir977 expressed adjacent to RasV12 caused reduction in eye size overall which 
included a W>R phenotype. However, small spots of dark red tissue were present in the 
regions of white tissue, suggesting that either the white mir977 tissue is eliminating the 
red Ras tissue, or cells from the adjacent Ras tissue are migrating into the white tissue, 
reminiscent of metastasis (Figure 4.3). 
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Figure 4.1: The CoinFLP Ras system 
 

 
 

Figure 4.1: Schematic of the CoinFLP Ras screening system. Use of two different FRT 
sites allows for random generation of either red clones that express a weak form of 
constitutively active Ras (RasV12), or white clones that express act-Gal4, UAS-wRNAi and 
UAS-candidate gene. In the cancer mutation driver screen, all candidates were selected 
for their potential ability to cause tumor formation. In the miRNA screen, all candidates 
were from the FlyORF stock center.   
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Table 4.1: Screen for nonautonomous effect of cancer 
mutation driver genes on Ras-overexpressing tissue 
 
Key: R>W: red over white; W>R: white over red; “ – “: no phenotype/normal; green: 
W>R or otherwise interesting phenotype; purple: potentially interesting hit 
 

 
Candidate 

Target 
type Stock # 

CoinFLP ras 
phenotype 

CoinFLP 
GFP 
control 
phenotype 

ey>RasV12 
screen 
phenotype 

Abl OE BL 28993 - -  
Abl OE BL 8567 R>W -  
Abl OE BL 8596 weak R>W -  

babo RNAi VDRC 853 
weak smooth 
clones -  

babo RNAi VDRC 3825 - -  
Akt1 OE BL 8191 - -  
Akt1 OE BL 8192 weak W>R -  

Akt1 
OE 
(CA) BL 50758  

Large eyes, 
W>R -  

APC RNAi BL 28582 - -  
APC RNAi BL 34869 - -  
APC2 RNAi BL 28585 - -  
APC2 RNAi BL 34875 - -  

osa RNAi BL 31266 
Eyes all R, 
reduced 

Eyes small, 
misshapen, 
all R, 
maybe 
rough. 
Sometimes 
almost 
entirely 
missing.  

osa RNAi BL 35447 
Eyes small, 

rough -  
osa RNAi BL 38285 - -  
jarid2 RNAi BL 26184 - -  
jarid2 RNAi BL 32891 - -  
jarid2 RNAi BL 40855 - -  
tefu RNAi BL 31635 - -  
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tefu RNAi BL 44073 
Eyes all R, 
misshapen -  

tefu RNAi BL 44417 - -  

XNP RNAi BL 29444 
W>R, R tissue 

difuse 

W>R, R 
tissue 
difuse 

Lots of dead 
pupae, some 
may look 
headless. No 
headless 
pharate 
adults. 

XNP RNAi BL 32894 - -  

Axn RNAi BL 31705 
Small R rough 

eyes 

Large 
heads with 
defects, 
eyes small, 
rough and 
deformed, 
R>W. 

Dead pupae. 3 
pharate 
adults, 2 
headless, 1 
had lumpy 
misshapen 
head with 1 
misshapen 
eye.  

Axn RNAi BL 62434 
All R eyes, 

rough -  
debcl OE BL 58357 - -  

raf 
OE 
(CA) BL 2033 - -  

hyx RNAi BL 31722 
All R eyes, 

large, rough All R, small 

Lots of dead 
pharate 
adults. Most 
were headless 
with 
proboscis, one 
had some 
head/eye. 

hyx RNAi BL 35238 - -  

hyx RNAi BL 53278 
All R eyes, 

rough 

Only 1 fly. 
All R eyes, 
small and 
misshapen, 
head 
defects 

Dead pharate 
adults, some 
totally 
headless with 
proboscis, 
others with 
small 
misshapen 
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heads and 
eyes. 

cic RNAi BL 25995 - -  
nej RNAi BL 27724 - -  

nej RNAi BL 36682 
Small 

eyes/heads -  

nej RNAi BL 37489 
Eyes all R, 
misshapen -  

arm OE BL 58724 - -  
arm OE BL 8370 - -  
arm OE BL 58725 - -  
arm OE BL 4783 - -  
cyld RNAi BL 35614 - -  
cyld RNAi BL 40840 - -  
daxx RNAi BL 57579 - -  
daxx RNAi BL 62353 - -  

EGFR OE BL 5368 
Slight W>R. W 
tissue rough. 

strong 
W>R, eyes 
smaller, 
rough.  

EGFR 
OE 
(CA) BL 9533 - -  

ago RNAi BL 31501 - -  
ago RNAi BL 34802 - -  
btl OE BL 41802 - -  
htl OE BL 5419 - -  
Gαq OE BL 30734 - -  

Gαq 
OE 
(CA) BL 30743  - -  

Gαs OE BL 6489 - -  

Gαs 
OE 
(CA) BL 6490 - -  

Ras85D 
OE 
(CA) BL 4847 - -  

idh OE BL 56201 - -  
idh OE BL 56202 - -  

idh 
OE 
(CA?) BL 56203 - -  

hop 
OE 
(CA) ** 

only 1 fly, 
male, either 
big eyes or -  
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small head, 
W/R, smooth 
clones 

lid RNAi BL 28944 - -  
lid RNAi BL 35706 - -  
lid RNAi BL 36652 - -  

kr OE 

UAS-OE: 
F000584 
(FlyORF),  - -  

dsor1 OE 

UAS-OE: 
F001169 
(FlyORF, HA 
tag), F001292 
(FlyORF) - -  

wnd OE BL 51642 - -  
kto OE ** No progeny Eyes small.  

kto OE ** 

Few progeny. 
Small eyes. 

R>W. 
W>R, 
rough. 

Lots of dead 
pupae that 
look headless. 
3 headless (or 
nearly 
headless) 
pharate 
adults. 

mnn1 RNAi BL 31220 - -  
mnn1 RNAi BL 35150 - -  
mnn1 RNAi BL 51862 - -  
Mlh1 RNAi BL 32940 - -  
tin RNAi BL 28539 - -  
tin RNAi BL 50663 - -  

MSH6 RNAi BL 35737 
Strong R>W. 
Eyes rough. 

Strong 
R>W 

Lots of dead 
pupae, 1 dead 
pharate adult 
with wide 
misshapen 
head and eyes 

NF1 RNAi BL 25845 - -  
NF1 RNAi BL 31466 - -  
NF1 RNAi BL 53322 - -  
mer RNAi BL 28007 - -  
mer RNAi BL 34958 - -  
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N RNAi BL 28981 Mostly R eyes. 

Delayed 
vs. 
CoinFLP 
Ras. Lots of 
dead 
pharate 
adults, 
look like 
they have 
tiny heads 
and eyes.  

N RNAi BL 33611 - -  

N RNAi BL 33616 Small R eyes 

Delayed 
vs. 
CoinFLP 
Ras. Dead 
pharate 
adults with 
tiny 
heads/eyes
.  

Nph RNAi BL 35593 - -  
Nph RNAi BL 51021 - -  
ey RNAi BL 29339 - -  
ey RNAi BL 32486 - -  
polybromo RNAi BL 32840 - -  

pvr 
OE 
(CA) BL 58428 - -  

pvr OE BL 58429 - -  
pvr OE BL 58998 - -  
phf7 RNAi BL 35807 - -  

pi3k92e OE BL 8286 

W tissue 
rough, large 

eyes and 
heads. -  

pi3k92e OE BL 8287 
W>R, large 

eyes, delayed 

Strong 
W/R, halo 
of R. 

Lots of dead 
pupae. 2 dead 
pharate adults 
with lumpy 
heads, little to 
no eye tissue. 

pi3k92e 
OE 
(CA) BL 8294 

Eyes rough, 
maybe large -  
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pp2a-29B OE BL 55048 - -  
pp2a-29B OE BL 55049 - -  

blimp-1 RNAi BL 36634 

Strong R>W, 
white tissue is 

smooth and 
shiny. 

W>R. W 
tissue 
shiny. 

Lots of dead 
pupae that 
look headless. 
Some pharate 
adults with 
very small or 
missing 
heads, 
misshapen, 
some eye 
tissue.  

blimp-1 RNAi BL 57479 - -  

ptc RNAi BL 28795 

Reduced eye 
size, heads 
large and 

misshapen. 

1 progeny, 
large head 
and eyes, 
one W/R 
eye. 

Lots of dead 
pupae. 3 
pharate 
adults, small 
heads, little 
eye tissue left. 

ptc RNAi BL 55686 

W tissue 
rough, R 

tissue 
overgrown. 

No 
progeny 

Lots of dead 
pupae.   

ptc DN BL 52214 

Eyes small, 
rough, 

occasional 
R>W - 

Lots of dead 
pupae. 

ptc DN BL 52215 

Small rough 
eyes, head 

defects 

W/R, small 
rough eyes, 
antenna 
defects 

Lots of dead 
pupae. 

pten RNAi VDRC 35731 No progeny -  
csw OE BL 23878 - -  
rbf RNAi BL 36744 - -  
rbf RNAi BL 41863 - -  
ret OE BL 59002 - -  
RunxA RNAi BL 33353 - -  
set2 RNAi BL 33706 - -  
set2 RNAi BL 42511 - -  
set2 RNAi BL 55221 - -  
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smox/smad
2 RNAi VDRC 14609 - -  
smox/smad
2 RNAi VDRC 105687 - -  

med RNAi VDRC 106767 

Variable, 
small eyes, 
antennal 

defects, eye to 
antenna 

transformatio
n 

Small, all 
R, 
misshapen 
eyes, head 
defects.  

med RNAi VDRC 19689 

Variable, 
small eyes, 
antennal 

defects, eye to 
antenna 

transformatio
n 

Few flies. 
Small eyes, 
all R.  

med RNAi VDRC 19688 

Variable, 
small eyes, 
antennal 

defects, eye to 
antenna 

transformatio
n, loss of eyes, 

or 
split/ectopic 

eyes Small eyes.  

smo OE BL 44620 
Slight W>R, 
large heads 

strong 
W/R. 
Large eyes, 
large head 
capsule, 
esp. at base 
of 
antennae. 

Lots of dead 
pupae. 

smo 
OE 
(CA) BL 44621 

Large heads, 
variable eye 
size/shape - 

Lots of dead 
pupae. 
Pharate adults  
with no 
heads, these 
are probably 
jut ey>rasv12. 
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smo 
OE 
(CA) BL 44622 

Large eyes, 
abnormal 

shapes - 
Lots of dead 
pupae. 

smo 
OE 
(CA) BL 57367 

Weak W>R, 
abnormal 

shapes - 
Few progeny. 
1 dead pupa. 

socs44a RNAi BL 42830 - -  
lkb1 RNAi BL 34362 - -  
lkb1 RNAi BL 35151 - -  
tet RNAi BL 62280 - -  
TNF/egr RNAi BL 55276 - -  
traf4 RNAi BL 55226 - -  
traf6 RNAi BL 33931 - -  
p53 RNAi BL 29351 - -  
p53 RNAi BL 41638 - -  
tsc1 RNAi BL 52931 - -  

tsc1 RNAi BL 54034 

Variable eye 
size, W tissue 

rough -  
vhl RNAi BL 50727 - -  

CycD OE 

UAS-OE: 
F001220 
(FlyORF, also 
F001624 w/o 
HA), lab 
stocks 5.068 
(UAS-cycD, 
UAS-cdk4), 
5.069 (ey-
Gal4, UAS-
cycD/cyo) - -  

myc OE ** 

Larger eyes, 
W>R, R tissue 

round -  
skp2 OE BL 59036 - -  

gig RNAi BL 34737 
W is rough, 
large eyes. -  

yki OE BL 28819 
Strong W>R, 
large eyes.   

yki 
OE 
(CA) BL 28816 

Lots of dead 
pupae.   
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yki 
OE 
(CA) BL 28818 

Lots of dead pupae that look like pharate 
adult, heads are small or gone, black. 

socs16d RNAi BL 62410 
Maybe R>W, 
few progeny 

R/W, eyes 
a little 
smaller  

socs36e RNAi BL 35036 Maybe W>R WT  
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Table 4.2: CoinFLP Ras cancer mutation driver gene 
screen hits by phenotype 
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Table 4.3: CoinFLP Ras cancer mutation driver gene 
screen hits by cell process 
 

Cell fate Cell survival Genome maintenance 

Osa Hyx MSH6 

XNP EGFR  

Axn Pi3k92e  

N Med  

Blimp-1 Myc  

Ptc   

Smo   
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Figure 4.2: RasV12, cancer mutation driver gene hit 
whole eye screen 
 

       

 
Figure 4.2: Whole eye screen for hits from CoinFLP Ras cancer mutation driver gene 
screen. Flies express ey-Gal4, UAS-rasV12, and UAS- screen hits to look for suppression 
of the ey-Gal4, UAS-rasV12 reduced head phenotype. Upper left: flies expressing only 
ey-Gal4, UAS-rasV12 (homozygous, flies with 1X dose of UAS-rasV12 have small heads 
and small eyes and do not eclose). Other panels: flies expressing ey-Gal4, UAS-rasV12 
and several screen hits. 
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Table 4.4: Screen for nonautonomous effect of miRNAs 
on Ras-overexpressing tissue 
 
Key: R>W: red over white; W>R: white over red; “ – “: no phenotype/normal; N/S: not 
screened. 
 
miRNA Stock # CoinFLP ras phenotype 

2279 FOO-2037 R>W 
2498 FOO-2049 - 
955 FOO-2094 - 

2636 FOO-2055 Eyes small, W>R, head/antenna defects 
287 FOO-4114 N/S 

1010 FOO-1987 W>R 
2b-1 FOO-4115 W>R 
314 FOO-2089 - 
979 FOO-4112 - 
986 FOO-2004 Maybe W>R 
984 FOO-2002 - 

2280 FOO-2038 - 
988 FOO-2006 - 

4966 FOO-1934 - 
287 FOO-4114 - 
994 FOO-2012 - 

4968 FOO-1935 Slight W>R 
973 FOO-1967 - 

2283 FOO-2041 - 

977 FOO-1971 
Small misshapen eyes, W tissue in some eyes has dark reddish 
spots, head/antenna defects 

282 FOO-2064 W>R 
1012 FOO-2037 - 
31a FOO-1924 Slight W>R 
33 FOO-1926 - 

996 FOO-2014 - 
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972 FOO-1966 Slight W>R 
1015 FOO-1992 - 
286 FOO-4211 - 

1000 FOO-1979 - 
29-1 FOO-2069 - 
2a-2 FOO-2070 N/S 
3644 FOO-2217 R>W 
954 FOO-2093 N/S 

276b FOO-2058 - 
1014 FOO-1991 Slight W>R 
995 FOO-2013 R>W, rough eyes 
985 FOO-2003 - 
975 FOO-1969 - 
981 FOO-2095 Orange eyes 
961 FOO-1955 - 
312 FOO-2076 N/S 

2500 FOO-2051 - 
2492 FOO-2045 - 
959 FOO-1953 - 

2497 FOO-2048 - 
2494 FOO-2046 - 
1017 FOO-1994 - 
996 FOO-1960 Some W/R, shiny eyes 

2c FOO-2073 W>R 
133 FOO-2026 No mosaic eyes, only R 

1016 FOO-1993 - 
375 FOO-1931 - 
306 FOO-2214 Strong R>W 
184 FOO-2032 Strong R>W 

2281 FOO-2039 W>R 
991 FOO-2009 - 
957 FOO-1951 Slight W>R 

281-1 FOO-2063 - 
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980 FOO-1998 Round clones 
307b FOO-2086 Small eyes 
2501 FOO-2052 N/S 
3643 FOO-1929 W>R, large 

12 FOO-1996 Slight W>R, W tissue shiny and small 
956 FOO-1950 Slight W>R 

2493 FOO-2080 - 
2b-2 FOO-2072 N/S 
929 FOO-4548 N/S 

13b-1 FOO-2029 Slight W>R 
289 FOO-2083 - 
278 FOO-2060 All male, some mosaic 

4951 FOO-1933 - 
982 FOO-1999 Strong R>W 
999 FOO-2017 - 
275 FOO-2057 - 
137 FOO-2027 - 
280 FOO-2062 - 

3642 FOO-1928 - 
2498 FOO-2049 - 
932 FOO-1949 - 
31a FOO-1924 - 

3 FOO-4116 N/S 
976 FOO-1970 - 
975 FOO-1969 - 
308 FOO-2087 - 

1 FOO-1976 All eyes R, questionable 
288 FOO-2082 - 

1985 FOO-1008 - 
1003 FOO-1981 - 
304 FOO-2213 - 
193 FOO-2034 Eyes with more W tissue are smaller 
997 FOO-2015 - 
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983-1 FOO-2000 
Mostly R, small, misshapen, rough, shiny, W tissue very 
smooth and flat 

2042 FOO-2489 - 
971 FOO-1965 - 

8 FOO-1944 - 
970 FOO-1964 - 
125 FOO-2025 - 

1004 FOO-1982 R>W, W tissue sometimes smooth 
963 FOO-1957 - 
309 FOO-2075 - 

2491 FOO-2044 - 
1000 FOO-1980 - 

6.2 FOO-1940 - 
1007 FOO-1984 - 
1013 FOO-1990 - 
190 FOO-2033 Severely reduced eyes, morphological defects in head 
100 FOO-1978 - 

983-2 FOO-2001 - 
989 FOO-2007 W>R, small eyes 
318 FOO-2091 - 
929 FOO-1946 - 
79 FOO-1943 - 
5 FOO-1939 - 

4976 FOO-1937 - 
310 FOO-2215 - 

2499 FOO-2050 - 
6-1 FOO-1939 - 

1001 FOO-2033 - 
978 FOO-1972 - 

iab-4a5 FOO-2022 - 
2495 FOO-2047 - 
962 FOO-1956 Strong R>W, some eyes very overgrown, misshapen 
316 FOO-2079 Small eyes 
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974 FOO-1968 - 
307a FOO-2085 W tissue small 

3645 FOO-1930 - 
10 FOO-1977 - 

987 FOO-2005 - 
92b FOO-4113 - 

992 FOO-2010 Strong R>W, eyes small and misshapen 
1005 FOO-2024 - 
315 FOO-2078 Eyes very reduced or absent 
967 FOO-1961 Slight W>R 
958 FOO-1952 - 
6-3 FOO-1941 W>R 
252 FOO-2052 Strong R>W, eyes very reduced 

1011 FOO-4110 - 
313 FOO-2077 - 
993 FOO-2056 - 

124 FOO-1997 
Range of phenotypes. Some all W, others all R and reduced or 
overgrown, misshapen 

14 FOO-2031 - 
311 FOO-2088 - 

263a FOO-2054 Few progeny, small eyes 
285 FOO-2066 - 
274 FOO-2056 - 

9a FOO-2018 W tissue reduced 
2496 FOO-2216 W tissue overgrown 
279 FOO-2061 W tissue reduced, shiny 
87 FOO-1945 - 

960 FOO-1954 - 
2490 FOO-2043 - 
969 FOO-1963 N/S 

276a FOO-2081 R>W, eyes reduced 
927 FOO-2092 Eyes all R, rough, misshapen, overgrown 
219 FOO-2036 Eyes all R, overgrown, misshapen 
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4969 FOO-1936 - 
iab-4 FOO-2021 Eyes small, mostly R 
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Figure 4.3: mir977 overexpression reduces CoinFLP Ras 
tissue and possibly causes tumor cell migration. 
 

 
 
Figure 4.3: mir977 overexpression reduces CoinFLP ras tissue and possibly causes 
tumor cell migration. Eyes of flies with UAS-mir977 crossed to CoinFLP weak Ras are 
small, often W>R, and have dark red spots in W regions, possibly indicating that mir977 
tissue adjacent to Ras tissue causes migration and/or cell death in Ras cells. 
  

UAS-
mir977 
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4.2 The role of the Mediator complex in regulation of 
tissue growth 
 
The Drosophila larval wing imaginal disc gives rise to the adult wing and consists of a 
highly proliferative epithelium. Growth and proliferation in the wing disc are 
controlled by several pathways, including the Hippo pathway, which is highly 
conserved and misregulated in many forms of cancer (Pan, 2010; Harvey, Zhang and 
Thomas, 2013; Yu, Zhao and Guan, 2015). In Drosophila, the downstream transcriptional 
co-activator Yorkie (Yki) activates expression of various target genes to induce growth, 
proliferation, and in some cases apoptosis. Though some DNA binding partners for Yki 
have been identified, it is unclear how Yki interfaces with the generalized 
transcriptional machinery, as well as how Yki activates each of its targets. 

The Mediator is a highly conserved, multi-subunit complex required for 
transcription (Allen and Taatjes, 2015). Its subunit composition can vary, and it has 
multiple roles, from directly interacting with RNA Polymerase II to interfacing with 
transcriptional activators and repressors to affect expression of target genes during 
development. While Mediator has been shown to interact with some transcriptional 
activators like B-catenin and the SMAD complex, it is unclear how it interacts with 
others such as Yki. Mass spectrometry data has indicated an interaction between Yki 
and some Mediator components such as Kohtalo (Kto) and Skuld (Skd), though a direct 
physical interaction has not been shown (Oh et al., 2013). Kto and Skd are part of the 
CDK8 module of the Mediator, which reversibly associates with the main Mediator 
complex. They bind strongly to each other, and somewhat less strongly to Cdk8 and 
CycC, the other two subunits in the CDK8 module. Kto and Skd have previously been 
shown to affect Drosophila wing and eye development, with clones mutant for either kto 
or skd violate the wing disc compartment boundary (Treisman, 2001; Janody et al., 2003). 
Though they are known to mediate activation of Wg and Hh target genes by interacting 
with the transcriptional coeffectors of those pathways (Carrera et al., 2008; Mao et al., 
2014), it is unclear if or how they facilitate activation of Yki targets. I observed that 
overexpression and knockdown of Kto and Skd beginning early in development led to 
tissue size reduction without increasing apoptosis (Figure 4.4), indicating a role in 
regulating growth. This phenomenon also occurs in a Yki overgrowth background, 
appearing to suppress overgrowth (Figure 4.5 and 4.6). Altering Kto and Skd levels 
later in development does not affect tissue size or expression of several marker genes, 
though Yki overgrowth is still suppressed. This suggests a role for Mediator in 
regulating Yki-based growth. Blocking apoptosis along with altering Kto and Skd levels 
did not inhibit this suppression of overgrowth, though blocking apoptosis in Yki-
overgrown tissue without altering Kto and Skd levels led to a decrease in tissue size, 
suggesting a possible role for the apoptosis pathway in facilitating Yki-mediated 
overgrowth. 

I sought to assess whether other Mediator subunits contributed to compartment 
boundary development, and to validate the role of Kto and Skd in boundary formation 
and maintenance. I knocked down via RNA interference multiple Mediator subunits, 
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including Kto and Skd, in either the anterior or posterior compartment, and failed to see 
a convincing compartment boundary phenotype indicating involvement in 
compartment boundary development. While knockdown of some subunits distorted the 
compartment boundary, those phenotypes appeared to be caused by buckling of the 
disc tissue or delamination of cells. Kto and Skd knockdown did produce a growth 
phenotype, leading to smaller tissue without apoptosis, which indicated a potential role 
for Kto and Skd in regulating growth and precipitated my investigation into their effect 
on various forms of overgrowth. 

To assess the role of Kto and Skd in regulating Yki-mediated growth, I expressed 
a constitutively active form of Yki using Nubbin-Gal4 (nub-Gal4), a driver expressed in 
the wing disc pouch beginning midway through disc development. This driver is 
weaker than Hedgehog-Gal4 (hh-Gal4), which I used in the initial compartment 
boundary experiments that led to the discovery that altering Kto/Skd levels decreased 
tissue size without apoptosis. Since nub-Gal4 is expressed later and in a limited area, it 
should have fewer off-target effects. Discs with nub-Gal4 driving knockdown or 
overexpression of Kto or Skd appeared normal, with no observable alteration in gene 
expression based on several marker stains. When combined with constitutively active 
Yki expression, overgrowth in pouch tissue was suppressed compared to nub-Gal4 
driving constitutively active Yki alone (Figure 4.5 and 4.6). Blocking apoptosis did not 
inhibit this suppression, ruling out the possibility that the decrease in tissue size was 
caused by cell death. However, blocking apoptosis in Yki overgrowth tissue without 
altering Kto/Skd levels did lead to a decrease in tissue size compared to constitutive 
Yki tissue alone, indicating a possible parallel role for the apoptosis pathway along with 
the role of Kto/Skd. 

Kto and Skd appear to have a role in regulating Yki-mediated growth, but it is 
unclear what their role might be in regulating other growth pathways. To test this, I 
altered the levels of Kto/Skd in other overgrowth contexts: Myc, Insulin, and Ras 
(Figure 4.7). While I observed some overgrowth suppression in each pathway, none 
were as dramatic as the suppression of Yki overgrowth, and not every condition 
suppressed overgrowth (for instance, overexpressing Kto in a Ras overgrowth 
background did not alter tissue size). Knockdown of Kto/Skd tended to suppress 
overgrowth more than overexpression, indicating that having no Kto/Skd is likely 
worse than having too much, even though both conditions seem to disrupt Mediator 
function. This could be due to the fact that having little or no Kto/Skd leads to few or 
no functional CDK8 modules, while overexpressing Kto/Skd still leaves the possibility 
to have some functional CDK8 modules, even if there are also Kto-Skd dimers acting as 
a sink for transcription factors. Intriguingly, overexpression of Skd in a Ras overgrowth 
background actually enhanced overgrowth compared to either Skd or Ras expression 
alone, suggesting that Skd functions along with Ras to promote overgrowth (Figure 
4.8). 
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Figure 4.4: Altering Kto and Skd levels reduces growth 
without apoptosis 
 

 
 
Figure 4.4: Altering Kto and Skd levels reduces growth without apoptosis. Expression 
of RNAis against kto and skd or overexpressing Kto and Skd with hh-Gal4 causes a 
reduction in posterior compartment size, but does not cause cell death (as visualized 
with DCP1). 
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Figure 4.5: Knockdown of kto and skd reduces YkiCA 
overgrowth. 
 

 
Figure 4.5: Knockdown of kto and skd reduces YkiCA overgrowth. RNAi mediated 
knockdown driven by nub-Gal4 reduces overgrowth in tissue expressing YkiCA. 
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Figure 4.6: Kto and Skd overexpression suppress YkiCA 
overgrowth. 
 

 
Figure 4.6: Kto and Skd overexpression suppress YkiCA overgrowth. Overexpression 
of Kto and Skd in YkiCA tissue driven by nub-Gal4 suppresses overgrowth caused by 
YkiCA. 
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Figure 4.7: The effect of altering Kto and Skd levels on 
other overgrowth pathways. 
 

 
Figure 4.7: The effect of altering Kto and Skd levels on other overgrowth pathways. 
Altering levels of Kto and Skd can reduce overgrowth caused by oncogenes other than 
Yki, but sometimes do not change tissue overgrowth levels. Intriguingly, Skd 
overexpression enhances overgrowth caused by active Ras.  
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Figure 4.8: Skd overexpression enhances overgrowth 
caused by active Ras. 
 

 
 
Figure 4.8: Overexpression of Skd enhances overgrowth caused by active Ras. nub-
Gal4 driving Skd and active Ras causes an increase in overgrowth compared to either 
alone.  
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