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ABSTRACT 

Spatially restricted regulation of cell competition by the cytokine Spaetzle 

Elif Lale Alpar 

Growing tissues are communities of cells that cooperate to form a robust, functional 

organ. Cooperative behavior is enforced by cell competition, wherein comparisons of fitness 

lead to selective elimination of cells sensed as relatively less healthy. Elimination of these 

ȬÌÏÓÅÒȭ ÃÅÌÌÓ ÆÒÏÍ Drosophila wing imaginal discs results in cell death induced by deployment 

of a genetic module consisting of the secreted Toll ligand Spßtzle (Spz), several Toll related 

receptors, and NFkB factors. How signaling by this module is activated and restricted only to 

competing cells is unknown. Here, we investigate the signaling role of Spz in Myc-induced 

cell competition. We demonstrate that elimination of wild-type loser cells requires local 

synthesis and activation of Spz in the wing disc. We identify Spßtzle Processing Enzyme 

(SPE) and Modular Serine Protease (modSP) as upstream mediators of Spz-mediated loser 

ÃÅÌÌ ÅÌÉÍÉÎÁÔÉÏÎȟ ÁÎÄ ÓÈÏ× ÔÈÁÔ ÁÎ ÉÎÃÒÅÁÓÅ ÉÎ 30% ÉÎ Ȭ×ÉÎÎÅÒȭ ÃÅÌÌÓ ÉÓ ÒÅÑÕÉÒÅÄ ÆÏÒ 3ÐÚ ÔÏ ËÉÌÌ 

loser cells. Finally, we show that Spz requires both Toll and Toll-8 to induce apoptosis of 

wing disc cells. Our results indicate that during cell competition, Spz-mediated signaling is 

strictly confined to the imaginal disc, allowing errors in tissue fitness to be corrected without 

compromising organismal physiology.   
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Chapter 1: General introduction  

Cell competition in Drosophila melanogaster 

Individual cells within multicellular animals coexist as cell communities. During 

development, as cells are organized into higher structures with increasing levels of 

complexity, cell-cell interactions ensure their cooperation, while also selectively eliminating 

non-cooperative, suboptimal cells by a process called cell competition. Competitive 

ÉÎÔÅÒÁÃÔÉÏÎÓ ÁÒÅ ÔÈÏÕÇÈÔ ÔÏ ÂÅ ÄÅÐÅÎÄÅÎÔ ÏÎ ÃÅÌÌÕÌÁÒ ÆÉÔÎÅÓÓ ÌÅÖÅÌÓȟ ÉȢÅȢ ÃÅÌÌÓȭ ÃÁÐÁÃÉÔÙ ÔÏ 

contribute to the adult. Heterogeneities in processes that impact cellular fitness, such as 

growth or proliferation capacity, result in the elimination of less fit cells from tissues, while 

cells with relatively higher fitness survive and proliferate. Hence, competitive interactions 

can also influence cellular fitness, reducing the likelihood of survival for suboptimal cells, 

while amplifying the fitness advantages of the optimal.  

1.1.1 Minutes and the discovery of cell competition 

The term cell competition was first coined by Ginés Morata and Pedro Ripoll to describe 

the selective elimination of slow-growing Minute/+ (M/+)  cells from wild-type (WT) 

Drosophila tissues (Morata and Ripoll, 1975). Minutes are a class of homozygous lethal 

mutations affecting genes that encode ribosomal proteins (Rp) (Kongsuwan et al., 1985). 

Heterozygous M/+ flies, although viable and of normal size, display the haploinsufficient 

Minute phenotype, defined by characteristically short bristles and varying degrees of 

developmental delay. In their effort to reveal the mechanism behind the developmental 

delay of M/+ flies, Morata and Ripoll made a surprising discovery. They observed that, both 

WT and M/+ cell clones altered their growth rates when in the presence of one another. WT 
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cell clones induced in M/+ wing discs (i.e. the progenitor tissue for the adult wing, see Figure 

1.1), grew to unusually large sizes, occasionally even taking up entire developmental 

compartments (Garcia-Bellido et al., 1973; Morata and Ripoll, 1975). Conversely, clones of 

M/+  cells induced in a WT background, were not recovered in adult wings, unless they were 

induced very late in larval development. When they could be found, M/+ clones were 

significantly smaller than WT controls (Morata and Ripoll, 1975). Based on these initial 

observations, Morata and Ripoll concluded that the slow growth rate of M/+ cell clones 

lowered their ability to compete with WT cells in the same tissue, and termed the process 

that leads to their elimination cell competition (Figure 1.2).  

 

 

Figure 1.1: Drosophila life cycle and imaginal discs. (A) Drosophila development consists of three 
stages: embryogenesis, larval development (marked in yellow) and metamorphosis in the pupae. 
(B) Adult appendages and body wall arise from progenitor tissues, called imaginal discs that grow 
within the larva, and differentiate into adult structures during metamorphosis. Image shows the 
approximate placement of the imaginal discs within a third instar larva. A wing disc and its 
different regions is shown enlarged on the right. Most of the proliferation and patterning of 
imaginal tissues occur throughout larval development. The wing disc, consisting of ~50 cells at 
the beginning of first larval instar (L1), grows into a tissue of ~50,000 cells by the completion of 
the third larval instar (L3), and gives rise to the adult wing blade (pouch, orange), hinge (yellow) 
and body wall (notum, blue). 
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Subsequent studies on competition of M/+ and WT cells lead to several important 

conclusions on the nature of cell competition. A detailed study of M/+ clones revealed that 

they were frequently split into several smaller patches, as if fragmented due to cell death 

(Simpson, 1979). Later studies confirmed that apoptosis was indeed increased in M/+ cell 

clones, especially when they were closely apposed to WT cells (Li and Baker, 2007; Moreno 

et al., 2002), demonstrating that their relatively small size was not merely due to a reduced 

growth capacity, but result of active elimination by their WT neighbors. Several spatial 

parameters appeared to influence the elimination of M/+ clones. Most curiously, 

competitive interactions were restricted by compartmental boundaries. WT clones 

surrounded by M/+ cells overgrew, but never beyond the limits of a developmental 

compartment (Garcia-Bellido et al., 1973; Morata and Ripoll, 1975; Simpson and Morata, 

1981). Consequently, M/+ cells separated from WT clones by a compartment boundary 

were protected from elimination (Simpson and Morata, 1981). In mosaic compartments, 

surviving M/+ clones were found preferentially at the edges of compartments, suggesting 

that cell competition was more intense in the central regions (Simpson, 1979; Simpson and 

Morata, 1981). Competition was also shown to be dependent on the proximity of competing 

cell populations, M/+ cells closest to the WT cells being more likely to undergo apoptosis (Li 

and Baker, 2007; Simpson and Morata, 1981). In addition, elimination of M/+ cells require 

the presence of WT cells. In homotypically M/+ backgrounds, M/+  cells are viable; M/+ flies 

are developmentally delayed, but survive to adulthood. Altogether, these initial studies on 

Minutes established cell competition as a process that relies on local cell-cell interactions to 

eliminate slow-growing, less fit cells from developing tissues. 
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1.1.2 Myc, cell competition and the concept of super-competition 

4ÈÅ ÐÉÏÎÅÅÒÉÎÇ ×ÁÖÅ ÏÆ ÓÔÕÄÉÅÓ ÔÈÁÔ ÆÏÌÌÏ×ÅÄ -ÏÒÁÔÁ ÁÎÄ 2ÉÐÏÌÌȭÓ ρωχυ ÐÁÐÅÒ ÃÁÍÅ ÔÏ Á 

standstill in the early 1980s. The genetic tools available at the time were limited, and there 

was only so much that could be understood by studying the one known context of cell 

competition. The next breakthrough came around in the late 1990s, via a series of studies 

that focused on the regulation of tissue growth. Among these was a study on the 

developmental functions of Myc (Johnston et al., 1999), a transcription factor controlling 

cellular growth, metabolism and ribosome biogenesis (reviewed in (de la Cova and Johnston, 

2006) Ȣ #ÏÎÓÉÓÔÅÎÔ ×ÉÔÈ -ÙÃȭÓ ÒÏÌÅ ÉÎ ÒÉÂÏÓÏÍÁÌ ÁÃÔÉÖÉÔÙȟ ÈÙÐÏÍÏÒÐÈÉÃ myc mutant flies 

show Minute-like phenotypes: They are developmentally delayed and have shorter, smaller 

bristles (Johnston et al., 1999; Schreiber-Agus et al., 1997). In addition to these phenotypes, 

Figure 1.2: In mosaics, WT cells outcompete M/+ cells. (A) Schematic diagram of wing imaginal 
discs with WT clones (dark purple) induced in M/+ heterozygous (light purple) background. 

M/M sibling clones die due to cell autonomous lethality. (B) WT (dark purple) and M/+ (white)  
sibling clones can be induced using chromosomal translocations of M genes (Morata and Ripoll, 
1975; Moreno et al., 2002).  (C) Schematic of mitotic recombination events used to generate the 
clones shown in B. Individuals heterozygous for the translocation, as well as the M allele at its 
genomic locus carry two copies of the M+  allele, and thus are WT (light purple). Mitotic 
recombination at one of these loci gives rise to one clone with three copies of M+  (effectively WT) 
and a sibling clone with only one copy of M+  (effectively M/+ ). These M/+ clones are selectively 
eliminated from mosaic tissues.  
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myc mutant flies are smaller in overall size ɀ a consequence of reduced cellular growth, and 

in stronger mutants, also cell number (Gallant et al., 1996; Johnston et al., 1999; Schreiber-

Agus et al., 1997). The Minute-like phenotypes of myc mutants and the cellular growth defect 

suggested that they might have a competitive disadvantage against WT cells. Indeed, cells 

with myc hypomorphic mutations, though normally viable, were often lost from mosaic 

tissues, and the remaining ones were much smaller compared to their WT siblings (Johnston 

et al., 1999) (Figure 1.3 A). The competitive elimination of myc deficient cells by their WT 

neighbors demonstrated that cell competition is not limited to the context of Minutes, but is 

a more general mechanism of eliminating growth-defective cells. 

 

 

Overexpression of Myc induces a cell-autonomous increase in growth. In imaginal discs, 

this leads to an increase in cell size, and can increase overall body size when Myc is expressed 

in all cells (de la Cova et al., 2004; Johnston et al., 1999). This growth induction phenotype 

provided an opportunity for testing the prevailing model of cell competition as the result of 

Figure 1.3: Competition among cells with different Myc levels. Mosaic wing imaginal discs with 
(A)  myc-induced competition and (B) Myc super-competition. (A) When surrounded by WT 
cells, myc hypomorph cell clones are gradually eliminated from imaginal tissues. (B) Cell clones 
expressing relatively high levels of Myc outcompete their WT neighbors. 
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changes in growth. If competition is induced by growth rate differences, healthy WT cells 

ÃÏÕÌÄ ȰÌÏÓÅȱ ÁÇÁÉÎÓÔ ÃÅÌÌÓ ×ÉÔÈ ÉÎÃÒÅÁÓÅÄ ÇÒÏ×ÔÈȢ #ÏÎÓÉÓÔÅÎÔÌÙȟ the excess growth induced by 

high Myc expression can non-autonomously cause apoptosis in neighboring WT cells, via the 

induction of the pro-apoptotic gene head involution defective (hid) (de la Cova et al., 2004; 

Moreno and Basler, 2004). Conversely, clones with higher Myc gene copy number (generated 

by use of a chromosomal tandem duplication of Myc) actually proliferated more, apparently 

to compensate for the loss of the neighboring WT cells (Moreno and Basler, 2004). Indeed, 

the apoptosis of wild-type cells stimulated Myc expressing cells to proliferate faster in co-

culture experiments using an in vitro cell culture system (Senoo-Matsuda and Johnston, 

2007). Thus even healthy cells can be out-competed from tissues if they compete against 

cells that have a greater growth advantage. This type of competition, named super-

competition (Abrams, 2002)ȟ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ Ȭ×ÉÎÎÅÒȭ cells in one competitive context (WT 

cells against myc ÍÕÔÁÎÔ ÃÅÌÌÓ  ÃÁÎ ÂÅ ÔÈÅ ȬÌosersȭ cells in another (WT cells against cells 

expressing more Myc), emphasizing the context-dependency of cell competition (Figure 1.3 

A and B).  

In the four decades that followed the first discovery of cell competition in Minutes, 

several other Drosophila genes with roles in fundamental developmental processes have 

been characterized for causing competitive interactions in heterogeneous cell populations. 

Among these are genes that specify cell fate (wingless (wg), decapentaplegic (dpp)) or 

polarity (neoplastic tumor suppressors lethal giant larvae (lgl), discs large (dlg) and 

scribbled (scrib) ) in the imaginal discs, and components of signaling pathways that control 

tissue growth (JAK-STAT and Hippo/Salvador/Warts (HSW) signaling pathways). Mutants 

that are deficient in these processes can be selectively eliminated by WT cells (Burke and 
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Basler, 1996) (Adachi-Yamada et al., 1999; Adachi-Yamada and O'Connor, 2002; Brumby 

and Richardson, 2003; Froldi et al., 2010; Giraldez and Cohen, 2003; Johnston and Sanders, 

2003; Menendez et al., 2010). Interestingly, constitutive activity of Wg (Vincent et al., 2011) 

or JAK-STAT (Rodrigues et al., 2012) signaling pathways, or inhibition of the HSW pathway 

(leading to growth induction) (Neto-Silva et al., 2010; Tyler et al., 2007; Ziosi et al., 2010), 

can render cells super-competitors.  Provided with additional growth advantages, scrib or 

lgl mutant cell clones can also function as super-competitors and induce death of 

surrounding WT cells (Brumby and Richardson, 2003; Chen et al., 2012; Froldi et al., 2010; 

Grzeschik et al., 2007; Menendez et al., 2010).  

Many of these competitive contexts involve signaling pathways that control growth or 

proliferation in imaginal tissues, suggesting that non-uniform growth might be a defining 

trait of competitive interactions. However, experiments designed to test this idea 

demonstrated that differences in either the rate of cellular growth or in cell proliferation 

were not sufficient to induce competitive interactions. While Myc was known to accelerate 

cellular growth, overexpression of other growth inducers, such as the PI3-kinase (PI3K) 

catalytic subunit, Dp110, or Cyclin D (CycD) and its obligate kinase partner, CDK4 were 

unable to induce apoptosis in neighboring cells nor to affect the size of sibling clones, even 

though they efficiently increased cell-autonomous growth (de la Cova et al., 2004). Likewise, 

pten mutant cells, in which PI3K signaling is highly active and cellular growth is 

consequently increased, are also unable to induce cell competition (Hafezi et al., 2012). Thus, 

cell competition is not a direct outcome of differences in cellular growth or proliferation, but 

results from communication of heterogeneities in specific cellular properties.   
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1.1.3 Role of cell competition in development and disease 

What, if any, function does cell competition serve physiologically? Studies in mouse 

models suggest that cell competition can be a conserved mechanism to promote organismal 

fitness. In the early mouse embryo, Myc-overexpressing cells can replace WT cells (Claveria 

et al., 2013). Rather than occurring continuously throughout development, this replacement 

happens mostly in a short time window early in development, at a stage where endogenous 

c-Myc expression within the epiblast is heterogeneous. Interestingly, this inherent 

variability in c-Myc expression correlates with apoptosis in WT embryos, such that dying 

cells show preferentially lower levels of c-Myc (Claveria et al., 2013; Sancho et al., 2013). 

Together, these findings suggest that cells compete based on their relative endogenous c-

Myc levels at this early embryonic stage. Competition among mouse embryonic stem cells 

(ESCs) can also be induced by heterogeneities in other genes (Dejosez et al., 2013; Sancho et 

al., 2013). Mutants of the tumor suppressor p53, or topoisomerase 1 (Top1) are able to 

outcompete WT cells (Dejosez et al., 2013), while WT cells can eliminate cells with mild p53 

activation (Zhang et al., 2009b), tetraploid cells or cells deficient in BMP signaling or 

autophagy (Sancho et al., 2013). Interestingly, all of these heterogeneities were responded 

by a relative increase in c-Myc levels in the winning cell populations (Dejosez et al., 2013; 

Sancho et al., 2013). Moreover, in these studies, competitive elimination of fitness deficient 

mouse ESCs was specific to differentiated conditions (Dejosez et al., 2013; Sancho et al., 

2013). Thus, in mouse embryos, cell competition seems to occur during normal 

development, correlate with specific developmental stages, and is suggested to act as a 

general mechanism to monitor stem cell fitness (Dejosez et al., 2013; Sancho et al., 2013). 
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Cell competition is thought to serve as a similar quality control mechanism in Drosophila 

adults, by eliminating suboptimal stem cells (Kolahgar et al., 2015; Rhiner et al., 2009), or 

cells that get defective with age (Merino et al., 2015). Supporting such a model, the gene azot 

was reported to be upregulated both in loser cells during cell competition and in cells that 

are damaged by irradiation. Interestingly, azot mutant flies show a higher number of wing 

defects, and were reported to have a shorter lifespan, implying that eliminating fitness-

deficient or damaged cells in adult tissues can promote fitness and prolong lifespan (Merino 

et al., 2015). Another suggested role of cell competition in adults is to promote regeneration 

(Moreno et al., 2015; Oertel et al., 2006). In a rat liver transplantation model, competitive 

elimination of host cells helps donor progenitor cells to take root and repopulate mature 

livers, suggesting that cell competition can facilitate treatment of diseased conditions by cell 

transplantation and regeneration (Oertel et al., 2006). Competition is also speculated to have 

a role in regeneration upon injury in Drosophila brains, where a delayed cell death response 

is suggested to represent cell competition (Moreno et al., 2015). This delayed death in the 

injur ed tissue is reported to require Flower (Fwe), a gene also suggested to have a role in 

cell competition (will be discussed in Section 1.2.3) (Rhiner et al., 2010); (Moreno et al., 

2015). As such, the evidence linking cell competition to tissue regeneration in Drosophila is 

indirect, and the exact contribution of competitive interactions to this process is still unclear.  

From early on, cell competition was recognized as a potential mechanism of growth 

control (Simpson, 1979; Simpson and Morata, 1981). Support for a growth regulatory role 

was later provided in the context of Myc super-competition (de la Cova et al., 2004). While 

ubiquitous Myc-expression in all cells gives rise to larger animals or tissues, mosaics of Myc-

expressing and WT cells are of proper size. This suggests that the overgrowth induced by 
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Myc can be compensated by the competitive elimination of the WT cells. Indeed, blocking 

loser cell elimination by suppressing cell death results in increased wing disc size. 

Consistently, mosaic discs containing cell clones that express Dp110 or CycD/CDK4 (i.e. 

induce growth without cell competition), are significantly larger than controls. Hence, when 

not counterbalanced by induced apoptosis of neighboring cells, excess growth leads to loss 

of organ size control. Interestingly, inhibiting apoptosis results in significant size variation 

in wing discs, even in the absence of induced cell competition, suggesting that cell death due 

to competition can be physiological (de la Cova et al., 2004).  

The conserved process of cell competition controls growth not only during normal 

development but also under disease conditions. In line with their growth regulatory roles, 

many of the genes that can induce cell competition (e.g. Myc) are known to be oncogenes or 

tumor suppressors. Concomitantly, cell competition can act both as a tumor-suppressing and 

tumor-promoting mechanism. As explained earlier, mutants in tumor suppressor genes such 

as lgl or scrib can be eliminated by surrounding WT cells by cell competition (Brumby and 

Richardson, 2003; Froldi et al., 2010; Menendez et al., 2010). However, when made to 

increase their proliferative rates, or situated within a larger mass of mutant tissue, these 

tumor suppressor mutants are capable of overcoming elimination, in which case, they can 

also hijack the cell competition machinery to eliminate and replace surrounding healthy cells 

(Ballesteros-Arias et al., 2014; Menendez et al., 2010). Hence, the study of competitive 

interactions can reveal the mechanism behind the unfair advantage of cancerous cells, while 

also providing the weapons to fight them. 
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1.2 Mechanisms of cell competition 

Cell competition is often conceptualized as the outcome of differences in cell fitness, and 

assumed to rely on mechanisms of fitness recognition. But what is cell fitness and how is it 

ÄÅÔÅÒÍÉÎÅÄȩ 2ÁÔÈÅÒ ÔÈÁÎ ÂÅÉÎÇ ÏÎÅ ÓÅÔ ÖÁÌÕÅȟ Á ÃÅÌÌȭÓ ÆÉÔÎÅÓÓ ÉÓ the sum result of its relative 

success in a range of processes that impact its potential to persist in a tissue. Presumably, 

cell fitness could be assessed by measuring success at each of these processes individually, 

and coming up with a combined read out. However, as many cellular processes are 

interconnected, some essential processes that depend on and impact many others, such as 

growth and/or translational capacity, could potentially serve as more efficient fitness 

measures. Alternatively, cell fitness can be ÃÏÎÃÅÉÖÅÄ ÁÓ Á ÃÅÌÌȭÓ ÇÅÎÅÔÉÃ ÁÎÄȾÏÒ ÍÏÌÅÃÕÌÁÒ 

identity. Many genes that are involved in cell competition are capable of directly or indirectly 

regulating gene expression. Thus, they can determine relative levels of signaling or cell 

surface molecules, which can subsequently serve as fitness read outs.  

How do fitness heterogeneities lead to competitive elimination of suboptimal cells? An 

ideal mechanistic explanation of cell competition should be able to answer three key 

questions: (1) How does cell fitness get recognized and communicated? (2) Why do normally 

ÖÉÁÂÌÅ ȬÌÏÓÅÒȭ ÃÅÌÌÓ ÄÉÅ ÉÎ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ winners? ɀ i.e. the relative nature of cell competition; 

(3) How do neighboring cells compare levels of a given competition-inducing molecule (e.g. 

Myc)? ɀ i.e. the quantitative nature of cell competition. Several mechanistic models of cell 

competition have been proposed over the years. While some of these can answer one or 

more of these questions, no experimentally-backed explanation suggested so far answers all. 

It is likely that rather than one unifying mechanism, multiple mechanisms exist to tie 

together different aspects of competition.  
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1.2.1 Competition for growth and survival factors 

An early mechanistic model of cell competition suggested that cells that differ in some 

aspect of cellular fitness could be competing for essential growth or survival factors (Moreno 

et al., 2002). This model is based on the assumption that reduced translational capacity or 

slower growth rates could render loser cells less efficient at ligand capture. Support for it 

was found in a link between cell competition and the growth factor Decapentaplegic (Dpp), 

a member of the transforming growth factor-ɼ ÓÕÐÅÒÆÁÍÉÌÙ ÁÎÄ Á ÍÏÒÐÈÏÇÅÎ ËÎÏ×Î ÔÏ 

control survival, growth and patterning in the wing disc (Moreno et al., 2002). Reportedly, 

Dpp signaling is reduced in certain loser cell types (Moreno and Basler, 2004; Moreno et al., 

2002; Tyler et al., 2007), and activation of Dpp signaling in M/+ clones can suppress their 

elimination (Moreno et al., 2002; Tyler et al., 2007). Increasing the endocytic uptake of myc 

deficient losers can reportedly suppress their elimination (Moreno and Basler, 2004). 

Collectively, these results led to a model of cell competition, where reduced endocytosis in 

loser cells were suggested to cause signaling deficiencies, resulting in their elimination 

(Moreno and Basler, 2004; Moreno et al., 2002). The proposed ligand capture model can 

explain the relative and quantitative nature of cell competition, as the reduced endocytosis 

rates of loser cell types would disadvantage them only in the presence of more fit cells, and 

the exact degree of their disadvantage would correlate with the severity of their endocytic 

defect. However, the reduction of Dpp signaling in loser cells, and the impact of endocytosis 

on cell competition, have not held up in other studies (de la Cova et al., 2004; Igaki et al., 

2009; Martin et al., 2009). Moreover, cells compete even in culture systems where growth 

factors are provided in abundance (Senoo-Matsuda and Johnston, 2007). Hence, based on 
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the currently available data, competition for growth or survival factors is unlikely to be the 

main driver of cell competition.  

1.2.2 Mechanical stress and crowding 

A link between mechanical impacts of growth and cell competition was first suggested 

by Boris Shraiman in a 2005 theoretical study (Shraiman, 2005). Through mathematical 

demonstrations, Shraiman shows that the pressure within a tissue patch is determined by 

its relative growth rate compared to its surroundings. Assuming that this pressure could 

feedback on the control of growth rates and apoptosis, he proposes a model, where the 

mechanical stress induced by growth rate differentials alone can explain the elimination of 

slow-growing loser cells next to fast-growing winners (Shraiman, 2005).  

Experimental evidence for a link between mechanical stress and growth regulation was 

provided later (reviewed in Chanet and Martin, 2014). In developing wing discs, mechanical 

stress, or high cytoskeletal tension cause cells to proliferate faster, and discs to overgrow, as 

a result of reduced HSW pathway activity (Rauskolb et al., 2014; Schluck et al., 2013). 

)ÎÃÒÅÁÓÅÓ ÉÎ ÃÙÔÏÓËÅÌÅÔÁÌ ÔÅÎÓÉÏÎ ÁÒÅ ÓÕÇÇÅÓÔÅÄ ÔÏ ÍÏÄÉÆÙ ɻ-catenin at adherens junctions, 

enhancing its binding to Ajuba, an inhibitor of Warts. Subsequent Warts retention at the 

junctions, releases Yorkie from HSW-mediated inhibition, allowing it to promote tissue 

growth (Rauskolb et al., 2014). Mechanical stress can also result from overcrowding, in 

which case it is eliminated by live cell extrusion (Eisenhoffer et al., 2012) or delamination 

(Levayer et al., 2016). Thus, as proposed by Shraiman, mechanical stress can indeed control 

cell proliferation and survival in vivo, though this does not necessarily mean that such 

control is the mechanism behind cell competition. Evidence for a mechanical regulation of 
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cell competition is seen in co-cultures of WT and scribKD MDCK cells (Wagstaff et al., 2016). 

In this system, WT winner cells are seen to enclose and compact scribKD losers, leading to 

their elimination by cell death and extrusion (Norman et al., 2012), which is suggested to be 

a response to the mechanical cue of compaction. So far, this link between mechanical stress 

and cell competition appears to be specific to the MDCK cell culture model however, as it 

cannot be seen in mosaic wing discs with competing WT and scrib-/ - cells (Wagstaff et al., 

2016).  

By modelling cell competition as a direct result of non-uniform growth, the mechanical 

regulation model provides a mechanism for fitness recognition that can explain the 

quantitative and relative natures of cell competition. As such, it predicts the elimination of 

slower growing cells any time a growth differential exists within a tissue. However, as 

explained in section 1.1.2, this is not supported by experimental evidence ɀ non-uniform 

growth induced by PI3K signaling or CycD+CDK4 does not lead to cell competition (de la 

Cova et al., 2004; Hafezi et al., 2012). Moreover, competitive contexts such as Minute cell 

competition or super-competition induced by cells with mildly elevated levels of Myc, do not 

exhibit any obvious tissue deformations, that might be expected when a tissue experiences 

altered tension. Hence, even though there is growing evidence for a link between mechanical 

stress and growth control, this is unlikely to be the sole cause of cell competition. Still, 

mechanical regulation can provide important information on fitness status, that perhaps 

contributes to competitive interactions when combined with additional signals.  

1.2.3 Signaling pathways mediating cell competition 
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Perhaps the most widely explored mechanistic aspect of cell competition is its mediation 

by various signaling molecules. This mediation can be broken down into three steps: 1) 

recognition of fitness differences, 2) communication of the perceived difference, and 3) 

execution of the final outcomes for winner and loser cell populations. While some signaling 

pathways are likely to participate solely in the steps downstream of fitness recognition, 

others are suggested to have more direct mechanistic roles in the detection of cell fitness. 

Below I discuss several signaling modules proposed to be involved in fitness recognition and 

the downstream response during cell competition.  

A regulator of apoptosis and other stress responses in Drosophila, the c-Jun N-terminal 

Kinase (JNK) pathway was one of the first signaling modules to be linked to cell competition. 

JNK is induced in response to various stresses, (e.g. irradiation damage, wound healing, 

oxidative stress or immune challenges) (Kanda and Miura, 2004; Rios-Barrera and Riesgo-

Escovar, 2013), and often controls the elimination of damaged or defective cells by apoptosis 

(Adachi-Yamada et al., 1999; Adachi-Yamada and O'Connor, 2002). In various competitive 

contexts, JNK activity is increased in the relatively less fit, loser cell populations (Froldi et al., 

2010; Igaki et al., 2006; Igaki et al., 2009; Moreno and Basler, 2004; Moreno et al., 2002; 

Ohsawa et al., 2011). Whether the increased JNK activity in loser cells is actually necessary 

for their eliminati on is disputed (de la Cova et al., 2004; Moreno and Basler, 2004; Moreno 

et al., 2002; Tyler et al., 2007). While some studies report that the elimination of M/+ 

(Moreno et al., 2002) or myc-deficient (Moreno and Basler, 2004) losers is blocked in the 

absence of JNK signaling, others observe no impact on Minute-induced competition (Tyler et 

al., 2007), or report only partial reductions in Myc super-competition (de la Cova et al., 

2004). Notably, though JNK signaling is shown to mediate the interaction of M/+ and WT 
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cells in mosaic adult guts, here also, it does not appear to be required for the elimination of 

M/+ losers (Kolahgar et al., 2015). Instead, increased JNK signaling in M/+ cells promotes 

non-autonomous growth of their WT neighbors by inducing JAK-STAT activity (Kolahgar et 

al., 2015). However, at least for the elimination of neoplastic tumor suppressor mutant cells, 

JNK signaling is shown to be required (Brumby and Richardson, 2003; Chen et al., 2012; 

Froldi et al., 2010; Igaki et al., 2009; Tamori et al., 2010). Here, increased JNK activity in scrib 

or lgl loser cell clones is triggered by Eiger, the Drosophila tumor necrosis factor (TNF) 

homolog and an upstream ligand of the JNK pathway (Igaki et al., 2002; Igaki et al., 2009). In 

scrib mutant loser clones, Eiger gets translocated from the cell membrane to endosomes, and 

this translocation is suggested to induce JNK signaling (Igaki et al., 2009). Interestingly, the 

elimination of scrib losers also requires Eiger and JNK activity in surrounding WT cells, 

suggesting that, in this competitive context, the loser and winner cell populations work 

cooperatively, using JNK signaling, to eliminate the loser cells (Ohsawa et al., 2011).  

Other signaling pathways that mediate growth and metabolism also contribute to 

competitive interactions. Expression of activated forms of the oncogene Ras (RasV12) or 

Notch (Nintra) can induce ectopic growth and is sufficient to transform neoplastic tumor 

suppressor mutants from losers into tumorous super-competitors (Brumby and Richardson, 

2003; Igaki et al., 2006; Pagliarini et al., 2003). This is in part because activated Ras can 

convert the pro-apoptotic message of JNK activity into a pro-growth one (Pagliarini et al., 

2003), allowing concomitant activity of JNK and EGFR/Ras to promote tumorous 

overgrowths (Enomoto et al., 2015; Igaki et al., 2006; Yamamoto et al., 2017). Accordingly, 

to ensure their JNK-dependent apoptosis, WT cells are suggested to suppress EGFR signaling 

in their scrib or dlg mutant neighbors (Yamamoto et al., 2017). Signals that alter cellular 
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metabolism may also have a role in cell competition. Among other things, Myc is a well -

known regulator of metabolism. Cells expressing high levels of Myc shift their cellular 

metabolism in favor of glycolysis over oxidative phosphorylation (de la Cova et al., 2014).  

This metabolic shift is further enhanced during cell competition, suggesting that competitive 

signaling is required for its induction. While the exact signaling mechanism behind this 

change is not clear, it is dependent on the tumor suppressor p53, which is induced in and 

required by Myc winner cells to sustain their competitive advantage (de la Cova et al., 2014). 

Interestingly, p53 also contributes to the winner phenotypes of WT cells in competition with 

M/+ or myc-deficient losers (de la Cova et al., 2014). 

Two different studies proposed that cells can recognize and/or communicate their 

fitness differences via cell surface molecules. One such molecule, Fwe, is a transmembrane 

protein with three different splice isoforms.  While one of these isoforms, FweUbi, is 

expressed ubiquitously in all disc cells, the two other isoforms, FweLose-A and FweLose-B, were 

reported to be specifically upregulated in loser cells, and suggested to control their 

apoptosis. The differential levels of Fwe isoforms were proposed to serve as a code of relative 

fitness, labeling less fit cells for elimination (Rhiner et al., 2010). However, the upstream 

mechanism that translates cellular fitness levels into this Fwe code, or downstream 

mechanism that decode and convert it to loser phenotypes, is yet unidentified. Another 

transmembrane protein with a proposed role in fitness communication is Crumbs (Crb) 

(Hafezi et al., 2012), an upstream regulator of the HSW pathway (Ling et al., 2010). 

Differences in Crb levels among neighboring epithelial cells are thought to be translated into 

pro-apoptotic signals, thus allowing relative Crb expression to serve as a quantitative 

measure of cellular fitness. While Crb levels are deregulated in certain contexts of cell 
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competition, there is no change in Crb expression in mosaic discs with Myc-expressing or 

Minute cells (Hafezi et al., 2012). Thus, fitness comparison by Crb does not appear to be a 

global mechanism of cell competition. 

Recently, a cohort of innate immune signaling components was identified to be required 

for the elimination of loser cells in both Minute-induced cell competition and Myc-induced 

super-competition (Meyer et al., 2014). In Drosophila, innate immune signaling is controlled 

by two distinct pathways; Toll and immune deficiency (IMD) (Lemaitre et al., 1995; Lemaitre 

et al., 1996). The signaling cohort mediating cell competition incorporate components from 

both, including several Toll related receptors (TRRs), the neurotrophin family member and 

Toll ligand Spaetzle (Spz), and three NF-kB transcription factors. Genetic experiments 

indicated that during cell competition these genes function together in a novel innate 

signaling pathway that is triggered by apparent differences in cell fitness (Meyer et al., 

2014). In Myc-induced super-competition, a signaling module consisting of Spz, the 

receptors Toll-2, Toll-3, Toll-8 and Toll-9 and the NF-kB factor Relish (Rel) ɀ the downstream 

effector of the IMD immune pathway ɀ appear to function together. Cell competition induced 

between M/+  and WT cells relies on a related module, again consisting of Spz, Toll-3 and 

Toll-9, but is mediated by the activity of the canonical Toll pathway effectors, Dorsal (dl) and 

Dorsal-related immunity factor (Dif), rather than Rel. In both competitive contexts, the final 

outcome of signal activation is death of the loser cells via induced expression of pro-

apoptotic factors. Myc-induced super-competition requires the pro-apoptotic factor Hid to 

kill WT loser cells, while in Minute-induced cell competition apoptosis of M/+  loser cells is 

mediated by Reaper (Rpr) (de la Cova et al., 2004; de la Cova et al., 2014; Meyer et al., 2014). 

This thesis work focuses on the signaling role of Spz in Myc-induced cell competition. In the 
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next three sections, I discuss the regulation of Spz and TRR activity in Drosophila immunity 

and in other developmental contexts.  

1.3 Cell competition, immune signaling, and the Toll pathway 

1.3.1 Innate immunity in Drosophila 

Like other insects, Drosophila has no adaptive immune system. Instead, the fruit fly is 

protected by several lines of defense against pathogens: (1) The chitin exoskeleton and 

epithelial surfaces facing the body cavity (e.g. gut epithelia) serve as physical barriers against 

pathogen entry; (2) The cellular response, driven by specialized hemocytes (insect 

equivalent of blood cells), consists of phagocytosis of microbes by plasmatocytes, 

melanization reactions controlled by crystal cells, and the encapsulation of parasitic wasp 

eggs by lamellocytes; (3) Finally, the humoral response triggered by pathogen recognition, 

controls the systemic production of antimicrobial peptides (AMP). These AMPs, produced by 

the fat body (the insect liver equivalent) and released into circulation, actively fight fungal 

and bacterial infections (Ligoxygakis, 2013; Vanha-Aho et al., 2016).  

The Drosophila humoral response is largely controlled by the immune deficiency (IMD) 

and Toll signaling pathways (De Gregorio et al., 2002; Lemaitre et al., 1995; Lemaitre et al., 

1996) (Figure 1.4). To trigger either, the presence of pathogens has to be detected, largely 

via the recognition of microbial cell wall components. Peptidoglycan (PG) from Gram-

negative bacteria bind peptidoglycan recognition proteins (PGRPs) -LC and -LE, and trigger 

IMD signaling in fat body cells, while PG from Gram-ÐÏÓÉÔÉÖÅ ÂÁÃÔÅÒÉÁȟ ÏÒ ɼ-glucan from fungal 

spores induce the Toll pathway via the activity of PGRP-SA, -SD or glucan-binding proteins 

(GNBPs) 1 and 3 in circulation (Ferrandon et al., 2007; Gobert et al., 2003; Gottar et al., 2006; 
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Michel et al., 2001; Werner et al., 2000). In other words, the Toll receptor itself does not 

interact directly with microbial molecules. Instead, Toll has to be activated by its endogenous 

ligand Spz, and pathogen recognition by PGRPs and GNBPs has to be linked to Spz processing 

via the activity of a series of Serine Proteases (SPs) (Buchon et al., 2009; El Chamy et al., 

2008; Jang et al., 2006; Lemaitre et al., 1996; Ligoxygakis et al., 2002b). Binding of active Spz 

to Toll at the surface of fat body cells ultimately leads to the translocation of NF-kB 

transcription factors dl or Dif from the cytoplasm to the nucleus, where they transcribe AMPs 

(Ferrandon et al., 2007; Ip et al., 1993). Similarly, the intracellular components of IMD 

signaling control the nuclear translocation of another NF-kB factor, Rel (Ferrandon et al., 

2007).  

Interestingly, components from both IMD and Toll pathways, apparently working in a 

novel configuration, are needed to eliminate loser cells during cell competition (Figure 1.5). 

While Myc super-competition relies primarily on the intracellular components and 

downstream NF-kB of the IMD pathway, upstream signaling in both Minute and Myc 

competitive contexts require TRR and Spz activity (Meyer et al., 2014). This suggests that 

fitness recognition and signal initiation are more likely to be controlled by the upstream Toll 

pathway components involved in cell competition.  In this thesis work, I investigate how 

TRR/Spz-mediated competitive signaling is activated during Myc-induced super-

competition 
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Figure 1.4: Innate immune signaling in Drosophila. (A)  The Toll pathway responds to Gram-positive 
bacteria and fungi. Soluble receptors detect pathogens in circulation and trigger SP activity, leading 
to Spz processing. Upon binding of activated Spz to Toll, a complex of MyD88, Tube and the kinase 
Pelle is assembled. Signal transduction by this complex results in degradation of Cactus, releasing 
dl/Dif to translocate to the nucleus and transcribe AMPs. (B) Recognition of Gram-negative-type 
PGs by PGRP-LC leads to IMD-mediated activation of the kinases TAK1 and Kenny and to the 
subsequent phosphorylation of Relish. IMD also controls Rel cleavage by DREDD. Collectively, 
these two events lead to the release of N-terminal Rel, and nuclear translocation of the active Rel 
N-terminal domain, where it controls AMP production. 
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Figure 1.5: Competitive signaling relies on several components of the innate immune signaling 
pathways. (A) Elimination of Minute losers require TRRs Toll-3 and Toll-9 and downstream NF-
Ë"ȭÓ ÏÆ ÔÈÅ 4ÏÌÌ ÐÁÔÈ×ÁÙȢ ÄÌȾ$ÉÆ ÉÎÄÕÃÅ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÔÈÅ ÐÒÏ-apoptotic factor rpr, required for 
apoptosis of M/+ loser clones. The IMD pathway components IMD and the NF-kB Rel also appear 
to contribute to Minute competition, but their exact role is unclear. (B) Myc super-competition 
also requires Toll-3 and Toll-9, as well as Toll-2 and Toll-8. Intracellular signal transduction relies 
on various components of the IMD pathway, including the caspase DREDD and the NF-kB factor 
Rel. Activated Rel induces hid expression, leading to apoptosis of loser cells. While PGRP-LC and 
the Toll pathway adaptor protein Tube are also required, how they cooperate with the rest of the 
pathway is not clear. 
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1.3.2 Toll pathway and TRRs 

Prior to the discovery of its role in innate immune signaling, the Toll pathway was first 

recognized for controlling embryonic dorsal-ventral polarity (Anderson et al., 1985; 

Anderson and Nusslein-Volhard, 1984; Santamaria and Nusslein-Volhard, 1983). Screens for 

female sterile mutations identified a group of 11 maternal-effect genes, including Toll (Tl)  

and spzȟ ×ÉÔÈ Á ÃÏÍÍÏÎ ȬÄÏÒÓÁÌÉÚÉÎÇȭ ÐÈÅÎÏÔÙÐÅ (Anderson and Nusslein-Volhard, 1984; 

Gans et al., 1975; Mohler, 1977) (Figure 1.6). Embryos produced by homozygous null mutant 

mothers lacked lateral and ventral pattern elements, and consisted solely of the dorsal-most 

cell types (Anderson and Nusslein-Volhard, 1984; Santamaria and Nusslein-Volhard, 1983). 

A series of studies spread over decades revealed that these maternal genes belonged to the 

same signaling pathway. Tl was shown to be a transmembrane receptor located on the 

plasma membrane of the syncytial embryo (Hashimoto et al., 1991; Hashimoto et al., 1988); 

Spz was later identified to be its ligand (Chasan et al., 1992; Morisato and Anderson, 1994; 

Schneider et al., 1994; Weber et al., 2003); and both were demonstrated to act upstream of 

the dl morphogen, an NF-kB transcription factor controlling ventral cell fates (Roth et al., 

1989; Rushlow et al., 1989; Steward, 1987, 1989). A cascade of Serine Proteases (SPs) 

process full-length Spz (pro-Spz) into an active Tl ligand (Figure 1.6 A) (Chasan and 

Anderson, 1989; Chasan et al., 1992; DeLotto and Spierer, 1986; DeLotto and DeLotto, 1998; 

Dissing et al., 2001; Han et al., 2000). Ultimately, ventrally restricted activation of Spz by 

these SPs, creates a gradient of dl nuclear concentration, and controls the dorsal-ventral 

polarity of the embryo (Figure 1.6 B) (Cho et al., 2012; Cho et al., 2010; Morisato and 

Anderson, 1994). 
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Soon after, guided by the parallels between the Toll pathway and the NF-kB-mediated 

mammalian immune responses, the role of Toll signaling in Drosophila immunity was 

recognized (Lemaitre et al., 1996). Flies mutant for Tl, spz, dl, or the intracellular signaling 

molecules tube (tub) and pelle (pll) , have reduced resistance to fungal infections, because 

they are not able to induce the antifungal AMP, Drosomycin (Drs) (Lemaitre et al., 1996). 

Surprisingly, the upstream SPs that controlled Spz activity in embryonic patterning are 

dispensable for immune signaling (Lemaitre et al., 1996). Instead, a different set of SPs 

activate Spz in response to infection (Buchon et al., 2009; El Chamy et al., 2008; Jang et al., 

2006; Kambris et al., 2006; Ligoxygakis et al., 2002b). In contrast, the intracellular control of 

Toll signaling during embryonic patterning and immunity are mediated by the same set of 

molecules (Lemaitre et al., 1996), with the exception of Dif, which is not present in the 

embryo (Ip et al., 1993) (Figure 1.4 A). 

Drosophila genome encodes a family of nine TRRs, including Toll (Tauszig et al., 2000), 

and five additional proteins related to Spz (Parker et al., 2001). While Toll-7 is shown to have 

a role in antiviral defense, the TRRs Toll-2 to -9 are largely dispensable for fighting fungal 

and bacterial infections (Lindsay and Wasserman, 2014; Nakamoto et al., 2012; Weber et al., 

Figure 1.6: Control of Spz activity in the 
embryo. (A) An SP cascade consisting of 
Gd, Snk and Ea control Spz activation to 

determine dorsal-ventral polarity of the 
embryo. Three additional genes, pipe, 
ndl and wind, are required upstream of 
Gd. The intracellular pathway 
downstream of Toll is same as shown in 
Figure 1.4A. (B) Despite uniform 

presence of most signaling molecules, 
Spz is activated only in the ventral 
domain, creating a dl nuclear gradient. 
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2003). Instead, Spz and Toll family proteins serve additional developmental functions. Two 

other Spz family proteins, Spz-2 (DNT1) and Spz-5 (DNT2), as well as Spz itself, function as 

neurotrophins controlling neuronal cell survival in partnership with their respective 

receptors Toll-7, Toll -6 and Toll (McIlroy et al., 2013; Sutcliffe et al., 2013; Zhu et al., 2008). 

Toll-6 and Toll-7 further participate in neuronal development by instructing axon and 

dendrite targeting  in the olfactory circuit (Ward et al., 2015), while Toll-8 guides neural fate 

specification in sensory organs (Ayyar et al., 2007). TRRs also control cell-cell adhesion and 

can physically interact with one another. Heterophilic interactions of Toll-2 with Toll -6 

and/or Toll -8 are suggested to act as a positional code directing planar cell polarity and 

convergent extension in the embryo (Pare et al., 2014). Thus, TRRs in Drosophila serve a 

vast array of functions.  

1.3.3. Serine Proteases and regulation of Spz activity 

The full-length spz gene product is an inactive cytokine. To produce the Toll ligand, the 

active Spz C-terminal domain (C-106) has to be released from inhibition by its N-terminal 

pro-domain (Arnot et al., 2010; Schneider et al., 1994). Activation of Spz is controlled extra-

cellularly by secreted serine proteases (SPs) (Buchon et al., 2014; Stein and Stevens, 2014) 

which can organize into cascades that often consist of an initiating modular SP and two clip-

domain SPs (Kellenberger et al., 2011; Veillard et al., 2016). Each SP in the cascade is 

produced and secreted as a zymogen that relies on the enzymatic activity of an upstream SP 

for its activation, while some are potentially capable of auto-proteolysis (Buchon et al., 2009; 

Cho et al., 2012; Cho et al., 2010).  
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Control of SP cascade activity and the subsequent cleavage of Spz is the decisive event 

that determines where and when Toll signaling is activated (Chasan et al., 1992; Dissing et 

al., 2001; El Chamy et al., 2008; Jang et al., 2006; Lemaitre et al., 1996; Morisato, 2001). In 

the embryo, despite uniform presence of Tl, Spz and dl, Toll signaling is restricted to a narrow 

ventral domain (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989), due to precise spatial 

regulation of Spz activation within the perivitelline space (PVS) (Chasan et al., 1992; Cho et 

al., 2012; Cho et al., 2010) (Figure 1.7). The ventral restriction of enzymatic activity is 

controlled by Pipe, a sulfotransferase expressed specifically in the ventral follicle cells (Sen 

et al., 1998). Sulfation of egg shell components by Pipe creates the ventral cue to enrich 

Gastrulation-defective (Gd), the initiating SP of the cascade, in the ventral PVS (Zhang et al., 

2009a; Cho et al., 2010; Cho et al., 2012). The resulting local increase in the effective Gd 

concentration is thought to promote interactions between the next two SPs on the cascade, 

Snake (Snk) and Easter (Ea), thus leading to the ventrally restricted activation of Ea and Spz 

(Cho et al., 2012). Serpin27A, a serine protease inhibitor (serpin), further contributes to the 

ventral restriction of signaling by preventing SP activity from spreading farther (Ligoxygakis 

et al., 2003). 

Conversely, in the larva, immune activation of Spz takes place within the open circulatory 

system, where pro-Spz and its upstream SP zymogens circulate in the hemolymph and 

encounter infecting pathogens (Buchon et al., 2009; Irving et al., 2005; Mulinari et al., 2006; 

Shia et al., 2009; Yamamoto-Hino et al., 2015). Here, Spz activity is controlled by a different 

set of SPs, including the upstream initiator SP Modular serine protease (ModSP) (Buchon et 

al., 2009), and Spaetzle-Processing Enzyme (SPE), the ultimate SP with direct Spz-cleaving 

activity (Jang et al., 2006) (Figure 1.4 A). ModSP controls pathway activity by integrating 
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signals coming from circulating pattern recognition receptors (PRRs) GNBP3 and 

GNBP1/PGRP-SA. Direct interaction of ModSP with the activated PRRs is proposed to 

increase its local concentration, thus inducing its autocatalysis (Buchon et al., 2009). 

Notably, this proposed concentration-based activation mechanism is similar to that of the 

embryonic SP cascade. Two other SPs, Spirit and Grass, function upstream of SPE and 

downstream of ModSP, but the exact nature of their relation to these SPs is not clear (El 

Chamy et al., 2008; Kambris et al., 2006; Kellenberger et al., 2011). Persephone (Psh), a SP 

that can be processed directly by fungal proteases, is thought to control a second parallel 

pathway controlling SPE activity (Gottar et al., 2006; Ligoxygakis et al., 2002b). Thus, in 

comparison to the embryonic SP cascade, control of immune-related SP activity appears to 

be more complex, potentially to provide surveillance against a wide range of pathogens.  

 
Figure 1.7: Spz processing is ventrally restricted by tight spatial control of SP activity. 
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1.4 Question, rationale and summary of results 

Although several molecules used in the immune response for host defense (against 

pathogens) are also used in cell competition (against potentially threatening self-cells), the 

two processes lead to very different outcomes. The immune response results in production 

of antimicrobial peptides (AMPs) to attack pathogens at a systemic level, whereas cell 

competition is a distinctly local process that targets a specific group of cells for apoptosis. 

Arguably, to be beneficial to the organism, cell competition must be precisely regulated and 

kept distinct from immune response activation, to eliminate suboptimal cells in specific 

tissues without disrupting the physiology of the whole animal.  

Here I have investigated how the immune-related signaling pathway is activated during 

cell competition. Because Spz has a well-known role as Toll ligand and is also required for 

competition, we hypothesized that it activates signaling between cell populations in cell 

competition. Since pro-Spz is constitutively present in the hemolymph, an attractive idea is 

that it functions as a circulating sensor of cell fitness. However, widespread activation of Spz 

has the potential to damage the animal by triggering an inflammatory response (Parisi et al., 

2014). In an alternative model more akin to embryonic Toll signaling, tight spatial control of 

Spz activity in imaginal tissues can allow for distinct loser and winner phenotypes. Thus, 

understanding how Spz activity is regulated during cell competition can provide important 

clues on mechanisms of fitness recognition and communication.  

I sought to determine the mechanism by which Spz activation occurs during competition, 

using Myc super-competition as a model. In chapter 2, I demonstrate that, contrary to the 

idea that circulating pro-Spz functions in cell competition, its production by wing disc cells 
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is specifically required. In chapter 3, I look more closely at upstream regulators of Spz 

activity, and identify two Spz-activating SPs that are required for cell competition. I show 

that expression of these SPs is elevated in Myc super-competitor cells, and that this increase 

is required to eliminate WT loser cells from the tissue. Finally, in Chapter 5, I study the 

downstream response to an active Spz signal, and demonstrate that Spz-mediated cell death 

in wing discs requires both Toll and Toll-8. Together, the results provide a mechanism for 

the precise regulation of signal activation in cell competition that leads to Toll and Toll-8 

dependent elimination of loser cells.  
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Chapter 2: Competitive signaling mediated by Spz is local to the wing disc 

We started by asking where Spz-mediated signaling is initiated, and what tissues 

contribute to its control. Dorsal-ventral patterning of the embryo relies on strictly localized 

Spz activation within the ventral PVS. In contrast, in larvae or adult flies, Spz-mediated 

control of the immune response is systemic. Spz, produced and released by hemocytes (Shia 

et al., 2009), circulates in the hemolymph, and gets activated in response to pathogen 

detection. Importantly, imaginal discs within the larvae can communicate with other larval 

tissues via long-range signaling molecules (Kawamura et al., 1999; Rulifson et al., 2002). 

Alternatively, hemocytes recruited from circulation to damaged or tumorous imaginal discs 

can mediate signaling between discs and immune tissues (e.g. fat body) (Parisi et al., 2014) 

(Pastor-Pareja et al., 2008). Based on these, we hypothesized that signaling during 

competition could be mediated by Spz in one of two ways: it could be a systemic event with 

contribution from multiple tissues, with or without the assistance of hemocytes, or it could 

be purely local to the wing disc, reliant on the Spz produced within this tissue. In this chapter 

we report our results on the investigation of these possibilities.  

2.1 spz is required for the elimination of WT loser cells by Myc-expressing winners 

 We addressed the role of Spz in cell competition using our tub>myc>Gal4  clonal assay 

(de la Cova et al., 2004). In this assay, cell clones are generated through stochastic Flp/FRT-

mediated excision of a >myc>  cassette (where > denotes FRT), thereby allowing expression 

of Gal4 and Gal4-regulated gene expression such as UAS-GFP, which marks the clones. The 

resulting GFP-positive clones are WT with respect to myc, but behave as losers in 

competition with the surrounding cells in which the >myc>  cassette remains intact (de la 
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Cova et al., 2004) (Figure 2.1A). The acquisition of loser status of the cells in these clones is 

quantified by clone size measurements after a defined growth period. Due to hid-dependent 

cell loss over time, loser clones are significantly smaller than non-competitive control clones 

(de la Cova et al., 2004; de la Cova et al., 2014) (Fig 2.1B).  

 

 

Figure 2.1: Spz and Toll are required for loser cell elimination. (A) Schematic diagram of the clonal 
assay for Myc-ÉÎÄÕÃÅÄ ÃÅÌÌ ÃÏÍÐÅÔÉÔÉÏÎȢ #ÌÏÎÅÓ ÇÅÎÅÒÁÔÅÄ ÂÙ Ȭ&ÌÐ-ÏÕÔȭ ÏÆ tub>CD2>Gal4 (Left) or 
tub>myc>Gal4 (Right) cassettes are marked by green fluorescent protein (GFP) expression 
under Gal4 transcriptional activator and Gal4-regulated upstream activating sequence (UAS). 
Neutral, GFP-expressing clones generated in a WT background (Left) serve as controls for clone 
growth in a non-competitive context. (Right) WT clones surrounded by tub>myc>Gal4 cells 
behave as losers. (B-C) Results of clonal competition assays in (B)  spz, and (C) Tl null larvae. 
Tukey plot shows (Median and quartile) size of control clones in WT and mutant larvae (white), 
loser clones in WT larvae (light grey,) and loser clones in the background of spz or Tl null alleles 
(dark grey). N=number of clones scored per genotype. *** P<0.0005, ** P<0.005, * P<0.05, 
calculated by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ 
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Previous work showed that elimination of loser cells was suppressed in the absence of 

spz (Meyer et al., 2014). To confirm these results, we tested clone survival in larvae 

homozygous for spz null alleles spzrm7 (Anderson and Nusslein-Volhard, 1984; Morisato and 

Anderson, 1994) or spzKG05402 (Bellen et al., 2004). The original spzrm7 strain carried 

developmental delay phenotypes (Figure S2.1) that were absent in the FRT recombinant 

lines generated (See Chapter 6 for details on the generation of recombinant flies). Thus, we 

used the FRT82B spzrm7 recombinant strains in all our experiments that required the spzrm7 

allele. In control clones, loss of Spz had no effect, indicating that the spz null background does 

not affect normal growth or cell survival (Figure 2.1B). However, loser cells were no longer 

eliminated in both spz null backgrounds, confirming that cell competition is prevented by 

systemic loss of spz (Figure 2.1B). Similarly, cell competition was prevented in larvae 

carrying a temperature sensitive, heteroallelic combination of Tl mutants (Tlr3/Tl r4) (C. 

Bergantiños, Figure 2.1C). Thus, both Tl and Spz are required in cell competition to eliminate 

the loser cells, consistent with their well-established receptor-ligand relationship. 

2.2 Spz is expressed in wing discs and other larval tissues 

These results show that Spz is required for signaling during cell competition, but does 

not reveal where and how such signaling occurs within the larvae. Several larval tissues 

express spz mRNA, including the fat body (FB), salivary gland (SG) and hemocytes (HC), 

raising the possibility that the remote production of Spz by these tissues leads to its use in 

cell competition (Irving et al., 2005; Meyer et al., 2014; Shia et al., 2009). Our quantitative 

PCR (qPCR) analysis revealed that, spz mRNA is also expressed at low levels in the wing 

discs, where cell competition takes place, prompting us to look closer at expression of Spz in 
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situ (Figure 2.2A). We were able to detect spz mRNA expression in wing discs (Figure 2.7A), 

as well as in other larval tissues by mRNA in situ hybridization (ISH) (Figure 2.2B-C). To look 

at Spz protein expression, we constructed a bacterial artificial chromosome (BAC) 

containing C-terminally tagged Spz in its endogenous locus (Spz-mCherry), and generated 

transgenic flies (See Chapter 6 for details on the construction of Spz-mCherry). Spz-mCherry 

rescues the sterility phenotype of spz null females (Figure S2.2), indicating that it can 

functionally replace wild-type Spz, and is present in all of the larval tissues where we 

detected spz mRNA by qRT-PCR, at comparable relative levels (Figures 2.3 and 2.4). 

Immunostaining against mCherry reveals that in young wing discs (early L3) Spz-mCherry 

is present at low levels and can be detected intracellularly and near the apical cell surface 

(Figure 2.3A). In mature wing discs, Spz-mCherry accumulates at relatively high levels in the 

disc lumen (Figure 2.3B) and is also evident within cells, where it appears to be apically 

localizeÄ &ÉÇÕÒÅ ςȢσ"ȭȭ Ȣ #Ï-labeling for Spz and F-actin confirmed that Spz is enriched at the 

ÁÐÉÃÁÌ ÓÕÒÆÁÃÅ ÏÆ ÔÈÅ ÃÅÌÌ ÍÅÍÂÒÁÎÅ ÉÎ ×ÉÎÇ ÄÉÓÃÓ &ÉÇÕÒÅ ςȢσ"ȱ Ȣ  

 

Figure 2.2: spz expression in larval tissues. (A) Results of qPCR showing spz expression in wing 
discs (WD), central nervous system (CNS), fat body (FB), salivary glands (SG), gut (G) and 
hemocytes (HC) of 3rd instar larvae (yw122; +; + ). Error bars, SD. (B-C) mRNA in situ hybridization 
(ISH) shows spz mRNA expression in vivo. "ȭ and #ȭ show negative controls with sense probes. 
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Figure 2.3: Spz-mCherry expression in the wing disc. (A-B) Stainings against mCherry showing 
Spz-mCherry expression in wing discs of (A)  early (EL3) or (B)  late L3 (LL3) larvae (yw122; spz-
mCherry; spzrm7 Ȣ " ÁÎÄ "ȭ ÓÈÏ× apical and medial sections from the same disc. F-actin, labeled 
with fluorescently-tagged phalloidin, marks the apical cell surface. (!ȭ and "ȭȭ) Z-sections of the 
wing discs (positions are shown by red dashed lines on xy-plane images). Images are sum 
proÊÅÃÔÉÏÎÓ ÏÆ ÍÕÌÔÉÐÌÅ ÓÅÃÔÉÏÎÓȢ 3ÃÁÌÅ ÂÁÒÓ  υπʈÍȢ 
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We suspected that the apically enriched Spz might represent Spz bound to its receptor Tl 

at the membrane. In larvae mutant for Tl, intracellular levels of Spz protein expression within 

wing discs, as detected by an antibody against Spz, was comparable to WT counterparts 

(Figure S2.3). However, the amount of Spz protein at the apical surface of columnar cells 

appeared to be reduced, even though Spz could still be found at relatively high levels apically 

&ÉÇÕÒÅ ςȢς"ȭ Ȣ 3ÉÎÃÅ 3ÐÚ ÃÁÎ ÏÎÌÙ ÂÉÎÄ 4Ì ÉÎ ÉÔÓ ÐÒÏÃÅÓÓÅÄȟ ÁÃÔÉÖÅ ÆÏÒÍ (Gangloff et al., 2008) 

(Weber et al., 2003), this reduction of apical Spz enrichment in Tl mutants suggested that a 

certain level of Spz activation occurs endogenously, even in the absence of cell competition. 

Figure 2.4: Spz-mcherry expression in larval tissues. (A-C) anti-mCherry immunostaining in (A)  fat 
body, (B)  salivary, and (C) lymph glands of yw122; spz-mCherry; spzrm7 L3 larvae shows that Spz is 
present in several larval tissues. Images are sum projections of multiple Z-sections. Scale bars = 
υπʈÍȢ  
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To test this possibility, we performed Western Blots (WB) on protein extracts from WT 

(hsFlp 1.22; +; +) control and Spz-mCherry; spzrm7 larvae, along with protein extracts from 

wing discs dissected from Spz-mCherry; spzrm7 larvae (Figure S2.3 C). Spz-mCherry present 

in the wing imaginal discs was predominantly in the full-length, inactive form (Figure S2.3 

C). This does not refute the possibility of endogenous Spz activation in the wing discs, but 

implies any activation would be happening at relatively low levels. Notably, processed, 

receptor-bound Spz is concentrated at the cell surface in vivo. This may explain why its 

presence, (and the contrasting absence in Tl mutants), can be seen in the wing disc images, 

while its minimal representation in the protein extracts makes it undetectable in our WBs. 

Collectively, these results imply endogenous Spz processing can occur in wing discs, but is 

very limited.  

2.3 Spz expression is required locally in the wing disc epithelium 

In strongly tumorigenic contexts, hemocytes recruited from the circulation can associate 

with the wing discs, and release cytokines in response to the tumorous disc cells  (Pastor-

Pareja et al., 2008; Parisi et al., 2014). Given the high levels of spz expression seen in 

circulating hemocytes (Figure 2.2A), we wondered if these hemocytes participated in Spz-

mediated signaling by directly associating with tub>myc> winner or WT loser cells of the 

wing discs. To address this question we looked at hemocyte accumulation on wing discs with 

or without Myc-induced competition (Figure 2.5A-B). In the absence of competition, less 

than half of the wing discs had attached hemocytes (Figure 2.5A). Where hemocytes were 

found on control wing discs, their numbers were typically very few (<5) (Figure 2.5B). 

Neither the frequency of discs with attached hemocytes, nor the number of hemocytes found 
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on discs was increased for discs with competing tub>myc> and WT cells (Figure 2.5A-B). 

We concluded that, unlike the response to tumorous tissues, recruitment of hemocytes from 

the hemolymph is not a characteristic of Myc-induced cell competition.  

 

Figure 2.5: spz expression is required locally in the wing disc. (A-B) Myc super-competition, 
induced with the tub>myc>Gal4 cassette does not cause hemocyte accumulation on wing 
imaginal discs 24 hours after clone induction (ACI). (A) Frequency of discs with attached 
hemocytes, for hsFlp; tub>CD2>Gal4; UAS-GFP discs with non-competing control (white), or 
hsFlp; tub>myc>Gal4, UAS-GFP discs with loser (grey) clones. (B) Number of hemocytes counted 
per disc, for discs with attached hemocytes. White bar, control discs with non-competing clones; 
grey bar, mosaic discs with competition. (C) Schematic diagram of clonal competition assay with 
tissue-specific spz-RNAi knock-down. (D-E) Tukey box plots shows clone size distribution in 
controls with no knockdown, or in larvae with UAS-spz-RNAi expression induced with (D) Hml-
Gal4, R4-Gal4, and (E) C10-Gal4 or C765-Gal4. Unshaded and shaded boxes represent non-
competing control (labeled C) and loser clones in tub>myc>lexA background (labeled L), 
respectively. *** P<0.0005, ** P<0.005, * P<0.05 calculated by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ 
correction. The numbers within the boxes indicate N=number of clones scored for each genotype. 
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Still, the existence of Spz in the lumen of mature wing discs could be due to uptake from 

the circulating hemolymph, where it is constitutively present, as provided by hemocytes and 

fat body (Irving et al., 2005;  Levashina et al., 1999; Shia et al., 2009). Alternatively, the 

elimination of loser cells in cell competition could require local synthesis of Spz, by wing disc 

cells. To distinguish between these mechanisms, we designed assays to determine whether 

the specific synthesis of Spz by the fat body, hemocytes or wing disc cells was required to 

mediate competition. We constructed LexA-based versions of the tub>myc>  and tub>CD2>  

gene cassettes that deploy the lexA-lexO expression system instead of Gal4/UAS to generate 

and mark cell clones (Figure 2.5C; see also Appendix A). These cassettes allowed us to 

measure cell competition while at the same time selectively disrupt spz by expressing UAS-

spz-RNAi in the fat body, hemocytes, or wing discs with tissue-specific Gal4 drivers. The 

efficiency of RNAi inhibition was measured by RT-PCR in tub-Gal4, UAS-spz-RNAi larvae, and 

the tissue specificity of each Gal4 driver was confirmed using the G-TRACE lineage tracing 

system (Evans et al., 2009) (Figure S2.4). We found that RNAi-mediated knock down of spz 

in either hemocytes or the fat body had no effect on the elimination of loser cells in wing 

discs, indicating that these tissues contribute little Spz, if any, for cell competition (Figure 

2.5D).  Strikingly, however, cell competition was robustly suppressed by the specific 

expression of spz-RNAi in wing discs (Figure 2.5E).  Thus, the expression of Spz in wing discs 

is sufficient to mediate signaling during cell competition, without input of systemic Spz made 

remotely by other tissues.  
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2.4 Local activation of Spz in the wing disc is sufficient to induce cell death 

An important tenet of cell competition is its dependence on close proximity between 

competing cells (de la Cova et al., 2004; Morata and Ripoll, 1975; Simpson and Morata, 1981). 

The finding that elimination of loser cells during competition requires that wing disc cells 

synthesize Spz is consistent with this rule and suggests that the activated, ligand form of Spz 

functions as a local signal to induce cell killing. To determine if this was the case, we asked 

whether expression of Spz in the wing disc was sufficient to compromise survival of the cells.  

We used the nubbin-Gal4 (nubGal4) driver to express pro-Spz (SpzFL), the unprocessed and 

inactive form of the protein, or the active C-106 domain of Spz (SpzAct) (Ligoxygakis et al., 

2002b), specifically in the wing pouch (WP) of the disc and examined cell death by staining 

for the activated form of the Dcp1 caspase. Expression of SpzFL had no effect on wing disc cell 

survival (Figure 2.6A), consistent with the accepted view that Toll binds only to the 

processed form of Spz, C106 (Gangloff et al., 2008; Morisato and Anderson, 1994; Weber et 

al., 2003). This result also suggested that over-expression of SpzFL alone is not sufficient to 

induce its activation. Indeed, HA-tagged Spz, expressed with the disc-specific C765-Gal4 

driver remained in the full-length inactive form (Figure 2.6B). Expression of SpzAct, on the 

other hand, led to a highly significant, 7-fold increase in apoptosis in WP cells over nub-Gal4 

controls (Figure 2.6C). To determine whether the activity of SpzAct in WP cells is mediated 

by Toll signaling, we carried out epistasis experiments between SpzAct and Tl, and confirmed 

that Toll is required for SpzAct to induce death of WP cells. In the temperature sensitive 

Tlr3/Tl r26 background, cell death induced by nub-Gal4, SpzAct expression was substantially 

suppressed (Figure 2.6C). We also examined drosomycin (drs)-GFP, a dorsal/Dif immune 

target (Fehlbaum et al., 1994) in larvae with nub-Gal4, SpzAct expression.  drs-GFP (Fehlbaum 
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et al., 1994; Manfruelli et al., 1999) was not activated in wing discs, or other tissues (Figure 

S2.5), confirming that activation of NFkB signaling in wing discs does not induce immune 

targets, either cell autonomously or non-cell autonomously (Meyer et al., 2014). 

 

 

2.5 Spz expression is increased in Myc-overexpressing cells of the disc 

Our experiments show that Spz is expressed in the wing discs and this local expression 

is crucial to kill loser cells during cell competition. We then asked whether spz expression is 

further regulated locally in response to cell competition. Interestingly, mRNA expression of 

spz is highest within the WP region of the disc (Figure 2.7A-B), where cell competition is 

most robust under our experimental conditions (Appendix A). Overexpression of Myc under 

control of the ptc-Gal4 driver results in cell competition between Myc-overexpressing cells 

in the ptc region and their anterior WT neighbors (de la Cova et al., 2004). Hence, ptc-

Gal4/UAS-Myc discs consist of three different cell populations: Myc winner cells in the ptc 

Figure 2.6: Activated Spz can induce cell death in the wing disc. (A)  Expression of full-length pro-
Spz does not induce cell death (n=17, 26). (B) Overexpression of pro-Spz in wing discs does not 
trigger its processing. WB with anti-HA antibody on total protein extracts from WT (hsFlp 1.22; 
+; +)  and C765-Gal4/UAS-SpzFL-HA larvae. Arrowhead marks expected size of processed SpzAct-
HA. (C) Quantification of cell death (Tukey plots) in the WP for nubGal4/UAS-SpzAct larvae 
compared to nubGal4; UAS-GFP larvae, and nubGal4/ UAS-SpzAct; Tlr3/Tl r26 larvae (n=14, 19, 
20); n= number of discs scored per genotype. ***P<0.0005, ** P<0.005, * P<0.05 by unpaired 
t-test with 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ 
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domain, loser cells in the rest of the anterior compartment, and non-competing wild type 

cells in the posterior domain (de la Cova et al., 2004), allowing us to examine spz expression 

in each cell group. ISH experiments in ptc-Gal4/UAS-Myc discs showed that spz expression 

was highest in Myc-overexpressing cells (Figure 2.7C). To evaluate whether upregulation of 

spz in the Myc cells was a consequence of their increased cell size, we examined spz 

expression under conditions that induce growth but do not cause cell competition. Regional 

or clonal expression of Dp110, the catalytic subunit of Drosophila PI3K, does not induce cell 

competition, although like Myc, it increases cellular biosynthesis and leads to larger cell size 

(de la Cova et al., 2004; Senoo-Matsuda and Johnston, 2007). However, expression of UAS-

Dp110 with ptc-Gal4 did not induce spz mRNA (Figure 2.7D), indicating that the elevated 

levels of spz mRNA in Myc-expressing wing disc cells is independent of cell size. Spz protein 

is also elevated in Myc-expressing cell clones compared to surrounding cells (Figure 2.7 E-

F). Notably, for roughly 60% of Myc-expressing clones, Spz protein appeared to be 

particularly enriched at the apical surface of their surrounding WT neighbors (Figure 2.8). 

This phenotype, though not evident for all Myc clones, was quantifiable (Figure 2.8B). Where 

present, the enrichment of Spz appeared to be limited to the cells within close proximity of 

the Myc-ÏÖÅÒÅØÐÒÅÓÓÉÎÇ ÃÅÌÌÓ &ÉÇÕÒÅ ςȢψ!ȭ ÁÎÄ !ȭȭȭ Ȣ 4ÈÉÓ ÉÓ ÉÎ ÁÇÒÅÅÍÅÎÔ ×ÉÔÈ ÐÒÅÖÉÏÕÓ 

reports, where Myc-overexpressing cells can induce apoptosis of the neighboring WT cells 

only within a distance of eight cell diameters (de la Cova et al., 2004). Taken together, our 

results show that Myc-expressing cells of the wing disc upregulate Spz synthesis, and imply 

that their WT neighbors are the likely targets of the excess Spz they produced.  
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Figure 2.7: Spz expression is increased in Myc-expressing cells. (A) ISH to spz mRNA in WT control 
wing discs. (B) Negative controls with sense probes do not show any staining. (C) spz is 
upregulated in Myc-expressing cells in ptc-Gal4/UAS-Myc larvae. (D) The upregulation of spz 
mRNA is not an artifact of growth stimulation or increased cell size, as spz is not increased in cells 
over-expressing the growth inducer Dp110. (E) ISH to spz mRNA, and (F) anti-Spz staining in 
hsFlp; act>CD2>Gal4; UAS-Myc wing discs with Myc-expressing Flp-out clones. Red dashed lines 
mark clone boundaries. Fluorescent images are sum projections of multiple sections. Scale bars 
= 50um. 
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Figure 2.8: Spz is enriched at the apical surface of WT cells near Myc clones. (A) Anti-Spz staining 
in hsFlp; act>CD2>Gal4; UAS-Myc wing discs with Myc-expressing Flp-out clones, shows Spz 
enrichment at the apical surface of WT neighbors. !ȭ-!ȭȭȭ Close-up images of !ȭ  apical, and !ȭȭ  
medial sections, or !ȭȭȭ Z-section of the same clone shown in (A) . (B) Intensity profile for anti -
Spz (red), F-actin/phalloidin (grey) and GFP (green) signals detected across the apical surface of 
clone shown in (A) .  
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2.6 spz upregulation in Myc winner cells is not essential for cell competition 

If the upregulation of Spz in Myc winner cells is important for triggering activation of 

local Spz-mediated signaling during cell competition, then removal of Spz specifically from 

the Myc winner cell population is predicted to prevent loser cell elimination. To test this idea, 

we used a MARCM-based cell competition assay that allows us to mark and follow winner 

and loser cell clones in tandem. In this assay, FRT-mediated mitotic recombination generates 

two daughter cells whose progeny form sibling clones. One clone expresses Myc under Gal4 

control and becomes a winner, while its sibling clone, carrying the Gal4 inhibitor Gal80, 

remains WT for Myc expression and thus behaves as a loser (Figure 2.9A). After a defined 

growth period, neutral (non-competing) control sibling clones grow at the same rate and 

thus are the same size. Expression of Myc induces cell-autonomous growth and thus results 

in larger clone sizes compared to WT control clones. In contrast, the WT siblings of Myc-

expressing clones are reduced in size relative to WT controls due to cell loss induced by cell 

competition (compare neutral and competing clone sizes in Figure 2.9A).  

We generated FRT82B, spzrm7 recombinant chromosomes and used them to eliminate 

spz function specifically from GFP-expressing clones, and measured the impact on the 

growth of both sibling clones (Figure 2.9B). Loss of spz in neutral control clones did not alter 

clone size, reaffirming that spz is not required for growth in the absence of cell competition. 

Likewise, Myc-expressing cell clones that lack spz were not impaired in their growth capacity 

and were still larger than control clones. Loss of spz from Myc winner clones did not 

significantly change the size of their WT sibling loser clones, possibly because of the 

abundance of Spz-expressing cells in their vicinity (Figure 2.9B). Interestingly, however, the 
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size difference between spz mutant winner -WT loser sibling clones was less pronounced 

than control winner-loser sibling pairs (Figure 2.9B). This result implies that while not 

essential, the upregulation of Spz in Myc winner clones may contribute to the elimination of 

loser cells, presumably by increasing the amount of pro-Spz available to be processed into 

an active ligand. In contrast, the size difference of WT winner-spz mutant loser cell clones 

was almost identical to that of WT winner-WT loser clone pairs (Figure 2.9C). Note that in 

this case spz is eliminated only from the loser sibling clones of the Myc-expressing cell clones, 

but not from the surrounding WT cells, also losers. To further verify that spz expression in 

loser cells was dispensable, we expressed spz-RNAi in the WT loser clones in a tub>myc>  

assay, where loss of spz expression in loser clones did not interfere with their elimination 

(Figure 2.9D). Together, these results indicate that loss of spz from one cell population (i.e. 

winners or losers) is not sufficient to block cell competition.  

 

Figure 2.9 (on the next page): spz upregulation in winner cells is not essential for cell competition. 
(A) Schematic diagram of MARCM cell competition assay. FRT-mediated mitotic recombination in 
hsFlp, tubGal4, UAS-GFP; UAS-Myc; FRT82B tubGal80 CD2/FRT82B larvae gives rise to sibling 
clones with no Gal80 and UAS-Myc and UAS-GFP expression (green) or with Gal80 and expressing 
CD2 (blue) (middle panel). The clones with UAS-Myc expression become winners, while their 
siblings are losers. FRT82B spzrm7 or FRT82B SPESK6 chromosomes were used to remove spz or 
SPE function only in winner clones (bottom). Neutral (non-competing) clones (top) are induced 
and marked in the same way, but neither sibling expresses UAS-Myc. (B, C) Results of MARCM cell 
competition assays where spz is removed from (B) winner, or (C) loser cell clones. Scatter plots 
show clone size distributions for (from left to right) non-competing control clones for WT sibling 
pairs, and where one sibling clones is mutant; control winner (denoted W) and loser (denoted L) 
clones; and winner and WT sibling loser clones where one sibling is mutant. Horizontal lines show 
mean, error bars show SD. P-values calculated by paired t-test for comparison of the sibling clone 
pairs, by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎ ÆÏÒ ÁÌÌ ÏÔÈÅÒ ÃÏÍÐÁÒÉÓÏÎÓȢ ɕɕɕ 0 πȢπππυȟ ɕɕ 
P<0.005, * P<0.05. (D) spz knockdown in loser cells by RNAi expression does not suppress loser 
elimination. Tukey plot shows clone size distributions in a tub>myc assay (n=78, 82, 107). 
Expression of UAS-spz-RNAi in loser cell clones (dark grey) does not change their size. 
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2.7 Chapter discussion 

The results we present here establish Spz as a death-inducing ligand of cell competition. 

As demonstrated before (Meyer et al., 2014), Spz is required to eliminate loser cells from 

mosaic tissues. Here we show that expression of activated Spz is sufficient to induce cell 
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death in the wing imaginal disc, in a Tl-dependent manner. While expression of Toll-RNAi 

was previously shown not to suppress elimination of loser cells, subsequent work revealed 

that the knockdown was incomplete (Meyer et al., 2014) (C. Bergantiños). The results 

reported here using conditional Tl mutants (Tlr3/Tl r4) (Anderson et al., 1985) in cell 

competition reveal that Tl is indeed required for the elimination of loser cells. Moreover, the 

apical enrichment of Spz is partially reduced in Tl mutant (Tlr26/Tl r4) discs, suggesting that 

Spz and Tl can act as binding partners in the wing disc. Interestingly, the apical enrichment 

of Spz was more evident in WT neighbors of some Myc-expressing cell clones. This 

observation was limited to the WT cells within close range, suggesting that Spz acts as a 

short-range signal, specifically targeting loser cells. Collectively, these results demonstrate 

that Spz can trigger elimination of loser cells in Myc super-competition by inducing their 

death via the activity of Tl. 

Spz is produced by various larval tissues, including wing discs, supporting models of both 

local and systemic signaling during cell competition. However, tissue-specific spz knock-

down experiments showed that expression of Spz in fat body or hemocytes was fully 

dispensable for loser cell elimination. In contrast, removing spz expression from wing discs 

completely suppressed the loss of loser cells, suggesting that systemically derived Spz is not 

sufficient to sustain cell competition. Presumably, in the larvae that lacked Spz expression in 

wing discs, Spz is still present in circulation, but somehow inaccessible to the wing disc cells. 

Indeed, expression of SpzAct in the wing disc does not induce AMP genes in the fat body, 

further confirming the presence of a barrier in communication between wing discs and 

immune tissues. Together, these results imply that Spz-mediated signaling in cell 

competition is compartmentalized, providing a simple solution to the problem of unwanted 
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cross-talk between competitive signaling in imaginal tissues and the systemic immune 

response. If circulating Spz cannot access the disc lumen, healthy disc cells will be protected 

from aberrant signal activation during an infection. Conversely, retaining activated Spz in 

the disc lumen during competition will prevent a metabolically costly and potentially 

harmful inflammatory response. 

Given that Spz must be in its active form to induce signaling, and produced by the wing 

disc cells for cell competition, we wondered how Spz activation is controlled locally within 

the wing discs. Despite the apparent Tl-dependent presence of Spz at apical cell surfaces, we 

were not able to detect processed Spz in wing disc protein extracts. Instead, our WB analysis 

showed that, in the absence of cell competition, Spz is predominantly inactive in WT wing 

discs. The apparent contradiction between these two results may be due to limitations in our 

detection techniques. in vivo immunostaining of Spz potentially favors the visualization of 

the processed, receptor-bound form, as secreted but unbound full-length Spz is more likely 

to be lost from the lumen through the standard staining protocols (Strigini and Cohen, 2000). 

In contrast processed Spz is often hard to detect on WB of WT embryo extracts, evidently 

due to receptor-mediated turnover (Morisato, 2001; Morisato and Anderson, 1994). Thus, 

taken together, our results do not refute the prospect of endogenous Spz processing, but 

suggest that, relative to the full-length form, processed Spz is kept at very low levels. 

Consistently, apoptosis is a rare event in WT wing discs (except at larval molts) (Milan et al., 

1997). Hence, whatever the precise level of processed Spz is in WT discs, it is evidently lower 

than that necessary to signal apoptosis to WT cells. This suggests that, to kill WT loser cells, 

the level of active Spz must be increased during cell competition. Notably, Spz expression is 

increased in Myc-expressing cells. However, this upregulation is not the cause for signal 
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activation, as it is dispensable for loser cell elimination. Consistently, increasing full-length 

Spz levels in the discs by Gal4/UAS-mediated overexpression is also not sufficient to trigger 

Spz activation. Collectively, these results point to the need for an additional activation 

mechanism to induce Spz-mediated signaling during cell competition.  

Altogether, the results presented in this Chapter indicate that, during cell competition, 

Spz-mediated signaling is strictly confined to the imaginal disc, allowing errors in tissue 

fitn ess to be corrected without compromising organismal physiology. The mechanisms that 

control local Spz activation in wing discs during cell competition are explored in the next 

Chapter.  
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Figure S2.1: The original spzrm7 strain carries additional mutations causing developmental delay. 
(A) Wing disc size is smaller in spzrm7 L3 larvae compared to WT controls. (B) The delay happens 
in the 3rd instar. The frequency of molted larvae at 48hrs and 72hrs AEL is similar for spzrm7 
(grey) and control (white ) larvae. (C) Wandering and (D) pupation is delayed in spzrm7 larvae, 
but happens at the normal developmental time in FRT82B spzrm7 recombinants. 
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Figure S2.2: Spz-mCherry can partially rescue the female sterile phenotype of spzrm7. Percentage 
of larvae hatched from eggs laid by WT, spzrm7-/ - and spz-mCherry; spzrm7-/ - females. Bar plots 
represent data from four collections. Error bars are SEM. *** P<0.0005, P-values calculated by 
unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ  

Figure S2.3 (on the next page): Spz-mCherry in WT and Tl mutant discs. Anti-Spz staining in (A) 
WT and (B) Tl mutant wing discs. !ȭ ÁÎÄ "ȭ  Z-sections of the discs. Red arrow points to Spz 
enrichment forming a punctate line at the apical surface of columnar cells in (A) and reduction 
of this enrichment in (B) . (C) Western blots on protein extracts from WT (hsFlp; +; +) and hsFlp; 
spz-mCherry; FRT82B spzrm7 whole larvae, and hsFlp; spz-mCherry; FRT82B spzrm7 wing discs 
(WD). Full length Spz is detectable in both whole larvae and wing disc extracts. spz locus encodes 
8 splice isoforms, that share a common C-terminal (Spz active domain, C-106) but differ in the 
N-terminus. Thus full length forms of Spz run at different sizes (marked by the bracket). 
Processed Spz is not detected (Arrowhead marks its expected size). The ~28kD molecular 
weight difference between Spz-mCherry (shown here), and SpzFL-HA (Figure 2.6B) is the 
molecular weight of fused mCherry. 
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Figure S2.4 (on the next page): Lineage tracing of the Gal4 drivers used for tissue-specific knock-
down. UAS-RedStinger, UAS-Flp, Ubi>STOP>eGFP flies were crossed to C10-Gal4 (A-F), C765-
Gal4 (G-L), Hml-Gal4 (M-R) or R4-Gal4 (S-X) flies. Red marks current expression; green marks 
past expression. Expression in wing discs (A, G, M and S), fat body (B, H, N and T), gut (C, I, O and 
U), lymph glands (D, J, P and V), salivary glands (E, K, Q and V) and central nervous system (CNS) 
(F, L, R and X) are analyzed in wandering 3rd instar larvae. Images are sum projections of multiple 
Z-ÓÅÃÔÉÏÎÓȢ 3ÃÁÌÅ ÂÁÒÓ  υπʈÍȢ    
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Figure S2.5: Expression of SpzAct in the wing pouch does not induce systemic or local antimicrobial 
peptide (AMP) gene expression. (A-B) Neither Drs-GFP or dipt -lacZ is expressed in (A)  fat body 
or (B)  wing disc cells, but Drs-GFP is constitutively expressed in trachea (B)  of control larvae. (C-
D) In larvae expressing nub-Gal4/UAS-SpzAct, a low level of dipt -lacZ expression is seen in (C) 
some fat body cells but not in (D) wing discs. Images are sum projections of multiple Z-sections.  
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Chapter 3: The immune SPs ModSP and SPE control loser cell elimination  

Our results indicate that Spz is endogenously present within developing wing discs, 

predominantly in its inactive form, and Spz activity is sufficient to induce apoptosis in this 

tissue. However, only expression of the processed, active version of Spz was able to provoke 

this response, implying that signaling activity upstream of Spz is normally limiting in wing 

discs. In the immune response and in embryonic patterning, processing of Spz is controlled 

by the activity of two distinct SP cascades (reviewed in Veillard et al., 2016). The lumen 

within the folded epithelium of wing imaginal disc is an enclosed space, similar to the PVS 

where Spz activation is restricted to ventral cells during embryonic DV patterning (Cho et 

al., 2010). In both tissues, the physical constriction of space allows for precise local 

regulation of signal concentrations. Importantly, a local increase in effective SP 

concentration can induce enzyme activation and lead to Spz processing (Buchon et al., 2009; 

Cho et al., 2012; Cho et al., 2010). We hypothesized that this regulatory property of SPs can 

provide a mechanism to initiate signaling during cell competition, and explain how Spz 

activation is controlled in wing discs. To investigate this possibility, we screened known Spz-

regulating SPs for involvement in cell competition and identified two immune-related SPs to 

be required for loser cell elimination. In this chapter, we describe their regulation in wing 

discs and propose a potential mechanism for their activation during cell competition.  

3.1 SPs with known Spz-regulating roles are expressed in the discs 

How is Spz cleaved and activated for signaling in cell competition? A total of 9 SPs, 

functioning either in the immune response or embryonic patterning, are known to control 

Spz activity (Figure 3.1A). Of these, ModSP, Grass, Spirit, SPE and Psh regulate Toll pathway 
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activity in response to infection in larvae and/or adult flies (Buchon et al., 2009; El Chamy et 

al., 2008; Kambris et al., 2006; Jang et al., 2006; Mulinari et al., 2006). Accordingly, mRNA  for 

these immune-related SPs can be detected in larvae (Figure 3.1B; Mulinari et al., 2006). The 

SPs Ndl, Gd, Snk and Ea, on the other hand, control the Toll pathway in the embryo (Anderson 

and Nusslein-Volhard, 1984; Stein et al., 1991), and have no known function in the larva. 

Surprisingly, our RT-PCR analysis showed that all four embryonic SPs are expressed in third 

instar larvae (Figure 3.1B).  At the tissue level, both immune-related and embryonic SPs are 

likely to be expressed in either fat body or hemocytes, while some SPs were also present in 

the wing discs (Figure 3.1B). To verify SP expression in wing discs we carried out qRT-PCR 

assays on RNA isolated from wing discs, and found mRNA expression of four of the five 

known Spz-regulating SPs in the immune response - SPE, grass, spirit and modSP. In contrast, 

of those required to activate Spz in embryonic patterning, easter (ea) was the only SP 

expressed in wing disc cells (Figure 3.1C).  
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3.2 SPE and ModSP are required for loser elimination 

We used mutants of all SPs with known Spz-regulatory roles to assess their requirement 

in the elimination of loser cells (with the exception of spirit , for which no mutant alleles are 

available). The results indicate that none of the embryonic SPs are required during cell 

competition, as cells in loser clones generated in the tub>myc>Gal4 assay were successfully 

eliminated in the background of mutations in ea (ea1/ea4), snk (snk1/snk 4), gd (gd7) or ndl 

(ndl rm5) (Figure 3.2A-D). Consistently, expression of RNAi against ea, snk or gd specifically 

in loser cell clones also did not have an impact on their elimination (Figure S3.1A-C). 

Likewise, loser cells were still eliminated from wing discs in larvae carrying null alleles of 

the immune-related SPs Psh (psh1) or Grass (grassHer) (Figure 3.2E, F), or when they were 

partially deficient for spiri t expression due to RNAi inhibition  (Figure S3.1D). However, 

consistent with their expression in wing discs (Figure 3.1C), loss of either modSP (modSP1), 

the apical SP in the immune cascade (Buchon et al., 2009); or SPE (SPESK6/Df and 

SPEPasteur/Df) , the ultimate SP in the cascade with direct Spz-cleaving activity (Jang et al., 

2006), suppressed cell competition (Figure 3.2F-H). Of note, although the suppression of 

loser elimination in modSP null larvae was highly significant (Figure 3.2F), the effect of 

modSP loss was milder than loss of SPE. We considered that this milder phenotype, and also 

Figure 3.1 (on the previous page): Serine Protease expression in wing disc and larvae. (A) 
Schematic diagram of SP cascades that control Spz activity during the immune response and 
embryonic patterning. Above, the recognition of pathogens in the immune response leads to the 
activation of ModSP, which then triggers activation of the rest of the cascade, culminating in the 
activation of Spz by SPE. Below, in the embryonic SP cascade, GD is the most upstream SP, and 
Easter is the terminal SP that cleaves Spz. (B) (left) RT-PCR showing SP expression in WT or yw; 
tub>myc>Gal4 larvae. Expression of the SPs did not require high Myc levels, as they were all 
detected in larvae of both genotypes. (Right) RT-PCR results for RNA extracted from wing discs 
(WD), fat body (FB) and hemocytes (HC). (C) qRT-PCR results for SP expression in the wing disc. 
Data is compiled from three independent experiments. Error bars, SEM. 
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the inability of psh mutants to suppress competition, could be due to redundancy between 

them, since both Psh and ModSP independently act upstream of SPE (Ligoxygakis et al., 

2002b). However, this is not the case, because psh1; modSP1 double mutants behaved like 

modSP1 alone, exhibiting no improvement in the suppression of competition (Figure 3.2F). 

To further verify that modSP is required for loser cell elimination, we compared cell death in 

discs with or without competing clones in WT and modSP null backgrounds (Figure S3.2). 

As expected, apoptosis was more frequent in discs with cell competition (Figure S3.2A), and 

particularly increased in loser cell clones compared to controls (Figure S3.2B). Consistent 

with a role for modSP in cell competition, apoptosis of loser cells was significantly reduced 

in modSP larvae, while we did not see a significant difference in cell death under non-

competitive conditions in WT vs modSP discs (Figure S3.2A, B. For more on cell death in 

modSP null backgrounds, see Appendix B). Taken together, our results provide compelling 

evidence that activation of Spz during Myc-induced super-competition is mediated by the 

activities of ModSP and SPE.  
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Figure 3.2: Requirement for embryonic and immune SPs in cell competition. (A-D) Loser clone size 
is not increased in mutants of (A) ndl (ndl rm5) (n=51, 28, 12), (B)  gd (gd7) (n=97, 14, 9), (C) snk 
(snk1/4 ) (n=42, 21, 15), (D) ea (ea1/4 ) (n=116, 44, 18), (E) grass (grassHer) (n=140, 58, 24) or (F) 
psh (psh1) (n=36, 35, 73, 20, 87, 35). Null mutants of (G) modSP (modSP1) and (H)  SPE 
(SPESK6/Df(3R) mbc-30) (n=54, 83, 23, 25), or (I) hypomorphic SPE mutants (SPEPasteur/DF(3R) 
mbc-30) (n=45, 56, 20) increased loser clone size in tub>myc assays. n= number of clones scored 
ÐÅÒ ÇÅÎÏÔÙÐÅȢ 4ÕËÅÙ ÐÌÏÔÓ ÓÈÏ× ÃÌÏÎÅ ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÒÏÍ  ÔÈÒÅÅ ÉÎÄÅÐÅÎÄÅÎÔ ÅØÐÅÒÉÍÅÎÔÓȢ 
Non-competing control clones (white), loser clones (shaded). *** P<0.0005, ** P<0.005, * P<0.05 
calculated by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎ. 
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3.3 ModSP or SPE activity leads to cell death in wing disc cells 

Our results indicate that Spz processing during cell competition is likely to be controlled 

by the SPs SPE and ModSP. Thus we predicted that activating these SPs in wing discs should 

induce Spz processing and trigger signaling. Both ModSP and SPE are produced as zymogens 

and require endoproteolytic activation, which occurs through highly regulated activity 

cascades (Figure 3.1A). However, as activation of the SPs can also be achieved by increasing 

their effective concentration (Buchon et al., 2009; Cho et al., 2012; Cho et al., 2010), we 

stimulated the activity of these SPs in the wing disc with two approaches: overexpression of 

the full-length, unprocessed form of ModSP (Buchon et al., 2009), or expression of the 

processed and activated form of SPE (UAS-SPEAct) (Jang et al., 2006).  

When expressed in fat body and hemocytes, full-length ModSP gets released into the 

hemolymph in lipid vesicles, and is sufficient to induce Toll pathway signaling even in the 

absence of an immune challenge (Buchon et al., 2009). The accumulation of ModSP in these 

vesicles is thought to contribute to ModSP activation by increasing its effective concentration 

and promoting autoproteolysis (Buchon et al., 2009). Notably, when we overexpressed 

ModSP in clones of wing disc cells, we saw it accumulate in similar vesicle-like structures, 

that were occasionally found outside ModSP-expressing cells (Figure S3.3A). Also consistent 

with the previous reports, over-expression of ModSP in the WP with rn-Gal4 was sufficient 

to produce the processed, active form of ModSP (Figure S3.3B). Since activated Spz acts as a 

killing signal in the disc, we expressed ModSP in cell clones induced by a tub>CD2>Gal4 Flp-

out cassette, and used cell death as a measure of signal activation. Expression of full-length 

ModSP did not significantly alter the number or size of the clones (Figure 3.3B and C). 
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However, staining against the apoptosis marker Dcp1 revealed a significant increase in 

(mostly autonomous) dying cells in the ModSP-expressing clones (Figure 3.3A and D). 

Likewise, expressing ModSP throughout the WP with Nub-Gal4 induced cell death in the WP 

nearly 3-fold over controls (Figure 3.4A, B). Importantly, the apoptosis in the WP in Nub-

Gal4, UAS-ModSP wing discs was significantly reduced in a spz null background (Figure 

3.4B), suggesting that the cell death induced by ModSP was due to signaling via Spz. Hence, 

increased concentrations of full length ModSP in the wing disc is sufficient to trigger ModSP 

activity and result in Spz-dependent apoptosis.  

  

Figure 3.3: ModSP expression in cell clones induces apoptosis. (A) ModSP-expressing clones have 
increased cell death. (B-D) The increase in cell death does not affect the (B) size, or (C) number of 
the clones induced, but (D) is evident in the number of dying cells seen inside the clones. Analysis 
of cell death inside and outside the clones suggest apoptosis induction by ModSP is mostly 
autonomous. Clone size and number and cell death measurements are shown as Tukey plots. * 
P<0.05 calculated by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ 
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The ability to activate signaling when expressed in the full-length form is not exclusive to 

ModSP. Overexpression of full-length Psh or Grass can also induce Toll signaling in flies (El 

Chamy et al., 2008; Jang et al., 2006; Ligoxygakis et al., 2002b). However, we could not find 

any study on the signaling capacity of unprocessed, WT SPE at high concentrations. In our 

hands, overexpressing SPEFL within the WP resulted in low levels of SPE processing (Figure 

S3.4). This processing was most apparent for SPEFL(SA)-V5 (lane 4) carrying a mutation that 

stabilizes the processed form upon zymogen cleavage, and absent for SPEFL(RA) (lane 5) 

which carries an additional mutation that disrupts the zymogen activation site (Jang et al., 

2006). Since overexpressed SPEFL remained predominantly in the inactive form, it was 

unclear whether SPE upregulation alone would suffice to induce signaling activity. 

Expressing full-length SPE (UAS-SPEFL-V5) with the Nub-Gal4 driver resulted in drastically 

high levels of cell death in the WP (Figure 3.5A-C). Consistently, SPEFL-V5-expressing clones 

were almost completely eliminated from WPs at 48hrs after clone induction (Figure 3.5D). 

Figure 3.4: ModSP expression in the WP causes spz-dependent cell death. (A) Cell death is 
infrequent in WT control wing discs. (B) WPs from nub-Gal4/UAS-ModSP-GFP contain many 
apoptotic cells. (C) Tukey plots with WP cell death in nubGal4/UAS-modSP discs vs. discs from 
nubGal4/UAS-modSP; spzrm7 larvae. ***P<0.0005, ** P<0.005, * P<0.05 by unpaired t-test with 
7ÅÌÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ 
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Surprisingly clonal expression of the catalytically inactive mutant form of full-length SPE 

(UAS-SPEFL(SA)-V5) resulted in the same phenotype (Figure 3.5D), suggesting that the 

apoptotic phenotypes of SPEFL are not due to the catalytic activity of SPE. Indeed, apoptosis 

induction by SPEFL-V5 was equally strong in spz null wing discs, confirming that the cell 

death phenotype is not triggered by catalytic processing of Spz (Figure 3.5C). Altogether, we 

concluded that cell death induction by SPEFL is nonspecific, independent of Spz, and 

potentially due to a cellular toxicity associated with the overexpressed construct.  

 



65 

 

As an alternative method to study SPE activity in the wing disc, we expressed the 

processed and activated form of SPE (UAS-SPEAct) (Jang et al., 2006). Expression of UAS-

SPEAct in the WP resulted in a greater than 8-fold increase in cell death over controls (Figure 

3.6A-C). When expressed with the ptc-Gal4 driver, most of the cell death induced by SPEAct, 

was seen in the ptc domain, suggesting that like ModSP, SPEActȭÓ ÐÒÏ-apoptotic function is 

also primarily cell-autonomous (Figure 3.6D). In the absence of spz, cell death in the WP 

induced by SPEAct expression was significantly suppressed, indicating that, in this case, the 

ÃÅÌÌÓȭ ÒÅÓÐÏÎÓÅ ÔÏ SPEAct expression is indeed mediated by Spz (Figure 3.6C). To verify that 

the cell death induced by ModSPFL and SPEAct was due to Spz activation, we assessed the 

cleavage of SpzFL in discs that expressed UAS-ModSPFL or UAS-SPEAct in the WP (Figure 3.7). 

As shown above (Figure 2.6B), Spz processing induced by expression of SpzFL alone was 

negligible, while co-expression of SpzFL and either SPEAct or modSPFL resulted in production 

of the cleaved form of Spz, C106 (Figure 3.7). Taken together, our results show that 

expression of ModSP or activated SPE within the wing disc is sufficient to activate Spz-

dependent signaling that kills wing disc cells.  

Figure 3.5 (on the previous page): Cell death induction by full-length SPE. (A) Control nub-Gal4; 
UAS-GFP discs stained for cell death marker Dcp1. (B) nub-Gal4; UAS-SPEFL-V5 discs with V5-
tagged pro-SPE expression have a high number of dying cells. SPEFL can be visualized by staining 
against the V5 epitope. (C) Quantification of WP cell death in nubGal4; UAS-SPEFL-V5 discs vs. 
discs from nubGal4; UAS-SPEFL-V5; spzrm7 larvae, shows that cell death is Spz-independent. (D) 
Clones induced by Flp-out of tub>CD2>Gal4 cassette cannot be recovered when overexpressing 
SPEFL-V5 or SPEFL(SA)-V5. ***P<0.0005, ** P<0.005, * P<0.05 by unpaired t-ÔÅÓÔ ×ÉÔÈ 7ÅÌÃÈȭÓ 
correction. 
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Figure 3.6: Cell death induction by activated SPE. (A) Cell death as marked by Dcp1 in control nub-
Gal4; UAS-GFP wing discs. (B-C) Expression of UAS-SPEAct with the nub-Gal4 driver significantly 
increases cell death in the wing pouch. (C) The increase in apoptosis is suppressed in spz mutant 
discs. (D) ptc-Gal4/UAS-SPEAct discs show the highest levels of cell death in the ptc domain, 
indicating cell death is primarily autonomous. ***P<0.0005, ** P<0.005, * P<0.05 by unpaired t-
test with WelÃÈȭÓ ÃÏÒÒÅÃÔÉÏÎȢ 
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3.4 Expression of ModSP and SPE is elevated in Myc cells 

The finding that WP-specific expression of full-length ModSP leads to both ModSP and 

Spz processing and induces Spz-dependent apoptosis in those cells suggests that a local 

increase in SP expression during cell competition could be a mechanism for triggering Spz 

activation. We tested this idea by examining whether expression of SPE and ModSP was 

altered in wing discs in which cell competition was induced. Both SPE and modSP are 

expressed in wing disc cells, as well as other larval tissues (Figure 3.1B, C, and 3.8A-J). Like 

spz, mRNA expression of SPE is also highest within the WP region of the disc (Figure 3.8A, 

B). By contrast, modSP is weakly and diffusely expressed throughout the disc (Figure 3.8F, 

G). We generated Flp-out clones of cells expressing Myc in the wing disc, which leads to 

competition-induced death of nearby WT cells (de la Cova et al., 2004).  Strikingly, we found 

that expression of both modSP and SPE mRNA was significantly elevated within the Myc 

expressing clones compared to surrounding cells (Figure 3.8K, L). In another context that 

provokes cell competition, expression of Myc in wing disc cells with ptc-Gal4 also up-

Figure 3.7: Expression of SPEAct or ModSP triggers Spz activation. Western blot of extracts from disc 
cells expressing nubGal4 alone (1), or nubGal4 + UAS-SpzFL-HA (2), + UAS-SPEAct and UAS-SpzFL-
HA (3), or + UAS-ModSPFL and UAS-SpzFL-HA (4), probed with anti -HA antibodies. SpzFL is 
processed to SpzC106 only when expressed along with SPEAct or ModSPFL. 
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regulated SPE mRNA (Figure 3.8M), while, like spz (Figure 2.7D), SPE expression was 

unaltered by overexpression of Dp110 (Figure 3.8N). To track expression of SPE protein 

from its endogenous locus we constructed and introduced a BAC carrying C-terminally 

tagged SPE (SPE-YFP) into the genome (For details on the construction of SPE-YFP, see 

Chapter 6). SPE-YFP can restore the immune response in SPE null mutant larvae, indicating 

that it is functionally WT (Figure S3.5). SPE-YFP is expressed throughout the wing disc, and 

in vertical cross-sections appears apically enriched in the cells (Figure 3.8 O). Like SPE 

mRNA, SPE-YFP was strongly and cell autonomously elevated in wing disc cells that express 

Myc (Figure 3.8 P). To test whether competitive interactions were required for Myc to 

enhance expression of these genes, we expressed Myc homogeneously within the posterior 

compartment, preventing its ability to induce cell competition (de la Cova et al., 2004; 

Simpson, 1979). In this case, SPE mRNA or SPE-YFP was weakly elevated in posterior cells 

of some, but not all wing discs examined (Figure S3.6 A-C), implying that competition may 

not be required. We also observed an induction of spz, SPE and modSP expression in wing 

discs with strong, ubiquitous Myc over-expression (Figure S3.6 E). Of note, when Myc was 

expressed in fat body cells, SPE-YFP expression was significantly reduced, rather than 

increased (Figure 3.8). Taken together, these results suggest that the enhanced expression 

of Spz and two of its regulatory SPs is due to a transcriptional program regulated by Myc that 

is intrinsic to wing discs. 
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Figure 3.8: SPE and modSP expression is upregulated in Myc cells. (A-E) ISH to SPE mRNA in WT 
control (A) wing discs, (C) fat body, (D) salivary and (E) lymph glands. (F-J) ISH to modSP mRNA 
in WT control (F) wing discs, (H) fat body, (I) salivary and (J) lymph glands. (B and G) Negative 
controls with sense probes do not show any stainings. (K, L) ISH to (K)  SPE, (L)  modSP mRNA in 
hsFlp; act>CD2>Gal4; UAS-Myc wing discs with Myc-expressing Flp-out clones. (M)  SPE is 
upregulated in Myc-expressing cells in ptc-Gal4/UAS-Myc larvae, but not in (N)  cells over-
expressing the growth inducer Dp110. (O) Expression of YFP-tagged SPE protein in WT, and (P) 
ptcGal4/UAS-Myc wing discs. Fluorescent images are sum projections of multiple sections. Scale 
bars = 50um. 
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Figure 3.9: Myc-expressing fat body cells downregulate SPE expression. (A) WT fat body cells with 
SPE-YFP expression. (B)  SPE-YFP in Myc-expressing clones induced in hsFlp; act>CD2>Gal4; 
UAS-Myc larvae. Myc-expressing clones are marked by the absence of CD2. Clone boundaries are 
shown with dashed red lines. "ȭ Close-up of area marked by white squares in (B) . Images are 
max projections of multiple Z-ÓÅÃÔÉÏÎÓȢ 3ÃÁÌÅ ÂÁÒÓ  υπʈÍȢ 


