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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. Elimation of these
O1 1 OA 08 Dhfophila@ingdeanbital discs resultsin cell death induced by deployment
of a genetic module consisting of the secreted Toll ligand Bple (Spz), several Toll related
receptors, and NFkB factors. How signaling by thirmodule is activated and restricted only to
competing cells is unknown. Here, we investigate the signaling role of Spz in Myduced
cell competition. We demonstrate that elimination of wildtype loser cells requires local
synthesis and activation of Span the wing disc. We identify Sftzle Processing Enzyme
(SPE) and Modular Serine Ptease (modSP) as upstream mediators of Spnediated loser
AAT 1T Al EIETAQCEITh AT A OEI x OEAO Al ET AOAAOGA
loser cells. Firally, we show that Spz requires both Toll and TeB to induce apoptosis of
wing disc cells. Our results indicate that during cell competition, Spnediated signaling is
strictly confined to the imaginal disc, allowing errors in tissue fitness to be correéed without

compromising organismal physiology.
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Chapter 1: Generaintroduction
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, cellcell interactions ensure their cooperation, while also selectively eliminating
non-cooperative, suboptimal cells by a process called cell competition. Competitive
ET OAOAAOEI T O AOA OET OCEO OiF AA AADPAT AAT O
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, competitivénteractions
can also influence cellular fitness, reducing the likelihood of survival for suboptimal cells,
while amplifying the fithess advantages of the optimal.

1.1.1 Minutesand the discovery of cell competition

The term cell competition was first coned by Girés Morata and Pedro Ripoll to describe
the selective elimination of slowgrowing 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 degreesf
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 @ne another. WT



cell clones induced in//+ 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 (GarciaBellido 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 foundi//+ 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 o##/+ cell clones
lowered their ability to compete with WT cells in the same tissue, and termed thprocess
that leads to their elimination cell competition (Figure 1.2).

A embryo B m

\, 1 instar

\

2" instar

/

wing imaginal disc

3 instar

Figure 1.1:Drosgphilalife cycle and imaginal discs. (A)Drosophiladevelopment consists of three
stages: embryogenesis, larval development (marked in yellow) and metamorphosis in the pupa
(B) Adult appendages and body wall arise from progenitor tissues, called imaginal discs that gro
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 it
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 ¢
the beginning of first larval instar (L1), grows into a tissue of ~50,000 cells by the completion o
the third larval instar (L3), and gives rise to the adult wing blaé (pouch, orange), hinge (yellow)
and body wall (notum, blue).



Subsequent studies on competition ofM/+ and WT cells lead to several important
conclusions on the nature of cell competition. A detailed study d#/+ 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 W/+ cell
clones, especially when they were closely apposed to WT cdlls 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 © 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 regiong§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 WTells being more likely to undergo apoptosigLi
and Baker, 2007; Simpson and Morat 1981). In addition, elimination of M/+ cells require
the presence of WT cells. In homotypically#/+ backgrounds,M/+ cells are viable;M/+ flies
are developmentally delayed, but survive to adulthood. Altogether, these initial studies on
Minutesestablished cell competition & a process that relies on local cetlell interactions to

eliminate slow-growing, less fit cells from developing tissues.
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Figure 1.2:In mosaics, WT cells outcompetd#/+ cells.(A) Schematic diagram of wing imaginal
discs with WT clones (dark purple) induced inM/+ heterozygous (light purple) background.
M/M sibling clones die due to cell autonomous lethalityB) WT (dark purple) and M/+ (white)
sibling clones can be induced usinghtomosomal translocations of A/ genes(Morata and Ripoll,
1975; Moreno et al., 2002) (C) Schematic of mitotic recombination events used to generate th
clones shown inB. Individuals heterozygous for the translocation, as well as th#/ allele at its
genomic locus carry two copies of theM* allele, and thus are WT (light purple). Mitotic
recombination at one of these loci gives rise to one clone with three copies/dt (effectively WT)
and a sibling clone with only one copy o (effectively M/+). TheseM/+ clones are selectively
eliminated from mosaic tissues.

1.1.2 Myc, cell competitiorand the concept of supeicompetition

4EA PEITAAOET ¢ xAOA T £ OOOAEAO OEAO A 111 xAl
standstill in the early 1980s. The genetic tools available at the time were limited, arnldere
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 oftissue growth. Among these wasa study on the
developmental functions of Myc(Johnston et al., 1999)a transcription factor controlling
cellular growth, metabolism and ribosane biogenesis (reviewed in(de la Cova and Johnston,
2006) 8 #1 1 OEOOAT O xEOE -UAGO OI 1 AnyctnutanOfied T OT 1 Al
show Minute-like phenotypes: They are developmentally delayed and have shorter, smaller

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



mycmutant flies are smaller in overall sizez a consequence of reduced cellular growth, and
in stronger mutants, also cell numbe(Gallant et al., 1996; Johnston et al., 1999; Schreiber
Agus et al., 1997)The Minute-like phenotypes ofmycmutants and the cellular growth defect
suggested that they might have a competitive disadvantage against WT celladeed, 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 siblin@hnston
et al., 1999)(Figure 1.3 A). The competitive elimination ofrmyc deficient cells by their WT
neighbors demonstrated that cell competition is not limited to the context oMinutes, but is

a more general mechanism of eliminating growtkdefective cells.

0.0 o

|:| WT cells |:| WT cells

|:| myc hypomorph cells

. myc-expressing cells

Figure 1.3: Competition among cells with different Myc level$/osaic wing imaginal discs wih
(A) myc-induced competition and (B) Myc supercompetition. (A) When surrounded by WT
cells, mychypomorph cell clones are gradually eliminated from imaginal tissue¢B) Cell clones
expressing relatively high levels of Myc outcompete their WT neighbors.

Overexpression of Myc induces a ceflutonomous 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)his growth induction phenotype

provided an opportunity for testing the prevailing model of cell competition as the result of
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changes in growth. If competition is induced by growth rate differences, healthy WT cells
AT O1T' A OI 1T O0Ad6 ACAET OO0 AAI 1 O the BxeBs gowtAiddcAddd A
high Mycexpression can norautonomously cause apoptosis in neighboring Waells, via the
induction of the pro-apoptotic genehead involution defective (hid)(de la Cova et al., 2004;
Moreno and Basler, 2004)Conversely, clones with higheWycgene copy number (generated
by use of a chromosomal tandem duplication o¥yc) actually proliferated more, apparently
to compensate for the loss of the neidboring WT cells(Moreno and Basler, 2004) Indeed,
the apoptosis of wildtype cells stimulated Myc expressing cells to proliferate faster in €eo
culture experiments using an/in vitro cell culture system(SenooMatsuda and Johnston,
2007). Thus even healthy cells can be owompeted from tissues if they compete against
cells that have a greater growth advantage. This type of competition, named super
competition (Abrams, 2002)h OET x AA OE Adls irdoBdcontpetifive dodteqWT
cells againstmyci OOAT & AAIl 1 @sersdBefls in aAokher QVETAcell©dgainst cells
expressing more Myc), emphasizing theontext-dependency of cell competition (Figure 1.3

A and B).

In the four decades that followed the first discovery of cell competition ifVinutes,
several other Drosophila genes with roles in fundamental developmental processes have
been characterized forcausing competitive interactions in heterogeneous cell populations.
Among these are genes that specify cell fatevfngless (wg), decapentaplegic (app) 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 (JAKSTAT and Hippo/Salvador/Warts (HSW) signaling pathways). Mutants
that are deficient in these processes can be selectively eliminated by Wlls (Burke and

6

CoOi



Basler, 1996) (Adachi-Yamada et al., 1999; AdackW¥amada and O'Connor, 2002; Brumby
and Richardson, 2003; Froldi et al., 2010; Giraldend Cohen, 2003; Johnston and Sanders,
2003; Menendez et al., 201Q)Interestingly, constitutive activity of Wg(Vincent et al., 2011)
or JAKSTAT(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 supercompetitors. Provided with additional growth advantagesscrib or
lg/ mutant cell clones can also function as superompetitors and induce death of
surrounding WT cells (Brumby and Richardson, 2003; Chen et al., 2012; Froldi at., 2010;

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

Many of these competitive contexts involve signaling patvays that control growth or
proliferation in imaginal tissues, suggesting that noruniform growth might be a defining
trait of competitive interactions. However, experiments designed to test this idea
demonstrated that differences in either the rate of déular 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 Pidnase (PI3K)
catalytic subunit, Dp110, or Cyclin D QycD) 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 celHautonomous 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 competitigdafezi 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.



1.1.3Role 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 mause embryo,Myc-overexpressing cells can replace Waells (Claveria
et al., 2013) Rather than occurring continuously throughout development, this replacement
happens mostly in a short time window early in @velopment, 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 eMyc (Claveria et al., 2013; Sancho et al., 2013)
Together, these findings suggest that cells compete based on their relative endogenocs
Myclevels at this early embryonic stage. Competition among mouse embryonic stem cells
(ESCs) can also be induced by heterogeneities in other gerfE®josez et al., 2013; Sancho et
al., 2013). Mutants of the tumor suppressorp53, or topoisomerase 1 (Topl)are able to
outcompete WT cells(Dejosez et al., 2013)while WT cells can eliminatesells 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 inc-Myclevels in the winning cell populations(Dejosezet al., 2013;
Sancho et al., 2013)Moreover, in these studies, competitive elimination of fithess deficient
mouse ESCs was specific to differentiated condition®ejosez 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 fithesgDejosez et al., 2013; Saho et al., 2013)



Cell competition is thought to serve as a similar quality control mechanism irosophila
adults, by eliminating suboptimal stem cell{Kolahgar et al., 2015; Rhiner et al., 2009)or
cells that get defective with ag€Merino et al., 2015). Supporting such a model, the gerezot
was reported to be upregulated both inloser cells during cell competition and in cells that
are damaged by irradiation. Interestingly,azotrmutant flies show a higher number of wing
defects, and were reported to have a shorter lifespan, implying that eliminatq fithess
deficient or damaged cells in adult tissues can promote fitness and prolong lifespévierino
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 pogenitor 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 Drosophilabrains, where a delayed cell death response
is suggested to represent cell competitiorfMoreno 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 Setion 1.2.3) (Rhiner et al., 2010} (Moreno et al.,
2015). As such, the evidence linking cell competition to tissue regeneration ivosophilais

indirect, and the exact contribution of competitive interactions to this processs 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 supecompetition (de la Cova et al., 2004)While
ubiquitous Myc-expression in all cells gives rise to larger animals or tissues, mosaics\dyc-
expressing and WTcells are of proper size. This suggests that the overgrowth induced by
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Myc can k& compensated by the competitive elimination of the WTEells. 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 sigticant size variation

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

to competition can be physiologicalde 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 thegrowth 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 tumsuppressing and
tumor-promoting mechanism. As explained earlie mutants in tumor suppressor genes such
as /g/ or scrib can be eliminated by surrounding WT cells by cell competitiofBrumby and
Richardson, 2003; Froldi et al., 2010; Menendezt 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 elirmate and replace surrounding healthy cells
(Ballesteros-Arias et al., 2014; Menendez et al., 2010Hence, the study of competitive
interactions can reveal the mechanism behind the unfamdvantage 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 fithess, and
assumed to rely on mechanisms of fitness recognition. But what is cell fithess and how is it
AROAOI ET AAe 2AO0EAO OEAT AAEtheGu rdsdlt of@tdrélativ@ Al OAh
success in a range of processes that impaits 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. Howeer, 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 b& T T AAEOAA A0 A AAIT 180 CATA
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, with 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
guestions: (1) How does cell fithes get recognized and communicated? (2) Why do normally
OEAAT A O1 1 OAOG6 A Awinn@s?2iE.Ane elhtivedake obclllkdnbdtitod 1 /&
(3) How do neighboring cells compare levels of a given competitiemducing molecule (e.g.
Myc)? z 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 experimentalfpacked explanation suggested so far answeadl.

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 cellkdt differ in some
aspect of cellular fitness could be competing for essential growth or survival facto(sloreno
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 foundin a link between cell competition and the growth factor Decapentaplegic (Dpp),
a member of the transforming growth factoer OOPAOEAT ET U AT A A 11 ODPI
control survival, growth and patterning in the wing disc(Moreno et al., 2002) Reportedly,
Dpp signaling is reduced in certain loser cell type@Moreno and Basler, 2004; Moreno et al.,
2002; Tyler et al., 2007) and activation of Dpp signaling iM//+ clones can suppress their
elimination (Moreno et al., 2002; Tyler et al., 2007)Increasing the endocytic uptake ofnyc
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 disadvantagenem 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 studiegde 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 abundancgSenooMatsuda 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 &t suggested
by Boris Shraiman in a 2005 theoretical studyShraiman, 2005). Through mathematical
demonstrations, Shraiman shows that the pressure with 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 diffeentials alone can explain the elimination of

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

Experimental evidence for a linkbetween mechanical stress and growth regulation was
provided later (reviewed in Chanet and Martin2014). 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 activityRauskolb et al., 2014; Schluck et al., 2013)
)T AOAAOGAO ET AUOT OEAT AGAIT -cthrin@EadHered\jnédtion® OCCA OC
enhancing its binding to Ajuba, an inhibitor of Warts. Subsequent Warts retention at the
junctions, releases Yorkie from HSWhediated inhibition, allowing it to promote tissue
growth (Rauskolb et al., 2014) Mechanical stress can also resultdm overcrowding, in
which case it is eliminated by live cell extrusionEisenhoffer et al., 2012)or delamination
(Levayer et al., 2016) Thus, as proposed by Shraiman, mechanical stress can indeed control
cell proliferation and survival /n vivo, though this does not necessarily mean that such

control is the mechanism behind cell competitionEvidence for a mechanical regulation of
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cell competition is seen in cecultures of WTand scribXC MDCK cellfWagstaff et al., 2016)

In this system, WTwinner cells are seen to endse and compactscribX? 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 Wand scrib”- cells (Wagstaff et al.,

2016).

By modelling cell competition as a direct result of noruniform growth, the mechanical
regulation model provides a mechanism for fitness recognition that can explain the
guantitative and relative natures of cell competition. Asgch, 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 evidencgenon-uniform
growth induced by PI3K signaling or CycD+CRM4 does not lead to cell competition(de la
Cova et al., 2004; Hafezi et al., 201.2Moreover, competitive contexts such ad/inute 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 linktiveen 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 wih 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)
recogiition 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 fithess regnition,
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 fithess recognition and

the downstream response during cell competition.

A regulator of apoptosis and other stress responses ibrosophila, the ¢-Jun Nterminal
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 Imegl
oxidative stress or immune challengesjKanda and Miura, 2004; RiosBarrera and Riesgo
Escovar, 2013) and often controls the elimination of damaged or defective cells by apoptosis
(Adachi-Yamada et al., 1999; Adackfamada and O'Connor, 2002)In various competitive
contexts, JNK activity is increased in the relatively less fit, loser cell populatio(fsroldi et al.,
2010; lgaki 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 Bler, 2004; Moreno
et al.,, 2002; Tyler et al., 2007) While some studies report thatthe 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 imopact on Minute4induced competition (Tyler et
al., 2007), or report only partial reductions in Myc super-competition (de la Cova et al.,
2004). Notably, though JNK signaling ishewn to mediate the interaction of M/+ and WT
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cells in mosaic adult guts, here alsgt does not appear to berequired for the elimination of
M/+ losers (Kolahgar et al., 2015) Instead, increased JNK signaling /+ cells promotes
non-autonomous growth of their WT neighbors by inducing JASTAT activity(Kolahgar et
al., 2015). However, at least for tle elimination of neoplastic tumor suppressor mutant cells,
JNK signaling is shown to be require@Brumby and Richardson, 2003; Chen et al., 2012;
Froldi et al., 2010; Igaki et al., 2009; Tamori et al., 2010Here, increased JNK activity iscrib
or /g/loser cell clones is triggered by Eiger, thérosophila tumor necrosis factor (TNF)
homolog and an upstream ligand of the JNK pathwdigaki et al., 2002; Igaki et al., 2009)In
scribmutant loser clones, Eiger gets translocated from the cell membrane to endosomes, and
this translocation is suggeted to induce JNK signalinglgaki et al., 2009) Interestingly, the
elimination of scrib losers also requires Eiger and JNK activity in surrounding WT cells,
suggesting that, inthis competitive context, theloser and winner cell populations work

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

Other signaling pathways that mediate growth and metabolism also contribute to
competitive interactions. Expression of activated forms of thencogene Ras (R&82) or
Notch (Nnta) can induce ectopic growth and is sufficient to transform neoplastic tumor
suppressor mutants from losers into tumorous supercompetitors (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 prgrowth 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., 201 Accordingly,
to ensure their JINKdependent apoptoss, 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 alwe
known regulator of metabolism. Cells expressing high levels of Myc shift their cellular
metabolism in favor of glycolysis over oxidative phosphorylationde la Cova et al., 2014)
This metabolic shift is further enhanced duing 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 celk to sustain their competitive advantag€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 laCova 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 soforms, Fwebi is
expressed ubiquitously in all disc cells, the two other isoforms, FweseA and Fwe-oseB, were
reported to be specifically upregulated in loser cells, and suggested to control their
apoptosis. The differential levels of Fwe isoforms we 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 fithess levels into this Fwe code, or downstream
mechanism that decode and convert it to loser phenotypes, is yet unidentifiednother
transmembrane protein with a proposed role in fithess communication is Crumbs (Crb)
(Hafezi et al., 2012) an upstream regulator of the HSW pathwayLing et al., 2010)
Differences in Crb levels among neighboring epithelial cells are thought to be translated into
pro-apoptotic signals, this 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 witlyc-expressing or
Minute cells (Hafezi et al., 2012) Thus, fitness comparison by Crb does not appear to be a

global mechanism otcell competition.

Recently, a cohort of innate immune signaling components was identified to be required
for the elimination of loser cells in bothMinute-induced cell competition and Myeinduced
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 comgtition incorporate components from
both, including several Toll related receptors (TRRs), the neurotrophin family member and
Toll ligand Spaetzle (Spz), and three NKB 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 fitneséMeyer et al.,
2014). In Mycinduced supercompetition, a signaling module consisting of Spz, the
receptors Toll-2, Toll-3, Toll-8 and Toll9 and the NFkB factor Relish (Rel)z the downstream
effector of the IMD immune pathway appear to function together. Cell competition induced
between M/+ and WT cells relies on a related module, again consisting of Spz, khnd
Toll-9, but is mediated by the activity of the canonical Tollathway effectors, Dorsal (dl) and
Dorsalrelated 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. Myeinduced supercompetition requires the pro-apoptotic factor Hid to
kill WT loser cells while in Minute-induced cell competition apoptosis ofM/+ 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 Myreduced cell competition. In the
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next three sections, | discuss the regulation of Spz and TRR activityosophilaimmunity

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 pathegs: (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 iotobes 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 antimicrobal 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; VanhaAho et al., 2016)

The Drosophilahumoral 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)L.C and-LE, and tigger
IMD signaling in fat body cells, while PG from Grad T OE OE OA Aghdadibofanydl 1T O

spores induce the Toll pathway via the activity of PGR8A,-SD or glucanrbinding proteins

(GNBPs) 1 and 3 in circulatior{Ferrandon et al., 2007; Gobert et al., 2003; Gottar €t a22006;
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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 seres of Serine Proteases (SP¢Buchon et al., 2009; EI Chamy et al.,
2008; Jang et al., 2006; Lemaitre et al., 1996; Ligoxygakis et al., 200Z&inding of active Spz

to Toll at the surface of fat body cells ultimately leads to the translocation of NB
transcription factors dl or Dif from the cytoplasm to the nucles, where they transcribe AMPs
(Ferrandon et al., 2007; Ip et B, 1993). Similarly, the intracellular components of IMD
signaling control the nuclear translocéion of another NFkB factor, Rel(Ferrandon et al.,

2007).

Interestingly, components from both IMD an Toll pathways, apparently working in a
novel configuration, are needed to eliminate loser cells during cell competition (Figure 1.5).
While Myc supercompetition relies primarily on the intracellular components and
downstream NFkB of the IMD pathway, uptream signaling in both Minute and Myc
competitive contexts require TRR and Spz activityMeyer et al., 2014) This suggests that
fithess recognition and signal initiation are more likely to be controlled by the upstream Toll
pathway components involved in cell competition. In this thesis work, | investigate how
TRR/Spzmediated competitive signaling is activated during Myénduced super

competition
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Figure 1.4: Innate immune signaling irDrosophila.(A) The Toll pathway respondgo Gram-positive
bacteria and fungi. Soluble receptors detect pathogens in circulation and trigger SP activity, leadi
to Spz processing. Upon binding of activated Spz to Toll, a complex of MyD88, Tube and the kir
Pelle is assembled. Signal transducth by this complex results in degradation of Cactus, releasin
dI/Dif to translocate to the nucleus and transcribe AMPYB) Recognition of Gramnegative-type
PGs by PGREC leads to IMPmediated activation of the kinases TAK1 and Kenny and to th
subsequent phosphorylation of Relish. IMD also controls Rel cleavage by DREDD. Collective
these two events lead to the release of-Merminal Rel, and nuclear translocation of the active Re
N-terminal domain, where it controls AMP production.
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Figure 1.5: Canpetitive signaling relies on several components of the innate immune signalin
pathways. (A) Elimination of Minute losers require TRRs ToH3 and Toll9 and downstream NF
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apoptosis of M/+ loser clones. The IMD pathway components IMD and the MB Rel also appear
to contribute to Minute competition, but their exact role is unclear(B) Myc super-competition
also requires Toll3 and Toll9, as well as ToH2 andToll-8. Intracellular signal transduction relies
on various components of the IMD pathway, including the caspase DREDD and thekBFactor
Rel. Activated Rel induce#/d expression, leading to apoptosis of loser cells. While PGRE 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 dorsalventral polarity (Anderson et al., 1985;
Anderson and NussleirVolhard, 1984; Santamaria and Nussleivolhard, 1983). Screens for
female sterile mutations identified a group of 11 maternakffect genes, including7o// (7))
andsph xEOE A AT 1111 OA@oésbn dhd Huss@idVolbaklAT9840 U D A
Gans et al., 1975; Mohler, 197qFigure 1.6). Embryos produced by homozygous null mutant
mothers lacked lateral and ventral pattern elements, rad consisted solely of the dorsamost
cell types(Anderson and NussleinVolhard, 1984; Santamaria and Nussleivolhard, 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 thesyncytial embryo (Hashimoto et al., 1991; Hashimoto et al., 1988)
Spz was later identified to be its ligandChasanet al., 1992; Morisato and Anderson, 1994;
Schneider et al., 1994; Weber et al., 2003&nd both were demonstrated to act upstream of
the d/ morphogen, an NFkKB transcription factor controlling ventral cell fates (Roth et al.,
1989; Rushlow et al., 1989; Steward, 1987, 1989)A cascade of Serine Proteases (SPs)
process fultlength Spz (proSpz) into an active Tl ligand (Figure 1.6 A)XChasan and
Anderson, 1989; Chasan et al., 1992; DeLotto and Spierer, 1986; DelLotto and DeLotto, 1998;
Dissing et al., 2001; Han et gl2000). Ultimately, ventrally restricted activation of Spz by
these SPs, creates a gradient of duclear concentration, and controls the dorsaventral
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 MB-mediated
mammalian immune resporses, the role of Toll signaling inDrosophila immunity was
recognized(Lemaitre et al., 1996) Flies muant for 7/, spz, d/or the intracellular signaling
molecules tube (tub) and pelle (pl]), have reduced resistance to fungal infections, because
they are not able to induce the antifungal AMPDrosomycin (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 infectioriBuchon et al., 2009; EI Chamy et al., 2008; Jang et al.,
2006; Kambris et al., 2006; Ligrygakis 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).

Drosophilagenome encodes a family of nine TRRs, including T¢llauszig et al., 2000)
and five additional proteins related to SpZParker et al., 2001) While Tolt7 is shown to have
a role in antiviral defense, the TRRs ToeR to -9 are largely dispensable for fighting fungal

and bacterial infections(Lindsay and Wasserman, 2014; Nakamoto et al., 2012; Weber et al.,
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2003). Instead, Spz and Toll famjl proteins serve additional developmental functions. Two
other Spz family proteins, Sp2 (DNT1) and Spz5 (DNT2), as well as Spz itself, function as
neurotrophins controlling neuronal cell survival in partnership with their respective
receptors Toll-7, Tdl-6 and Toll(Mcllroy et al.,2013; Sutcliffe et al., 2013; Zhu et al., 2008)
Toll-6 and Tolt7 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 organgAyyar et al., 2007) TRRs also control celtell adhesion and
can physically interact with one another. Heterophilic interactions of Tol2 with Toll-6
and/or Toll -8 are suggested to act as a positional code directing planar cell polarity and
convergent extension in the embrya(Pare et al., 2014) Thus, TRRs inDrosophila serve a

vast array of functions.

1.3.3. Serine Proteases and regulation of Spz activity

The full-length spzgene product is an inactive cytokine. To produce the Toll ligand, the
active Spz @erminal domain (C-106) has to be released from inhibition by its Nerminal
pro-domain (Arnot et al., 2010; Schneider et al., 1994)Activation of Spz is controkd extra-
cellularly by secreted serine proteases (SPgBuchon et al., 2014; Stein and Stevens, 2014)
which can organize into cascades that often consist of an initiating modular SP and two €lip
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 enzgtic activity of an upstream SP
for its activation, while some are potentially capable of autgroteolysis (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 activate§Chasan et al., 1992; Dissing et
al., 2001; ElI Chamy et gl2008; Jang et al., 2006; Lemaitre et al., 1996; Morisato, 200Ik)
the embryo, despite uniform presence of Tl, Spz and dI, Toll signaling is restricted to a narrow
ventral domain (Roth et al., 1989; Rushlow et al., 1989; Steward, 1983jue to precise spatial
regulation of Spz activation within the perivitelline space (PVSjChasan et al., 1992; Cho et
al., 2012; Cho et al., 2010fFigure 1.7). The ventral restriction of enzymatic activity is
controlled by Pipe, a sulfotrarsferase expressed specifically in the ventral follicle cellSen
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 P{Zhang et al.,
2009a; Cho et al., 2010Cho 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 serin@rotease inhibitor (serpin), further contributes to the
ventral restriction of signaling by preventing SP activity from spreading farthe(Ligoxygakis

et al., 2003)

Conversely, in the larva, immune activation of Spz takes place within the open circulatory
system, where preSpz and its upgream SP zymogens circulate in the hemolymph and
encounter infecting pathogengBuchon et al., 2009; Irving et al., 2005; Mulinari et gl2006;
Shia et al., 2009; Yamamotslino et al., 2015) Here, Spz activity is controlled by a different
set of SPs, including the upstream initiator SP Modular serine protease (ModSBlchon et
al., 2009), and SpaetzleProcessing Enzyme (SPE), the ultimate SP with direct Spleaving
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/FGRRSA. Direct interaction of ModSP with the activated PRRs is proposed to
increase its local concentration, thus inducing its autocatalysi¢Buchon et al., 2009)
Notably, this proposed concentrationbased activation mechanisms 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 cl¢aft
Chamy et al., 2008; Kambris et al., 2006; Kellenberger et al., 201Persephone (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; Ligoxgakis et al., 2002b) Thus, in
comparison to the embryonic SRascade, control of immuneelated SP activity appears to

be more complex, potentially to provide surveillance against a wide range of pathogens.
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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 setfells), the
two processes lead to very different outcomes. The immune response results inoggiuction
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 mtbe 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 | have investigated how the immuneelated signaling pathway is activated during
cell competition. Because Spz has a wekhown role as Toll ligand and is also required for
competition, we hypothesized that it activates signaling between cell populains in cell
competition. Since preSpz 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 triggeringrainflammatory response(Parisi et al.,
2014). In an alternative model more akin to embryonic Toll signalig, 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 ancbommunication.

| sought to determine the mechanism by which Spz activation occurs during competition,
using Myc supercompetition as a model In chapter 2, | demonstrate that, contrary to the

idea that circulating pro-Spz functions in cell competition, i$ production by wing disc cells
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is specifically required. In chapter 3, | look more closely at upstream regulators of Spz
activity, and identify two Spzactivating SPs that are required for cell competition. | show
that expression of these SPs is elevatéa Myc super-competitor cells, and that this increase
is required to eliminate WT loser cells from the tissue. Finally, in Chapter 5, | study the
downstream response to an active Spz signal, and demonstrate that Spediated cell death
in wing discs requires both Toll and Toll8. Together, the results provide a mechanism for
the precise regulation of signal activation in cell competition that leads to Toll and Ted

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

We started by asking where Spmediated signaling is initiated, and what tissues
contribute to its control. Dorsalventral patterning of the embryo relies on strictly localized
Spz activation within the ventral PVS. In aurast, in larvae or adult flies, Spanediated
control of the immune response is systemic. Spz, produced and released by hemocy&isa
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 longrange signaling molecule§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 bodprisi et al., 2014)
(Pastor-Pareja et al., 2008) Based on these, & 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, eliant on the Spz produced within this tissue. In this chapter

we report our results on the investigation of these possibilities.

2.1 spzis required for the elimination of WTloser cells byMyc-expressing winners

We addressed the role of Spz in cell competition using owb>myc>Gal4 clonal assay
(de la Cova et al., 2004)In this assay, cell clones are generated through stochastic FIp/FRT
mediated excision of a>myc> cassette (where > denotes FRT), thereby allowing expression
of Gal4 and Gal4egulated gene expression such as UAS-P, which marks the clones. The
resulting GFRpositive clones are WT with respect tomyc, 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
guantified by clone sze measurements after a defined growth period. Due thid-dependent
cell loss over time, loser clones are significantly smaller than necompetitive control clones

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

tub>CD2>Gal4 tub>myc>Gal4

WT cells winner cells
tub>Gal4 tub>Gal4
UAS-GFP UAS-GFP

WT cells loser cells
B — ¢ 1500 ke
*** - | ——
3000 o * . ° Rekk
o~ NE
5 2000 —‘V @ &1000' :u nS 7
3 e 81T T .
@ 41000] |87 “ 500 ®
o o7 o J_
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O — _I_ 0 L L L
WT SpZKG05402WT szxsosmz rm7 WT TI,3/,4 WT Tlr3/r4
control loser clones control loser clones

Figure 2.1: Spz and Toll are required for loser cell elimination. (Ajchematic diagram of the clonal
assay forMycET AOAAA AAT 1T AT 1 DAOE OEI O Bub#lDPACHA efg) dr
tub>myc>Gal4 (Right) cassettes are marked by green fluorescent protein (GFP) expressio
under Gal4 transcriptional activator and Gal4regulated upstream activating sequene (UAS).
Neutral, GFPexpressing clones generated in &T background (Left) serve as controls for clone
growth in a noncompetitive context. (Right) WT clones surrounded by twb>myc>Gal4 cells

behave as losers(B-C) Results of clonal competition assays ifB) spz and (C) 7/ 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 gbzor 7/null alleles

(dark grey). N=number of clones scored per genotype. *** P<0.0005, ** P<0.005, * P<0.0¢
calculated by unpaired tOA OO xEOE 7A1I AESO Al OOAAOGEI T 8
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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 forspznull alleles spz7 (Anderson and NussleinVolhard, 1984, Morisato and
Anderson, 1994) or spzcGo5402 (Bellen et al., 2004) The original spz™7 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 FRT8E2B spz"” recombinant strains in all our experiments that required thespz7
allele. In control clones, loss of Spz had no effect, indicating that theznull background does
not affect normal growth or cell survival (Figure 2.1B). However, loser cells were rionger
eliminated in both spznull backgrounds, confirming that cell competition is prevented by
systemic loss ofspz (Figure 2.1B). Similarly, cell competition was prevented in larvae
carrying a temperature sensitive, heteroallelic combination of TI mutats ( 7/5/7/4) (C.
Bergantifios, Figure 2.1C)Thus, both Tl and Spz are required in cell competition to eliminate

the loser cells, consistent with their wellestablished receptorligand relationship.

2.2 Spz is expressed in wing discs and other larval sises

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 spzmRNA, 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., 20Q9pur quantitative
PCR (qPCR) analysis revealed thagpzmRNAis also expressed at low levels in the wing

discs, where cell competition takes place, prompting us to look closer at expression of $pz
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situ (Figure 2.2A). We were able to detecspzmRNA expression in wing discs (Figure 2.7A),
as well as in ¢her larval tissues by mRNAn s/ituhybridization (ISH) (Figure 2.2B-C). To look
at Spz protein expression,we constructed a bacterial artificial chromosome (BAC)
containing Gterminally tagged Spz in its endogenous locus (SprnCherry), and generated
transgenic flies (See Chapter 6 for details on theonstruction of SpzmCherry). SpzmCherry
rescues the sterility phenotype ofspz 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 gRT-PCR, at comparable relative levels (Figures 2.3 and 2.4).
Immunostaining against mCherry reveals that in young wing discs (early L3) SpmnCherry

is present at low levels and ca be detected intracellularly and near the apical cell surface
(Figure 2.3A). In mature wing discs, SpmCherry accumulates at relatively high levels in the
disc lumen (Figure 2.3B) and is also evident within cells, where it appears to be apically

localizeA & E C O O Alabelidgfdr 8p@ ané Factiri confirmed that Spz is enriched at the
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Figure 2.2: spzexpression in larval tissues. (A)Results of gPCR showingpzexpression in wing
discs (WD), central nervous system (CNS), fat body (FB), salivary glands (SG), gut (G) ¢
hemocytes (HC) of 8 instar larvae (yw222; +; +). Error bars, SD(B-C) m~RNAin situ hybridization
(ISH) shows spzmRNAexpression/n vivo." @nd# 8how negativecontrols with sense probes.
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Figure 2.3: SpanCherry expression in the wing disc(A-B) Stainings against mCherry showing
SpzmCherry expression in wing discs ofA) early (EL3) or (B) late L3 (LL3) larvae (yw?22; spz
mCherry; spz7 8 " AT Apical &nd @étialsections from the same disc-d€tin, labeled
with fluorescently-tagged phalloidin, marks the apical cell surface! (@nd" § Bsections of the
wing discs (positions are shown by red dashed lines on xylane images). Images are sun
proEAAOET T O 1T &£ |1 01 OEPI A OAAOEIT T 068 3AAI A AAO

34



LL3 - spz-mCherry; spz™

sz—mCHerry

Spz-mCherry

a

Spz-mCherry

Figure 2.4: Spancherry expression in larval tissues(A-C) anti-mCherry immunostaining in(A) fat

body, (B) salivary, and(C) lymph glands ofyw?22: spzmCherry; spzm7 L3 larvae shows that Spz is

present in several larval tissues. Images are sum projections of multipleséctions. Scale bars =

vt 8

We suspected that the apically enriched Spz might represent Spz bound to its receptor Tl

at the membrane. In larvae muant for 77, intracellular levels of Spz protein expression within
wing discs, as detected by an antibody against Spz, was comparatdeWWT counterparts
(Figure S2.3. However, the amount of Spz protein at the apical surface of columnar cells
appeared to bereduced, even though Spz could still be found at relatively high levels apically

&ECOOA ¢8¢"86 8 3EITAA 3PU AAT (GanylakfetAIEA008) 41 EI
(Weber et al., 2003) this reduction of apical Spz enrichment i/ mutants suggested that a

certain level of Spz activation occurs endogenously, en in the absence of cell competition.
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To test this possibility, we performed Western Blots (WB) on protein extracts from WT
(hsFip 1.22; +; +) control and SpzmCherry, spzm7 larvae, along with protein extracts from
wing discs dissected fromSpzmCherry; spz™7 larvae (Figure S2.3C). SpzmCherry present

in the wing imaginal discs was predominantly in the fullength, 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 surfac& vivo. This may explain why its
presence, (and the contrasting absence ifi/ 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 @pelium

In strongly tumorigenic contexts, hemocytes recruited from the circulation can associate
with the wing discs, and release cytokines in response to the tumorous disc cel{Pastor-
Pareja et al., 2008 Parisi et al., 2014) Given the high levels ofspz expression seen 1
circulating hemocytes (Figure 2.2A), we wondered if these hemocytes participated in Spz
mediated signaling by directly associating withtwb>myc> winner or WT loser cells of the
wing discs. To address this question we looked at hemocyte accumulation omgidiscs with
or without Myc-induced competition (Figure 2.5AB). 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 competingzb>myc> and WT cells (Figure 2.5AB).
We concluded that, unlike the response to tumorous tissuesgcruitment of hemocytes from

the hemolymph is not a characteristic of Mydnduced cell competition.
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Figure 2.5: spz expression is required locally in the wing disc. (M) Myc supercompetition,
induced with the fub>myc>Gal4 cassette does not cause hemocyte accumulation on win
imaginal discs 24 hours after clone induction (ACI)(A) Frequency of discs with attached
hemocytes, for AsFlp; twb>CD2>Gal4;, UASGFPdiscs with non-competing control (white), or
hsFip; tub>myc>Gal4, UAS-GFRIiscs with loser (grey) clones(B) Number of hemocytes counted
per disc, for discs with attached hemocytes. White bar, control discs with narompeting clones;
grey bar, mosaic discs with competition(C) Schematic diagram of clonal competition asgawith
tissue-specific spz~RNArknock-down. (D-E) Tukey box plots shows clone size distribution in
controls with no knockdown, or in larvae with UASspz-RNAi/expression induced with(D) Hm/-
Gal4 R4-Gal4 and (E) C10Galdor C765Gal4 Unshaded and shadedboxes represent non
competing control (labeled C) and loser clones inub>myc>/exA background (labeled L),
respectively. ** P<0.0005, ** P<0.005, * P<0.05 calculated by unpaired®A OO xEO|
correction. The numbers within the boxes indicate N=numbeof 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., 1999Shia et al., 2009) Alternatively, the
elimination of loser cells in cell competition could require local synthesis of Spz, by wing disc
cells. To distinguish betwen 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 LexAdased versions of theub>myc> and tub>CD2>
gene cassettes thiadeploy the lexAlexO 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 disrupgpzby expressingUAS
spzRNAJ in the fat body, hemocytes, or wing discs with tissuspecific Gal4 drivers. The
efficiency of RNA/nhibition was measured by RTPCR intub-Gal4, UASpz-RNAAarvae, and
the tissue specificity of each Gal4 driver was confirmed using the TRACE lineag tracing
system(Evans et al., 2009)Figure S2.4. We found that RNAimediated knock down ofspz
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 suppresed by the specific
expression ofspzRNA/n 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 activaton 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., 200Morata and Ripoll, 1975 Simpson and Morata, 1981)
The finding that elimination of loser cells duringcompetition 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 ofSpz in the wing disc was sufficient to compromise survival of the cells.
We used thenubbin-Gal4 (nubGal4)driver to express pro-Spz (Spzl), the unprocessed and
inactive form of the protein, or the active €.06 domain of Spz (Sp%t) (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 Dcpl caspase. Expression §pFLhad 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, C10@5angloff et al., 2008; Morisato and Andersori,994; Weber et
al., 2003). This result also suggested that oveexpression of SpZ~ alone is not sufficient to
induce its activation. Indeed, HAagged Spz, expressed withhe discspecific C765Gal4
driver remained in the full-length inactive form (Figure 2.6B). Expression ofSpZA<, on the
other hand,led to a highly significant, #fold increase in apoptosis in WP cells overub-Gal4
controls (Figure 2.6C). To determine whther the activity of Sp2A<in WP cells is mediated
by Toll signaling, we carried out epistasis experiments betwee§pz<and 7/, and confirmed
that Toll is required for SpZ< to induce death of WP cells. In the temperature sensitive
TI:3/T126 background, cell death induced bywb-Gal4, Spztexpression was substantially
suppressed (Figure 2.6C). We also examinedrosomycin (drs)-GFR a dorsal/Dif immune
target (Fehlbaum et al., 1994)n larvae with nub-Gal4, Spzctexpression. drs-GFRFehlbaum
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et al., 1994 Manfruelli et al., 1999)was not activated in wirng discs, or other tissues (Figte
S2.5, confirming that activation of NFkB signaling in wing discs does not induce immune

targets, either cell autonomously or norrcell autonomously(Meyer et al., 2014)
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Figure 2.6: Activated Spz can induce cell death in the wing di§&) Expression of fulllength pro-
Spz does not induce cell deathvi=17, 26). (B) Overexpression of preSpz in wing discs does not
trigger its processing. WB with antiHA antibody on total protein extracts from WT(AsFlp 1.22;
+, +) and C765Gal4/UASSpZFL-HAlarvae. Arrowhead marks expected size of processed 3gz
HA. (C) Quantification of cell death (Tukey plots) in the WP fornubGal4/UASSpZ<larvae
compared to nubGal4;, UASGFHarvae, and nubGald/ UASSpZet; T#3/T1126 larvae (n=14, 19,
20); n= number of discs scored per genotype. ***P<0.0005, ** P<0.005, * P<0.05 by unpairet
t-testwith7 AT AEGO AT OOAAOQEI T 8

2.5 Spz expression is increased in Myoverexpressing 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 asdd whether spzexpression is
further regulated locally in response to cell competition. Interestingly, mRNA expression of
spzis highest within the WP region of the disc (Figure 2.78), where cell competition is
most robust under our experimental conditins (Appendix A).Overexpression of Myainder
control of the pfc-Gal4driver results in cell competition between Mycoverexpressing cells
in the ptc region and their anterior WT neighbors(de la Cova et al., 2004)Hence, ptc-

Gal4/UASMycdiscs consist of three different cell populations: Myevinner cells in the pfc
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domain, loser cells in the rest of the anterior compartment, and nenompeting wild type
cells in the posterior domain(de la Cova et al., 2004)allowing us to examinespzexpression

in each cell group. ISH experiments ipic-Gal4/UASMycdiscs showed thatspzexpression
was highest in Mycoverexpressing cells (Figure 2.7C)To evaluate whether upregulation of
spzin the Myc cells was a consequence of their increased cell size, we examirsgt
expression under conditions that induce growth but do not cause cell competitiofregional

or clonal expression of Dp110, the catalytic subunit adbrosophilaPI13K, does not induce cell
competition, although like Myc, it increases cellular biosynthesis and leads to larger cell size
(de la Cova et al., 2004; Senadatsuda andJohnston, 2007) However, expression of UAS
Dp110with ptc-Gal4did not induce spzmRNA (Figure 2.7D), indicating that the elevated
levels of spzmRNA in Myc-expressing wing disc cells is independent of cell size. Spz protein
is also elevated in Myeexpressing cell clones compaad to surrounding cells (Figure 2.7 E
F). Notably, for roughly 60% of Myeexpressing clones, Spz protein appeared to be
particularly enriched at the apical surface of their surrounding WTheighbors (Figure 2.8).
This phenotype, though not evident for all Mic clones, was quantifiable (Figure 2.8BMWhere
present, the enrichment of Spz appeared to be limited to the cells within close proximity of
the Mycl OAOAPGPOAOOET ¢ AAIIT O &ECOOA c¢8y!d AT A 1
reports, where Mycoverexpressing cells can induce apoptosis of the neighboring WT cells
only within a distance of eight cell diameterqde la Cova et al., 2004)Taken together, our
results show that Mycexpressing cells of the wing disc upregulate Spz synthesis, and imply

that their WT neighbors are the likely targets of the excess Spz thpyoduced.
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Myc clones

Figure 2.7: Spz expression is increased in Mygxpressing cells. (A)SH tospzmRNAin WT control
wing discs. (B) Negative controls with sense probes do not show any stainingC) spz is
upregulated in Myc-expressing cells inptc-Gal4/UASMyc larvae. (D) The upregulation of spz
mRNAis not an artifact of growth stimulation or increased cell size, aspzis not increased in cells
over-expressing the growth inducer Dp110(E) ISH to spz mRNAand (F) anti-Spz staining in
hsFlp,; act>CD2>Gal4, UASMycwing discs with Myc-expressing Flpout clones. Red dashed lines
mark clone boundaries. Fluorescent images are sum projections of multiple sections. Scale b:
= 50um.
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Figure 2.8: Spz is enriched at the apical surfaceWT cells near Myc clones. (A\nti-Spz staining
in AsFlp, act>CD2>Gal4; UASVyc wing discs with Myc-expressing Flpout clones, shows Spz
enrichment at the apical surface of WT neighbors. I-166 Gl@seup images of ! dpical,and ! 6
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medial sections,or

clone shown in(A).
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2.6 spzupregulation in Mycwinner cells is not esential for cell competition

If the upregulation of Spz inMycwinner cells is important for triggering activation of
local Spzmediated signaling during cell competition, then removal of Spz specifically from
the Myc winner cell population is predicted to prevent loser ceklimination. To test this idea,
we used a MARCMbased cell competition assay that allows us to mark and follow winner
and loser cell clones in tandem. In this assay, FRiediated mitotic recombination generates
two daughter cells whose progeny form sibling clones. One clone expressdégcunder Gal4
control and becomes a winner, while its sibling clone, carrying th&a/4inhibitor Gal80,
remains WT for Mycexpression and thus behaves as a loser (Figure 2.9A). After a defined
growth period, neutral (non-competing) control sibling clones grow at the sme rate and
thus are the same size. Expression éfycinduces celtautonomous 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 dte cell loss induced by cell

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

We generated FR782B, sp#'” recombinant chromosomes and used them to eliminate
spz function specifically from GFPexpressing clones, and measured the inagt on the
growth of both sibling clones (Figure 2.9B)Loss ofspzin neutral control clones did not alter
clone size, reaffirming thatspzis not required for growth in the absence of cell competition.
Likewise, Mycexpressing cell clones that laclspzwere not impaired in their growth capacity
and were still larger than control clones.Loss of spzfrom Myc winner clones did not
significantly change the size of their WT sibling loser clones, possibly because of the

abundance of Spzxpressing cells in thé vicinity (Figure 2.9B). Interestingly, however, the
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size difference betweenspzmutant 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 upregulaton of Spz in Myavinner clones may contribute to the elimination of
loser cells, presumably by increasing the amount of pr8pz available to be processed into
an active ligand. In contrast, the size difference of WT winnespzmutant loser cell clones
was almost identical to that of WT winnerWT loser clone pairs (Figure 2.9C). Note that in
this casespzis eliminated only from the loser sibling clones of the Myexpressing cell clones,
but not from the surrounding WT cells, also losers. To further verifyhat spzexpression in
loser cells was dispensable, we expressesb~RNA/in the WT loser clones in atub>myc>
assay, where loss obpzexpression in loser clones did not interfere with their elimination
(Figure 2.9D). Together, these results indicate thdbss of spzfrom one cell population (i.e.

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

Figure 2.9 (on the next page)spzupregulation in winner cells is not essential for cell competition.
(A) Schematic diagram of MARCM cell competition assay. FRiEdiated mitotic recombination in
hsFip, tubGal4, UASFP; UASMyc; FRTSEZB tubGal80 CDZ/FRT82Brvae gives rise to sibling
clones with no Gal80 andUASMycand UASGFFRexpression(green) or with Gal80and expressing
CD2 (blue) (middle panel). The clones withUASMyc expression become winners, while their
siblings are losers.FRT82B spz'7or FRT82B SPESschromosomes were used to removepzor
SPHunction only in winner clones (bottom). Neutral (non-competing) clones (top) are induced
and marked in the same way, but neither sibling expresseg4SMyc. (B, C)Results of MARCM cell
competition assays wherespzis removed from (B) winner, or (C) loser cell clones. Scatter plots
show clone size distributiors for (from left to right) non-competing control clones for WTsibling
pairs, and where one sibling clones is mutant; control winner (denoted W) and loser (denoted L
clones; and winner andWVT sibling loser clones where one sibling is mutant. Horizontalles show
mean, error bars show SD.Walues calculated by paired-test for comparison of the sibling clone
pairs, by unpaired tOAOO xEOE 7A1 AEBO AT OOAAOQEIT A& O
P<0.005, * P<0.05.(D) spzknockdown in loser cells byRNA/expression does not suppress loset
elimination. Tukey plot shows clone size distributions in afub>myc assay (=78, 82, 107).
Expression of UASspzRNAiIn loser cell clones (dark grey) does not change their size.
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2.7 Chapter discussion

Theresults we present here establi

As demonstrated before(Meyer et al.

loser
n=78 n=82 n=107

lish Spz as a deatiducing ligand of cell competition.

, 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 FTdependent manner. While expression of 7o//-RNA/

was previously shown not to suppress elimination of loser cells, subsequent work revealed
that the knockdown was incomplete(Meyer et al., 2014) (C. Bergantifiog. The results
reported here using conditional 7/ mutants ( 7/5/714) (Anderson et d., 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 irv/ mutant ( 7/26/7/4) discs, suggesting that
Spz and Tl can act as binding partners in ¢hwing disc. Interestingly, the apical enrichment

of Spz was more evident in WT neighbors of some Myxpressing cell clones. This
observation was limited to the WT cells within close range, suggesting that Spz acts as a
short-range signal, specifically tegeting loser cells. Collectively, these results demonstrate
that Spz can trigger elimination of loser cells in Myc supetompetition by inducing their

death via the activity of TI.

Spz is produced by various larval tissues, including wing discs, supporgrmodels of both
local and systemic signaling during cell competition. However, tissugpecific spzknock-
down experiments showed that expression of Spz in fat body or hemocytes was fully
dispensable for loser cell elimination. In contrast, removingpzexpression 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 cinglation, but somehow inaccessible to the wing disc cells.
Indeed, expression ofSpA<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 Spamediated signaling in cell

competition is compartmentalized, providing a simple solution to the problem of unwanted
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crosstalk between competitive signaling in imaginal tissues and the systemic immune
response. If circulatingSpz 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 Tiddependent 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 Wiing
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, receptotbound form, as secreted but unbound fullength Spz is more likely
to be lost from the lumen through the standard staining protocol§Strigini and Cohen, 2000)

In contrast processed Spz is often hard to dett on WB of WT embryo extracts, evidently
due to receptormediated turnover (Morisato, 2001; Morisato and Anderson, 1994) Thus,
taken together, our results do not refute the prospect of endogenous Spz processing, but
suggest that, relatie to the fulklength form, processed Spz is kept at very low levels.
Consistently, apoptosis is a rare event in WT wing discs (except at larval mol{®jiilan 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 cell§his suggests that, to kill WT loser cells,
the level of active Spz must be increased during cell competition. Notably, Spz expression is
increased in Myeexpressing cells. However, this upregulation is not the cause for signal
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activation, as it is disp@&sable for loser cell elimination. Consistently, increasing fulength
Spz levels in the discs by Gal4/UA®ediated overexpression is also not sufficient to trigger
Spz activation. Collectively, these results point to the need for an additional activation

mechanism to induce Spanediated signaling during cell competition.

Altogether, the results presented in this Chapter indicate thagjuring cell competition,
Spzmediated 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 S2.1The original spzm7 strain carries additional mutations causing developmental delay.
(A) Wing disc size is smaller irspzm7 L3 larvae compared to WT control(B) The delay happens
in the 3 instar. The frequency of molted larvae at 48hrs and 72hrs AEL is similar fapzm7
(grey) and control (white) larvae. (C) Wandering and(D) pupation is delayed inspzm7larvae,
but happens at the normal developmental time ilFFRT82B spz'” recombinants.
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Figure S2.2: SpmCherry can partially rescue the female sterile phenotype afpzm7. Percentage
of larvae hatched from eggs laid by Wlgpzm77-and spzmCherry,; spzr7/-females.Bar plots
represent data from four collections. Error bars are SEM. *** P<0.0005;\Rlues calculated by
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Figure S2.3 (on the next page): SgnCherry in WT and7/mutant discs.Anti-Spz staining in(A)
WT and(B) 7/mutant wing discs. ! 8§ AZX-d&ctidnd of the discs. Red arrow points to Sp.
enrichment forming a punctate line at the apical surface of columnar cells {A) and reduction
of this enrichment in(B) . (C) Western blots on protein extracts fromWT (hsFip, + +) and hsFip,
spzmCherry; FRTE82B spz? whole larvae, andhsFlp; spzmCherry; FRT82B sp»7 wing discs
(WD). Full length Spz is detectable in both whole larvae and wing disc extracsgizlocus encodes
8 splice isoforms, that share a common-@rminal (Spz active domain, €06) 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 molecu
weight difference between SpzmCherry (shown here), and Sp2-HA (Figure 2.6B) is the
molecular weight of fused mCherry.
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Figure S2.4 (on the next page)-ineage tracing of the Gal4 drivers used for tissugpecific knock
down. UASRedStinger, UASp, Ubi>STOP>eGFHlies were crossed toCI10Gal4(A-F), C765
Gal4(GL), Hml-Gal4(M-R) or R4-Gal4(S-X) flies. Red marks current expression; green marks
past expression. Expression in wing disc, G, Mand §), fat body B, H, Nand T), gut (C, I, Gand
U), lymph glands O, J, RndV), salivary glands E, K, @ndV) and central nervous system (CNS)
(F, L, Rand X) are analyzed in wandering 38! instar larvae. Images are sum projections of multiple
ZOAAOET 1 08 3AAIT A AAOO vt i 8
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Figure S2.5Expression of Sp2<tin the wing pouch does not induce systemic or local antimicrobial
peptide (AMP) gene expression. () Neither Drs-GFPor dipt-lacZis expressed in(A) fat body
or (B) wing disc cells, butDrs-GFAs constitutively expressed in trachegB) of control larvae.(C-
D) In larvae expressingnub-Gal4/UASSpZ<, a low level ofdjpt-lacZexpression is seen inC)
some fat body cells but not if(D) wing discs. Images are sum projections of multiple-Zections.
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Chapter 3:The immune SPs ModSP and SPE cattioser 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 Spzontrolled

by the activity of two distinct SP cascades (reviewed iWeillard 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 patterningCho et

al.,, 2010). In both tissues, the physical constriction of space allows for precise local
regulation of signal concentrations. Importantly, a local increase ineffective 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 capetition, 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 anddentified 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 Spazregulating 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 regubditpathway
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activity in response to infection in larvae and/or adult flies(Buchon et al., 2009EI Chamy et
al., 2008 Kambris et al., 2006Jang et al., 2008Mulinari et al., 2006). Accordingly, mRNA for
these immunerelated SPs can be detected in larvae (Figure 3.1Rulinari et al., 200§. The
SPs Ndl, Gd, Snk and Ea, on the other hand, control the Toll pathway in the emigiyalerson
and NussleinVolhard, 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 leveboth immunerelated 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 gRFCR
assays on RNA isolated from ing discs, and found mRNA expression of four of the five
known Spzregulating SPs in the immune responseSPE, grass, spirand modSPIn 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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Figure 3.1 (on the previous page): Serine Protease expression in wing disc and larvae. (
Schematic diagram of SP cascades that control Spz activity during the immune response ¢
embryonic patterning. Above, the recognition of pathogens in the immune response leads to tt
activation of ModSP, which then triggers activation of the rest of theascade, culminating in the
activation of Spz by SPE. Below, in the embryonic SP cascade, GD is the most upstream SF
Easter is the terminal SP that cleaves SHB) (left) RT-PCR showing SP expression in WT gw/;
tub>myc>Gal4 larvae. Expression of theSPs did not require high Myc levels, as they were a
detected in larvae of both genotypes. (Right) RPCR results for RNA extracted from wing disc:
(WD), fat body (FB) and hemocytes (HC)C) gRT-PCR results for SP expression in the wing dist
Data is canpiled from three independent experiments. Error bars, SEM.

3.2 SPE and ModSP are required for loser elimination

We used mutants of all SPs with known Spegulatory roles to assess their requirement
in the elimination of loser cells (with the exception & spirit, for which no mutant alleles are
available). The results indicate that none of the embryonic SPs are required during cell
competition, ascells in loser clones generated in th&zb>myc>Gal4 assay were successfully
eliminated in the background of mutations inea (ed/ea*), snk (snki/snk+), gd (gd) or ndl
(ndl™3) (Figure 3.2AD). Consistently, expression ofR/NVA/against ea, snkor gdspecifically
in loser cell clones also did not have an imga on their elimination (Figure S3.1AC).
Likewise, loser cells were still eliminated from wing discs in larvae carrying null alleles of
the immune-related SPs Pshjpsft) or Grass(grasse’) (Figure 3.2E, F), or when they were
partially deficient for spirit expression due to RNA/inhibition (Figure S3.1D).However,
consistent with their expression in wing discs (Figure 3.1C), loss of eithenodSP(modSR.),
the apical SP in the immune cascad@uchon et al.,, 2009) or SPE (SPEYDf and
SPFasteuyDf) | the ultimate SP in the cascade with direct Sgeaving activity (Jang et al.,
2006), suppressed cell competition (Figure 3.2/H). O note, although the suppression of
loser elimination in modSPnull larvae was highly significant (Figure 3.2F), the effect of

modSAoss was milder than loss ofSPEWe considered that this milder phenotype, and also
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the inability of pshmutants to suppress competition, could be due to redundancy between
them, since both Psh and ModSP independently act upstream of SRkjoxygakis et al.,
2002b). However, this is not the case, becauges/¥,; modSP double mutants behaved like
modSRP alone, exhibiting no improvement in the suppression of competition (Figure 3.2F).
To further verify that modSAs required for loser cell elimination, we compared cell death in
discs with or without competing clones in WTand modSPnull 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 modSAnN cell competition, apoptosis of loser cells was significantly reduced
in modSPlarvae, while we did not see a significant difference in cell death underon-
competitive conditions in WT vs modSPdiscs (Figure S3.2A, B. For more on cell death in
modSPhull backgrounds, see Appendix B). Taken together, our results provide compelling
evidence that activation of Spz duringWycinduced supercompetition 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.{8) Loser clone size
is not increased in mutants ofA) nd/ (nd/™>) (n=51, 28, 12), (B) gd (9cd’) (n=97, 14, 9), (C) snk
(snki4) (n=42, 21, 15), (D) ea (ed*#) (n=116, 44, 18), (E) grass (grasse:) (=140, 58, 24) or (F)
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(SPEKYDR3R) mbc-30) (n=54, 83, 23, 25), or(I) hypomorphic SPAnutants (SPFasteu/DF(3R)
mbc-30) (n=45, 56, 20) increased loser clone size imb>myc assays. n= number of clones scorec
DAO CAT1T OUPA8 40EAU PIT0OO OEI x AITTA OEUA
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3.3ModSP 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 signalinggoth ModSP and SPE are prodad 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¢
stimulated the activity of these SPs in the wing disc with two approaches: overexpression of
the full-length, unprocessed form of ModSKBuchon et al., 2009) or expression of the

processed and activated form of SPEHIASSPA) (Jang et al., 2006)

When expressed in fat body and hemocytes, fdkngth ModSP gets released into the
hemolymph in lipid vesicles, and is sufficient to induce Toll pathway signaling even in the
absence of an immune cHienge (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 vesitile structures,
that were occasionally found outside ModSexpressing cells (Figure S3AR). Also consistent
with the previous reports, over-expression of ModSP in the WRith rn-Gal4was sufficient
to produce the processed, active form of ModSP (Figure S3.3Bince activated Spz acts as a
killing signal in the disc, weexpressed ModSP in cellenesinduced by atub>CD2>Gal4Flp-
out cassette, and used cell death as a measure of signal activation. Expression ofdualljth

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 apoptas marker Dcpl revealed a significant increase in
(mostly autonomous) dying cells in the ModSkexpressing clones (Figure 3.3A and D).
Likewise, expressing ModSP throughout the WP witiVub-Gal4induced cell death in the WP
nearly 3-fold over controls (Figure 3.4A, B). Importantly, the apoptosis in the WP iWub-
Gal4, UASVIlodSPwing discs was significantly reduced in aspznull background (Figure
3.4B), suggesting that the cell death induced by ModSP was due to signaling via Spz. Hence,
increased concentratios of full length ModSP in the wing disc is sufficient to trigger ModSP

activity and result in Spzdependent apoptosis.
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Figure 3.3: ModSP expression in cell clones induces apoptosis. W dSRexpressing clones have
increased cell death(B-D) The increase in cell death does not affect th@) size, or(C) number of
the clones induced, bu(D) is evident in the number of dying cells seen inside the clones. Analys
of cell death inside and outside the clones suggest apoptosis induction by ModSP is tiyos
autonomous. Clone size and number and cell death measurements are shown as Tukey ptot
P<0.05 calculated by unpairedtOA OO xEOQOE 7A1 AES8O Al OOAAOQEI 1
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The ability to activate signaling when expressed in the fulength form is not exclusive to
ModSP. Overexpression of fulength Psh or Grass can also induce Toll signaling in fligsl
Chamy et al., 2008; Jang et al., 2006; Ligoxygakis et al., 2002)wever, we could not find
any study on the signaling capacity of unprocessed, WT SPE at high concentrationur
hands,overexpressing SPE within the WP resulted in low levels of SPE processinfFigure
S3.9. This processing was most apparent for SPESA)-V5 (lane 4) carrying a mutation that
stabilizes the processedform upon zymogen cleavage, and absent for SPRA) (lane 5)
which carries an additional mutation that disrupts the zymogen activation sit¢Jang et al.,
2006). Since overexpressed SPEremained predominantly in the inactive form, it was
unclear whether SPE upregulation alone would sufficdo induce signaling activity.
Expressing fultlength SPE (JASSPEL-V5) with the Nub-Gal4driver resulted in drastically
high levels of cell death in the WP (Figure 3.58). Consistently SPFEL-V5expressing clones

were almost completely eliminated from WPs at 48hrs after clone induction (Figure 3.5D).
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Surprisingly clonal expression of thecatalytically inactive mutant form of full-length SPE
(UASSPEL(SA-V5 resulted in the same phenotype (Figue 3.5D), suggesting that the
apoptotic phenotypes of SPE are not due to the catalytic activity of SPE. Indeed, apoptosis
induction by SPEL-V5 was equally strong inspznull wing discs, confirming that the cell
death phenotype is not triggered by catalyit processing of Spz (Figure 3.5C). Altogether, we
concluded that cell death induction by SPE is nonspecific, independent of Spz, and

potentially due to a cellular toxicity associated with the overexpressed construct.
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Figure 3.5 (on the previous page): Cell death induction by fulength SPE. (A)XControl nub-Gal4,
UASGFHdiscs stained for cell death marker Dcpl(B) nub-Gal4;, UASSPEL-V5 discs with V5
tagged proSPE expression have a high number of dying cells. SRfan be visualized by staining
against the V5 epitope(C) Quantification of WP cell death innubGal4, UASSPEL-V5 discs vs.
discs from nubGal4; UASSPEL-V5; spzr7 larvae, shows that cell death is Spindependent. (D)
Clones induced by Flput of tb>CD2>Gal4 cassette cannot be recovered when overexpressin
SPFL-V/50r SPEL(SA)-V5.**P<0.0005, ** P<0.005, * P<0.05 by unpaired tOA OO xEO
correction.

As an alternative method to study SPE activity in the wing disc, we expresséte
processed and ativated form of SPE JASSPFA) (Jang et al., 2006) Expression ofUAS
SPFctin the WP resulted in a greater than Sold increase in cell death over controls (Figure
3.6A-C). When expressed with theptc-Gal4driver, most of the cell death induced byGPA<,
was seen in thepfc domain, sug@sting that like ModSP, SPES O -a@pd@piotic function is
also primarily cell-autonomous (Figure 3.6D).In the absence ofspz cell death in the WP
induced by SPF< expression was significantly suppressed, indicating that, in this case, the
AAT T 06 OSPBEkpressidn irideed mediated by Spz (Figure 3.5CTo verify that
the cell deathinduced by ModSPL and SPF<twas due to Spz activation, we assessed the
cleavage of Spz in discs that expressedJASModSPL or UASSPPA<in the WP (Figure 3.7).
As shown above (Figure 2.6B), Spz processing induced by expressionSgZ* alone was
negligible, while m-expression of Sp#Land either SPActor modSPL resulted in production
of the cleaved form of Spz, C106F{gure 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.
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Figure 3.6: Cell death induction by activated SPE. (&ell death as marked by Dcpl in contraiub-
Gal4, UASGFPRning discs.(B-C) Expression of UASSPFEctwith the nub-Gal4driver significantly
increases cell death in the wing pouchC) The increase in apoptosis is suppressed ispzmutant
discs. (D) ptc-Gal4/UASSPF< discs show the highest levels of cell death in thpfc domain,

indicating cell death is primarily autonomous***P<0.0005, ** P<0.005, * P<0.05 by unpaired
testwith WelAES O AT OOAAOQEI T 8
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Figure 3.7: Expression of SPEor ModSP triggers Spz activationVestern blot of extracts from disc
cells expressingnubGal4alone (1), or nubGal4+ UASSpZFL-HA(2), + UASSPEctand UASSpZL-
HA (3), or + UASModSPL and UASSpZt-HA (4), probed with anti-HA antibodies. Sp# is
processed to SpzC106 only when expressadbngwith SPEct or ModSFL.

15kD —

3.4 Expression of ModSP and SPE is elevated in Myc cells

The finding that WRspecific expression of fullength ModSPleads to both ModSP and
Spz processing andnduces Spzdependent apoptosis in those cellsuggests 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. BothSPEand modSPare
expressed in wing disc cells, as well as other larvassues (Figure 3.1B, C, and 3/8J). Like
spz, nRNA expression ofSPAs alsohighest within the WP region of the disc (Figure 3.8,

B). By contrast,/modSHs weakly and diffusely expressedhroughout the disc (Figure 3.8,
G). We generated Flpout clones of cells expressing Myc in the wing disc, wdh leads to
competition-induced death of nearby WT cellg¢de la Cova et al., 2004) Strikingly, we found
that expression of bothmodSPand SPEMRNA was significantly elevated within the Myc
expressing clones comparedo surrounding cells (Figure 3.8, L). In another context that
provokes cell competition, expression of Myc in wing disc cells witlpfc-Gal4 also up
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regulated SPE mRNA (Figure 3\8), while, like spz (Figure 2.7D), SPEexpression was
unaltered by oveexpression of Dpl110 (Figure 3.8l). To track expression of SPE protein
from its endogenous locus we constructed and introduced a BAC carryingt@minally
tagged SPE( SPEYFA into the genome (For details on the construction of SREFP, see
Chapter 6). SPEYFP can restore the immune response i§PMull mutant larvae, indicating
that it is functionally WT (Figure S3.5. SPEYFP is expressed throughout the wing disc, and
in vertical cross-sections appears apically eriched in the cells (Figure 3.80). Like SPE
MRNA, SPEYFP was strongly and celutonomously 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 aility to induce cell competition (de la Cova et al., 2004,
Simpson, 1979). In this caseSPE mRNAr SPEYFP was weakly elevated in posterior cells
of some, but not allwing discs examined (Figure S3.8-C), implying that competition may
not be required. We also observed an induction obpz, SPEANnd modSPexpression in wing
discs with strong, ubiquitous Myc overexpression (Figure S3.6 E)Of note, when Myc was
expressed in fat body cells, SREFP 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: SPFand modSPFexpression is upreguted in Myc cells(A-E) ISH to SPANRNAIn WT
control (A) wing discs,(C) fat body, (D) salivary and(E) lymph glands.(F-J) ISH to/modSANRNA
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 staining¢K, L) ISH to(K) SPE(L) modSP mRNAn
hsFip; act>CD2>Gal4, UASyc wing discs with Myc-expressing Flpout clones. (M) SPEis
upregulated in Mycexpressing cells inptc-Gal4/UASMyc larvae, tut not in (N) cells over
expressing the growth inducer Dp110(0) Expression of YFRagged SPE protein in WT, an¢P)
ptcGal4/UASMycwing discs. Fluorescent images are sum projections of multiple sections. Sce
bars = 50um.
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Figure 3.9: Myeexpressing fat body cells downregulate SPE expression. ()T fat body cells with
SPEYFP expression(B) SPEYFP in Mycexpressing clones induced inisFip, act>CD2>Gal4;
UASMyclarvae. Myc-expressing clones are marked by the absence of CD2. Clone boundaries
shown with dashed red lines. " @loseup of area marked by white squares if{B). Images are
max projections of multiple ZOAAOET 1 68 3AAI A AAOO vt i 8
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