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Summary

Intracellular homeostasis depends on a multitude of enzymatic networks that control all
basic cellular processes. To respond to stress — in the sense of disturbed homeostasis — cells
have evolved adaptive responses, many of which involve nuclear transcription of proteins
intended to counteract the stress and re-establish homeostasis. A particular stress, known to
induce transcriptional responses, is protein aggregation or misfolding. Different, specific
responses have been well characterised in response to protein folding stress within the
cytosol or the endoplasmic reticulum. Protein folding stress within mitochondria has also
been described to induce a nuclear transcriptional response. However, how folding stress
within mitochondria is sensed and signalled to the nucleus, through mitonuclear

communication or mitochondrial retrograde signalling, remains poorly understood.

Using a population of progenitor cells residing in the larval eye-imaginal disc of
Drosophila melanogaster, this thesis demonstrates that the elF2a-kinase PERK and its
downstream target ATF4 mediate mitonuclear communication in response to disturbed

protein handling within mitochondria.

PERK has been widely recognised as a sensor of protein folding within the lumen of the
endoplasmic reticulum. Activation of PERK triggers a response called Integrated Stress
Response (ISR) that attenuates translation rates, which in turn induces ATF4 to transcribe
genes with cytoprotective function. This work now shows that the Drosophila genome
encodes a PERK isoform that is targeted for mitochondrial import and fulfils a similar function
in this organelle. The transcriptional response through ATF4 confirmed known ISR target
genes and additionally showed that Drosophila ATF4 functions as an inducer of the
mitochondrial Unfolded Protein Response (UPR™) as well. A comparison with mitonuclear
signalling in other model organisms argues for substantial rewiring of the response during

evolution, though most proteins originated at the base of metazoa.

This thesis utilised Drosophila imaginal disc progenitor cells that build the adult eye.
During development of the tissue, the PERK-ATF4 response protects fitness of cells with
defects in the mitochondrial electron transport chain (ETC). Intriguingly, this adaptation can

be hi-jacked by growth-promoting signalling pathways to enhance their oncogenic potential.

In conclusion, this thesis defines a molecular signalling pathway activated by ETC defects

and links the pathway to in vivo phenotypes.



Zusammenfassung

Homoostase innerhalb einer Zelle ist abhangig von vielfaltigen enzymatischen
Netzwerken, die alle grundlegenden Prozesse in einer Zelle kontrollieren. Damit eine
Zelle auf Stress — im Sinne eines gestorten Gleichgewichts — reagieren kann, hat sie im
Laufe der Evolution adaptive Antworten entwickelt, von denen viele auf der Transkription
von Genen beruht, deren Proteinprodukte den Stress abbauen und damit Homdostase
wieder herstellen sollen. Ein bestimmter Stress, von dem bekannt ist, dass er eine solche
transkriptionelle Antwort hervorruft, ist die Aggregation oder Missfaltung von Proteinen.
Verschiedene, spezifische Antworten der Zelle auf Protein-Missfaltungs-Stress innerhalb
des Zytosols oder des Endoplasmatischen Retikulums sind gut in der wissenschaftlichen
Literatur charakterisiert. Stress durch Missfaltung von Proteinen innerhalb der
Mitochondrien wurde auch mit einem transkriptionellen Effekt in Verbindung gebracht.
Allerdings ist bis heute nicht geklart, wie Missfaltung innerhalb der Mitochondrien
registriert und ein Signal zum Zellkern Ubermittelt wird — also wie die Mitochondrien-

Zellkern Kommunikation funktioniert.

Unter Verwendung einer Vorlduferzell-Population in der Augen-Imaginalscheibe von
Drosophila melanogaster konnte nun in dieser Arbeit gezeigt werden, dass die Kinase
des Translations-Initiations-Faktors 2a, genannt PERK, und ihr untergeordnetes Ziel-
Protein, genannt ATF4, diese Mitochondrien-Zellkern Kommunikation vermitteln, wenn

die Faltung von Proteinen in den Mitochondrien gestort ist.

PERK ist detailliert beschrieben als Sensor fir Protein-Missfaltung im Lumen des
Endoplasmatischen Retikulums. Eine Aktivierung von PERK |6st eine Antwort aus, die als
Integrierte Stress Antwort (ISR) bezeichnet wird. Diese Antwort inhibiert die Translation
innerhalb der Zelle, was zu einer Aktivierung von ATF4 fihrt, welches in der Folge im
Zellkern die Transkription von Genen induziert, deren Proteinprodukte eine schiitzende
Wirkung flr die Zelle haben. Diese Arbeit zeigt nun, dass das Genom von Drosophila
melanogaster eine Isoform von PERK enthalt, welche PERK fiir den Import in
Mitochondrien bestimmt, wo PERK eine dhnliche Funktion wie im Endoplasmatischen
Retikulum erfiillt. Die transkriptionelle Antwort durch ATF4 bestatigt viele bekannte ISR
Ziel-Gene und zeigte weiterhin, dass das ATF4 Protein von Drosophila eine zusatzliche
Funktion als Ausldser der mitochondrialen Protein-Missfaltungs-Antwort (UPR™) spielt.
Ein  Vergleich mit der Mitochondrien-Zellkern Kommunikation in  anderen

Modellorganismen  spricht  flr eine substantielle ~ Weiterentwicklung  dieses



Kommunikations-Systems wahrend der Evolution, ausgehend von der Entstehung des

GroBteils der involvierten Proteine bereits an der Basis mehrzelliger Tiere.

Diese Arbeit verwendet als Modell die Vorlauferzellen der Imaginalscheibe, welches
das Auge der adulten Fliege hervorbringt. Wahrend der Entwicklung dieses Gewebes,
schitzt der PERK-ATF4-Effekt die Fitness von Zellen, mit eingeschrénkter Funktion der
mitochondrialen Atmungskette. Interessanterweise kann eben jener Effekt von
Signalwegen, die selbst Wachstum induzieren kénnen, ausgenutzt werden, um ihren

wachstums-fordernden Effekt noch zu verstarken.

Zusammenfassend definiert diese Arbeit einen molekularen Signalweg, der von Defekten
in der Atmungskette ausgelost wird, und verbindet dessen intrazelluldre Wirkung mit den

Auswirkungen auf die Entwicklung der Fliege.
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| — Introduction

The work | am presenting in my thesis addresses aspects of two broad questions of
basic biological research: How do cells respond to defects in their sub-cellular
compartments or organelles? and How do organisms regulate organ size during

development?

Both questions are fundamental in their respective fields, cell biology and
developmental biology, and, at least for the results presented here, are interconnected in
the sense that adaptations to organelle defects can have profound consequences for the
proliferative behaviour of the cells in a cell-autonomous manner. As part of this
introduction | want to provide an overview of both fields and emphasise the model

organism and tissue | have been working with.

Part One: Control of organ growth during development

Most terrestrial animal phyla, including for example birds, mammals and
holometabolous insects, follow a determinate growth mode. Once the adult, sexually-
mature stage has been reached final organismal size is fixed (Hariharan2016). Therefore,
the final size and shape of the adult is established during embryonic and juvenile
development of these organisms. In most cases, this developmental growth is plastic
towards intrinsic (for example genetic or epigenetic) or extrinsic (for example nutrition)
modulation, allowing both long-term and short-term adaptations to environmental

stimuli.

While plasticity of organismal growth represents a generally favourable mode of

development, it also requires extensive communication between developing organs to
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regulate growth. Overall, growth scaling has to be proportional between most organs to
assure bilateral symmetry (Palmer and Strobeck, 1986), while at the same time crucial
organs do not scale at all, such as the Central Nervous System upon malnutrition ("brain
sparing”) in mammals (Dobbing and Sands, 1971) or Drosophila (Cheng et al., 2011).
Together, these observations suggest that both organ-autonomous and systemic
signalling cascades interact to drive appropriate growth. In the following paragraphs, |
want to give an overview of the molecular understanding of growth coordination and
regulation in Drosophila, a model that despite its evolutionary distance to humans has

been at the frontier towards a molecular understanding in this research area.

Organ-intrinsic regulation of growth in Drosophila imaginal discs
Transplantation experiments in various species indicated an autonomous mode of
organ growth already many decades ago. The first to describe this property were
Harrison, Twitty and Schwind in a series of studies, performing transplantation
experiments between related salamander species with different growth kinetics (Harrison,
1924; Twitty and Schwind, 1931). The same observation was later made in different
species that allow these experiments, including serial transplantations of imaginal tissues
of Drosophila (Hadorn, 1963). Since then, the Drosophila imaginal discs - epithelial
primordia that build most of the adult fly's external structures, including eyes, wings,
antennae and legs - have been a favourite model of developmental biologists to study
growth, patterning and the signalling pathways that control these processes. Noteworthy
examples with implications beyond the fly include the discovery of "cell competition”
between cells with different fitness (Morata and Ripoll, 1975) or the identification of the
Hippo pathway and most of its molecular components (Harvey et al., 2003; Justice et al.,

1995; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003).

Drosophila imaginal discs are primordia of adult structures. They are specified during
embryogenesis, grow through proliferation during the larval stages and differentiate to

build the adult fly during metamorphosis. As mentioned earlier, transplantation and
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regeneration experiments (Bryant and Levinson, 1985; Hadorn, 1963) showed a capacity
of imaginal discs or fragments of them to grow to the appropriate size even in ectopic
environments. More recently, studies using clones with differing proliferation rates have
shown that the disc-autonomous size regulation is also stable under these conditions
(Martin et al., 2009). So, while cell competition per definition involves alterations of
proliferation rates, growth of a clone of cells can only occur at the proportional expense

of another clone, so that final tissue size and architecture is undisturbed by this process.

In contrast to these experiments, which primarily described the properties of wild-
type tissue, genetic or pharmacological modulation of signalling pathways can severely
disturb the autonomous growth regulation. In fact, most of our current knowledge of the
molecular determinants of growth regulation within a tissue come from studies, where
gain- or loss-of-function mutants in signalling pathways show phenotypes of in- or
decreased growth. What has been far more difficult to address though, is the actual
contribution of any of these pathways (and other processes) to the wildtype's internal

growth regulation (schematically illustrated in Fig. I1).

The main signalling pathways that contribute to imaginal disc growth in Drosophila
are to a large degree used in similar ways in different imaginal discs and are also utilised
as regulators of growth and patterning in other animal systems. A requirement as growth
promoting signals in the wing imaginal disc has been attributed to the Insulin/Pi3K, the
Hippo, the Tor, the EGFR/ras, the Myc and the JAK/STAT pathway (reviewed in
(Hariharan, 2015). Closer examination of these requirements enforces the interpretative
problems outlined in Fig. |11 and further reveals another fundamental discrimination in
growth regulation: the balance between hypertrophic and hyperplastic growth. In
principle, an increase in size of an organ could be achieved by increasing the cell volume
or by increasing the number of cells. Within the Drosophila larva, both processes co-
occur: While most tissues constituting the fundamental parts of the larva (the "larval
tissues") have polyploid cells with large cell volumes (employing hypertrophic growth
through endoreplication), the "imaginal tissues", as precursors of the future adult fly,

maintain a roughly uniform small cell size and grow through cell proliferation.
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Figure 11: Schematic lllustration of wing disc growth

Early wing disc (top) can grow to wildtype size (middle) or show decreased
(left) or increased (right) growth in mutant animals. Typical conclusions that
can be drawn from these experiments are indicated, as well as the primary
question (middle), which is not easily answered by these experiments.

Though not yet considered in this way by the research community, | consider
pathways like Myc or Tor, which both primarily drive cellular hypertrophy, through
increased ribosomal gene transcription or ribosome activity, respectively, to be more
general requirements, which act upstream of virtually any other process. For example,
pioneering work by Laura Johnston on Drosophila Myc (Johnston et al., 1999) has shown
that hypomorphic Myc mutants have smaller cells, while over-expression of Myc increases
cell size. The study further showed that Myc expression decreased the number of cells in
G1-phase of the cell cycle, which was interpreted as promoting cell cycle G1-S
progression. In my view, any pathway that increases cellular mass accumulation (through
effects on translation) is expected to accelerate the G1-S transition, as the purpose of G1

is mass accumulation to allow genome replication and no requirement for external
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signals regulating S-phase entry exists in the imaginal discs. A more probable
explanation might therefore be that the length of the G1 phase is determined by the

speed at which a cell translates new proteins in preparation of S-Phase.

Overall, genetic and molecular analyses on imaginal disc development have revealed
a number of signalling pathways acting in progenitor cells to coordinate growth. Yet,
despite substantial progress in understanding how these pathways are controlled and
what the primary outputs are, a picture how these outputs shape appropriate growth are
poorly understood. In the next paragraph, | will describe in greater detail the signals that
have been identified as growth regulators in the Drosophila eye imaginal disc, present

several opposing models of eye growth and provide a new perspective.

Inter-organ growth coordination in the Drosophila larva

Adaptations to environmental conditions or spontaneous developmental defects
require systemic signalling cascades to coordinate growth between organs and to
synchronise primordia development with the overall development of the organism.
"Growth sparing" in response to starvation describes the selective growth of some
organs under conditions where no external nutrients are available. This situation could be
a consequence of a) a direct dependency on nutrient levels in the hemolymph that
quantitatively differs between different organs; b) a different dependency on hormonal or
other systemic signalling cues that are modulated in response to malnutrition, or c)
signalling cascades operating in spared tissues that uncouple its growth from the rest of
the body. While a) has not been investigated, evidence for both other possibilities have
been shown. The laboratory of Alex Gould has shown that CNS sparing is mediated
through Jeb/Alk-RTK signalling that uncouples CNS proliferation from a dependency on
systemic insulin signalling (Cheng et al., 2011). While their study also showed that wing

disc growth is spared to some degree, the mechanism remains unknown.

Several laboratories have contributed to our understanding of how systemic hormone

signalling is modulated in response to malnutrition, thereby explaining the response of



Introduction

the larval tissues that are sensitive to malnutrition and do not show sparing. To date, the
most significant hormone contribution to growth of larval and imaginal tissues is
insulin/insulin-like signalling (IIS) (Britton et al., 2002; Brogiolo et al., 2001). Insulin-like
peptides (llps) are secreted from neurosecretory cells in the brain to direct larval growth
or produced locally in some tissues and bind to the single insulin receptor (InR) to
activate PI3K/Akt-signalling (Edgar, 2006). Within most larval tissues, PI3K/Akt activation
through InR as well as Tor activation through the amino acid transporter Slimfast are
strictly required to allow growth (see (Teleman, 2010) for review). Decreases in dietary
nutrient uptake directly reduce Tor activity and indirectly reduce IIS activity through
decreased secretion of llps from the brain. As mentioned before, some tissues can
uncouple their PI3K/Akt and Tor signalling output from these inevitable growth-reducing

effects of nutrient restriction and spare growth (Cheng et al., 2011).

An important question in the field that began to be solved over the last years, is how
llp secretion from the insulin producing cells (IPCs) of the brain is regulated in response
to changing nutrient availability. To this day, several signalling systems have been
identified to signal these changes from the larval fat body (FB) to the IPCs. The laboratory
of Pierre Léopold identified the tumor necrosis factor homologue of Drosophila, Eiger, to
be released from the FB in response to a low-protein diet. In the IPCs, Eiger activates
JNK signalling through its receptor Grindelwald, which suppresses secretion of llps from
the IPCs, thereby reducing IIS activity in peripheral tissues (Agrawal et al., 2016). Through
the same genetic screen, they identified a second signal with opposite function. Under
conditions of sufficient nutrient uptake, the FB releases a ligand called stunted, which

activates its receptor methuselah in IPCs to allow ILP secretion (Delanoue et al., 2016).

Another interesting question is how the imaginal tissues can feedback on overall
larval development, since proper development of the imaginal tissues is one of the most
fundamental necessities for adult life. Delayed pupation in response to defects of
imaginal disc development have been described for a long time (Simpson and
Schneidermann, 1975; Simpson et al., 1980). More recently, a llp-like ligand, called Dilp8,
was identified to trigger this response through effects on ecdysone production

(Colombani et al., 2012; Garelli et al., 2012). Further analysis identified Lgr3 as the
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receptor for Dilp8, which has no insulin-related function, and the specific expression of
Lgr3 in neurons innervating the neurosecretory cells of the prothoracic gland, which are
the site of ecdysone synthesis and release (Colombani et al., 2015; Vallejo et al., 2015).
Interestingly, these studies revealed that Dilp8-Lgr3 signalling is required to buffer
against developmental noise even in the wildtype, as fluctuating asymmetry is increased

in Dilp8 or Lgr3 mutants.

In summary, growth of larval tissues is regulated through direct cell-autonomous
effects, such as the translation of amino acids availability into Tor activity, as well as non-
cell autonomous, hormonal effects through the insulin signalling cascade. Many aspects
of growth sparing and a more detailed understanding of the temporal modes of growth

are still required to gain a better overall understanding of organ growth regulation.

Growth regulation in the eye-antenna disc

The Drosophila eye-antenna disc differs from the other imaginal discs with respect to
the timing of differentiation. While other imaginal tissues enter their terminal
differentiation programme after pupation, eye differentiation starts already during the
early 3rd larval instar. At this time, the first R8 photoreceptors are specified at the
posterior equator and subsequently a self-propagating wave called the morphogenetic
furrow (MF) moves anterior wards. In front of the MF, cells are synchronised in their cell
cycle and enter the stepwise specification/differentiation regime behind the MF
(reviewed in Baker, 2001; Kumar, 2011). Proliferation of eye progenitors is asynchronous
during early stages, with an overall high density of mitotic cells, and later becomes
synchronised in front of the MF, creating the so-called First Mitotic Wave (FMW) and

behind the MF, the Second Mitotic Wave (SMW; see Figure 12).
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L1 L2 early L3

eyeless-Gal4 eyeless-Gal4

activity activity

eye-antenna antenna eye antenna eye
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late L3

MF
eyeless-Gal4 FMW MW ELAV

activity
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Figure 12: Schematic Illustration of eye-antenna disc development

lllustration based on microscopic study of fixed eye-antenna discs throughout larval development
(from late embryo/L1, through L2, early L3 to late L3). The size of the discs in the scheme is
approximate. Eyeless-Gal4 activity in green is based on observations with several UAS-transgenes
induced by ey-Gal4. There is no activity of ey-Gal4 by the late L3 stage. Morphogenetic Furrow
(FW), First and Second Mitotic Wave (FMW and SMW), mitotic (PH3") cells indicated by yellow
dots and area of differentiation (marked by ELAV) in red.

In addition to the growth promoting pathways | mentioned in the previous
paragraph, eye growth requires activation of the Notch pathway (Dominguez and de
Celis, 1998; Papayannopoulos et al., 1998) as well as the activity of a group of
transcription factors termed the retinal determination network (Kumar, 2010). At present,

several models explaining growth regulation co-exist and | will discuss them next.

The Notch signalling pathway was shown to be activated at the dorsal-ventral

boundary ("equator") of the eye, due to differential expression of the two Notch ligands,
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Delta and Serrate, and a Notch-modifying enzyme, Fringe, in the ventral or dorsal
compartment (Dominguez and de Celis, 1998; Papayannopoulos et al., 1998). Over-
expression of the intracellular domain of the Notch receptor was shown to induce
hyperplasia and is apparently able to compensate for endogenous Notch activation at
the equator (Dominguez and de Celis, 1998). Subsequent studies then tried to link local
Notch activation with proliferation occurring throughout the disc. These studies identified
target genes of Notch at the equator, such as the Paxé-like transcription factor eyegone
(Chao et al., 2004; Dominguez et al., 2003) or the ligand of JAK/STAT signalling,
Unpaired (Chao et al., 2004). Based on these and other reports, several models have
been proposed to explain how Notch activation at the equator instructs growth of the
whole eye-antenna disc (reviewed in (Estella and Baonza, 2015). Though different in
molecular mechanism, these models ultimately rely on secretion of a ligand (Unpaired or

Hedgehog) from an organiser to direct growth.

Experimental observations and modelling of morphogen gradients by Wartlick,
Jilicher and Gonzalez-Gaitan have suggested that a moving gradient of the morphogen
decapentaplegic (dpp; as well as another unidentified molecule) accounts for the
proliferation pattern of mid to late 3rd larval instar eye-discs (Wartlick et al., 2014). In this
"temporal model", cell division is triggered "when their signalling levels have increased
by 60%" since the last cell division” (Wartlick et al., 2014). Other modelling approaches
of eye disc growth have casted doubt upon this model and instead suggested again that
the cytokine Unpaired would instruct growth (Fried et al., 2016; Vollmer et al., 2017).

Apparently, there is no consensus at this time.

| illustrated in Fig. |1 the problem that Gain- or Loss-of-function experiments often do
not inform about the actual contribution of a gene to the wild-type phenotype. As an
example, adult flies without eyes (and cuticle instead) could have lost eyes through
various mechanisms, such as a lack of proliferation of eye progenitors; overgrowth of
cuticle progenitors; through selective death of eye progenitors; or through a change in
cell fate, to name a few. A further complication for our understanding is the fact that

many of the genes found to be required for eye growth so far, act in strikingly linear
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pathways, where finally only the most downstream gene appears to have all the growth-
regulating activity. An example for this phenomenon is the dorsal-ventral (DV)
compartment cascade, involving Fringe, Caupolican/Araucan/Mirror, Delta, Serrate and
Notch, culminating in the activation of eyegone, which is apparently able to replace any
mutant of these upstream genes (Chao et al., 2004; Dominguez et al., 2003). Together
with the general controversy on how morphogen gradients could function (Alexandre et
al.,, 2015), these drawbacks illustrate the need for a conceptually deeper understanding

of what discriminates truly instructive from rather permissive signals.

In the wild-type eye disc, the DV cascade establishes Notch signalling at the equator
of the disc. Any disruption of the cascade prevents eyegone expression, leading to a loss
of eyes. Expressing an activated form of Notch (Dominguez and de Celis, 1998) or
directly eyegone (Dominguez et al., 2003) restores eye growth. In this scenario, eyegone
activity appears to be required in some form, but the equator itself appears dispensable
for the growth promoting role. This assumption, together with the notion that ectopic
eyegone expression non-autonomously induces the Unpaired cytokine (Chao et al,
2004), seems compatible with the model of Vollmer and colleagues suggesting Unpaired
as the secreted factor controlling eye size (Vollmer et al., 2017). Unfortunately, such a
model cannot readily explain the differential growth kinetics of eye discs over-expressing
Delta, which exhibit higher proliferation rates in the ventral compartment only
(Dominguez and de Celis, 1998, S. Sorge this thesis). If Unpaired is very stable and
diffuses very fast (Vollmer et al., 2017), its effects should spread roughly equally under
these conditions too, yet the increased mitotic indices are very local. One might
therefore argue that Unpaired is just one permissive signal required to allow growth.
Interestingly, a recent study by the laboratories of Konrad Basler and JP Vincent found
that during wing disc development, the growth-enabling function of the dpp morphogen
does not require the typical concentration gradient, but that uniform, low-level activation
of dpp signalling is sufficient to allow proliferation, suggesting as well that the role of

dpp in growth regulation is permissive (Bosch et al., 2017).
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In order to better understand eye growth, one needs to consider the process in its
entirety. The studies by Wartlick and Vollmer focus on the later phases of eye disc
development, where proliferation rates are slowing down ("growth termination"). They
describe the biophysical properties of secreted growth factors or their gradients to
explain the gradual decline in proliferation over time. Indeed, growth termination
contributes significantly to final eye size and shape. Given the early onset of
differentiation in the posterior part of the eye, the prolonged progenitor state in the
anterior part needs to be met by decreasing proliferation rates to prevent

disproportionate growth of the anterior compartment.

The studies addressing the contribution of the Notch pathway and eyegone, instead
focussed on the earlier stages of development, where indeed most mitotic rounds take
place (approximately 6 rounds of division take place in approximately 48 hours from early
L1 to early L3). During this time, eyegone activity is required for growth (Wang et al.,
2008), but the necessary output of its activity has not been clearly identified. Since the
role of Unpaired as a bona fide growth-promoter has also been questioned (Gutierrez-
Avifio et al., 2009; Wang and Huang, 2009), it appears unlikely that Unpaired functions as

an instructive division cue during these early stages.

In summary, most of the available literature suggests a number of pathways or
transcription factors to be required for eye growth, but none of them could be claimed to
have a clear instructive role in determining proliferation rates. One explanation could be
that the crucial factor has simply not been identified yet or that the complex
combinatorial action of these processes has not been understood in sufficient detail.
Another possibility is that no instructive cue is required, so that cells divide at the
"maximum speed" allowed by the action of many permissive cues with partially

overlapping function. Such a model is compatible with most observations made so far:

1) As long as growth termination in the 3rd larval instar is in place, final eye size is
determined by the size and shape of the eye disc at the onset of differentiation. So, the
most crucial parameter for final eye size is the trigger to induce differentiation once a
defined size has been reached (by asynchronous, "maximum-speed" proliferation of

progenitors).
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2) If 1) is correct, pure decreases in cell cycle length in the early progenitor
compartment would not impact on final eye size, because differentiation would be
triggered earlier and the growth termination cascade would still maintain proper size.
Indeed, imaginal disc growth can become temporally uncoupled from larval growth
under nutrient restriction (Cheng et al., 2011) or other disturbances of larval development
and importantly, accelerations of cell cycle phasing do not change tissue size in the wing

disc (Neufeld et al., 1998) or the eye disc (S. Sorge, unpublished observation).

3) The "maximum speed" would be determined by the cells' ability to progress
through the cell cycle. While the metabolic requirements of cell cycle progression are still
in the process of becoming understood (Cai and Tu, 2012; Vander Heiden et al., 2009), a
general dependency on nutrients is obvious. Both, systemic signalling through ILP
release from the brain and direct cellular sensing of amino acids through Tor and other
pathways, can couple the cells' speed of cell cycle progression to the overall availability
of nutrients and thereby overall developmental growth (increase in mass), though this
coupling apparently is not a linear connection (see "sparing"). In that model, the main
determinant of the growth speed of wild-type imaginal disc progenitors would be the set
of proteins that determine uptake and use of nutrients to fuel metabolism and the

necessary anabolic reaction.

Part Two: Cellular stress signalling and metabolic adaptation

Cellular survival, cell growth or cell division require nutrient uptake to maintain ATP
levels, to replace or synthesize new proteins or to build other macromolecules such as
RNA or DNA. Generally, the strict requirements for growth - either in cell volume or cell
numbers - differ from the requirements of homeostasis or survival. A good illustration of
this is found in many unicellular organisms, which are directly exposed to their
environment and usually have limited abilities to move to a more favourable location.
Microbes under starvation can arrest their cell cycle in a Go-like phase, but within minutes
re-enter the cell cycle to grow and proliferate as long as nutrients are available (reviewed

in (Cai and Tu, 2012). Multi-cellular organisms have additional constraints on proliferation
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and growth (see above), but cellular growth or division nevertheless requires nutrient
availability to the cell. Animals have therefore evolved circulatory systems, storage tissues
and systemic signalling cascades, who together are able to maintain nutrient levels within
physiological levels throughout the body. In Drosophila, the fat body (FB), in an
analogous fashion to vertebrate liver and adipose tissue, appears to be the primary
organ involved in nutrient homeostasis. In addition to systemic events, cells can directly
sense nutrient concentrations, for example through the Tor pathway introduced above
(Efeyan et al., 2012; Hara et al., 1998). Importantly, Tor signalling and other stress-
response pathways (see below) are not merely sensing nutrients to induce a quiescent

state under starvation, but induce specific adaptations to counteract starvation.

Besides the rather obvious requirement of nutrients for growth or proliferation, a
recently emerging concept is that the cellular metabolic state is directly linked to
proliferative behaviour, so more than a mere requirement. Almost a century ago the
German physiologist Otto Warburg described the glycolytic metabolism of cancer even
in the presence of oxygen, hence called "Aerobic Glycolysis" or "the Warburg effect"
(Warburg et al., 1924). His findings and especially his hypotheses that dysfunctional
mitochondria are the cause of cancer, have been controversially discussed ever since (see
(Senyilmaz and Teleman, 2015). But by now, "the Warburg effect" has become an
important driver of advancement both in cancer and basic biological research, as Aerobic
glycolysis seems to be a rather universal metabolic state of proliferating cells (Koppenol
et al., 2011; Vander Heiden and DeBerardinis, 2017; Vander Heiden et al., 2009). Other
metabolic demands of cancer cells that directly dictate their proliferative potential have
recently been discovered (DeNicola and Cantley, 2015; Faubert et al., 2017; Mashimo et
al., 2014). Therefore, at present it seems like a fair assumption that the metabolic state of
a cell, which is determined by the intracellular concentrations of the relevant nutrients as
well as the set of metabolic enzymes and their activity, has direct consequences for the
speed of cell cycle progression. Overall, the scientific literature is compatible with the

above-mentioned "maximum speed" of division model | have proposed.
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For the remainder of this introduction | want to focus on intracellular stress-response
pathways and their role in acute or chronic adaptation to stress during development or

disease.

The Unfolded Protein Response of the Endoplasmic Reticulum

| have outlined several responses of cells to shortages in nutrient levels in the
previous paragraphs. In addition to this single stress, cells are continuously exposed to a
large number of additional, exogenous stresses. These include, but are not limited to,
stress from temperature fluctuations (heat), osmotic or oxidative stress. To cope with
these natural insults, cells have evolved detoxifying systems to buffer against or react to
changes, like the transcriptional heat-shock response (Ashburner and Bonner, 1979;
Richter et al., 2010) or the glutathione redox system (Hwang et al., 1992). Besides
external impairments of cellular homeostasis, internal protein folding can be disturbed by
many natural processes or specific toxins. To date, the best characterised organelles'

stress response is the Unfolded Protein Response of the Endoplasmic Reticulum (UPR).

The Endoplasmic Reticulum (ER) is the major cellular compartment for the folding
and post-translational modification of membrane and secreted proteins. Unicellular
eukaryotes possess a single pathway to monitor and maintain ER homeostasis, the Ire1
pathway, while multicellular eukaryotes have two additional pathways (see Korennykh
and Walter, 2012 for review): In vertebrates, Drosophila and C. elegans three pathways
with partially overlapping function build the core of the UPR®™. ATFé is a bZip-
transcription factor initially targeted to the ER membrane. Upon ER protein folding stress,
it is send to the Golgi, where proteolytic cleavage releases the cytoplasmic domain,
which enters the nucleus to function as a transcriptional activator (Haze et al., 1999; Ye et
al., 2000). Ire1 is an RNase incorporated into the ER membrane. Its ER-luminal domain is
able to sense unfolded ER proteins, leading to lateral oligomerization and activation of
the RNase domain. The RNase activity cleaves XbpT mRNA to release an intron, leading
to translation of the functional Xbp1 transcription factor (Mori, 2009). Both, the

Ire1/Xbp1- and the ATFé-pathway primarily induce transcription of ER chaperones and
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other enzymes (Cox et al., 1993; Yamamoto et al., 2007), aiming to decrease ER protein
folding load and increasing ER protein folding capacity, respectively (Walter and Ron,

2011).

The third branch of the UPR®® is mediated by the ER-resident elF2a-kinase PERK
(Harding et al., 2000). As the luminal domain of PERK is structurally related to Ire1, it is
assumed that PERK senses ER protein folding stress in a similar, yet to be defined, way as
Ire1. Accumulation of unfolded proteins in the ER lumen triggers PERK dimerization,
cross-phosphorylation and finally phosphorylation of eukaryotic Initiation Factor 2a
(elF2a), leading to a slow down of translation initiation and thereby overall translation
rates. While decreased overall protein translation decreases the protein burden for the
ER, the response also triggers a relative increase in translation of open-reading frames
(ORFs) with yORFs in their 5'-UTR. A prominent target amongst these mRNAs is a bZip
transcription factor, called Activating Transcription Factor 4 (ATF4, Dever et al., 1992;
Harding et al., 2000). The mammalian ATF4 mRNA carries two pORFs upstream of its
main ORF that essentially fully block translation of ATF4 protein (Harding et al., 2000;
Vattem and Wek, 2004). Only phosphorylation of elF2a by one of four elF2a-kinases
increases the probability of ATF4 translation so that the protein can accumulate to
relevant concentrations (for review see Kilberg et al., 2009). The structure and function of
the ATF4 mRNA is also conserved in Drosophila (Kang et al.,, 2015) and yeast
(Hinnebusch, 1997), suggesting that ATF4 activity downstream of translation attenuation
is a highly conserved response. Since the ATF4 response, activated downstream of PERK
upon ER protein folding stress, is a much more general stress adaptation (see below for

details), the PERK branch of the UPR™ differs in that respect from the other two branches.

The Integrated Stress Response through ATF4

Translation and thereby functional activity of ATF4 requires phosphorylation of elF2a
by one of its kinases. Since the vertebrate genome encodes at least four elF2a-kinases,
which are activated by various different stresses, the term "Integrated Stress Response”

(ISR) has been used (Harding et al., 2003). Similar to the broad input into the ISR, the
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ATF4 output in terms of transcriptional targets covers a wide range of molecular

functions and biological processes.

One of the first known transcriptional targets was another transcription factor, CHOP
(or DDIT3; Harding et al., 2000), which appears to act as a negative feedback-regulator of
ATF4 (Kilberg et al., 2009) and to induce apoptosis upon chronic stress situations (Demay
et al., 2014). ATF4 further induces expression of other transcription factors that also act
as potential dimerization partners, such as C/EBPf and ATF3 (Pan et al., 2007; Thiaville et
al., 2008). Other studies have linked ATF4 to the induction of the "Amino Acid
Response" (AAR) by binding to "CARE" sequences (CCAAT-enhancer binding protein-
activating transcription factor response element), thereby inducing amino acid
transporter genes (CAT1, xCT, SNAT2) or ASNS, a gene encoding asparagine
synthethase (Kilberg et al., 2009). More recently, a role for ATF4 in the regulation of one-
carbon metabolism was shown in human cells (Bao et al., 2016) and in Drosophila
neurons (Celardo et al.,, 2017). Another contribution from fly research to our
understanding of ATF4 function came from cultured Drosophila cells, which showed
ATF4-dependent induction of glycolytic enzymes in response to ER stress (Lee et al.,
2015a), a response that is so far unique for Drosophila ATF4. And lastly, while this thesis
was written, a study was published showing the transcriptional response to over-
expression of ATF4 in cultured Drosophila cells (Malzer et al., 2018), confirming most of

the target genes | had just introduced.

Overall, the transcriptional programme induced by ATF4 leads to a broad and
relatively unspecific, general stress response, potentially improving cellular fitness
through one of the many processes it activates. While some of its output has been
proven to be beneficial for cellular fitness or survival (Bao et al., 2016; Celardo et al.,
2017), in most of these experiments it is difficult to discriminate positive input from a
single target gene with the overall impact of all target genes. Therefore, the
physiological implications of the ATF4 response remain poorly understood and might be

very context-dependent.
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The Unfolded Protein Response of Mitochondria

In an analogous manner to the UPR™, a protective mitochondrial Unfolded Protein
Response (UPR™) has been described (Martinus et al., 1996). Though conceptually similar
to the UPR™, the UPR™ remains less well characterised. Part of the explanation for this
fact are evolutionary differences between the model organisms. The UPR™ was first
identified in human cells, where its activity was attributed to CHOP and C/EBP (Zhao et
al., 2002). Later, a paralog of ATF4, ATF5, was implicated as the inducer of UPR™
(Fiorese et al., 2016). Very recently, a multi-omics study in cultured human cells
suggested that ATF5 and its UPR™ target genes are not at all activated in response to

mitochondrial stress (Quirds et al., 2017).

In C. elegans, where the UPR™ s overall best described, a transcription factor (Atfs-1)
with homology to ATF4 and ATF5 has been shown to mediate induction of mitochondrial
chaperones, the classical UPR™ targets (Haynes et al., 2010). A subsequent study then
showed Atfs-1 to be contain a mitochondrial import sequence, leading to import into
mitochondria, where it is degraded (Nargund et al., 2012). Defects in import, which can
be caused by different defects to mitochondrial function, then lead to stabilisation of
Atfs-1 in the cytoplasm and translocation to the nucleus, where it can act as transcription
factor to induce mitochondrial chaperones (Nargund et al., 2012). Therefore, the C.
elegans UPR™ uses mitochondrial import as a sensor for mitochondrial (dys)function.
Another important study in worms has also shed light on possible upstream mechanisms
leading to UPR™ activation. Yoneda and colleagues showed that genetic disturbance of
large mitochondrial protein complexes (such as the complexes of the mitochondrial
electron transport chain (ETC)) through RNAi acted as the most potent inducers of the

UPR™ (Yoneda et al., 2004).

In Drosophila, no apparent orthologue of either Atfs-1 or ATF5 is found. Technically,
the protein with closest homology to both is ATF4. Interestingly, ATF4 has been linked to
mitochondrial stress or dysfunction in a Drosophila model of Alzheimer's disease, where
potentially PERK mediates its activation (Celardo et al., 2016; 2017). In a similar way, two

studies in cultured human cells have linked defects in mitochondria to activation of the
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ATF4-mediated ISR (Bao et al., 2016; Quirds et al., 2017). Under the conditions of these
experiments, the classical mitochondrial UPR™ target genes are not induced (Quirés et
al., 2017), substantiating the molecular separation of ISR and UPR™ in vertebrates. An
apparent conundrum is the molecular trigger or sensor that activates either the ISR
through ATF4 or the UPR™ through ATF5 in response to mitochondrial dysfunction (Bao
et al., 2016; Fiorese et al., 2016; Quirds et al., 2017).

The present state of research suggests substantial differences in the activation of the
UPR™ in the model organisms analysed to date. So far, the only consensus is the
existence of a mechanism that activates mitochondrial chaperones, which at the same
time is the defining criterion of UPR™ activity. In the model organism | have been using
for this study, the vinegar fly Drosophila melanogaster, no molecular mechanism for

UPR™ activation has been described.
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Aims of this thesis

Growth of Drosophila imaginal discs is controlled by several signalling pathways and
transcription factors in ways that are yet to be understood in molecular detail. Utilising
the high proliferative plasticity of imaginal progenitor cells, the main general motivation

of this study was to

"identify novel mechanisms controlling proliferation of imaginal

progenitor cells and final tissue size through an in vivo screen".

Building on the phenotypes discovered with COX7a"™* as the foundation, the

specific aims addressed in this thesis were:

1) To mechanistically dissect the intracellular response to knockdown of subunits of

the electron transport chain (ETC).

2) To molecularly characterise the output of ATF4, which | found to be the
mechanistic target of disturbed ETC function.

3) To define the genetic interaction between Notch signalling activation and ETC

knockdown in inducing over-proliferation.
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Il — Results

Chapter One: A genetic screen for modifiers of eye growth

The entry point of my PhD project was RNAseq data generated in the lab by Z. Zhai
that | used as a resource for an in vivo reverse genetic screen in the Drosophila eye to
identify modifiers of eye growth. The rationale was that tumorous overgrowths, like the
ones caused by knockdown of the transcription factor Cut in combination with activation
of the Notch signalling pathway (Zhai et al., 2012), would show de-regulation of effector
genes that themselves could promote eye growth, when over-expressed or knocked

down by RNA..

The RNAIi screen

Therefore, | started my project by analysing the transcriptomic profile (by Microarray
and RNAseq) of the Cut/Notch tumours performed by my colleague Z. Zhai (Zhai et al.,
2012). Figure 1 shows a schematic representation of the model and the approach. The
RNAseq data of ey>DI>Cut™* and ey>DI>Cut™*4>p35 tumours was normalised to the
control ey>Dl and differentially expressed genes were listed and plotted. As the
transcriptome analysis was carried out in a single biological replicate by Z. Zhai, |
focussed my attention on genes that showed the same direction of regulation in both
genetic conditions, thereby excluding genes that were only found in one of the two

tumours (see boxes in Figure 1).

In the first step, | ranked down-regulated genes according to their fold-change and
chose candidates for the primary RNAi screen by the availability of UAS-RNAI flies in the
Vienna Drosophila Resource Center (VDRC) library, as the genome-scale KK library of the
VDRC was made available through Prof. Michael Boutros (DKFZ Heidelberg). In a second
step, | chose 19 additional candidates, where UAS-RNAI flies could be obtained from the
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Bloomington Drosophila Stock Center (BDSC). Table 1 (Appendix) lists all RNAI

constructs and corresponding gene identifiers tested in my in vivo genetic screen.

Transcriptome sequencing

v

use globally up-
regulated genes in
overexpression screen

use globally down-
regulated genes in

RNAi-screen ey>DI; UAS-p35; UAS-
ctRNAI / eyDI

ey>DI; UAS-
ctRNAI / ey>DI

Figure 1: A schematic representation of the foundation of the RNAI screening approach

Representative images of tumorous overgrowths of eye-antenna disc with Delta over-expression (left),
Delta over-expression with Cut knockdown (middle) and Delta over-expression, Cut knockdown and UAS-
p35 over-expression (right). RNA-seq data from these discs was generated by Zongzhao Zhai and analysed
by me. Candidates for the RNAi screen were from purple box to the lower left, candidates for the over-
expression screen from purple box to the upper right. Scale bar in microscopic images is 50um.

For the RNAIi screen, | collected virgins from the two stocks ey>DI/CyO and
ey>DI>Cut™4/CyO and mated them with UAS-RNAi males. The screen was conducted
with 25 virgins in big vials on standard fly food, in an incubator set to 27°C. After
offspring had started to eclose, | categorised eye phenotypes by scoring each individual
animal. Through this detailed screening, | found 19 genes to induce mild over-
proliferation, two to induce complete lethality, two to result in severely reduced and
malformed eyes and one to induce clear over-proliferation and tissue folding (Figure
2A.D). | did not detect obvious differences between the two backgrounds | used,

implying that these phenotypes were not directly connected with Cut loss-of-function.
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In a later experiment, | confirmed the initial phenotypes for the five genes that
showed strong phenotypes in the primary screen. The two lethal knockdowns targeted
the enzyme Glutamine synthase 1 and Rpn12, a component of the proteasome. In both
cases, larvae showed strongly reduced or completely absent eye-antenna discs, arguing
that their knockdown impaired development and viability of eye-antenna progenitors.
The two lines showing reduced and malformed eyes in adult survivors targeted two un-
described genes, CG7394 and CG10205. Through PCR-based genotyping | could show
that these two lines harboured integration of the RNAI construct in a PhiC31 landing site
producing off-target effects through over-expression of tiptop (Green et al.,, 2014),
arguing that the phenotypes were not caused by the specific knockdown of these two
genes (see Figure 2B). The single candidate causing clear over-proliferation of eye

progenitors - COX7a - will be discussed in the following chapters.

A  UAS-RNAI screen B c©G7394 cOX7a CG10205
A NA A NA A NA —

pupal lethality, 2
s 1000
reduced eye, 2 -

— —— —
/ eye overgrowth, 1 500

no phenotype, 81

O

C UAS-ORF screen

UAS-GFP

reduced eye, 2

no phenotype,
6

ey-Gal4, UAS-Delta crosses

I!aRNA

Figure 2: The results of the RNAI- and the over-expression screen

A) Schematic evaluation of phenotypes detected in the RNAI screen. B) Genotyping PCR from three RNAI
lines of the Vienna KK library, which is subject to integration artefacts. Only the COX7a-RNAi showed a
1000bp PCR product (indicative of empty integration site) in the annotated (A) integration site. CG10205-
RNAi showed integration in the A site (600bp PCR product) and therefore is subject to dominant insertion
effects. CG7394-RNAi has no PCR product for A. All three have insertion into the NA (non-annotated) site.
See (Green et al., 2014). C) Schematic evaluation of phenotypes detected in the over-expression (UAS-
ORF) screen. D) Representative phenotypes of three RNAi constructs in the ey>Gal4, UAS-Delta
background.
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The over-expression screen

To complement the RNAI screen, | additionally investigated genes that | found up-
regulated in DI, Cut™¥ and DI, Cut™, p35 tumours. As no genome-scale libraries
carrying open reading frames (ORFs) under UAS control exist, selection of candidates to
test via over-expression was more restricted. Types of randomly inserted P-element
constructs that allow over-expression of neighbouring genes through UAS sites in their
5'- or 3'-termini are insertions of the EP and EPgy2 elements that are available through
the BDSC. | tested 17 of these lines but none induced a phenotype. As this agrees with
previous attempts by Z. Zhai (personal communication), it appears as if these lines
generally fail to support sufficient over-expression to cause phenotypes in the ey>DlI
background. The UAS-ORF lines | tested were much more potent and | recovered eye
phenotypes for 8/14 lines (Figure 2C). Of these, two showed either mild over-
proliferation (mei-P26) or mild under-proliferation (dMyc), both at low penetrance, and
five caused severe phenotypes leading to strongly reduced eyes (sequoia, CG6175) or
full lethality (chinmo, Tis11, mutator 2). Over-expression of the Drosophila insulin
receptor (InR), caused over-proliferation, but we decided not to pursue this candidate
further, as Insulin signalling acts upstream of the known growth-promoting PI3K/Akt

pathway (Britton et al., 2002).

In summary, through the in vivo screen | discovered several candidate genes that
affected eye growth positively or negatively. Of these candidates, we decided to focus
our attention on COX7a, the gene whose knockdown caused strong over-proliferation in

the context of Notch signalling.
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Chapter Two: COX7a is required for eye development

Cytochrome c¢ oxidase subunit 7a (COX7a) is a nuclear-encoded, constitutively
expressed subunit of the fourth complex (Cytochrome c¢ oxidase) of the mitochondrial
electron transport chain (ETC). Knockdown of COX7a - using the same RNAi construct |
recovered through my screen - ubiquitously in Drosophila larvae or adults was shown to
impair proper Complex 4 assembly and to reduce respiratory capacity (Kemppainen et
al., 2013). Together with results on Complex 4 assembly in human cells (Nijtmans et al.,
1998) or isolated mouse mitochondria (Lazarou et al., 2009), these findings suggest that
COX7a is assembled into the complex at a late stage and that loss of COX7a attenuates

Complex 4 function, but does not fully impair it.

The results | obtained through my screen suggested that reducing COX7a function
by RNAI, and thereby Complex 4 function, promoted eye progenitor proliferation in

combination with elevated Notch signalling.

A 25°C 29°C
UAS-GFP COX7aRNAi COX7aRNAi

B dead pupae
Ereduced eye
Breduced and folded
Bwt

Figure 3: COX7a knockdown in the eye

A) Representative images of eye phenotypes caused by COX7a knockdown
at indicated temperature. At higher temperature (higher Gal4 activity), size
reduction and differentiation defects are qualitatively increased.
B) Quantification of eye phenotypes suggests no significant difference in
penetrance or lethality (n=180; 95; 122; 74).
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To understand the nature of this phenotype, | analysed the effect of COX7a
knockdown without Delta over-expression. In this setup (ey>COX7a"4), | found adult eye
size to be slightly reduced compared to the wildtype-looking control (ey>GFP), with
visible differentiation defects at the posterior equator (Figure 3A,B). In addition, half of
the offspring died either as pupae or as pharate adults that were unable to eclose (Figure
3D). To enhance COX7a knockdown, | raised offspring at 29°C (instead of 25°C before),
which enhances activity of the yeast Ga