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1. ABSTRACT
Cancer cells have an extraordinary ability to adapt to intracellular insults,
environmental stresses or the selective pressure applied by therapy. Such adaptations
can be manifested via metabolic changes, epigenetic reprogramming or remodeling
of the tumor microenvironment, and can aid in tumor growth and progression on the
one hand, while also conferring vulnerabilities to cancer cells distinct from normal cells.
These dependencies are appealing targets and have been exploited in various
treatment strategies against cancer. However, such therapies have not always been
successful due to the inherent resistance or relapse of tumors, highlighting the
importance of understanding the signaling landscape of individual tumor types.
Dietary restriction is endorsed as an effective means to suppress tumor growth and
improve the efficacy of cancer therapies. However, not all tumors are sensitive to
dietary restriction, as has been shown for tumors with high PI3K activation. The
mechanism of this resistance has been further explored in a model of early
tumorigenesis in Drosophila, where cells mutant for the tumor suppressor Pten are
resistant to nutrient restriction (NR) and exhibit a growth advantage as compared to
the surrounding wild-type cells. Here, we report that cells lacking Tsc1, a component
of the tuberous sclerosis complex, are also resistant to NR, but the tissue overgrowth
is a consequence of enlarged cell size as opposed to the increased cell division rate
of Pten mutant cells. Differential activation of the transcription factor FoxO is essential
in limiting the proliferation of Tsc1 mutant cells under NR, in the presence of either
wild-type or overproliferating Pten mutant cells. Additionally, FoxO also inhibits
precocious differentiation in cells with high mTORC1 activity under NR.
The main goal of the present thesis was to identify the FoxO target genes responsible
for the proliferation brake in Tsc1 mutant cells upon NR. Transcriptomic and genetic
analyses identified a role of the endoplasmic reticulum (ER) stress response pathways
in regulating the growth of Tsc1 mutant cells downstream of FoxO. Similar to the loss
of FoxO function, induction of ER stress enhanced the overgrowth of Tsc1 mutant
tissues. Significant efforts have been made to target the dependence of diverse
cancers on ER stress upregulation. Our results suggest such strategies as promising
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treatment options for tumors with elevated mTORC1 activity and a suppression of
FoxO.
In addition to the intrinsic and extrinsic factors, intracellular pH (pHi) is a critical feature
that is deregulated in cancer cells. Studies on pH dynamics have been limited in
Drosophila because of unavailability of efficient tools for pH measurement. Here, we
describe the generation of a ubiquitously expressed, genetically encoded pH indicator,
tpHusion, which can be used to robustly monitor changes in pHi in different tissues
during development or in disease states. We also report the combination of tpHusion
with genetic manipulations to analyze the effect of clonal loss of tumor suppressors
on pHi. These results demonstrate that tpHusion is a powerful tool to study pHi in
Drosophila.
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2. ZUSAMMENFASSUNG
Krebszellen sind in der Lage, sich an intrazelluläre und extrazelluläre Stressfaktoren
oder an den durch eine Therapie ausgeübten selektiven Druck anzupassen. Solche
Anpassungen

können

sich

durch

Stoffwechselveränderungen,

epigenetische

Umprogrammierung oder Umgestaltung der Tumor-Mikroumgebung manifestieren.
Sie können einerseits Tumorwachstum und -progression unterstützen; andrerseits
bewirken sie in Krebszellen auch Schwachstellen, welche als attraktive Angriffspunkte
dienen und in verschiedenen Behandlungsstrategien gegen Krebs ausgenutzt
werden. Solche Therapien waren jedoch häufig aufgrund von inhärenter Resistenz
oder des Rückfalls von Tumoren nicht erfolgreich, was die Wichtigkeit unterstreicht,
die Signallandschaft einzelner Tumortypen besser zu verstehen.
Ernährungseinschränkungen werden als wirksames Mittel zur Unterdrückung des
Tumorwachstums und zur Verbesserung der Wirksamkeit von Krebstherapien
empfohlen. Allerdings reagieren nicht alle Tumoren auf diätetische Einschränkungen,
wie für Tumoren mit hoher PI3K-Aktivierung gezeigt wurde. Der Mechanismus dieser
Resistenz wurde in einem Modell der frühen Tumorentstehung in Drosophila weiter
untersucht, in welchem Zellen, die für den Tumorsuppressor Pten mutiert sind, gegen
Nährstoffrestriktion (NR) resistent sind und einen Wachstumsvorteil im Vergleich zu
den umgebenden Wildtypzellen aufweisen. Hier berichten wir, dass Zellen, denen der
Tumorsuppressor Tsc1 (eine Komponente des Tuberous Sclerosis Complex) fehlt,
auch gegen NR resistent sind. Das Überwachsen des Gewebes ist aber eine Folge
vergrösserter Zellen, im Gegensatz zur erhöhten Zellteilungsrate von Pten-mutanten
Zellen. Eine differentielle Aktivierung des Transkriptionsfaktors FoxO ist wesentlich für
die Begrenzung der Proliferation von Tsc1-mutanten Zellen unter NR in Gegenwart
von entweder Wildtyp- oder überproliferierenden Pten-mutanten Zellen. Zusätzlich
inhibiert FoxO auch die frühzeitige Differenzierung in Zellen mit hoher mTORC1Aktivität unter NR.
Das Hauptziel der vorliegenden Arbeit war es, die Zielgene von FoxO zu identifizieren,
welche für die Proliferationsbremse verantwortlich sind. Transkriptomische und
genetische Analysen deckten eine Rolle der Stressantwort des endoplasmatischen
Retikulums (ER) bei der Regulierung des Wachstums von Tsc1-mutanten Zellen
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unterhalb von FoxO auf. Ähnlich wie der Verlust der FoxO-Funktion verstärkte die
Induktion von ER-Stress das Überwachsen von Tsc1-mutierten Geweben. Es wurden
bereits erhebliche Anstrengungen unternommen, um die Abhängigkeit verschiedener
Krebsarten von der Hochregulierung des ER-Stresses als Angriffspunkt zu nutzen.
Unsere Ergebnisse legen nahe, dass solche Behandlungsoptionen für Tumoren mit
erhöhter mTORC1-Aktivität und einer Unterdrückung von FoxO vielversprechend
sind.
Zusätzlich zu den intrinsischen und extrinsischen Faktoren ist der deregulierte
intrazelluläre pH-Wert (pHi) ein kritisches Merkmal von Krebszellen. Studien zur pHDynamik waren bisher in Drosophila nur begrenzt möglich, da keine effizienten
Instrumente zur pH-Messung in vivo zur Verfügung standen. Hier beschreiben wir die
Herstellung eines ubiquitär exprimierten, genetisch kodierten pH-Indikators, tpHusion,
der eingesetzt werden kann, um Änderungen des pHi in verschiedenen Geweben
während der Entwicklung oder in Krankheitsmodellen zuverlässig zu messen. Die
Kombination von tpHusion mit genetischen Manipulationen erlaubt es, die Wirkung
des klonalen Verlusts von Tumorsuppressoren auf den pHi zu analysieren. Diese
Ergebnisse zeigen, dass tpHusion ein geeignetes Instrument zur Untersuchung des
pHi in Drosophila darstellt.
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3. INTRODUCTION
Cell growth and proliferation
In multicellular organisms, cell growth is the process of accumulation of mass and
increase in volume, whereas the division of cells is referred to as cell proliferation.
Cells can grow without dividing as seen in the case of cardiac or neuronal cells.
Conversely, cell division in the absence of growth is also possible and is crucial during
early developmental stages such as the cleavage divisions in a fertilized embryo.
These distinct processes are regulated by different external cues and the internal
physiological state of the cell.
Macromolecules such as proteins, polysaccharides, lipids, and nucleic acids make up
the majority of the dry mass of a cell, of which proteins are the largest fraction. Several
factors like cell type, location, and environmental stimuli contribute to the biosynthesis
of macromolecules and hence, affect cell growth. For example, secretory cells have a
highly expanded endoplasmic reticulum to accommodate the large needs of protein
production, leading to enhanced cell size. This highlights another aspect of cell size
regulation that is organelle size control (Chan and Marshall, 2012). Similarly, the size
of human white adipocytes ranges from 20 to 300 µm in diameter depending on the
accumulation of lipids, and this size correlates with various pathophysiological
conditions (Stenkula and Erlanson-Albertsson, 2018). In other cases, cell size is
proportional to the DNA content as exemplified by the endoreplicating tissues of the
Drosophila larva (Edgar and Nijhout, 2004). Endoreplication is the process of DNA
replication in the absence of cytokinesis producing a polyploid nucleus. This mode of
growth of the larval-specific tissues such as fat body, salivary glands, epidermis, gut,
trachea, and Malpighian tubules results in approximately a 200-fold increase in
organism mass during a 5-day larval developmental period. Stringent regulation of cell
growth also exists in dividing cells, where, apart from a few exceptions mentioned
above, cells grow with each division to maintain a consistent average size. This stems
from the requirement of cells to achieve a minimal size to progress in the cell cycle
with an ‘all-or-nothing’ intent. However, upregulation of cell growth does not increase
the cell division rate (Edgar, 2006), indicating the presence of a developmental
program for cell division regulation that is separate from growth control.
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Cellular homeostasis is a dynamic process of preserving a balance between
anabolism

and

catabolism.

The

accumulation

and

degradation

rates

of

macromolecules depending on the biosynthetic activity of a cell determine its size and
division rate. The extracellular signals via mitogens, hormones or growth factors are
integrated with the intracellular nutrients and resource availability by a coordinated
action of numerous growth-regulating pathways to drive cellular growth. Deregulation
of such pathways can lead to a variety of human diseases including cancer. For
instance, mutations in signaling pathways that promote growth independent of growth
factors or nutrient availability can provide a selective growth advantage to tumor cells
(Li et al., 2018; Madsen et al., 2018). Inactivating mutations in negative regulators of
growth can enable survival in an event of stress like DNA damage, which can trigger
amassing of additional mutations and transformation (Hafner et al., 2019). Aberrant
activation of a typical response pathway, like the wound healing response upon an
epithelial tissue injury, can also result in uncontrolled proliferation, invasion, and
metastasis (Schäfer and Werner, 2008). Exploring the function of these pathways in
regulating cellular growth is crucial to understand the mechanism of cancer
development and to identify intervention strategies.

Drosophila as a model to study growth regulation
Drosophila melanogaster, commonly known as the fruit fly, has been used as a model
for genetic studies for more than 100 years (Morgan, 1910). The short life cycle of a
fruit fly (9 days at 25°C) starts as an embryo that undergoes three larval instars after
hatching. This is followed by a pupal stage where the larval structures go through
metamorphosis to form an imago. In a process termed eclosion, the adult flies emerge
from the pupal cases and once sexually mature, can participate in the continuation of
the life cycle. The fly genome encodes 17,728 genes (Kaufman, 2017) on four
chromosomes with approximately 61% functional orthologs with disease-related
genes in humans (Rubin et al., 2000). Taken together with the low redundancy of its
genome, easy accessibility of every developmental stage, and relatively low handling
costs, these advantages make Drosophila an attractive model for different aspects of
biological research including growth regulation.
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The strength of Drosophila as a model organism has been demonstrated by the use
of forward genetic screens to identify genes involved in various biological processes.
In such screens, mutations are introduced at random (traditionally using ethyl methane
sulfonate or transposable elements) and the flies are screened for a phenotype of
interest (St Johnston, 2002). In contrast, there are reverse genetic screens where
specific genes are manipulated to characterize their function (Adams and Sekelsky,
2002). The generation of manipulations is aided by the plethora of genetic tools
available in Drosophila. Establishment of the Gal4/upstream activating sequence
(UAS) system paved the way for directed misexpression of genes (Brand and
Perrimon, 1993). Combined with the RNA interference method (Heigwer et al., 2018),
it allows for targeted downregulation of genes in specific tissues or cells of interest.
This is particularly useful when dealing with modifications that compromise the survival
of the organism. A major advantage of using Drosophila is the possibility to study
genetic mosaicism in vivo. The FLP/FLP recombination targets (FRT) system has
revolutionized the generation of clones by mitotic recombination (Golic and Lindquist,
1989). Heat-inducible or tissue-specific promoter-driven expression of the site-specific
recombinase FLP can assist in excluding pleiotropic or lethal effects on phenotypes.
The system has further been modified into the FLP-out (Struhl and Basler, 1993) and
MARCM (Lee and Luo, 2001) techniques that have enabled the design of more
sophisticated screens for identification of genes involved in growth or differentiation
(Newsome et al., 2000; Tapon et al., 2001). The introduction of specific, targeted
sequence changes at genomic loci has also been facilitated by the development of
approaches utilizing zinc-finger nucleases (ZFNs) (Beumer et al., 2006), transcription
activator-like effector nucleases (TALENs) (Liu et al., 2012), and the more recently
developed clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
technique (Bier et al., 2018).
The Drosophila eye has proven to be an instrumental system for the identification of
developmental and cell biology components (Baker et al., 2014). Cells that will
contribute to the eye, head and antennal structures are separated from the larval
epidermis during embryogenesis, and grow as single-layer epithelium called the eye
imaginal disc during the larval stages. Early in the third larval instar, a physical groove
called the morphogenetic furrow appears at the posterior end of the eye disc and
progresses across the disc to the anterior end. Cells anterior to the furrow remain
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mitotically active, whereas the posterior part consists of differentiating photoreceptors
(Ready et al., 1976). The tools described above have been successfully employed in
the eye discs to discover important growth-regulating genes. A forward genetics
screen for enhancers of the sevenless mutant phenotype (loss of the R7
photoreceptor) identified Ras1, a key mediator downstream of the receptor tyrosine
kinase signaling (Simon et al., 1991). The function of Myc as a potent dose-dependent
regulator of cell growth was characterized using reverse genetic screening techniques
to generate mutant alleles (Johnston et al., 1999). Application of the FLP/FRT system
for clonal analysis (Xu and Rubin, 1993) led to the finding of a novel tumor suppressor
network, the Hippo pathway (Justice et al., 1995; Tapon et al., 2002; Wu et al., 2003;
Xu et al., 1995). The physiological function of the downstream target of this pathway,
Yorkie, in growth control was further outlined with the help of the Gal4/UAS system
(Huang et al., 2005).
Concomitant with the study of growth regulation, Drosophila has also been extensively
used as a model for cancer research (Villegas, 2019). Significant efforts have been
made to classify new oncogenes or tumor suppressor genes and to link cancer-related
genes to complex signaling networks. Research in the field ranges from an exploration
of invasion (Pagliarini and Xu, 2003), metastasis (Vidal et al., 2006), social interactions
(Muzzopappa et al., 2017), oncogenic cooperation (Richardson and Portela, 2018) or
tumor microenvironment (Parvy et al., 2018). Tumor models have been established
for leukemia, gut, brain, lung, prostate and thyroid cancers (Mirzoyan et al., 2019).
Chemical screens have also been performed in Drosophila as a means of drug
discovery against cancer. Moreover, the modeling of patient-specific tumors in
transgenic flies called Drosophila avatars appears promising for personalized
medicine (Sonoshita and Cagan, 2017).
The above-mentioned benefits assert the utility of Drosophila as a suitable and
effective model to explore growth regulation during normal development, and also in
disease contexts as exemplified by the work in cancer research.
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PI3K/Akt/mTORC1 signaling network is the central regulator of growth
The key signaling network for regulation of organismal and cellular growth is the
phosphatidylinositol 3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTORC1)
network, which is highly conserved in Drosophila (Figure 1). Insulin and insulin-like
growth factors initiate their effects on growth and metabolism by binding to and
activating the insulin or insulin-like growth factor (IGF) receptors, which belong to a
subfamily of receptor tyrosine kinases (Patti and Kahn, 1999). Drosophila has a single
insulin receptor (InR) (Fernandez et al., 1995) and eight insulin-like peptides (dilps)
(Brogiolo et al., 2001; Colombani et al., 2012). The activated InR signals via the single
insulin receptor substrate (IRS), Chico, the fly homolog of IRS1-4 (Böhni et al., 1999).
Chico binds the p85 adaptor subunit homolog, p60, and recruits the catalytic subunit
p110 of PI3K to the plasma membrane (Weinkove et al., 1997). Unlike mammalian
insulin receptor, InR also contains functional PI3K binding sites (Yenush et al., 1996).
It is speculated that these sites might lead to low levels of insulin signaling, explaining
the viability of chico null mutants as opposed to embryonic lethal InR mutants (Oldham
and Hafen, 2003). The partially redundant function of the SH2B family adaptor protein,
Lnk, in activating PI3K could also contribute to the survival of chico mutants (Werz et
al., 2009).
PI3K was first discovered in fibroblasts (Whitman et al., 1988) as a lipid kinase that
phosphorylates phosphatidylinositols at the D3 position of the inositol ring. The
Drosophila homolog was demonstrated to possess lipid kinase activity and promote
the growth of wing and eye tissues (Leevers et al., 1996; Weinkove et al., 1999). This
growth was observed to be mediated by the serine/threonine kinase Akt/protein kinase
B (PKB) (Andjelkovic et al., 1995; Franke et al., 1994; Staveley et al., 1998; Verdu et
al., 1999). PI3K phosphorylates phosphatidylinositol-4,5-biphosphate (PIP2) to
phosphatidylinositol-3,4,5-triphosphate (PIP3), which acts as a second messenger to
activate Akt (Burgering and Coffer, 1995; Klippel et al., 1996, 1997). Akt has a
pleckstrin homology domain that is essential for its localization to the plasma
membrane upon PI3K stimulation (Andjelković et al., 1997), where it is activated by
phosphorylation at Thr308 by 3-phosphoinositide-dependent protein kinase-1 (PDK1)
and at Ser473 by mTORC2 (Moore et al., 2011) (see below). The function of PI3K is
antagonized by a lipid phosphatase called phosphatase and tensin homolog (Pten).
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Pten operates as a tumor suppressor whereby its suppression increases cell size and
number while its overexpression restricts growth by inhibition of Akt (Gao et al., 2000;
Goberdhan et al., 1999; Huang et al., 1999).

Figure 1. The PI3K/Akt/mTORC1 signaling network in Drosophila. The different regulatory
interactions including negative feedback loops are depicted.

Akt is reported to have over 100 substrates (Manning and Toker, 2017). Akt
phosphorylates these targets at Ser and Thr residues to activate or inhibit their function
and promote cell survival, proliferation, and growth. The two best-established
substrates important for the current work are described here. The forkhead box O
(FoxO) family of transcription factors control a diverse set of genes in a cell type and
developmental time-specific manner (Webb et al., 2016) to trigger apoptosis and
prohibit proliferation and growth. There are four FOXO isoforms in humans. Akt
phosphorylates FoxO proteins leading to their cytoplasmic sequestration and
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degradation upon association with 14-3-3 proteins (Brunet et al., 1999). Loss of Akt
activation stimulates dephosphorylation of FoxO proteins, followed by their nuclear
translocation and expression of target genes. FoxO as a substrate of Akt was first
identified in C. elegans where a loss-of-function mutation in the FoxO homolog daf-16
rescued the dauer arrest induced by deficiency of the two Akt isoforms (akt-1 and akt2) (Paradis and Ruvkun, 1998). The Drosophila genome contains a single foxo gene
that facilitates the reduction in cell number downstream of diminished insulin signaling
(Junger et al., 2003).
The second major target of Akt is the tuberous sclerosis complex (TSC) subunit 2
(Tsc2). TSC is an autosomal dominant disorder characterized by the presence of
benign tumors called hamartomas that frequently exhibit loss of heterozygosity of
either TSC1 or TSC2 (Van Slegtenhorst et al., 1997). The Drosophila Tsc1 (hamartin)
and Tsc2 (tuberin) proteins work in a complex to suppress cell growth via insulin
signaling (Gao and Pan, 2001; Ito and Rubin, 1999; Potter et al., 2001; Tapon et al.,
2001). Akt inhibits TSC activity by a direct inactivating phosphorylation of Tsc2 (Potter
et al., 2002). The TSC complex is the principal integrator of PI3K/Akt signaling with
the mTORC1 signaling pathway (Saxton and Sabatini, 2017).
The finding that TSC2 shares significant homology with the GTPase-activating protein
(GAP) domain of Rap1-GAP (The European Chromosome 16 Tuberous Sclerosis
Consortium, 1993), prompted a search for a GTPase that might be a physiological
target of Tsc2. Genetic and biochemical analyses established the Ras superfamily
GTPase, Ras homolog enriched in brain (Rheb), as the downstream target of the TSC
complex (Inoki et al., 2003; Saucedo et al., 2003; Stocker et al., 2003; Zhang et al.,
2003). Tsc2 stimulates the GTP hydrolysis of Rheb, thereby inhibiting its function.
Tsc1 is not directly required for the GAP activity but the stabilization of Tsc2. Further
investigation showed that Rheb acts upstream of mTOR to regulate phosphorylation
of ribosomal S6 kinase (S6K) and eukaryotic initiation factor 4E-binding protein
(4EBP).
mTOR was first discovered in the 1970s as a target of an antifungal and
immunosuppressive compound called rapamycin (clinically known as sirolimus). It is
a serine/threonine protein kinase that forms the catalytic domain of two distinct
multisubunit protein complexes: rapamycin-sensitive mTORC1 and rapamycin11

insensitive mTORC2 (Saxton and Sabatini, 2017). In addition to mTOR, mTORC1 is
composed of the regulatory associated protein of mTOR (Raptor), mammalian lethal
with Sec13 protein 8 (mLST8), and the two inhibitory subunits: proline-rich Akt
substrate 40 kDa (PRAS40) and DEP domain-containing mTOR interacting protein
(DEPTOR) in mammals. Raptor is a regulator of mTORC1’s catalytic activity and
subcellular localization, and a scaffold for substrate recruitment. mLST8 associates
with the catalytic domain of mTORC1 but its function in maintaining mTORC1 activity
remains unclear. mTORC2 shares mTOR, mLST8 and DEPTOR with mTORC1, but
additionally contains the rapamycin-insensitive companion of mTOR (Rictor), and the
regulatory subunits mSin1 and Protor1/2.
The growth factor signaling described above via the TSC complex and Rheb is
mediated specifically through mTORC1. A model has emerged where the subcellular
localization of mTORC1 is essential for its activation. Insulin or amino acid starvation
results in the recruitment of TSC2 to the lysosomes (Demetriades et al., 2014; Menon
et al., 2014) and this was subsequently shown to be a common response to multiple
inhibitory stress stimuli (Demetriades et al., 2016). This localization of TSC2 is
important to bring it in contact with and suppress the activity of Rheb at the lysosomal
surface, where Rheb integrates the activation of mTORC1 via growth factor signaling
with the second set of GTPases-regulated amino acid signaling (Wolfson and Sabatini,
2017). The Rag GTPases constitute a heterodimer of RagA or RagB bound to RagC
or RagD. Under nutrient-replete conditions, the active conformation has GTP-loaded
RagA/B and GDP-loaded RagC/D. This promotes the lysosomal recruitment of
mTORC1 where it can be activated by Rheb. A very complex regulation of lysosomal
and cytosolic amino acid sensing to modulate mTORC1 activity has materialized over
the last few years (Gu et al., 2017; Saxton and Sabatini, 2017; Wolfson and Sabatini,
2017). Apart from growth factors and nutrients, other intracellular and environmental
stresses such as low oxygen, energy, and DNA damage also affect the mTORC1
activity status.
mTORC1 is the central regulator of cell growth wherein it stimulates anabolic
processes and inhibits catabolism for biomass accumulation. When activated,
mTORC1 signals to various components of the translation initiation machinery directly
or indirectly to initiate protein synthesis (Ma and Blenis, 2009). mTORC1 directly
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phosphorylates 4EBP, which is an inhibitor of 5’ cap-dependent translation. Upon
phosphorylation, 4EBP dissociates from the eukaryotic initiation factor 4E (eIF4E),
allowing for the assembly of the pre-initiation complex, followed by protein translation.
Another major target of mTORC1 is S6K, which coordinates the regulation of ribosome
biogenesis and translation initiation factors during protein synthesis. mTORC1 initiates
S6K activation via phosphorylation at Thr389. This results in binding of PDK1 and
further phosphorylation at Thr229 for a complete activation. Increase in biomass is
accompanied by an increase in de novo lipid synthesis to support organellar and
plasma membrane biogenesis. It is now well established that mTORC1 promotes
signaling via sterol responsive element binding protein (SREBP) transcription factors
that control the expression of metabolic genes involved in fatty acid and cholesterol
biosynthesis (Laplante and Sabatini, 2009). Recent studies have also demonstrated
the stimulation of de novo purine and pyrimidine synthesis by mTORC1 in actively
growing cells (Ben-Sahra and Manning, 2017). mTORC1 also facilitates a shift in
glucose metabolism from oxidative phosphorylation to glycolysis to support the
synthesis of macromolecules (Saxton and Sabatini, 2017). In addition to these
anabolic processes, mTORC1 enhances growth by suppressing catabolic processes
such as autophagy. It phosphorylates unc-51-like kinase 1 (ULK1), preventing its
ability to form a complex with autophagy-related gene 13 (ATG13), and focal adhesion
kinase family-interacting protein of 200 kDa (FIP200), resulting in a loss of
autophagosome formation (Paquette et al., 2018). mTORC1 also indirectly regulates
autophagy by blocking lysosomal biogenesis through its inhibitory phosphorylation of
the transcription factor EB (TFEB).
In contrast to mTORC1, mTORC2 primarily functions as a modulator of PI3K/Akt
signaling to control proliferation and survival. The mSin1 subunit of mTORC2 has a
pleckstrin homology domain that interacts with mTOR kinase domain to inhibit its
catalytic activity (Liu et al., 2015). Upon insulin stimulation, mSin1 binds to PIP3 via its
pleckstrin homology domain, rendering mTOR free to phosphorylate and activate Akt.
Another report described the presence of a positive feedback loop between Akt and
mTORC2 activation (Yang et al., 2015). The phosphorylation of Akt at Thr308 by PDK1
mediates

an

activating

phosphorylation

phosphorylation of Akt at Ser473 by mTORC2.
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on

mSin1,

which

promotes

the

A primary feature of biological systems is the existence of feedback loops to ensure
that the stimulatory signals are kept in check. Several such feedback processes are
crucial for the proper functioning of the PI3K/Akt/mTORC1 network (Manning and
Toker, 2017). One example is the mTORC1-dependent degradation of IRS1 and IRS2,
which can be coordinated by mTORC1 or S6K (Harrington et al., 2004; Shah and
Hunter, 2006; Tzatsos and Kandror, 2006). Therefore, mTORC1 attenuation boosts
the strength of Akt signaling. Interestingly, this regulation has been demonstrated to
be S6K-independent in Drosophila under physiological conditions (Kockel et al.,
2010). The signaling circuit is rewired upon hyperactivation of mTORC1, and the
feedback becomes S6K-dependent. In mammals, S6K also phosphorylates mTORC2
components to indirectly suppress Akt activation (Dibble et al., 2009; Julien et al.,
2010; Liu et al., 2013). Another noteworthy mechanism is the enhanced expression of
insulin and IGF receptors via FoxO upon prolonged Akt inhibition (Chandarlapaty et
al., 2011).

Deregulation of the PI3K/Akt/mTORC1 signaling network in cancer
Given the essential function of the PI3K/Akt/mTORC1 signaling network in controlling
fundamental growth processes, it is not surprising that aberrant regulation of this
network is implicated in a variety of growth-related disorders. These include
overgrowth and tumor-prone syndromes such as Cowden disease, TSC,
lymphangioleiomyomatosis (LAM), and different types of cancers (Figure 2).
Amplifications or oncogenic somatic mutations that lead to the activation of Akt are
frequently observed in cancer. PI3K is a key driver in many cancers (Thorpe et al.,
2015), with significant amplification, and recurrent and hotspot mutations found in
PIK3CA, the gene that encodes its catalytic subunit p110a (Chang et al., 2016; Zhang
et al., 2017). Mutations in the Akt isoforms, AKT1, AKT2, and AKT3, occur in
approximately 3-5% of cancers, with a single substitution mutation (E17K) in the
pleckstrin homology domain of AKT1 being the most common (Carpten et al., 2007;
Yi and Lauring, 2016). PDK1 has been described to play a role in conferring resistance
to PI3K and cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitors (Castel et al., 2016;
Jansen et al., 2017). Recurrent and nonrecurrent mutations in RHEB and MTOR that
cause hyperactivation of mTORC1 have also been categorized to serve as possible
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biomarkers for predicting therapeutic strategies (Grabiner et al., 2014; Lawrence et
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Figure 2. Alterations of PI3K/Akt/mTORC1 pathway components in human cancers.
Metastatic cancers with a cumulative alteration frequency of greater than 20% in genes
PIK3CA, PTEN, AKT1, AKT2, AKT3, FOXO1, FOXO3, TSC1, TSC2, RHEB, MTOR, RPTOR,
DEPTOR, MLST8, and RICTOR from the MSK-IMPACT Clinical Sequencing Cohort (Zehir et
al., 2017). Data were analyzed using the cBio Cancer Genomics Portal (Cerami et al., 2012;
Gao et al., 2013).

In addition to the oncogenic alterations, the PI3K/Akt/mTORC1 network also
encompasses a few major tumor suppressor genes. PTEN, the negative regulator of
PI3K, is the second most frequently mutated tumor suppressor after p53.
Transformations ranging from inactivating mutations, deletions, rearrangements, and
structural variations (Zhang et al., 2017) have been reported in PTEN for all the major
cancer subtypes (Bazzichetto et al., 2019). Mutations, rearrangements, and structural
variations are also seen in the TSC complex subunits TSC1 and TSC2, but at a much
lower frequency than PTEN (Zhang et al., 2017). Inactivation of both alleles of TSC1
or TSC2 results in the development of benign tumors in TSC patients. The renal
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manifestations of TSC lead to angiomyolipomas or renal cell carcinomas, whereas
LAM is the primary pulmonary manifestation of this disease (Lam et al., 2017). It is
interesting to note the greatly varied outcomes of PTEN or TSC complex inhibition,
despite the shared consequence of mTORC1 activation. These differences can stem
from the presence of a complex signaling circuit upstream of mTORC1 such that the
unusual mTORC1 activation is only a part of the stimulated response (Menon and
Manning, 2008). The degree to which mTORC1 is upregulated is also a crucial
determinant for the prognosis. For instance, PTEN loss contributes to the resistance
of mTORC1 towards growth factor signaling, but the sensitivity for cellular nutrients
and energy levels is maintained (see below). Finally, the negative feedback from
mTORC1 to the insulin/IGF receptors and IRS proteins abolishes PI3K/Akt signaling
in the absence of TSC complex function, but fails to do so in the PTEN loss-of-function
scenario (Harrington et al., 2004; Manning et al., 2005; Shah et al., 2004).
Another component of the PI3K/Akt/mTORC1 signaling network involved in the
pathophysiology of cancer is the family of FOXO transcription factors. FOXOs were
first identified in cancer as part of fusion proteins resulting from chromosomal
translocations in alveolar rhabdomyosarcoma and acute leukemia (Yadav et al.,
2018). The recovery of mutations in FOXOs is low in cancer, possibly due to the
functional redundancy of the different isoforms. FOXOs were characterized as bona
fide tumor suppressors based on an increased incidence of tumor prone phenotypes
upon somatic deletion of FOXO alleles in genetically engineered mouse models (Paik
et al., 2007). However, evidence describing the role of FOXOs as tumor-promoting is
also emerging (van Doeselaar and Burgering, 2018; Yadav et al., 2018). This is
ascribed to the context-dependent ability of FOXO proteins to maintain cancer stem
cells, mediate drug resistance, breakdown extracellular matrix, and promote
conversion of isocitrate to the oncometabolite 2-hydroxyglutarate (2-HG) via
expression of a mutant isocitrate dehydrogenase 1 (IDH1). This underscores the
importance of understanding the function of FOXO proteins in specific contexts.

Effect of environment on cancer
The proliferative, survival and metastatic potentials of cancer cells are determined by
their environment (Hanahan and Weinberg, 2011). The overgrowing cancer cells are
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highly dependent on the availability of sufficient nutrients for macromolecule
biosynthesis. A state of nutrient excess can chronically upregulate growth factor
signaling and increase the risk for neoplastic transformation (Hopkins et al., 2016). On
the other hand, nutrient restriction (NR) has been proposed and exploited, to an extent,
as a strategy to prevent cancer progression (Goncalves et al., 2019; Hirschey et al.,
2015). However, this approach cannot be generalized as not all cancer types are
sensitive to NR. This was first shown for tumors with PI3K activation or loss of PTEN
function (Kalaany and Sabatini, 2009), suggesting a role of the Akt activation status
as a determinant for NR resistance or sensitivity. Similar findings were described in an
early tumorigenesis model in Drosophila, where Pten loss-of-function cells shift from
hypertrophic overgrowth to a combined hypertrophic and hyperplastic overgrowth
under NR (Nowak et al., 2013). The response of alterations in other components of
the PI3K/Akt/mTORC1 signaling network to NR needs further investigation.
Another factor that is now considered a hallmark of cancer is deregulated pH (Webb
et al., 2011). Cancer cells show a reversed pH state as compared to normal cells, with
a higher intracellular pH (pHi, 7.4-7.6) and a lower extracellular pH (6.7-7.1). This
reversed gradient is permissive for proliferation, evasion of apoptosis, metabolic
adaptation, cell-matrix remodeling, and directed cell migration. A recently developed
idea suggests that recurring somatic mutations can confer or disrupt the pH sensing
ability of mutant proteins, increasing their tumorigenic capacity at the higher pHi of
cancer cells (White et al., 2019). One example is the E545K mutation in the PIK3CA
gene, which comprises almost half of the PIK3CA mutations found in breast cancers.
Wild-type PI3K was shown to be pH-sensitive with an enhanced activity at lower pHi.
It is speculated that the pH-sensitivity is lost by E545K, resulting in a pronounced
activity of the mutant PI3K at the higher pHi of cancer cells. Detailed analyses
comparing pHi dynamics with cell growth have remained limited in Drosophila due to
unavailability of appropriate tools. Future advancements in this front can help
delineate the relationship between pHi changes and the PI3K/Akt/mTORC1 signaling
network during normal development or disease.
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Objectives of the thesis
Analogous to tumors with PI3K activation that are resistant to NR (Kalaany and
Sabatini, 2009), loss of Pten confers a growth advantage to cells in a model of early
tumorigenesis in Drosophila (Nowak et al., 2013). When homozygous Pten mutant
clones are generated in the developing eye imaginal discs using mitotic
recombination, they show an enhanced overgrowth compared to the surrounding wildtype or heterozygous mutant cells. Under NR, these cells shift from a hypertrophic
overgrowth to a combined hypertrophic and hyperplastic overgrowth, which is
sensitive to the activation status of mTORC1. Suppression of mTORC1 using genetic
means completely rescued the Pten mutant overgrowth suggesting that continued
signaling via mTORC1 is crucial for sustained growth under NR.

Is mTORC1 activation a universal determinant of resistance to NR?
To check if the induction of mTORC1 by ways other than the loss of Pten function
would show a similar growth response to NR, activity of the negative regulator Tsc1
was abrogated in the model described above. Tsc1 mutant eyes were bigger than
control eyes and were further enlarged under NR (Nowak et al., 2018). Detailed
analyses revealed differences in the growth mechanisms of Pten and Tsc1 mutant
cells: Tsc1 mutant overgrowth is strictly hypertrophic under NR. FoxO has been shown
to inhibit the growth of TSC2 mutant hemangiomas (Manning et al., 2005) or Tsc1deficient eye discs under normal feeding conditions (Harvey et al., 2008). The massive
increase in Tsc1 mutant organ size upon a concomitant loss of FoxO uncovered a
function of FoxO in restricting the proliferation of Tsc1 mutant cells under NR.
Furthermore, FoxO was also demonstrated to be important to prevent early
differentiation of cells with hyperactive mTORC1 activity. These results were published
in PLOS Genetics on April 20, 2018.

How do the growth behaviors of Pten and Tsc1 mutant cells compare to each other?
The increased hyperplasticity and hypertrophy of Pten and Tsc1 mutant cells,
respectively, grant them a growth advantage over the neighboring wild-type cells
under NR. The growth properties of Pten and Tsc1 mutant cells were compared
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directly using the coinFLP-LexGAD/Gal4 system (Bosch et al., 2015). FoxO governed
the ability of Tsc1 knockdown cells to outcompete Pten knockdown cells. The results
from this part are submitted for publication in ScienceMatters.

Which FoxO targets limit the proliferation of Tsc1 mutant cells under NR?
FoxO transcription factors have a multitude of targets that are cell type and
developmental time-specific (Webb et al., 2016). It is essential to probe for
downstream signaling of FoxO in a particular biological context. Transcriptomic and
genetic analyses identified a role of endoplasmic reticulum stress response pathways
in regulating the growth of Tsc1 mutant cells downstream of FoxO.

Can tumor suppressors of the PI3K/Akt/mTORC1 network modulate pHi?
Cancer cells have a higher pHi and a lower extracellular pH than normal cells.
However, if changes in pHi dynamics are simply a consequence of tumorigenic insults
or can possess transforming potential remains controversial (Casey et al., 2010). An
in vivo pHi reporter was designed to address this question in the context of Pten or
Tsc1 loss-of-function cells.
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4. RESULTS
4.1. FoxO restricts growth and differentiation of cells with
elevated TORC1 activity under nutrient restriction
This study was published in PLOS Genetics on April 20, 2018.
FoxO restricts growth and differentiation of cells with elevated TORC1 activity under
nutrient restriction
Katarzyna Nowak*, Avantika Gupta*, Hugo Stocker
* These authors contributed equally to this work. The project was initiated by
Katarzyna Nowak and continued by Avantika Gupta.
AG characterized the preservation of ommatidial architecture in adult eyes and pupal
retinae upon Tsc1 loss, cellular localization of FoxO in Tsc1 and Pten mutant cells,
and the precocious differentiation in cells with hyperactive mTORC1 upon loss of
FoxO. KN and AG contributed equally to the writing of the manuscript and preparation
of figures. AG addressed the reviewers’ comments and final editing during the review
of the manuscript.
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Abstract
TORC1, a central regulator of cell survival, growth, and metabolism, is activated in a variety
of cancers. Loss of the tumor suppressors PTEN and Tsc1/2 results in hyperactivation of
TORC1. Tumors caused by the loss of PTEN, but not Tsc1/2, are often malignant and have
been shown to be insensitive to nutrient restriction (NR). In Drosophila, loss of PTEN or
Tsc1 results in hypertrophic overgrowth of epithelial tissues under normal nutritional conditions, and an enhanced TORC1-dependent hyperplastic overgrowth of PTEN mutant tissue
under NR. Here we demonstrate that epithelial cells lacking Tsc1 or Tsc2 also acquire a
growth advantage under NR. The overgrowth correlates with high TORC1 activity, and activating TORC1 downstream of Tsc1 by overexpression of Rheb is sufficient to enhance tissue growth. In contrast to cells lacking PTEN, Tsc1 mutant cells show decreased PKB
activity, and the extent of Tsc1 mutant overgrowth is dependent on the loss of PKB-mediated inhibition of the transcription factor FoxO. Removal of FoxO function from Tsc1 mutant
tissue induces massive hyperplasia, precocious differentiation, and morphological defects
specifically under NR, demonstrating that FoxO activation is responsible for restricting overgrowth of Tsc1 mutant tissue. The activation status of FoxO may thus explain why tumors
caused by the loss of Tsc1–in contrast to PTEN–rarely become malignant.

Author summary
Shortage of nutrients slows down cellular metabolism and protein synthesis, thereby
restraining growth and proliferation of cells. Pre-cancerous cells deficient in specific
tumor suppressors are resistant to these starvation-induced growth constraints, and
instead gain a growth advantage over the surrounding tissue. We study the tumor suppressor genes PTEN and Tsc1 in Drosophila. Loss of either PTEN or Tsc1 causes an overgrowth in epithelial tissues. We showed previously that the overgrowth of PTEN mutant
cells is enhanced upon starvation due to an increase in proliferation. Here, we demonstrate that Tsc1 mutant cells also acquire a growth advantage upon starvation, but this is
primarily due to an increase in cell size. Genetic analyses revealed that this difference in
the growth mechanisms of mutant cells exists because the transcription factor FoxO is
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activated in Tsc1 mutant cells. Loss of FoxO function overcomes the proliferation brake in
Tsc1 mutant cells, resulting in massively overgrown tissues. In addition, tissues with low
FoxO activity show signs of precocious differentiation. Thus, FoxO plays a key role in
determining the fate of pre-cancerous cells.

Introduction
In multicellular organisms, cellular and tissue growth is tightly coordinated with the local environment. Stress conditions like a lack of nutrients or growth factors prevent cell growth and
proliferation [1]. In contrast, cancer cells are insensitive to anti-growth signals imposed by the
environment and often grow better under stress conditions [2, 3].
It is well established that target of rapamycin complex 1 (TORC1) and phosphatidylinositol
3-kinase (PI3K) coordinate tissue growth with nutrient availability, and their deregulation can
induce growth irrespective of the nutritional status [4]. Indeed, activation of these pathways
due to the loss of their negative regulators, tuberous sclerosis complex 1 and 2 (Tsc1 and Tsc2)
and phosphatase and tensin homolog (PTEN), respectively, can cause cancer [5]. Upon loss of
PTEN, the levels of the membrane-bound second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) increase, which in turn recruits various effector proteins, most notably protein kinase B (PKB, also known as Akt). Once activated at the membrane, PKB promotes
growth and survival by phosphorylation and inhibition of the forkhead transcription factor
FoxO and of tuberin (Tsc2). The inhibitory phosphorylation of Tsc2, as well as the loss of
either Tsc1 or Tsc2, disrupts the GTPase-activating function of Tsc1/2 towards the small
GTPase Rheb, which increases GTP-bound Rheb levels and ultimately activates TORC1 progrowth activity on the lysosomal membrane [6]. This leads to protein synthesis and ribosomal
biogenesis, at least in part via phosphorylation of S6 kinase (S6K) and 4E-BP1. High TORC1
activity also results in lowered PKB activation through an S6K-dependent negative feedback
loop [6, 7], and in activation of FoxO-mediated transcription of growth-inhibitory genes [8].
The PI3K/PKB/TORC1 signaling axis is conserved between humans and invertebrate
model organisms such as Drosophila melanogaster [1, 9]. Genetic manipulations of Drosophila
epithelial tissues with Flipase (Flp)/Flipase Recognition Target (FRT)—mediated mitotic
recombination facilitate the analysis of loss-of-function mutations in tumor suppressor genes
such as PTEN or Tsc1/2 [10–12]. Clonal loss of PTEN or Tsc1/2 results in mild overgrowth of
mutant tissue predominantly caused by enlarged cells [11, 13–17]. In line with previous reports
about NR-insensitivity of tumors with constitutively active PI3K [2], NR severely enhances
PTEN clonal overgrowth in a hyperplastic manner [18]. Not only are PTEN mutant cells resistant to starvation, they also gain a proliferative advantage over their wild-type neighbors and
non-autonomously reduce the growth of the surrounding tissue [18]. The involvement of
Tsc1/2 mutations in conferring NR insensitivity remains elusive since different studies led to
conflicting conclusions. Whereas some studies demonstrated that mammalian cells lacking
Tsc1/2 are resistant to amino acid starvation, others revealed that cells lacking Tsc2 are highly
sensitive to starvation and die upon amino acid removal [19–22]. Moreover, unlike tumors
caused by mutations in PTEN, tumors lacking Tsc1/2 have attenuated PKB signaling and are
mostly benign [5]. However, little is known about the underlying mechanism determining the
progression to malignant tumors.
Here, we demonstrate that NR confers a growth advantage to mitotic clones lacking Tsc1.
In contrast to PTEN mutant cells, Tsc1 deficient cells overgrow in a hypertrophic manner
under NR. Furthermore, whereas FoxO activity is suppressed in PTEN mutant cells due to
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high PKB activity, it is strongly activated in Tsc1 mutant cells as a result of reduced PKB signaling and restricts hyperplastic overgrowth under NR. Combined removal of FoxO and Tsc1
under NR provokes a dramatic induction of hyperplasia, establishing the FoxO activation status as an important determinant of the extent of the overgrowth caused by the loss of Tsc1
under NR. Loss of FoxO also caused precocious differentiation in cells with high TORC1 activity under NR, unmasking a less studied function of FoxO in regulating differentiation of precancerous cells.

Results
Tsc1 mutant cells are resistant to starvation and gain a growth advantage
under NR
To compare the effects of loss of Tsc1 with PTEN [18] on hyperactivation of TORC1 and cellular growth, we induced hsFlp/FRT-mediated clones of cells homozygous mutant for Tsc1 in a
heterozygous (and thus phenotypically normal) tissue. The autonomous growth properties of
mutant cells and the non-autonomous interactions with the surrounding tissues were observed
in eye-antennal imaginal discs dissected from larvae reared on food with varying yeast concentrations. The size of the discs bearing control clones correlated with the amount of yeast in the
food (Fig 1A). In contrast, the discs with Tsc1 mutant clones increased in size on food with
reduced yeast concentrations due to enlarged mutant clones. This was accompanied by an
increased growth disadvantage of the surrounding (heterozygous) tissue. For further analyses,
we focused on 100 g/l yeast as normal food and 10 g/l yeast as NR. The Tsc1 mutant clones
consisted of larger and more cells, and they were already overgrown as compared to the adjacent wild-type twin spot 72 h after clone induction on NR (Fig 1B). Thus, the overgrowth was
not due to the developmental delay caused by NR, but due to increased cell growth. We quantified the overgrowth of Tsc1 mutant clones by measuring the size of adult eyes bearing eyFlp
clones induced early in larval development. The eyes with control clones reduced in size upon
NR (Fig 1C and 1C’). The eyes with Tsc1 mutant clones were significantly larger than control
on normal food, and the size was dramatically increased on NR. We also observed an almost
complete absence of the neighboring tissue, similar to the situation in imaginal discs (Fig 1A).
The size increase of Tsc1 mutant heads upon NR was accompanied by a non-autonomous
reduction in body size (shoulder area, Fig 1C and S1 Datasets), akin to the systemic effects
observed upon eye-specific loss of PTEN [18].
Since Tsc1 functions in a complex with Tsc2, we analyzed whether loss of Tsc2 also confers
a growth advantage to cells upon NR. We knocked down Tsc2 specifically in the eye-antennal
imaginal discs using the eyFlp-out system and quantified the size of adult eyes and eye discs.
Knockdown of Tsc2 caused an increase in the imaginal discs and adult eye sizes on normal
food (S1 Fig). This overgrowth was massively exacerbated upon NR, causing compromised
survival of larvae in the late third instar. Thus, an impaired function of either component of
the tuberous sclerosis complex confers a growth advantage to cells under NR.
To determine how NR affects size and number of Tsc1 mutant cells, we generated eyes that
were composed almost completely of mutant tissue using the eyFlp cell lethal system (Fig 1D)
[23]. Because the Tsc1 mutant flies did not survive on 10 g/l yeast, we used 20 g/l yeast as NR
condition. Since the loss of Tsc1 does not alter the composition of ommatidia (S2 Fig), we
used ommatidia size and number as measures for cell size and number. Eyes mutant for Tsc1
showed an increase in ommatidia size (Fig 1D”) and a decrease in ommatidia number (Fig
1D”’), indicating that the increase in total eye size (Fig 1D’) is due to larger ommatidia. The
ommatidia number in Tsc1 mutant eyes significantly increased on 20 g/l yeast food as compared to normal food, but there was a strong reduction as compared to control eyes on
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Fig 1. Tsc1 mutant cells have a growth advantage under NR. (A) Third instar eye discs with hsFlp control or Tsc1 mutant clones (marked
by the absence of GFP) dissected from larvae reared under varying yeast concentrations. (B) Eye discs with hsFlp control or Tsc1 mutant
clones (marked by the absence of GFP) dissected 72 hours after clone induction from larvae reared on NR. (C) Eyes with eyFlp control or
Tsc1 mutant clones (marked by the absence of pigmentation) of animals reared on normal food and NR; (C’) quantification of eye sizes. (D)
Scanning electron micrographs of eyes composed of control or Tsc1 mutant tissue of animals reared on normal food and 20 g/l food, and the
quantification of eye size (D’), ommatidia size (n>260) (D”), and ommatidia number (D”’).
https://doi.org/10.1371/journal.pgen.1007347.g001

starvation. This suggests that the enhancement of overgrowth of Tsc1 mutant eyes on NR is
due to an enlargement of ommatidia as compared to normal food. We conclude that Tsc1
mutant tissue overgrows in a hypertrophic manner, and this hypertrophic overgrowth is
enhanced upon NR.
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Proliferating Tsc1 mutant cells are susceptible to apoptosis
Analysis of the Tsc1 loss-of-function phenotype at different developmental stages under NR
revealed that Tsc1 mutant cells initially overproliferate in eye imaginal discs (Fig 1A and 1B)
but yield a net hypertrophic overgrowth in the adult eyes (Fig 1D’ and 1D”). To test whether
this phenotypic discrepancy is caused by apoptotic events, we immunostained discs mutant
for Tsc1 with antibodies directed against cleaved Caspase-3 at different developmental time
points (Fig 2). Compared to control discs, Tsc1 mutant discs displayed considerable levels of
apoptosis on normal food. On NR, the amount of apoptotic tissue was increased anterior to
the morphogenetic furrow, the region characterized by asynchronous mitoses. Thus, apoptotic
elimination of Tsc1 mutant cells at early developmental stages could account for the net hypertrophic overgrowth of Tsc1 mutant tissue later in development. Consistent with our hypothesis, blocking cell death specifically in Tsc1 mutant cells by expression of the anti-apoptotic
baculovirus protein p35 enhanced the extent of the overgrowth under NR (S3A Fig).
Next, we investigated why the wild-type cells neighboring Tsc1 mutant tissue suffer from an
increased growth disadvantage under NR (Fig 1A, 1B and 1C). TORC1 promotes growth by
regulating ribosomal biogenesis [6, 24]. We hypothesized that high TORC1-dependent progrowth activity in Tsc1 mutant tissues (see below) under NR could be the underlying cause for
Minute-like outcompetition [25], where suboptimal slow dividing cells (Minute, losers) are
removed by apoptosis from the local environment of fitter cells (Minute+, winners). To test
this hypothesis, we performed cleaved Caspase-3 immunostaining on mosaic discs bearing
hsFlp Tsc1 clones (S3B Fig). Whereas apoptosis was consistently induced in Tsc1 mutant cells,
we only observed few dying neighboring cells, which is unlikely to account for the elimination
of the surrounding (heterozygous and wild-type) tissue from the eye discs. Therefore, cell competition does not cause the overgrowth of Tsc1 clones.

Overgrowth of Tsc1 mutant tissue requires TORC1 signaling
To examine the activation of TORC1 signaling in Tsc1 mutant tissue, we monitored the phosphorylation of S6K (phospho-S6K) by Western blot analysis. Whereas the levels of phosphoS6K were low in wild-type discs, S6K phosphorylation was strongly induced in Tsc1 mutant
tissue and remained equally strong under NR (Fig 3A). Thus, TORC1 activity is not reduced
by NR in Tsc1 mutant tissue.
To test the requirement of TORC1 signaling for overgrowth of Tsc1 mutant tissue on NR,
we selectively inhibited its activity in Tsc1 mutant clones by removing its activator Rheb [6,
21], by knocking down the TORC1 component Raptor [6] and the TORC1 effector S6K, and
by overexpressing 4E-BP as well as a phospho-mutant form of 4E-BP that cannot be inactivated by TORC1-mediated phosphorylation (4E-BPAA) [26]. Removing Rheb or reducing
Raptor and S6K function suppressed the Tsc1 mutant overgrowth under normal conditions
and NR (Fig 3B, 3B’ and 3C). In contrast, overexpression of either form of 4E-BP did not
reduce Tsc1 clonal overgrowth (S4 Fig), indicating that TORC1-mediated inhibition of 4E-BP
is not required for the overgrowth phenotype in mitotic tissues.
We then asked whether activating TORC1 downstream of the tuberous sclerosis complex
could promote tissue overgrowth under NR. Similar to Tsc1 mutant clones, clones with overexpression of Rheb overgrew on NR (S5A Fig). Surprisingly, overexpression of Rheb using the
eyFlp-out system led to smaller eyes under both food conditions (S5B and S5B’ Fig). Cleaved Caspase-3 immunostaining revealed that Rheb-expressing proliferating cells undergo massive apoptosis upon NR (S5C Fig). Thus, activation of TORC1 downstream of Tsc1/2 by expressing Rheb is
sufficient to confer an initial growth advantage to cells under NR, but elevated levels appear to be
detrimental, resulting in increased apoptosis, and ultimately less overgrown organs.
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PKB and FoxO are differentially activated in PTEN and Tsc1 mutant tissues
Overgrowth of epithelial cells mutant for PTEN depends on the activation of PKB under NR
[18]. To investigate the role of PKB signaling in overgrowth of Tsc1 mutant cells and to compare the activation status of PKB in Tsc1 and PTEN mutant tissue, we performed phosphoPKB antibody immunostainings on discs bearing hsFlp Tsc1 and PTEN mutant clones (Fig 4A

Fig 2. Tsc1 mutant proliferating cells undergo massive apoptosis. (A) Cleaved Caspase-3 antibody staining (in red)
of control or Tsc1 mutant eye discs dissected at the indicated developmental points from larvae reared on normal food
and NR; quantification of eye discs size (A’), and percentage of apoptotic tissue area with respect to the total area of
discs (A”). Scale bars are 250 μm and 100 μm, respectively.
https://doi.org/10.1371/journal.pgen.1007347.g002
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Fig 3. Overgrowth caused by loss of Tsc1 is dependent on TORC1 signaling. (A) Western blot analysis of proteins extracted from
the control or Tsc1 mutant eye imaginal discs. The extremely small size of the control eye discs from animals reared on NR
precluded the Western analysis. Total levels of S6K were unaltered. β-tubulin served as loading control. (B) Eyes with eyFlp control,
Tsc1, Rheb, and combination of Tsc1 and Rheb clones (marked by the absence of pigmentation) of animals reared under normal
food and NR; (B’) quantification of eye size. (C) Eye discs bearing MARCM control and Tsc1 mutant clones, with or without the
knockdown of Raptor or S6K (marked by GFP) dissected from larvae reared on normal food or NR. Scale bars are 250 μm.
https://doi.org/10.1371/journal.pgen.1007347.g003

and 4A’). Phospho-PKB levels were strongly elevated at the membrane in PTEN mutant clones.
By contrast, the phospho-PKB signal was decreased in Tsc1 mutant clones compared to the
surrounding tissue under both food conditions. This is consistent with previous reports stating
that PKB activity is downregulated by a negative feedback loop in the context of elevated
TORC1 signaling under normal conditions [7, 17]. These results were confirmed by Western
blot analyses for phospho-PKB and total PKB on Tsc1 mutant discs. Phospho-PKB levels were
consistently reduced under both conditions in the mutant discs as compared to control discs,
with no observable change in total PKB levels. The decrease in PKB phosphorylation (and thus
activity) was more pronounced in the Tsc1 mutant tissue under NR (Fig 4B).
One of the key targets of PKB is the transcription factor FoxO. Activated PKB phosphorylates FoxO resulting in its cytoplasmic retention and inhibition of FoxO-dependent transcription of growth-inhibitory genes [27]. As shown previously [8], FoxO is localized to the nucleus
in Tsc1 mutant cells because of reduced PKB signaling. The nuclear intensity of FoxO was further increased upon NR (Fig 4C) only in Tsc1 mutant cells, and could not be observed in control or PTEN mutant tissue. Overexpression of FoxO suppressed the overgrowth of Tsc1
knockdown eyes, which was accompanied by partial loss of ommatidia. Thus, Tsc1 mutant
cells are highly susceptible to the growth-inhibitory activity of FoxO (Fig 4D, S6 Fig).

FoxO restricts the proliferative potential of Tsc1 mutant cells under NR
Despite FoxO being dispensable for tissue growth under normal conditions, its role in the resistance to amino acid starvation [28] and in restricting tissue overgrowth upon high TORC1 signaling [8, 29] is well-established. Since Tsc1 mutant cells also displayed elevated nuclear FoxO
levels under NR, we were prompted to investigate the combined scenario of high TORC1 signaling, loss of FoxO function, and starvation. We compared the effects of loss of FoxO function in
eyFlp control clones and in clones mutant for Tsc1 or PTEN in animals reared on normal food
and NR (Fig 5A). Consistent with previous reports [29], loss of FoxO did not impact the growth
of control clones, and it partially reduced the overgrowth of PTEN mutant clones under both
conditions. Intriguingly, removal of FoxO enhanced Tsc1 mutant clone overgrowth on normal
food and caused lethality of late 3rd instar larvae on NR. We then used the eyFlp cell lethal system to assess the growth of Tsc1 FoxO double mutant tissues earlier in development (Fig 5B and
5B’). On normal food, Tsc1 FoxO double mutant discs were consistently enlarged compared to
Tsc1 or FoxO mutant and control discs, and were of comparable size to Tsc1 mutant discs under
NR. Astonishingly, NR massively exacerbated the overgrowth of the double mutant discs that
were almost 2.5 times larger than Tsc1 mutant discs under the same conditions.
In mammals, FoxO has been shown to regulate proliferation via transcriptional induction
of genes involved in cell cycle arrest [30]. The massive overgrowth of Tsc1 FoxO double mutant
tissues upon NR could be caused by an increased proliferation rate or by reduced apoptosis
(see below). We analyzed hsFlp clones in eye discs early in larval development on NR (Fig 5C).
FoxO mutant clones grew roughly to the same extent as the adjacent wild-type twin clones,
and the discs were of similar size as the ones with control clones. In contrast, Tsc1 mutant
clones were bigger than the wild-type twin spots and caused overgrowth of the discs. Loss of
FoxO in Tsc1 mutant cells dramatically increased the size of the discs and clones (due to more
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Fig 4. PKB-mediated inhibition of FoxO is lost in Tsc1 mutant cells under NR. (A) Phospho-PKB staining (in red) of eyes discs with hsFlp Tsc1 and
PTEN (A’) mutant clones (marked by the absence of GFP) dissected from larvae reared on normal food and NR. Scale bars are 75 μm. (B) Western blot
analysis of proteins extracted from the control or Tsc1 mutant eye imaginal discs. The extremely small size of the control eye discs from animals reared
on NR precluded the Western analysis. Total levels of PKB were unaltered. β-tubulin served as loading control. (C) FoxO staining (in magenta) of eyes
discs with hsFlp control, Tsc1 and PTEN clones (marked by the absence of GFP) dissected from larvae reared on normal food and NR. Scale bars are
75 μm. (D) Eyes bearing control, Tsc1 knockdown or PTEN knockdown tissue, with or without the overexpression of FoxO, of animals reared on
normal food or NR. Scale bars are 100 μm.
https://doi.org/10.1371/journal.pgen.1007347.g004
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Fig 5. Loss of FoxO function leads to enhancement of Tsc1 overgrowth under NR. (A) Eyes bearing eyFlp control,
Tsc1 or PTEN mutant clones (marked by the absence of pigmentation), with or without FoxO mutation of animals
reared on normal food or NR. Removal of FoxO caused lethality of Tsc1 mutant animals under NR. (B) Eye discs with
control, FoxO, Tsc1 or Tsc1 FoxO mutant tissue dissected from larvae reared on normal food or NR; (B’) quantification
of eye disc size. Scale bars are 250 μm. (C) Nuclear (DAPI, blue) and cell membrane (phalloidin, red) staining in eye
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discs with hsFlp control, FoxO, Tsc1 or Tsc1 FoxO clones (marked by the absence of GFP) dissected from larvae reared
on NR. Scale bars are 75 μm.
https://doi.org/10.1371/journal.pgen.1007347.g005

cells), causing concomitantly reduced growth of the surrounding tissue. The severe growth
advantage on NR was confirmed by analyzing the adult eyes (S7A Fig). We also analyzed hsFlp
clones induced later in development to quantify the effects on cell size and number (S7B and
S7B’ Fig). The size of the double mutant clones was consistently larger than that of the single
mutant ones (S7C’ Fig) but the cell density remained unchanged (S7C”’ Fig), indicating that
the enhanced Tsc1 FoxO overgrowth is due to increased cell number.
FoxO activity is inhibited by PKB signaling [27]. However, apart from FoxO, PKB phosphorylates many other substrates that also contribute to cell survival, growth, and proliferation
[27]. To investigate the role of PKB signaling in starvation-induced overgrowth of Tsc1 mutant
tissue, we generated eyFlp clones lacking Tsc1, PKB, FoxO and their double and triple mutant
combinations, and analyzed their sizes in adult eyes (S8A and S8A’ Fig). Clonal loss of PKB on
normal food reduced the eye size to the same extent as NR does in control eyes. The loss of
PKB also suppressed the overgrowth of Tsc1 mutant clones under both food conditions. Confirming the rationale that loss of PKB results in enhanced activity of FoxO that limits Tsc1
overgrowth, the loss of FoxO in Tsc1 PKB double mutant clones not only restored overgrowth,
but also enhanced it compared to the Tsc1 mutant clones. Similar results were observed for
clones in the eye discs (S8B Fig). Since the loss of PKB did not enhance the overgrowth of Tsc1
FoxO mutant clones, it is unlikely that other components downstream of PKB, apart from
FoxO, play major roles in restricting the Tsc1 loss-of-function overgrowth. Our observations
rather suggest that other PKB targets promote growth. Moreover, FoxO itself does not modulate PKB signaling within Tsc1 mutant tissue, as PKB signaling was downregulated to the same
extent in Tsc1 and Tsc1 FoxO mutant clones (S8C Fig). This excludes the possibility that a negative feedback regulation from FoxO on PKB contributes to the Tsc1 FoxO double mutant
overgrowth, but rather indicates that FoxO target genes are limiting the overgrowth.

Tsc1 FoxO double mutant cells are highly susceptible to cell death
FoxO has been shown to regulate apoptosis in mammals by inducing expression of pro-apoptotic genes [27]. We hypothesized that loss of FoxO inhibits apoptosis and therefore enhances
the overgrowth of Tsc1 mutant tissue on NR, which is prone to cell death (as shown in Fig 2).
To test this, we monitored cell death in hsFlp FoxO, Tsc1 and Tsc1 FoxO mutant clones by
staining for cleaved Caspase-3 (Fig 6A). No apoptosis was observed in FoxO mutant clones
under both food conditions. Little apoptosis was seen in Tsc1 mutant clones on normal food
(as shown in Fig 2), with high levels in proliferating cells on NR. Astonishingly, removal of
FoxO from Tsc1 mutant clones did not rescue the dying cells; instead, the double mutant
clones displayed increased levels of apoptosis under both food conditions. Blocking cell death
specifically in the double mutant clones by expression of p35 exacerbated the overgrowth of
mutant tissue, especially on NR (Fig 6B). Thus, loss of FoxO renders Tsc1 mutant cells highly
susceptible to apoptosis, suggesting that increased proliferation rate is the major contributor to
the enhanced overgrowth of Tsc1 FoxO double mutant tissue.

Tsc1 FoxO double mutant tissue displays severe morphological defects
upon NR
We observed severe morphological defects in the massively overgrown Tsc1 FoxO double
mutant discs under NR. Since mutations in genes controlling apical-basal polarity cause a loss
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of epithelial organization and uncontrolled proliferation [31], we decided to investigate
whether apical-basal polarity is disturbed in epithelial monolayers lacking Tsc1 and FoxO. We
marked the apical membrane domain and F-actin by immunostaining control, FoxO, Tsc1 and
Tsc1 FoxO mutant discs with aPKC antibody and phalloidin, respectively (Fig 7A and 7A’).
Control and FoxO mutant discs consisted of correctly organized epithelial monolayers under
both food conditions. The structure of the Tsc1 mutant tissue was also unaffected under normal food but displayed indentations in the epithelial monolayer under NR. Similar morphological defects were observed in Tsc1 FoxO double mutant tissue under normal food with
severe distortions and multi-layering under NR. These defects were not due to the altered apical-basal polarity of the individual cells because aPKC and Dlg, markers of apical membrane
and septate junction/basolateral membrane domains, respectively, were correctly localized

Fig 6. Loss of FoxO increases susceptibility of Tsc1 mutant cells to cell death. (A) Cleaved Caspase-3 antibody staining (in
red) of eye discs with hsFlp FoxO, Tsc1 or Tsc1 FoxO mutant clones (marked by the absence of GFP) dissected from larvae
reared on normal food and NR. The position of the morphogenetic furrow is indicated with a white arrowhead. Note that the
FoxO null allele FoxOΔ94 was used in this experiment. Similar results were obtained with the FoxO25 allele. Scale bars are
100 μm. (B) Eye discs bearing MARCM Tsc1 or Tsc1 FoxO clones (marked by GFP), with or without the expression of antiapoptotic p35, dissected from larvae reared on NR. Scale bars are 250 μm.
https://doi.org/10.1371/journal.pgen.1007347.g006
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within hsFlp clones of all genotypes embedded in eye epithelia under both food conditions
(Fig 7B). We further analyzed this phenotype using the neuron-specific marker Elav together
with phalloidin (S9 Fig). Elav protein distribution and actin organization were severely disturbed in Tsc1 FoxO double mutant discs under NR. We hypothesize that the morphological
defects in Tsc1 mutant tissue upon loss of FoxO are due to massive overproliferation that creates misfoldings of the epithelium.

Loss of FoxO function results in precocious differentiation in tissues with
high TORC1 activity on NR
Upon NR, the larval growth period varies greatly. L3 larvae can be found from 148 to 408
hours after egg laying. To analyze the effect of this extended growth phase, we generated

Fig 7. Tsc1 FoxO double mutant discs exhibit misfoldings due to massive overproliferation under NR. (A) aPKC (in green), phalloidin (in red) and
DAPI (in blue) stainings in orthogonal sections of eye discs with control, FoxO, Tsc1 and Tsc1 FoxO mutant tissue dissected from larvae reared on
normal food and NR (A’). Scale bars are 25 μm except for Tsc1 Q87X FoxO25 on NR, where they are 75 μm. A lower magnification was used to give a
better overview of the misfolded tissue. (B) aPKC (in green) and Dlg (in red) stainings in orthogonal sections of eye discs with hsFlp control, FoxO,
Tsc1, and Tsc1 FoxO mutant clones (marked by the absence of GFP) dissected from larvae reared on normal food and NR.
https://doi.org/10.1371/journal.pgen.1007347.g007
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various knockdowns using the eyFlp-out system and dissected eye discs every 24 hours.
Remarkably, Tsc1 and Tsc1 FoxO knockdown discs reached up to eight times the size of control
and FoxO knockdown discs (S10A Fig). These discs did not conform to the flat epithelial architecture of the control discs and displayed outgrowths protruding from the surface on later
days of dissection (S10B Fig). PTEN knockdown discs grew three times the size of control
discs and maintained this size for the remaining larval period. Similar results were observed in
eye discs composed of cells mutant for the respective genes. Unexpectedly, signs of precocious
differentiation were observed in the PTEN, PTEN FoxO and Tsc1 FoxO knockdown discs (Fig
8). These discs showed pigmentation (Fig 8A and 8E) and cuticle formation (Fig 8B–8H) starting from 264 hours after egg laying. Three kinds of autofluorescent patterns were noticed that
were categorized as cuticular, intracellular, and extracellular (S1–S4 Videos). We hypothesize
that the intracellular autofluorescence is due to the unsecreted autofluorescent cuticle, and
that the extracellular autofluorescence stems from the proteins yet to form the cuticle. The
extracellular autofluorescence was specific to discs with Tsc1 and Tsc1 FoxO knockdowns. No
signs of differentiation were found in control or FoxO knockdown discs. Differentiation was
also specific to NR, as no pigmentation was observed in discs dissected from larvae on normal
food, even with prolonged development at 18˚C. Thus, FoxO not only plays an important role
in restricting growth of cells with high TORC1 activity but it also prevents precocious
differentiation.
Interestingly, eye discs with a Tsc1 FoxO co-knockdown reached a rather constant size irrespective of the highly variable larval sizes on NR (S10C Fig), pointing to an organ-autonomous
size control mechanism.

Discussion
PTEN and Tsc1/2 are major tumor suppressors in the PI3K-PKB-TORC1 signaling network.
Whereas PTEN mutations can lead to malignant cancers, mutations in Tsc1/2 mostly cause
benign hamartomas. In this study, we mimicked pre-cancerous situations in the larval imaginal discs of Drosophila to investigate the mechanisms responsible for the pronounced phenotypic differences. By comparing the growth behavior of clonal populations lacking either
PTEN or Tsc1 under starvation conditions, we identified a key role for the transcription factor
FoxO in restricting proliferation of Tsc1 mutant cells.
Tumors with high PI3K activity have been shown to be starvation resistant. Our results
demonstrate that similar to the activation status of PI3K, high TORC1 activity due to the loss
of Tsc1 also confers a growth advantage to cells under NR. Populations of Tsc1 mutant cells
embedded in heterozygous epithelia are capable of ousting the neighboring cells when nutrients are limiting. The Tsc1 mutant cells overproliferate within the margins of the organ but,
due to increased apoptosis limiting cell number, contribute to the overall increase in organ
size in a hypertrophic manner. The ousting of the neighboring cells is not due to classical cell
competition, as the cells surrounding the clones do not show signs of apoptosis. Their growth
is rather inhibited, probably because of competition for nutrients. This illustrates how starvation exerts selective pressure on different cellular populations, and creates conditions permissive for tumor expansion. Tsc1 mutant cells are insensitive to NR at the level of TORC1
activation, as the phosphorylation of S6K remains unchanged. This may also explain why the
size of Tsc1 mutant cells–in contrast to heterozygous and wild-type cells–is not reduced under
NR. On the contrary, Tsc1 mutant cells increase their hypertrophic potential and grow even
larger upon NR. This hypertrophic phenotype is in sharp contrast to the previously described
shift from hypertrophic to mainly hyperplastic growth induced by the loss of PTEN in mitotic
cells under NR [18]. We note that the activation status of TORC1, which is reduced in PTEN
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Fig 8. Concomitant loss of FoxO and high TORC1 activity causes precocious differentiation under NR. (A) Pigmentation in eye discs with Tsc1 and FoxO coknockdown (disc is marked by dashed-red line, still attached to mouth hook) dissected from larvae reared under NR. Scale bar is 0.5 mm. (B-D) Autofluorescence seen
in the green and blue (B’-D’) channels for (B”) cuticle (marked by arrow), (C”) intracellular autofluorescence (marked by arrowhead) and (D”) extracellular
autofluorescence (marked by asterisks). Scale bars are 75 μm. Quantification of percentage of discs with (E) pigmentation, (F) cuticle, (G) intracellular autofluorescence,
and (H) extracellular autofluorescence. n = 6–10 for control and FoxO knockdown, and n > 30 for the remaining cases.
https://doi.org/10.1371/journal.pgen.1007347.g008
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mutant cells upon NR but remains constantly high in Tsc1 mutant cells, parallels the observed
cell size.
Our genetic analyses point to the differential activation status of PKB and its target FoxO as
the primary cause for the differential growth behavior of PTEN and Tsc1 mutant cells. FoxO
activity is largely inhibited in PTEN mutant tissue upon NR due to elevated PKB signaling.
Consistently, loss of FoxO function does not considerably impact PTEN mutant tissue overgrowth in Drosophila epithelia. By contrast, Tsc1 mutant cells display low PKB activity and are
highly sensitive to elevated levels of FoxO. The mutant clones collapse and the overgrowth is
completely suppressed upon overexpression of FoxO. This is in line with previous reports that
FoxO-mediated transcription restricts the overgrowth caused by the loss of Tsc1 in Drosophila
eye epithelia under normal conditions [8]. Our study reveals that FoxO function is rate-limiting for restricting the proliferation of Tsc1 mutant cells upon NR. Loss of FoxO does not
enhance the Tsc1 mutant overgrowth by reducing apoptosis of cells–Tsc1 FoxO mutant cells
are highly susceptible to cell death–but by increasing proliferation rates. Removal of FoxO
from Tsc1 mutant tissue under NR results in the induction of massive hyperplasia and malformations, disrupting the proper architecture of the epithelium.
Upon prolonged starvation, loss of Tsc1 in the developing eyes resulted in eye discs six
times as large as the control discs. Concomitant loss of FoxO generated discs that sometimes
occupied two-thirds of the larva and severely compromised the surrounding larval tissues. We
did not observe a metastatic behavior of the Tsc1 mutant cells. By contrast, tissues with loss of
FoxO function and high TORC1 activity (PTEN, PTEN FoxO and Tsc1 FoxO) revealed signs of
precocious differentiation, such as pigmentation and formation of adult cuticle. The formation
of adult structures within mitotically active epithelia is reminiscent of teratoma formation
(although we did not observe the formation of structures from unrelated organs). A pulse of
the steroid hormone ecdysone initiates metamorphosis after the critical weight is reached [32].
FoxO has been shown to inhibit ecdysone biosynthesis by directly interacting with a part of
the ecdysone receptor, Ultraspiracle [33]. The observation of precocious differentiation suggests that cells with high TORC1 activity that have lost the function of FoxO have a lower
threshold for ecdysone response, possibly due to a similar inhibitory action of FoxO on the
ecdysone receptor complex. As a consequence, differentiation occurs sporadically in these
cells. Whether there are higher levels of ecdysone in the hemolymph due to non-cell autonomous effects on the prothoracic gland remains to be examined.
The similar behaviors of PTEN and Tsc1 FoxO mutant tissues suggest that the loss of FoxO
contributes to the transformation of benign growth of Tsc1 mutant hamartomas into malignant tumors. The nutrient fluctuations in the microenvironment of hamartomas may also
enhance tumor progression, as is seen by the dramatic overgrowth of the Tsc1 FoxO mutant
tissue upon NR. Indeed, although malignant tumors are rare in tuberous sclerosis syndrome,
conversion of renal cell carcinomas to malignancies were observed, and FoxO was shown to be
expressed in benign but not in aggressive renal tumor [34]. Thus, the differential strength of
PKB signaling opposing the activity of FoxO in the context of loss of Tsc1 and PTEN points to
the FoxO activation status as the key determinant of the malignant potential of tumors caused
by the loss of these tumor suppressors. It will be interesting to identify the FoxO target genes
responsible for restricting the proliferative potential of Tsc1 mutant cells.

Materials and methods
Fly media and stock keeping
1 liter Drosophila medium contains 100g of fresh yeast, 55 g cornmeal, 10 g wheat flour, 75 g
sugar and 8 g bacto agar, here referred to as “normal food” or “100 g/l yeast” food. Starvation

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007347 April 20, 2018

16 / 22

FoxO controls growth and differentiation upon starvation

food was prepared by reducing the amount of yeast to the indicated values (50g/l, 30g/l, 20g/l,
10g/l, or 5g/l) without altering the other components. All crosses and experiments were performed at 25˚C in non-crowding conditions.

Mutants and transgenes
For clonal analyses and genetic interaction studies, FRT82 Tsc1 Q87X [16], FRT82 Rheb2G5 [35],
FRT82 PKB1 [36], FRT82 FoxO25 [29], FRT82 FoxOΔ94 [37], PTEN117 FRT40 [38], UAS-4EBPWT, UAS-4E-BP AA [26, 40], UAS-cherry-dFoxO (N. Alic), or combinations thereof were
used. An isogenic FRT82 line served as control in all experiments. UAS-p35 [39] was used to
block cell death. TORC1 signaling was activated by means of EP-Rheb [35]. Knockdowns were
generated using the lines UAS-Tsc1 Ri (BDSC 31039), UAS-Tsc2 Ri (BDSC 34737), UAS-PTEN Ri
(VDRC 101475), UAS-S6KRi (VDRC 18126), UAS-Raptor Ri (VDRC), and UAS-FoxO Ri (VDRC
107786). UAS-lacZ served as control, except for the differentiation experiment where UAS-CG33920Ri (VDRC 103447) was used as a control. A full list of genotypes is provided in the supplementary material (S1 Genotypes).

Food experiments
Flies were crossed for two days in standard rearing vials, transferred to egg laying chambers,
and allowed to lay eggs on agar plates containing yeast paste for 11 hours. For induction of
eyFlp/FRT clones, eggs were immediately distributed to different food conditions, whereas for
induction of hsFlp/FRT clones, first instar larvae were allowed to hatch and heat-shocked
before distribution.

Clonal studies
Temporally controlled clones, negatively marked by the absence of GFP or positively marked
by the presence of GFP, were generated using the hsFlp/FRT and hsFlp/MARCM systems,
respectively. Clones were induced in first instar larvae by a heat shock (15 min, 37˚C) 38h after
egg laying (AEL), and eye discs were dissected from third instar larvae before the wandering
stage or at the indicated time point. Pupal retinae were dissected 46h after puparium formation. For induction of 72h and 48h hsFlp clones, eggs were collected in a short time window (4
hours) and heat shock (13min, 37˚C) was induced 31h and 55h AEL, respectively. For adult
eye analyses, clones negatively marked by the absence of pigmentation were generated by
using the eyFlp/FRT system. For eye discs entirely composed of the mutant or knockdown tissue, clones were induced with the eyFlp/FRT cell lethal system or by using the eyFlp-out system, respectively. Larvae were dissected at indicated time points, or left to develop to adults for
analysis of the eyes. To get tangential eye sections, adult heads were halved, fixed using OsO4,
dehydrated with acetone, and embedded in Spurr. 2 μm sections were prepared using a microtome (Reichert-Jung 2050).

Phenotypic analyses
All the phenotypic analyses on adult flies were performed on females. For the light micrographs of the adult eyes, a KEYENCE VHX1000 digital microscope was used. For ommatidia
analyses, a Jeol JSM-6360LV scanning electron microscope (SEM) was used. The sizes of the
eyes and ommatidia were defined by measuring the pixels of their area in Photoshop CS6. For
DIC and confocal images of eye discs and larvae, a Leica SP2 confocal laser-scanning microscope was used. Eye sections were imaged on Zeiss Axiophot. 3D reconstruction of stacks was
done using IMARIS.
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Statistical analyses
In all quantifications (S1 Datasets), Student’s t-test (two tailed) was used to test for significance. In each experiment, at least 10 individuals were measured for each genotype (unless
otherwise stated). Significance (p < 0.05, pairwise t-tests) is indicated in the figures using letters such that conditions denoted by the same letter are statistically not different from each
other. Error bars represent standard deviations.

Immunochemistry and Western blotting
Larval imaginal discs were fixed in 4% paraformaldehyde (PFA, 30min, room temperature),
permeabilized in 0.3% Tween in PBS (PBT, 15min, room temperature), blocked in 2% NDS in
0.3% PBT (1h, room temperature), incubated with primary antibodies overnight (4˚C),
washed three times in 0.3% PBT, and incubated with the secondary antibodies (1h, room temperature). The nuclei were visualized with DAPI in 0.3% PBT (1:2000, 15min, room temperature). F-actin was visualized with phalloidin. Antibodies used were: rabbit α-Drosophila
phospho-PKB Ser505 (1:300, Cell Signaling), rabbit α-cleaved caspase 3 (1:300, Cell Signaling),
rabbit α-aPKC (1:500, Promega), mouse α-Dlg (1:50, DSHB), α-Elav (DSHB), rabbit α-dFoxO
(1:500, gift from Marc Tatar), Cy3-coupled α-mouse or α-rabbit IgG (1:300, Amersham), and
Alexa Fluor 633 (1:500, Thermo Fisher Scientific). All the dilutions of antibodies were made in
2% NDS in 0.3% PBT blocking solution.
Western blots on third instar eye imaginal discs were performed according to standard protocols. Antibodies were α-Drosophila phospho-PKB Ser505 (1:1000, Cell Signaling), α-PKB
(1:1000, Cell Signaling), α-phospho-S6K (1:1000, Cell Signaling), α-S6K (1:2000, our own antibody), α-β-tubulin (1:10000, Sigma), HRP-conjugated α-mouse and α-rabbit IgG (1:10000,
Amersham).

Supporting information
S1 Fig. Tsc2 mutant cells have a growth advantage under NR. (A) Eyes with control or Tsc2
knockdown tissue of animals reared on normal food and NR (scale bars are 100 μm), (A’) corresponding eye discs (scale bars are 250 μm), and (A”) quantification of eye disc size.
(TIF)
S2 Fig. Ommatidial architecture remains unchanged upon loss of Tsc1 function. (A) Sections of eyes with hsFlp Tsc1 mutant clones (marked by the absence of pigmentation) of animals reared on normal food and NR. (B) Phalloidin staining (in red) of pupal retinae with
hsFlp Tsc1 mutant clones (marked by the absence of GFP) of animals reared on normal food
and NR. Scale bars are 25 μm.
(TIF)
S3 Fig. Apoptosis in clones of Tsc1 mutant cells counteracts overgrowth. (A) Eye discs bearing MARCM Tsc1 mutant clones (marked by GFP), with or without the expression of antiapoptotic p35, dissected from larvae reared on normal food or NR. Scale bars are 250 μm. (B)
Cleaved Caspase-3 antibody staining (in red) of eye discs with hsFlp Tsc1 mutant clones
(marked by the absence of GFP) dissected from larvae reared on normal food or NR. Scale
bars are 100 μm.
(TIF)
S4 Fig. TORC1-dependent overgrowth of Tsc1 mutant cells is not mediated by inactivation
of 4E-BP. (A) Eye discs bearing MARCM control, 4E-BPWT or 4E-BPAA clones (marked by
GFP), with or without Tsc1 mutation, dissected from larvae reared on normal food and NR.
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Scale bars are 250 μm.
(TIF)
S5 Fig. Activation of TORC1 by Rheb promotes tissue overgrowth on NR. (A) Eye discs with
MARCM control or EP-Rheb clones (marked by GFP) dissected from larvae reared on normal
food and NR. Scale bars are 250 μm. (B) Scanning electron micrographs of control or EP-Rheb
eyes of animals reared on normal food and NR; (B’) quantification of eye size. Scale bars are 100
μm. (C) Cleaved Caspase-3 antibody staining (in red) of eye discs with MARCM EP-Rheb clones
(marked by GFP) dissected from larvae reared on normal food or NR. Scale bars are 100 μm.
(TIF)
S6 Fig. Overexpression of FoxO suppresses overgrowth caused by Tsc1 knockdown. Quantification of eyes shown in Fig 4D.
(TIF)
S7 Fig. Loss of FoxO enhances the proliferation of Tsc1 mutant cells under NR. (A) Eyes
with hsFlp control, Tsc1, FoxO and Tsc1 FoxO mutant clones (marked by the absence of pigmentation) of animals reared on normal food and NR. (B, B’) Eye discs with hsFlp Tsc1 and
Tsc1 FoxO clones (marked by the absence of GFP) dissected from larvae reared on NR 48 h
after clone induction (scale bars are 75 μm), and the quantification of (C) eye disc area, (C’)
mutant clone area, (C”) mutant clone area relative to the whole disc, and (C”’) mutant cell
density (number of nuclei per arbitrary square).
(TIF)
S8 Fig. Extent of the Tsc1 mutant overgrowth is dependent on PKB-mediated inhibition of
FoxO. (A) Eyes bearing eyFlp control, Tsc1, PKB or Tsc1 PKB mutant clones (marked by the
absence of pigmentation), with or without FoxO mutation, of animals reared on normal food
and NR; (A’) quantification of eye size. (B) Eye discs bearing eyFlp control, PKB, FoxO or PKB
FoxO mutant clones (marked by the absence of GFP), with or without Tsc1 mutation, dissected
from larvae reared on normal food or NR. Scale bars are 250 μm. (C) Phospho-PKB staining
(in red) of eyes discs with hsFlp Tsc1, FoxO or Tsc1 FoxO mutant clones (marked by the
absence of GFP) dissected from larvae reared on normal food and NR. Scale bars are 75 μm.
(TIF)
S9 Fig. Tsc1 FoxO double mutant discs display severe morphological defects and multi-layering under NR. Elav (in green), phalloidin (in red) and DAPI (in blue) stainings in orthogonal sections of eye discs with control, FoxO, Tsc1 and Tsc1 FoxO mutant tissue dissected from
larvae reared on normal food and NR. Scale bars are 50 μm.
(TIF)
S10 Fig. Overgrowth of Tsc1 FoxO double mutant discs upon NR. (A) Comparison of development of eye discs with control, FoxO, Tsc1 or Tsc1 FoxO mutant tissue, dissected at indicated
time points from larvae reared on normal food and NR. White arrows indicate morphological
defects. (B) DIC images of eye discs with Tsc1 FoxO mutant tissue dissected 11 days after egg
lay from larvae reared on NR. White arrows indicate morphological defects. (C) Comparison
of size of the eye discs with Tsc1 FoxO knockdown tissue (marked by GFP) to larval size for
various larvae (n = 46) reared on NR and imaged 19 days AEL.
(TIF)
S1 Video. Overgrowth of Tsc1 knockdown disc on NR. Comparison of 3D reconstructions of
control disc with Tsc1 Ri disc on NR.
(MP4)
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S2 Video. Overgrowth of Tsc1 FoxO co-knockdown disc on NR. Comparison of 3D reconstructions of control disc with Tsc1 Ri and FoxORi disc on NR.
(MP4)
S3 Video. Overgrowth of PTEN knockdown disc on NR. Comparison of 3D reconstructions
of control disc with PTENRi disc on NR.
(MP4)
S4 Video. Overgrowth of PTEN FoxO co-knockdown disc on NR. Comparison of 3D reconstructions of control disc with PTENRi and FoxORi disc on NR.
(MP4)
S1 Datasets. Tables containing all measurements and statistical analyses for Figs 1, 2, 3, 5,
S1, S5, S6, S7 and S8.
(XLSX)
S1 Genotypes. Genotypes of flies used in this study.
(PDF)

Acknowledgments
We thank N. Alic, C. Slack, L. Partridge, the Bloomington Drosophila Stock Center, and the
Vienna Drosophila Resource Center (VDRC) for flies; M. Tatar and the Developmental Studies Hybridoma Bank (DSHB) for antibodies, and A. Straessle, T. Hirsiger, and I. Vuillez for
technical assistance.

Author Contributions
Conceptualization: Katarzyna Nowak, Avantika Gupta, Hugo Stocker.
Data curation: Katarzyna Nowak, Avantika Gupta.
Formal analysis: Katarzyna Nowak, Avantika Gupta.
Funding acquisition: Hugo Stocker.
Investigation: Katarzyna Nowak, Avantika Gupta.
Methodology: Katarzyna Nowak, Avantika Gupta, Hugo Stocker.
Supervision: Hugo Stocker.
Writing – original draft: Katarzyna Nowak, Avantika Gupta, Hugo Stocker.
Writing – review & editing: Avantika Gupta, Hugo Stocker.

References
1.

Hietakangas V, Cohen SM. Regulation of tissue growth through nutrient sensing. Annu Rev Genet.
2009; 43:389–410. https://doi.org/10.1146/annurev-genet-102108-134815 PMID: 19694515.

2.

Kalaany NY, Sabatini DM. Tumours with PI3K activation are resistant to dietary restriction. Nature.
2009; 458(7239):725–31. https://doi.org/10.1038/nature07782 PMID: 19279572; PubMed Central
PMCID: PMCPMC2692085.

3.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–74. https://
doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230.

4.

Dibble CC, Cantley LC. Regulation of mTORC1 by PI3K signaling. Trends Cell Biol. 2015; 25(9):545–
55. https://doi.org/10.1016/j.tcb.2015.06.002 PMID: 26159692; PubMed Central PMCID:
PMCPMC4734635.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007347 April 20, 2018

20 / 22

FoxO controls growth and differentiation upon starvation

5.

Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, Abraham RT. The PI3K Pathway in Human
Disease. Cell. 2017; 170(4):605–35. https://doi.org/10.1016/j.cell.2017.07.029 PMID: 28802037.

6.

Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 2017; 168
(6):960–76. https://doi.org/10.1016/j.cell.2017.02.004 PMID: 28283069; PubMed Central PMCID:
PMCPMC5394987.

7.

Kockel L, Kerr KS, Melnick M, Bruckner K, Hebrok M, Perrimon N. Dynamic switch of negative feedback
regulation in Drosophila Akt-TOR signaling. PLoS Genet. 2010; 6(6):e1000990. https://doi.org/10.1371/
journal.pgen.1000990 PMID: 20585550; PubMed Central PMCID: PMCPMC2887466.

8.

Harvey KF, Mattila J, Sofer A, Bennett FC, Ramsey MR, Ellisen LW, et al. FOXO-regulated transcription
restricts overgrowth of Tsc mutant organs. J Cell Biol. 2008; 180(4):691–6. https://doi.org/10.1083/jcb.
200710100 PMID: 18299344; PubMed Central PMCID: PMCPMC2265581.

9.

Taguchi A, White MF. Insulin-like signaling, nutrient homeostasis, and life span. Annu Rev Physiol.
2008; 70:191–212. https://doi.org/10.1146/annurev.physiol.70.113006.100533 PMID: 17988211.

10.

Stocker H, Andjelkovic M, Oldham S, Laffargue M, Wymann MP, Hemmings BA, et al. Living with lethal
PIP3 levels: viability of flies lacking PTEN restored by a PH domain mutation in Akt/PKB. Science.
2002; 295(5562):2088–91. https://doi.org/10.1126/science.1068094 PMID: 11872800.

11.

Huang H, Potter CJ, Tao W, Li DM, Brogiolo W, Hafen E, et al. PTEN affects cell size, cell proliferation
and apoptosis during Drosophila eye development. Development. 1999; 126(23):5365–72. PMID:
10556061.

12.

Scanga SE, Ruel L, Binari RC, Snow B, Stambolic V, Bouchard D, et al. The conserved PI3’K/PTEN/
Akt signaling pathway regulates both cell size and survival in Drosophila. Oncogene. 2000; 19
(35):3971–7. https://doi.org/10.1038/sj.onc.1203739 PMID: 10962553.

13.

Goberdhan DC, Paricio N, Goodman EC, Mlodzik M, Wilson C. Drosophila tumor suppressor PTEN
controls cell size and number by antagonizing the Chico/PI3-kinase signaling pathway. Genes Dev.
1999; 13(24):3244–58. PMID: 10617573; PubMed Central PMCID: PMCPMC317204.

14.

Gao X, Neufeld TP, Pan D. Drosophila PTEN regulates cell growth and proliferation through PI3Kdependent and -independent pathways. Dev Biol. 2000; 221(2):404–18. https://doi.org/10.1006/dbio.
2000.9680 PMID: 10790335.

15.

Potter CJ, Huang H, Xu T. Drosophila Tsc1 functions with Tsc2 to antagonize insulin signaling in regulating cell growth, cell proliferation, and organ size. Cell. 2001; 105(3):357–68. PMID: 11348592.

16.

Tapon N, Ito N, Dickson BJ, Treisman JE, Hariharan IK. The Drosophila tuberous sclerosis complex
gene homologs restrict cell growth and cell proliferation. Cell. 2001; 105(3):345–55. PMID: 11348591.

17.

Radimerski T, Montagne J, Hemmings-Mieszczak M, Thomas G. Lethality of Drosophila lacking TSC
tumor suppressor function rescued by reducing dS6K signaling. Genes Dev. 2002; 16(20):2627–32.
https://doi.org/10.1101/gad.239102 PMID: 12381661; PubMed Central PMCID: PMCPMC187466.

18.

Nowak K, Seisenbacher G, Hafen E, Stocker H. Nutrient restriction enhances the proliferative potential
of cells lacking the tumor suppressor PTEN in mitotic tissues. Elife. 2013; 2:e00380. https://doi.org/10.
7554/eLife.00380 PMID: 23853709; PubMed Central PMCID: PMCPMC3707060.

19.

Smith EM, Finn SG, Tee AR, Browne GJ, Proud CG. The tuberous sclerosis protein TSC2 is not
required for the regulation of the mammalian target of rapamycin by amino acids and certain cellular
stresses. J Biol Chem. 2005; 280(19):18717–27. https://doi.org/10.1074/jbc.M414499200 PMID:
15772076.

20.

Xie J, Proud CG. Signaling crosstalk between the mTOR complexes. Translation (Austin). 2014; 2(1):
e28174. https://doi.org/10.4161/trla.28174 PMID: 26779402; PubMed Central PMCID:
PMCPMC4705829.

21.

Demetriades C, Doumpas N, Teleman AA. Regulation of TORC1 in response to amino acid starvation
via lysosomal recruitment of TSC2. Cell. 2014; 156(4):786–99. https://doi.org/10.1016/j.cell.2014.01.
024 PMID: 24529380; PubMed Central PMCID: PMCPMC4346203.

22.

Harputlugil E, Hine C, Vargas D, Robertson L, Manning BD, Mitchell JR. The TSC complex is required
for the benefits of dietary protein restriction on stress resistance in vivo. Cell Rep. 2014; 8(4):1160–70.
https://doi.org/10.1016/j.celrep.2014.07.018 PMID: 25131199; PubMed Central PMCID:
PMCPMC4260622.

23.

Newsome TP, Asling B, Dickson BJ. Analysis of Drosophila photoreceptor axon guidance in eye-specific mosaics. Development. 2000; 127(4):851–60. PMID: 10648243.

24.

Iadevaia V, Liu R, Proud CG. mTORC1 signaling controls multiple steps in ribosome biogenesis. Semin
Cell Dev Biol. 2014; 36:113–20. https://doi.org/10.1016/j.semcdb.2014.08.004 PMID: 25148809.

25.

Morata G, Ballesteros-Arias L. Cell competition, apoptosis and tumour development. Int J Dev Biol.
2015; 59(1–3):79–86. https://doi.org/10.1387/ijdb.150081gm PMID: 26374529.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007347 April 20, 2018

21 / 22

FoxO controls growth and differentiation upon starvation

26.

Teleman AA, Chen YW, Cohen SM. 4E-BP functions as a metabolic brake used under stress conditions
but not during normal growth. Genes Dev. 2005; 19(16):1844–8. https://doi.org/10.1101/gad.341505
PMID: 16103212; PubMed Central PMCID: PMCPMC1186183.

27.

Manning BD, Toker A. AKT/PKB Signaling: Navigating the Network. Cell. 2017; 169(3):381–405.
https://doi.org/10.1016/j.cell.2017.04.001 PMID: 28431241; PubMed Central PMCID:
PMCPMC5546324.

28.

Kramer JM, Slade JD, Staveley BE. foxo is required for resistance to amino acid starvation in Drosophila. Genome. 2008; 51(8):668–72. https://doi.org/10.1139/G08-047 PMID: 18650956.

29.

Junger MA, Rintelen F, Stocker H, Wasserman JD, Vegh M, Radimerski T, et al. The Drosophila forkhead transcription factor FOXO mediates the reduction in cell number associated with reduced insulin
signaling. J Biol. 2003; 2(3):20. https://doi.org/10.1186/1475-4924-2-20 PMID: 12908874; PubMed
Central PMCID: PMCPMC333403.

30.

Coomans de Brachene A, Demoulin JB. FOXO transcription factors in cancer development and therapy. Cell Mol Life Sci. 2016; 73(6):1159–72. https://doi.org/10.1007/s00018-015-2112-y PMID:
26686861.

31.

Bilder D. Epithelial polarity and proliferation control: links from the Drosophila neoplastic tumor suppressors. Genes Dev. 2004; 18(16):1909–25. https://doi.org/10.1101/gad.1211604 PMID: 15314019.

32.

Fletcher JC, Thummel CS. The ecdysone-inducible Broad-complex and E74 early genes interact to regulate target gene transcription and Drosophila metamorphosis. Genetics. 1995; 141(3):1025–35. PMID:
8582609; PubMed Central PMCID: PMCPMC1206826.

33.

Koyama T, Rodrigues MA, Athanasiadis A, Shingleton AW, Mirth CK. Nutritional control of body size
through FoxO-Ultraspiracle mediated ecdysone biosynthesis. Elife. 2014; 3. https://doi.org/10.7554/
eLife.03091 PMID: 25421296; PubMed Central PMCID: PMCPMC4337420.

34.

Gan B, Lim C, Chu G, Hua S, Ding Z, Collins M, et al. FoxOs enforce a progression checkpoint to constrain mTORC1-activated renal tumorigenesis. Cancer Cell. 2010; 18(5):472–84. https://doi.org/10.
1016/j.ccr.2010.10.019 PMID: 21075312; PubMed Central PMCID: PMCPMC3023886.

35.

Stocker H, Radimerski T, Schindelholz B, Wittwer F, Belawat P, Daram P, et al. Rheb is an essential
regulator of S6K in controlling cell growth in Drosophila. Nat Cell Biol. 2003; 5(6):559–65. https://doi.
org/10.1038/ncb995 PMID: 12766775.

36.

Staveley BE, Ruel L, Jin J, Stambolic V, Mastronardi FG, Heitzler P, et al. Genetic analysis of protein
kinase B (AKT) in Drosophila. Curr Biol. 1998; 8(10):599–602. PMID: 9601646.

37.

Slack C, Giannakou ME, Foley A, Goss M, Partridge L. dFOXO-independent effects of reduced insulinlike signaling in Drosophila. Aging Cell. 2011; 10(5):735–48. https://doi.org/10.1111/j.1474-9726.2011.
00707.x PMID: 21443682; PubMed Central PMCID: PMCPMC3193374.

38.

Oldham S, Montagne J, Radimerski T, Thomas G, Hafen E. Genetic and biochemical characterization
of dTOR, the Drosophila homolog of the target of rapamycin. Genes Dev. 2000; 14(21):2689–94. PMID:
11069885; PubMed Central PMCID: PMC317036.

39.

Hay BA, Wassarman DA, Rubin GM. Drosophila homologs of baculovirus inhibitor of apoptosis proteins
function to block cell death. Cell. 1995; 83(7):1253–62. PMID: 8548811.

40.

Mesquita D, Dekanty A, Milan M. A dp53-dependent mechanism involved in coordinating tissue growth
in Drosophila. PLoS Biol. 2010; 8(12):e1000566. https://doi.org/10.1371/journal.pbio.1000566 PMID:
21179433.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007347 April 20, 2018

22 / 22

SUPPLEMENTARY INFORMATION
Supplementary Figure 1

S1 Fig. Tsc2 mutant cells have a growth advantage under NR. (A) Eyes with control
or Tsc2 knockdown tissue of animals reared on normal food and NR (scale bars are 100
μm), (A’) corresponding eye discs (scale bars are 250 μm), and (A”) quantification of eye disc
size.

43

Supplementary Figure 2

S2 Fig. Ommatidial architecture remains unchanged upon loss of Tsc1 function.
(A) Sections of eyes with hsFlp Tsc1 mutant clones (marked by the absence of pigmentation)
of animals reared on normal food and NR. (B) Phalloidin staining (in red) of pupal retinae with
hsFlp Tsc1 mutant clones (marked by the absence of GFP) of animals reared on normal food
and NR. Scale bars are 25 μm.

44

Supplementary Figure 3

S3 Fig. Apoptosis in clones of Tsc1 mutant cells counteracts overgrowth. (A) Eye discs
bearing MARCM Tsc1 mutant clones (marked by GFP), with or without the expression of antiapoptotic p35, dissected from larvae reared on normal food or NR. Scale bars are 250
μm. (B) Cleaved Caspase-3 antibody staining (in red) of eye discs with hsFlp Tsc1mutant
clones (marked by the absence of GFP) dissected from larvae reared on normal food or NR.
Scale bars are 100 μm.
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Supplementary Figure 4

S4 Fig. TORC1-dependent overgrowth of Tsc1 mutant cells is not mediated by
inactivation of 4E-BP. (A) Eye discs bearing MARCM control, 4E-BPWT or 4E-BPAA clones
(marked by GFP), with or without Tsc1 mutation, dissected from larvae reared on normal food
and NR. Scale bars are 250 μm.
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Supplementary Figure 5

S5 Fig. Activation of TORC1 by Rheb promotes tissue overgrowth on NR. (A) Eye discs
with MARCM control or EP-Rheb clones (marked by GFP) dissected from larvae reared on
normal food and NR. Scale bars are 250 μm. (B) Scanning electron micrographs of control
or EP-Rheb eyes of animals reared on normal food and NR; (B’) quantification of eye size.
Scale bars are 100 μm. (C) Cleaved Caspase-3 antibody staining (in red) of eye discs with
MARCM EP-Rheb clones (marked by GFP) dissected from larvae reared on normal food or
NR. Scale bars are 100 μm.
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Supplementary Figure 6

S6 Fig. Overexpression of FoxO suppresses overgrowth caused by Tsc1 knockdown.
Quantification of eyes shown in Fig 4D.
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Supplementary Figure 7

S7 Fig. Loss of FoxO enhances the proliferation of Tsc1 mutant cells under NR.
(A) Eyes with hsFlp control, Tsc1, FoxO and Tsc1 FoxO mutant clones (marked by the
absence of pigmentation) of animals reared on normal food and NR. (B, B’) Eye discs with
hsFlp Tsc1and Tsc1 FoxO clones (marked by the absence of GFP) dissected from larvae
reared on NR 48 h after clone induction (scale bars are 75 μm), and the quantification
of (C) eye disc area, (C’) mutant clone area, (C”) mutant clone area relative to the whole disc,
and (C‴) mutant cell density (number of nuclei per arbitrary square).
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Supplementary Figure 8

S8 Fig. Extent of the Tsc1 mutant overgrowth is dependent on PKB-mediated inhibition
of FoxO. (A) Eyes bearing eyFlp control, Tsc1, PKB or Tsc1 PKB mutant clones (marked by
the absence of pigmentation), with or without FoxO mutation, of animals reared on normal
food

and

NR; (A’)

quantification

of

eye

size. (B) Eye

discs

bearing

eyFlp

control, PKB, FoxO or PKB FoxO mutant clones (marked by the absence of GFP), with or
without Tsc1 mutation, dissected from larvae reared on normal food or NR. Scale bars are
250 μm. (C) Phospho-PKB staining (in red) of eyes discs with hsFlp Tsc1, FoxO or Tsc1
FoxO mutant clones (marked by the absence of GFP) dissected from larvae reared on normal
food and NR. Scale bars are 75 μm.
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Supplementary Figure 9

S9 Fig. Tsc1 FoxO double mutant discs display severe morphological defects and
multi-layering under NR. Elav (in green), phalloidin (in red) and DAPI (in blue) stainings in
orthogonal sections of eye discs with control, FoxO, Tsc1 and Tsc1 FoxO mutant tissue
dissected from larvae reared on normal food and NR. Scale bars are 50 μm.
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Supplementary Figure 10

S10 Fig. Overgrowth of Tsc1 FoxO double mutant discs upon NR. (A) Comparison of
development of eye discs with control, FoxO, Tsc1 or Tsc1 FoxO mutant tissue, dissected at
indicated time points from larvae reared on normal food and NR. White arrows indicate
morphological defects. (B) DIC images of eye discs with Tsc1 FoxO mutant tissue dissected
11 days after egg lay from larvae reared on NR. White arrows indicate morphological
defects. (C) Comparison of size of the eye discs with Tsc1 FoxO knockdown tissue (marked
by GFP) to larval size for various larvae (n = 46) reared on NR and imaged 19 days AEL.
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S1 Genotypes

Fig 1
(A,B) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w hsFlp/y w;; FRT82 ubiGFP/
FRT82 Tsc1Q87X
(C) y w eyFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w eyFlp/y w;; FRT82 ubiGFP/FRT82
Tsc1Q87X, (D) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+
cl/FRT82 Tsc1Q87X

Fig 2
(A) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
Tsc1Q87X

Fig 3
(A) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
Tsc1Q87X
(B) y w eyFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w eyFlp/y w;; FRT82 ubiGFP/FRT82
Rheb2G5, y w eyFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82
ubiGFP/FRT82 Rheb2G5 Tsc1Q87X
(C) y w hsFlp UAS-GFP/ y w;; tubGal4 FRT82 tubGal80/FRT82 iso, y w hsFlp UASGFP/ y w;; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp UAS-GFP/ y w;
UAS-RaptorRi/+; tubGal4 FRT82 tubGal80/FRT82 iso, y w hsFlp UAS-GFP/ y w;
UAS-RaptorRi/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp UASGFP/UAS-S6KRi;; tubGal4 FRT82 tubGal80/ FRT82 iso, y w hsFlp UAS-GFP/UASS6KRi;; tubGal4 FRT82 tubGal80/ FRT82 Tsc1Q87X

Fig 4
(A) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w; FRT40
ubiGFP/FRT40 PTEN117
(B) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
Tsc1Q87X
(C) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w hsFlp/y w;; FRT82 ubiGFP/FRT82
Tsc1Q87X, y w hsFlp/y w; FRT40 ubiGFP/FRT40 PTEN117
(D) y w eyFlp Act>CD2>Gal4/y w;; UAS-lacZ /+, y w eyFlp Act>CD2>Gal4/y w;;
UAS-Tsc1Ri/+, y w eyFlp Act>CD2>Gal4/y w; UAS-PTENRi/+, y w eyFlp
Act>CD2>Gal4/y w; UAS-cherry-dFoxO/+, y w eyFlp Act>CD2>Gal4/y w; UAScherry-dFoxO/+; UAS-Tsc1Ri/+, y w eyFlp Act>CD2>Gal4/y w; UAS-cherrydFoxO/UAS-PTENRi

Fig 5
(A) y w eyFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w eyFlp/y w;; FRT82 ubiGFP/FRT82
Tsc1Q87X, y w eyFlp/y w; FRT40 ubiGFP/FRT40 PTEN117, y w eyFlp/y w;; FRT82
ubiGFP/FRT82 FoxO25, y w eyFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X FoxO25, y w
eyFlp/y w; FRT40 ubiGFP/FRT40 PTEN117; FRT82 ubiGFP/FRT82 FoxO25
(B) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
FoxO25, y w eyFlp/y w;; FRT82 w+ cl/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82 w+
cl/FRT82 Tsc1Q87X FoxO25
(C) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w hsFlp/y w;; FRT82 ubiGFP/FRT82
FoxO25, y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X FoxO25

Fig 6
(A) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 FoxO∆94, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X FoxO∆94
(B) y w hsFlp UAS-GFP/y w;; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp
UAS-GFP/y w; UAS-p35/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp
UAS-GFP/y w;; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X FoxO25, y w hsFlp UASGFP/y w; UAS-p35/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X FoxO25

Fig 7
(A,A’) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
FoxO25, y w eyFlp/y w;; FRT82 w+ cl/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82 w+
cl/FRT82 Tsc1Q87X FoxO25
(B) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w hsFlp/y w;; FRT82 ubiGFP/FRT82
FoxO25, y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X FoxO25

Fig 8
(A-D’’) y w eyFlp Act>CD2>Gal4/y w; UAS-FoxORi/+; UAS-Tsc1Ri/+
(E-H) y w eyFlp Act>CD2>Gal4/y w; UAS-CG33920Ri/+, y w eyFlp Act>CD2>Gal4/y
w; UAS-FoxORi/+, y w eyFlp Act>CD2>Gal4/y w;; UAS-Tsc1Ri/+, y w eyFlp
Act>CD2>Gal4/y w; UAS-FoxORi/+; UAS-Tsc1Ri/+, y w eyFlp Act>CD2>Gal4/y w;
UAS-PTENRi/+, y w eyFlp Act>CD2>Gal4/y w; UAS-PTENRi/UAS-FoxORi

S1 Fig
(A,A’) y w eyFlp Act>CD2>Gal4/y w;; UAS-lacZ/+; y w eyFlp Act>CD2>Gal4/y w;;
UAS-Tsc2Ri/+

S2 Fig
(A, A’) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X

S3 Fig
(A) y w hsFlp UAS-GFP/y w;; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp
UAS-GFP/y w; UAS-p35/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X
(B) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X

S4 Fig
(A) y w hsFlp UAS-GFP/y w;; tubGal4 FRT82 tubGal80/FRT82 iso, y w hsFlp UASGFP/y w; UAS-4EBPWT/+; tubGal4 FRT82 tubGal80/FRT82 iso, y w hsFlp UASGFP/y w; UAS-4EBPAA/+; tubGal4 FRT82 tubGal80/FRT82 iso , y w hsFlp UASGFP/y w;; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp UAS-GFP/y w; UAS4EBPWT/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X, y w hsFlp UAS-GFP/y w;
UAS-4EBPAA/+; tubGal4 FRT82 tubGal80/FRT82 Tsc1Q87X

S5 Fig
(A) y w hsFlp UAS-GFP/y w; tub-Gal80 FRT40/FRT40 iso; tub-Gal4/EP-Rheb
(B) y w eyFlp Act>CD2>Gal4/y w;; EP-Rheb/+
(C) y w hsFlp UAS-GFP/y w; tub-Gal80 FRT40/FRT40 iso; tub-Gal4/EP-Rheb

S7 Fig
(A) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w hsFlp/y w;; FRT82 ubiGFP/FRT82
Tsc1Q87X, y w hsFlp/y w;; FRT82 ubiGFP/FRT82 FoxO25, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X FoxO25
(B) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X FoxO25

S8 Fig
(A,B) y w eyFlp/y w;; FRT82 ubiGFP/FRT82 iso, y w eyFlp/y w;; FRT82
ubiGFP/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82 ubiGFP/FRT82 PKB1, y w eyFlp/y
w;; FRT82 ubiGFP/FRT82 Tsc1Q87X PKB1, y w eyFlp/y w;; FRT82 ubiGFP/FRT82
FoxO25, y w eyFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X FoxO25, y w eyFlp/y w;;
FRT82 ubiGFP/FRT82 PKB1 FoxO25, y w eyFlp/y w;; FRT82 ubiGFP/FRT82
Tsc1Q87X PKB1 FoxO25
(C) y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X, y w hsFlp/y w;; FRT82
ubiGFP/FRT82 FoxO25, y w hsFlp/y w;; FRT82 ubiGFP/FRT82 Tsc1Q87X FoxO25

S9 Fig
y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82 FoxO25,
y w eyFlp/y w;; FRT82 w+ cl/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82 w+ cl/FRT82
Tsc1Q87X FoxO25

S10 Fig
(A) y w eyFlp/y w;; FRT82 w+ cl/FRT82 iso, y w eyFlp/y w;; FRT82 w+ cl/FRT82
FoxO25, y w eyFlp/y w;; FRT82 w+ cl/FRT82 Tsc1Q87X, y w eyFlp/y w;; FRT82 w+

cl/FRT82 Tsc1Q87X FoxO25
(B) y w eyFlp/y w;; FRT82 w+ cl/FRT82 Tsc1Q87X FoxO25
(C) y w eyFlp Act>CD2>Gal4/y w; UAS-FoxORi/+; UAS-GFP/UAS-Tsc1Ri

S1 Video
y w eyFlp Act>CD2>Gal4/y w; UAS-CG33920Ri/+, y w eyFlp Act>CD2>Gal4/y w;;
UAS-Tsc1Ri/+

S2 Video
y w eyFlp Act>CD2>Gal4/y w; UAS-CG33920Ri/+, y w eyFlp Act>CD2>Gal4/y w;
UAS-FoxORi/+; UAS-Tsc1Ri/+

S3 Video
y w eyFlp Act>CD2>Gal4/y w; UAS-CG33920Ri/+, y w eyFlp Act>CD2>Gal4/y w;
UAS-PTENRi/+

S4 Video
y w eyFlp Act>CD2>Gal4/y w; UAS-CG33920Ri/+, y w eyFlp Act>CD2>Gal4/y w;
UAS-PTENRi/UAS-FoxORi

4.2. FoxO limits the potential of Tsc1 knockdown cells to
outcompete Pten knockdown cells
This study is under review at Science Matters.
FoxO limits the potential of Tsc1 knockdown cells to outcompete Pten knockdown cells
Avantika Gupta and Hugo Stocker

59

FoxO limits the potential of Tsc1 knockdown cells to
outcompete Pten knockdown cells

Avantika Gupta and Hugo Stocker

Institute of Molecular Systems Biology, ETH Zürich, Otto-Stern-Weg 3, 8093 Zürich,
Switzerland
Correspondence: stocker@imsb.biol.ethz.ch

Keywords: LexO-PtenRi, Tsc1, FoxO, coinFLP

60

ABSTRACT
Cells mutant for the tumor suppressors Pten or Tsc1 markedly overgrow in developing
Drosophila imaginal discs, especially under conditions of nutrient restriction. However,
a direct comparison of the growth properties of Pten and Tsc1 mutant cells has been
hampered by technical limitations. The use of the recently developed coinFLPLexGAD/Gal4 system enables the formation of clones with different genetic
manipulations in the same tissue. This study reports the generation of LexO-PtenRi
and the comparison of growth properties of Tsc1 and Tsc1 foxo knockdown cells in
the presence of hyperproliferating Pten knockdown cells. Our results highlight the role
of the transcription factor FoxO in determining the growth potential of Tsc1 knockdown
cells when surrounded by Pten knockdown cells.

INTRODUCTION
Clonal analysis in Drosophila has led to the discovery of many genes regulating major
cellular processes such as growth (Tapon et al., 2001), differentiation (Benlali et al.,
2000; Newsome et al., 2000), and cell competition (Morata and Ripoll, 1975). Studying
genetic mosaics has not only been crucial for understanding developmental processes
but has also provided useful insights into pathological conditions such as cancer,
which is inherently a clonal disease. Over the past decades, Drosophila has proven to
be an excellent tool for cancer research, with the identification of tumor suppressor
genes, development of genetic models of tumorigenesis or metastasis, and
establishment of personalized avatars of human cancers for drug screening (Villegas,
2019). One example of a model of early tumorigenesis in Drosophila is the clonal loss
of tumor suppressors phosphatase and tensin homolog (Pten) or tuberous sclerosis
complex (TSC) subunit 1 (Tsc1) in the eye imaginal discs of larvae raised under
nutrient restriction (NR) (Nowak et al., 2013, 2018). Pten and Tsc1 mutant cells
outgrow the surrounding wild-type cells by different growth mechanisms: Pten mutant
cells shift from a hypertrophic overgrowth to a combined hypertrophic and hyperplastic
overgrowth under NR, whereas Tsc1 mutant cells overgrow specifically due to an
increase in cell size. Differential activation of the transcription factor forkhead box O
(FoxO) upon loss of Tsc1 restricts proliferation of these cells, and the presence of
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Tsc1 foxo mutant cells results in massively overgrown tissues containing minimal
portions of wild-type cells.
In this study, the capacity of Tsc1 or Tsc1 foxo knockdown cells to overgrow when
surrounded by other overgrowing cell populations, such as Pten knockdown cells, was
explored. A PtenRi construct under LexO control was developed and used in
combination with the coinFLP-LexGAD/Gal4 system (Bosch et al., 2015) to generate
different knockdown cell populations within the same tissue. Detailed analysis of clonal
populations in eye discs demonstrates that the loss of FoxO enhances the proliferation
of Tsc1 knockdown cells, thereby increasing their potential to outcompete Pten
knockdown cells.

OBJECTIVE
This study aimed to examine the growth of cells with loss of Tsc1 function in the
presence of cells with increased growth advantage, such as Pten knockdown cells.
The function of FoxO in mediating this growth regulation was also investigated.

RESULTS AND DISCUSSION
To compare the growth properties of Pten knockdown cells with Tsc1 foxo knockdown
cells within the same tissue, the coinFLP-LexGAD/Gal4 system was used that
generates tissues with clones expressing either Gal4 or LexGAD (Bosch et al., 2015).
The Pten inverted repeat (IR) from UAS-PtenRi (101475 Vienna Drosophila Resource
Center (VDRC)) was cloned downstream of LexO to establish LexO-PtenRi that brings
the Pten knockdown under LexGAD control. Combined with the Gal4 control of UASTsc1Ri and UAS-foxoRi, this system produces Pten and Tsc1 foxo knockdown clones
side-by-side in the same tissue. Since the Pten knockdown should lead to increased
cell size and number (Huang et al., 1999), the area between veins L3 and L4 was
measured upon knockdown of Pten in the Dpp domain using dpp>LHG (Yagi et al.,
2010) (Figures 1A, A’). The area of the anterior crossvein was also measured as it lies
in the region of Dpp expression (Posakony et al., 1990) (Figure 1A’’). In both cases,
the area was increased upon knockdown of Pten as compared to the control.
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Figure 1. Generation of LexO-PtenRi and comparison of Tsc1Ri and Tsc1Ri foxoRi cells in
PtenRi background. (A) Adult female wings with ctrl or Pten knockdown in Dpp domain using
LHG transactivator. Scale bar = 400 µm. (A’) Quantification of area between veins L3 and L4
of wings represented in A; n > 11. (A’’) Quantification of area of anterior crossvein of wings
represented in A; n >11. (B) Eye discs and brains of ctrl, foxo, Tsc1 and Tsc1 foxo knockdown
clones (marked in green) in ctrl or Pten knockdown background (marked in red) dissected 324
h after egg lay (AEL) from larvae raised under NR at 30°C. Arrowheads indicate GFP-positive
cells in the VNC. Scale bar = 200 µm. (B’) Percentage of discs from A where area occupied
by Tsc1 or Tsc1 foxo knockdown clones in Pten knockdown background is greater than 50%
of total disc area. (B’’) Repo staining of Tsc1 foxo brains from B. Arrowheads indicate GFPpositive cells in the VNC that stain positively for Repo. Scale bar = 100 µm. (C) Cleaved Dcp1 staining of eye discs with Tsc1 or Tsc1 foxo knockdown clones in Pten knockdown
background dissected 180 h AEL from larvae raised under NR at 30°C. Arrowheads indicate
cleaved Dcp-1-positive cells outside of GFP clones. Scale bar = 100 µm.

At the molecular level, loss of Pten function results in hyperactivation of Akt due to its
enhanced phosphorylation (Maehama and Dixon, 1999). Phospho-Akt staining of
developing eye discs showed higher signal in the Pten knockdown clones generated
using the coinFLP-LexGAD/Gal4 system as compared to the control (Figure S1A),
confirming an efficient loss of Pten activity. Finally, to test whether the growth
phenotypes of the LexO-PtenRi allele are comparable to the UAS-PtenRi allele, the
clonal growth was observed under NR (Nowak et al., 2013). The Pten knockdown
clones grew much bigger as compared to the control clones under NR (Figure S1B),
indicating that the growth phenotypes of LexO-PtenRi and UAS-PtenRi are similar.
The above-mentioned LexO-PtenRi was recombined with LexO-mCherry-CAAX and
UAS-CD8-GFP to label LexGAD and Gal4-driven clones, respectively. Using a
combination of eyFLP and coinFLP-LexGAD/Gal4 systems, ctrl, foxo, Tsc1 or Tsc1
foxo knockdown clones were generated in eye discs under Gal4 control, and ctrl or
Pten knockdown clones were generated under LexGAD control (Figure 1B). Since the
LexGAD-expressing clones occupy 80% of the disc area (Bosch et al., 2015), the
manipulations using LexGAD are referred to as background of the disc. Whereas ctrl
and foxo knockdown clones were present in the ctrl background, these clones were
almost absent in the Pten background. This suggests a compromised growth of ctrl or
foxo knockdown cells in the presence of Pten knockdown cells, as has been described
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earlier (Nowak et al., 2013). Also consistent with earlier studies (Nowak et al., 2018),
Tsc1 and Tsc1 foxo knockdown produced massive discs composed primarily of
knockdown clones in the ctrl background. Interestingly, despite the generation of Pten
knockdown clones in 80% of disc area under LexGAD control in the Pten knockdown
background, Tsc1 knockdown clones occupied more than 50% of the total disc area
in 34.5% of discs analyzed. This percentage was further increased to 50% in Tsc1
foxo knockdown discs (Figure 1B’). Furthermore, patches of Gal4-driven GFP-positive
cells could be observed in the ventral nerve cord (VNC) in the presence of Tsc1 or
Tsc1 foxo knockdown clones in the ctrl or Pten knockdown background (Figure 1B’’).
To check if these patches were due to an invasion of epithelial cells from eye disc to
the VNC or developed from brain-specific lineage, the brains were stained with Repo,
a marker for glial cells (Xiong et al., 1994). The positive staining of cells in the VNC
with Repo argues against the invasion of knockdown cells from the eye discs, and
points towards leakiness of the Gal4/UAS system.
The large disc area occupied by Tsc1 or Tsc1 foxo knockdown clones in Pten
knockdown background could be because of larger cell size or higher proliferation of
Tsc1 or Tsc1 foxo knockdown cells (Nowak et al., 2018), or reduced viability of Pten
knockdown cells in the presence of Tsc1 or Tsc1 foxo knockdown cells. To explore
cell viability, eye discs with Tsc1 or Tsc1 foxo knockdown clones in Pten knockdown
background were stained with cleaved Dcp-1 (Figure 1C). Both Tsc1 and Tsc1 foxo
knockdown clones showed a high number of cleaved Dcp-1-positive cells. Taken
together with results in Figure 1B’, this implies greatly increased proliferation of Tsc1
and Tsc1 foxo knockdown cells to account for elevated apoptosis within the clones. It
was also noted that Pten knockdown background cells showed reduced levels of
apoptosis in the presence of Tsc1 foxo knockdown cells, suggesting a further
enhanced proliferation rate of Tsc1 foxo knockdown cells. These results add to the
important role of FoxO in restricting the proliferation of Tsc1 knockdown cells when
surrounded by wild-type cells (Nowak et al., 2018) as well as by highly proliferative
Pten knockdown cells.
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LIMITATIONS
The results of this study have been interpreted using a system that generates mosaic
clones in an uneven proportion. The observed apoptosis in Tsc1 and Tsc1 foxo
knockdown clones could also be due to toxicity of Gal4 expression (Kramer and
Staveley, 2003; Rezával et al., 2007). Although the outcompeting of Pten knockdown
clones that occupy 80% of the tissue by Gal4-driven clones is evidence of enhanced
growth of Tsc1 and Tsc1 foxo knockdown clones, the analogous experiment with
LexO-driven Tsc1 and Tsc1 foxo knockdowns and Gal4-driven Pten knockdown will
provide additional insights into the regulation of growth by these different tumor
suppressors.

MATERIALS AND METHODS
Cloning of LexO-PtenRi
The sequence targeted by LexO-PtenRi was PCR-amplified from y w genomic DNA
using primer set PCR1, as used for the UAS-PtenRi construct by VDRC. Restriction
digestion sites for EcoRI and XbaI were introduced by using primer set PCR2, and IR
was generated by digesting with EcoRI and self-ligation. The IR construct was
subcloned into pLOTattB (Yagi et al., 2010) by using the XbaI site to give
pLOTattBLexO-PtenRi.

Fly husbandry
All crosses were maintained at 25°C on normal fly food unless otherwise stated.
Normal fly food is composed of 100 g fresh yeast, 55 g cornmeal, 10 g wheat flour, 75
g sugar, 8 g bacto agar, and 1.5% antimicrobial agents (33 g/L nipagin and 66 g/L
nipasol in ethanol) in 1 L water. NR food was prepared by reducing the amount of
yeast to 10% with 1.5% nipagin (100 g/L in ethanol).
Fly lines used: LexO-PtenRi line was generated in this study by injecting the
pLOTattBLexO-PtenRi plasmid into line ΦX-22A (Bischof et al., 2007); dpp>LHG,
Act>CD2>LHV2 and LexO-mCherry-CAAX UAS-CD8-GFP tub-Gal80ts (Yagi et al.,
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2010); coinFLP-LexGAD/Gal4 (59270 Bloomington Drosophila Stock Center (BDSC));
foxoRi (107786 VDRC); Tsc1Ri (31039 BDSC).
Immunofluorescence and microscopy
Adult wings of females were detached from thorax using forceps 4 days after eclosion,
and mounted in Euparal (Roth #7356.1). They were imaged on a KEYENCE VHX1000
digital microscope. Imaginal discs were dissected 108 h AEL from normal food and
156 h AEL from NR unless otherwise stated.
Imaginal discs and brains were fixed in 4% paraformaldehyde (PFA, 30 min, room
temperature (RT)), washed thrice in 0.3% Triton-X in PBS (PBT, 15 min, RT), blocked
in 2% Normal Donkey Serum in 0.3% PBT (2 h, 4°C), incubated with primary
antibodies (overnight, 4°C), washed thrice in 0.3% PBT (15 min each, RT), incubated
with secondary antibodies (2 h, RT), washed thrice in 0.3% PBT (15 min each, RT),
stained with DAPI in 0.3% PBT (1:2000, 10 min, RT), and washed once with PBS (10
min, RT). The samples were mounted in VECTASHIELD (Vector Laboratories H1000). Confocal images were obtained on a Leica SPE TCS confocal laser-scanning
microscope.
Antibodies used: rabbit anti-phospho-Drosophila Akt Ser505 (Cell Signaling
Technology #4054, 1:300), rabbit anti-Repo (gift from Angela Giangrande, 1:500),
rabbit anti-cleaved Drosophila Dcp-1 Asp216 (Cell Signaling Technology #9578,
1:200), goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific #A11034, 1:500),
and goat anti-rabbit Alexa Fluor 633 (Thermo Fisher Scientific #A21070, 1:500). All
antibody dilutions were made in 2% NDS in 0.3% PBT.

Quantification and statistical analysis
Area between veins L3-L4 and area of crossveins from adult wings of females were
measured using ImageJ software (Schindelin et al., 2012). Area of Gal4 clones was
calculated by dividing the GFP-positive area by DAPI area for individual discs using
ImageJ software. Error bars in bar plots represent mean ± standard deviation.
Student’s t-test (two-tailed) was used to test for significance; *** indicates p value <
0.001. n for experiments is indicated in corresponding Figure legends.
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SUPPLEMENTARY FIGURE

Figure S1. Functional validation of LexO-PtenRi. (A) p-Akt S505 staining of eye discs with
ctrl or Pten knockdown clones generated using the coinFLP-LexGAD/Gal4 system. Scale bar
= 50 µm. (B) ctrl and Pten knockdown clones in eye discs of larvae raised under NR at 30°C.
Scale bar = 100 µm.
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4.3. FoxO suppresses endoplasmic reticulum stress to
inhibit growth of Tsc1-deficient cells under nutrient
restriction
SUMMARY
Exploring downstream regulation by the transcription factor FOXO is necessary to
understand its function as a tumor suppressor or promoter in different biological
contexts. Here, we employed RNA-seq profiling on single clones isolated using laser
capture microdissection from Drosophila larval eye imaginal discs to identify FoxO
targets that restrict the proliferation of Tsc1-deficient cells under nutrient restriction
(NR). Transcriptomics analysis revealed downregulation of endoplasmic reticulumassociated protein degradation (ERAD) pathway components upon foxo knockdown.
Induction of ER stress pharmacologically or by suppression of other ER stress
response pathway components led to an enhanced overgrowth of Tsc1 knockdown
tissue. Increase of ER stress in Tsc1 mutant cells upon foxo knockdown was also
confirmed by elevated expression levels of known ER stress markers. These results
highlight the role of FoxO in upregulating ERAD to inhibit ER stress and Tsc1 loss-offunction overgrowth.

INTRODUCTION
The phosphatidylinositol 3-kinase (PI3K)/AKT/mechanistic target of rapamycin
complex 1 (mTORC1) network is the central regulator of cell growth, survival, and
metabolism (Manning and Toker, 2017; Saxton and Sabatini, 2017). mTORC1
integrates growth factor signaling via AKT with the intracellular nutrient and energy
status to promote anabolism and suppress catabolic processes (Ben-Sahra and
Manning, 2017). The key regulatory function of the network is highlighted by its
deregulation leading to human cancers (Zhang et al., 2017), and the evolutionary
conservation across organisms including Drosophila melanogaster (Engelman et al.,
2006; Katewa and Kapahi, 2011). In Drosophila, the major tumor suppressors of this
network are phosphatase and tensin homolog (Pten) and the tuberous sclerosis
complex (TSC) proteins Tsc1 and Tsc2. Pten counteracts the function of PI3K by
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dephosphorylating the second messenger phosphatidylinositol-3,4,5-triphosphate
(PIP3) to phosphatidylinositol-4,5-biphosphate (PIP2) (Klippel et al., 1997), thereby
inhibiting Akt activity (Goberdhan et al., 1999). The TSC complex inactivates mTORC1
downstream of Akt (Potter et al., 2002) via its GTPase activating protein (GAP) activity
towards Rheb (Saucedo et al., 2003; Stocker et al., 2003; Zhang et al., 2003). Another
major downstream target of Akt is the transcription factor Forkhead box O (FoxO)
(Junger et al., 2003). However, the role of FoxO as a bona fide tumor suppressor is
not established since it can also function as tumor-promoting depending on the
biological context (van Doeselaar and Burgering, 2018). This underscores the
importance of understanding the regulation of FoxO and the downstream signaling in
a particular context of interest (Brown and Webb, 2018).
Using an early tumorigenesis model in Drosophila, we have shown that the loss of
Tsc1 leads to an enhanced overgrowth of eye imaginal discs in larvae raised under
nutrient restriction (NR) (Nowak et al., 2018). This overgrowth is primarily hypertrophic
in nature due to increased FoxO activity in mutant cells. Suppression of foxo function
in Tsc1 mutant cells results in massively overgrown tissues that show ectopic
differentiation, demonstrating a role of FoxO in regulating growth and differentiation of
these hyperactive mTORC1 cells. However, the specific FoxO targets crucial for this
growth regulation remained elusive.
The Drosophila eye imaginal disc is composed of different populations of mitotically
active and differentiating cells. Given the context and cell-type specificity of FoxO
(Webb et al., 2016), investigation for its targets is required to be performed in specific
cells under conditions being studied. The laser capture microdissection (LCM)
technique has emerged as a useful tool for isolation of distinct cells of interest (Iyer
and Cox, 2010; Vicidomini et al., 2010), but a comprehensive analytical study has not
been described previously in Drosophila. Here, we identify downregulation of ER
stress as a key mechanism downstream of FoxO to inhibit Tsc1 mutant overgrowth
under NR using transcriptomic profiling of single mutant clones isolated using LCM
from larval eye imaginal discs.
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RESULTS
Transcriptomic analysis to identify FoxO targets in Tsc1 mutant cells under NR
FoxO restricts the growth of cells with high mTORC1 activity under NR (Nowak et al.,
2018). To identify FoxO targets essential for this growth regulation, we performed
RNA-seq transcriptomic profiling of Tsc1 mutant cells, with or without foxo knockdown,
using our previously described model of early tumorigenesis in Drosophila larval eye
imaginal discs. The mutant cells were isolated in a spatially and temporally controlled
manner to address the context specificity and high number of FoxO targets (Webb et
al., 2016). To profile strictly the mitotically active cells and to avoid false-positive FoxO
targets from different cell types, the LCM technique was used to isolate single clones
from the dividing part anterior to the morphogenetic furrow in the eye disc (spatial
control) of wandering third instar larvae (temporal control). The MARCM (Lee and Luo,
2001) and Gal80ts systems were combined to gain a temporal control on foxo
knockdown specifically in mutant clones (Figure 1A). Time-course experiments
revealed that a 12 h shift was sufficient to get adequate foxo knockdown, by evaluating
the nuclear FoxO antibody staining in Tsc1 mutant cells (Manning et al., 2005)
(Figures 1B, 1B’). The knockdown of foxo for a short duration limited the detection of
secondary transcriptional targets, as illustrated earlier (Gan et al., 2010).
Using the above-mentioned techniques, four single clones each were captured for
isogenic control and Tsc1 mutant cells, with or without foxo knockdown, from larvae
raised on normal food and NR. foxo knockdown was achieved by shifting F1 larvae
from the same cross to the restrictive temperature (30°C) 12 h before dissection.
Analysis was done on 29 samples that passed quality control. Clustering on
normalized gene counts showed high variability among the biological replicates
(Figure S1A). This can be explained by the small starting material for library
preparation (Bhargava et al., 2015) and an absence of pooling of multiple samples to
average the individual organismal differences. Interestingly, a reduction in foxo
transcripts was not observed in the knockdown samples (Figure S1B). A similar partial
loss of transcripts accompanied by a significant loss of protein (Figure S1C) was seen
in Kc167 cells. This suggests the presence of transcriptionally-activating feedback
upon foxo knockdown or a direct degradation of protein (Doench et al., 2003).
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Figure 1. Transcriptomics analysis to identify FoxO targets in Tsc1 mutant cells (A)
Schematic of the experimental setup to generate temporal knockdown of foxo in wild-type or
Tsc1 mutant clones, and isolation of single clones using LCM at 108 h after egg laying (AEL)
from normal food and 156 h AEL from NR. Solid or dashed lines represent clones isolated
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from larvae shifted to 30°C for 12 h or maintained at 25°C, respectively. (B) FoxO staining of
eye imaginal discs with Tsc1 mutant clones dissected from larvae raised on normal food at
25°C, 30°C or shifted from 25°C to 30°C for 12 h. Clones are negatively marked by GFP, and
DAPI stains nuclei. Scale bar = 50 µm. (B’) Quantification of ratio of nuclear FoxO intensity in
Tsc1 mutant clone over wild-type from larvae raised on normal food or NR at temperatures
described in B. n > 9. Data are represented as mean ± SD. ** p < 0.01, *** p < 0.001 and ns
= not significant. (C) Venn diagram depicting number of genes, upregulated and
downregulated, between all conditions tested. p < 0.0025 and FDR < 0.2. (C’) Gene ontology
analysis of the downregulated genes in Tsc1 mutant cells upon foxo knockdown as compared
to Tsc1 mutant cells under NR.

Despite the variability, gene set enrichment analysis (GSEA) (Subramanian et al.,
2005) showed enrichment of genes upregulated in Tsc1 mutant discs (Harvey et al.,
2008) as well as FoxO targets from adipose tissue and muscle (Teleman et al., 2008)
in corresponding lists of differentially expressed genes (Figure S1D).
Differential gene expression analysis of Tsc1 mutant cells, with or without foxo
knockdown, under NR revealed 24 downregulated and 128 upregulated genes
(ANOVA, logFC > 0.8 and FDR < 0.2, Figure 1C) in the absence of foxo. Gene
Ontology analysis of the downregulated genes showed enrichment in various
biological processes such as protein deglycosylation, protein refolding, and protein
localization to ER (Figure 1C’), and these genes have been further validated (see
below). From the 128 upregulated genes, more than half code for small nucleolar
RNAs (snoRNAs). snoRNAs are single-stranded non-coding RNAs that function
primarily in the posttranscriptional modification of ribosomal RNAs and snRNAs to
regulate ribosome biogenesis (Bratkovič and Rogelj, 2011). snoRNAs were shown to
be directly bound and activated by Myc (Herter et al., 2015), which is transcriptionally
downregulated by FoxO in larval muscle (Teleman et al., 2008). Therefore, the
enrichment of snoRNAs upon foxo loss indicates the activity of a similar regulation
mechanism in Tsc1 mutant cells.
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In vivo validation of FoxO targets in Tsc1 mutant cells identifies ERAD
components as top hits
The downregulated genes in Tsc1 mutant cells upon foxo knockdown were validated
functionally for their regulation of Tsc1 mutant overgrowth, similar to FoxO, in an in
vivo RNAi screen. Different RNAi lines for 24 candidates (Figure 2A) were crossed to
a tester line utilizing the eye-specific FLP-out system (Struhl and Basler, 1993) with
Tsc1-RNAi. foxo knockdown led to a significant increase of Tsc1 knockdown eyes as
compared to the control (Figure 2B). Knockdown of eight candidate genes consistently
enhanced the overgrowth with multiple RNAi lines, and the statistically significant data
are highlighted in blue or red. Candidates that scored positive in the screen were also
assessed in the wild-type background to eliminate additive growth effects with loss of
Tsc1 (Figure 2C). Knockdown of four candidate genes did not affect eye size
(statistically not significant data highlighted in red) in the wild-type background,
indicating that the growth effect was specific to the loss of Tsc1. A weak knockdown
allele of Tsc1 was used in the above screens because a combined knockdown of Tsc1
and foxo is larval lethal (Nowak et al., 2018). The effect on eclosion upon knockdown
of these candidates with Tsc1 using the strong knockdown allele was also quantified
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(Figure S2A).
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Figure 2. In vivo RNAi screen to validate FoxO targets in Tsc1 mutant cells (A) log fold
change (FC) of downregulated genes in Tsc1 mutant cells with foxo knockdown versus Tsc1
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mutant cells under NR. (B) Percentage change in adult eye size upon knockdown of candidate
genes in Tsc1 knockdown background under NR. n > 3. Blue or red points represent a
significant (p < 0.05) change as compared to ctrl or foxo knockdown, respectively. (C)
Percentage change in adult eye size upon knockdown of candidate genes in wild-type
background on normal food. n > 9. Red points represent a non-significant (p > 0.05) change
as compared to ctrl. Data are represented as mean ± SD.

The top candidate from all screens was the uncharacterized gene CG6766, ortholog
of the mammalian endoplasmic reticulum lectin 1 (ERLEC1). It is predicted to localize
to ER/Golgi and is considered to be a component of the ubiquitin-dependent ERAD
pathway (Huang et al., 2018). Another candidate that is involved in protein processing
in the ER, CG8860, also scored positively in the in vivo screens, suggesting a role for
ER homeostasis in determining Tsc1 mutant overgrowth. CG8860 is orthologous to
the mammalian SEC61 translocon gamma subunit (SEC61G). The knockdown
phenotypes of the candidates from the in vivo screens are shown (Figure S2B).

Induction of ER stress enhances the growth of Tsc1 loss-of-function cells
To confirm the role of ERAD in the regulation of growth of Tsc1 mutant cells, ERAD
components other than the genes identified by the transcriptomic analysis were
knocked down using the same screening method described above (Figure 2B). The
genes were functionally classified according to the KEGG database (dme04141,
Figure 3A). Knockdown of several ERAD pathway components led to an increase in
Tsc1 knockdown eye size (Figure 3B). Particularly, inhibition of the core components
of the ubiquitin ligase complex and those involved in the retrotranslocation of terminally
misfolded proteins from ER to cytosol resulted in a statistically significant enlargement
of eye size. Of note, CG13426, which is an ortholog of SEC61G similar to the
candidate from the transcriptomic analysis, CG8860, also led to an enhancement of
the Tsc1 knockdown overgrowth.
A reduced efficiency of ERAD lowers the capacity of the ER to remove misfolded
proteins. In mammals, accumulation of misfolded proteins in the ER causes activation
of the three signal transduction pathways: PERK, IRE1a and ATF6, together referred
to as the unfolded protein response (UPR) (Wang and Kaufman, 2014). These signal
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to induce apoptosis in case of chronic ER stress, or maintain ER homeostasis by
upregulating expression of several ERAD pathway genes. The ERAD pathway also
links the ubiquitin-proteasome system to ER protein quality control as its substrates
are transported into the cytosol for degradation by the proteasome (Ruggiano et al.,
2014). To analyze if downregulation of UPR or proteasomal degradation pathway
components would affect Tsc1 knockdown overgrowth similar to the suppression of
ERAD pathway genes, the above screen was repeated with the major components of
these pathways. Knockdown of UPR or proteasomal degradation pathway genes did
not show a consistent effect on Tsc1 knockdown overgrowth (Figures 3C and 3D).

Figure 3. Activation of ER stress increases Tsc1 knockdown overgrowth (A) Schematic
depicting involvement of genes tested in (B), (C) and (D) in different ER stress regulation
mechanisms according to the KEGG database. Blue, green and orange denote components
of ERAD, UPR and proteasomal degradation pathways, respectively. (B) Percentage change
in adult eye size upon knockdown of ERAD components in Tsc1 knockdown background
under NR. (C) Percentage change in adult eye size upon knockdown of UPR components in
Tsc1 knockdown background under NR. (D) Percentage change in adult eye size upon
knockdown of proteasome components in Tsc1 knockdown background under NR. (E)
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Percentage change in Tsc1 knockdown adult eye size upon addition of the indicated small
molecule inhibitors to the fly food under NR. n > 3. Data are represented as mean ± SD. Red
points represent a significant (p < 0.05) change as compared to ctrl.

Furthermore, the consequence of the induction of ER stress on Tsc1 knockdown
overgrowth by using non-genetic means was tested. The inhibition of N-linked
glycosylation by Tunicamycin (Kuo and Lampen, 1974), Ca2+ ATPase by Thapsigargin
(Lytton et al., 1991), proteasome by MG132 (Lee, 1998), and ERAD by Eeyarestain I
(Fiebiger et al., 2004) causes ER stress. Addition of these small molecule inhibitors in
the fly food, except Thapsigargin, led to an enhancement of Tsc1 knockdown eye size
(Figure 3E). The above results point to an evident regulation of Tsc1 cell growth by
ER stress response status.

Loss of FoxO function upregulates ER stress in Tsc1 mutant cells under NR
Since both FoxO suppression and ER stress induction caused an escalation in Tsc1
mutant cell overgrowth, the ER stress status upon foxo loss in Tsc1 mutant cells was
examined. Calnexin is an ER molecular chaperone and a Ca2+ homeostasis regulator
(Arruda and Hotamisligil, 2015) that is localized to the ER membrane (Xiao et al.,
2017). Using an antibody against the Drosophila calnexin homolog, Cnx99A, eye
imaginal discs with ctrl, foxo, Tsc1 or Tsc1 foxo mutant clones dissected from larvae
raised under NR were immunostained (Figure 4A). The staining was stronger in Tsc1
and Tsc1 foxo mutant clones as compared to the surrounding wild-type tissue,
suggesting an upregulation of Cnx99A levels or a change in ER morphology in these
cells.
Increased ER stress in Tsc1 loss-of-function cells has been established (Ozcan et al.,
2008). Therefore, to compare the status upon loss of foxo, the cells were probed for
transcript levels of a known ER stress reporter, the resident ER chaperone Hsc-70-3
or BiP (Elefant and Palter, 1999). Quantitative PCR (qPCR) analysis of Tsc1 or Tsc1
foxo mutant eye imaginal discs dissected from larvae raised under normal food or NR
showed elevated Hsc-70-3 transcript levels upon foxo loss (Figure 4B), indicating an
enhancement of ER stress. Induction of UPR was also checked by analyzing the two
conserved branches in Drosophila: PEK (PERK) and Ire1 (Mori, 2009). PEK transcript
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levels were not changed upon foxo loss in Tsc1 mutant eye discs (Figure 4B’). Ire1
signals via splicing of the transcription factor X-box binding protein 1 (Xbp1) (Yoshida
et al., 2001). The expression levels of spliced-Xbp1 were significantly increased in
Tsc1 foxo mutant eye discs, specifically under conditions of NR (Figure 4B’’). The
enrichment of spliced-Xbp1 was further confirmed in Tsc1 foxo knockdown clones
under NR using an in vivo reporter (Sone et al., 2013) (Figures S3A and S3B). This
illustrates the capacity of FoxO to regulate the ER stress status in Tsc1 mutant cells.

Figure 4. Loss of foxo enhances ER stress in Tsc1 mutant cells (A) Calnexin 99A staining
of eye imaginal discs with ctrl, foxo, Tsc1 or Tsc1 foxo mutant clones dissected from larvae
raised under NR. Clones are negatively marked by GFP and DAPI stains nuclei. Scale bar =
50 µm. (B-B’’) qPCR analysis of (B) Hsc-70-3, (B’) PEK and (B’’) spliced-Xbp1 on Tsc1 or
Tsc1 foxo mutant eye imaginal discs dissected from larvae raised under normal food or NR.
n = 2 with triplicates. Data are represented as mean ± SD. * p < 0.05, ** p < 0.01 and ns = not
significant.
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DISCUSSION
The transcription factor FoxO has a distinct activity in different biological contexts. In
cells with loss of Tsc1 function, it suppresses cellular growth and proliferation. In this
study, we performed RNA-seq transcriptomics analysis on single mutant clones
isolated by LCM. We identified ER stress response pathway components as critical
FoxO targets crucial for the regulation of Tsc1 mutant cell growth. Earlier studies
(Mauthner et al., 2014; Spletter et al., 2007) have described the use of LCM for RNA
isolation from optimal cutting temperature compound-embedded tissues, but this is
the first report, to our knowledge, illustrating the use of this technique with living
imaginal disc cells in Drosophila that was not based on pooling of multiple biological
samples.
There is a significant interplay between the PI3K/Akt/mTORC1 signaling network and
ER stress pathways (Appenzeller-Herzog and Hall, 2012). Induction of ER stress
results in the suppression of insulin receptor signaling linking ER stress to insulin
resistance (Özcan et al., 2004). Similarly, PEK-driven regulation of FoxO contributes
to this resistance in Drosophila (Zhang et al., 2013). In a study on cardiac dysfunction,
uncontrolled activation of Akt repressed ER stress (Dong et al., 2013). Hyperactivation
of mTORC1 activity, particularly via loss of the TSC complex function, leads to
increased ER stress via UPR pathway upregulation (Ozcan et al., 2008). In turn, ER
stress inhibits Akt and mTORC1 activity to induce autophagy (Qin et al., 2010). Our
identification of putative ERAD components as targets of FoxO adds another
interaction node to this pathway crosstalk. The absence of canonical ERAD
components in the transcriptomics data prompted us to consider the possibility of an
independent mechanism for the degradation of misfolded proteins, as shown
previously in C. elegans (Safra et al., 2014). However, enhancement of the Tsc1 lossof-function overgrowth upon downregulation of the core ERAD components implies an
important role of the Hrd3-E3 ubiquitin ligase complex in this growth process.
Additionally, the lack of any effect on the growth of wild-type tissues indicates that the
control of ERAD via FoxO is specific in the context of loss of Tsc1 function.
The results presented here demonstrate a critical function of FoxO in resisting ER
stress to restrain Tsc1 mutant overgrowth under NR. ER stress enhances overgrowth
of tissues lacking Tsc1. The loss of foxo also increases ER stress as evidenced by the
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upregulation of the ER chaperone Hsc-70-3, and the spliced isoform of Xbp1, a target
of the Ire1 branch of the UPR pathway. It is known that ER stress stimulates better
survival or apoptosis depending on the biological context (Wang and Kaufman, 2014).
Under several conditions, induction of ER stress has been reported to produce
elevated growth (Cubillos-Ruiz et al., 2017). Particularly, Ire1 activation has been
shown to promote proliferation (Blazanin et al., 2017; Thorpe and Schwarze, 2010).
Taken together with the findings of this study, we propose that the upregulation of Ire1
signaling, possibly via the suppression of ERAD, causes an enhanced proliferation of
Tsc1 mutant cells upon loss of FoxO.
Aberrant ER stress activation has been recorded during various aspects of cancer
development (Avril et al., 2017; Wang and Kaufman, 2014). Given the major
involvement of this stress pathway in the pathophysiology of cancer, it is not surprising
that significant efforts have been made to modulate ER stress for therapeutic
interference against this disease. Specifically, in the case of loss of Tsc1/2 function,
use of ER stress-inducing agents has displayed sensitization of mutant cells to
individual treatments in vitro (Kang et al., 2011), or combination treatments in a mouse
xenograft tumor model (Li et al., 2015). However, our results demonstrate that the
addition of ER stressors augments the Tsc1 knockdown overgrowth. We speculate a
role of FoxO in this resistance to ER stress upregulation, similar to its function
described earlier (Safra et al., 2014). Alternatively, utilizing this stress pathway
dependence in a combined Tsc1 and foxo loss-of-function context can provide
promising therapy options, and is an area that needs further exploration.
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SUPPLEMENTARY INFORMATION
Supplementary Figure 1
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Figure S1. Related to Figure 1. Validation of RNA-seq data (A) Multidimensional scaling
plot of log counts per million (CPM) of ctrl and Tsc1 mutant cells, with or without foxo
knockdown, from different food conditions. (B) foxo expression levels in indicated conditions.
Data are represented as mean ± SD. (C) Immunoblot and qPCR analysis of Kc167 cells
transfected with dsRNA against ctrl or foxo. n = 3. Data are represented as mean ± SD. ** p
< 0.01. (D) GSEA plots depicting correlation between differentially expressed genes in Tsc1
mutant cells as compared to wild-type on normal food and genes upregulated in Tsc1 mutant
eye discs (Harvey et al., 2008), and differentially expressed genes in wild-type versus foxo
knockdown cells on normal food and FoxO targets (Teleman et al., 2008).
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Supplementary Figure 2

Figure S2. Related to Figure 2. In vivo RNAi screen of downregulated candidates with
strong Tsc1 knockdown and representative phenotypes of top hits (A) Percentage
eclosion of flies with co-knockdown of candidate with Tsc1 under NR. Numbers above bars
indicate the number of eclosed flies for each cross. (B) Representative images of eyes from
control and candidate crosses from screens in Figures 2B and 2C. Scale bar = 100 µm.
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Supplementary Figure 3

Figure S3. Related to Figure 4. FoxO suppresses Ire1 pathway activation in Tsc1 mutant
cells under NR (A-B) GFP staining to detect Xbp1-EGFP of eye imaginal discs with ctrl, foxo,
Tsc1 or Tsc1 foxo knockdown clones dissected from larvae raised under (A) normal food or
(B) NR. Clones are marked by RFP and DAPI stains nuclei. Scale bar = 50 µm.
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Table S1. Primer sequences for dsRNA synthesis and qPCR
Name
EGFP forward
EGFP reverse
foxo forward
foxo reverse
Name
foxo forward
foxo reverse
Hsc-70-3 forward
Hsc-70-3 reverse
PEK forward
PEK reverse
spliced-Xbp1 forward
spliced-Xbp1 reverse
RpS23 forward
RpS23 reverse

Primers for dsRNA synthesis
Sequence
CGCTAATACGACTCACTATAGGGAGATCACCGGGGT
GGTGCCCATCCTGG
CGCTAATACGACTCACTATAGGGAGATGCCGAGAGT
GATCCCGGCGGCGG
CGCTAATACGACTCACTATAGGGAGACACAACCGCT
TTATGAGGGT
CGCTAATACGACTCACTATAGGGAGACTCTCGGGAA
AGTGATCCAG
Primers for qPCR
Sequence
AGGCGCAGCCGATAGACGAATTTA
TGCTGTTGACCAGGTTCGTGTTGA
GAATCAGTTGACCACCAATCCC
AACTTGATGTCGTGTTGCACA
CTGCGCAGTCTTCGGGACGG
AGCTGCTGAAGGTGCGGCTG
CAACCTTGGATCTGCCGCAGGG
CGCTCCAGCGCCTGTTTCCAG
TCGTAACGCTCAGCAACG
GCAGACCTCTTGGCTTGC
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MATERIALS AND METHODS
Resources table
REAGENT or RESOURCE
Antibodies
Rabbit anti-FoxO
Mouse anti-Cnx99A

SOURCE

IDENTIFIER

Mouse anti-a-tubulin

Dr. Mark Tatar
Developmental Studies
Hybridoma Bank
Sigma-Aldrich

Mouse anti-GFP

Thermo Fisher Scientific

(Bai et al., 2012)
Cat# Cnx99A 6-2-1,
RRID:AB_2722011
Cat#T9026,
RRID:AB_477593
Cat#A-11120,
RRID:AB_221568

Chemicals, Peptides, and Recombinant Proteins
DMSO
Carl Roth
Tunicamycin
Sigma-Aldrich
Thapsigargin
Sigma-Aldrich
MG132
Sigma-Aldrich
Eeyarestatin I
Sigma-Aldrich
Critical Commercial Assays
Ovation SoLo RNA-Seq System Drosophila NuGEN
Experimental Models: Cell Lines
D. melanogaster: Cell line: Kc167
Drosophila Genomics
Resource Center
Experimental Models: Organisms/Strains
D. melanogaster: hsFLP
(Struhl and Basler,
1993)
D. melanogaster: eyFLP Act>CD2>Gal4
(Baumgartner et al.,
2013)
D. melanogaster: eyFlp gl-LacZ
(Newsome et al., 2000)
D. melanogaster: Act>CD2>Gal4 UAS-RFP Bloomington Drosophila
Stock Center (BDSC)
D. melanogaster: FRT82 iso
(Xu and Rubin, 1993)
D. melanogaster: FRT82 foxo∆94
(Slack et al., 2011)
Q87X
D. melanogaster: FRT82 Tsc1
(Tapon et al., 2001)
D. melanogaster: FRT82 Tsc1Q87X foxo∆94
(Nowak et al., 2018)
D. melanogaster: FRT82 cl
(Newsome et al., 2000)
D. melanogaster: tub-Gal4 FRT82 tubThis paper
Gal80 ubi-GFP
D. melanogaster: tub-Gal80ts
BDSC
D. melanogaster: RNAi of CG1315
D. melanogaster: RNAi of foxo
D. melanogaster: RNAi of Tsc1

Vienna Drosophila
Resource Center
(VDRC)
VDRC
BDSC

D. melanogaster: RNAi of Tsc1 (strong)

BDSC

D. melanogaster: RNAi of Obp56e
D. melanogaster: RNAi of Mco3
D. melanogaster: RNAi of mah
D. melanogaster: RNAi of mah

VDRC
VDRC
VDRC
BDSC
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Cat#A994.1
Cat#T7765
Cat#T9033
Cat#C2211
Cat#E1286
Cat#0502-32
DGRC Cat# 1,
RRID:CVCL_Z834
FBtp0001101
N/A
N/A
BDSC Cat# 30558,
RRID:BDSC_30558
N/A
FBal0269838
FBal0123965
N/A
N/A
N/A
BDSC Cat# 7108,
RRID:BDSC_7108
VDRC ID# 47097
VDRC ID# 107786
BDSC Cat# 35144,
RRID:BDSC_35144
BDSC Cat# 31039,
RRID:BDSC_31039
VDRC ID# 3355
VDRC ID# 43288
VDRC ID# 1571
BDSC Cat# 53701,
RRID:BDSC_53701

D. melanogaster: RNAi of CG9896
D. melanogaster: RNAi of CG9896

VDRC
BDSC

D. melanogaster: RNAi of CG15282
D. melanogaster: RNAi of CG42749
D. melanogaster: RNAi of CG42749
D. melanogaster: RNAi of CG42749
D. melanogaster: RNAi of Hsp22/CG4456
D. melanogaster: RNAi of Hsp22/CG4456

VDRC
VDRC
VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of Hsp22/CG4456

BDSC

D. melanogaster: RNAi of Hsp22/CG4456
D. melanogaster: RNAi of Hsp22/CG4456
D. melanogaster: RNAi of clos
D. melanogaster: RNAi of clos
D. melanogaster: RNAi of clos

VDRC
VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of CG40472
D. melanogaster: RNAi of CG10424
D. melanogaster: RNAi of Fili
D. melanogaster: RNAi of Fili

VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of CG43313
D. melanogaster: RNAi of CG43313

VDRC
BDSC

D. melanogaster: RNAi of CG6766
D. melanogaster: RNAi of CG6766

VDRC
BDSC

D. melanogaster: RNAi of CG6766

BDSC

D. melanogaster: RNAi of CG2865

BDSC

D. melanogaster: RNAi of Ant2
D. melanogaster: RNAi of Ptp4E
D. melanogaster: RNAi of Ptp4E
D. melanogaster: RNAi of Ptp4E
D. melanogaster: RNAi of Ptp4E
D. melanogaster: RNAi of Ptp4E

VDRC
VDRC
VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of Ptp4E

BDSC

D. melanogaster: RNAi of Hexo1
D. melanogaster: RNAi of Hexo1

VDRC
BDSC

D. melanogaster: RNAi of grnd
D. melanogaster: RNAi of grnd
D. melanogaster: RNAi of Rpt5
D. melanogaster: RNAi of Rpt5

VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of Rpt5

BDSC

D. melanogaster: RNAi of CG8860
D. melanogaster: RNAi of CG8860

VDRC
BDSC

D. melanogaster: RNAi of Edem1

VDRC
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VDRC ID# 107926
BDSC Cat# 42587,
RRID:BDSC_42587
VDRC ID# 7712
VDRC ID# 28574
VDRC ID# 51132
VDRC ID# 51133
VDRC ID# 43632
BDSC Cat# 41709,
RRID:BDSC_41709
BDSC Cat# 51397,
RRID:BDSC_51397
VDRC ID# 49795
VDRC ID# 49796
VDRC ID# 104142
VDRC ID# 108711
BDSC Cat# 52966,
RRID:BDSC_52966
VDRC ID# 109239
VDRC ID# 39667
VDRC ID# 106055
BDSC Cat# 28568,
RRID:BDSC_28568
VDRC ID# 106610
BDSC Cat# 53990,
RRID:BDSC_53990
VDRC ID# 38035
BDSC Cat# 42924,
RRID:BDSC_42924
BDSC Cat# 55745,
RRID:BDSC_55745
BDSC Cat# 43165,
RRID:BDSC_43165
VDRC ID# 102533
VDRC ID# 1012
VDRC ID# 1013
VDRC ID# 4297
VDRC ID# 27232
BDSC Cat# 38369,
RRID:BDSC_38369
BDSC Cat# 60008,
RRID:BDSC_60008
VDRC ID# 102247
BDSC Cat# 67312,
RRID:BDSC_67312
VDRC ID# 43454
VDRC ID# 104538
VDRC ID# 105133
BDSC Cat# 32422,
RRID:BDSC_32422
BDSC Cat# 53886,
RRID:BDSC_53886
VDRC ID# 102745
BDSC Cat# 60127,
RRID:BDSC_60127
VDRC ID# 6923

D. melanogaster: RNAi of a-Man-Ia
D. melanogaster: RNAi of a-Man-Ib
D. melanogaster: RNAi of Pdi
D. melanogaster: RNAi of prtp
D. melanogaster: RNAi of Ssrb
D. melanogaster: RNAi of Sec61a
D. melanogaster: RNAi of Sec61b
D. melanogaster: RNAi of Sec61g
D. melanogaster: RNAi of CG13426
D. melanogaster: RNAi of TRAM
D. melanogaster: RNAi of Der-1
D. melanogaster: RNAi of Der-1
D. melanogaster: RNAi of Der-2
D. melanogaster: RNAi of sip3

VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of sip3

BDSC

D. melanogaster: RNAi of Hrd3

BDSC

D. melanogaster: RNAi of CG40045
D. melanogaster: RNAi of PEK

VDRC
BDSC

D. melanogaster: RNAi of PEK

BDSC

D. melanogaster: RNAi of Gcn2
D. melanogaster: RNAi of eIF2a
D. melanogaster: RNAi of Atf6
D. melanogaster: RNAi of wfs1
D. melanogaster: RNAi of Ire1

VDRC
VDRC
VDRC
VDRC
BDSC

D. melanogaster: RNAi of Ire1

BDSC

D. melanogaster: RNAi of Ire1

BDSC

D. melanogaster: RNAi of Cul1
D. melanogaster: RNAi of SkpA
D. melanogaster: RNAi of STUB1
D. melanogaster: RNAi of p47
D. melanogaster: RNAi of Csp
D. melanogaster: RNAi of TER94
D. melanogaster: RNAi of Ufd1-like
D. melanogaster: RNAi of CG4603
D. melanogaster: RNAi of Plap
D. melanogaster: RNAi of Ubqn
D. melanogaster: RNAi of Ubqn
D. melanogaster: RNAi of Ubqn
D. melanogaster: RNAi of CG10694
D. melanogaster: RNAi of Rad23
D. melanogaster: UAS-Xbp1-EGFP

VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
BDSC

Oligonucleotides
Primers for dsRNA synthesis, see Table S1
Primers for qPCR, see Table S1

This paper
This paper
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VDRC ID# 100654
VDRC ID# 4419
VDRC ID# 23359
VDRC ID# 106924
VDRC ID# 12101
VDRC ID# 109660
VDRC ID# 107784
VDRC ID# 100603
VDRC ID# 107528
VDRC ID# 39187
VDRC ID# 44210
VDRC ID# 44211
VDRC ID# 108440
BDSC Cat# 50609,
RRID:BDSC_50609
BDSC Cat# 61344,
RRID:BDSC_61344
BDSC Cat# 62368,
RRID:BDSC_62368
VDRC ID# 109167
BDSC Cat# 35162,
RRID:BDSC_35162
(BDSC Cat# 42499,
RRID:BDSC_42499
VDRC ID# 32664
VDRC ID# 104562
VDRC ID# 36504
VDRC ID# 108932
BDSC Cat# 36743,
RRID:BDSC_36743
BDSC Cat# 62156,
RRID:BDSC_62156
BDSC Cat# 35253,
RRID:BDSC_35253
VDRC ID# 108558
VDRC ID# 107815
VDRC ID# 107447
VDRC ID# 107148
VDRC ID# 34168
VDRC ID# 24354
VDRC ID# 24700
VDRC ID# 21894
VDRC ID# 110732
VDRC ID# 106050
VDRC ID# 47447
VDRC ID# 47448
VDRC ID# 100212
VDRC ID# 104354
BDSC Cat# 60730,
RRID:BDSC_60730
N/A
N/A

Software and Algorithms
STAR

(Dobin et al., 2013)

featureCounts

(Liao et al., 2014)

edgeR

(Robinson et al., 2009)

DAVID

(Huang et al., 2009)

GSEA

(Subramanian et al.,
2005)

ImageJ
R Studio

(Schindelin et al., 2012)
r-project.org

Adobe Illustrator

Adobe

https://github.com/al
exdobin/STAR
https://bio.tools/featu
recounts
https://doi.org/doi:10.
18129/B9.bioc.edge
R
https://david.ncifcrf.g
ov
http://software.broadi
nstitute.org/gsea/ind
ex.jsp
https://imagej.net/Fiji
https://www.rstudio.c
om
CC 2017

Fly lines
All crosses were maintained at 25°C on normal fly food unless otherwise stated.
Normal fly food is composed of 100 g fresh yeast, 55 g cornmeal, 10 g wheat flour, 75
g sugar, 8 g bacto agar, and 1.5% antimicrobial agents (33 g/L nipagin and 66 g/L
nipasol in ethanol) in 1 L water. NR food was prepared by reducing the amount of
yeast to 10% with 1.5% nipagin (100 g/L in ethanol). The following small molecule
inhibitors were added to the NR food before pouring into vials for the drug screen:
DMSO (control, 0.1%), Tunicamycin (12 µM, Sigma-Aldrich), Thapsigargin (2 µM,
Sigma-Aldrich), MG132 (50 µM, Sigma-Aldrich) and Eeyarestatin I (1 mM, SigmaAldrich).
Analysis on adult flies was done on females in all experiments. Larvae were not
selected for sex. The age of adults and larvae are mentioned in the corresponding
Figure legends and Method Details.

Cell lines
Kc167 (female) cells were obtained from Drosophila Genomics Resource Center.
Cells were cultured in Schneider’s medium (Gibco) with 10% Fetal Bovine Serum and
500 U/mL Penicillin-Streptomycin at 24°C.
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Laser Capture Microdissection
Eye imaginal discs were dissected in HBSS and mounted in a 0.5 µL drop of HBSS
on FrameSlide PET (Carl Zeiss AS). Single clones of approximately 50 cells were
microdissected using a Zeiss PALM-Microdissection system and captured into the
caps of AdhesiveCap (Carl Zeiss AS) microcentrifuge tubes. The samples were frozen
in liquid nitrogen and stored at -80°C until RNA isolation.

RNA-seq: library preparation and analysis
RNA isolation and cDNA library preparation from the LCM samples were done
according to the Ovation SoLo RNA-seq Systems kit (NuGEN). The sequencing was
performed at the Functional Genomics Center Zurich on HiSeq 2500 System
(Illumina). Reads were mapped to the Drosophila genome (BDGP6) using STAR
(Dobin et al., 2013), counted with featureCounts (Liao et al., 2014), and differentially
expressed genes were analyzed using edgeR (Robinson et al., 2009). Gene Ontology
analysis was performed using DAVID Bioinformatics Resources website (Huang et al.,
2009), and GSEA (Subramanian et al., 2005) was run with default parameters to
calculate enrichment with genes upregulated in Tsc1 mutant discs (Harvey et al.,
2008) as well as FoxO targets from adipose tissue and muscle (Teleman et al., 2008)
in corresponding lists of differentially expressed genes.

Cross setup and clone induction
Flies were crossed for two days on normal food. For assays using imaginal discs, the
flies were transferred to egg laying chambers and allowed to lay eggs on agar plates
containing yeast overnight. For clone induction, a 11 min (for LCM) or 15 min heat
shock at 37°C was applied 36 h AEL, after which the L1 larvae were transferred to
normal food or NR. For adult fly eye measurement and eclosion assays, crosses were
set up on normal food for 3 days followed by transfer of flies to NR for 3 days. Adult
flies were analyzed 3 days after eclosion. CG1315 was used as control for RNAi
experiments and FRT82 iso was the control for clones generated using mitotic
recombination.
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Microscopy and immunofluorescence staining
Adult females were frozen at -20°C 3 days after eclosion. The flies were mounted on
agar plates containing charcoal. The right-side eyes were imaged on a KEYENCE
VHX1000 digital microscope.
Eye imaginal discs were dissected 108 h AEL from normal food and 156 h AEL from
NR. The discs were fixed in 4% paraformaldehyde (PFA, 30 min, room temperature
(RT)), washed thrice in 0.3% Triton-X in PBS (PBT, 15 min, RT), blocked in 2% Normal
Donkey Serum in 0.3% PBT (2 h, 4°C), incubated with primary antibodies (overnight,
4°C), washed thrice in 0.3% PBT (15 min each, RT), incubated with secondary
antibodies (2 h, RT), washed thrice in 0.3% PBT (15 min each, RT), stained with DAPI
in 0.3% PBT (1:2000, 10 min, RT), and washed once with PBS (10 min, RT). The
samples were mounted on glass slides in VECTASHIELD (Vector Laboratories H1000). Confocal images were obtained on a Leica SPE TCS confocal laser-scanning
microscope.
The

following

antibody

dilutions

were

used:

rabbit

anti-FoxO

(1:500

for

immunostaining and 1:9000 for immunoblotting, gift from Mark Tatar), mouse antiCnx99A (1:25, DSHB), mouse anti-a-tubulin (1:20000, Sigma-Aldrich) and mouse
anti-GFP (1:200, Thermo Fisher Scientific). DAPI (1:2000) was used to stain nuclei.
Secondary antibodies used were: goat anti-rabbit Alexa Fluor 633 (1:500, Thermo
Fisher Scientific), goat anti-mouse Alexa Fluor 568 (1:500, Thermo Fisher Scientific)
and goat anti-mouse Alexa Fluor 647 (1:500, Thermo Fisher Scientific).

dsRNA expression and western blot
dsRNA against EGFP (control) or foxo was prepared as described earlier (Okada et
al., 2015). 15 µg dsRNA in 500 µL water was added to each well of a 6-well plate. 3 x
106 cells in 1 mL serum-free media were added to each well and the plate was
incubated at RT for 30 min. 3 mL complete media was added after 30 min. The cells
were harvested after 96 h. 1.5 mL was used for RNA isolation, and proteins were
extracted from 3 mL cell suspension. The cells were centrifuged and supernatant was
removed. The cells were washed with ice-cold PBS, resuspended in protein extraction
buffer (50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 20 mM NaF, 1mM benzamidine, 1mM
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EDTA, 6 mM EGTA, 15 mM Na4P2O7, 1% Nonidet P-40, and protease inhibitor cocktail
(Roche, 1 tablet in 14 mL buffer)) and incubated on ice for 30 min. Thereafter, the
lysates were cleared by centrifugation at 14000g at 4°C for 15 min.
Protein concentrations were measured by BCA Protein Assay (Thermo Fischer
Scientific). Proteins were denatured by boiling for 7 min in sample loading buffer and
40 µg of proteins were analyzed by immunoblotting. Briefly, proteins were resolved by
4-8% SDS-PAGE followed by transfer onto 0.45 µm nitrocellulose membrane. After
blocking, primary antibodies were incubated overnight at 4°C and immunoblot signals
were

detected

after

secondary

antibody

incubation

using

enhanced

chemiluminescence (ECL).

Gene expression analysis
Cell pellets were processed as described in Method Details. For eye discs, larvae were
dissected in HBSS. 30 discs were collected and frozen in liquid nitrogen. RNA was
isolated using RNeasy Plus Micro kit (QIAGEN). After reverse-transcription with
SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific), qPCR was
performed using LightCycler 480 SYBR Green I Master (Roche) on a Rotor-Gene
6000 (Corbett). Gene expression levels were normalized to the expression level of
RpS23.

Quantification and statistical analysis
Adult eye area was measured using ImageJ. Ratio of nuclear FoxO intensity was also
calculated using ImageJ. The mean gray values were measured for five nuclei in the
clone and surrounding wild-type tissue from the same disc using the Multi-point tool.
The intensity of the clone was divided by the intensity of the wild-type area to get the
ratio. Statistical analyses were performed using unpaired two-tailed Student’s t-test. p
values are described in the Figure legends. All plots were generated in R Studio, and
Figures were assembled using Adobe Illustrator.
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ADDITIONAL RESULTS AND DISCUSSION
FOXO does not upregulate proliferation or ER stress of TSC2-null cells in a
lymphangioleiomyomatosis disease model
The previous results (Nowak et al., 2018) taken together with the data presented
above confirm the importance of FOXO transcription factors in regulating the growth
of cells with high mTORC1 activity via ER stress homeostasis. To investigate if similar
regulation occurs in mammals, the effect on growth and ER stress response upon loss
of FOXO was tested in a hyperactive mTORC1 mammalian cell culture model system
of lymphangioleiomyomatosis (LAM). LAM is a lung disease affecting mostly women
and is characterized by an abnormal overgrowth of muscle-like cells in the lungs and
other organs (Taylor et al., 1990). It is referred to as sporadic LAM when it manifests
in an isolated manner, or as TSC-LAM when it is accompanied by TSC. The LAM cells
established in culture (621-101) have inactivating mutations in both alleles of TSC2
gene (Yu et al., 2004) and show increased phosphorylation of ribosomal protein S6
compared to the TSC2-addback cells (621-103) (Figure 5A). The phosphorylation of
S6 was completely suppressed upon treatment with mTORC1 inhibitor, rapamycin.
Phosphorylation of AKT increased upon rapamycin treatment, demonstrating the
presence of a negative-feedback loop to insulin signaling via mTORC1 (Manning et
al., 2005). The suppression of AKT activity was further established by examining the
phosphorylation of its downstream target PRAS40 (Kovacina et al., 2003).
Phosphorylation of PRAS40 increased in both mutant and addback cells upon
rapamycin treatment, and the signal was effectively abrogated upon treatment with
Torin1 (inhibitor of mTORC1 and mTORC2 (Thoreen et al., 2009)), MK2206 (allosteric
inhibitor of AKT (Hirai et al., 2010)) or a combination of rapamycin and MK2206 (Figure
5B). To check if reduced AKT signaling would lead to nuclear localization of FOXO
transcription factors in TSC2-null cells, protein levels of FOXO1 and FOXO3, which
are homologous to Drosophila foxo (Junger et al., 2003), were observed in the nuclear
and cytoplasmic fraction of cells treated with DMSO or the inhibitors mentioned above
(Figure 5C), and by immunostaining of endogenous proteins (Figure 5D). In both
assays, FOXO1 and FOXO3 were localized to the nucleus in TSC2-null cells and were
relocated to the cytoplasm upon rapamycin treatment.
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Figure 5. FOXO does not upregulate proliferation or ER stress of TSC2-null cells in a
LAM disease model. (A) Immunoblot analysis of LAM 621-101 and 621-103 cells. Cells were
serum starved and treated with rapamycin (100 nM) for 24 h. Fetal Bovine Serum (FBS). (B)
Immunoblot analysis of cytoplasmic fractions of LAM 621-101 and 621-103 cells treated with
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rapamycin (100 nM), Torin1 (250 nM) or MK2206 (10 µm) for 24 h. (C) Immunoblot analysis
of the cytoplasmic and nuclear fractions of LAM 621-101 and 621-103 cells treated with
rapamycin (100 nM), Torin1 (250 nM) or MK2206 (10 µM) for 24 h. (D) Immunostaining of
FOXO1 and FOXO3 in LAM 621-101 and 621-103 cells treated with DMSO or rapamycin (100
nM) for 24 h. Wheat germ agglutinin (WGA, red) labels plasma membrane and Hoechst (blue)
labels nuclei. Scale bar = 50 µm. (E) qPCR analysis (72 h after siRNA treatment) of FOXO1
and FOXO3, and cell proliferation assay of LAM 621-101 cells transfected with siRNAs
targeting FOXO1 and FOXO3 or control. n = 2 with triplicates. Data are represented as mean
± SD. *p < 0.05, ***p < 0.001 and ****p < 0.0001. (F) Immunoblot analysis of LAM 621-101
and 621-103 cells transfected with siRNAs targeting FOXO1 and FOXO3 for 72 h. Cells were
serum starved for 24 h.

To explore if the loss of FOXO would drive the proliferation of TSC2-null cells, FOXO1
and FOXO3 were knocked down in 621-101 cells using siRNA. Cells were counted
every 24 h for up to 96 h after siRNA treatment (Figure 5E). Although quantitative realtime PCR (qPCR) showed significant knockdown of both FOXO1 and FOXO3, there
was no increase in proliferation of TSC2-null cells. The assay was also done for RT4
cells (TSC1-null, (Rigby and Franks, 1970)) to consider the possibility that the growth
effect downstream of FOXO could be specific to TSC1 loss, but the results were
comparable to 621-101 cells (data not shown). The data from RT4 cells argue against
a broad cell type-specificity of proliferation effects as these cells are epithelial as
opposed to the fibroblast-like 621-101 cells. Since the increase in proliferation of Tsc1
mutant cells upon loss of foxo was observed in an in vivo model system, the absence
of such increase in TSC2-null cells could also be explained by the differences of 2D
vs 3D cell culture systems (Riedl et al., 2017). The findings of increased cell
proliferation in renal cell carcinoma cells upon FOXO1 and FOXO3 knockdown (Gan
et al., 2010) refute this rationale and point towards the differences in the genetic makeup of cells as a possible reason for the discrepancy in results.
Finally, the status of ER stress upon loss of FOXO1 and FOXO3 was examined. 621101 and 621-103 cells were cultured in growth or serum-free media and treated with
siRNA against FOXO1 and FOXO3 for 72 h. No significant difference was observed
for the ER stress markers tested upon loss of FOXO (Figure 5F). Interestingly, the
previously seen increase in ER stress markers upon loss of TSC2 (Ozcan et al., 2008)
was also not detected (621-101 compared to 621-103). This suggests the presence of
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cell adaptation mechanisms in these cells resulting in renewed homeostatic
equilibrium in terms of their ER stress status. The effect of short-term loss of TSC1/2
and FOXO1/3 (using inducible shRNAs or siRNAs) on growth and ER stress response
remains to be tested.

MATERIALS AND METHODS
Cell lines
LAM patient-derived 621-101 and 621-103 cells were described before (Li et al., 2014;
Yu et al., 2004). RT4 cells were obtained from ATCC. Cells were grown in the following
media at 37°C with 5% CO2: LAM 621-101 and 621-103 cells were cultured in IIA
complete media as described before (Lee et al., 2017) and RT4 cells were cultured in
DMEM with 10% FBS.

siRNA expression
siRNAs were transfected using Lipofectamine RNAiMAX reagent (Thermo Fisher
Scientific). Briefly, pooled siRNAs and RNAiMAX were incubated in Opti-MEM for 5
min at room temperature (RT), after which they were mixed and incubated for 5 min
at RT. The mix was added dropwise to the cells to a final siRNA concentration of 30
nM. The media of cells was replaced after 20 h. siRNAs used were obtained from
Sigma-Aldrich: siRNA negative control (siNTC, SIC001-10NMOL and SIC00210NMOL), siRNA FOXO1 (SASI_Hs01_00076732, SASI_Hs01_00076733 and
SASI_Hs01_00076734)

and

siRNA

FOXO3

(SASI_Hs01_00119127,

SASI_Hs01_00119128 and SASI_Hs01_00119129).

Antibodies and small molecule inhibitors
The following antibodies were obtained from Cell Signaling Technology: rabbit antiTSC2 (#4308), rabbit anti-pS6 S235/236 (#2211), rabbit anti-pS6 S240/244 (#5364),
mouse anti-S6 (#2317), rabbit anti-pAKT S473 (#4060), rabbit anti-pan-AKT (#4691),
rabbit anti-pPRAS40 T246 (#2997), rabbit anti-FOXO1 (#2880), rabbit anti-FOXO3
(#12829), mouse anti-Lamin A/C (#4777), rabbit anti-pPERK T980 (#3179), rabbit
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anti-PERK (#5683), rabbit anti-peIF2a S51 (#3597), mouse anti-eIF2a (#2103), rabbit
anti-ATF4 (#11815), rabbit anti-IRE1a (#3294), rabbit anti-XBP-1s (#12782), and
rabbit anti-BiP (#3177). Mouse anti-vinculin (#V9264) was obtained from SigmaAldrich.
The following small molecule inhibitors were used: rapamycin (Sigma-Aldrich
#R8781), Torin1 (Tocris Bioscience #4247) and MK2206 (Cayman Chemical #11593).

Cell lysis, fractionation and immunoblotting
Cell media was removed and cells were washed with ice-cold PBS. Cells were
harvested in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS and 2 mM EDTA) supplemented with protease
inhibitors (1 mM PMSF, 2 µg/mL pepstatin A, 10 µg/mL leupeptin and 10 µg/mL
aprotinin), phosphatase inhibitors (10 mM NaF and 0.5 mM NaVO4) and DTT (1 mM).
Cell lysates were incubated on ice for 30 min with vortexing every 10 min, and cleared
by centrifugation at 15,000 rpm at 4°C for 30 min. Isolation of nuclear and cytoplasmic
fractions was done using the NE-PER kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol.
Protein concentrations were measured by DC Protein Assay (Bio-Rad). Proteins were
denatured by boiling for 7 min in sample loading buffer and 20-25 µg of proteins were
analyzed by immunoblotting. Briefly, proteins were resolved by 10% SDS-PAGE
followed by transfer onto 0.2 µm nitrocellulose membrane. After blocking, primary
antibodies were incubated overnight at 4°C and infrared fluorescent IRDye secondary
antibodies were used to develop bands in an Odyssey imaging system (LI-COR
Biosciences).

Immunofluorescence staining
Cells grown on 0.2% gelatin-coated coverslips in a 12-well plate were fixed in 4%
formaldehyde in PBS for 15 min at RT. They were washed thrice with PBS for 10 min
each at RT. The cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min at
RT. They were then blocked for 1 h at RT with the blocking buffer (1:1 mixture of 0.1%
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Triton X-100 buffer and LI-COR blocking buffer), and incubated with rabbit antiFOXO1 (1:200, Cell Signal Technology #2880) or rabbit anti-FOXO3 (1:200, Cell
Signal Technology #12829) antibodies in LI-COR blocking buffer overnight at 4°C.
After washing thrice with PBS for 10 min each at RT, the cells were incubated with the
secondary antibody goat anti-rabbit Alexa Fluor 488 (1:2000, Thermo Fisher Scientific
#A27034) in LI-COR blocking buffer for 1 h at RT, and washed thrice with PBS for 5
min each at RT. They were then incubated with Hoechst 33258 (0.5 µg/mL, Thermo
Fisher Scientific, #H3569) and Wheat Germ Agglutinin Alexa Fluor 555 (1:200,
Invitrogen #W32464) in PBS for 10 min at RT, and washed thrice with PBS for 5 min
each at RT. Finally, the coverslips were mounted onto glass slides with Dako
fluorescence mounting medium (Agilent, #S302380-2). Images were taken using a
Zeiss LSM 880 confocal microscope.

Gene expression analysis
RNA was isolated using PureLink RNA Mini kit (Ambion), and 1 µg RNA was treated
with DNase I (QIAGEN) according to the manufacturer’s instructions. After reversetranscription with iScript cDNA synthesis kit (Bio-rad), the resulting cDNA was diluted
1:5 in nuclease-free water followed by qPCR using QuantStudio 6 Flex (Applied
Biosystems). Gene expression levels were normalized to the expression level of the
housekeeping gene Peptidylpropyl isomerase (PPIB).

Cell proliferation assay
2.8 x 104 LAM 621-101 cells were seeded in 6-well plates. Next day, they were
transfected with siRNAs, and the media was replaced 24 h after that. From next day,
cells were counted every 24 h up to 96 h after siRNA transfection using Coulter counter
(Beckman Coulter Life Sciences).

Quantification and statistical analysis
Statistical significance of qPCR and cell proliferation assay data was calculated using
Students’ s t-test.
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4.4. tpHusion: an efficient tool for clonal pH determination
in Drosophila
ABSTRACT
Genetically encoded pH indicators (GEpHI) have emerged as important tools for
investigating intracellular pH (pHi) dynamics in Drosophila. However, most of the
indicators are based on the Gal4/UAS binary expression system, and an organismwide reporter has not been explored. Here, we report the generation of a ubiquitouslyexpressed GEpHI. The fusion protein of super ecliptic pHluorin and FusionRed, called
tpHusion, was cloned under the tubulin promoter to drive it independently of the
Gal4/UAS system. The function of tpHusion was validated in various tissues from
different developmental stages of Drosophila. Differences in pHi were also indicated
correctly in fixed tissues. Finally, we describe the use of tpHusion for comparative
analysis of pHi in manipulated clones and the surrounding cells in epithelial tissues.
Our findings establish tpHusion as a robust tool for studying pHi in Drosophila.

INTRODUCTION
Perturbations in intracellular pH (pHi) affect many cellular processes including cell
growth, proliferation, differentiation and metabolism (Srivastava et al., 2007). Under
normal conditions, pHi is maintained within a narrow physiological range, and
deregulation of this is observed in various disease states. In contrast to regular
physiology, a state of higher pHi than the extracellular pH (pHe) is conducive for the
survival of tumor cells and metastatic progression (Webb et al., 2011). Alterations in
cytosolic pH have also been implicated to cause neurodegenerative diseases (Majdi
et al., 2016). Exploration of pH dynamics can provide a better understanding of the
fundamental cellular processes and help develop strategies for the prevention or
treatment of human pathologies.
Over the last few decades, several techniques for pHi measurement have been
established. These include the use of proton-permeable microelectrodes, NMR and
fluorescence spectroscopy (Han and Burgess, 2010; Loiselle and Casey, 2010). The
pH-sensitive fluorescent dyes offer easy-to-use tools for pHi measurement. Although

100

the generation of ratiometric pH probes could address certain shortcomings such as
dye leakage, photobleaching and uneven loading of dyes, the application of these
dyes is limited in specific cases including pHi analysis in whole-mount tissues because
of heterogeneous dye uptake. Construction of the pH-sensitive GFP variant, pHluorin
(Miesenböck et al., 1998), has led to the development of genetically encoded pH
indicators (GEpHIs) for pHi measurements in various cell types and organelles. In
Drosophila, GEpHIs are typically based on the GAL4/UAS system-driven expression
of the pH-sensitive superecliptic pHluorin (SEpHluorin) (Sankaranarayanan et al.,
2000) and the pH-insensitive mCherry (Koivusalo et al., 2010) in the region of interest
(Harris et al., 2016; Poskanzer et al., 2003; Rossano et al., 2013). Improved
modifications of the sensors have also been described (Rossano et al., 2017), but an
organism-wide expression has not been exploited. This restricts the ability to examine
pHi during developmental processes or compare it clonally within the same tissue,
which is one of the major benefits of using Drosophila as a model system.
Overexpression of the Drosophila Na+-H+ exchanger, Nhe2, increases pHi in the retina
(Grillo-Hill et al., 2015). However, the absence of an internal GEpHI expression and
imaging control necessitates the generation of fluorescence ratio to pH calibration
curves for every experiment. Ubiquitous expression of the GEpHI with a ubiquitouslyexpressed Gal4 in combination with other means to create clonal manipulations
(FLP/FRT, LexA or Q system) could provide ‘in-tissue’ control for a more accurate
interpretation of results. However, this approach can be complicated by the prevalent
use of the Gal4/UAS system and its possible toxicity (Kramer and Staveley, 2003). To
address these issues, we developed a Gal4/UAS-independent and ubiquitouslyexpressed GEpHI, called tpHusion. We describe its application for evaluation of pHi
dynamics in living and fixed tissues, as well as for clonal analysis.

RESULTS
Development and in vivo validation of tpHusion pH reporter
Use of the Gal4/UAS system is one of the most common ways to produce clonal
manipulations in Drosophila (Yagi et al., 2010). To develop a ubiquitously-expressed
GEpHI that would be useful for clonal analysis, the expression of the sensor was
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rendered independent of Gal4/UAS control. A translational fusion protein of
SEpHluorin with FusionRed was cloned under the control of the tubulin promoter.
FusionRed was used to replace mCherry due to its low cytotoxicity, better performance
in fusions and increased stability in a monomeric state (Shemiakina et al., 2012). An
HRas sequence was also included to tether the fusion protein to the cytosolic side of
the plasma membrane. This reduces the pHi variability due to the presence of
compartments of differing pH within the cytosol (Benčina, 2013). The construct is
referred to as tpHusion. The expression and membrane localization of tpHusion was
confirmed in various tissues (data shown for wing imaginal discs in Figure 1A).

Figure 1. Validation of tpHusion reporter. (A) Fixed wing pouches of wandering L3 larvae
depicting the cellular localization of tpHusion. FasIII labels the plasma membrane and DAPI
stains the nuclei. Scale bar = 50 µm. (B) Changes in SEpHluorin (green) and FusionRed (red)
fluorescence intensities, and ratio of SEpHluorin to FusionRed intensities from live wing pouch
cells upon incubation in nigericin buffers of varying pH. n > 7 larvae. Data are represented as
mean ± standard deviation. (C) Calibration curve between intracellular pH (pHi) and ratio of
SEpHluorin to FusionRed intensities generated from experiments in B.
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To verify that tpHusion is a suitable pH indicator, fluorescence intensity calibrations
were performed on wing imaginal discs incubated in buffers containing nigericin, which
is an ionophore used to clamp the pHi to the buffer pH (see Materials and Methods).
The pH-sensitive SEpHluorin displayed a predicted change in fluorescence based on
the buffer pH, whereas the pH-insensitive FusionRed only showed minor variations.
The ratio of SEpHluorin to Fusion Red reflected the buffer pH (Figure 1B), resulting in
the generation of a calibration curve of pHi with the ratio of fluorescence intensities
(Figure 1C). Thus, tpHusion can be used to indicate changes in pHi.

tpHusion reports pHi changes in living tissues
Apart from the clonal analyses, a major advantage of a ubiquitously-expressed GEpHI
is the ability to compare pHi in different cells across various developmental processes
and stages. Earlier studies have reported a higher pHi in the differentiated follicle cells
of the Drosophila ovariole as compared to the follicle stem cells (FSC) using the
Gal4/UAS-dependent expression of SEpHluorin/mCherry probe (Ulmschneider et al.,
2016). This finding was confirmed using tpHusion, which showed a similar increase in
pHi of follicle cells in contrast to the FSCs (Figures 2A, A’).
The Drosophila imaginal discs have proven to be excellent systems for the
identification of genes regulating cellular growth during normal development
(Hariharan, 2015; St Johnston, 2002) or in perturbed states (Hariharan and Serras,
2017; Pagliarini and Xu, 2003). The pHi in these tissues has not been analyzed due
to the unavailability of robust indicators. During the larval stages, the eye imaginal disc
consists of proliferating cells anterior to the morphogenetic furrow (amf) and mostly
differentiating photoreceptors posterior to the furrow (pmf) (Treisman, 2013).
Investigation of SEpHluorin and FusionRed intensities using tpHusion demonstrated
a higher ratio in the mitotically active amf region of the eye disc (Figures 2B, B’). The
several compartments and cell lineages of the wing disc have also been described in
great detail (Hariharan, 2015). The larval wing disc is comprised of cells in the pouch
region (which will form the wing blade) and the notum (which will form the body wall
primordia) (Diaz de la Loza and Thompson, 2017; Zecca and Struhl, 2002). pHi
analysis using tpHusion displayed no difference in the pouch versus notum of the wing
imaginal disc (Figures 2C, C’).
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Figure 2. Comparison of pHi in different cell types of living tissues. (A-D) SEpHluorin,
FusionRed, and ratiometric images of live (A) ovarioles, (B) eye discs, (C) wing discs, and (D)
brains. (A’-D’) Quantification of ratio of fluorescence intensities in (A’) FSC (solid square) and
follicle (dashed square) cells, (B’) cells anterior (amf, solid square) and posterior (pmf, dashed
square) to the morphogenetic furrow, (C’) pouch (solid square) and notum (dashed square)
cells, and (D’) cells in optic lobe (OL, solid square) and central brain (CB, dashed square). n
> 7 larvae. Data are represented as mean ± standard deviation. * p < 0.05, *** p < 0.001 and
ns = not significant. Scale bar = 100 µm. Calibration bar represents ratio values of SEpHluorin
to FusionRed intensities used to generate ratiometric images.
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A major organ that is vital in neurobiological research is the Drosophila brain (Scheffer
and Meinertzhagen, 2019). Tremendous advances have been made towards
deciphering the circuitry of the adult and larval brains (Eichler et al., 2017; Shih et al.,
2015). The information about pHi of different cell types could be fundamental to
understand processes such as vesicular transport (Freyberg et al., 2016). The larval
brain can be classified into the central brain (CB), optic lobe (OL) and the ventral nerve
cord (VNC) (Ramon-Cañellas et al., 2019). A brief evaluation in the larval brain
revealed that cells in the OL have a higher pHi than cells in the CB (Figures 2D, D’).
The above results establish the use of tpHusion for comparative analysis of in vivo pH
differences in various Drosophila tissues during different developmental stages.

tpHusion reflects in vivo pH changes in fixed tissues
Culturing of Drosophila organs has been challenging, with specific culture condition
requirements for different tissues (Handke et al., 2014; Peters and Berg, 2016; Tsao
et al., 2016; Zartman et al., 2013). For pHi measurements in live cells, tissues are
dissected in a bicarbonate buffer (see Materials and Methods) to prevent changes in
the physiological pHi. However, the tissues cannot be maintained in this buffer for an
extended period, making handling of many experimental conditions difficult. Fixing the
conformational state of the GEpHI can help slow down changes in fluorescence until
all samples are processed (Delloye-Bourgeois et al., 2014). To examine if tpHusion
can be used to monitor pH variations in fixed tissues, comparisons were performed in
tissue regions depicted in Figure 2 after fixation. The tissues were dissected directly
in 4% PFA to restrict changes in pHi and imaged within 24 h. Interestingly, differences
in the ratio of SEpHluorin and FusionRed intensities in the various cell-types of the
tissues tested were the same as in the live tissues (Figures 3A-D’). SEpHluorin retains
sensitivity to acidic pH after fixation (Tanida et al., 2014). Since the samples were
exclusively exposed to pH 7-7.4 in the experimental setup, the physiological pHi
should be maintained. This does not exclude the possibility of slight alterations in pHi
but the consistent changes in ratio of intensities between the live and fixed tissues
suggest that tpHusion can be reliably used to study pHi variations in fixed tissues.
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Figure 3. Comparison of pHi in different cell types of fixed tissues. (A-D) SEpHluorin,
FusionRed, and ratiometric images of fixed (A) ovarioles, (B) eye discs, (C) wing discs, and
(D) brains. (A’-D’) Quantification of ratio of fluorescence intensities in (A’) FSC (solid square)
and follicle (dashed square) cells, (B’) cells anterior (amf, solid square) and posterior (pmf,
dashed square) to the morphogenetic furrow, (C’) pouch (solid square) and notum (dashed
square) cells, and (D’) cells in optic lobe (OL, solid square) and central brain (CB, dashed
square). n > 7 larvae. Data are represented as mean ± standard deviation. * p < 0.05, *** p <
0.001 and ns = not significant. Scale bar for A = 50 µm, scale bar for B-D = 100 µm. Calibration
bar represents ratio values of SEpHluorin to FusionRed intensities used to generate
ratiometric images.
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Using tpHusion to detect clonal pH changes
Deregulated pH is now considered a hallmark of cancer with a higher pHi and a lower
pHe observed in cancer cells as compared to normal cells (White et al., 2019). Many
tumor models have been described in Drosophila (Mirzoyan et al., 2019).
Overexpression of activated Ras (RasV12) causes hyperplastic overgrowth (Karim and
Rubin, 1998) and metastatic behavior in combination with loss of polarity genes
(Pagliarini and Xu, 2003). It has also been shown to have an increased pHi compared
to control cells in a 2D cell culture system of breast epithelial cells (Grillo-Hill et al.,
2015). To analyze the pHi in RasV12-overexpressing clones in Drosophila epithelial
cells, tpHusion was recombined with an actin-FLP-out cassette (Struhl and Basler,
1993). Comparison of SEpHluorin and FusionRed intensities ratio in clones and the
surrounding wild-type tissue revealed an elevated pHi in the clones (Figures 4A, A’).
Earlier studies have reported an enhanced cellular overgrowth upon clonal loss of
tumor suppressors of the phosphatidylinositol 3-kinase (PI3K)/Akt/mechanistic target
of rapamycin (mTORC1) signaling network. Loss-of-function mutations in the
phosphatase and tensin homolog (Pten) or the tuberous sclerosis complex (TSC)
subunit 1 (Tsc1) lead to an escalation in cell size and number (Goberdhan et al., 1999;
Tapon et al., 2001). We have also outlined the function of the transcription factor
forkhead box O (FoxO) in limiting the proliferation of Tsc1 mutant cells under
conditions of nutrient restriction (Nowak et al., 2018). Loss of foxo does not cause an
overgrowth phenotype on its own (Junger et al., 2003). Using the system mentioned
above, the pHi of control, Pten, foxo, Tsc1 and Tsc1 foxo knockdown clones was
compared to the surrounding wild-type tissue (Figure 4B). The ratio of SEpHluorin and
FusionRed intensities in control and foxo knockdown clones was similar to the
surrounding wild-type tissue, whereas the ratio was higher in Pten, Tsc1 and Tsc1
foxo knockdown clones. These data validate the use of tpHusion for clonal analysis of
pHi in Drosophila epithelial tissues and suggest that loss of the tested tumor
suppressors increases pHi.
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Figure 4. tpHusion detects clonal pH changes in Drosophila imaginal discs. (A)
SEpHluorin, FusionRed and ratiometric images of wing pouches dissected from wandering
female L3 larvae with RasV12-overexpressing clones that are marked by ECFP. Calibration bar
represents ratio values of SEpHluorin to FusionRed intensities used to generate ratiometric
images. Scale bar = 50 µm. (A’) Quantification of ratio of fluorescence intensities in wild-type
and RasV12 clones. (B) Quantification of ratio of fluorescence intensities in wild-type and
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control, PtenRi, foxoRi, Tsc1Ri or Tsc1Ri foxoRi clones from wing pouches of wandering female
L3 larvae. n > 10 larvae. Data are represented as mean ± standard deviation. * p < 0.05, ** p
< 0.01, *** p < 0.001 and ns = not significant.

DISCUSSION
The ubiquitously-expressed GEpHI, tpHusion, facilitates in vivo pHi measurement and
comparative analysis in diverse tissues and developmental stages in Drosophila. We
have used this reporter to investigate pHi differences in developing organs and
genetically-manipulated clones compared to their surrounding cells in the same tissue.
Such an analysis was not feasible with the previously available tools for pHi
determination, demonstrating the applicability of tpHusion for identification of new pHi
modulators, and studying pHi homeostasis during developmental processes or in
disease models.
Minor imbalances in the intracellular and extracellular pH equilibrium can have major
impacts on many cellular functions. The regulation of cell proliferation by pHi has been
shown in a variety of species including sea urchin eggs, yeast, and mammalian cell
culture systems (Flinck et al., 2018). Changing pHi can coordinate differentiation or
lineage specification of certain stem cells (Gao et al., 2014; Li et al., 2009;
Ulmschneider et al., 2016). pHi has also been found to change during cell cycle
progression (Putney and Barber, 2003). Given the crucial role of pH in physiology, it
is not surprising that a loss of pH homeostasis is seen in many diseases including
cancer (Casey et al., 2010). One notable aspect of this observation that remains
disputed in the field is if pH can signal to cellular processes leading to diseases or
whether the observed pH imbalance is a result of the pathological state.
Despite being an important model of developmental and multicellular organism
research, studies addressing the fundamental mechanisms mentioned above have
been limited in Drosophila due to the unavailability of adequate tools. The low
cytotoxicity and uniform expression of tpHusion throughout development can aid in
the analysis of pHi dynamics during various developmental processes. The complete
potential of tpHusion can be realized by combining it with the existing repertoire of
genetic modification tools in Drosophila. The flexible use of tpHusion with the Gal/UAS
and FLP-out systems to express UAS-based transgenes in clones led us to present,
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for the first time, an increase in pHi in cells with overexpression of an oncogene or
knockdown of tumor suppressor genes as compared to the surrounding wild-type
cells. One caveat is the inability to use the most commonly used fluorophores to label
clones or cell lineages, but this can be circumvented by the use of non-interfering
fluorophores in the blue or the far-red channels. Further modifications such as removal
of the HRas sequence can be achieved to monitor cytosolic pH. We conclude that
tpHusion is a powerful tool for investigating cellular pH in Drosophila.

MATERIALS AND METHODS
Generation of tub-tpHusion Act>CD2>Gal4 chromosome
The tubulin-3’-trailer was excised from the pKB342 plasmid (gift from Konrad Basler)
using restriction sites XhoI and XbaI, and subcloned in-line with the tpHusion-HRas
sequence in pJFRC14 vector (Pfeiffer et al., 2010) (gift from Gregory Macleod) using
BamHI and XbaI sites. The resulting tpHusion-HRas-tubulin-3’-trailer sequence was
excised by restriction digestion with NotI and XbaI and used to replace the Gal4
sequence under the tubulin promoter sequence in the pT2-attB-Gal4 vector (gift from
Konrad Basler) using Acc65I and XbaI sites. The resulting plasmid pTub-tpHusion was
injected into the fly line ΦX-86Fb (Bischof et al., 2007). The 3xP3-RFPattP landing site
sequence

was

removed

using

Cre

recombinase-mediated

excision.

The

Act>CD2>Gal4 construct was recombined on the resulting 3R chromosome arm to
generate the tub-tpHusion Act>CD2>Gal4 chromosome.

Fly husbandry
All lines and crosses were maintained at 25°C on normal fly food unless otherwise
stated. Normal fly food is composed of 100 g fresh yeast, 55 g cornmeal, 10 g wheat
flour, 75 g sugar, 8 g bacto agar, and 1.5% antimicrobial agents (33 g/L nipagin and
66 g/L nipasol in ethanol) in 1 L water.
Fly lines used: ΦX-86Fb (gift from Johannes Bischof), Act>CD2>Gal4 (4780
Bloomington Drosophila Stock Center (BDSC)); UAS-ECFP-golgi (42710 BDSC),
UAS-LacZ (control, gift from Johannes Bischof), UAS-RasV12 (Halfar et al., 2001),
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PtenRi (101475 Vienna Drosophila Resource Center (VDRC)), foxoRi (107786 VDRC),
and Tsc1Ri (31039 BDSC).

Cross setup and clone induction
Flies were crossed for two days before doing an overnight egg laying. For clone
induction, a 15 min heat shock at 37°C was applied 36 h after egg laying (AEL) and
the animals were allowed to develop at 25°C. Wing and eye imaginal discs, and brains
were dissected from wandering L3 larvae 108 h AEL; ovarioles were dissected from
fertilized females. For clonal analyses, only female larvae were used for dissection.
Tissues were dissected in HCO3 buffer (Grillo-Hill et al., 2014) for live imaging or in
4% paraformaldehyde (PFA) for fixed tissue imaging.

Microscopy and immunofluorescence staining
After dissection of live tissues in HCO3 buffer, the samples were mounted in the same
buffer on 35 mm MatTek dishes coated with 0.1 mg/mL poly-L-Lysine. Fluorescence
images were acquired on Visitron Spinning Disk confocal microscope within one hour
of dissection.
For fixed samples, tissues were dissected in 4% PFA, fixed for at least 30 min at room
temperature (RT), and stored at 4°C until processing of all experimental conditions.
The samples were washed in PBS for 10 min and mounted on glass slides in
VECTASHIELD (Vector Laboratories H-1000) mounting medium. Confocal images
were obtained within 24 h of dissection on a Leica SPE TCS confocal laser-scanning
microscope.
For the immunofluorescence staining with Fasciclin III (FasIII), tissues were dissected
in PBS. The samples were fixed in 4% PFA (30 min, RT), washed thrice in 0.3% TritonX in PBS (PBT, 15 min, RT), blocked in 2% Normal Donkey Serum in 0.3% PBT (2 h,
4°C), incubated with mouse anti-FasIII (1:15 in 2% NDS, 7G10 Developmental Studies
Hybridoma Bank (DSHB), overnight, 4°C), washed thrice in 0.3% PBT (15 min each,
RT), incubated with goat anti-mouse Alexa Fluor 647 (1:500, Thermo Fisher Scientific,
2 h, RT), washed thrice in 0.3% PBT (15 min each, RT), stained with DAPI in 0.3%
PBT (1:2000, 10 min, RT), and washed once with PBS (10 min, RT). The samples
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were mounted on glass slides in VECTASHIELD and imaged using a Leica SPE TCS
confocal laser-scanning microscope.

In vivo nigericin calibration
Nigericin calibration buffers and curves were generated as described previously
(Grillo-Hill et al., 2014). Briefly, after acquiring images of live tissues, the HCO3 buffer
was replaced with the first calibration buffer containing nigericin. Samples were
imaged every 4 min after a minimum incubation of 10 min. After a total incubation time
of 20 min, subsequent buffers were added for 6 min and images were acquired every
2 min.

Quantification and statistical analysis
Images were processed using ImageJ (Schindelin et al., 2012). Background
subtraction was performed for each channel. The images were converted to 32-bit and
median filtering was applied with radius 2. A defined area encompassing cells of
interest, clones or surrounding wild-type tissue was selected and mean gray values
were measured for SEpHluorin and FusionRed. The pseudo color images were
produced by auto-thresholding of individual channels, followed by division of
SEpHluorin channel with FusionRed. Statistical analyses were performed using
unpaired two-tailed Student’s t-test. p values are described in the Figure legends. All
plots were generated in R Studio and Figures were assembled using Adobe Illustrator.
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5. DISCUSSION
The PI3K/Akt/mTORC1 signaling network is the central regulator of cell growth during
normal physiology and disease states. It integrates the molecular makeup of a cell
with its environmental conditions to promote anabolic processes controlling growth
and survival and to suppress catabolic processes such as autophagy. The work
presented here has focused on the two bona fide tumor suppressors, Pten and Tsc1,
and the context-dependent tumor suppressor, FoxO, of this network.
Using a model of early tumorigenesis in Drosophila, Pten mutant tissues have been
demonstrated to be resistant to NR (Nowak et al., 2013). This is in agreement with the
previously described PI3K activation status as a molecular signature for predicting
tumor responsiveness to dietary restriction (DR) using mouse models (Kalaany and
Sabatini, 2009). DR did not affect the tumor burden of a PTEN-null mouse model but
significantly reduced the tumor burden in a model lacking constitutive PI3K signaling.
Loss of Pten also activates mTORC1 signaling downstream of Akt in the presence of
sufficient nutrients. To investigate the involvement of mTORC1 in mediating the
resistance to NR, the growth effects on cells deficient of Tsc1, a negative regulator of
mTORC1, were observed under NR. Similar to Pten, Tsc1 mutant tissues showed an
enhanced overgrowth when subjected to NR during development. These findings
highlight the importance of carefully screening the signaling landscape of tumors
before applying DR as adjuvant therapy against cancer (Goncalves et al., 2019;
Nencioni et al., 2018). Even with the knowledge of dependencies of individual tumor
types, the intratumoral heterogeneity (Hinohara and Polyak, 2019) might select for
DR-resistant cells, leading to the evolution of a more aggressive disease. Therefore,
elucidating the mechanism of NR resistance is important to design more specific
therapeutic strategies.
Hyperactivation of mTORC1 downstream of Tsc1, by overexpressing Rheb, also
confers a growth advantage to the imaginal disc cells under NR (Nowak et al., 2018).
Still, this overgrowth does not translate to an enhanced tissue growth due to high
apoptosis in Rheb-overexpressing cells. Taken together with the Tsc1 mutant
overgrowth, this suggests that the mTORC1 activation status is a critical determinant
of resistance to NR. A prevalent model for mTORC1 activation is where Rag and Rheb
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GTPases form a ‘coincidence detector’ at the lysosomal surface, such that mTORC1
is only active in the presence of both nutrients and growth factors (Sabatini, 2017).
Since mTORC1 activity is detected considerably in Pten and Tsc1 mutant cells under
NR in the Drosophila model, this indicates that the NR is not acute and sufficient
nutrients are available to ensure that the Rags are primed in an active conformation.
Based on the phosphorylation level of S6K, Pten mutant cells show sensitivity to NR
and lower the activity of mTORC1 as compared to the normal feeding conditions
(Nowak et al., 2013). This might be mediated by the recruitment of the TSC complex
to the lysosomal surface under NR (Demetriades et al., 2016). The lowered mTORC1
activation is accompanied by a decrease in cell size, implicating that the tissue
overgrowth is the result of increased proliferation of Pten mutant cells under NR. On
the other hand, the Tsc1 mutant cells are insensitive to NR and further enlarge the cell
size compared to the normal feeding conditions to promote tissue overgrowth, without
incrementing the cell number (Nowak et al., 2018). A role of the FOXO transcription
factors was considered in sensitizing tumors to NR (Kalaany and Sabatini, 2009) given
their anti-proliferative and pro-apoptotic functions, and an increased nuclear
localization under NR. However, Tsc1 mutant cells overgrow despite a constitutive
nuclear localization of FoxO.
DR is known to cause lifespan extension in a variety of organisms including yeast,
invertebrates, and mammals (Piper and Partridge, 2007). NR also extends the
developmental time of Drosophila by two days at 25°C, which can contribute to the
enhanced tissue growth under NR as compared to the normal food. But the effect on
cell cycle progression under NR has not been tested. Additionally, the evident
overgrowth of Pten and Tsc1 mutant clones at early developmental stages and the
substantial apoptosis under NR (Nowak et al., 2013, 2018) argues against the
developmental delay being the primary reason for overgrowth.
The differential growth mechanism of Pten and Tsc1 mutant cells under NR is
reminiscent of their loss-of-function effects in human cancers. PTEN is one of the most
frequently mutated genes in various cancers, whereas loss of TSC1/2 is characterized
by the formation of benign tumors called hamartomas (Fruman et al., 2017). Despite
their growth being dependent on mTORC1 activity, the malignant potential of PTEN
and TSC1/2 lacking tumors varies substantially. This has been attributed to the
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feedback inhibition of Akt signaling in the tumors with TSC1/2 loss that limits their
growth (Manning et al., 2005). This study also demonstrated nuclear localization of
FOXO1 in TSC2+/- liver hemangiomas, which was redistributed to the cytoplasm in
TSC2+/- PTEN+/- hemangiomas. In Drosophila, FoxO is dispensable during normal
growth, but it impedes the growth of Tsc1 mutant cells (Harvey et al., 2008; Junger et
al., 2003). A similar regulation has come forth in the eye imaginal disc cells under NR
from the results presented here. FoxO restrains the growth of Tsc1 mutant cells under
NR, and the suppression of foxo in these cells leads to the development of massively
overgrown tissues with malformations in the epithelium. Specifically, FoxO limits this
growth by its anti-proliferative effect in Tsc1 mutant cells, hinting at a role for FoxO in
preventing the transformation of TSC1/2-lacking benign tumors. This is analogous to
the function of FOXO in constraining the mTORC1-mediated renal tumorigenesis
described previously (Gan et al., 2010).
In addition to its effects on proliferation, FoxO also coordinates differentiation in cells
with high mTORC1 activity. Genetic manipulations of eye discs combining activation
of mTORC1 (loss of Pten or Tsc1 function) with inhibition of foxo revealed signs of
precocious differentiation, such as the presence of pigmentation or adult cuticle in the
larval eye imaginal discs. These phenotypes are only observed under NR in larvae
that are significantly delayed in development. During normal development, a peak of
the steroid hormone ecdysone in the early hours of L3 drives the attainment of critical
weight, which is the minimum size at which the onset of metamorphosis cannot be
delayed by starvation (Mirth and Shingleton, 2012). The insulin/TOR signaling in the
prothoracic gland controls the critical weight transition. FoxO has been shown to inhibit
ecdysone biosynthesis in the prothoracic gland by directly interacting with one
component of the ecdysone receptor, Ultraspiracle (Usp) (Koyama et al., 2014). Loss
of the ecdysone receptor or Usp results in precocious differentiation in the wing discs
(Mirth et al., 2009; Schubiger et al., 2005), indicating that this complex functions to
suppress differentiation during development. The ecdysone signal alleviates this
suppression continuing the regular progression to metamorphosis. A similar
mechanism might promote the early differentiation in eye imaginal discs, where lack
of foxo in hyperactive mTORC1 cells upregulates ecdysone signaling. This phenotype
is only seen under NR, perhaps because the developmental delay assists in
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accumulating the necessary levels of ecdysone during the extended loss of foxo to
manifest an effect.
The increased hyperplasticity and hypertrophy of Pten and Tsc1 mutant cells,
respectively, under NR was established in the proximity of surrounding wild-type cells.
A direct comparison of these two mutant cell populations uncovered a new role of
FoxO in limiting Tsc1 mutant overgrowth also when surrounded by cells with a growth
advantage. Such comparison was made possible by inducing Pten and Tsc1
knockdown under different binary expression systems, using the coinFLPLexGAD/Gal4 system (Bosch et al., 2015). A PtenRi construct under LexO control was
developed to uncouple the Pten knockdown from the widely used Gal4/UAS system.
Analysis of eye discs composed of Tsc1 knockdown clones in a Pten knockdown
background exhibited ousting of Pten knockdown area in approximately 35% of cases.
The value increased to 50% upon knockdown of foxo in Tsc1 knockdown cells. This
is suggestive of a phenomenon similar to supercompetition, where supercompetitor
cells expand by killing surrounding tissue by apoptosis (Moreno, 2008). Pten
knockdown cells can outcompete the Tsc1 knockdown cells, which switch to
supercompetitors upon loss of foxo. However, the involvement of insulin signaling in
cell competition is not observed in all conditions (De La Cova et al., 2004). Another
interesting feature that argues against cell competition was the clear separation of the
different populations at the clonal boundaries. Increased surface contact with the
winners via cell-cell intercalation is important for the elimination of loser cells (Levayer
et al., 2015). Additionally, the examination of apoptosis displayed a high number of
dying cells within Tsc1 foxo knockdown clones, implying that the overgrowth is due to
elevated cell proliferation. The massive overgrowth is not accompanied by any
invasion or metastasis phenotypes (Pagliarini and Xu, 2003), indicating that cell
polarity is maintained in these hyperproliferating cells.
The above findings support a tumor-suppressive function of FoxO. In humans,
FOXO1, FOXO3, and FOXO4 were first identified at chromosomal translocations in
tumors (Greer and Brunet, 2005). The fourth isoform, FOXO6, is predominantly
expressed in the brain and is speculated to function and be regulated differently from
the other isoforms. The first in vivo characterization of FOXOs as bona fide tumor
suppressors was performed by somatic deletions of FOXO1, FOXO3, and FOXO4 in
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mouse models, which led to the development of thymic lymphomas and hemangiomas
(Paik et al., 2007). In vitro, FOXOs repress cell proliferation and induce apoptosis
(Kops et al., 2002; Schmidt et al., 2002), and ectopic FOXO activation impairs tumor
growth in xenograft models (Yang et al., 2005; Zhou et al., 2015). Correlation of FOXO
expression and localization with disease prognosis in cancer patient samples also
endorse the role of FOXOs as tumor suppressors (Hornsveld et al., 2018).
Consequently, FOXOs have been investigated as therapeutic targets in various
cancers (Grossi et al., 2019). Chemotherapeutic agents that stimulate DNA binding
and activation of FOXOs or prohibit their nuclear export have been used as treatments
for breast carcinomas. Contrastingly, an increasing number of studies have reported
a tumor-promoting function of FOXOs based on their involvement in metastasis
formation, feedback to growth factor signaling, and drug resistance (van Doeselaar
and Burgering, 2018). A model where the homeostatic function of FOXO governs the
tumor-suppressive ability in healthy cells and a tumor-promoting ability in cancer cells
has been proposed. Combined with the tissue-specific and developmental timespecific targets of FOXOs (Webb et al., 2016), this highlights the importance of
identification of FOXO targets in a biological context-specific manner.
This specificity for identification of FoxO targets restricting the proliferation of Tsc1
mutant cells under NR was achieved by combining genetic techniques for temporal
knockdown of foxo and laser capture microdissection of single mutant clones in the
mitotically active part of Drosophila eye imaginal discs. Differential gene expression
analysis of the transcriptomics data between Tsc1 mutant cells with or without foxo
knockdown under NR revealed 152 genes, out of which 128 were upregulated in Tsc1
mutant cells with loss of foxo. Interestingly, more than half of these genes code for
small nucleolar RNAs (snoRNAs), and associated small nuclear RNAs (snRNAs).
snoRNAs are single-stranded non-coding RNAs that function primarily in the
posttranscriptional modification of ribosomal RNAs and snRNAs to regulate ribosome
biogenesis and function, RNA editing, gene silencing, and alternative splicing
(Bratkovič and Rogelj, 2011). snoRNAs were shown to be directly bound and activated
by Myc in Drosophila S2 cells (Herter et al., 2015). On the other hand, the expression
of myc is suppressed by FoxO, at least in Drosophila muscles (Teleman et al., 2008).
The same study reported that mTORC1 regulates Myc activity by controlling the
amount of protein bound to promoters of target genes. A similar mechanism might be
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at play in the Tsc1 mutant cells of the eye imaginal discs. Upon knockdown of foxo,
the inhibition of myc expression by FoxO is alleviated under NR, and Myc gets
activated downstream of hyperactive mTORC1. This can lead to a subsequent
upregulation of snoRNAs, which helps in biomass production in these rapidly growing
cells. Indeed, emerging evidence suggests a correlation between snoRNAs and
sustained proliferation, invasion, metastasis, and angiogenesis in different cancers
(Liang et al., 2019).
Gene ontology analysis of the downregulated genes in Tsc1 mutant cells with foxo
knockdown under NR displayed enrichment in biological processes such as protein
deglycosylation, protein refolding, and protein localization to ER. In vivo RNAi screen
of the downregulated candidates to find growth enhancers of Tsc1 mutant overgrowth
identified genes implicated in the ERAD pathway. Earlier studies have described
significant crosstalk between FoxO and ER stress response pathways. In C. elegans,
the transcription factor downstream of Ire1, Xbp1, interacts with DAF-16 to mediate
resistance to ER stress in insulin pathway mutants (Henis-Korenblit et al., 2010). DAF16 can also establish alternative mechanisms for degradation of misfolded proteins
independently of Ire1 signaling (Safra et al., 2014). Additionally, DAF-16/FoxO activate
transcription of heat shock proteins in the worm and Drosophila (Donovan and Marr,
2016; Hsu et al., 2003). This likely protects cells from oxidative and proteotoxic
stresses. The transmembrane kinase activated by ER stress, PERK, phosphorylates
FoxO and drives its nuclear localization and activity in Drosophila and human cells to
confer insulin resistance (Zhang et al., 2013). PERK also regulates FOXO
independent of its kinase activity (Zhang et al., 2015). Pharmacological inhibition of
PERK increases cytoplasmic PTEN activity, resulting in the suppression of Akt.
Downstream of PERK, C/EBP homologous protein (CHOP) can cooperate with FOXO
to induce pro-apoptotic genes in tunicamycin treated cells (Ghosh et al., 2012). The
proteasomal degradation of FOXO is triggered by its association with the spliced and
unspliced isoforms of Xbp1 (Zhao et al., 2013; Zhou et al., 2011). The current results
add a new node to this crosstalk where FoxO limits ER stress to restrain Tsc1 mutant
overgrowth under NR. Given that the restriction is at the level of proliferation, a lack of
known proliferation-affecting genes among the downregulated candidates is intriguing.
This suggests that the inhibitory effect on proliferation by FoxO might be indirect,
possibly via ER stress response pathways (Vandewynckel et al., 2013). PERK
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reduces oxidative DNA damage and checkpoint activation to increase proliferation of
cancer cells (Bobrovnikova-Marjon et al., 2010). A role for the ER chaperone, GRP78
in regulating tumor cell proliferation by various means has also been described (Lee,
2014). IRE1a has been shown to promote cell proliferation by regulating expression
of cyclin A1 through XBP-1 splicing (Thorpe and Schwarze, 2010). The results
presented here indeed demonstrate a heightened expression of Hsc-70-3 (Grp78) and
spliced-Xbp1 in Tsc1 mutant cells upon foxo knockdown under NR, hinting at a
possible approach to reinforce proliferation in these cells. The exact molecular
mechanisms of this regulation remain to be elucidated.
Similar suppression of proliferation or induction of ER stress upon FOXO1/3 loss was
not observed in the TSC1/2-null mammalian cells. The experiments were performed
using patient-derived renal angiomyolipoma or bladder carcinoma cells, or cells from
renal tumors in mice (Atochina-Vasserman et al., 2015; Parkhitko et al., 2014; Rigby
and Franks, 1970; Yu et al., 2004). These cells have a constitutive loss of TSC1 or
TSC2 and have been propagated in culture for several generations. The absence of
an increase in ER stress markers in these cells as compared to corresponding
addback cells indicates the presence of cell adaptation mechanisms resulting in a
renewed equilibrium in terms of ER homeostasis. Apart from the cell type-specific
variations, another variable can be the difference in culture systems (2D cell culture
vs 3D in vivo model). Establishment of organoid cell culture systems and examining
the effects of short-term loss of TSC1/2 and FOXO (using inducible techniques) will
provide better insights regarding this growth regulation in mammals.
Cancer cells continuously adapt to intracellular and environmental perturbations for
survival and maintenance of tumor attributes (Hanahan and Weinberg, 2011). One
such adaptation mechanism is the regulation of protein homeostasis, which has
emerged as an essential contributor to tumor progression (Urra et al., 2016).
Components of ER stress response pathways have been correlated with high-grade
tumors, poor prognosis, and chemoresistance (Avril et al., 2017; Wang and Kaufman,
2014). Considerable efforts have been made to develop therapeutic strategies to
target the dependency of tumor cells on ER stress response pathways, or to
substantially upregulate stress to cause cell death (Hetz et al., 2013). Given that the
ER stress response can have both pro-survival and pro-apoptotic effects (Ma and
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Hendershot, 2004), it is crucial to characterize the signaling landscape of individual
tumors before therapeutic intervention. For instance, although lack of Tsc1 triggers
UPR (Ozcan et al., 2008) and shows higher levels of Calnexin staining, increasing ER
stress using small molecule inhibitors led to an enhancement of Tsc1 mutant
overgrowth. A similar mechanism for ER stress regulation can be proposed in Tsc1
foxo mutant cells. Suppression of foxo represses the ERAD pathway activation, which
combined with the augmented protein synthesis in Tsc1 mutant cells results in a state
of high ER stress. This new adaptive state is beneficial for proliferation and confers a
growth advantage to Tsc1 foxo mutant cells. The exploitation of this process in tumors
with escalated mTORC1 activity that exhibit loss of FOXOs can extend the repertoire
of available treatment options and needs further exploration.
In addition to the intrinsic and extrinsic factors considered above, cancer cells also
demonstrate a reversed pH state as compared to normal cells (higher pHi and lower
extracellular pH) (Webb et al., 2011). pH-sensitive dyes and GEpHIs are the most
frequently used tools for measuring pHi in Drosophila (Grillo-Hill et al., 2014).
Heterogeneous dye uptake and Gal4/UAS system-based expression of the GEpHIs
has restrained the capacity to examine pHi dynamics during developmental processes
or compare it clonally within the same tissue. Generation of a ubiquitously-expressed
GEpHI in this study has addressed these limitations. tpHusion can robustly report pHi
differences in diverse developing organs, even after fixation. The ubiquitous
expression allows for combination with the Gal4/UAS and FLP-out systems to analyze
pHi in clones and surrounding cells in the same tissue and established an increase in
pHi upon loss of the tumor suppressors Pten, Tsc1 and Tsc1 foxo. These findings
outline the applicability of tpHusion in investigating the role of pHi in tumor initiation,
progression, and metastasis. Moreover, it can prove to be an efficient tool in screens
for pHi regulators that can interfere with various aspects of tumor development by
manipulating pHi. This can help characterize the significance of pHi deregulation in
cancer and advance the design of competent targeting approaches.
The work described here asserts the relevance of Drosophila as a powerful model
system to study growth regulation in the context of tumorigenesis. Tumor models in
Drosophila mimic hallmarks of human cancers, such as sustained proliferation and
overgrowth, evasion of apoptotic signals, and the ability to invade and metastasize
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(Gonzalez, 2013). The availability of effective screening techniques has led to the
discovery of new tumor suppressor genes, deduction of oncogenic mechanisms, and
chemical screening in personalized fly avatars. However, being an invertebrate, there
are notable differences between the flies and mammals, and not all features of human
diseases can be replicated in Drosophila. For example, flies have a rudimentary
hematopoietic system that renders the modeling of angiogenesis difficult in fly models.
In conclusion, even though it cannot replace mammalian models, Drosophila provides
a strong in vivo model that will continue to make valuable contributions to cancer
research.
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