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1 Abstract

Regenerative organs maintain a dynamic equilibrium throughout the life of the organism by

resisting and repairing damage from both internal and external threats. This balance is achieved

by replacing lost or damaged cells through a process primarily mediated by stem cells, which

are capable of self-renewal to maintain their pool and differentiate to form specialized cell types.

The decision to either divide or differentiate is tightly regulated by a genetic network, disruption

of which can trigger uncontrolled stem cell proliferation and differentiation, leading to the

formation of large tumors. While several studies have used Drosophila melanogaster to explore

the roles of Notch, JNK, EGFR, and Wnt signaling pathways in regulating stem cell function,

many genes that interact with these pathways remain unidentified. In this study, I generated

tumor models of the Drosophila midgut and malpighian tubules to identify and characterize novel

genes involved in stem cell regulation.

Using the CRISPR/Cas9 system, I developed a method to introduce mutations in the

progenitor cells of the midgut. With this approach, I generated a Notch loss-of-function midgut

tumor model, characterized by increased stem cell proliferation and secretory enteroendocrine

cells. Through single-cell RNA sequencing (scRNA seq), I identified several differentially

expressed genes, from which I found 28 genes whose knockdown reduced tumor growth and

proliferation. I further showed that one of the candidate genes, nerfin-1, is required for the

proliferation of stem cells during ApcRNAi;RasV12-mediated midgut tumorigenesis,

infection-induced regeneration, and homeostasis.

From the scRNA seq dataset, I also observed that Notch loss-of-function tumors activated the

Toll signaling pathway in the midgut. I demonstrated that active Toll signaling is required for

promoting the proliferation of both the Notch loss-of-function and ApcRNAi;RasV12 tumors in the

midgut. Additionally, I showed that genetic activation of the Toll signaling pathway in progenitor

cells was sufficient to trigger the rapid proliferation of stem cells via the JNK signaling pathway.

I also demonstrated that the activation of the Toll signaling pathway in enterocytes serves as a

niche signal, that drives stem cell proliferation in the midgut.

Lastly, I generated a renal cell carcinoma fly tumor model by introducing ApcRNAi;RasV12 in renal

stem cells of the malpighian tubules. I showed that tumor-bearing malpighian tubules activate the

10
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Wnt, Pi3K/Akt/mTor, and Raf/MEK/ERK signaling pathways, all of which are essential for tumor

proliferation. Additionally, I identified five genes whose knockdown reduced tumor proliferation in

the malpighian tubules, the human homologs of which are upregulated in renal cell carcinoma

patients.

In summary, my research demonstrates that Drosophila melanogaster is a valuable model,

which can be used to decode the genetic networks that regulate stem cell function. By

generating tumor models in the midgut and malpighian tubules, identifying transcriptomic

changes, and characterizing gene function, my work lays the groundwork for further research in

flies and higher model organisms, including humans.
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Zusammenfassung

Regenerative Organe halten während des gesamten Lebens des Organismus ein dynamisches

Gleichgewicht aufrecht, indem sie Schäden durch innere und äußere Bedrohungen abwehren

und reparieren. Dieses Gleichgewicht wird erreicht, indem verlorene oder geschädigte Zellen

durch einen Prozess ersetzt werden, der in erster Linie durch Stammzellen vermittelt wird, die

zur Selbsterneuerung fähig sind, um ihren Pool zu erhalten und sich in spezialisierte Zelltypen

zu differenzieren. Die Entscheidung, sich zu teilen oder zu differenzieren, wird durch ein

genetisches Netzwerk streng reguliert, dessen Störung eine unkontrollierte Vermehrung und

Differenzierung von Stammzellen auslösen kann, was zur Bildung großer Tumore führt. In

mehreren Studien wurde die Rolle von Notch-, JNK-, EGFR- und Wnt-Signalwegen bei der

Regulierung der Stammzellfunktion untersucht, doch viele Gene, die mit diesen Signalwegen

interagieren, sind noch nicht identifiziert. In dieser Studie habe ich Tumormodelle des

Mitteldarms und der malpighischen Tubuli von Drosophila erstellt, um neue Gene, die an der

Stammzellregulation beteiligt sind, zu identifizieren und zu charakterisieren.

Ich habe eine Methode entwickelt, um mittels CRISPR-Cas9 in die Vorläuferzellen des

Mitteldarms Mutationen herbeizuführen. Dadurch erzeugte ich ein Notch-Tumormodell mit

Funktionsverlust im Mitteldarm, das sich durch erhöhte Stammzellproliferation und eine

Anreicherung sekretorischer enteroendokriner Zellen kennzeichnet. Durch

Einzelzell-RNA-Sequenzierung (scRNA-seq) identifizierte ich mehrere differentiell exprimierte

Gene, von denen bei 28 Genen ein Knockdown das Tumorwachstum und die Proliferation

reduzierte. Darüber hinaus habe ich gezeigt, dass eines der Kandidatengene, nerfin-1, für die

Vermehrung von Stammzellen während der ApcRNAi;RasV12-vermittelten

Mitteldarmtumorigenese, infektionsinduzierten Regeneration und Homöostase erforderlich ist.

Anhand des scRNA seq-Datensatzes konnte ich außerdem feststellen, dass

Notch-Loss-of-Function-Tumoren den Toll-Signalweg im Mitteldarm aktivieren. Des Weiteren

konnte ich zeigen, dass ein aktiver Toll-Signalweg für die Förderung der Proliferation sowohl von

Notch-Loss-of-Function- als auch von ApcRNAi;RasV12-Tumoren im Mitteldarm erforderlich ist.

Darüber hinaus habe ich gezeigt, dass die genetische Aktivierung des Toll-Signalwegs in

Vorläuferzellen ausreicht, um eine schnelle Vermehrung von Stammzellen über den

JNK-Signalweg auszulösen. Ich habe auch gezeigt, dass die Aktivierung des Toll-Signalwegs in
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Enterozyten als Nischensignal dient, das die Stammzellproliferation im Mitteldarm antreibt.

Schließlich habe ich ein Nierenzellkarzinom-Tumormodell für Fliegen entwickelt, indem ich

ApcRNAi;RasV12 in Nierenstammzellen der malpighischen Tubuli eingeführt habe. Ich konnte

zeigen, dass tumortragende malpighische Tubuli die Wnt-, Pi3K/Akt/mTor- und

Raf/MEK/ERK-Signalwege aktivieren, die alle für die Tumorproliferation wichtig sind. Darüber

hinaus habe ich fünf Gene identifiziert, deren Knockdown die Tumorproliferation in den

malpighischen Tubuli reduzierte und deren menschliche Homologe bei Patienten mit

Nierenzellkarzinom hochreguliert sind.

Zusammenfassend lässt sich sagen, dass meine Forschung zeigt, dass Drosophila

melanogaster ein wertvolles Modell ist, das zur Entschlüsselung der genetischen Netzwerke

verwendet werden kann, die die Stammzellfunktion regulieren. Durch die Erzeugung von

Tumormodellen im Mitteldarm und in den malpighischen Tubuli, die Identifizierung von

Transkriptomveränderungen und die Charakterisierung von Genfunktionen legt meine Arbeit

den Grundstein für weitere Forschung in Fliegen und höheren Modellorganismen, einschließlich

des Menschen.
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2 Introduction

2.1 Regenerative organs require stem cells to maintain homeostasis

Organismal health is maintained through the coordinated functioning of cells, tissues, and organs,

all of which are influenced by environmental conditions. However, both internal and external

challenges can disrupt homeostasis and threaten overall health. To counteract these threats,

organisms have evolved mechanisms to restore normal function, primarily through recognition

and repair of cellular damage. One such mechanism is the replacement of damaged or dead

cells with new ones, a process driven by stem cells in regenerative organs. Stem cells are a

special group of cells that divide and differentiate to give rise to new, differentiated cells while

maintaining their own pool. Signals derived from damaged or dying cells prompt stem cells to

activate their division and differentiation processes when necessary. Maintaining strict control

over these processes is critical, as any defects in this regulation can lead to tumor formation [1,

2].

2.1.1 The Drosophila midgut

The Drosophila midgut performs key functions similar to those of the human small intestine,

including food digestion, nutrient absorption, immune defence, and interaction with the gut

microbiome. Both the human intestine and the Drosophila midgut also share similarities in their

cell types. The Drosophila midgut is a monolayer epithelium and is composed of five major cell

types: Intestinal stem cells (ISCs), Enteroblasts (EBs), Enteroendocrine progenitors (EEPs),

Enterocytes (ECs), and Enteroendocrine cells (EEs). ISCs, EBs, and EEs are diploid with a

small nucleus, while ECs are polyploid with a larger nucleus. These cell types are distributed

along the entire length of the midgut, with functional roles that are analogous to their human

counterparts (Figure 1A) [1].

ISCs reside at the base of the midgut epithelium and divide asymmetrically to produce a

daughter stem cell and a transient EB or EEP [3, 4, 5]. Collectively, ISCs, EBs, and EEPs are

referred to as progenitor cells and they all express the transcriptional factor Escargot (Esg) [4,

5]. Apart from the expression of esg, ISCs express the ligand Delta, EBs express the

transcription regulator Suppressor of Hairless (Su(H)), and EEPs express the transcription factor

Prospero (pros) [4, 5, 6]. Post-mitotic progenitor EBs differentiate into ECs, while transient
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progenitor EEPs differentiate into EEs [5]. ECs are the most abundant cell type in the midgut;

they are absorptive cells responsible for nutrient absorption and interaction with luminal contents

and serve as a barrier between the lumen and the internal organs of the fly. EEs are secretory

cells that primarily produce hormones and cytokines, which are essential for the proper

functioning of the midgut [1, 6] (Figure 1B).

The mechanism of ISC division and subsequent differentiation into ECs or EEs are

accelerated in response to stress signals, such as infection or toxin exposure. Damage to the

midgut triggers the activation of various signaling pathways in different cell types, which act

either autonomously or non-autonomously to promote division, differentiation, and repair,

ultimately maintaining gut integrity [7]. Key signaling pathways involved in this process include:

Notch, Wnt, EGFR, Jak-Stat, and JNK signaling [3, 4, 7, 8, 9, 10, 11]. The mechanism by which

these pathways maintain midgut integrity and how disruption of these pathways cause tumor

formation will be explained in sections 2.2 to 2.6.
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2.1.2 The Drosophila Malpighian Tubule

The adult fly Malpighian Tubule (MT) is an important excretory organ responsible for maintaining

electrolyte and water balance, a function analogous to the human kidney. The MTs are attached

to the midgut at the midgut-hindgut boundary and consist of the ureter, initial segment, main

segment, and lower segment. Together, the MTs work alongside the midgut and hindgut to

facilitate the excretion of waste and toxins [12]. In addition to their excretory role, the MTs are

regenerative organs that contain renal stem cells (RSCs) located in the ureter and lower tubule

[13]. These stem cells are derived from the same pool of larval progenitor cells that produce ISCs

in the midgut, and therefore also express esg [14]. However, unlike the midgut ISCs, the RSCs

are generally quiescent. Nonetheless, they are capable of responding to injury and can divide

and replace lost cells, employing similar signaling pathways as those used by ISCs [15].

2.2 The Notch signaling pathway

2.2.1 Signaling components of the Notch signaling pathway

The Notch signaling pathway plays a critical role in determining cell fate and regulating cell

proliferation and differentiation in flies. The canonical Notch pathway relies on the

communication between two adjacent cells to transmit a complete signal. In the signal-receiving

cell, the Notch (N) receptor undergoes post-translational modifications and proteolytic cleavage

(S1) in the endoplasmic reticulum (ER) and Golgi apparatus before being transported to the

plasma membrane [16, 17, 18]. The extracellular domain of the N receptor binds to the ligands

Delta or Serrate (Ser) from the adjacent signal-sending cell. Upon this interaction, the Delta

ligand exerts a physical force on the N receptor, triggering its second proteolytic cleavage (S2)

by Kuzbanian (Kuz) [19]. The Delta ligand is endocytosed in the signal-sending cell, where it is

ubiquitinated by Neuralized (Neur) or Mind bomb 1 (Mib1) and eventually degraded [20, 21, 22].
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S2 cleavage of the N receptor in the signal-receiving cell generates a truncated form by

shedding the extracellular domain, known as Notch extracellular truncation (NEXT) [23]. This

truncated form undergoes a third proteolytic cleavage (S3) by the γ-Secretase Complex,

resulting in the release of the Notch intracellular domain (NICD) [19, 24, 25]. The NICD is then

translocated into the nucleus, where it displaces Hairless (H) and forms a transcriptional

activation complex with Suppressor of Hairless (Su(H)) and Mastermind (Mam) [26, 27, 28].

This active NICD-Su(H)-Mam complex recruits co-activators to initiate the transcription of Notch

target genes, most common of which are the Enhancer of Split Complex (E(spl)-C) basic

Helix-Loop-Helix (bHLH) proteins [29, 30, 31] (Figure 2).
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2.2.2 Notch signaling in stem cell homeostasis and tumorigenesis

The maintenance and differentiation of ISCs are primarily regulated by the Notch signaling

pathway. ISCs express high levels of the ligand Delta, which interacts with the Notch receptor on

adjacent EBs. Strong Delta-Notch activity in EBs promotes their differentiation into ECs, while

weaker Delta-Notch signaling favours EE differentiation via the formation of transient EEPs [5,

6]. The transcription factor Klumpfuss (Klu) regulated by Notch signaling, restricts the

differentiation of EBs to ECs [32], while activation of Scute (Sc) and Asense (Ase) promotes EE

differentiation [33]. The bHLH transcription factor Daughterless (Da) is essential for maintaining

ISC identity and is inhibited by the E(spl)-C complex to promote differentiation [34]. Disruption of

the Notch signaling pathway in progenitor cells leads to defects in EC differentiation, resulting in

tumorigenic clusters composed of ISCs and EEs [6].

Differentiation-defective Notch mutant progenitors give rise to tumors through a series of

signaling events. At an early stage, mitogenic signals resulting from Notch knockdown initiate

the formation of small stem cell clusters. The growth of these clusters is further promoted by

autocrine Spi/EGFR signaling, which contributes to tumor formation. As the tumors grow larger,

they disrupt the surrounding epithelial architecture, forcing the cells to detach and extrude. This

breakdown of the epithelial structure triggers stress-induced signaling pathways, such as JNK

and Hippo/Yorkie signaling, leading to the production of growth factors (e.g., Pvf, Wg, Vn, and

Dilp3) and cytokines (Upd2/3). These growth factors and cytokines further fuel tumor growth

and form a positive feedback loop to create a stem cell niche [35].

2.3 The Canonical Wnt signaling pathway

2.3.1 Signaling components of the Canonical Wnt signaling pathway

Canonical Wnt signaling is a key regulator of the development, patterning, and functioning of

various organs such as wings, and midgut in flies.

In the ”Wnt OFF” state, the absence of Wingless (Wg) leads to the inactivated state of

Frizzled (Fz) and Arrow (Arr) receptors. As a consequence, the β-Catenin Destruction Complex

composed of the scaffold proteins Axin (Axn), Adenomatous polyposis coli (Apc), and kinases

Shaggy (Sgg), Casein kinase 1α (Ck1α), phosphorylates Armadillo (Arm) in the cytoplasm [36,

18



PhD Thesis Shivohum Bahuguna

37, 38]. This phosphorylation creates a docking site for the E3 ubiquitin ligase β-Transducing

repeat-containing protein (β-Trcp), which ubiquitinates Arm, targeting it for proteasomal

degradation [39, 40]. The lack of nuclear Arm prevents the activation of Wnt target gene

expression, as co-repressor Groucho (Gro) binds to the transcription factor Pangolin (Pan),

inhibiting gene expression [41].

In the ”Wnt ON” state, Wg ligand binds to the extracellular cysteine-rich domain (CRD) of the

Fz receptor [42]. This interaction triggers the recruitment and dimerization of Fz with Arr at the

plasma membrane [43]. The Wg-Fz-Arr complex promotes the oligomerization of Dishevelled

(Dsh) at the cytoplasmic domain of Fz [44]. Dsh brings Axin (Axn), which is complexed with the

kinases Sgg and Ck1α, to the plasma membrane, where it serves as a platform for the

phosphorylation of the cytoplasmic tail of Arr [45]. The dimerization of Fz-Arr together with Dsh,

Axn, Apc, Sgg, and Ck1α at the plasma membrane, prevents the phosphorylation and

subsequent degradation of Arm by the ”β-Catenin Destruction Complex” in the cytoplasm.

Stable Arm then translocates into the nucleus, where it displaces the repressor Gro and forms a

complex with DNA-bound Pan, leading to the transcription of Wnt target genes such as frizzled 3

(fz3) [46, 47, 48] (Figure 3).
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2.3.2 Wnt signaling in stem cell homeostasis and tumorigenesis

Wnt signaling plays a crucial role in regulating stem cell homeostasis in both the mammalian

intestine and the Drosophila midgut. In both, loss of the canonical Wnt signaling pathway

components under homeostasis leads to impaired regeneration capacity of intestinal stem cells

[49]. In flies, Wg is secreted from the surrounding visceral muscles (VM) and at major

compartment boundaries of the gut epithelium [8, 50, 51]. Under normal conditions, Wnt

signaling is predominantly active at the intestinal compartment boundaries, as indicated by the

Wnt target gene reporter Fz3-RFP [51]. However, during a regenerative response, Wg is

produced by Esg-positive progenitor cells, leading to stem cell overproliferation through

activation of the canonical Wnt signaling pathway [52].

Inactivating mutation of the Apc gene is the first step in the formation of colorectal cancer in

humans. These mutations lead to Wnt pathway hyperactivation, which drives early stages of

tumorigenesis [53]. In flies, Apc is mainly expressed in progenitor cells, loss of which activates

Wnt signaling and causes stem cell overproliferation and intestinal hyperplasia [9, 50, 54]. This

phenotype is dependent on the canonical Wnt signaling pathway [9, 54]. Additionally, loss of Apc

confers a competitive advantage to mutant stem cells over wild-type cells and promotes JNK-

dependent cell death of surrounding healthy cells, further fueling tumor proliferation [55]. Beyond

Wnt-driven stem cell proliferation, Apc mutant cells rely on other signaling pathways, such as

JNK, JAK/STAT, and EGFR signaling to sustain growth and proliferation [52, 54, 56]. Therefore,

Wnt signaling serves as an important regulator of stem cell proliferation, and its hyper-activation

drives the early onset of tumor formation.

2.4 The EGFR signaling pathway

2.4.1 Signaling components of the EGFR signaling pathway

Epidermal growth factor receptor (EGFR) signaling is a well-known regulator of stem cell

proliferation and an oncogenic signaling pathway.
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The Epidermal growth factor receptor (Egfr) is a monomeric receptor belonging to the

receptor tyrosine kinase (RTK) family, consisting of a ligand-binding extracellular domain, a

transmembrane domain, and an intracellular tyrosine kinase domain [57]. EGF ligands, such as

Spitz (Spi), Keren (Krn), Vein (Vn), and Gurken (Grk) bind to the extracellular domain of Egfr in

flies [58, 59, 60, 61]. Upon binding, Egfr undergoes dimerization and subsequent

auto-transphosphorylation of its intracellular domain [62]. These intracellular phosphorylated

regions of the Egfr serve as docking sites for the adaptor protein Downstream of receptor kinase

(Drk) at the plasma membrane [63]. The interaction recruits the guanine exchange factor Son of

sevenless (Sos), leading to the activation of Ras85D/Ras by exchanging GDP for GTP [64, 65].

Activated Ras transduces the signal through a cascade of kinase-dependent phosphorylations

in the mitogen-activated protein kinase (MAPK) pathway. This pathway involves the sequential
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activation of Raf oncogene (Raf) [66, 67], Downstream of raf 1 (Dsor1) [68], and Rolled (Rl) [69].

Once phosphorylated, Rl translocates into the nucleus and triggers the removal of the repressor

Capicua (Cic) from the nucleus to the cytoplasm [70]. The activation of Rl and the release of

Cic-mediated repression results in the activation of ETS transcription factors Pnt and Ets21C.

Both these transcription factors regulate target gene expression required for cell cycle, such as

CycE, Cdk2, and stg [71] (Figure 4).

Another major downstream effector of Ras is phosphoinositide 3-kinase (Pi3K), which

activates the Pi3K/Akt/mTor signaling cascade [72, 73]. The activation of Pi3K by Ras catalyzes

the phosphorylation of phosphatidylinositol (4,5)-bisphosphate (PIP2) to produce

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which in turn activates Akt kinase [74]. Akt

then activates mTor kinase by phosphorylating its inhibitor, Gigas (Gig/dTsc2). Activated mTor

promotes cell growth and protein synthesis by phosphorylating its downstream effectors

Drosophila Ribosomal protein S6 kinase (dS6K) and Thor (d4E-BP) [75] (Figure 4).

2.4.2 EGFR signaling in stem cell homeostasis and tumorigenesis

In the Drosophila midgut, EGFR signaling plays a crucial role in regulating ISC proliferation

under both homeostatic and stress conditions. During homeostasis, ISCs stain positive for

diphosphorylated form of ERK (dpERK), which is indicative of active EGFR signaling.

Additionally, ISCs carrying loss of EGFR signaling components Ras, and Egfr, fail to grow and

proliferate [76]. Flies mutant for Pi3K and mTor function had significantly reduced ISC division

as well as decreased DNA endoreplication in ECs during homeostasis [77]. The visceral

muscles (VMs) serve as a niche for EGFR signaling in ISCs through the secretion of the ligand

Vn [10, 78].

Epithelial stress in the Drosophila midgut triggers the production of EGFR ligands from

various sources: 1) Vn from VMs, 2) Spi primarily from progenitor cells and also from some

ECs, and 3) Krn from ECs. These ligands are necessary for activating EGFR signaling in ISCs

thereby promoting their proliferation [10]. Infection-induced damage enhances EGFR signaling

in progenitor cells, disruption of which suppresses infection-induced stem cell overproliferation in

the midgut [79]. Additionally, Notch loss-of-function tumors also activate EGFR signaling, which

autonomously drives stem cell proliferation and tumor growth [35].
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Ectopic expression of active EGFR signaling components, such as EgfrλTop, RasV12, RafGOF,

and pnt, drives stem cell overproliferation by promoting the transcription of genes involved in

cell growth and cell cycle [10, 71]. Overexpression of RasV12 induces oncogenic proliferation

of stem cells, loss of cell polarity, epithelial disruption, and metastasis in the fly midgut, making

it a good in-vivo cancer model for genetic and drug screening [80, 81]. In the fly malpighian

tubules, RasV12-expressing renal stem cells activate MAPK signaling and cause renal stem cell

overproliferation. Inhibition of signaling components Dsor1, Raf, and mTor suppressed RasV12-

mediated renal stem cell overproliferation in the malpighian tubules [82]. Moreover, tumors driven

by RasV12 in the Drosophila accessory gland activate the MAPK and Pi3K/Akt/mTor pathways,

both of which are required for tumorigenesis [83].

2.5 The JNK signaling pathway

2.5.1 Signaling components of the JNK signaling pathway

The c-Jun NH 2 -terminal kinase (JNK) signaling pathway is a stress response pathway that

senses various stress signals and mediates cellular responses that regulate cell survival, repair,

and homeostasis.

Tumor necrosis factor (TNF) ligand Eiger (Egr) activates JNK signaling by binding to TNF

receptors Wengen (Wgn) and Grindelwald (Grnd) [84, 85, 86]. This interaction triggers a

cascade of sequential phosphorylation events involving a series of kinases: Misshapen (Msn),

TGF-β activated kinase 1 (Tak1), Hemipterous (Hep), and Basket (Bsk) [87, 88, 89, 90].

Phosphorylated Bsk then activates Kayak (Kay) and Jun-related antigen (Jra) by

phosphorylating them, leading to the formation of the AP1 transcription factor complex [91]. The

AP1 complex translocates to the nucleus and regulates the transcription of JNK target genes,

such as puckered (puc), Matrix metalloproteinase (Mmp1), and unpaired (upd). These genes

are essential for cell proliferation and survival [92] (Figure 5).
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2.5.2 JNK signaling in stem cell homeostasis and tumorigenesis

Epithelial renewal of the fly gut in response to stress signals occurs in two major steps: 1) Loss

of damaged ECs, and 2) Increased ISC proliferation. During stress, JNK signaling is activated in

ECs and ISCs, which facilitates both of these major steps in epithelial renewal [11].

In ISCs, active JNK signaling is required for proliferation in response to oxidative stress, such

as Ecc15 infection, paraquat damage, and aging [11, 93]. In the absence of infection, forced

activation of JNK signaling by overexpressing hep in stem cells causes a significant

overproliferation of ISCs [93]. Furthermore, JNK signaling contributes to the autonomous growth

of midgut tumors [92, 94]. JNK signaling promotes its pro-proliferative effects through several

transcription factors, including AP1, Sox21a [95], and Ets21c [96], as well as by maintaining

spindle orientation through the recruitment of Wdr62 and repression of Kif1a [97].

JNK signaling also acts non-autonomously to trigger stem cell proliferation. Stress-induced

activation of JNK signaling in ECs enhances the expression of Unpaired (Upd) cytokines, which,

in turn, triggers ISC proliferation via the JAK/STAT signaling pathway [7]. This non-autonomous
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mechanism of stem cell proliferation is hijacked by rapidly proliferating tumors to propagate at

the expense of surrounding healthy wild type cells. For example, Notch tumors activate JNK

signaling in surrounding ECs, which promotes tumor growth through cytokine production [35]. A

similar non-autonomous role of JNK signaling is required for the growth of Sox21a [94] and Apc

mutant [55] midgut tumors.

2.6 The Toll signaling pathway

2.6.1 Signaling components of the Toll signaling pathway

The Toll signaling pathway is an evolutionary conserved innate immune pathway, which along

with the IMD pathway responds to pathogenic insults. Toll signaling specifically responds to

Gram-positive bacteria and Fungi in flies [98].

The cell wall of Gram-positive bacteria, which contains Lys-type peptidoglycan, is recognized

by Peptidoglycan Recognition Protein SA (PGRP-SA) and Gram-negative Bacteria Binding

Protein 1 (GNBP1) [99, 100]. In contrast, the fungal cell wall is recognized by Gram-negative

Bacteria Binding Protein 3 (GNBP3) [101]. The recognition signal is relayed to Spatzle

Processing Enzyme (SPE) through a sequential protease cascade, which involves Modular

Serine Protease (ModSP), Gram-positive Specific Serine Protease (Grass), and

Spirit/Spheroide/Sphinx1/2 [102]. The activated SPE processes the full-length Spatzle (Spz) into

its active form [103].

Activated Spz dimerizes and binds to the extracellular domain of the Toll (Tl) receptor [104,

105]. This binding induces the dimerization of the Tl receptors at the cell membrane [106]. The

activated Tl dimers recruit the adaptor protein Myd88 to the intracellular TIR domain of the Tl

receptor [107]. The interaction between Tl and Myd88 leads to the formation of a complex

comprising of MyD88, the adaptor protein Tube (Tub), and kinase Pelle (Pll) [108]. This

oligomeric Myd88-Tub-Pll complex phosphorylates the inhibitor Cactus (Cact), resulting in its

degradation and release of the NF-κB transcription factor Dorsal-related immunity factor (Dif)

and Dorsal (dl) [109]. The free Dif and dl translocate into the nucleus and transcribe target

genes including anti-microbial peptides such as Drosomycin (Drs), and Defensin (def) [110, 111,

112] (Figure 6).

25



PhD Thesis Shivohum Bahuguna

2.6.2 Toll signaling in stem cell homeostasis and tumorigenesis

The innate immune Toll and IMD pathways serve as a first line of defence in response to

infection. Traditionally, these pathways have been characterized for their roles in pathogen

recognition and immune response, but more recent studies have highlighted their involvement in

regulating epithelial renewal. In the gut, IMD signaling regulates EC shedding in response to

infection-induced damage, as well as tumorigenesis [113, 114]. However, the role of IMD

signaling in stem cell proliferation has remained controversial, with some studies disproving its

requirement [113], while others claim that it is necessary [115]. Although several studies have
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tried to address the impact of IMD signaling in the fly midgut, the role of Toll signaling in midgut

turnover remains largely unexplored.

Pioneering research on Toll signaling in larval hemocytes has revealed that Toll-active

mutants develop melanotic tumors due to aberrant differentiation of hemocytes into lamellocytes

[116]. Toll-7 is required for the proliferation of RasV12/lgl-/- tumors in the eye disc, and

overexpression of Toll-7 is sufficient to promote tumorigenesis through JNK signaling [117]. Toll

signaling also mediates cell competition in the wing disc. The Toll pathway ligand Spz induces

Toll activation in loser cells, which is required for its elimination through the induction of

pro-apoptotic genes such as Rpr and Hid [118, 119]. While Toll signaling is mainly associated

with innate immune responses, its interaction with other signaling pathways, such as JNK

signaling [120], and 4EBP/mTor signaling [121], makes it an interesting pathway to investigate in

the context of midgut epithelial renewal.

2.7 Genetic tools used in Drosophila melanogaster

2.7.1 Binary expression systems: Gal4/UAS, LexA/LexAOP

The ability to manipulate gene expression with cellular and temporal control in complex tissues

makes Drosophila a powerful and versatile model organism for genetic studies. This is largely

attributed to the binary expression systems available in flies. The most commonly used binary

system is the Gal4/UAS system, which was first discovered in yeast and later introduced into

flies [122, 123]. In this system, the Gal4 transcription activator under the regulation of a tissue-

or cell type-specific promoter, binds to the Upstream Activation Sequence (UAS) enhancer and

transcribes genes downstream of it (eg knockdown, overexpression, or reporters). As a result,

only those cells that contain both Gal4 and UAS sequences will express the construct controlled

by UAS [123]. Gal80 is a regulatory protein that binds to Gal4 and represses its ability to

transcribe UAS-tagged genes. The temperature-sensitive variant Gal80ts retains its repressive

activity at 18◦C, but loses its ability to bind to Gal4 and suppress its activity at 29◦C [124].

Therefore, incubating flies at 29◦C activates Gal4-dependent UAS gene expression, while

incubating flies at 18◦C prevents activation (Figure 7A). In the Drosophila midgut progenitor

cells, the esg promoter drives the expression of Gal4. In combination with the Gal80ts system

and UAS-GFP expression, this generates a transgenic fly line that allows for temporally

controlled expression of transgenes in midgut progenitor cells marked by GFP (hereafter
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referred to as esgts).
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Another binary system, LexA/LexAOP, operates on a principle similar to that of the Gal4/UAS

system. The bacterial-derived DNA damage response repressor LexA, when expressed in

specific cells using Drosophila enhancers, binds to the LexA operator-promoter (LexAOP)

sequence and transcribes genes downstream of it. Temporal regulation of LexA activity was

introduced by fusing it to the Gal4 activating domain (GAD), making it sensitive to Gal80ts [125]

(Figure 7B). Since the LexA/LexAOP and Gal4/UAS systems function independently to regulate

gene expression, they can be used simultaneously to manipulate gene expression in two

different cell populations.

2.7.2 Gene manipulation using RNAi and CRISPR/Cas9

Regulation of biological mechanisms relies on the orchestrated function of several genes, which

can be studied by manipulating their activity. In flies, RNA interference (RNAi) has become a

widely used tool to produce loss-of-function phenotypes, which have been employed to perform

large-scale reverse genetic screens. RNAi-mediated gene silencing utilizes exogenous

double-stranded RNA (dsRNA) to induce degradation of target mRNA transcripts, preventing

translation and protein synthesis [126]. In flies, exogenous dsRNA associates with the

ribonuclease III enzyme Dicer-2, which cleaves it into short 21 bp small interfering RNA (siRNA)

fragments [127]. These siRNAs induce the formation of the RNA-induced silencer complex

(RISC) complex, which unwinds the double-stranded fragments into single-stranded siRNAs,

binds to complementary mRNA, induces its degradation, and silences gene expression [128,

129] (Figure 8A). By incorporating the UAS sequence upstream of the dsRNA construct, genes

can be knocked down in a cell-specific manner using the Gal4/UAS system.

Targeted mutagenesis of the genomic loci using the Clustered Regularly Interspersed Short

Palindromic Repeats (CRISPR)—CRISPR-associated (Cas) system has become a very popular

tool for functional genomics. Initially identified in bacteria as a mechanism of defence against

viruses, CRISPR/Cas has been adapted for genome engineering applications in eukaryotes.

The system comprises of two key components: Cas9 and guide-RNA (gRNA). Cas9 is a DNA

endonuclease protein that induces double-stranded breaks (DSB) in DNA. It comprises of the

recognition domain (REC), which binds to the guide-RNA, and the nuclease domain (NUC),

which cuts the target DNA strand. The gRNA is made up of the CRISPR RNA (crRNA), which

recognizes the target sequence, and the trans-activating CRISPR RNA, which helps Cas9 to
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bind to the gRNA. In the host cell, Cas9 forms a complex with the programmed gRNA and

confers an active state.

The gRNA directs the Cas9 to the target site complementary to the crRNA sequence

upstream of the Protospacer Adjacent Motif (PAM) sequence. Here, the NUC domain of Cas9

cuts double-stranded DNA, three nucleotides upstream of the PAM sequence to create a DSB.

The cell repairs these DSBs via two major pathways: Non-homologous End Joining (NHEJ),

which is error-prone and often results in insertions or deletions (indels) that can induce
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frameshift mutations or premature stop codons, and Homology-Directed Repair (HDR), which is

more accurate and often used for precise edits [130] (Figure 8B). To increase the likelihood of

gene knockout, multiplexed guides targeting the same gene has been developed in several

organisms including the flies. Additionally, the Gal4/UAS binary system in flies has been

employed to control Cas9 expression in a tissue-specific manner, enabling targeted

mutagenesis [131, 132].

2.8 Aims and experimental goals of the thesis

The Drosophila midgut is under constant threat from external infections and toxins. To maintain

midgut integrity, ISCs regenerate damaged cells through asymmetric division, replenishing both

stem cells and differentiated cells. This process of division and differentiation is active

throughout the life of the fly and is accelerated during a regenerative response. It is tightly

regulated by signaling pathways such as Notch signaling, which promotes differentiation, Wnt

and EGFR signaling, which regulate ISC proliferation, and JNK signaling, which activates

regeneration in response to stress. These pathways interact with each other and several other

genes to form a complex genetic network.

Oncogenic mutations or loss of tumor suppressors in the genetic network, drive rapid stem

cell proliferation and abnormal differentiation, resulting in the formation of midgut tumors. Given

the conservation of cellular architecture, function, and signaling pathways between the fly midgut

and the human intestine, Drosophila serves as an excellent model for studying stem cell function

and cancer. Additionally, the availability of a wide range of genetic tools for cell-specific gene

manipulation makes flies a powerful in-vivo model for large-scale genetic screens and cancer

mechanism research [133].

In my PhD project, I leverage the power of Drosophila genetics to model tumors in the midgut

and malpighian tubules, aiming to identify novel genes that regulate stem cell function. The

experimental plan is as follows:

1) Generate Notch-loss-of-function midgut tumors: Establish a protocol for generating

CRISPR/Cas9-induced Notch loss-of-function tumors in the fly midgut.

2) Single-cell RNA sequencing: Perform single-cell RNA sequencing on midguts with Notch

loss-of-function tumors to identify genetic changes associated with tumorigenesis.
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3) In-vivo genetic screen: Conduct an in-vivo genetic screen of candidate genes to evaluate

their role in Notch loss-of-function tumor formation.

4) Stem cell function validation and mechanism: Validate the role of positive hits in stem cell

function using the Apc-Ras colorectal cancer fly model, infection-induced regenerative

response, and during homeostasis.

Advanced single-cell sequencing techniques, combined with fly tumor models and large-scale

genetic screening, provide a powerful approach to decode the complex genetic networks that

regulate stem cell function. These findings can then be translated into higher model organisms,

offering valuable insights into cancer biology and stem cell regulation.
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3 Results

3.1 Identification of a novel regulator of stem cell function Nerfin-1 using

the Notch loss-of-function tumor model

The Drosophila melanogaster midgut tumor model has commonly been used to understand

intestinal stem cell dynamics and study the mechanisms regulating intestinal stem cell

proliferation [133]. One such common midgut tumor model is the Notch loss-of-function tumor.

Loss of the Notch receptor has previously been shown to cause a differentiation defect, leading

to large tumorigenic clusters of rapidly dividing stem cells and the accumulation of secretory

enteroendocrine cells [6]. This phenotype has been used to identify and study the role of genes

in modulating tumorigenesis such as spi/EGFR signaling [35], and Upd/JAK-STAT signaling

[134]. Given that novel gene regulators of stem cell proliferation and differentiation can be

identified using the Notch loss-of-function midgut tumor, I decided to use this model in my study.

In order to generate the Notch loss-of-function tumor model, I used the CRISPR/Cas9 system to

knockout the N gene in the progenitor population of the midgut.

3.1.1 Generating intestinal tumors through conditional Cas9 expression

CRISPR/Cas9 has emerged as a powerful tool for performing targeted mutagenesis of genes at

the genomic level and is commonly used in cancer biology to study functional genomics [135,

136]. In flies, controlled Cas9 expression in a tissue-specific manner has been achieved by

combining the binary Gal4/UAS system with Cas9 expression [131, 132]. The first generated

construct UAS Cas9.P1 was toxic to cells because it expressed a large quantity of Cas9 proteins

[131]. In order to reduce toxicity, another construct, UAS Cas9.P2, was generated, which

expresses lower amounts of Cas9 as compared to UAS Cas9.P1 and, together with multiplexed

guide-RNA, is sufficient to induce targeted genetic mutations [132, 137].

In order to investigate if I could use the CRISPR/Cas9 system to perform conditional

mutagenesis in the midgut, I first decided to express UAS Cas9.P2 in progenitor cells using the

esg-Gal4, UAS GFP, tub-Gal80ts system hereafter referred to as esgts. To do this, I crossed

virgin female flies carrying the esgts driver with male flies carrying the UAS Cas9.P2 transgene.

I collected adult progeny containing both transgenes and aged them for one week at 29◦C
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before dissection.

Through antibody staining for Cas9 in the dissected midguts, I observed that Cas9 was
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present only in Esg-positive cells, indicating that Cas9 is specifically expressed in progenitor

cells (Figure 9A,B). Therefore I confirmed that the esgts system can be used to drive the

expression of Cas9 specifically in progenitor cells in the midgut.

High levels of Cas9 expression using the UAS Cas9.P2 construct in wing disc was previously

shown to be deleterious to cells [137]. To test whether Cas9 expression using the UAS Cas9.P2

construct was also deleterious to progenitor cells in the midgut, I examined its effect on age-

dependent intestinal stem cell proliferation. A previous study on aging in the fly midgut showed

that older flies exhibit an increased number of progenitor cells as compared to younger flies [93]. I

observed a similar phenotype, where I noticed that 20-day-old adult control esgts flies showed an

increased number of Esg-positive progenitor cells in the midgut as compared to 7-day-old esgts

control flies (Figure 9C,D). Quantification of the percentage of Esg-positive progenitor cells also

showed a consistent and significant age-dependent increase in progenitors in esgts flies (Figure

9G). I then overexpressed Cas9 using the UAS Cas9.P2 construct in progenitor cells for 7 days

and 20 days. In contrast to control esgts flies, overexpression of Cas9 for 20 days resulted in a

reduction of progenitors as compared to young 7-day-old Cas9 expressing flies (Figure 9E,F).

Quantification of the percentage of Esg-positive progenitor cells also showed a significant decline

in the number of progenitors in flies overexpressing Cas9 using the UAS Cas9.P2 construct

(Figure 9G). I, therefore, concluded that high levels of Cas9 protein expression using the UAS

Cas9.P2 construct is toxic to progenitor cells, even in the absence of a guide-RNA.

While high levels of Cas9 expression are deleterious to cells, only a small amount is sufficient

to achieve an editing outcome [137]. Therefore, I decided to reduce toxicity by limiting Cas9

expression in progenitor cells using the Gal80ts system. My experimental strategy referred to as

the Cas9.P2ON/OFF condition involves turning on the esgts-driven UAS Cas9.P2 expression at

29◦C for 10 days, followed by turning off the system at 18◦C for 30 days, and turning on the

system one final day to drive GFP expression for imagining progenitor cells. To first establish

this system, I compared the Cas9.P2ON/OFF condition to the Cas9.P2ON condition, in which Cas9

expression was turned on continuously for 20 days (Figure 10A). I implemented these

experimental conditions in flies which have one copy of esgts-driven UAS Cas9.P2 and one copy

of guide-RNA against different genes known to regulate stem cell proliferation: hep (JNK

signaling), Mad (BMP signaling), neur and N (Notch signaling).
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Loss of hep (JNK signaling) is known to reduce the number of progenitors [11], while loss

of Mad (BMP signaling), neur, and N (Notch signaling) causes stem cell overproliferation [6,

138]. I found that continuous expression of Cas9 in the Cas9.P2ON strategy resulted in a slight

reduction in stem cell numbers across all perturbations (Figure 10B-F). Quantification of the

percentage of Esg-positive progenitor cells in the posterior region of the midgut also indicated a

reduction in progenitors due to prolonged Cas9 expression, which is toxic to these cells (Figure

10L). However, by restricting Cas9 expression through the Cas9.P2ON/OFF strategy, I observed a

decrease in progenitor cells following hep knockout and an increase in progenitor cells following

Mad, neur, and N knockout in the adult midgut as compared to control (Figure 10G-L). This

suggests that restriction of Cas9 expression through temporal regulation can be used to introduce

mutations that result in a midgut phenotype.

Altogether, I showed that continuous expression of Cas9 using the Cas9.P2ON condition

prevents the development of known stem cell phenotypes potentially due to the toxic effects of

high Cas9 protein levels. However, by temporally regulating Cas9 expression through the

Cas9.P2ON/OFF system, I was able to mitigate its toxic effects on progenitor cells. I used this

system to create a Notch loss-of-function midgut tumor model and identify its transcriptomic

landscape in subsequent sections. This work, along with additional research on establishing the

protocol to generate midgut tumors using CRISPR/Cas9, has been published in the Cells journal

[139].

3.1.2 Notch loss-of-function midgut tumors have increased ISC and EE cells.

In the fly midgut, Notch signaling is essential for determining progenitor cell fate. High Notch

signaling promotes EC differentiation, while low Notch signaling primes progenitors for EE

differentiation [6]. Knockdown or expression of a mutant form of the Notch receptor in the midgut

results in a differentiation defect, leading to an accumulation of rapidly dividing ISCs and

secretory EEs [6]. To validate this phenotype, I first knocked down the Notch receptor in the

midgut progenitor population using the esgts driver. I observed that knockdown of N (hereafter

referred to as NRNAi) in progenitor cells for 20 days resulted in a significant increase in both

Esg-positive progenitor cells and Pros-positive EE cells (Figure 11A,B). Moreover, this

phenotype was also accompanied by a significant increase in mitosis, which I observed by

staining the midgut for the mitotic marker phospho-Histone H3 (pH3) (Figure 11E). I then tested
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whether a similar phenotype could be observed upon Cas9-induced mutation of the N gene. To

do this, I used the Cas9.P2ON/OFF system to express Cas9 in the progenitor population and

target the N gene using the multiplexed guide RNA construct N-gRNA2X in the midgut.
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I noticed that similar to the knockdown phenotype, Cas9-induced Notch loss-of-function

mutation also resulted in the accumulation of dividing progenitor cells and EE cells (Figure

11C,D). Additionally, I saw an increase in the number of mitotic cells upon Cas9-induced N

mutation in the midgut as compared to the control (Figure 11E). In conclusion, I showed that

similar to RNAi-mediated knockdown, introducing mutations in the N gene using Cas9-induced

mutagenesis also results in a tumor phenotype characterized by increased stem cell mitosis and

a high number of progenitor cells and EE cells.

After establishing the Cas9.P2ON/OFF-driven Notch loss-of-function tumor model in the midgut,

I wanted to identify regulatory genes involved in tumor formation. Transcriptomic studies using

bulk RNA sequencing have been widely used to understand the functional characteristics of

genes at the tissue level. However, recent advances in single-cell RNA sequencing (scRNA seq)

technologies have enabled researchers to study genetic functions at a cellular level [140]. Since

the Drosophila midgut comprises of multiple cell types, each with its unique genetic expression

profiles, Together with Siamak Redhai from the Boutros lab (DKFZ, Heidelberg), I decided to

perform scRNA seq on midguts carrying Cas9-induced Notch loss-of-function tumors to look at

transcriptomic changes specifically in progenitor cells by comparing them to control midguts. I

dissected midguts from esgts;UAS Cas9.P2ON/OFF-driven control (w1118) and N-gRNA2X flies and

subjected them to scRNA seq using the 10x Genomics platform. In collaboration with Nick

Hirschmueller from the Huber lab (EMBL, Heidelberg), I analyzed the transcriptome of 13,453

cells from control (w1118) (Figure 12A) and 16,289 cells from N-gRNA2X midguts (Figure 12B).

Different cell types were identified in both genotypes using unique marker gene expression,

such as Delta for ISCs, esg, kay, and E(spl)mbeta-HLH for EBs, and pros for EEs [141, 142].

First, I investigated changes in the cell type abundance upon Cas9-induced Notch

loss-of-function mutation as compared to control midguts. Upon comparison, I noticed a

significant increase in ISCs, EEPs, and EEs following N knockout (Supplementary Figure

S1A-C). The number of ECs was lower as compared to the control, while the number of EBs

significantly declined in N knockout midguts (Supplementary Figure S1D-E). This data aligns

with my previous experimental results showing that Notch loss-of-function mutation results in a

differentiation defect characterized by an increase in proliferative ISCs and EEs in the adult

midgut (Figure 11D).
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Since I successfully captured cell composition changes upon introducing Cas9-induced Notch

loss-of-function mutations in the midgut, I next looked at transcriptomic changes driving

increased progenitor numbers in the N knockout midguts. Together with the help of Nick

Hirschmueller from the Huber lab (EMBL, Heidelberg), I performed differential gene expression

analysis on the progenitor population (ISC/EB/EEP) between N-gRNA2X vs control and identified

several differentially expressed genes, as shown in the volcano plot (Figure 12C).

Upon careful analysis of the list of differentially expressed genes, I found that the Notch pathway

target genes E(spl)m3-HLH, E(spl)malpha-BFM, E(spl)m6-BFM, and E(spl)mgamma-HLH were
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downregulated, whereas Delta, sc, ase, and pros were upregulated in the progenitor population of

N knockout midguts as compared to control (Figure 12C). This finding is consistent with previous

literature, suggesting that the dataset successfully captured genes known to be affected by the

loss of Notch signaling [33, 34, 143].

3.1.3 Nerfin-1 is required for the Notch loss-of-function midgut tumor formation.

To identify novel genes involved in mediating Notch loss-of-function tumor formation in the midgut,

I decided to perform a genetic screen. I focused on the upregulated genes from the scRNA seq

dataset of the progenitor population of N-gRNA2X versus control midguts. I created a stable fly

line, which consisted of both esgts and NRNAi transgenes. For the genetic screen, I used the

knockdown of N instead of Cas9-induced N mutation for two reasons: 1) the ease of creating

a stable fly line with RNAi, and 2) the similar but stronger effect of NRNAi as compared to Cas9-

induced N mutation. In this stable line, activation of the Gal4/UAS system at 29◦C, resulted in

the development of tumors as a result of the knockdown of N. This stable fly can be crossed with

any UAS-driven gene knockdown fly line to screen for genes that reduce Notch loss-of-function-

induced tumors. As observed previously in Figure 11E, knockdown of N increased pH3-positive

mitotic cells in the midgut (Figure 13, Yellow bar). I, therefore, decided to use this increased

mitosis phenotype as the readout for the screen by staining and quantifying pH3-positive cells

in the midgut. Any genes whose knockdown led to a reduction of pH3-positive cells in the NRNAi

midgut background were selected as a positive hit.

Out of the 39 genes that I screened, knockdown of 28 genes resulted in a statistically significant

reduction in NRNAi-mediated mitosis (Figure 13, Blue bars). One of the genes, Scute, served as

a positive control for this screen. Scute is a transcription factor that is negatively regulated by

Notch signaling. It is required for stem cell mitosis and EE fate specification in the midgut [33]. I

observed that scute (sc) was upregulated in the progenitor population of Notch loss-of-function

tumors in the scRNA seq dataset (Figure 12C). Knockdown of sc suppressed both progenitor and

EE cell numbers (Supplementary Figure S2A,B) as well as pH3-positive mitotic cells (Figure

13, Purple bar) in NRNAi flies. Apart from sc, spdo, insb, and nerfin-1 were other known regulators

of Notch signaling pathway whose knockdown significantly rescued NRNAi tumors. Among these

genes, loss of nerfin-1 resulted in the strongest rescue of mitosis in Notch loss-of-function tumors

(Figure 13, Green bar). I, therefore, chose to study the role of Nerfin-1 in mediating stem cell
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function in the fly midgut.

Nervous fingers-1 (Nerfin-1) is a zinc finger transcription factor primarily expressed in the

medullary neurons of the larval central nervous system (CNS) and is essential for maintaining

their differentiated state. Loss of nerfin-1 results in the de-differentiation of these neurons back

into dividing neuroblasts (NB), a phenotype also observed upon activation of Notch signaling

[144]. Loss of Nerfin-1 in neurons induces the upregulation of Notch pathway genes such as N,

Delta, and Su(H). Epistatic experiments showed that the de-differentiation defect in Nerfin-1
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mutants can be reversed by inhibiting Notch signaling, indicating that Nerfin-1 negatively

regulates Notch signaling and maintains the differentiated state of neurons [145]. While it is still

unclear whether Notch signaling also regulates Nerfin-1 downstream of it, a negative epistatic

relationship makes it an interesting gene to study in the midgut.

In our scRNA seq dataset, nerfin-1 was upregulated in the progenitor population of N-gRNA2X

as compared to control (Figure 12C). I confirmed this increased expression of nerfin-1 in NRNAi

midguts through RT-qPCR (Supplementary Figure S3B). Next, I asked if Nerfin-1 was required

for the Notch loss-of-function-induced stem cell overproliferation and EE differentiation. I knocked

down nerfin-1 using two independent RNAis in the progenitor population of NRNAi flies, and stained

them with antibodies against pH3 and Pros to mark mitotic cells and EEs respectively. I found

that loss of nerfin-1 significantly reduced Esg-positive progenitor cells, Pros-positive EEs (Figure

14A-D), and pH3-positive stem cell mitosis in NRNAi midguts back to control levels (Figure 14E).

This indicated that nerfin-1 is required for promoting stem cell proliferation and EE differentiation

following loss of Notch signaling.

The accelerated proliferation of the stem cells due to inhibition of Notch signaling in the

midgut negatively affects the overall lifespan of the fly [35]. I confirmed that NRNAi in the midgut

resulted in a reduction in the lifespan as compared to control flies (Figure 15, red curve). This

is primarily due to accelerated stem cell proliferation and tumor formation. Reduction of Notch

loss-of-function mediated tumor formation through nerfin-1 knockdown using two independent

RNAis restored the lifespan of the flies to the control levels (Figure 15, green and blue

curves). This indicates that loss of Nerfin-1 restricts NRNAi mediated tumorigenesis and thereby

prevents the shortening of the lifespan.

In summary, I conclude that Notch signaling negatively regulates nerfin-1 levels in the midgut,

thereby keeping stem cell proliferation and differentiation in check. However in the absence of

Notch signaling, nerfin-1 is upregulated, which mediates stem cell overproliferation, EE

accumulation, and reduces the fly lifespan.
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3.1.4 Nerfin-1 mediates tumorigenesis in the fly colorectal cancer model.

Colorectal cancer (CRC) remains a leading cause of cancer-related deaths worldwide, largely

due to the accumulation of mutations that drive tumorigenesis through a complex genetic network.

The most common genetic mutation observed in CRC patients is the loss-of-function mutation in

the tumor suppressor gene APC, which activates Wnt signaling and serves as an initial trigger for

the formation of adenomas [146, 147]. These adenomas subsequently transform into malignant

carcinomas due to oncogenic activation of KRAS gene as a result of a mutation at codon 12 from

glycine to valine (G12V or V12) [148, 149].
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I generated a CRC fly model by introducing simultaneous knockdown of Apc (APCRNAi) and

overexpression of RasV12 in the progenitor population (esgts) of the midgut (hereafter referred to
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as ApcRNAi;RasV12). Midguts of this fly showed a significant increase in the number of

Esg-positive progenitor cells (Figure 16A,B) and pH3-positive stem cell mitosis (Figure 16D).

This aligns with the phenotype observed in mice carrying loss-of-function Apc mutation and

overexpression of RasV12 [150]. Through bulk RNA sequencing, I noticed that flies expressing

ApcRNAi;RasV12 showed increased expression of nerfin-1 in the midgut as compared to controls

(Supplementary Figure S4). In order to test if nerfin-1 plays a critical role in ApcRNAi;RasV12

mediated midgut tumorigenesis, I knocked down nerfin-1 in flies carrying ApcRNAi;RasV12 in the

progenitor population of the midgut. I observed that the knockdown of nerfin-1 resulted in a

significant reduction of Esg-positive progenitor cells (Figure 16C) and pH3-positive stem cell

mitosis (Figure 16D). This result indicates that Nerfin-1 is required for ApcRNAi;RasV12-mediated

stem cell overproliferation. It would be interesting to test if the human ortholog of Nerfin-1:

INSM1 might also have a mechanistic role in regulating the formation of APC-KRASV12-driven

CRC tumors in higher organisms such as mouse or humans.

3.1.5 Nerfin-1 is required but not sufficient for stem cell proliferation and differentiation

in the midgut.

The Drosophila midgut is a regenerative organ capable of undergoing rapid epithelial turnover in

response to stress in the form of pathogenic bacterial infection [79]. This process is

characterized by accelerated ISC proliferation and their subsequent differentiation to replace

damaged or lost epithelial cells, thereby maintaining gut integrity and organismal homeostasis

[79]. Enteric infection of the midgut by ingestion of pathogen Erwinia carotovora carotovora 15

(Ecc15) has been shown to initiate a regenerative response by increasing stem cell proliferation

in the midgut [151]. Given that Ecc15 infection-induced stem cell proliferation has been used to

study the effects of various genes on stem cell proliferation [79, 152], I decided to investigate if

Nerfin-1 is required for this infection-induced increased stem cell proliferation. Consistent with

previous studies, I observed that infection of esgts flies with Ecc15 resulted in a significant

increase in Esg-positive progenitor cells (Figure 17A, B) and pH3-positive mitotic cells (Figure

17E) in the midgut, as compared to uninfected control flies. However, knockdown of nerfin-1

using two independent RNAis significantly reduced Ecc15-induced increase in progenitor cells

(Figure 17B-D) and pH3-positive stem cell mitosis (Figure 17E) back to uninfected control

levels. This indicates that Nerfin-1 is required for stem cell proliferation during the

infection-induced regenerative response.
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Given that Nerfin-1 regulates the proliferation of stem cells during tumorigenesis and

following infection-induced regenerative response, I investigated if Nerfin-1 is also required for

stem cell proliferation during homeostasis. To test this, I knocked down nerfin-1 in the progenitor

cells of the midgut and observed a reduction in Esg-positive progenitor cells (Figure 18A-C),

and a significant decline in pH3-positive mitotic cells (Figure 18D) in the midgut. This suggests

that Nerfin-1 is essential for mediating stem cell proliferation in the midgut during homeostasis.

However, while the knockdown of nerfin-1 significantly reduced stem cell proliferation during

homeostasis, it had no significant effect on the lifespan of the fly (Supplementary Figure S5).

This might be because during homeostasis, the demand to regenerate is low, and therefore, flies

might be able to tolerate a small reduction in progenitor proliferation without affecting their

lifespan. From this data, I conclude that Nerfin-1 is required for stem cell proliferation during

homeostasis and infection-induced regenerative response in the midgut.
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Since the knockdown of Nerfin-1 also reduced the number of EEs in Notch loss-of-function

tumors (Figure 14C,D), I decided to investigate if Nerfin-1 is also required for progenitor cell

differentiation. To test this, I used a lineage tracing method called the flipout system (F/O). In

this system, the esg promoter drives the expression of the UAS Flp recombinase in the

progenitor population of the midgut. The Flp recombinase excises the inhibitory CD2 cassette

from Act>CD2>Gal4, thereby enabling the expression of the ubiquitous Actin-Gal4 driver. By

this method, progenitors and their subsequent lineage inherit Actin-Gal4, which drives the

expression of UAS constructs such as UAS GFP, thereby marking the entire stem cell lineage

with GFP fluorescence [7]. In control flies, esgtsF/O marks almost all cells with GFP within 2-3

weeks of flipout system induction, indicating normal and complete midgut epithelial turnover

during homeostasis (Supplementary Figure S6A). However, knockdown of nerfin-1 using this

esgtsF/O system resulted in a significant reduction in the number of stem cell clones as well as

their size (Supplementary Figure S6B,C). Moreover, most of the GFP-positive clones were

large nucleated cells, indicating that loss of nerfin-1 forces the small diploid progenitor cells to

differentiate into ECs (Supplementary Figure S6A-C, Red arrows). These experiments

suggest that Nerfin-1 is required for regulating progenitor cell fate decisions by preventing their

differentiation to ECs.

While I showed that Nerfin-1 is required for the proliferation and differentiation of progenitor

cells, I wanted to test if Nerfin-1 is sufficient to regulate these functions. To investigate this, I

overexpressed nerfin-1 in the progenitor population of the midgut. I observed that overexpression

of nerfin-1 did not affect the number of progenitor cells, EEs or stem cell mitosis as compared to

control midguts (Supplementary Figure S7A,B). Altogether, I conclude that Nerfin-1 is required,

but not sufficient, for regulating stem cell proliferation and differentiation in the midgut. I propose

that Nerfin-1 regulates these processes together with other interacting proteins.
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3.2 Innate immune Toll pathway regulates stem cell proliferation in the

adult midgut

In flies, the innate immune Toll and IMD signaling pathways defend the host against pathogenic

infections. These pathways detect pathogenic bacteria and activate a signaling cascade that

produces antimicrobial peptides (AMPs), which are toxic to the pathogens [153]. The IMD

signaling pathway, which specifically responds to and eliminates gram-negative bacteria, has

been described in regulating stem cell proliferation and EC shedding in the midgut [113, 114,

115]. While the role of the IMD pathway in epithelial renewal has been well established, the Toll

pathway’s involvement in mediating the midgut’s epithelial turnover remains poorly understood.

3.2.1 Notch loss-of-function tumors require the Toll signaling pathway for proliferation

I chose to study the role of the Toll pathway in the context of intestinal stem cell proliferation

because I observed that the Toll pathway ligand Spatzle (Spz) was upregulated in the progenitor

population of N-gRNA2X tumors as compared to control midguts in our scRNA seq dataset

(Figure 12C, Supplementary Figure S8A,B). Spz is an extracellular ligand which binds to the

Toll receptor and activates the Toll pathway [106]. Activated Toll pathway subsequently

transcribes spz thereby creating a positive feedback loop [154]. Since spz was upregulated in

the progenitor population of N-gRNA2X midguts and is a target gene of the Toll pathway, I asked

if Notch loss-of-function driven tumorigenesis can activate the Toll pathway in the midgut.

To test this, I first looked at the expression levels of the Toll pathway target gene spz, as well as

AMPs Drosomycin (Drs), and Defensin (Def ) [112, 154]. To do this, I suppressed Notch signaling

by expressing NRNAi in progenitor cells and performed RT-qPCR of spz, Drs, and Def. I found that

expression of the Toll pathway target genes spz, Drs, and Def were significantly upregulated in

NRNAi midguts as compared to controls (Figure 19A-C). This indicated that the Toll pathway was

active in midguts carrying NRNAi driven tumors.
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Next, I tested whether activation of the Toll pathway in NRNAi is required for midgut

tumorigenesis. To investigate this, I knocked down intracellular components of the Toll pathway:

Toll receptor (Tl), Dif, and Dorsal (dl) in the progenitor cells of NRNAi flies. I observed that

inhibition of the Toll pathway by knocking down Tl, Dif, and dl significantly reduced both

Esg-positive progenitor cells and Pros-positive EE accumulation in NRNAi midguts (Figure

20A-D). This was also accompanied by a significant decrease in pH3-positive mitotic cells

(Figure 20E). Additionally, knockdown of Myd88 and pll also reduced the number of progenitor

cells, EEs, and mitotic cells in NRNAi midgut (Supplementary Figure S9A-D). Altogether, I

conclude that Notch loss-of-function activates the Toll signaling pathway in the midgut which is

required for tumorigenesis.
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3.2.2 Active Toll pathway mediates tumorigenesis in the fly colorectal cancer model.

Given that suppression of the Toll signaling pathway significantly reduced stem cell mitosis in

Notch loss-of-function tumor midguts, I tested whether the Toll signaling pathway is also required

for tumor formation in the CRC fly model. To investigate this, I checked if ApcRNAi;RasV12 midguts

activate the Toll signaling pathway. Bulk RNA sequencing data revealed that the Toll pathway

target genes spz, Drs, and Def were all significantly upregulated in ApcRNAi;RasV12 midguts as

compared to controls, indicating that the Toll signaling pathway was activated in tumor-bearing

midguts (Supplementary Figure S10A-C). Next, I knocked down Tl, Dif, and dl in the progenitor

population of ApcRNAi;RasV12 expressing midguts. I observed that knockdown of Tl (Figure 21B)

and dl (Figure 21D) significantly reduced Esg-positive progenitor cells and pH3-positive midgut

mitosis (Figure 21E). Suppression of Dif also reduced the tumor phenotype, albeit

non-significantly (Figure 21C). These findings suggest that Tl and dl, and to some extent Dif,

are required for ApcRNAi;RasV12-mediated stem cell overproliferation in the midgut.
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3.2.3 Toll pathway is both required and sufficient for maintaining the proliferative

capacity of intestinal stem cells

Since I demonstrated that active Toll signaling is required for both Notch loss-of-function and

ApcRNAi;RasV12-mediated tumorigenesis, I next asked whether the Toll signaling pathway also

regulates stem cell proliferation during infection-induced regeneration. To test this, I infected

adult flies of different genotypes with Ecc15 and stained their midguts for stem cell mitosis

marker pH3. As expected, infection of control flies with Ecc15 triggered rapid intestinal

regeneration, characterised by a significant increase in progenitor cells (Figure 22A,B) and

stem cell mitosis (Supplementary Figure S11) as compared to uninfected control flies. I then

infected flies carrying knockdown of Tl, Dif, and dl in progenitor cells and observed a significant

reduction in Esg-positive progenitor cells (Figure 22C-E) and pH3-positive stem cell mitosis

back to uninfected control levels (Supplementary Figure S11). This suggests that the Toll

signaling pathway is required for accelerating stem cell proliferation during infection-induced

midgut regeneration.

Given that inhibition of the Toll signaling pathway suppressed both tumor formation and

infection-induced regeneration, I next examined whether activation of Toll signaling is sufficient

to promote stem cell proliferation during homeostasis. To investigate this, I overexpressed an

active form of the Toll receptor (Tl10b) in progenitor cells using two independent UAS Tl10b

constructs. Tl10b is a mutant form of the Toll receptor that contains a C781Y amino acid

substitution in its extracellular domain, rendering it constitutively active. This mutation allows

Tl10b to activate Toll signaling without the need for ligand binding [155, 156]. Overexpression of

two independent Tl10b overexpression constructs resulted in a significant increase in

Esg-positive progenitor cells (Figure 23A-C) and pH3-positive stem cell mitosis (Figure 23D) as

compared to controls. I also overexpressed a similar effect following the overexpression of Dif

(Supplementary Figure S12A-C), further supporting the hypothesis that activation of Toll

signaling is sufficient for promoting stem cell proliferation in the midgut.
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Although the Toll pathway signals through the transcription factors Dif and Dorsal, and the

IMD pathway signals through the transcription factor Relish, these transcription factors can form

homo- and hetero-dimers, working together to simultaneously regulate the expression of target
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genes from both pathways [157]. To determine which pathway is involved in Tl10b-mediated

effects on stem cell proliferation, I knocked down Dif, dl, and Rel in progenitor cells of

Tl10b-overexpressing flies. I observed that knockdown of Dif and dl, but not Rel reduced the

number of Esg-positive progenitor cells (Figure 24A-D) and pH3-positive mitotic cells (Figure

24E) in Tl10b midguts .

In summary, I conclude that the Toll pathway is required for infection-induced intestinal stem

cell overproliferation and that overexpression of an activated form of Toll receptor (Tl10b) can

sufficiently promote intestinal stem cell overproliferation during homeostasis through the

transcription factors Dif and Dorsal but not Relish.

3.2.4 Toll pathway regulates intestinal stem cell proliferation through JNK signaling

In a previous study by Buchon et al., it was shown that enteric infection with Ecc15 activated JNK

signaling in both ISCs and ECs in the midgut. Moreover, they demonstrated that suppressing

JNK signaling in the midgut reduced infection-induced stem cell overproliferation [11]. Since I

showed that the Toll pathway is also required for infection-induced stem cell overproliferation

in the midgut, I investigated whether JNK signaling interacts with the activated Toll pathway to

mediate this process in the midgut.

I first asked if activation of the Toll pathway affects JNK signaling in the midgut. To test this, I

overexpressed Tl10b in progenitor cells and stained the midguts for the JNK signaling reporter

Puc-LacZ. Immunostaining revealed that JNK signaling was active in Esg-positive progenitor

cells and ECs in the control midguts albeit at low levels (Figure 25A). However, overexpression

of Tl10b induced a strong and widespread Puc-LacZ expression in these cell types (Figure

25B,C), indicating a significant activation of JNK signaling. In addition to these results, my

collaborator Aiswarya Udayakumar (Ligoxygakis lab, University of Oxford) also observed an

upregulation of JNK pathway genes drk, p38c, and hep in Tl10b overexpressing midguts (data

not shown), confirming that the Toll signaling pathway positively regulates JNK signaling in the

midgut.
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Given that the Toll pathway activates JNK signaling in the midgut, I next investigated whether

JNK signaling acts downstream of the Toll pathway to regulate stem cell proliferation. To test

this, I blocked JNK signaling by overexpressing a dominant-negative form of bsk (bskDN) in

progenitor cells. Overexpression of Tl10b caused an increase in the number of Esg-positive

progenitor cells and pH3-positive mitotic cells as compared to controls (Figure 26A,B, and D).

However, inhibition of JNK signaling significantly reduced both progenitor cell numbers and stem

cell mitosis to control levels (Figure 26C,D). Altogether, I conclude that active Toll signaling

induces JNK signaling, which is required for accelerated stem cell proliferation in the midgut.
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3.2.5 Toll signaling pathway can non-autonomously promote stem cell proliferation in the

midgut

While stem cells can autonomously regulate their proliferation, niche cells can also influence

stem cell proliferation through non-autonomous signaling mechanisms [158]. For example,

Notch loss-of-function-induced tumorigenesis triggers JNK signaling in the surrounding

epithelial cells, which, through the production of cytokines, non-autonomously promote tumor

growth [35]. The non-autonomous role of the Toll pathway has previously been described in

mediating the elimination of ’loser cells’ by ’winner cells’ in the wing disc cell competition model

[119]. In this model, Myc expressing ’winner cells’ in the wing disc rapidly proliferate and expand

at the expense of their surrounding wild-type ’loser cells’. Winner cells boost Spz production,

which activates the Toll pathway in the loser cells. The activated Toll pathway promotes the

expression of pro-apoptotic genes Hid and rpr, which subsequently mediates apoptosis of loser

cells and promotes winner cell outgrowth [119]. These experiments motivated me to ask if the

Toll pathway also non-autonomously influences stem cell proliferation in the midgut.

To explore this, I overexpressed Tl10b in enterocytes (ECs) using the Myosin31DF-Gal4, UAS

GFP, tub-Gal80ts (Myo1Ats) driver and measured stem cell mitosis through pH3 immunostaining.

I observed that overexpression of Tl10b in ECs using two independent overexpression fly lines

resulted in the reduction of Myo1A-positive ECs (Figure 27A-C), and a significant increase in

pH3-positive mitotic cells as compared to controls (Figure 27D). This suggests that activation

of Toll signaling in ECs leads to EC loss and accelerates stem cell proliferation through non-

autonomous signaling mechanisms in the midgut.
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3.3 Modeling Renal cell carcinoma in the fly Malpighian Tubules.

Drosophila melanogaster has been a model organism of choice to decode genetic mechanisms

involved in stem cell proliferation. Since several organs in flies have functional and genetic

similarities to humans, they are commonly used to model tumors at the organ level including

brain, prostate, and intestinal cancer [133]. For instance, several studies including the one I

have presented in this thesis, have used fly midgut tumors to model human intestinal cancer and

uncover novel genetic mechanisms regulating intestinal stem cell proliferation.

Another important regenerative organ that has not been extensively explored is the Drosophila

Malpighian Tubules (MTs). MTs are an important excretory organ for toxin removal, ion exchange,

and fluid transport. These functions are primarily carried out by two specialized differentiated cells

namely principal cells and stellate cells [159]. Additionally, MTs contain renal stem cells (RSCs),

located at the stem cell zone (ureter and lower tubule) that are formed during metamorphosis from

the same group of adult midgut progenitors that give rise to adult ISCs [13, 14]. As a result, RSCs

share many genetic similarities with ISCs, including the the expression of stem cell genes such as

esg and Delta [160]. However, unlike ISCs, RSCs are mostly quiescent and divide slowly during

homeostasis. Upon injury, RSCs exit quiescence and proliferate symmetrically to regenerate lost

principal cells locally in the stem cell zone. This ability is regulated by JNK, EGFR, JAK/STAT, and

Yki pathways [15]. Given that MTs share functional similarities with the mammalian kidney, such

as fluid transport, stone formation, and neuroendocrine regulation, they have been commonly

used to model human renal diseases, including kidney stones and ion transport malfunctions

like Bartter syndrome [161]. However, very few studies have focused on modelling Renal cell

carcinoma (RCC) in the fly MT.

RCC is one of the 10 most common cancers worldwide and has several subtypes. The most

common subtype is clear cell Renal Cell Carcinoma (ccRCC), which constitutes about 75-80%

of all RCC cases. Within ccRCC, the majority of the patients carry a biallelic loss of Von

Hippel–lindau (VHL) gene. VHL is a component of the E3 ubiquitin ligase complex that triggers

proteasomal degradation through ubiquitination of HIF1α and HIF2α [162]. This is followed by

other prevalent mutations in chromatin/histone modifier tumor suppressor genes Polybromo 1

(PBRM1: 40%), SET domain containing 2 (SETD2: 15%) and BRCA1 associated protein-1

(BAP1: 10%) [163, 164]. Flies contain orthologs of these commonly mutated ccRCC genes:
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Vhl, polybromo, Set2, and caly (Figure 28A).

I, therefore, decided to investigate whether the knockdown of these tumor suppressor genes

have any effect on RSC proliferation in the fly MT. Given that RSCs express Esg, I used the esgts

driver to perform experiments in the MTs. I observed that knocking down Vhl, polybromo, Set2,

and caly in fly RSCs did not affect RSC numbers as compared to control (Figure 28B-F). This

suggests that the knockdown of these tumor suppressor genes alone is not sufficient to promote

RSC proliferation in the fly MTs.

3.3.1 ApcRNAi;RasV12 promotes RSC proliferation in the adult malpighian tubules.

In humans, the development and growth of RCC are regulated by four major signaling pathways:

Wnt, Pi3K/Akt/mTor, HGF/Met, and HIF signaling [165]. A study done in the mouse renal

epithelium showed that combined activation of Pi3K/Akt/mTor and Wnt signaling through the

conditional expression of K-rasV12 and loss of Apc (AhCre+/T,K-ras+/LSLV12, Apcfl/fl) resulted in

the formation of renal carcinoma [150]. In order to test if the combined activation of

Pi3K/Akt/mTor and Wnt signaling affects RSC proliferation of the fly MTs, I decided to

overexpress the active form of Ras (RasV12) together with the knockdown of Apc (ApcRNAi) in fly

RSCs. I observed that expression of ApcRNAi;RasV12 resulted in a significant increase in Esg
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positive RSCs in the stem cell zone of the MTs as compared to control (Figure 29A,B). This

was associated with an increase in mitotic pH3 positive cells (Figure 29C) and a disruption of

the renal epithelium as indicated by mislocalized Dlg staining (Supplementary Figure S13A,B).

Together this data indicated that expression of ApcRNAi;RasV12 results in the formation of large

MT tumors similar to those observed in the mouse renal epithelium.
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3.3.2 Activated Wnt signaling is necessary for ApcRNAi;RasV12-mediated MT

tumorigenesis.

Activation of Wnt signaling has been implicated in several types of cancers including RCC. In

RCC patients, cytoplasmic β-catenin has been associated with advanced-stage cancer [166].

Furthermore, several studies have reported an increased mRNA expression of Wnt ligands

(Wnt1 and Wnt10) and Fzd receptors (Fz5 and Fz8), alongside a decrease in the expression of

negative regulators of Wnt signaling such as WIF1 and sFRP1 in RCC samples [167, 168, 169,

170, 171]. Studies on the tumor suppressor gene APC in RCC patients have shown a reduced

protein expression, loss of heterozygosity and promoter methylation, all indicative of Wnt

signaling activation [172, 173, 174].

Introduction of the mutant allele of APC in the mouse renal epithelium resulted in the nuclear

localization of β-catenin, which was further enhanced upon expression of K-rasV12 indicating Wnt

signaling activation [150, 175]. I, therefore, decided to test if the expression of ApcRNAi;RasV12 in

fly RSCs would also result in the activation of Wnt signaling in the fly MTs. To do this, I stained

the MTs expressing ApcRNAi;RasV12 for the fly β-catenin, Armadillo (Arm). I observed that similar

to the fly midgut, Arm is located at the cell membrane of RSCs in control MTs (Figure 30A).

However, upon expression of ApcRNAi;RasV12 in RSCs, I observed the relocalization of Arm to

the cytoplasm, which indicates an activation of Wnt signaling in the MTs (Figure 30B, White

arrows).

In flies, Wnt signaling regulates the expression of downstream target genes such as fz3.

Several studies have used the Fz3-RFP reporter fly line to assess Wnt activity in the midgut

[176, 177]. To determine whether ApcRNAi;RasV12 expressing RSCs activate Wnt signaling in the

MT, I utilized this reporter construct. While there was no Fz3-RFP expression in the control MTs,

ApcRNAi;RasV12 MTs exhibited increased Fz3-RFP expression (Figure 30C,D). Through RNA

sequencing of the fly MT, I also observed an increase in fz3 mRNA levels in ApcRNAi;RasV12 MTs

as compared to controls (log2 Fold Change = 2.23, Padj = 1.02E-0.7) (Supplementary Figure

S14). Altogether I conclude that the expression of ApcRNAi;RasV12 in RSCs leads to the

activation of Wnt signaling, as indicated by the cytoplasmic localization of Arm, increased

Fz3-RFP reporter expression, and elevated fz3 mRNA levels.
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Given that the expression of ApcRNAi;RasV12 in RSCs result in a strong activation of Wnt

signaling in the MT, I decided to investigate if activated Wnt signaling is required for RSC

overproliferation. To address this, I chose to suppress Wnt signaling upstream and downstream

of Apc by knocking down wg (wgRNAi) or overexpressing the dominant negative form of pan
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(panDN) respectively. In line with previous observations, expression of ApcRNAi;RasV12 resulted in

an increase in Esg-positive RSCs and activation of Fz3-RFP-positive Wnt signaling in the MTs

(Figure 31A). However, I noticed that loss of pan, but not wg reduced RSC overproliferation, as

well as Wnt activation in ApcRNAi;RasV12 expressing MTs (Figure 31B,C). This suggests that

Wnt signaling, downstream of Apc, is required for ApcRNAi;RasV12-mediated MT tumorigenesis.

3.3.3 Activated Pi3K/Akt/mTor signaling is necessary for ApcRNAi;RasV12-mediated MT

tumorigenesis.

EGFR signaling, which regulates both the Pi3K/Akt/mTor and Raf/MEK/ERK pathways through

the activity of the oncogene K-ras, is required for the proliferation of various cancers [178, 179].

In RCC patients, activation of the Pi3K/AKT/mTor signalling pathway is frequently associated
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with aggressive renal tumors and poor survival rate [180, 181]. Furthermore, mutations in

negative regulators such as PTEN and TSC1/2 have been identified in RCC patients, leading to

the activation of Pi3K/AKT/mTor signaling pathway [182].

Sansom et al. demonstrated that AhCre+/T,K-ras+/LSLV12, Apcfl/fl mice with renal carcinoma

exhibited an activation of the Pi3K/Akt/mTor signaling pathway in the renal epithelium [150]. In

order to test if the expression of ApcRNAi;RasV12 in fly RSCs would activate Pi3K/AKT/mTor

signalling, I performed immunostaining of the MT for the Pi3K/AKT/mTor signaling reporter

p4EBP. While I did not observe any p4EBP staining in the control MT, I detected p4EBP in MT

expressing ApcRNAi;RasV12 (Figure 32A,B). This indicates that the expression of ApcRNAi;RasV12

in RSCs of the fly MT activates the Pi3K/Akt/mTor signaling pathway.

I next asked whether activated Pi3K/Akt/mTor signaling is required for RSC overproliferation in

ApcRNAi;RasV12 MT. To examine this, I chose to suppress Pi3K/Akt/mTor signaling upstream and

downstream of Ras by knocking down Egfr (EgfrRNAi) and Akt (AktRNAi) respectively. I noticed

that knockdown of Akt but not Egfr reduced RSC overproliferation, as well as Wnt activation in

ApcRNAi;RasV12 expressing MT (Figure 33A-C). Therefore, this data suggests that Pi3K/Akt/mTor

signaling, downstream of Ras, is required for ApcRNAi;RasV12-mediated MT tumorigenesis.
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Sansom et al. also demonstrated that AhCre+/T,K-ras+/LSLV12, Apcfl/fl renal tumor mice

displayed activation of the Raf/MEK/ERK signaling pathway in the renal epithelium [150]. To test

if this is also true in the fly MT, I looked at the expression of Raf/MEK/ERK target genes CycE,

Ets21C, and stg [183]. Expression of ApcRNAi;RasV12 led to a significant increase in transcript

levels CycE (log2 Fold Change = 0.815, Padj = 0.0000784), Ets21C (log2 Fold Change = 4.268,

Padj = 6.4E-28), and stg (log2 Fold Change = 6.675, Padj = 9.83E-29) as compared to control

MT (Figure 34A-C). This confirms that similar to the mouse renal epithelium, expression of

ApcRNAi;RasV12 in RSCs result in the activation of the Raf/MEK/ERK signaling pathway in the fly

MT.
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I next decided to investigate whether active Raf/MEK/ERK signaling is required for

ApcRNAi;RasV12-mediated MT tumorigenesis. To test this, I knocked down Dsor1, which lies

downstream of Ras in the Raf/MEK/ERK axis. Suppression of Dsor1 resulted in the reduction of

ApcRNAi;RasV12-mediated RSC overproliferation as well as Wnt activation (Figure 35A,B),

suggesting that the Raf/MEK/ERK signaling pathway, downstream of Ras, is also essential for

ApcRNAi;RasV12-mediated MT tumorigenesis.

Altogether, I conclude that the expression of ApcRNAi;RasV12 in RSCs of the fly MT leads to the

activation of both the Pi3K/Akt/mTor and Raf/MEK/ERK signaling pathways, which are required

for tumorigenesis in the MT.
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3.3.4 Functional characterization of genes required for RCC using the fly MT

ApcRNAi;RasV12 tumor model

In the previous sections, I demonstrated that the expression of ApcRNAi;RasV12 in RSCs of the fly

MT leads to the formation of rapidly proliferating renal tumors, driven by the activation of Wnt,

Pi3K/Akt/mTor, and Raf/MEK/ERK signaling pathways. Given that similar mechanisms are also

reported in the renal epithelium of AhCre+/T,K-ras+/LSLV12, Apcfl/fl mice, I conclude that

ApcRNAi;RasV12 flies can be used for studying mammalian RCC and identifying novel genes

required for cancer growth and progression.

In order to identify novel genes essential for tumor growth in RCC, I first aimed to identify

human genes that are overexpressed in RCC patients. In collaboration with Erica Valentini from

the Boutros lab (DKFZ, Heidelberg), I extracted a list of genes overexpressed in ccRCC patients

from the publicly available Kidney Renal Clear Cell Carcinoma (TCGA, PanCancer Atlas)

database [184, 185]. From a database of 512 ccRCC patients (kirc), 1764 human genes were

overexpressed, with a median Z-score greater than 2. Among these, 319 genes had homologs

in the fly genome. I selected 15 fly genes at random (Figure 36A) and performed a reverse
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genetic screen by knocking down each gene individually in the fly ApcRNAi;RasV12 MT tumor

model.

I observed that knockdown of 5 genes: abs, α-Man-Ib, polo, ppan, and kibra reduced

ApcRNAi;RasV12-mediated RSC overproliferation and Wnt activation (Figure 36B-G).

Experimental evidence have shown that human homologs of abs and polo, DDX41 and PLK1

respectively are upregulated in RCC patients, however the molecular mechanism by which they

drive RCC proliferation and growth is unknown [186, 187]. Using the ApcRNAi;RasV12 MT tumor
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model, additional genes involved in tumor growth can be identified, and their underlying genetic

mechanisms can be studied. These findings can then be validated in higher mammalian models.
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4 Discussion

Regenerative organs such as the Drosophila midgut and malpighian tubules, are constantly

exposed to threats from harmful toxins and pathogenic microbes, which can disrupt their

epithelial architecture. A group of dividing stem cells in these organs is responsible for replacing

damaged cells with new, differentiated cells, while maintaining their own pool of progenitors.

This process of epithelial regeneration is tightly regulated by a complex genetic network, the

disruption of which leads to uncontrolled proliferation and mis-differentiation. In my thesis, I used

the Drosophila melanogaster model to identify previously uncharacterized genes required for

regulating stem cell function in the midgut and malpighian tubules.

4.1 CRISPR/Cas9 to generate midgut tumors in flies

Drosophila melanogaster is a widely used in-vivo model organism for studying gene function

through genetic manipulation. One of the most common methods for this is RNA interference

(RNAi) using dsRNA, which silences genes post-transcriptionally by degrading target mRNA,

thereby preventing its translation. Since the expression of dsRNA is transient and relies on the

Gal4/UAS system, the effects of RNAi do not persist in daughter cells that do not express Gal4.

Therefore, only those cells that continuously express dsRNA will exhibit a gene knockdown. In

contrast, DNA mutations are passed down through cellular lineages, leading to the accumulation

of large populations of mutant cells, a phenomenon frequently observed in cancer. Using

CRISPR/Cas9, researchers can introduce DNA mutations into any gene in flies, including tumor

suppressor genes, effectively mimicking cancer development in this model organism [139].

Since a large-scale CRISPR fly library targeting various fly genes has recently been created,

my first aim was to establish a method to generate a fly midgut tumor model using CRISPR/Cas9

[137]. To achieve this, I expressed Cas9 specifically in the progenitor population of the midgut

using the esg enhancer-driven Gal4. I noticed that in the midguts where I continuously expressed

UAS Cas9.P2, the expected age-dependent increase in progenitor cells was suppressed (Figure

9C-G). This could be due to high levels of Cas9 in the progenitor cells, which may be deleterious

to their function in the midgut. The toxic effects of Cas9 have been reported in other in-vitro and

in-vivo systems including flies, where high levels of Cas9 in wing discs induced cellular apoptosis

even in the absence of a guide RNA [137, 188, 189]. Port et al. demonstrated that reducing

77



PhD Thesis Shivohum Bahuguna

the amount of Cas9 prevented such toxic effects on cells [137]. Therefore, I decided to use the

Gal80ts system to temporally limit Gal4/UAS-dependent Cas9 expression. At lower temperatures

(18◦C), Gal80ts restricts the activity of Gal4, preventing Cas9 expression. However, at higher

temperatures (29◦C), Gal80ts can no longer bind to Gal4, allowing Gal4-dependent transcription

of Cas9. By placing the flies at different temperatures, I devised an ON/OFF strategy to control

Cas9 expression specifically in the adult midgut progenitor cells. Using this method, I successfully

generated midgut tumors by targeting tumor suppressor genes N, neur, and Mad (Figure 10G-L).

While the Cas9.P2ON/OFF method can be used to limit Cas9 toxicity and generate midgut

tumors, it has two major limitations. First, this method relies on the Gal80ts system, which

requires changing the incubation temperature to restrict Gal4 activity. Temperature has been

shown to influence the development and lifespan of the fly, which can, in turn, alter the aging

process [190]. Aging can impact stem cell function and midgut homeostasis, both of which are

important for organismal health [191]. Second, it takes 40 days for the limited expression of

Cas9 to develop into a tumor phenotype in the adult fly as compared to just 15-20 days for the

RNAi.

To address both these limitations, Port et al. developed a system to fine-tune the expression

of Cas9, independent of the Gal4 enhancer strength. This system operates on the biological

principle of ribosomal reinitiation and employs an upstream open reading frame (uORF) to

reduce the translation of the downstream Cas9 sequence. In eukaryotes, ribosomes scan

mRNA and initiate translation at the first AUG initiator codon. However, when the AUG codon is

followed closely by a stop codon, post-termination ribosomes may continue scanning and

reinitiate the translation of a downstream sequence that contains a start codon. The length of

the uORF influences the extent of this reinitiation of ribosomal translation. Short-length uORF

allows for more reinitiation of ribosomes, leading to increased translation events, whereas longer

uORFs allow for fewer reinitiation events, causing reduced translation [192]. Port et al.

introduced uORFs of varying lengths, from 30bp to 714bp upstream of the Cas9 sequence, and

found that a 114bp uORF (UAS-uMCas9) prevented Cas9-mediated toxicity, while still

maintaining gene-editing capability [137]. I showed that prolonged expression of UAS-uMCas9

was non-toxic to progenitor cells as indicated by the age-dependent increase in stem cell

phenotype. Additionally, targeting the tumor suppressor genes N, neur and Mad with prolonged

UAS-uMCas9 expression resulted in the formation of midgut tumors. This was not the case
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when Cas9 was expressed for the same duration with UAS Cas9.P2, indicating that the addition

of uORF can effectively titrate Cas9 levels and produce genetic mutations without toxic effects

[139].

For my thesis, I chose to use the Notch loss-of-function midgut tumor model to identify

unknown genes required for the regulation of stem cell function [6]. In the fly midgut, Notch

signaling acts as a genetic switch that regulates the differentiation fate of progenitor cells. ISCs

express Delta, which binds to the Notch receptor and activates Notch signaling in EBs. High

Notch signaling in EBs facilitates their differentiation into ECs, while reduced Delta levels lead to

low Notch activity, committing ISCs to differentiate into EEs. Genetic disruption of Notch

signaling prevents EB differentiation, resulting in the accumulation of dividing ISCs and

differentiated EEs in the fly midgut [6]. I confirmed that knockout of the Notch receptor using

Cas9.P2ON/OFF-mediated mutagenesis resulted in the formation of clusters of dividing stem cells

and differentiated EEs. However, the effect of Cas9-mediated Notch receptor knockout was

significantly weaker than RNAi-mediated knock-down of the Notch receptor (NRNAi) (Figure 11).

This could be due to the limitations of the CRISPR/Cas9 system, such as low efficiency of the

Notch guide-RNA in editing the Notch gene, error-free repair of Cas9-induced breaks by

homology-directed repair (HDR), or the introduction of silent mutations in the Notch gene.

Additionally, some clones that fail to mutate the Notch gene proliferate normally, while those that

successfully mutate the Notch gene develop tumors. This would dilute the overall phenotypic

effect of CRISPR/Cas9-mediated mutagenesis in the fly midgut. In contrast, the knockdown of

the Notch transcript by NRNAi depends largely on the efficiency of the RNAi targeting the gene.

Since NRNAi effectively targets the Notch transcript in all progenitor cells, it results in the

formation of a stronger phenotype across the midgut.

One potential solution to improve the phenotypic outcome of the CRISPR/Cas system can be

through introducing larger mutations or increasing the probability of mutations by multiplexing

more than two guides targeting the same gene. In flies, CRISPR/Cas12a system has been

shown to facilitate easier multiplexing of multiple guides in a single CRISPR RNA (crRNA) array

compared to the Cas9 system [193]. This is because Cas12a has endogenous RNase activity,

which can process single crRNAs from the crRNA array. Additionally, Cas12a-mediated gene

disruption was shown to be more effective than Cas9-mediated mutation in flies [193]. It would

be interesting to test if CRISPR/Cas12a is more effective in producing a stronger Notch loss-
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of-function midgut tumor phenotype compared to CRISPR/Cas9. This system could also be

used in the future to target many other tumor suppressor genes in the fly midgut, facilitating the

generation of additional tumor models for further studies.

4.2 Nerfin-1 regulates intestinal stem cell proliferation in the fly midgut

The main goal of this section was to identify novel genes required to regulate stem cell

proliferation using the Notch loss-of-function midgut tumor model. Tumorigenesis is triggered by

the breakdown of the genetic network that controls stem cell proliferation. Misexpression of

regulatory genes is a significant event that can be identified through transcriptomics. The

recently developed single-cell RNA sequencing (scRNA-seq) technique has successfully been

used to capture transcriptomic reads at the single-cell level in the Drosophila midgut [142]. By

clustering cells with similar transcriptomic profiles along with specific cell type marker genes, we

can gain insights into the cellular composition. Direct comparisons between the transcriptomes

of different genotypes can be made at the cellular level, making scRNA-seq a powerful tool for

decoding genetic interactions. Single-cell RNA sequencing of the Notch loss-of-function midgut

tumors revealed a significant increase in ISCs (Esg-positive, Dl-positive), EEPs (Esg-positive,

Pros-positive, Su(H)-negative), and EEs (Pros-positive), along with a decrease in EBs

(Esg-positive, E(spl)mbeta-HLH-positive) and ECs (Figure 12A,B, Supplementary Figure S1).

This finding aligns with previous studies suggesting that suppression of Notch signaling primes

ISCs to divide and differentiate into EEs via transient EEPs [5, 33].

A comparison of the transcriptomes of the Esg-positive progenitor population between Notch

loss-of-function and control midguts revealed a total of 288 differentially expressed genes.

Notably, Enhancer of split complex genes (E(spl)m3-HLH, E(spl)malpha-BFM, E(spl)m6-BFM,

and E(spl)mgamma-HLH) were significantly downregulated. Bardin et al. showed that

enhancer-of-split complex genes are key Notch target genes, which are essential for preventing

ISC self-renewal in the adult fly midgut. The loss of these genes increased Delta-positive ISCs,

mirroring the Notch loss-of-function phenotype [34]. Additionally, I also observed an

upregulation of the ISC marker Delta, which is typically associated with an increased ISC

population [6]. Furthermore, genes required for EE cell fate commitment (sc, ase, and pros)

were also upregulated in the progenitor population of the Notch loss-of-function midgut (Figure

12C) [5].
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Using the Notch loss-of-function midgut tumor as a phenotypic readout, I conducted a reverse

genetic screen of the upregulated genes in the progenitor population. For this screen, I chose

to suppress Notch using RNAi instead of CRISPR/Cas9 for two major reasons. First, there is

a low probability that the guide-RNAs will successfully and simultaneously mutate both Notch

and the gene of interest in the same cell of the midgut. Variations in editing probabilities can

lead to the formation of distinct clones, complicating the interpretation of genetic interactions.

Second, the tumor phenotype induced by CRISPR/Cas9 is weaker and takes longer to develop

as compared to RNAi-mediated knockdown. Therefore, knocking down Notch provides a more

effective experimental model for conducting the reverse genetic screen.

By following this reverse genetic screening approach, I identified 28 genes whose knockdown

significantly reduced the NRNAi-mediated midgut tumor phenotype. These included genes

involved in DNA replication (PolZ1), mitosis (Pen and Kmn1), and regulators of Notch signaling

(sc, spdo, insb, and nerfin-1) (Figure 13). In this screen, sc served as the positive control.

Bardin et al. showed that the transcription factor Scute (Sc) is expressed in both ISCs and EEs

in the adult midgut. They also demonstrated that Sc is essential for specifying EE cell fate from

ISCs, as its overexpression led to an expansion of EE cells [34]. Zeng et al. further indicated

that active Notch signaling in ISCs prevents EE differentiation by restricting sc expression [5]. I

confirmed that the knockdown of sc in NRNAi progenitor cells significantly reduced the number of

EE cells as well as stem cell mitosis.

The next candidate gene I chose to study was nerfin-1, whose role in intestinal stem cell

function has not yet been investigated. Nerfin-1 is a zinc finger transcription factor, which

maintains the differentiated state of medullary neurons in the larval central nervous system

(CNS). Loss of Nerfin-1 upregulates Notch signaling and promotes de-differentiation of neurons

into dividing neuroblasts [144, 145]. Given Nerfin-1’s ability to maintain cell fate by negatively

regulating Notch signaling in the larval CNS, it is an interesting candidate to study in midgut

tumorigenesis. My data indicated that the disruption of Notch signaling in progenitor cells

disturbs the cellular differentiation machinery in the midgut. This forces ISCs to either divide or

differentiate into EEs to form tumorigenic clusters. Rapidly dividing ISCs in tumor midguts

exhibited increased nerfin-1 expression, and its knockdown reduced both stem cell proliferation

and EE differentiation, similar to the effects seen with sc knockdown (Figure 14,

Supplementary Figure S2). Additionally, suppression of nerfin-1 mitigated early death in adult
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flies caused by midgut tumors (Figure 15). This suggests that active Notch signaling promotes

EC differentiation and prevents ISC division by suppressing the expression of nerfin-1. In the

absence of Notch signaling, nerfin-1 expression is upregulated in the progenitor population,

promoting stem cell proliferation and EE differentiation.

Even under homeostasis, the knockdown of nerfin-1 resulted in a reduced number of progenitor

cells and stem cell proliferation (Figure 18). By tracking the stem cell lineage, I observed that

the knockdown of nerfin-1 in progenitor cells resulted in small clones primarily consisting of large

nucleated ECs with very few to no small nucleated progenitors or EEs (Supplementary Figure

S6). This suggests that progenitor cells require Nerfin-1 to maintain their identity, the loss of

which forces them to differentiate into ECs. This depletes the progenitor cell pool in the midgut.

Such a reduction in progenitor cells due to nerfin-1 knockdown hindered the midgut’s ability to

regenerate following pathogenic infection (Figure 17). This indicates that Nerfin-1 is an important

transcription factor that regulates progenitor proliferation and differentiation in the fly midgut.

While I demonstrated that Nerfin-1 can regulate the proliferation and differentiation of

progenitor cells in the fly midgut, the underlying mechanism remains unknown. A previous study

in the larval CNS indicated that the loss of Nerfin-1 leads to the upregulation of the Hippo

pathway genes [145]. In the adult fly midgut, upregulation of the Hippo pathway prevents stem

cell proliferation, which resembles the phenotype I observed upon nerfin-1 knockdown [194].

Therefore, I speculate that similar to its role in the larval CNS, Nerfin-1 might also regulate the

Hippo pathway genes in the midgut, thereby modulating stem cell proliferation.

In another study conducted by Kuzin et al., it was found that Prospero (Pros) regulates axon

guidance through Nerfin-1 in the developing fly nervous system [195]. Given that Pros is a

well-known EE marker and is essential for EE differentiation in the midgut, it is likely that

Nerfin-1 functions downstream of Pros in regulating EE differentiation in the midgut. This could

be analysed by checking the expression level of nerfin-1 in pros mutant flies. However,

genetically testing this epistatic relationship might be challenging, as overexpression of pros

does not produce an observable phenotype [5]. Nevertheless, Zeng et al. demonstrated that

Pros regulates EE cell fate downstream or in parallel to the Achaete-Scute complex (AS-C),

whose components, Sc or Ase, significantly increase EE production in progenitors when

overexpressed in the midgut [5]. The role of Nerfin-1 in regulating EE cell fate downstream of
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the AS-C-Pros axis could be tested by knocking down nerfin-1 in flies overexpressing Sc or Ase

and analyzing EE abundance.

While the loss of nerfin-1 reduced stem cell proliferation and promoted EC differentiation,

overexpression of nerfin-1 had no significant effect on stem cell proliferation or EE differentiation

(Supplementary Figure S7). This may indicate that Nerfin-1 alone is insufficient to elicit

changes in progenitor cells and may require additional interacting partners. One potential

partner is the Yki transcriptional co-activator Scalloped (Sd), which has been shown to

physically interact with Nerfin-1 and maintain the cellular fate of medullary neurons in the fly

CNS [145]. I postulate that Nerfin-1 may work in conjunction with Sd to regulate stem cell

proliferation and differentiation in the midgut by modulating the Hippo signaling pathway.

Colorectal cancer (CRC) develops due to the accumulation of mutations in various genes, the

most common of which are APC and RAS. Loss-of-function mutation in the tumor suppressor

gene APC activates Wnt signaling and serves as an initial trigger, leading to the formation of

intestinal adenomas [146, 147]. Oncogenic activation of the KRAS transform these adenomas

into carcinomas [148, 149]. Using the fly intestinal model of CRC, which expresses both ApcRNAi

and RasV12 in the progenitor population, I demonstrated that the loss of nerfin-1 significantly

reduced midgut tumor formation (Figure 16). The mouse homologue of Nerfin-1, Insulinoma

associated 1 (INSM1) is highly expressed in colorectal tumors of neuroendocrine origin and has

been shown to regulate enteroendocrine differentiation fate by acting downstream of Notch

signaling in the mouse intestine [196, 197]. Given that in flies nerfin-1 is regulated by Notch

signaling, is required for EE differentiation, and is upregulated in midgut tumors, its function and

mechanism are likely conserved across organisms.

4.3 Toll signaling regulates intestinal stem cell proliferation in the fly

midgut

Enteric infection triggers a coordinated host response that includes both pathogen elimination and

midgut regeneration [79]. In the fly, pathogen killing is primarily regulated by the innate immune

pathways, Toll and IMD signaling, which transcribe antimicrobial peptides (AMPs) that are toxic to

pathogens [154]. Midgut regeneration is characterized by epithelial damage and the replacement

of lost cells by rapidly dividing and differentiating progenitors. Several signaling pathways regulate
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midgut regeneration in response to infection, the most important of which is the JNK signaling

pathway. I demonstrate that Toll signaling is a multifunctional signaling pathway that not only

governs innate immunity, but also regulates midgut regeneration through JNK signaling.

Activation of Toll signaling promotes the transcription of target genes, which include

antimicrobial peptides (AMPs) such as Drs and Def, and the Toll pathway ligand spz [112, 154].

I observed that spz was upregulated in the progenitor population of Notch loss-of-function

mutant midguts (Supplementary Figure S8). Additionally, through RT-qPCR I confirmed that all

three Toll pathway target genes spz, Drs, and Def were upregulated in tumorigenic NRNAi

midguts, indicating that Notch loss-of-function results in the formation of midgut tumors that

activate the Toll signaling pathway (Figure 19).

Canonical Toll signaling relies on the extracellular ligand Spz to activate the transmembrane Toll

receptor, which triggers a signaling cascade that promotes Dif- and Dorsal-mediated target gene

expression [98]. I found that the Toll pathway genes Tl, Myd88, pll, Dif, and dl are autonomously

required for stem cells to overproliferate and form tumors in Notch mutant midguts (Figure 20,

Supplementary Figure S9). One potential mode of regulation of the Toll pathway by Notch

signaling could involve the transcriptional regulation of spz. Disruption of Notch signaling leads to

increased expression of spz in progenitor cells. These elevated levels of Spz might bind to the Toll

receptor and promote stem cell proliferation. However, the knockdown of spz in the progenitors of

Notch mutant midguts did not reduce stem cell overproliferation. Given that Spz is not required for

Notch loss-of-function-mediated stem cell proliferation, it is likely that the Toll receptor is activated

in Notch mutant midguts independently of Spz. Since there are five paralogs of Spz in flies (NT1,

Spz3, Spz4, Spz5, Spz6), one of these paralogs might be needed to activate the Toll signaling

pathway in progenitor cells. Further studies are required to dissect the mechanism by which

Notch signaling activates the Toll signaling pathway in the midgut.

Activation of Toll signaling through a gain-of-function mutation in the Toll receptor (Tl10b) has

previously been shown to lead to melanotic tumor formation in the fly larvae [116]. I observed

that activating Toll signaling in the progenitor cells of the midgut through the overexpression of

Tl10b and Dif resulted in a strong stem cell overproliferation phenotype (Figure 23,

Supplementary Figure S12). This suggests that active Toll signaling is sufficient to regulate

intestinal stem cell proliferation. So far, nine Toll-related receptors have been identified in the fly
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genome, with Toll-1 (Tl) being the most studied. Ding et al. demonstrated that Toll-7 is required

for RasV12/lgl-/- tumor formation in the fly imaginal disc, and that its overexpression is sufficient to

promote tumorigenesis [117]. Given that the overexpression of active Tl10b and Dif are sufficient

to induce stem cell overproliferation in the midgut, it would be interesting to investigate whether

other Toll receptors and Dorsal also exhibit similar pro-proliferative functions in the Drosophila

midgut.

In Drosophila, the outcome of the Toll signaling pathway is primarily regulated by two NF-κB

transcription factors, Dif and Dorsal, in a context-dependent manner. For instance, Dorsal is

required for dorso-ventral patterning of the embryo, while Dif primarily mediates the anti-fungal

immune response in adult flies [198, 199]. Both Dif and Dorsal function redundantly in the fly

larvae to regulate the production of the antimicrobial peptide Drosomycin [200]. My data suggest

that both Dif and Dorsal can regulate Tl10b mediated stem cell proliferation in the adult midgut

(Figure 24). Previous studies have shown that gain-of-function (Tl10b) mutation in the fly larval

fat body leads to the nuclear translocation of both Dif and Dorsal, which is necessary for the

active transcription of NF-κB target genes [111, 116]. Given that the knockdown of Dif and

dl reduced Tl10b-mediated stem cell proliferation, it is likely that the activation of Toll signaling

through overexpression of Tl10b also results in the nuclear accumulation of Dif and Dorsal. This

accumulation would lead to the transcription of pro-proliferative genes required for promoting

stem cell proliferation.

Damage to the intestinal epithelium caused by enteric infection triggers a regenerative

response characterized by accelerated division and differentiation of progenitor cells. The

cytoprotective JNK signaling pathway has been identified as a major regulator of epithelial

regeneration in response to infection-mediated damage [11]. However, the underlying

mechanisms by which pathogens activate JNK signaling are poorly understood. In this study, I

propose a model for JNK activation via the Toll pathway, forming a signaling axis that regulates

stem cell proliferation in the midgut. I demonstrated that the loss of Toll pathway genes Tl, Dif,

and dl reduced infection-induced stem cell overproliferation in the midgut (Figure 22). This

phenotype mirrors that observed in JNK mutant midguts [11]. Additionally, I showed that

activating Toll signaling through overexpression of Tl10b in progenitor cells resulted in the

activation of JNK signaling, which is necessary for mediating stem cell overproliferation (Figure

25 and 26). The relationship between Toll and JNK signaling in regulating cell proliferation was
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also established in a previous study by Ding et al., where overexpression of Toll-7 activated JNK

signaling and induced cell proliferation in the larval wing disc [117]. This suggests that Toll

signaling interacts with JNK signaling to regulate intestinal stem cell proliferation.

Components of the human TLR signaling pathway, which is homologous to the fly Toll signaling

pathway, have been shown to regulate CRC in vertebrates. Fukata et al. demonstrated that TLR4

is overexpressed in CRC tissues, and its genetic abrogation prevented tumor formation in the

mouse colon [201]. In another study, Rakoff et al. found that MYD88 deficiency reduced intestinal

tumors in ApcMin/+ mutant mice [202]. Additionally, several studies have identified the activated

form of transcription factor NF-κB in a significant number of CRC patient samples [203, 204].

Target genes of NF-κB including pro-proliferative genes (eg Cyclin D1, c-Myc) and anti-apoptotic

genes (eg B-cell lymphoma 2 (Bcl-2)) may play important roles in promoting tumor growth and

preventing apoptosis, respectively [205]. Inhibition of NF-κB through chemical inhibitors has been

shown to sensitize CRC cells to apoptosis and reduced cell yield [206]. My data using the fly CRC

model driven by ApcRNAi;RasV12 indicate that the Toll signaling pathway is activated in tumorigenic

midguts. Furthermore, I confirmed that the knockdown of core Toll pathway components Tl and

dl significantly reduced stem cell overproliferation in ApcRNAi;RasV12 midguts, and Dif knockdown

showed a trend in the same direction (Figure 21). This suggests that similar to TLR signaling in

higher vertebrate models, the Toll signaling pathway is activated and is essential for tumor growth

in the fly midgut.

Apart from intracellular regulation, the Toll signaling pathway has also been shown to regulate

biological functions through intercellular communication. For instance, Parisi et al. demonstrated

that in the presence of dlg mutant fly imaginal disc tumors, hemocytes produce Spz, which

activates Toll signaling in the fat body. This activation promotes the production of Eiger, which

induces tumor cell death [207]. Another study using a wing disc cell competition model

suggested that winner cells eliminate loser cells by enhancing SPE production. SPE processes

and activates Spz, which triggers Toll-induced cell death in loser cells [119]. In my study, I

showed that activating Toll signaling in differentiated ECs through overexpression of Tl10b

induced stem cell overproliferation in the midgut (Figure 27). This suggests that active Toll

signaling in ECs can non-autonomously regulate intestinal stem cell proliferation.
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Intercellular communication between stressed or damaged ECs and proliferating stem cells in

the midgut primarily relies on cytokine production and signaling. For instance, during infection,

JNK is activated in damaged or stressed ECs, leading to the transcription of cytokines from the

Upd family. These secreted Upds activate pro-proliferative JAK/STAT signaling in ISCs,

promoting stem cell proliferation [7]. Given that active Toll signaling in ECs non-autonomously

enhances stem cell proliferation, it is possible that activating Toll signaling in ECs could lead to

JNK-dependent cell death and subsequent cytokine production. This response may then trigger

the proliferation of stem cells in the midgut. Since Toll signaling is known to regulate cell death in

the Drosophila wing disc via JNK signaling, it would be interesting to investigate whether Toll

signaling also influences EC cell death via JNK signaling in the midgut [120, 208].

A similar mode of intercellular communication between ECs and tumors has been described

in the adult fly midgut. Notch mutant tumors in the midgut rely on JNK-dependent niche signals

from surrounding dying and delaminating ECs to fuel tumor growth [35]. It would be interesting

to investigate whether Toll signaling in ECs can facilitate the process of EC delamination and

cell death, thereby non-autonomously promoting tumorigenesis in the Notch mutant midgut. To

test this, I developed a novel fly line designed to target Toll signaling in the ECs of Notch mutant

midguts. This fly line employs both binary systems (LexA/LexAOP and Gal4/UAS) to

simultaneously target Notch signaling in progenitor cells and Toll signaling in ECs. It consists of

an progenitor cell LexA driver: esg-LexA, LexAOP GFP, tub-Gal80ts (esgts-LexA),

LexAOP-regulated knockdown of Notch receptor: LexAOP NRNAi, and the Gal4 driver for EC

cells MexA-Gal4 (Figure 37). By knocking down core Toll signaling components in ECs using

the Gal4/UAS system, I can test if this intervention rescues NRNAi-dependent tumor formation in

the midgut.
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4.4 Developing a renal cell carcinoma fly model.

Renal Cell Carcinoma (RCC) is a type of kidney cancer and ranks among the top 10 most

common cancers globally. The predominant subtype, clear cell RCC (ccRCC), is characterized

by loss-of-function mutations in the E3 ubiquitin ligase VHL, which occur in over 90% of cases.

This loss of VHL activity stabilizes hypoxia-inducible factors (HIF-1α and HIF-2α), which

transcribe genes necessary for tumorigenesis [163]. I noticed that the knockdown of Vhl in

Renal Stem Cells (RSCs) of the fly malpighian tubule (MT), which serves as the functional

homologue of the human kidney, did not affect RSC proliferation (Figure 28C). Interestingly,

several studies in the mouse renal epithelium have also demonstrated that mutating VHL alone

does not lead to renal cancer, suggesting that the loss of VHL by itself is insufficient for tumor

formation and may require additional genetic alterations [209].

ccRCC tumors are highly heterogeneous, and exhibit intratumoral heterogeneity. This

heterogeneity arises primarily from various combinatorial mutations, leading to the formation of

distinct clones. Among these mutations, alterations in VHL and the loss of the 3p chromosome
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are common occurrences across all analyzed patient samples. A two-hit suppressor gene model

has been described for the loss of VHL, in which one VHL allele has smaller point mutations,

while the other VHL allele is deleted as a result of the loss of the entire 3p chromosome [210,

211]. The 3p chromosome region harbors three other tumor suppressor genes that are

frequently mutated in ccRCC. This includes chromatin and histone modifier genes such as

PBRM1, BAP1, and SETD2, all of which are located within a 50-Mb region alongside VHL [212].

Studies have shown that deletion of VHL together with the loss of either PBRM1 or BAP1 in

mice leads to the formation of kidney tumors, indicating that carcinogenesis depends on the

combined effects of these genetic mutations [213, 214]. I postulate that combined knockdown of

Vhl along with the fly homologues of PBRM1 (polybromo) or BAP1 (caly ) in RSCs of the fly MT

might also result in renal stem cell overproliferation.

Genetic mutations serve as initial triggers that drive the activation of oncogenic signaling

pathways, which regulate tumorigenesis. The four major signaling pathways commonly active in

RCC patients are WNT, PI3K/AKT/mTOR, HGF/MET, and VHL/Hypoxia [165]. Among these, the

combined activation of WNT and PI3K/AKT/mTOR signaling in the mouse kidney, achieved

through the loss of APC and the expression of activated K-RASV12, resulted in RCC formation

[150]. I also observed that the combined knockdown of Apc and overexpression of RasV12 in

RSCs led to the formation of rapidly proliferating tumors in the adult fly MT (Figure 29). These

MT tumors exhibited the activation of both Wnt and PI3K/Akt/mTor signaling, as indicated by

Fz3-RFP (Figure 30C,D) and p4EBP staining (Figure 32), respectively.

Activation and requirement of both the WNT and PI3K/AKT/mTOR pathways in the

progression of human RCC have been demonstrated in several studies. Canonical WNT

signaling components, including WNT ligands such as WNT1 and WNT10A, as well as FZD

receptors FZD5 and FZD8, have been shown to be upregulated in RCC samples [167, 168,

169]. Advanced-stage RCC tumors are also characterized by the presence of cytoplasmic

β-catenin, indicating the activation of canonical WNT signaling [166]. On the other hand,

components of the PI3K/AKT/mTOR pathway, including the growth factor TGFα, the receptor

EGFR, and the kinase AKT, have all been found to be upregulated in RCC samples [215, 216,

217]. Additionally, mutations in PI3K/AKT/mTOR pathway components such as PTEN, TSC1/2,

PIK3CA, PIK3CG, mTOR, and AKT have been identified in approximately 26-28% of RCC cases

[182, 218]. Activated mTOR has also been strongly correlated with poor survival and
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tumorigenesis [219, 220].

Several studies have also proposed mechanisms by which the loss of VHL and stabilization of

HIF2α activate WNT and PI3K/AKT/mTOR signaling in RCC samples. Chitalia et al. identified

an E3-ubiquitin ligase, Jade-1, which interacts with VHL and ubiquitinates β-catenin promoting

its degradation [221]. In another study, Choi et al. demonstrated that HIF2α assembles with the

β-catenin/TCF complex to enhance Wnt-dependent gene transcription [222]. The activated EGF

receptor was also shown to undergo proteasomal degradation mediated by VHL, the absence of

which stabilized the activated EGF receptor in RCC cells [223]. Additionally, Doan et al. found

that stable HIF2α downregulated Deptor, a negative regulator of mTorc1, contributing to tumor

proliferation in VHL mutant cells [224]. It would be interesting to investigate whether the loss of Vhl

or overexpression of the fly HIFα protein Sima in RSCs can also activate Wnt and PI3K/Akt/mTor

signaling pathways in the fly MT.

Drosophila melanogaster is a powerful in-vivo model organism commonly used for large-scale

genetic screens to identify novel gene functions and study genetic mechanisms of various

diseases. In this study, I utilized the fly MT ApcRNAi;RasV12 tumor model that I established to

identify novel genes potentially required for RCC progression. Through a small-scale reverse

genetic screen, I identified five genes whose knockdown rescued tumor formation in the fly MT.

These genes include abs, α-Man-Ib, polo, ppan, and kibra (Figure 36B-G).

Human homologues of the above listed genes DDX41, MAN1B1, PLK1, PPAN, and WWC3

are all upregulated in human RCC patients (Figure 36A). Protein expression of DDX41 has been

shown to be associated with a worse prognosis in RCC patients. Additionally, DDX41-expressing

ccRCC cells along with VHL loss, exhibited increased proliferation through the regulation of the

chemokine (C-X-C motif) ligand family [186]. PLK1 has also been associated with high-grade

tumorigenesis in RCC tissues. The loss of PLK1 activity through chemical inhibition resulted in a

significant decrease in proliferation and invasiveness [187]. While only a few studies have looked

at the role of DDX41 and PLK1 in RCC tumorigenesis, very little work has been done to identify

the mechanism by which these and other genes regulate tumorigenesis. The fly MT tumor model

can serve as a powerful tool to identify more such novel genes and study their mechanism of

tumor formation, which can later be translated into higher vertebrate models.
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4.5 Conclusion and Outlook

Over the last decade, Drosophila melanogaster has been a widely used model organism for

studying the genetics of intestinal cancer [158]. Tumorigenesis in the fly midgut is characterized

by the disruption of the genetic machinery that regulates stem cell proliferation and

differentiation. Among the complex genetic network controlling the stem cell function, only a few

signaling pathways have been characterized so far including Notch, JNK, Wnt and EGFR. Many

other genes and signaling pathways that are parts of this network remain unknown. In my

thesis, I used the Notch loss-of-function midgut tumor model to uncover the role of the

transcription factor Nerfin-1 in stem cell proliferation and differentiation. I also identified a novel

function of the innate immune signaling Toll pathway in regulating stem cell proliferation in the

midgut. Beyond the midgut tumor model, I also established a novel Renal Cell Carcinoma

(RCC) fly malpighian tubule (MT) tumor model, which can be used to identify unknown gene

functions and mechanisms. In summary, I demonstrated that Drosophila tumor models can

successfully be used to decode the genetic networks regulating stem cell function in

regenerative organs, such as the midgut and MT, providing insights that can be translated to the

study of higher model organisms.

4.5.1 Midgut tumor model to identify gene function

The fly midgut comprises intestinal stem cells whose ability to divide and differentiate is

regulated by several conserved signaling pathways. One such pathway is the Notch signaling

pathway, which determines the differentiation fate of stem cells. High Notch signaling primes

stem cells to differentiate into enterocytes (ECs) via transient enteroblasts (EBs), while low

Notch signaling promotes enteroendocrine cells (EEs) to differentiate via enteroendocrine

progenitors (EEPs). Using CRISPR/Cas9 to perform conditional mutagenesis in the midgut, I

showed that the disruption of Notch signaling through mutations in the Notch receptor and

E3-ubiquitin ligase Neuralized resulted in the formation of midgut tumors characterized by the

accumulation of rapidly dividing stem cells and secretory enteroendocrine cells.

Using single-cell RNA sequencing (scRNA-seq) of the Notch mutant midguts, I together with

my colleagues identified all major cell types of the midgut and their associated transcriptomic

changes. This represents the first and the most comprehensive scRNA-seq dataset generated

for a tumor-bearing fly midgut. More such scRNA-seq datasets can be generated in the future
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for different genes whose manipulation induces an intestinal stem cell phenotype. Comparisons

between these rich datasets of various genetic manipulations can be used to formulate a genetic

network that regulates stem cell function in the fly midgut.

By performing a reverse genetic screen using the Notch loss-of-function midgut tumor

phenotype, I identified 28 genes whose knockdown reduced stem tumor formation. Among

these genes, nerfin-1 was particularly interesting, as it has been shown to negatively regulate

Notch signaling in the larval CNS [144, 145]. I subsequently demonstrated that Nerfin-1 is

required for regulating intestinal stem cell proliferation, the knockdown of which suppresses

stem cell proliferation during homeostasis, upon enteric infection, and during tumorigenesis (in

the context of Notch loss-of-function and ApcRNAi;RasV12). The mechanism by which Nerfin-1

regulates stem cell proliferation requires further investigation. One possible mechanism of

regulation could be through the Hippo signaling pathway since Nerfin-1 has been shown to

negatively regulate Hippo signaling in the fly larval CNS [145]. It would be interesting to test

whether the loss of Nerfin-1 reduces Notch loss-of-function midgut tumor by activating the Hippo

pathway. Additionally, other regulatory genes required for the pro-proliferative effect of Nerfin-1

can be identified through scRNA-seq of nerfin-1 knockdown midguts. Given that Nerfin-1 is a

transcription factor, its target genes can be identified using the DNA adenine methyltransferase

identification (DAM-ID) technique. DAM-ID involves identifying sequences bound by the

transcription factor through a fused DNA methyltransferase that methylates these sequences

[225].

My results also showed that the knockdown of nerfin-1 suppressed the accumulation of EE

cells in the Notch loss-of-function midguts, suggesting that Nerfin-1 may also regulate

differentiation decisions. I confirmed through lineage tracing experiments that the loss of

nerfin-1 prevented stem cells from renewing and forced them to differentiate into large nucleated

enterocytes. Further experiments can be conducted to confirm if the loss of nerfin-1 promotes

EC differentiation in the midgut. This could be achieved by quantifying EE population in nerfin-1

knockdown or mutant midguts. A similar experiment was done to demonstrate that Scute and

Pros are required for EE differentiation in the midgut [5]. Since the overexpression of

components of the Achaete-Scute complex (Asense and Scute), leads to a significant increase

in EEs, it would be interesting to test if knocking down nerfin-1 reduces the number of EEs

formed. The role of Nerfin-1 in regulating stem cell proliferation and EE differentiation in the fly
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midgut is particularly intriguing, as its human homologue INSM1 has also been shown to be

required for the differentiation of enteroendocrine cells in the human intestine, downstream of

Notch signaling [197]. Moreover, INSM1 was recently identified as a specific marker for

neuroendocrine tumors of intestinal origin [196]. Altogether, this suggests that the role of

Nerfin-1 in regulating stem cell proliferation and EE differentiation might be conserved, and its

mechanisms can be studied in the fly midgut, with potential translation to higher model

organisms.

The Toll signaling pathway in the adult fly is primarily known for its role in mediating innate

immunity in response to Gram-positive bacterial and fungal infections. In my previous

publication, I identified the multifaceted role of Toll signaling in maintaining gut microbial

composition by regulating metabolic genes in the midgut [121]. Interestingly, from the

scRNA-seq dataset and RT-qPCR, I found that Notch loss-of-function tumors activated the Toll

signaling pathway in the midgut. I also observed similar activation of the Toll signaling pathway

in another midgut tumor model induced by ApcRNAi;RasV12. Subsequently, I demonstrated that

activated Toll signaling is necessary to promote stem cell overproliferation under tumor

conditions. I further confirmed that the abrogation of Toll signaling by knocking down its core

components, suppressed stem cell proliferation in response to infection-induced midgut

regeneration. Altogether, I uncovered a novel role for Toll signaling in regulating intestinal stem

cell proliferation in the midgut.

Interestingly, unlike Nerfin-1, genetic activation of Toll signaling during homeostasis was

sufficient to cause stem cell overproliferation. I demonstrated that this stem cell overproliferation

phenotype was dependent on the activation of the JNK signaling pathway, acting downstream or

in parallel to the Toll pathway. This aligns with several studies that have shown that Toll signaling

can regulate JNK signaling [117, 208]. It would be interesting to test whether activated JNK

signaling promotes stem cell proliferation via the Toll signaling pathway in the midgut. Lastly,

other Toll-dependent stem cell regulatory genes can be identified through RNA sequencing of

Tl10b midguts and targeted DAM-ID of the Toll pathway transcription factors Dif and Dorsal. I

generated a UAS Dif-DAM-ID transgenic fly, which can be used in the future to identify target

genes of Dif in the progenitor population of the midgut.

93



PhD Thesis Shivohum Bahuguna

I also discovered that Toll signaling in the ECs can non-autonomously regulate stem cell

proliferation in the midgut. Previous studies have shown that activation of JNK signaling in dying

ECs promotes stem cell proliferation by transcribing cytokines [7]. It would be interesting to

check if Toll signaling regulates EC cell death via JNK signaling and also contributes to the

transcription of cytokines that trigger stem cell overproliferation in the midgut. I generated a

non-autonomous, screenable Notch loss-of-function fly line that can be used to determine

whether the abrogation of Toll signaling in ECs rescues Notch loss-of-function mediated stem

cell overproliferation. This first-of-its-kind fly line can be used to identify genes required for

intercellular communication between ECs and tumors through a straightforward reverse genetic

screening approach.

4.5.2 Malpighian tubule tumor model to identify gene function

The adult fly malpighian tubule (MT) is the functional homologue of the human kidney and is

required for the excretion of toxins, ion exchange and fluid transport [159]. The fly MT has been

used to model and study several human diseases, such as metabolic disorders and kidney

stones; however, very little work has been done to model RCC in the fly [161]. I demonstrated

that the knockdown of the most commonly mutated tumor suppressor gene, Vhl, in the fly RSCs

does not affect their proliferation. Previous studies conducted in mice have shown that the loss

of VHL requires additional mutations in PBRM1 or BAP1 to trigger RCC formation [213, 214].

Therefore, it would be interesting to test if the combined suppression of Vhl and polybromo or

caly would result in the formation of MT tumors.

Nevertheless, I showed that the combined activation of the Wnt and PI3K/Akt/mTor pathways

in the fly RSCs through the expression of ApcRNAi;RasV12 resulted in the formation of MT tumors,

characterized by rapidly proliferating renal stem cells. I further showed that these renal stem cells

are dependent on the Wnt and PI3K/Akt/mTor pathways for their overproliferation phenotype.

These results are consistent with those observed in the mouse renal epithelium, suggesting that

the fly MT can be used to model RCC.

Using this established fly MT tumor model, I identified five genes (abs, α-Man-Ib, polo, ppan,

and kibra) whose knockdown rescued ApcRNAi;RasV12-mediated MT tumors. The human

homologues of these genes are upregulated in RCC tissues, and very little is known about how

they regulate tumorigenesis. It would be interesting to study the mechanism by which these
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genes regulate tumorigenesis in the MT. This could be done by sequencing and examining

changes in the gene expression pattern in RSCs. Additionally, a larger systematic screening

could be conducted using the MT tumor model to identify more regulatory genes, whose effects

could later be tested in higher model organisms.
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5 Materials and Methods

5.1 Materials

5.1.1 Fly stocks

Fly Name Genotype Source

esgts esg-GAL4, Tub-GAL80ts, UAS-GFP Jiang et al., 2009

esgtsF/O
UAS-Flp; esg-GAL4, UAS-GFP; Act¿CD2¿GAL4,

Tub-GAL80ts
Jiang et al., 2009

MyoIAts MyoIA-GAL4, Tub-GAL80ts, UAS-GFP Jiang et al., 2009

UAS Cas9.P2 UAS Cas9.P2 Port et al., 2016

hep-gRNA2X
P{hsFLP}1, y1 w1118; P{HD CFD01377}attP40/CyO-

GFP
VDRC 342022

Mad-gRNA2X
P{hsFLP}1, y1 w1118; P{HD CFD00651}attP40/CyO-

GFP
VDRC 341570

neur-gRNA2X
P{hsFLP}1, y1 w1118; P{HD CFD01179}attP40/CyO-

GFP
VDRC 341917

N-gRNA2X
P{hsFLP}1, y1 w1118; P{HD CFD01184}attP40/CyO-

GFP
VDRC 341922

sepia-gRNA2X
P{hsFLP}1, y1 w1118; P{HD CFD00764}attP40/CyO-

GFP
VDRC 341664

NRNAi w1118; P{GD14477}v27228/TM3 VDRC 27228

esgts;NRNAi
esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo; UAS

NRNAi/Tm6b
Generated Stock

nerfin1RNAi #1 y1 v1; P{TRiP.JF02956}attP2 BDSC 28324

nerfin1RNAi #2 P{KK105266}VIE-260B VDRC 101631

UAS nerfin-1 UAS nerfin-1
Vissers et al.,

2018

Tl RNAi P{KK103505}VIE-260B VDRC 100078

Dif RNAi P{KK106594}VIE-260B VDRC 100537

dl RNAi P{KK107820}VIE-260B VDRC 105491
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pll RNAi P{KK102624}VIE-260B VDRC 103774

Myd88 RNAi P{KK102656}VIE-260B VDRC 106198

RelRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS00070}attP2
BDSC 33661

UAS Tl10b #1 P{UAS-Tl.10b}11, y1 w* BDSC 58987

UAS Tl10b #2 UAS Tl10b (II) Shia et al., 2009

UAS Tl10b;esgts UAS Tl10b; esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo
Generated Stock

(Siamak R)

UAS Dif M{UAS-Dif.ORF.3xHA.GW}ZH-86Fb
FlyORF

F000698

puc-lacz puc-lacZE69
Zeitlinger et al.,

1999

esgts;puc-lacz
esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo; puc-

lacZE69/Tm6b
Zhou et al., 2020

UAS bskDN P{UAS-bsk.DN}3 Rallis et al., 2010

esgts;bskDN
esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo; UAS

BskDN/Tm6b
Zhou et al., 2020

esgts lexA esg-LexA, Tub-GAL80ts, LexAOP-GFP Chen et al., 2022

lexAOP NRNAi LexAOP NRNAi
Boukhatmi et al.,

2020

MexA Gal4 P{w[+mC]=mex1-GAL4.2.1}9-1, y[1] w[1118] BDSC 91367

MexA Gal4;esgts

lexA
MexAGal4;esg-LexA, Tub-GAL80ts, LexAOP-GFP Generated Stock

MexA Gal4;esgts

lexA; lexAOP

NRNAi

MexAGal4;esg-LexA, Tub-GAL80ts, LexAOP-

GFP;LexAOP NRNAi
Generated Stock

VhlRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS02963}attP2
BDSC 50727

polybromoRNAi y1 sc* v1 sev21; P{TRiP.HMS00531}attP2 BDSC 32840

Set2RNAi y1 w1118; P{UAS-Set2.RNAi}21 BDSC 24108

calyRNAi y1 sc* v1 sev21; P{TRiP.HMC04109}attP40 BDSC 56888
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ApcRNAi UAS-Apc1 RNAi VDRC 51469

RasV12 (II) w[*]; P{w[+mC]=UAS-Ras85D.V12}2 BDSC 64196

RasV12 (III) w1118; P{UAS-Ras85D.V12}TL1 BDSC 4847

fz3-RFP fz3-RFP Tian et al., 2016

ApcRNAi,RasV12 UAS Apc1RNAi, UAS RasV12/Tm6b Generated Stock

esgts;ApcRNAi,

RasV12

esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo; UAS

Apc1RNAi, UAS RasV12/Tm6b
Generated Stock

esgts;ApcRNAi,

RasV12, fz3RFP

esg-GAL4, Tub-GAL80ts, UAS-GFP/Cyo; UAS

Apc1RNAi, UAS RasV12,fz3-RFP/Tm6b
Generated Stock

wgRNAi P{KK108857}VIE-260B VDRC 10459

panDN y[1] w[1118]; P{w[+mC]=UAS-pan.dTCFDeltaN}4 BDSC 4784

panDN y[1] w[1118]; P{w[+mC]=UAS-pan.dTCFDeltaN}5 BDSC 4785

EgfrRNAi w1118; P{GD1654}v43268/CyO VDRC 43268

AktRNAi P{KK100495}VIE-260B VDRC 103703

DsorRNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00037}attP2 BDSC 33639

absRNAi P{KK101165}VIE-260B VDRC 107031

alpha-Man-

IbRNAi

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS05396}attP4
BDSC 66930

kibraRNAi P{KK111409}VIE-260B VDRC 106507

ppanRNAi y1 sc* v1 sev21; P{TRiP.HMC06628}attP40 BDSC 80392

poloRNAi y1 sc* v1 sev21; P{TRiP.HMS00530}attP2 BDSC 33042

liliRNAi y1 v1; P{TRiP.HMJ03117}attP40 BDSC 51163

dcoRNAi y1 sc* v1 sev21; P{TRiP.GL00001}attP2/TM3, Sb1 BDSC 35134

sydRNAi y1 v1; P{TRiP.GLC01419}attP2/TM3, Sb1 BDSC 43232

AckRNAi y1 sc* v1 sev21; P{TRiP.HMS00839}attP2 BDSC 33899

soRNAi y1 v1; P{TRiP.JF02201}attP2 BDSC 31912

eIF4A RNAi y1 sc* v1 sev21; P{TRiP.HMS00927}attP2 BDSC 33970

Cip4 RNAi y1 v1; P{TRiP.JF01437}attP2 BDSC 31646

Fit1 RNAi y1 v1; P{TRiP.JF01986}attP2 BDSC 25966

SPARC RNAi y1 v1; P{TRiP.HMS02133}attP40 BDSC 40885
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Cks30ARNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMC05072}attP40
BDSC 60078

spzRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS05390}attP40
BDSC 66924

CG17224RNAi w1118; P{GD5088}v41175 VDRC 41175

CG4250RNAi P{KK110313}VIE-260B VDRC 101949

Dgp-1RNAi P{KK100798}VIE-260B VDRC 109410

beat-IIIbRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMC04424}attP40
BDSC 56984

DeltaRNAi P{KK107312}VIE-260B VDRC 109491

CG31345RNAi P{KK108923}VIE-260B VDRC 104444

Cyp6d2RNAi P{KK109836}VIE-260B VDRC 101829

snaRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS01252}attP
BDSC 34906

RhoGAP100FRNAi P{KK100782}VIE-260B VDRC 106241

CG6329RNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02927}attP2 BDSC 28297

dpr6RNAi P{KK112634}VIE-260B VDRC 103521

spdoRNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01806}attP2 BDSC 31227

Mmp2RNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ23143}attP40 BDSC 61309

stanRNAi P{KK100512}VIE-260B VDRC 107993

CG4702RNAi P{KK106521}VIE-260B VDRC 100663

SwimRNAi P{KK108093}VIE-260B VDRC 107301

CG9815RNAi P{KK112426}VIE-260B VDRC 10278

CG4210RNAi P{KK107727}VIE-260B VDRC 104004

Tengl3RNAi P{KK104451}VIE-260B VDRC 100187

insbRNAi P{KK103886}VIE-260B VDRC 101577

eIF4E7RNAi P{KK103628}VIE-260B VDRC 107958

CG14302RNAi P{KK111946}VIE-260B VDRC 1067941

GstZ2RNAi P{KK112682}VIE-260B VDRC 107660

SirupRNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS06021}attP40 BDSC 80441

dpr17RNAi P{KK106447}VIE-260B VDRC 100978
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kukRNAi P{KK109679}VIE-260B VDRC 106855

CG9628RNAi P{KK104289}VIE-260B VDRC 107136

Kmn1RNAi P{KK111826}VIE-260B VDRC 106889

dimmRNAi P{KK100204}VIE-260B VDRC 103356

sffRNAi
y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8]=TRiP.HMS01280}attP2
BDSC 36656

CCHa1RNAi P{KK112676}VIE-260B VDRC 104974

PolZ1RNAi P{KK102442}VIE-260B VDRC 103755

NtRRNAi P{KK104631}VIE-260B VDRC 108234

scRNAi P{KK100141}VIE-260B VDRC 105951

RPA3RNAi P{KK109861}VIE-260B VDRC 101833

PenRNAi y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02772}attP2 BDSC 27692

Table 1: Fly lines used in this thesis.

5.1.2 Antibodies

Antibody Supplier, Reference Dilution, Host

anti-Armadillo DSHB, N2-7A1 1:100, Mouse

anti-Beta Galactosidase Icllab, RGAL-45A-Z 1:1000, Rabbit

anti-Cas9 Cell signaling, 14697 1:500, Mouse

anti-Discs large 1 DSHB, 4F3 1:100, Mouse

anti-phosphoSer10-Histone 3 Cell signaling, 9701 1:500, Rabbit

anti-phosphoSer10-Histone 3 Cell signaling, 9706 1:500, Mouse

anti-phospho-4EBP Cell signaling, 2855 1500, Rabbit

anti-Prospero DSHB, MR1A 1:100, Mouse

anti-Rabbit IgG (H+L)

secondary antibody Alexa

594

Thermo Fisher, A11012 1:3000, Goat

anti-Mouse IgG (H+L)

secondary antibody Alexa

594

Thermo Fisher, A11005 1:3000, Goat
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anti-Rabbit IgG (H+L)

secondary antibody Alexa

647

Thermo Fisher, A32733 1:3000, Goat

anti-Mouse IgG (H+L)

secondary antibody Alexa

647

Thermo Fisher, A21236 1:3000, Goat

Table 2: Antibodies used in this thesis.

5.1.3 Primers

Forward primer sequence (5’-3’) Purpose

Primer pair

name
Reverse primer sequence (5’-3’)

GACACCTGGCAGTTAATTGTCA

spz CGAAGTCACAGGGTTGATCCG

CTGGGACAACGAGACCTGTC

Drosomycin ATCCTTCGCACCAGCACTTC

TGTCCTGGTGCATGAGGATG

Defensin AGTTCCACTTGGAGAGTAGGTC

AGCAGGGAAGCGTAAATTGAG

Nerfin1 CTTTGACGGGTTTCGCTGGT

CTGCCCCAGAGTTTGGACAA

Pros CCTGATGCGAGTGACTGGA

CCAATGTCTCCGTTGTGGA

GapDH TCGGTGTAGCCCAGGATT RT-qPCR

CCTCCGAGCGGAGTACTGTC

UAS RasV12 TTGCTTTCGGTAAGAGTCCTCGA

CCTCCGAGCGGAGTACTGTC

UAS ApcRNAi CGCGAATTCAAGCGGATGCAGAAGCGGAAG Genotyping

Table 3: Primers used in this thesis.
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5.1.4 Chemicals, Buffers and Kits

Chemicals and Reagents Reference Supplier

16 % Formaldehyde (w/v) 28908 Thermo Fisher

Agarose 2267.4 Carl Roth

BSA Fraction V 99% 1501 Gerbu

DMSO D8418-50ml Sigma

Elastase E0258 Sigma

iTaq™ Universal SYBR® Green Supermix 1725124 Biorad

Kodak Photo-Flo KPH12 Kodak

LB medium X968.2 Carl Roth

PBS P3813-10pak Sigma

Poly-L-lysine hydrobromide P1524-1G Sigma

Proteinase K EO0491 Thermo Fisher

Q5® Hot Start High-Fidelity 2X Master Mix M0494S NEB

Rifampicin A2220,0001 Applichem

Sucrose 84097-1Kg Sigma

SYBR Safe DNA Gel Stain S33102 Thermo Fisher

Triton X-100 T8787 Sigma

VECTASHIELD® Antifade Mounting Medium with

DAPI
H-1200-10 Vector Labs

Table 4: Chemicals and Reagents used in this thesis.

Buffers Composition

LB broth 10g/l Trypton, 5g/l Yeast extract, 10g/l NaCl in ddH2O, pH 7.0

Normal Fly food

50L H2O, 360-400g Agar, 1.1Kg Sugar beet syrup, 4Kg Malt, 4kg Corn

flour, 500g Soya flour, 900g Beer yeast, 120g Nipagin, 1l 31% Propionic

acid, 1l 2.65% Phosphoric acid

PBS (1X) 1 pouch (138mM NaCl, 2.7mM KCl, pH7.4) in 1L ddH2O

PBST (0.1%) 0.1% Triton X-100 in 1X PBS

PBT (1%) 1% BSA in 0.1% PBST
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Poly-L-lysine

working solution
30ml 10X Poly-L-lysine, 1.5ml Kodak Photo-Flo, 170ml ddH2O

Squishing buffer
10mM Tris-Cl pH 8.2, 1mM EDTA, 25mM Nacl. Add 200ug/ml Proteinase

K immediately before DNA extraction

TAE buffer 50mM EDTA, 2M Tris, 1M Acetic acid

Table 5: Buffers and their compositions used in this thesis.

Kits Reference Supplier

Chromium Next GEM Single Cell 3 Kit 1000268 10X Genomics

Illumina TruSeq mRNA stranded Kit 20020595 Illumina

QuantiTect Reverse Transcription Kit (50) 205311 Qiagen

RNase-Free DNase Set 79254 Qiagen

RNeasy Mini Kit (250) 74106 Qiagen

Table 6: Kits used in this thesis.

5.1.5 Softwares

Softwares Reference

Affinity designer 2.0 Affinity

Fiji Schindelin et al., 2012

Inkscape Inkscape Project. (2020)

Prism GraphPad

Table 7: Softwares used in this thesis.

103



PhD Thesis Shivohum Bahuguna

5.2 Methods

5.2.1 Drosophila husbandry

Drosophila melanogaster were reared at 29◦C or 18◦C with 12:12 hour light/dark cycle on

normal fly food. Fifty litres of normal fly food was prepared using the following ingredients:

360-400g Agar, 1.1kg Sugar beet syrup, 4kg Malt, 4kg Corn flour, 500g Soya flour, 900g Beer

yeast, 120g Nipagin, 1 litre 31% Propionic acid, and 1 litre 2.65% Phosphoric acid. Fly crosses

for experiments were set up by collecting virgins females and putting them with males on fly food

in 18◦C. These parent flies were allowed to mate and lay eggs on the fly food in a vial for 3-4

days before being transferred to new food vials. Two to three days post-eclosion, adult progeny

of the desired genotypes were collected and maintained at either 29◦C or 18◦C, depending on

the type of experiment. Experimental flies were flipped once every 2-3 days into a new fly food

vial. Mated female flies were used for all experiments. Fly stocks were maintained in duplicates

at 18◦C and flipped once every 40-60 days.

5.2.2 Oral Infection

Enteric infection was performed in adult flies by feeding them the pathogenic bacterium Erwinia

carotovora carotovora 15 (Ecc15). Ecc15 was allowed to grow in 1X LB broth supplemented

with 150µg/ml Rifampicin for 2 days at 30◦C. The bacterial culture’s optical density (OD) was

measured and concentrated to an OD600 = 50 using 5% sucrose solution dissolved in PBS.

200µl of this concentrated bacterial solution in sucrose was added to a filter paper, which was

then placed in vials on top of the fly food to create infection chambers. For uninfected controls,

filter paper soaked with 200µl of only 5% sucrose was placed inside the fly vials.

Flies of the desired genotypes were starved for 4 hours in empty vials, half of which were

transferred into vials containing the contaminated filter paper, while the other half were shifted to

control vials containing only sucrose. Bacterial feeding and infection were performed at 29◦C for

16hrs, after which midguts were dissected and further processed for imaging.

5.2.3 Lifespan

For lifespan experiments, 20-25 esgts and esgts;NRNAi virgin female flies were crossed with 5-10

control (w1118), nerfin-1RNAi #1, and nerfin-1RNAi #2 male flies in large fly food bottles at 18◦C. Adult
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progeny were collected 3-4 days after eclosion. A total of 5 vials per genotype, each containing 20

females and 2 males, were collected and kept at 29◦C to induce the RNAi-mediated knockdown

effect. The flies were transferred to fresh food every 2 days, and dead female flies were counted.

This was performed until all the flies died naturally. The lifespan data were analyzed and plotted

using GraphPad Prism 10 software. A total of 3 biological replicates was performed with only one

replicate is shown in the figure.

5.2.4 Poly-L-lysine slide preparation for Immunohistochemistry

The working Poly-L-lysine solution was prepared by mixing the following components: 30ml of

10X Poly-L-lysine stock solution, 170ml of ddH2O, and 1.5ml of Kodak Photo-Flo. Frosted glass

slides were loaded in pairs into the grooves of a glass staining rack. These slides were then

completely submerged in the working Poly-L-lysine solution, which was placed on a rocking

surface at room temperature for 15min. Afterwards, the glass rack containing the coated slides

was removed from the solution and dried at 60◦C for 15min. This process of coating and drying

was repeated 3 more times to ensure proper coverage of the glass slides with Poly-L-lysine.

Following this, the glass slides were removed from the rack and placed, wet side face up, on an

aluminium foil in a 4◦C cold room for 1 hour. A ring of silicon was then applied on the borders of

each slide and allowed to dry overnight. The working solution can be stored at 4◦C for several

months and can be reused 3-4 times before being discarded.

5.2.5 Immunohistochemistry of Drosophila Midgut and Malpighian tubules

Adult female flies of the desired genotype and age were anaesthetized with CO2, and their

midguts and malpighian tubules were carefully dissected in PBS. The tissues were positioned

and attached to Poly-L-lysine slides, which allowed the tissues to firmly adhere to the surface. A

thick silicone layer on the borders of the slides contains reagents and buffers, preventing

spillage. Midguts and malpighian tubules from 3 to 5 different genotypes were placed on the

Poly-L-lysine slide, with each genotype grouped together. The tissues were then fixed in 4% FA

for 30 to 40min at room temperature, followed by washing once with 1X PBS and twice with 1X

PBST (1X PBS + 0.1% Triton X-100). Tissues were then permeabilized in 1X PBST for 30 min

and then blocked for another 30 min in 0.1% BSA in 1X PBST (PBT). Subsequently, tissues

were incubated with primary antibodies diluted in PBT overnight at 4◦C. After incubation, the

samples were washed 4 times with 1X PBST (1st wash: 1min, 2nd wash: 10min, 3rd wash:

105



PhD Thesis Shivohum Bahuguna

20min, and 4th wash: 15min) to remove the free-floating primariy antibody. Secondary

antibodies, diluted 1:3000 in PBT, were added to the tissues and incubated for 1.5hrs at room

temperature, followed by another set of 4 washes with 1X PBST (1st wash: 1min, 2nd wash:

10min, 3rd wash: 20min and 4th wash: 15min) to remove the unbound secondary antibody.

After washing the tissues, the silicone layer was carefully removed using a scalpel, and a few

drops of VECTASHIELD Antifade Mounting Medium with DAPI were added to the tissues. A

coverslip was then placed on the tissues and sealed with transparent nail polish. The final slides

were stored at 4◦C. Images of the midgut and malpighian tubules were acquired with Nikon A1

and Leica Sp5 microscopes. The images were analysed using Fiji software and compiled into

figures using Affinity Designer.

Quantification of pH3-positive mitotic cells The mitotic index for all the genotypes mentioned

in the thesis was determined by counting cells undergoing division, identified by antibody

staining of Phospho-Histone H3 at Ser10 (pH3 staining). Phosphorylation of histone H3 at

Ser10 is associated with chromosomal condensation during mitosis [226]. Dissected midguts

and malpighian tubules of the desired genotype were fixed and stained with the pH3 antibody,

which was conjugated to the secondary antibody Alexa 594 to enable counting through the

eyepiece of the microscope. For the midgut, pH3-positive cells along the entire length of the

midgut, from the foregut to the hindgut, were counted. For the malpighian tubules, pH3-positive

cells were counted in the stem cell zone, from the midgut-malpighian tubule boundary to the

lower tubule.

5.2.6 Genotyping

Two to three whole adult flies, to be genotyped, were collected in an Eppendorf tube and frozen

at -20◦C. These frozen flies were then crushed using a pipette tip in 50µl squishing buffer

supplemented with 1µl Proteinase K. After crushing, the samples were incubated at 37◦C for

30min, followed by 98◦C for 3min, with a final hold at 4◦C. Next, 1µl of the supernatant, which

contains the genomic DNA, was carefully pipetted into a PCR tube containing 12.5µl of Q5 Hot

Start Mastermix, 1.25µl of forward primer, 1.25µl of reverse primer, and 9µl of water. These

samples were then subjected to PCR amplification using the following protocol: 98◦C for 30sec,

followed by 35 cycles of 98◦C for 10sec, 63◦C for 30sec, 72◦C for 30sec. This was followed by a

final extension at 72◦C for 2min and a hold at 4◦C. The PCR products were run on a 1%

agarose gel stained with SYBR Safe at 110V for 45min. The gel was visualized using the
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BioRad Gel Doc system.

5.2.7 RT-qPCR

Midguts from 20 female flies of the desired genotypes were dissected in PBS. These midguts

were then placed in sterile, empty Eppendorf tubes, flash-frozen in dry ice, and stored in -20◦C

for several weeks. To isolate RNA, the frozen midguts were crushed using a mortar and pestle.

RNA was then extracted using the Qiagen RNeasy Mini kit according to the manufacturer’s

instructions. An additional DNAse treatment was performed during the RNA isolation procedure,

using the RNase-Free DNase kit, as per the manufacturer’s instructions, to eliminate

contaminating DNA. The concentration of the eluted RNA was measured in ng/µl using a

Nanodrop spectrophotometer.

One µg of RNA was used to prepare cDNA by reverse transcription using the Quantitect

Reverse transcriptase kit as per the manufacturer’s instructions. The cDNA was stored at -20◦C

until further usage. For RT-qPCR, a cDNA master mix was prepared for each genotype,

consisting of 1µl SYBR Green, 0.4µl cDNA, and 3.6ul nuclease-free water per reaction. A

primer master mix was also prepared for the genes to be assessed, consisting of 4µl SYBR

Green and 1µl of 5µM forward and reverse primers. According to the experimental

combinations, 5µl cDNA master mix and 5µl of primer master mix were added in each well of a

384-well plate. The plate was sealed with a LightCycler 480 Sealing Foil (Roche, 04729757001)

and briefly centrifuged. The samples were then run in a LightCycler 480 machine (Roche). The

experiments were performed in duplicate, with each plate containing 3 independent biological

replicates. The 2–∆∆Ct method was used to calculate the relative fold change [227], with

GAPDH as the reference gene.

5.2.8 Single cell RNA sequencing of Drosophila midguts

For single-cell RNA sequencing experiments, 20-25 esgts;UAS Cas9.P2 virgin female flies were

crossed with 5-10 control (w1118) and N-gRNA2X male flies in fly food vials at 18◦C. Adult female

progeny of the correct genotype were collected and incubated at 29◦C for 10 days, followed by

30 days at 18◦C, and then 29◦C for one day. This method was used to temporally regulate Cas9

levels in the midgut and effectively introduce Cas9-induced mutations. These flies were starved

for 4 hours, flipped into vials containing filter paper soaked in 5% sucrose (in PBS), and incubated
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overnight at 29◦C. Midguts from 20 flies were dissected and stored in ice-cold PBS. Whole tissues

were then dissociated into single cells using 1 mg/ml Elastase (Sigma, E0258) solution for 45min

at room temperature, with gentle vortexing every 15-20min. After dissociation, the samples were

centrifuged at 300 RCF for 5min and at 600 RCF for another 5min. The supernatant was carefully

discarded without disturbing the cell pellet. One ml of filtered PBS was added and the pellet was

gently resuspended. The cell suspension was passed through a 40µm [SKU 43-10040-50, ,

PluriSelect Life Science] and 20µm [43-10020-50, PluriSelect Life Science] cell strainers coated

with PBST. The filtrate was then centrifuged for 2.5min at 300 RCF and for another 2.5min at

600 RCF. After centrifugation, 900µl of the PBS was carefully removed, and the cell pellet was

resuspended in the remaining 100µl of PBS. The total number of cells was counted using the

Luna cell counter.

Library from approximately 20,000 cells was prepared for single-cell RNA sequencing using

the 10X Genomics 3’ kit according to the manufacturer’s instructions. Before sequencing, library

fragment size was measured using an Agilent Bioanalyzer high-sensitivity chip and quantified

using Qubit. Libraries were multiplexed and sequenced using a Nextseq 550 at the Deep

Sequencing Facility, BioQuant, Heidelberg University. The library preparation and sequencing

were performed by Svejna Leible from the Boutros lab (DKFZ, Heidelberg).

A CellRanger index (version 7.0.1) was created using the genome sequence of Drosophila

melanogaster along with the associated GTF file (Ensembl release 102). Single-cell count

matrices were produced by aligning reads to the reference with the cellranger count tool,

utilizing the include-introns option. Quality control and analysis of single-cell RNA-seq data were

carried out using the R package Seurat (version 4.3.0). The raw gene expression count matrices

were pre-processed and filtered with scran53 (version 1.24.0), adhering to the protocols outlined

by Amezquita et al. [228]. In summary, droplets with RNA content below each library’s inflection

point were discarded, as well as cells that met any of the following criteria: (a) less than 250

detected genes, (b) in the top 1 percentile of cells by UMI count, or (c) a high percentage of

mitochondrial reads. All subsequent analyses were conducted using Seurat (version 4.1.1)

unless noted otherwise. These analyses included log normalization of counts, data scaling, cell

cycle inference, and the identification of the 3000 most variable genes for each replicate. The

replicates were then integrated, and batch effects were corrected using Seurat’s IntegrateData

method. Dimensionality reduction was performed with RunPCA, followed by constructing
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UMAPs from the first 20 principal components. Data clustering was executed using the Louvain

algorithm. Cell-type labels were manually assigned to clusters based on the expression of

specific marker genes. For analyzing differential cell type abundance, the number of cells per

type and replicate was quantified and the resulting data was modelled as a negative binomial

distribution with DESeq2 (version 1.36.0). The size factors were set equal to the total number of

cells per replicate.

In order to identify differentially expressed genes, pseudobulk expression profiles were

created by aggregating counts from all cells sharing the same cell type label across each

replicate. Genes with fewer than 75 counts in total across all replicates were excluded. The

differential expression analysis was conducted with default parameters using DESeq2 (version

1.36.0) [229]. Differentially expressed genes were classified as those with an absolute log2 fold

change greater than 1 and adjusted P value below 0.05. All the data analysis was performed by

Nick Hirschmueller from the Huber lab (EMBL, Heidelberg).

5.2.9 Bulk RNA sequencing

A total of 20 adult female flies were dissected in PBS to isolate midguts, and 40 adult female

flies were dissected to isolate malpighian tubules. These tissues were placed in empty sterile

Eppendorf tubes and flash-frozen in dry ice. Frozen tissues were crushed using a mortar and

pestle, and total RNA was isolated using the Qiagen RNeasy Mini kit. RNA was isolated from

three independent biological replicates for each genotype.

Sequencing libraries were prepared using the Illumina TruSeq mRNA stranded Kit following

the manufacturer’s instructions. Briefly, mRNA was purified from 500ng (or 400ng in the case

of sample DAM3) of total RNA using oligo(dT) beads. Then poly(A)+ RNA was fragmented to

150 bp and converted to cDNA. The cDNA fragments were then end-repaired, adenylated on

the 3’ end, adapter-ligated and amplified with 15 cycles of PCR. The final libraries were validated

using Qubit (Invitrogen) and Tapetstation (Agilent Technologies). 2x 50 bp paired-end sequencing

was performed on the Illumina NovaSeq 6000 SP according to the manufacturer’s protocol. The

libraries were prepared by the DKFZ NGS core facility (DKFZ, Heidelberg).

Adapter sequences were trimmed from raw reads using cutadapt (version 1.18) [230].

Drosophila melanogaster genome sequences were downloaded from Ensembl (release 108)
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and a salmon index was built with a k-mer size of 23. Reads were aligned to the reference

genome using salmon (version 1.9.0) with default parameters [231]. Differential gene expression

analysis was performed using DESeq2 (version 1.36.0) [229] along with logFC shrinkage using

the apeglm algorithm (version 1.18.0) [232]. Genes with an absolute logFC greater than 1 and

an adjusted p-value below 0.05 were considered significant. The data was analysed by Nick

Hirschmueller from the Huber lab (EMBL, Heidelberg).

5.2.10 Identification of genes from the clear cell Renal Cell Carcinoma dataset

mRNA expression z-scores relative to normal samples for the Kidney Renal Clear Cell

Carcinoma (TCGA, PanCancer Atlas, 2018) were downloaded from cbioportal. Genes having

mean or median (or both) z-score above 2 were selected. Fly homologs of these human genes

were then identified, a few of which were screened in the fly MT tumor model. This data was

extracted by Erica Valentini from the Boutros lab (DKFZ, Heidelberg).

5.2.11 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 10 software. An Ordinary-one way

ANOVA test was used to compare three or more conditions, while the Mann-Whitney T-test was

used to compare two independent conditions. The Log-rank (Mantel-Cox) test was employed to

analyze the lifespan data. Specific statistical tests used for each experiment are mentioned in the

figure legends.
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