
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Inaugural-Dissertation 

zur 
Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 
der Universität zu Köln 

 

Role of enteroendocrine cells in 
intestinal homeostasis and ageing. 

vorgelegt von 
 

Sina Azami 
aus Teheran, Iran 

 
Köln, 2022 





Gutachter:        Prof. Dr. Linda Partridge 

   Prof. Dr. Mirka Uhlirova 

Tag der mündlichen Prüfung: 08. Dezember 2022



I 

Table of contents 

Acknowledgements ...................................................................................................................................... IV 

Abbreviations ............................................................................................................................................... VI 

Summary ...................................................................................................................................................... IX 

1. Introduction .............................................................................................................................................. 1 

1.1. Intestine in mammals: anatomy, physiology and cellular composition ............................................ 2 

1.2. The Drosophila intestine: anatomy and regionality ........................................................................... 5 

1.3. Signaling pathways controlling epithelial turnover through their effect on ISC division and 
differentiation ........................................................................................................................................... 8 

1.4. Ageing and its effects on the intestine ............................................................................................ 10 

1.4.1. Uncontrolled ISC proliferation and aberrant differentiation due to dysregulated signaling. .. 10 

1.4.2. Alterations of microbiome abundance and composition lead to increased inflammation and 
commensal dysbiosis. ......................................................................................................................... 11 

1.4.3. Loss of gut structural integrity and metabolic dysfunction. ..................................................... 12 

1.5. Cell differentiation and intestinal plasticity ..................................................................................... 14 

1.6. Enteroendocrine cell differentiation; from enteroendocrine cell precursors to mature 
enteroendocrine cells ............................................................................................................................. 16 

1.7. Parallels with differentiation of the mammalian secretory cell lineage .......................................... 18 

1.8. Enteroendocrine cells in the intestine act as a local and systemic signaling hub ........................... 21 

1.9. Hormonal plasticity and its relation to enteroendocrine subtype classification ............................. 24 

1.10. Regulation of enteroendocrine cell heterogeneity ........................................................................ 27 

1.11. Aims of the project ......................................................................................................................... 29 

2. Materials and methods ........................................................................................................................... 30 

2.1. Fly work ............................................................................................................................................ 30 

2.1.1. Fly maintenance ........................................................................................................................ 30 

2.1.2. Fly Lines and Husbandry ........................................................................................................... 30 

2.1.3. Fly Genetics ............................................................................................................................... 31 

2.1.4. Backcrossing .............................................................................................................................. 31 

2.2. Molecular biology ............................................................................................................................ 32 

2.2.1. RNA extraction, cDNA synthesis and quantitative real time PCR (qRT-PCR) ............................ 32 



II 
 

2.2.2. Immunostaining of adult Drosophila guts ................................................................................. 32 

2.2.3. FACS .......................................................................................................................................... 33 

2.2.4. Single cell RNA sequencing ....................................................................................................... 33 

2.2.5. scRNA seq data analysis ............................................................................................................ 34 

2.3. Microbiology .................................................................................................................................... 34 

2.3.1. Ecc15 infection .......................................................................................................................... 34 

2.4. Microscopy ....................................................................................................................................... 35 

2.5. Statistical analysis ............................................................................................................................ 35 

3. Results ..................................................................................................................................................... 36 

3.1. Investigating the mechanism of differentiation from ISC to enteroendocrine cell: the role of 
transcription factor Klumpfuss ............................................................................................................... 36 

3.1.1. The WT1-like transcription factor Klumpfuss maintains lineage commitment of enterocyte 
progenitors in the Drosophila intestine. ............................................................................................. 36 

3.1.2. Loss of Klu in EBs is sufficient to induce EE cell differentiation. ............................................... 37 

3.1.3. Klu acts in a cell autonomous manner. ..................................................................................... 38 

3.1.4. Overexpression of klu in ISCs results in significant reduction of proliferation ......................... 39 

3.1.5. Lineage tracing experiments in EBs indicate a role for Klu in blocking EB and EC differentiation
 ............................................................................................................................................................ 41 

3.1.6. Combined inhibition of Su(H) and klu in ISCs and EBs results in decreased ISC proliferation 
and clone size ...................................................................................................................................... 42 

3.2. Single cell RNA sequencing analysis of EE cells ................................................................................ 45 

3.2.1. Knock down of some of the EE hormones and hormone processing enzymes Amon and Silver 
result in changes of ISC proliferation .................................................................................................. 45 

3.2.2. scRNA-seq experimental design and clustering of conditions/cell types ................................. 50 

3.2.3. The unknown cell type cluster represents the EE precursor cell type ...................................... 52 

3.2.4. esg is highly expressed in female EEs ....................................................................................... 54 

3.2.5. Shift in EE subtypes during ageing ............................................................................................ 56 

3.2.6. Number of AstA+ EEs does not change during ageing .............................................................. 57 

3.2.7. Number of NPF+ cells decreases with age in both genders...................................................... 58 

3.2.8. Changes in NPF+ EEs in does not happen in the same region of the gut in male and female 
flies ...................................................................................................................................................... 61 

4. Discussion ................................................................................................................................................ 63 

4.1. Role of the transcription factor Klumpfuss in intestinal cell differentiation. .................................. 63 

4.1.1. klu is expressed in EBs and restricts EB to EE differentiation. .................................................. 63 

4.1.2. klu overexpression results in cell arrest. ................................................................................... 64 



III 
 

4.1.3. Klu acts downstream of Notch signaling to regulate EB fate .................................................... 65 

4.2. Single cell analysis of EE cells ........................................................................................................... 67 

4.2.1. escargot  is unexpectedly expressed in many EE cells .............................................................. 68 

4.2.2 EE hormone production and cell type ratios change with in the ageing intestine .................... 69 

4.2.3. NPF expression decreases with age .......................................................................................... 72 

5. List of Figures .......................................................................................................................................... 76 

6. List of Tables ........................................................................................................................................... 76 

7. Contributions .......................................................................................................................................... 77 

8. References .............................................................................................................................................. 78 

9. Signed thesis declaration ........................................................................................................................ 90 

10. Publications ........................................................................................................................................... 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 
 

Acknowledgements 
 

First of all, I would like to thank Prof. Dr. Linda Partridge for giving me the opportunity of joining 

her lab and doing my PhD. Thank you for your trust in me, and for the freedom that you gave me 

to develop my skills as an independent scientist. I would also like to thank my mentor and friend, 

Dr. Jerome Korzelius for being such a supportive person through and through, we had quite a 

journey together in the past four years and I learned a lot from you! I want to thank Dr. Sebastian 

Grönke for his helpful insights and his suggestions for my projects. I am also incredibly grateful 

to the members of my thesis advisory committee Prof. Dr. Mirka Uhlirova and Prof. Dr. Heinrich 

Jasper for their helpful inputs for my projects.     

I would like to thank all members of our amazing department, I was so lucky to know you and 

work with you for the past four years! A big thank to Dr. Thomas Leech for being an amazing 

friend, always ready for discussion and help. I would also like to thank Javi for the lively 

discussions and also for showing me how to do many of the fly experiments including setting up 

lifespan crosses! Another very big thank to all other members of the LP lab, to Carolina, Lisonia, 

Jonathan, Annika, Pingze, Bruna, Maarof, Helena, Dennis, Sophie, Nathalie, Dr. Yu-Xuan Lu and 

Dr. Jiongming Lu for being incredible friends. I would also like to thank Rene, Sandra, Jenny, 

Andre, Jacky and all other amazing technicians of our lab. Moreover, I would like to thank Dr. 

Christine Lesch, Oliver Hendrich and Dr. Virginia Kroef for helping me with all aspects of lab life 

and making such a big lab run smoothly. Another thank you must go to Dr. Joris Deelen and his 

lab for their helpful inputs for my work. I would also like to thank Dr. Daniela Morick for her 

support and constant willingness to help. I would also like to thank Kiarash, a brilliant master 

student that I was fortunate enough to know and supervise.   

I used the services and expertise of FACS and Imaging facility and Bioinformatics facility of the 

MPI-AGE, so I like to wholeheartedly thank Dr. Christian Kukat, Dr. Jorge Boucas, Ayesha, Marcel, 

Kat and Lena.  

And finally to my family,,, Samira, thank you for being so patience and supportive, you are an 

amazing wife and my best friend, I know that I couldn’t thank you enough, so I will stop here! I 



V 
 

wouldn’t have been here if it wasn’t because of support of my mom, my dad and my brother 

Sepehr, thanks a lot for all the love. 

  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VI 
 

Abbreviations 
AKH Adipokinetic Hormone 

AMPK Amp-Activated Protein Kinase 

A-P axis Anterior-Posterior Axis 

AS-C  Achaete-Acute Complex 

ase Asense 

BHLH Basic Helix-Loop-Helix 

BMP Bone Morphogenetic Protein 

CBC Crypt Base Columnar 

CC Corpora Cardiaca 

CCHa 1 CC Hamide 1 

CCHa1-r CC Hamide 1 Receptor 

CCHa2 CC Hamide 2  

CCR Copper Cell Region 

CRC Colorectal Cancer 

DE Differentially Expressed 

Dh31  Diuretic Hormone-31 

Dl Delta 

EB Enteroblast 

EC Enterocyte 

Ecc15  Erwinia Carotovora 

EE Enteroendocrine 

EEP Enteroendocrine Progenitor 



VII 
 

Esg Escargot 

F/O FlipOut 

FKH  Fork Head 

Gfi1  Growth Factor Independent Protein 1 

GFP Green Fluorescent Protein 

GI Gastrointestinal Tract 

GIP  Glucose-Dependent Insulinotropic Polypeptide 

GLP1  Glucagon-Like Peptide-1 

GO Gene Ontology 

GRN  Gene Regulatory Network 

Hes1  Enhancer of Split 1 

HMG  High-Mobility Group 

IGF Insulin-Like Growth Factor 

IIS Insulin/Igf-1 Signaling  

IPC Insulin Producing Cell 

ISC Intestinal Stem Cell 

Klu Klumpfuss 

LB  Luria-Bertani 

LRC  Label Retaining Cell 

MARCM  Mosaic Analysis with a Repressible Cell Marker 

mTOR Mechanistic Target Of Rapamycin  

Ngn3  Neurogenin 3 

NPF Neuropeptide F 



VIII 
 

NPY Neuropeptide Y 

Pc Polycomb 

PCP Planar Cell Polarity 

PGRP-SC  Class SC of Peptidoglycan Recognition Protein 

pH3 Phospho-Histone H3 

Phyl Phyllopod 

Pros Prospero 

RNA pol II RNA Polymerase Ii 

Sc Scute 

scRNA-seq Single Cell RNA Sequencing 

SD Standard Deviation 

Snpf Short Neuropeptide F 

Su(H) Suppressor Of Hairless 

Svr Silver 

SYA Sugar-Yeast-Agar 

TF Transcription Factor 

TK Tachykinin 

UMAP  Uniform Manifold Approximation and Projection 

Upd Unpaired 

WT1 Wilms Tumor 1 

 

 

 



IX 
 

Summary 
 

The Intestine is a large and dynamic organ with a defined population of stem cells (ISCs) that are capable 

of giving rise to different differentiated cell types. The enteroendocrine cells (EEs) in the gut are 

responsible for producing different hormones which affect physiological and cellular processes locally 

and systemically throughout the body. In the intestine of the fruit fly (Drosophila melanogaster), EEs 

cumulatively produce 12 different prohormones that give rise to more than 20 hormone peptides. Despite 

their physiological importance, not much is known about the role that EEs and their products play in 

intestinal homeostasis during ageing in Drosophila.  

In the first part of my thesis, I investigated the mechanism by which the transcription factor Klumpfuss 

(Klu) determines the choice between enterocyte (EC) versus EE differentiation in the Drosophila intestine. 

We demonstrated that Klu acts in a cell-autonomous manner to restrict enteroblast (EB) cell fate to EC 

differentiation. Inhibition of klu expression by RNA interference resulted in excess EE differentiation. 

Ectopic expression of klu in ISCs reduces their proliferative capacity and blocked differentiation. Lastly, 

we showed that Klu acts down stream of Notch signaling in determining EC cell fate decision.  

In the second part of my thesis I employed a combination of bulk and single cell RNA sequencing (scRNA-

seq) to investigate the changes in EE cells during ageing in both males and females. We observed 

significant changes in transcript-level for different EE hormones in our bulk RNA sequencing dataset. We 

examined the functional consequence of knocking down these hormones on ISC-proliferation and 

discovered that several EE-derived hormones play a role in promoting ISC-proliferation after infection. 

Moreover, we observed upregulation of pathways that are related to cell cycle and differentiation in old 

EEs, signifying changes in EE differentiation in the aged intestine. Analyzing our scRNA-seq dataset 

using Seurat algorithm and supervised clustering confirmed several of the changes from our bulk RNA-

seq experiment, while expanding our knowledge on EE subtype change with age. We identified 4 major 

EE clusters in all conditions: NPF, AstA, AstC and EE progenitor cells, and observed increases in EE 

progenitor and AstA cell types in old female samples. Moreover, we observed a decrease of cells in the 

NPF cluster in old versus young female samples. This change was confirmed by Gal4 reporter line 

analysis for this hormone. Interestingly, the reduction of NPF-producing EEs in old flies happened in both 

male and female samples, but in different anatomical regions of the intestine. Finally, we showed that 

transcript of the transcription factor Escargot, which was thought to be restricted solely to the ISC and 

EB, is unexpectedly present in almost all EE clusters.  
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With this study I have increased our understanding of ISC differentiation and cell fate determination in 

Drosophila intestine, and documented the changes that EE cells sustain during the ageing process. 

These results will be of crucial importance to better understand the role of EE cells in gut health and 

disease in an increasingly ageing population. 
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1. Introduction 
 

Homeostatic balance between organs is necessary for the survival of living organisms. 

Multicellular organisms have several compartments (in animals several organ systems) 

that require tight communication to keep the organism in the homeostatic state. One of 

these systems is the gastrointestinal tract (GI) which in metazoans is responsible for 

doing three main tasks: Digestion and absorption of nutrients, protection against various 

types of environmental insults, and finally communicating metabolic and nutritional status 

by sending and receiving signals to other organ systems to ensure homeostasis. 

Digestion of food happens in two forms: mechanical and chemical. The mechanical 

digestion starts with chewing and/or swallowing of food and continues by peristalsis and 

passing of food through the gut by movements of muscles surrounding the tube and finally 

ends with defecation. Tight regulation of start, progress and end of muscle movements is 

key for normal passage of food and also in situations where the intestine content needs 

to be emptied including vomiting and diarrhea. In mammals, peristalsis is under control 

of the enteric nervous system and independent of central nervous system. The 

autonomous gastrointestinal neural networks that are in the heart of this system are 

comprised of enteric neurons and enteric glial cells (Zhao et al. 2021).    

The high metabolic activity of the gut results in a high turnover of cells. Indeed the entire 

intestinal lining is renewed in a matter of days in most mammals. A dedicated population 

of intestinal stem cells (ISCs) has been identified in both flies and mammals (Barker et al. 

2007; Micchelli and Perrimon 2006; Ohlstein and Spradling 2006) that are crucial for 

replenishing lost cells and upon receiving appropriate signals start to divide and 

differentiate to give rise to the various cell types of the intestine. These cells can be 

divided into two major classes: absorptive cell lineages that are responsible for absorption 

of nutrients, and secretory lineages that produce different enzymes and hormones 

responsible for digestion of the food and short and long range communications.  

Due to the high turnover of cells, the intestine is prone to develop cancerous lesions over 

the lifetime. Colorectal cancer (CRC) is one of the top 3 most lethal cancers and its 
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incidence increases dramatically with age. In addition, intestinal function is compromised 

with age, leading to more severe consequences of GI-infections in elderly people. Lastly, 

the gut plays a key role in the sensing of hunger and satiety, and the endocrine cells of 

the gut play a major role in the control of food intake. Therefore, a better understanding 

of the cellular composition, function and regulation of hormones in the intestine is key for 

understanding its biology, and overcoming complications that arise through 

malfunctioning of this system in cancer or during ageing. 

    

1.1. Intestine in mammals: anatomy, physiology and cellular 
composition 
  

The mammalian GI is a tubular structure that anatomically consists of four major parts 

(Figure 1). It starts with esophagus which is the only section of the digestive tract that has 

skeletal (voluntary) muscle in its upper section. The esophagus is followed by the 

stomach, which through signaling from the endocrine system, including enteroendocrine 

cells (EEs), produces gastric acid (hydrochloric acid) through activity of the H+/K+ ATPase 

pump. Entrance and exit of intestinal contents to/from stomach is controlled by two 

sphincters called lower esophageal sphincter and pyloric sphincter, respectively. After 

initial digestion with gastric acid, intestinal contents enter the small intestine, which has 

three main parts: duodenum, jejunum, and ileum. The small intestine is responsible for 

further digestion of food (mostly in duodenum and jejunum) and also absorption of 

nutrients and water (mostly in ileum). The last part of the digestive tract in mammals is 

the large intestine. Anatomically, the large intestine can be divided into four sections: 

cecum, colon, rectum and anal canal. Partly digested food enters the cecum and passes 

through the rest of large intestine, and in this process the remaining water and also 

electrolytes and nutrients get absorbed and finally the remnants called stool exit the body. 
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Figure 1: Schematic representation of human digestive system. 
Regions of the gut and its anatomic composition are shown. a: Digestive tract of mammals is comprised of 
4 different sections: Esophagus, Stomach, small intestine and large intestine. b: Crypt-villus composition. 
 

The mammalian intestinal epithelium is made of specialized units called crypt and villus. 

Each unit consists of a protrusion of the intestinal wall (villus, plural villi) and invaginations 

(crypt) that surround it (Figure 1b). Structurally, a villus consists of a single layer of post-

mitotic epithelial tissue. Beneath this layer are numerous capillaries and lymph vessels 

that receive absorbed nutrients that are transferred to the liver and subsequently the rest 

of the body. The size of villi decreases through the length of the intestine with the largest 

ones being present in the duodenum and smaller ones in ileum, with the colon completely 

lacking the villus structure. The position of villus, as a protrusion in the lumen, has it 

exposed to different mechanical and chemical activities of the intestine. Crypts, on the 

other hand, reside at the bottom of invaginations of the intestine and hence are protected 

from abovementioned hazards. Unlike cells in the villi, crypt cells are actively and 

continuously dividing. ISCs that reside at the bottom of the crypt are the source of this 

activity by producing daughter cells that will eventually mature and during this maturation 

process get pushed out of crypt structure towards the top of the villus. This mechanism 

provides the intestine with a steadily regenerating reservoir of mature cells at the top of 

a 

b 
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the villi where the environmental and mechanical strain causes each cell to remain 

functional for a short period of time before being shed into the lumen.  

The mammalian intestinal epithelial lining is comprised of six different mature cell types 

that can be divided into secretory (enteroendocrine, Paneth, goblet and tuft cells) and 

absorptive (enterocytes and M cells) lineages.  All these cell types generate from a 

dedicated pool of stem cells at the bottom of crypt structure. Initially named as crypt base 

columnar (CBC) cells (Cheng and Leblond 1974), ISCs were identified by observations 

showing the flow of cells that were randomly labeled by mutagenesis from bottom of the 

crypt to villus (Winton, Blount, and Ponder 1988; M. Bjerknes and Cheng 1999). 

Subsequent advances in the genetic toolset, specially the advent of lineage tracing 

methods, allowed finally confirmation that CBCs are indeed stem cells, and LGR5 was 

discovered as one of the prominent markers of these cells (van de Wetering et al. 2002). 

It was shown that administration of tamoxifen in offspring of Lgr5EGFP-IRES-CreERT2 > R26R-

lacZ reporter mice promotes Cre-ERT2 fusion enzyme activation and subsequent 

continuous lacZ expression in LGR5+ cells and their descendant cells. In another study 

activation of Cre resulted in ribbons of lacZ marked cells from bottom to top of the crypt 

that contained all different cell lineages just in 5 days (Barker et al. 2007). More 

interestingly, elimination of LGR5+ cells using either irradiation, or injection of diphtheria 

toxin together with expression of its receptor in these cells, was not persistent, and upon 

removing of the eliminating factor, LGR5+ cells reappeared in the bottom of the crypt 

(Dekaney et al. 2009; H. Tian et al. 2011). This suggested that a mechanism existed to 

ensure replacement of ISCs even after their complete elimination. Indeed further studies 

using lineage tracing of secretory cells showed that after elimination of LGR5+ cells, DLL+ 

secretory progenitors populate the empty niche, de-differentiate and act as CBC cells 

(van Es et al. 2012). There are also reports showing more differentiated cells including 

Bmi+ EEs can undergo de-differentiation and replace ISC function when necessary (Yan 

et al. 2017; Jadhav et al. 2017). Hence, the intestinal epithelium has reserve mechanisms 

in place to ensure regeneration in case of primary ISC-loss.  

The position and function of all other mammalian cell types has been investigated in great 

detail (reviewed in (Clevers 2013; Beumer and Clevers 2021). Proper function of these 
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cells and also their communication with each other and with other organs of the body 

ensures that the whole system remains in homeostatic conditions. This has been 

emphasized by situations in which this composition gets disturbed, including cancer and 

ageing (reviewed in (Fane and Weeraratna 2020). Changes in the function of ISCs and 

subsequently other cell types in these situations result in interruption of homeostasis and 

eventually contribute to age associated phenotypes and death. Major drawbacks of 

studying turnover in the context of ageing in mammalian systems is the relatively long 

lifespan of mice and the economic and ethical restrictions of doing large animal cohorts. 

In recent years, the Drosophila melanogaster intestine (or midgut) has become a popular, 

genetically tractable alternative for studying epithelial turnover during ageing and in 

disease (reviewed in detail in (Miguel-Aliaga, Jasper, and Lemaitre 2018). Below I will 

outline the anatomy of this system and highlight key features useful for the study of stem 

cell biology and ageing. 

  

1.2. The Drosophila intestine: anatomy and regionality  
 

The Drosophila melanogaster intestine (or midgut) is reminiscent of the mammalian 

intestine, although, with simpler cellular composition. This similarity, together with the 

short life time and the availability of an extensive range of sophisticated genetic tools, 

makes Drosophila an excellent model organism to study intestinal biology (Lemaitre and 

Miguel-Aliaga 2013).  

Physiologically, the fly gut consists of a simple epithelium surrounded by visceral 

muscles, nerve cells and tracheae from outside and a semipermeable layer called 

peritrophic membrane which consists of chitin and proteins from inside (Figure 2). There 

is also a very thin layer of mucus covering the inner membrane that is functionally similar 

to the mammalian intestinal mucus layer. The Drosophila intestine is subdivided into three 

sections with different developmental origins; the foregut and the hindgut which have 

ectodermal origin, and the midgut with endodermal origin (Lemaitre and Miguel-Aliaga 

2013). From these three parts, the midgut is of prime importance, as it is the main part 
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responsible for digestion and absorption of the food and is also most similar part to the 

mammalian digestive tract. 

 

 

 
Figure 2. Schematic representation of Drosophila digestive system. 
a: Digestive tract of Drosophila (here showed in green) is situated in the middle section of the body and 
encompasses the majority of its space. b: Drosophila gut consists of three main sections; Foregut, midgut 
and hindgut. Midgut is the main section responsible for digestion and absorption of food, and can be further 
divided into subsections (R0 to R5). c: Cellular composition of Drosophila midgut. Several tissues including 
epithelia, muscle, neurons and tracheae are present in the epithelium of the midgut. The peritrophic matrix 
is in direct contact with the contents of the lumen. 
 

The midgut can be further sub-compartmented to three main sections; anterior, middle 

and posterior sections. Further molecular and morphological subdivisions have also been 

made for the midgut, based on either cellular composition (ISC proliferation rate), 

physiological features (pH) or gene expression profiles (Murakami et al. 1994; Strand and 

Micchelli 2011; Buchon et al. 2013; Marianes and Spradling 2013; Dutta et al. 2015).  

From a cellular perspective, the Drosophila intestine has four cell types; ISCs, Enteroblast 

(EB), Enterocyte (EC) and Enteroendocrine Cell (EE). Upon receiving appropriate 

proliferation signals, ISCs start to divide. Based on the symmetry of ISC division, it can 

give rise to two ISCs (symmetric) or one ISC and one progenitor EB cell (asymmetric). 

Depending on the level of Notch signaling, EBs can either differentiate into absorptive 

ECs (high Notch signaling), which comprise the majority of cells in the adult midgut and 

are responsible for producing digestive enzymes and absorption of nutrients, or secretory 

EEs, which are small cells that are responsible for regulation of food intake, energy 

a b 

c 
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expenditure and glucose and lipid metabolism by producing different hormones (Lemaitre 

and Miguel-Aliaga 2013).  

A host of transcription factors (TFs) and signal transduction pathways determine cell 

identity, proliferation and compartmentalization of the midgut, and a collection of pan-gut 

and region-specific TFs are the pillars of this regulation. A good example of the effect of 

TFs in determining different gut regions is the role of homeobox TFs Labial and Ptx1 

which act locally, and the pan-gut TF GATAe in determining so called copper cells in the 

middle section of the midgut (region R3). Due to activity of H+/V- type proton pumps and 

other ion transporters/channels in copper cells, this section of the midgut is more acidic 

(pH~3) compared to the other parts (pH= 7-9) (Buchon et al. 2013; Dubreuil, Grushko, 

and Baumann 2001; Hoppler and Bienz 1994; Okumura et al. 2007).  

It is noteworthy that, despite their important role in determining region specificity in the 

gut, gene expression is not always sharply regulated throughout the gut, and especially 

in boundaries of different sections of the gut. Wnt signaling plays an important role in 

regulating ISC proliferation and differentiation in both mammals and flies (Schuijers and 

Clevers 2012; Lin, Xu, and Xi 2008). Generation of gradients of Wnt have been reported 

in many developmental processes, including determination of intestinal boundaries in 

Drosophila. Using a Fz3-GAL4 Wnt-receptor reporter Buchon et al. showed that a Wnt 

gradient provides a tissue organization center that determines borders of various sections 

of the intestine (Buchon et al. 2013). Moreover, they observed changes in EC morphology 

which was in line with graded Wnt pathway activity in the vicinity of the region boundaries, 

especially in R5 region of the gut. This emphasized the role of the Wnt signaling pathway 

in determining gut regionality. 

Similar to the mammalian intestine, the composition of cells, and regulation of ISC 

proliferation in Drosophila plays a pivotal role in determining organism homeostasis or 

disease. In the next section, I will outline some of the key pathways that control ISC 

proliferation and differentiation in the Drosophila midgut in more detail. 
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1.3. Signaling pathways controlling epithelial turnover 
through their effect on ISC division and differentiation  
 

Like their mammalian counterparts, Drosophila ISC proliferation is regulated by activity of 

several conserved signaling pathways that stem from various environmental, paracrine, 

local and systemic cues. Some of the signaling pathways that regulate ISC proliferation 

and differentiation include: Wg, Notch, JAK/STAT, EGFR, JNK, Tor, Hippo, IL, JH and 

Ret (reviewed in detail in: Miguel-Aliaga, Jasper, and Lemaitre 2018). 

 

Unlike mammals, in Drosophila the rate of ISC proliferation is low under normal 

homeostatic conditions. However, upon stress, infection, or during ageing, the rate of ISC 

proliferation increases. This increase is affected by paracrine factors released from 

differentiated cells in the vicinity of ISCs, including ECs, EEs and also visceral muscle, 

that all act together to form the ISC niche. One example is the conserved Wg/Wnt 

signaling that plays crucial role in proliferation of ISCs in both mammals and Drosophila. 

The wg/Wnt gradient dictates the proliferation of ISCs in a dose-dependent manner. It 

has been shown that in Drosophila, the levels of Wg is high in the visceral muscle 

surrounding the gut (Ai Tian et al. 2016). This provides a gradient similar to the gradient 

of Wnt and BMP in mammalian crypt structure and determines the proliferative versus 

differentiated fate of cells in the crypt (Clevers 2013; Beumer et al. 2022). Interestingly, 

in Drosophila the regulation of ISC proliferation by Wg is non-autonomous; When the Wg 

pathway is activated in absorptive enterocytes, it suppresses JAK-STAT signaling in 

nearby ISCs, preventing their proliferation (Ai Tian et al. 2016). Moreover, Cordero et al. 

showed that Wg is required for Myc dependent ISC proliferation in response to damage 

and during regeneration (Cordero et al. 2012). This shows that even undifferentiated cells 

play a role in promoting ISC proliferation in challenging situations like tissue damage.  

 

In addition to genetic factors, the environmental factors and specifically certain nutrients 

in the intestine play important roles in regulating ISC proliferation and subsequent 

differentiation. A good example is the role of cycles of fasting and refeeding on symmetry 

of proliferation. In this particular case, re-feeding upon fasting results in an Insulin-like 
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peptide 3 (DILP3) increase, generated in visceral muscle. This increase results in 

switching ISCs from asymmetric to symmetric division which increases the midgut’s 

regenerative potential and eventually results in renewed organ growth (O’Brien et al. 

2011).  

Furthermore, gut regionality affects the rate of ISC proliferation, as different regions have 

very distinct changes in their proliferative index (Strand and Micchelli 2011). The gastric 

stem cells reside in the middle section of the Drosophila midgut are less proliferative 

compared to the ISCs in posterior (R4-R5) section. Moreover, the response of ISCs in 

different regions to signaling pathways also differs. Inactivation of Dpp signaling, for 

example, causes miss-differentiation of ISCs in middle midgut but not posterior midgut 

(H. Li, Qi, and Jasper 2013). Another example is the activity of JAK/STAT signaling which 

in middle midgut results in generation of ectopic EC like cells, but in posterior midgut 

results in altered ISC proliferation and failure to differentiate beyond the ISC-EB 

progenitor state (Jiang et al. 2009; H. Li, Qi, and Jasper 2016). Epidermal growth factor 

receptor (EGFR) signaling also plays role in activation of ISC proliferation. It has been 

shown that activation of EGFR is not enough to promote ISC proliferation in homeostatic 

conditions. Combined activation of ERK by EGF and also ROS-induced JNK activation, 

on the other hand, is sufficient to promote ISC division (Biteau and Jasper 2011).  

Finally, it is noteworthy that until recently it was believed that ISCs are the only cell type 

that are capable of dividing in response to different environmental and physiological 

demands of the intestine. However, it has become clear now that in addition to ISCs, 

some of the EE progenitor cells and EBs are also capable of dividing. Tian et al have 

reported that EBs can undergo mitosis upon upregulation of the epidermal growth factor 

receptor (EGFR)-Ras signaling pathway. They observed that infection with bacteria 

results in elevated levels of EGFR-RAS activity. Interestingly, EB-specific ectopic 

activation of EGFR is enough to promote EB mitosis in a cell autonomous manner (Aiguo 

Tian et al. 2022). In the case of EEs, Chen et al proposed a model in which transient 

activation of Scute (Sc) in ICSs induces proliferation towards EE generation. Increased 

Sc activity in ISC results in asymmetric division and formation an EE progenitor (EEP) 

and another ISC. In the newly formed EEP Sc acts both as a mitogenic and cell fate 
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inducer factor, causing EEP to undergo one additional round of division that results in 

generation of an EE pair. After this final division, accumulation of the EE specific TF, Pros, 

results in EE maturation and also downregulation of sc. In total however, this type of 

mitosis accounts for a small fraction of proliferative activity in the gut and the bulk of 

proliferative capacity comes from ISCs (Chen et al. 2018; He et al. 2018).  

 

1.4. Ageing and its effects on the intestine 
 

The turnover of Drosophila intestine is slow under homeostatic conditions, and it has been 

estimated that it completely regenerates only three to four times during the life of a fly 

(Jiang et al. 2009). Considering that the ISCs are the main drivers of regeneration of the 

gut, they have been the center of investigation for tissue homeostasis. Much is known 

about differentiation activity, regulation of proliferation and also maintenance of ISCs, and 

research on intestinal ageing has also focused on changes of ISC behavior in one way 

or another (Rodriguez-Fernandez, Tauc, and Jasper 2020). Ageing can be classified into 

several distinct cellular hallmarks such as decreased proteostasis, DNA damage, altered 

signaling etc. (Kennedy et al. 2014; López-Otín et al. 2013). The intestine of Drosophila 

shows many of these changes during the ageing process. In this section I will highlight 

several of the ageing hallmarks and how they manifest in the ageing intestine, and what 

we have learned from studying these in a whole-organism context. 

  

1.4.1. Uncontrolled ISC proliferation and aberrant differentiation due to dysregulated 
signaling.  
 

Although the number of proliferative ISCs increases with age, the fraction of healthy 

functional ISCs decreases. This is due to the fact that ageing disrupts several of the key 

signaling pathways, such as Notch, EGFR and JAK/STAT (Biteau, Hochmuth, and Jasper 

2008; Biteau et al. 2010). Increased Delta-Notch signaling negatively affects the balance 

between ISC proliferation and differentiation and this dysregulation is in part triggered by 
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increased stress-related JNK-signaling in the ageing gut (Biteau et al. 2010). Another 

example is that the decline in functional ISCs is associated with chronic/repeated 

activation of the nutrient-dependent mammalian Target of Rapamycin (mTOR) signaling 

pathway throughout life (Haller et al. 2017).  As previously mentioned, increased stress 

pathway signaling activity by e.g. the Unpaired-JAK/STAT pathway and JNK pathways 

are among the main drivers of many age-related changes in ISC behavior. In the case of 

JNK, it has been shown that activation of JNK in old intestine is responsible for changes 

in orientation of mitotic spindle in favor of symmetric ISC division. This in turn will result 

in over-proliferation of ISCs, instead of asymmetric division, which results in production 

of differentiating daughter cells that will eventually result in tissue dysplasia (D. J.-K. Hu 

and Jasper 2019).   

1.4.2. Alterations of microbiome abundance and composition lead to increased 
inflammation and commensal dysbiosis. 
  

Upon infection, inflammatory signals including interleukin-6 like cytokine (Unpaired, Upd) 

that is produced by ECs or visceral muscle play important role in activation of JAK/STAT 

in ISCs and subsequently tissue regeneration (Buchon, Broderick, Chakrabarti, et al. 

2009; Buchon, Broderick, Poidevin, et al. 2009; Jiang et al. 2009). In young flies, negative 

regulatory mechanisms ensure the transient activation of inflammatory responses in 

conditions like injury, and return to homeostasis once the infection is cleared. For 

instance, the Dpp pathway plays an important role in the response to infection, but its 

activation is down-regulated when the infection/stress is over (Ayyaz, Li, and Jasper 

2015; McClelland, Jasper, and Biteau 2017; Tracy Cai et al. 2019; Biteau, Hochmuth, and 

Jasper 2008).  

Ageing, however, interrupts these signaling feedback mechanisms and results in 

permanent low-grade signaling activity that leads to organ-level changes in intestinal cell 

composition and regionality. For instance, altered JAK/STAT signaling leads to trans-

differentiation of acid producing “copper” cells into ECs, resulting in loss of acidity and 

subsequently commensal dysbiosis in old flies (H. Li, Qi, and Jasper 2016). In addition to 

JAK/STAT, increase in the bacterial population in the gut is accompanied by over-

activation of Foxo in ECs and subsequent decrease in expression of genes that encode 
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class SC of peptidoglycan recognition proteins (PGRP-SC). This in turn negatively 

regulates the IMD/Rel pathway (Bischoff et al. 2006). Over-expression of PGRP-SC in 

ECs reverses the abovementioned phenotypes and is able to extend organismal lifespan 

(L. Guo et al. 2014). Interestingly, many of the age-related changes in the gut including 

tissue dysplasia, ISC hyper-proliferation and also increase in inflammatory pathways are 

delayed in flies that lack a microbiome through raising in axenic conditions (L. Guo et al. 

2014; H. Li, Qi, and Jasper 2016). This type of increased, dysregulated immune signaling 

is reminiscent of the phenomenon of Inflammageing (Franceschi et al. 2018), which is the 

altered, low-grade activation of the immune system due to ageing and over-nutrition, 

leading to immune system exhaustion and low-grade inflammation in various tissues of 

the body. Although Drosophila does not have an adaptive immune system, a similar 

phenomenon of increased inflammation and altered immune signaling, coupled with 

increased bacterial dysbiosis is associated with Drosophila intestinal ageing (L. Guo et 

al. 2014). 

 

1.4.3. Loss of gut structural integrity and metabolic dysfunction. 
  

Next to effects on signaling and the microbiome, ageing also affects intestinal function on 

an organismal level. Increased gut permeability becomes a problem with advanced age, 

both in flies and mammals (Thevaranjan et al. 2017) and this is connected with the 

increased microbial dysbiosis seen in old gut. In Drosophila, Septate Junctions (SJs), the 

fly versions of tight junctions, are the multi-protein structures between cells that form a 

tight barrier that keeps small molecules and larger particles such as viruses and bacteria 

from passing into the intercellular space. Increased passage of small molecules and 

bacterial antigens from the gut into the abdomen space is one of the hallmarks of the 

ageing intestine (Rera, Clark, and Walker 2012) and can be easily addressed with feeding 

flies with blue dye-colored food (Smurf assay). Ageing results in a transcriptional down-

regulation of many of the core components of the SJ complex and an increased in miss-

localization of core SJ-proteins is seen in ageing guts (Resnik-Docampo et al. 2017).  
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Moreover, many of the key metabolic sensing pathways involved in ageing, including 

Insulin/IGF1 signaling (IIS)/Foxo, AMP-activated protein kinase (AMPK), mTOR and 

Calcium signaling are all shown to either influence lifespan in the gut by affecting ISC 

behavior or in some cases by affecting gut permeability (reviewed in (Rodriguez-

Fernandez, Tauc, and Jasper 2020; Jasper 2020). As an example, reduction of IIS 

signaling in the entire body, in addition to increasing lifespan, results in decreased age 

related ISC hyper-proliferation and subsequent hyperplasia (Biteau et al. 2010). In 

another example, Bolukbasi et al. showed that FoxA transcription factor homolog Fork 

Head (FKH) acts downstream of IIS and its function is essential for the effect of reduced 

insulin signaling in extending lifespan. Moreover they observed that over-expression of 

FKH in the gut is associated with improved barrier function and increase life span without 

affecting ISC behavior (Bolukbasi et al. 2017).  

 

Another example of effects of nutrient sensing pathways in the gut on age associated 

phenotypes is the role of dFoxo in regulating lipid metabolism. It has been shown that in 

normal condition activation of Foxo signaling represses the lipase enzymes in ECs. 

During ageing, elevated activity of JNK signaling results in activation of Foxo. This 

activation subsequently impairs the lipid metabolism which contributes to the overall 

decline of lipid levels in the gut in old flies (Karpac, Biteau, and Jasper 2013).  

 

Not surprisingly, various approaches that have been shown to improve lifespan, including 

drugs such as Rapamycin and regimes like calorie restriction, have positive effects on 

intestinal homeostasis (Fan et al. 2015; Regan et al. 2016). More recently, we showed 

that even short term administration of Rapamycin is able to preserve some of the 

geroprotective effects but without usual side effects that chronic administration causes. 

We observed that the beneficial effect of early life treatment could last for long period 

after stopping the administration of drug. This effect is mediated by elevated autophagy 

in intestinal enterocytes, which is in parallel with increased levels of intestinal LManV and 

lysozyme (Juricic et al. 2022). 
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Despite all the progress, one general shortcoming in the field is that so far most of the 

focus has been on study of effects of ageing (and many other diseases/conditions) only 

in female intestine. The main reason for this is the fact that the intestine in mated female 

flies is larger and also has higher turnover rate, which makes it a better system for study 

of dynamics of cellular and molecular changes. Only recently we began to explore the 

differences in male and female intestine. Interestingly, it has been shown that cell intrinsic 

differences between genders determines the size and turnover rate of male and female 

guts (Hudry, Khadayate, and Miguel-Aliaga 2016). Moreover, it is becoming clear that 

these differences are among the factors that regulate response of the intestine to dietary 

interventions (Regan et al. 2018).  

 

1.5. Cell differentiation and intestinal plasticity 
 

Since the identification of ISCs by the Perrimon and Spradling labs in 2006, Notch 

signaling has been recognized as a main signaling pathway that determines their 

differentiation into EC and EE cells (Micchelli and Perrimon 2006; Ohlstein and Spradling 

2006). In this model, Notch signaling is active in ISC-EB pairs and levels of Notch 

signaling between ISC and its daughter EB determines the EC or EE fate outcome. 

 

One of the determining steps in cell differentiation, and also in broader sense in 

developmental processes, is change in cell polarity and symmetry. With having 

membrane bound receptors and ligands, Notch signaling is well suited to pattern cells 

and organs in a coordinated fashion. The possibility of modulating Notch receptors and 

ligands provides a mechanism for lateral inhibition or induction, and finally determines the 

fate of cells (Reviewed in (Sjöqvist and Andersson 2019). In the case of ISCs 

differentiation, lateral inhibition by Notch plays a pivotal role. ISCs that express the Notch 

ligand “Delta” divide and produce two daughter cell. One of these cells will retains ISC 

properties including delta expression, and maintains the ISC population. At the same time 

Delta activates Notch receptors on its sister cell (EB). Interestingly, it appears that Delta 

asymmetry is a result of down-regulation of this gene in EBs after mitosis. This asymmetry 

eventually results in the exit of EBs from the mitotic cell cycle and differentiation to ECs 
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(Ohlstein and Spradling 2007). In contrast, EEs are produced from ISCs with low (or no) 

cytoplasmic Delta. Lack of Notch signaling in null Notch allele mutant ISC clones leads to 

production of highly proliferative ISC-like or EE precursor-like cells (Patel et al 2015, 

Perrimon and Spradling papers). These findings showed that lateral inhibition feedback 

from daughter cells is a key feature to ensure correct lineage specification. 

 

Differentiation of EE cells is more complicated than that of ECs, mainly because it 

coincides with molecular mechanisms that regulate stem cell identity and self-renewal 

and there is not a clearly-defined intermediate progenitor cell such as the EB. Two distinct 

molecular mechanisms have been specifically implicated in this process, namely 

Regulation of achaete-acute complex (AS-C) genes including asense (ase) and scute 

(sc), and the action of Escargot (Esg), a protein that maintains stemness and also affects 

EE specification through its antagonistic activity with sc  (Bardin et al. 2010; Korzelius et 

al. 2014). 

 

In 2010 Bardin and colleagues showed that achaete-scute complex genes especially ase 

and sc are required for EE differentiation (Bardin et al. 2010). Interestingly, they 

concluded that these two genes are not required for stemness as their inactivation does 

not change Delta expression or clonal expansion of ISCs, an argument that was 

questioned in coming years (Chen et al. 2018).  

 

Later on, esg which is expressed in ISC/EB cells, was shown to act as a factor to maintain 

ISC identity (Korzelius et al. 2014). It has been shown that lack of Esg results in up-

regulation of a number of genes that are involved in EE cell fate specification including 

achaete-scute complex genes and also prospero (pros).  

 

In 2017 a paper from Rongwen Xi’s lab connected these findings to EE fate determination 

by proposing a mechanism by which Sc and Esg coordinately regulate expression of pros 

and subsequently determine EE cell fate. Esg acts as a stem cell maintenance factor and 

prevents EE differentiation, and its inhibition results in activation of Sc and subsequent 

EE cell differentiation. Using epistasis experiments they showed that Sc acts 
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antagonistically with Esg in determining the EE cell fate. Moreover, by using chromatin 

precipitation experiments, they showed that both Sc and Esg bind to a specific region on 

the promoter of pros. Furthermore, other genetic studies using epistasis experiments 

revealed that Esg acts in parallel with Notch and upstream of Sc to determine EE fate (Y. 

Li et al. 2017). All in all, these data showed that differentiation of EEs from ISCs requires 

transient activation of a number of TFs, and this activation needs to be finely tuned in 

order to keep balance between ISC self-renewal and EE differentiation.     

 

1.6. Enteroendocrine cell differentiation; from 
enteroendocrine cell precursors to mature enteroendocrine 
cells  
 

The determination of the EE cell fate from ISCs was initially thought to result only from a 

lack of Notch signaling upon ISC division, with the  EC/EE decision dependent solely on 

the level of Notch activity in the ISC daughter after division (Ohlstein and Spradling 2007; 

Perdigoto, Schweisguth, and Bardin 2011).  In 2015 Guo and Ohlstein proposed a model 

in which accumulation of Pros at the apical site of dividing ISC followed by asymmetric 

ISC division results in formation of EE cells that express Delta (Z. Guo and Ohlstein 2015). 

This Delta ligand then activates Notch signaling in the adjacent ISC, which leads to 

retaining of the stem cell identity. In case of ECs however, the direction of Notch signaling 

is from ISC to EB and eventually to EC. Therefore, the fact that EEs are produced from a 

different progenitor cell rather than EBs was becoming more evident. Similarly, Zeng and 

Hou and Biteau and Jasper provided evidence for differentiation of ECs but not EEs from 

Su(H)GBE+ EB cells (Zeng and Hou 2015; Biteau and Jasper 2014). In line with the 

findings of Guo and Ohlstein they also identified a subset of EEs that are positive for both 

Pros and Delta. 

 

These finding shed light on the complexity of EE differentiation and the involvement of 

other regulators apart from Notch pathway components. Mainly, the Achaete-Scute family 

members were found to be required in both ISC proliferation and EE differentiation 

(Bardin et al. 2010; Chen et al. 2018). Wang et al for instance, showed that the BTB 
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domain-containing transcriptional repressor Ttk69 acts in parallel to Notch signaling by 

repressing EE cell specification through inactivation of AS-C complex genes (C. Wang et 

al. 2015). Later it was shown that a negative regulatory feedback loop exists between 

Ttk69, Phyllopod (Phyl) and Sina. Phyl acts as a bridge to connect Ttk69 with Sina (an 

E3 ubiquitin ligase). Formation of this protein complex leads to degradation of Ttk69 by 

Sina and subsequently activates AS-C genes, resulting in differentiation towards EEs. 

Intriguingly, they found that activation of AS-C genes induces expression of phyl, hence 

strengthening EE commitment and production through a positive regulatory feedback (Yin 

and Xi 2018). 

 

This work showed that sc has a key role in EE differentiation from ISCs. Intriguingly, the 

regulation of sc in ISCs happens through two regulatory feedback loops that ensure 

transient activation of this gene. A self-stimulatory loop ensures that sc expression 

gradually increases in the ISCs until it reaches a level that is sufficient for inducing ISC 

mitosis. This increase results in production of an ISC and an EE progenitor cell, and in 

parallel activates E(spl) genes. As constant sc expression would result in ISC depletion 

due to excess differentiation into the EE lineage, a negative feedback loop between E(spl) 

genes and sc ensures that sc expression returns to basal levels, hence preventing ISC 

depletion. Together, the intertwining activities of this network of TFs leads to EE 

differentiation (summarized in Figure 3a). Moreover, it seems that E(spl) genes are not 

the only negative regulators of sc expression as their depletion does not result in constant 

activation of sc (Chen et al. 2018). sc is additionally regulated indirectly through 

Tramtrack, which is in turn regulated post-transcriptionally through a proteasome 

degradation complex with Sina and Phyl proteins (Yin and Xi 2018; C. Wang et al. 2015). 

  

Interestingly, a parallel negative regulatory mechanism was found by Biteau and Jasper 

through the Slit/Robo signaling pathway. They find that Slit ligands secreted from EEs 

activate the pathway in the ISCs by binding to Robo2 receptor. This activation results in 

inhibition of ISCs from differentiating into the EE lineage. Moreover they showed that this 

happens upstream of Pros and independent of the activation of Notch pathway (Biteau 

and Jasper 2014).  
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All in all these findings show the complexity of the gene regulatory network (GRN) 

controlling EE differentiation with involvement of various regulatory loops and parallel 

pathways that work in concert to determine EE fate (Figure 3a). 

 

1.7. Parallels with differentiation of the mammalian secretory 
cell lineage 
 

Despite the fact that the mammalian intestine has more complexity in cell type 

composition compared to Drosophila, several of the key signaling pathways that 

determine secretory vs absorptive cell fate have been evolutionarily conserved. Figure 3 

compares the main differentiation events that take place in Drosophila and mammals.  

Recent studies in mouse, using time-resolved lineage labeling combined with single-cell 

gene expression analysis, showed that a switch from canonical to PCP/non-canonical 

Wnt signaling is the earliest event that happens in ISCs to determine secretory lineage 

specification (Böttcher et al. 2021). After this initial step, Notch signaling plays a pivotal 

role in determining secretory vs absorptive cell fate decision, similar to the situation in the 

Drosophila midgut. Similar to the midgut, in mammals the Notch target bHLH transcription 

factors are the most important TFs governing the absorptive versus endocrine fate choice. 

High levels of Notch activity promote the expression of Hairy and Enhancer of Split 1 

(Hes1) bHLH transcription factor which will eventually lead to absorptive cell fate  (van 

Es, van Gijn, et al. 2005; Pellegrinet et al. 2011; VanDussen et al. 2012; Carulli et al. 

2015; Fre et al. 2005). On the other hand, Notch has an inhibitory effect on Atoh1/Math1, 

a bHLH TF related to the AS-C genes in Drosophila. Depletion of Notch or Hes1 results 

in cell cycle arrest and commitment to secretory cell lineage differentiation, while 

inactivation of Atoh1 results in depletion of three main secretory cell types (Paneth cells, 

goblet cells and EE cells) in mouse (Q. Yang et al. 2001).  
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Figure 3. Schematic representation of intestinal cell differentiation in Drosophila and 
mammals.  
a: In Drosophila depending on Notch activity, delta positive ISCs give rise to two types of 
progenitor cells; pre-EE cells generate through activity of bHLH TF Scute and EBs form by 
activation of E(spl) gene family. Pre EEs will subsequently mature by activation of Pros. b: In 
mammals, in the absence of Notch signaling, Atoh1 dictates the lineage commitment for the 
entire secretory cells. Ngn3 TF then directs EE lineage specification while KlF4 and Sox9 are 
responsible for goblet and Paneth cell differentiation respectively.    

 

Whereas Atoh1/Math1 acts as a master upstream regulator of secretory fate, the different 

subtypes of secretory cells, including EE cells, are governed by subsequent downstream 

activation of other specific TFs.  

In the case of goblet cell specification, Atoh1 activation leads to activation of growth factor 

independent protein 1 (Gfi1) which together with elevated levels of mitogen-activated 

protein kinase (MAPK) activity determines the goblet cell fate (Shroyer et al. 2005; 

Heuberger et al. 2014). Some region-specific TFs also play role in secretory cell 

differentiation, and one example of such TFs is zinc finger TF Kruppel-like factor 4 (Klf4). 

a 

b 
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Depletion of Klf4 results in lack of goblet cells in colon, but not in small intestine (Katz et 

al. 2002).  

Paneth cell differentiation starts with activation of Atoh1, but also requires elevated Wnt 

signaling activity. High-mobility group (HMG) protein Sox9 is the main TF that acts 

downstream of Wnt signaling to determine Paneth cell fate, and its inactivation results in 

depletion of Paneth cells in the gut  (Mori-Akiyama et al. 2007; van Es, Jay, et al. 2005). 

Most Paneth cells originate from slowly dividing Label Retaining Cells (LRCs). While in 

normal homeostatic conditions these Paneth cells support the ISCs, upon injury activation 

of Bmi1 and repression of Paneth-specific genes results in their proliferation and 

regeneration (Roth et al. 2012).   

Mammalian EE specification depends on expression of the bHLH family member TF 

Neurogenin 3 (Ngn3). ngn3 is exclusively expressed in pre-EE cells and its abundance 

reduces during the maturation process of EE cells  (Gehart et al. 2019; Jenny et al. 2002). 

In addition to ngn3, other TFs including sox4, which is a member of the HMG family of 

TFs, also play role in early stages of EE cell specification in the bottom of crypt structure 

in the intestine. sox4 is transiently expressed at the start of EE differentiation process, 

and its deletion results in loss of all GLP1-positive EEs in duodenum and jejunum, 

indicating its essential role in differentiation of specific subtypes of EEs. 

The negative regulatory interactions by TFs in the GRN controlling secretory 

differentiation play an important role in cementing cell fate decisions and the directionality 

of differentiation. A clear example of this is the dual role of gfi1 which is abundantly 

expressed in goblet cells and, in addition to determining their fate, inhibits fate conversion 

of this cells toward the EE lineage  (Shroyer et al. 2005; Matthew Bjerknes and Cheng 

2010).  

Despite the fact that much progress has been made in EE cell lineage commitment in the 

mammalian intestine, there are still many unknown aspects that need to be investigated. 

For one, the exact relation between the potency of the different progenitor cell states and 

mature EE cells is still not fully understood. A recent report showed that, unlike previous 

assumptions, uni-potent, and not bi- or multi-potent, secretory progenitor cells are 

responsible for mediating the differentiation of EE and Paneth cells  (Buczacki et al. 2013).   
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1.8. Enteroendocrine cells in the intestine act as a local and 
systemic signaling hub 
 

The contents of the intestine are made up of ingested nutrients, chemicals and microbes 

amongst others. This content needs to be scanned for nutritional value, chemical 

composition and assessed for potential harmful pathogens. This information will then 

need to be relayed to distant tissues such as the liver, pancreas, brain as well as the 

immune system.  There are multiple cell types at work in the intestine that ensure this 

happens in a precise and coordinated fashion. These include the nervous system, the 

enteroendocrine system and also the immune system of the gut. Other reviews excellently 

cover the gut-brain axis and the role of the immune system in maintaining intestinal health 

(Mayer, Nance, and Chen 2022; Latorre et al. 2016; Wachsmuth, Weninger, and Duca 

2022). As the focus of my thesis, here I will specifically expand on the role of entero-

endocrine (EE) cells as a signaling hub for intestinal inter-organ communication. 

The entero-endocrine system is responsible for regulating both local and systemic 

responses to contents of the intestine, hence affecting different physiological and cellular 

behaviors. As an example of local signals, it has been shown that an EE subtype called 

G-cells in mice can affect a specific population of gastric stem cells that resides in 4+ 

region of the crypt and express the gastrin/CCK2 receptor (cck2r). While the precursor 

form of the hormone Gastrin (progastrin) activates this population, amidated gastrin that 

is secreted from G cells inhibits ISC activation and acts as a tumor suppressor (Chang et 

al. 2020). A prime example of the systemic regulation of glucose metabolism by EEs is 

the action of the glucagon-like peptide-1 (GLP-1) secreted from L cells in the gut. This 

hormone regulates glucose abundance, hence affecting its availability in the body and 

GLP-1 agonists are used in the clinic as prime candidate for the reduction of Type II 

diabetes and for weight loss through appetite control (Gribble and Reimann 2021). 

Another example of the physiological effect of EEs is regulation of stomach acidity by 

binding of gastrin to Cck2r receptor in parietal cells of the stomach and subsequent acid 

secretion.  
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EEs exert many of their main functions in local and inter-organ communication through 

the production and secretion of peptide hormones in response to various stimuli. Different 

types of EE cells produce different levels of these hormones. Hence, EE subtype 

classification has been based on the type of hormone that they predominantly produce. 

In mammals for instance, there were seven types of EEs which have been shown by 

letters (D, I, K, L, X, S, N) (Reviewed in: Beumer and Clevers 2021), and based on low-

throughput, single time point studies it was believed that each of these cell types are 

capable of producing only a single hormone. Recent advances in the field of molecular 

biology, especially single cell transcriptome analysis, changed this “one hormone-one cell 

type” concept. Now we know that in both mammals and Drosophila, depending on the 

position, age and transcriptional program of the cell, a single EE can produce more than 

one type of hormone, and one hormone can be produced by multiple types of EE (X. Guo 

et al. 2019; Beumer et al. 2020). These findings revealed that EE biology is more 

complicated than previously thought and much is to be learned about the classification 

and specification of EE subtypes. 

In the Drosophila midgut, EEs produce 11 different pro-hormone precursors that upon 

processing give rise to more than 25 different peptides (Nässel and Zandawala 2020). 

Drosophila EE hormones are produced by enteroendocrine cells in a region-specific 

manner. Table 1 summarizes the hormones that Drosophila EEs produce and their place 

of expression in the gut, as well as their known functions. These hormones regulate a 

wide range of physiological and cellular functions in Drosophila, ranging from local 

regulation of stem cell proliferation (e.g.Tachykinin (Tk) to more systemic functions 

including regulation of visceral muscle contraction (for Diuretic Hormone-31 (Dh31), 

control of metabolism and feeding (for Neuropeptide F (NPF), and even control of 

circadian rhythm (CCHa2 and NPF). Despite the importance and the range of cellular and 

physiological functions that EE hormones have, most of the historic focus in insect 

endocrinology has been on the neuropeptides that originate from the nervous system.  
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Table 1. Drosophila EE peptide hormones.  

Regions that they are produced and secreted from, developmental stage in which they have been detected 
and their function. A: Anterior midgut, M: Middle midgut, P: Posterior midgut, L: Larvae, A: Adult, ?: 
Unknown or not confirmed function (Nässel and Zandawala 2020). 

Peptide Region Stage Function in the midgut 

NPF A, M L/A Feeding control, regulate DILPs and IKH, regulate 
GSCs, lipid metabolism 

Orcokinin M L/A ? 

TK A, M, P L/A Lipid metabolism, ISC proliferation 
sNPF A L/A ? 

CCHa1 P L/A Regulate arousability? 

CCHa2 A,P L/A Signal to IPCs 

AstA P L/A Signal to AKH cells and IPCs, regulation of gut 
contraction, regulation of K+ absorption 

AstB/MIP M, P L/A ? 

AstC A, M, P L/A ? 
DH31 P L/A Muscle contraction of middle midgut 

Bursicon α P A Regulation of AKH, regulate midgut visceral muscle 
contraction 

  

Hormones require various steps of precursor processing before they are secreted in their 

final, bio-active form. The processing of hormones is at the beginning of a proteolytic 

cascade of events resulting in maturation of functional peptide hormones. This is 

achieved by function of different classes of enzymes including prohormone convertases, 

carboxypeptidases, and amidating enzymes. In Drosophila EEs and also in cells of the 

nervous system, two main types of prohormone convertases Amontillado (Amon) and 

Silver (Svr) are responsible for the processing of hormones and their maturation. Amon 

is responsible for the first processing step of prohormone conversion in Drosophila by 

cutting the C‐terminal of canonic mono or dibasic amino acids (including R, KR or RR). It 

has been shown that expression pattern of Amon in the gut and nervous system matches 

that of EEs and peptidergic neurons. Importantly, eliminating Amon results in loss of most 

of the mature EE hormones in the gut (Wegener et al. 2011). The subsequent steps of 
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this process are carried out by Silver, which encodes a carboxypeptidase enzyme. It is 

evident that prohormone processing in Drosophila is much simpler than in mammals 

which have 4 different pro-hormone convertases in EE cells (Rehfeld et al. 2008). 

After maturation, the release of EE hormones is under the control of environmental as 

well as internal signals. Various types of molecules can trigger release of hormones from 

EEs: Tk- and Dh31-producing EEs get activated by the presence of protein in the food 

(Park et al. 2016; Song, Veenstra, and Perrimon 2020). NPF secretion, on the other hand, 

is regulated by sugar intake from food as well as by the sex peptide (SP) hormone that 

reaches the gut after mating (Ameku et al. 2018; Yoshinari et al. 2021).  

Hence, multiple levels of control over hormone activity exist in the intestine: transcriptional 

control of their production by different TFs, processing into their final mature peptides and 

their secretion from EEs can all be regulated by various internal and external inputs.  The 

range of functions exerted by EE hormones is very broad. Some EE hormones control 

lipid metabolism through affecting carpora cardiaca (CC) or insulin producing cells (IPCs) 

and subsequently modulation of DILPs or Adipokinetic Hormone (AKH). Bursicon α and 

NPF can also suppress lipid storage through inactivation of AKH , although the mode of 

action is different for each of them; while Bursicon α regulation of AKH is indirect and 

through lgr2 expressing neurons, NPF directly suppresses AKH by affecting CC cells 

(Scopelliti et al. 2019; Yoshinari et al. 2021).Tachykinin on the other hand regulates 

general lipid homeostasis by influencing gut lipid storage (Amcheslavsky et al. 2014).  

CCHa2 can also act through IPCs in the brain and regulates food intake (Ren et al. 2015; 

Sano et al. 2015).  

 

1.9. Hormonal plasticity and its relation to enteroendocrine 
subtype classification 
 

EE cells of the Drosophila midgut were initially divided into two classes based on the main 

hormones that they produce; Class I cells that mainly express AstC and class II cells 

which express Tk. More recently Guo et al have classified EE cells into three major sub-
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types (AstA, AstC and NPF) and 10 different subtypes based on single cell RNA 

sequencing data (X. Guo et al. 2019). In their dataset, 14 peptide hormones of EEs had 

expression including AstA, AstC, Tk, NPF, sNPF, DH31, CCHa1, CCHa2, Mip and 

Orcokinin. This study also showed that each EE subtype expresses 2-5 different peptide 

hormones. In addition to hormones, EEs also express genes of the G protein-coupled 

receptor (GPCR) family that can receive and respond to EE hormones. Interestingly, in 

most cases the place of production of hormones and its corresponding receptor are 

different. CCHa1 for example is mostly produced in posterior section of the midgut. Its 

receptor however has expression in EEs in the middle and anterior parts and also in 

visceral muscle surrounding the middle section of the midgut. 

In both Drosophila and mammals the expression, translation, posttranslational 

modifications and finally secretion of each of EE hormones show great variability in 

spatiotemporal manner throughout the gut. In Drosophila this heterogeneity becomes 

apparent from single cell analysis that shows almost all EE cells are capable of producing 

more than one hormone and, more interestingly, that the positioning of EE cells in the gut 

is a strong determining factor that dictates the type of hormone that the EE cell produces. 

Table 2. summarizes the spatial distribution of Drosophila EE hormones along the midgut 

axes and lists the TFs active in each of EE cell types in that region.  
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Table 2. Place of production of EE hormones in Drosophila intestine and transcription factors that are 
associated with them.  

TF: transcription factor (adapted from (X. Guo et al. 2019). 

Region Hormone combinations TF 

R2a, R2b AstC, Orcokinin Mamo, Exex, Dac 

R2a, R2b sNPF, CCHa2, 
Orcokinin (low) Mano, Sug, Fer1 

R2 AstC, Orcokinin, 
CCHa1 Mamo, Fer1 

R2 
Tk, NPF, DH31 
(part of), CCHa1 

(part of) 
Mirr, Notch 

R3 AstC, Orcokinin Mamo, Exex, Dac 

R3 Tk, NPF, Mip 
(part of), Nplp2 (part of) Esg,Ptx1, NK7.1 

R4 AstC, CCHa1, 
CCHa2, Mip Fer1, Sug, Nlp 

R4, R5 AstC, CCHa1 Nlp 

R4c, R5 AstC, AstA, 
CCHa1 Drm, Fer1, Nlp 

R4c, R5 
Tk, CCHa1, 

DH31, NPF (part 
of) 

Drm, NK7.1, Nlp 

 

Due to the large size of the mammalian intestine, the data regarding the spatial 

distribution of EEs and the hormones they produce is still far from being complete and 

needs more investigation (Beumer et al. 2020; Gehart et al. 2019; Haber et al. 2017; Grün 

et al. 2015). However, it is likely that the classification of EEs in mammals also requires 

revision in the light of new advances in single cell technology. 

A major caveat of single-cell gene expression profiling is that it, too, often classifies cells 

with a different expression profile as different cell (sub)-types. Cell classification happens 

either automatically by measuring distance in multi-dimensional space by t-SNE or 

UMAP, or is done using manual classifiers. Both methods have their disadvantages and 

can overestimate differences between individual cells. On the other hand, sc-Seq can 

also miss distinct cell types and cluster them together, although they are functionally 
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distinct, e.g. sc-Seq analysis of the fly intestine has failed to distinguish ISCs from EBs 

by clustering alone (Hung et al. 2020), whereas these cells are clearly distinct both in 

functionality as in morphology. Furthermore, the sequencing depth of most sc-Seq 

platforms is not sufficient to pick up meaningful differences in e.g. transcription factors, 

which are often lowly expressed, between individual cells (Wu et al. 2014). Hence, 

determining the GRN that control sub-type specification will rely on other technologies as 

well such as bulk RNA-Seq, localization studies and cell-type specific knockdown 

experiments. 

 

1.10. Regulation of enteroendocrine cell heterogeneity    
 

EE subtype heterogeneity is regulated by both external environmental cues as well as 

internal cues such as cell type-specific transcriptional factors. Externally, both niche-

specific and environmental factors play a role in determining type of hormones that EEs 

produce. In mammals for instance, morphogen gradients along the crypt-villus axis 

regulate the type of hormones that EEs produce (Beumer et al. 2018). Specifically, a 

BMP-signaling gradient along the crypt-villus axis drives hormone “reprograming” in L 

cells, resulting in decreased GLP-1 production and increase in PYY production, hence 

changing the identity of so called L cells to I and finally N during maturation along the 

villus.  

In Drosophila Notch signaling plays an important role in specifying EE subtypes, in 

addition to its general role in EE differentiation(X. Guo et al. 2019; Beehler-Evans and 

Micchelli 2015). Absence of Notch results in depletion of TK+ class II EEs while promoting 

AstC+ class I formation (X. Guo et al. 2019). Interestingly, newly differentiated EE pairs in 

the intestine can each produce a separate hormone. For example, one of the cells in an 

EE pair can be TK+ while the other one is AstC+. Considering the lateral inhibition that is 

a key mechanism of Notch feedback regulation, it is possible that it regulates specification 

of each of EEs to class I or II fate at progenitor stage. Unlike Notch, the role of other 

morphogenic factors including BMP or Wnt signaling in EE hormonal plasticity in 

Drosophila is still unclear and needs further investigation.  
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 In addition to niche-specific signals, nutrients and gut microbiota also play role in 

determination of type of hormones that EEs produce. In mice for instance, high lipid diet 

results in a general decrease in the number of EEs with more evident effects on L cell 

numbers, and systemic reduction of gut hormones. This reduction is accompanied by 

downregulation of TFs that regulate EE specification including math1, atoh1, NEUROD1, 

pax6 and pax4 (Nässel and Winther 2010; Moran-Ramos, Tovar, and Torres 2012; 

Richards et al. 2016). 

In Drosophila, dietary cholesterol changes the level and duration of Notch activity and 

subsequently ISC differentiation. Reducing cholesterol in the food, or knocking down its 

receptor Hr96 in the nucleus, results in reduction of EE cell numbers in the posterior 

midgut. Interestingly, decrease in the lipid content of the food was associated with 

increased Notch activity, but not with ISC proliferation changes or cell death rate. These 

results provide evidence for diet-dependent regulation of Notch and subsequently EE 

differentiation that is independent of cell proliferation in Drosophila.  (Obniski, Sieber, and 

Spradling 2018). On the other hand, and not surprisingly, there are numerous reports of 

effects of different contents of the food on EE hormone production. For instance, it has 

been recently shown that sugar in the diet could increase production and secretion of 

NPF from EEs in the gut (Yoshinari et al. 2021). This gut-derived NPF has an incretin-like 

function and results in suppression of AKH and enhanced secretion of DILPs, resulting in 

decreased lipid anabolism.  

Despite the potential and diversity of EE hormones, it is hard to distinguish the mode and 

place of action for many of these, mostly because the necessary tools for studying the 

midgut EE population are limited or non-specific. Most experiments use the pros-Gal4 

driver to express genes/RNAi’s of interest in EEs, but in addition to EE cells of the 

intestine, pros is also expressed in various regions of the brain, including the areas that 

are responsible for producing neuropeptides that are genetically identical to those 

produced in the gut. Hence separating gut-derived from brain derived activity of EE 

hormones remains a challenge. More recently, gut-specific EE drivers have been 

generated that mostly rely on using promoter regions of the hormones (namely Tk) that 

are specifically active in the gut but not in the brain (Amcheslavsky et al. 2014). Despite 
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being an improvement, expression of many of these drivers is restricted to specific 

subtypes of EEs and cannot be used as a pan-EE diver like pros. We have attempted to 

use pan-neuronal drivers such as elav and syb to express Gal80 in the brain, thereby 

restricting Gal4 expression to gut EE’s only. Unfortunately, Gal80 expression using these 

drivers also inhibits EE Gal4 activity (S. Azami and J. Korzelius, unpublished 

observations). Hence, finding a pan-EE driver that is restricted to the midgut would be a 

critical step in gaining more understanding of EE biology both locally and systemically. 

 

1.11. Aims of the project 
 

The gene regulatory network governing ISC differentiation has been the subject of 

research for more than a decade. This has provided a detailed, but not complete, 

understanding of events that happen during the process of EE and EC differentiation. 

Despite this progress, the exact order of events by which the decision between EE and 

EC is cemented in progenitor cell types has remained unclear.  

In the first Results chapter of this thesis, I present the characterization of the Klu TF and 

how this TF controls fate choice in the enteroblast (EB) progenitor. This work identifies 

Klu as a factor that acts downstream of Notch, acting to repress scute activation in 

maturing EBs. Transcriptional analysis of Klu target genes has identified potential novel 

genes that regulate EE differentiation. 

The second Results chapter investigates the physiological role of EEs and the hormones 

produced by these cells in intestinal homeostasis and how EE expression profiles change 

with ageing. We performed bulk RNA-Seq and sc-Seq of EEs in young and old flies and 

also focused on the difference between male and female EE cells in our sc-Seq dataset. 

The main aim of this part of the project is to tackle the changes in EE biology during 

ageing and between sexes, and to determine the physiological consequences of these 

changes and how they contribute to organismal ageing.  
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2. Materials and methods 
 

 

 

2.1. Fly work 
2.1.1. Fly maintenance 
 

Unless otherwise is stated, fly stocks were fed a conventional sugar/yeast/agar (SYA) 

(Bass et al. 2007) diet and kept at 65% humidity on a 12:12 hour light:dark cycle. For 

GAL4 reporter experiments, flies were allowed to mate for two days at 25˚C, then 

transferred onto SYA food with a density of 20 female flies per vial, and kept on 25 ˚C for 

the indicated period of time. In order to inhibit expression of UAS-driven RNAi, a 

temperature-sensitive Gal80 repressor construct (Gal80ts) was used. The Gal80ts is active 

at 18°C and can be blocked by transferring flies to 29°C to stimulate Gal4 activity 

(McGuire et al. 2003). Hence, for these experiments, flies were mated and kept in 18°C 

and subsequently were transferred to 29°C at a density of 20 female flies per vial for the 

indicated period of time. 

Unless stated otherwise, for all experiments female Gal4 driver flies were crossed with 

wild type or UAS-construct males.   

 

2.1.2. Fly Lines and Husbandry 
The stocks listed below were used in this PhD thesis: 

Drosophila Stock Center: 

BL28731 (klu RNAi on 3rd), BL60469 (klu RNAi on 2nd), BL56535 (UAS-klu[Hto]), 

BL1997 (w[*]; P{w[+ mW.hs] = FRT(w[hs])}2A), BL4540 (w[*]; P{w[+mC] = UAS-

FLP.D}JD2), BL84593 (AstA-GAL4), BL84671 (NPF-GAL4), BL25800 (TK RNAi), 

BL25866 (AstA RNAi), BL25867(sNPF RNAi), BL25868 (AstC RNAi), BL27237 (NPF 

RNAi), BL25869 (DSK RNAi), BL57183 (CCHa2 RNAi), BL57562 (CCHa1 RNAi), 

BL61833 (orkokinin RNAi). 
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VDRC: v27228 (N RNAi).  

Other stocks: klu-Gal4 UAS-GFP, FRT2A kluR51/Tm6B, hs-Flp, Tub-Gal4, UAS-

GFP/Fm7;FRT2A, TubGal80ts/Tm2,Ubx (T. Klein, Düsseldorf),esg-F/O (w; esg-Gal4, 

tub-Gal80ts, UAS-GFP; UAS-flp, Act > CD2 > Gal4(UAS-GFP)/TM6B), esgts (y,w;esg-

Gal4, UAS-GFP/CyO;tub-Gal80ts/Tm3), Su(H)ts (w;Su(H)GBE-Gal4,UAS-CD8-

GFP/CyO;tub-Gal80ts/TM3), Su(H)-F/O genotype (control) w;Su(H)GBE-Gal4, UAS-

CD8-GFP/CyO;tub-Gal80ts/UAS-Flp, Act > CD2 > Gal4, Su(H)-F/O genotype (kluRNAi) 

w;Su(H)GBE-Gal4,UAS-CD8-GFP/kluRNAi BL60469;tub-Gal80ts/UAS-Flp, Act > CD2 > 

Gal4, ISC-specific esgts29 w;esg-GAL4,UAS-2XEYFP/CyO;Su(H)GBEGAL80, tub-

Gal80ts/TM3,Sb, w;esg-gal4, tub-Gal80ts, UAS-GFP/CyO,wg-lacZ;P{w [+ mC] = UAS-

FLP.D}JD2/Tm6B, w,10XUAS-GFP(attp40)/CyOwglacZ;MKRS/TM6B, w;tub-

Gal80ts,UAS-GFP/CyO,wgLacZ;Prosv1-Gal4/Tm6B, w;Tk-Gal4 (gut-specific). 

For all experiments flies were collected 2-3 days after eclosion, and kept on standard 

cornmeal food. For induction of RNAi lines using the temperature sensitive Gal80 

(Gal80ts) construct, parent flies were crossed and kept at the restrictive temperature of 

18ºC. 4-7 days after collection flies were transferred to 29 degrees in order to deactivate 

Gal80 and initiate Gal4 driven RNAi expression. 

 

2.1.3. Fly Genetics 
 

For all experiments female flies containing the GAL4 driver were crossed with male UAS 

flies or WT. To generate the temperature-sensitive pros-GAL4 line, flies containing the 

prosV1-GAL4 insertion on the third chromosome were crossed with flies containing 

Gal80ts, UAS-GFP on the second chromosome. Stable stocks were generated that have 

the following genotype:  w;tub-Gal80ts,UAS-GFP/CyO,wgLacZ;Prosv1-Gal4/Tm6B.  

 

2.1.4. Backcrossing 
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For backcrossing of RNAi and UAS over-expression constructs, we backcrossed these in 

the wDahomey (wDah) background. 25 male flies of the desired genotype were crossed to 25 

female wDah flies to start the backcross. 25 virgin flies from this first cross were then mated 

with 25 male wDah flies and the process were repeated for at least 6 generations. Finally, 

to make the desired construct homozygous, backcrossed flies were mated to 

backcrossed flies of the same wDah background containing TM6B or CyO balancer 

chromosomes. For flies from the Perrimon lab/Harvard Medical School TRIP RNAi 

collection, which are marked by a vermillion (v) rescue construct, a vDahomey background 

was used for backcrossing.   

 

2.2. Molecular biology 
 

2.2.1. RNA extraction, cDNA synthesis and quantitative real time PCR (qRT-PCR) 
 

Total RNA was extracted by Trizol reagent (Invitrogen) according to the manufacturer’s 

instructions. For the bulk RNA sequencing experiment, Arcturus PicoPure RNA isolation 

kit (Thermo Fisher scientific) was used according to manufacturer’s instructions. To 

remove genomic DNA, samples were treated with DNase I (ThermoFisher) according to 

manufacturer’s instructions. RNA concentration was measured either by NanoDrop I, or 

Qubit BR RNA assay (ThermoFisher). cDNA was synthesized using 150ng/µl 

concentration of extracted mRNA using the SuperScript III first‐strand synthesis kit 

(Invitrogen) and poly T, according to the manufacturer’s instructions. 

For qRT-PCR, TaqMan Master Mix (ThermoFisher) was used according to the 

manufacturer’s manual and Act5c was used as internal control gene. qRT-PCR was 

performed using QuantStudio7 (ThermoFisher). Relative expression (fold induction) was 

calculated using the ΔΔCT method and Act5C was used as a normalization control.   

 

2.2.2. Immunostaining of adult Drosophila guts  
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10-15 guts from adult female flies were dissected in 1x Phosphate-Buffered Saline (PBS) 

and transferred to fixative comprising of 4% formaldehyde in 1x PBS solution for 45 

minutes. A Buffer of 1x PBS containing 0.15% Triton X100 was used as washing buffer. 

After 30 minutes wash in washing buffer, guts were transferred in blocking solution 

containing PBT with 0.3% bovine serum albumin for minimum of 30 minutes. 

Subsequently, guts were incubated in primary antibody at 4°C overnight followed by 

washing for an hour and incubation at secondary antibody for 2 hours. After second 

antibody incubation, guts were washed for 45 minutes in washing buffer and finally were 

mounted on slide using VectaShield Antifade Mounting Medium with DAPI (Vectorlabs). 

The following primary antibodies were used for the immunostaining:  

Chicken anti-GFP (1:1000; ThermoFisher A10262), mouse anti-Prospero (MR1A, 1:50, 

DSHB), mouse antibeta-galactosidase (40-1a, 1:200; DSHB), mouse anti-Armadillo (N2 

7A1, 1:20; DSHB), rabbit antiphosphorylated Histone H3-Ser10 (pH3S10, 1:500, sc8656-

R; Santa Cruz Biotechnology), Guinea pig anti-NPF (a gift from Dr. Ryusuke Niwa).    

2.2.3. FACS 
 

For scRNA-Seq, males of genotype prosv1-GAL4>10xUAS-GFP were crossed to w1118 

virgins and male and female progeny were allowed to mate for two days (except for the 

virgin condition) and kept on normal SY food for the respective time points. 70-100 

midguts/genotype were dissected in triplicate, and for each sample (except old male 

sample) around 5000 live cells were sorted into RNAse-free 1× PBS with 5 mM EDTA 

using FACS Aria III sorter (BD Biosciences). Cells were subsequently sent for 10X 

Genomics library preparation according to manufacturer’s manual by the Cologne Center 

for Genomics (CCG). For the FACS analysis of NPF+ cells experiment, 30 anterior 

midgut/condition were dissected under the same conditions as previously described and 

used for quantification of GFP+ cells. FACS-plots were generated with FlowJo v10. 

2.2.4. Single cell RNA sequencing 
 

More than 9000 live cells were used to prepare 10XGenomics libraries using the 

manufacturer’s manual. In brief, Gemcode single cell platform was used to encapsulate 
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single cells and gel beads into droplet. Next, cell lysis and barcode transcription were 

performed in these droplets and subsequently cDNA was amplified to generate to a 

concentration of around 100ng. Following this step, standard Illumina library preparation 

was carried out and next generation RNA sequencing was performed using Illumina 

system (Novogene).  

2.2.5. scRNA seq data analysis 
 

Seurat version 4.0.0 (Hao et al. 2021) and Garnett for Monocle3 Version 0.2.8 (Pliner, 

Shendure, and Trapnell 2019) pipelines were used for analysis, clustering and annotation 

of single cell data. For clustering of cells and PCA/UMAP generation, cells with fewer than 

2 reads were discarded. Most variable features were identified and used for downstream 

analysis. Data was log normalized, scaled and centered to mean = 0 and variance = 1. 

Subsequently, linear dimentionality reduction/PCA was performed, and cell clusters were 

identified using the “Louvain” algorithm. Finally non-linear dimensional reduction (UMAP) 

was performed. 

For cell type annotation analysis, classifier was trained based on preselected marker 

genes and expression data. Then this trained classifier was used to classify cells into cell 

types. Finally, differentiation expression was performed between the cell types and 

clusters using Seurat.      

 

2.3. Microbiology 
 
2.3.1. Ecc15 infection 
 

To induce ISC proliferation in the gut, infection with the pathogen Erwinia carotovora 

(Ecc15) was used. Bacteria were grown at 30°C in aeration in Luria-Bertani medium (LB) 

over night. The following day medium containing the bacteria were centrifuged at 4000g 

for 15 minutes. Supernatant was removed and the bacterial pellet was re-suspended in 

1ml solution of 5% sucrose in water. 1ml of 5% sucrose in water solution was used as 

control. 600 µl of bacterial or sucrose suspension was dispensed on Whatmann filter 
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paper in empty vials and 15-20 adult females were added. Flies were kept on Ecc15 or 

sucrose control food for 16 hours followed by immediate dissection. 

 

2.4. Microscopy 
 

Series of 2-4µm stacks were obtained for each gut using a Leica Sp8 DLS confocal 

microscope. For imaging of the entire length of the gut, the tilescan module of the Leica 

microscope was used. The same settings were used across different age/sex, unless 

otherwise is stated. All images were processed with FIJI/imageJ software. First, maximum 

intensity z-stack projections were obtained for each image. For quantification of GFP+ 

cells in NPF experiments, anterior and middle midgut region where GFP+ cells were 

located was cropped from the image and the quantification was conducted using the Find 

Maxima tool in ImageJ. The following settings were used for quantification of GFP+ NPF 

and Pros+ EEs; Output type: point selection, prominence for GFP signal: 190, prominence 

for Pros signal: 35. For quantification of pH3+ cells guts were directly observed under 

either Leica DLS confocal or Leica DMI6000b microscopes and the number of pH+/gut 

was counted. The same settings were used for all conditions in each experiment.    

 

2.5. Statistical analysis 
 

Statistical analysis was performed using GraphPad Prism software. Paired t-test was 

used for paired comparisons of different conditions. For multiple comparison, one way 

ANOVA with post-hoc testing was used. The relevant statistical test is indicated in the 

legend of each figure. P values < 0.05 were considered as significant. *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.0001. 
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3. Results 
 

 

 

 

3.1. Investigating the mechanism of differentiation from ISC 
to enteroendocrine cell: the role of transcription factor 
Klumpfuss 
 

The first aim of this PhD project was to investigate the role of the transcription factor 

Klumpfuss (Klu) in controlling EE differentiation in Drosophila gut. Klu is a member of the 

Early Growth Response family of zinc-finger transcription factors and has similarities with 

Wilms’ Tumor 1(WT1) which is a mammalian tumor suppressor (Klein and Campos-

Ortega 1997). In flies, over expression of Klu in neuroblast stem cells results in cellular 

overgrowth and formation of tumor like tissue in the brain (Xiao, Komori, and Lee 2012; 

Berger et al. 2012; X. Yang et al. 1997).   

Our preliminary data showed that knockdown of klu with RNAi in ISCs/EBs or only EB 

cells (using esg-GAL4 or Su(H)-GAL4 respectively) results in an excess number of EE 

cells, suggesting a role for Klu in repressing EE fate. These data also showed that Klu 

expression is restricted to EB cells. In order to dissect the function of Klu in EE 

differentiation in more detail, we performed lineage tracing experiments using mosaic 

analysis with a repressible cell marker (MARCM) and FlipOut (F/O) systems. Moreover, 

we analyzed changes in ISC proliferation in klu overexpression conditions compared to 

respective control. Finally, epistasis experiments between Klu and the known Notch 

transcriptional effector Suppressor of Hairless (Su(H) showed that Klu acts downstream 

of Notch signaling and regulates EC vs EE cell fate. 

3.1.1. The WT1-like transcription factor Klumpfuss maintains lineage commitment of 
enterocyte progenitors in the Drosophila intestine. 
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Some of the results presented in this chapter were used in the already published article 

“(Korzelius et al. 2019)”. The detailed explanation of contribution of Sina Azami as well 

as the published version of the article can be found in the publication section of this 

thesis. 

 

3.1.2. Loss of Klu in EBs is sufficient to induce EE cell differentiation. 
 

The phenotype that motivated us to take a closer look at the role of Klu in intestinal cell 

differentiation was the increase in number of Pros+ EEs in the absence of Klu from 

ISC/EBs. For these initial experiments we used the esg-GAL4ts driver to induce kluRNAi. 

As esg is a transcription factor that is expressed in both ISCs and EBs (Korzelius et al. 

2014), it is not an appropriate driver to differentiate between the roles of each these cell 

types in the observed phenotype. Furthermore, our expression data with the klu-Gal4, 

UAS-GFP reporter line showed that klu was exclusively expressed in the EB, but not the 

ISC. Hence, we used EB specific Su(H)GBE-Gal4ts driver to induce kluRNAi only in EBs. 

This showed that elimination of Klu in EBs is sufficient to increase the number of Pros+ 

EE cells. In order to confirm this result, and to trace the fate of EBs expressing kluRNAi, 

we used a Su(H)GBE>Actin-FlipOut lineage tracing strategy combined with kluRNAi to 

trace the fate of EBs after 10 days of induction of the RNAi. Due to the fact that the basal 

turnover of ISCs in Drosophila gut is low, we infected flies with Ecc15 pathogen for 16 

hours to promote gut turnover. It has been shown that Ecc15 infection promotes gut 

turnover and increases ISC proliferation (Buchon, Broderick et al. 2009), hence scaling 

up the rate of proliferation increases our ability to detect changes in ISC differentiation 

and clone formation. 
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Figure 4. Loss of Klu resulted in increased EE differentiation.  
 a and b: Number of Pros positive EE cells in clonal area was increased compared to the control 
condition. Su(H)-GBE FlipOut was used to drive expression of kluRNAi under Ecc15 infection 
condition. c: Quantification of GFP/Pros double positive cells/ROI in conditions stated in A. n= 10 
guts per condition. Error bars represent mean +/- SD. t-test.  Scale bar: 50µm. 

 

We observed a significant increase in number of GFP/Pros double-positive cells in kluRNAi 

flies compared with their respective controls (Figure 4). Despite the significant increase 

in ratio of Pros+ EEs in Su(H)GBE generated EB clones in the kluRNAi condition, EEs are 

not exclusively found in these clones, which is in line with observations from others 

showing that EBs mostly turn into EC fate rather than EE differentiation (Zeng and Hou 

2015). These results confirmed our preliminary data regarding the role of Klu in repressing 

EE fate in EB cells and further solidified our hypothesis that Klu loss in EBs results in a 

partial reversion of EBs to EE fate. 

  

3.1.3. Klu acts in a cell autonomous manner. 
 

To further confirm our data on excess EE differentiation in absence of Klu and to 

determine if the phenotype is cell autonomous, we performed MARCM experiment using 

klu RNAi (FRT40A; kluRNAi). Our analysis of the kluR51 MARCM null allele demonstrated 

that these flies had an increased number of EE cells compared to control FRT40A animals 

(J.Korzelius and H.Jasper, unpublished observation), likely due to the heterozygous 

nature of the kluR51 MARCM null allele strain. Therefore, by generating kluRNAi clones in 

an otherwise wild-type background, we generated mosaic tissue containing two cell types 

in the intestine of the same animal. Clones with gfp expression also co-express klu RNAi, 

and the surrounding tissue that is GFP- is wild type for klu (Figure 5).  

a b 
c 
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Figure 5. Loss of Klu in EBs was not associated with cell extrinsic effects on EE 
differentiation.  
a and b: Representation of posterior midgut section of kluRNAi and FRT40A control 
guts. The average percentage of EE/clone (white arrows) was significantly lower 
in control (7.5%) compared to kluRNAi (23%). Interestingly, the percentage of EE 
cells outside clonal area was not different in control versus kluRNAi (d). c and d: 
quantifications of percentage of EE per clone. Error bars represent Mean +/- SD. 
t-test. Scale bar: 50µm. 

 

We observed an increase in number of EEs only in GFP+ clones but not in the surrounding 

wild type tissue (Figure 5, quantifications). This observation indicated two things: first it 

confirmed our preliminary data showing that lack of Klu leads to excess EE cells. Second 

it showed that effect of loss of Klu is cell autonomous and does not affect EE 

differentiation in a systemic manner.  

3.1.4. Overexpression of klu in ISCs results in significant reduction of proliferation 
 

a 

b 

c 

d 
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Based on our previous experiments, the loss of klu expression results in excess EE 

differentiation from ISCs. Hence, we hypothesized that ectopic klu expression should 

have the opposite effect and block EE differentiation. To test this idea, we used UAS-klu 

construct to over-express full length klu in ISCs using the FlipOut system under control of 

esg in combination with Ecc15 infection. While in wild type conditions esg-F/O clones 

expand in most parts of the posterior midgut seven days after induction, ectopic klu 

expression in ISCs resulted in smaller clone size, indicating an arrest of cell differentiation 

and proliferation (Figure 6). 

 

 
 

Figure 6. Ectopic klu expression resulted in reduction of proliferation and cell arrest.  
a and b: Representative pictures of esg F/O guts for control and UAS-klu in ECC15 infection condition. 
Number of pH3+ proliferative ISCs was significantly lower in UAS-klu condition compared to control 
both in presence and absence of Ecc15 infection (c). Error bars represent Mean +/- SD. n = 20. t-test. 
Scale bar: 50µm. 

 

The decrease in ISC proliferation in UAS-klu expressing esg-F/O clones was confirmed 

by quantifying the number of pH3 positive cells per gut (Figure 6c). The negative role of 

klu expression on ISC proliferation and clonal growth were exacerbated by Ecc15 

infection. Whereas control esg-F/O intestines showed a significant increase in 

proliferation upon Ecc15, esg-F/O > UAS-klu flies showed no increase in proliferation 

upon Ecc15 challenge. Altogether, this data showed that ectopic expression of klu is 

sufficient to inhibit ISC proliferation and differentiation in fly gut. 
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3.1.5. Lineage tracing experiments in EBs indicate a role for Klu in blocking EB and EC 
differentiation 
 

Thus far, we demonstrated that inhibition of klu leads to change in the ratio of 

differentiated cells toward EEs, and that ectopic klu activity in the ISC/EB population leads 

to reduced proliferation. In order to better understand the role of Klu in cell differentiation, 

we performed lineage tracing experiment using the EB-specific Su(H)GBE>Actin-FlipOut 

system to continuously express klu in EB cells. EB cells almost exclusively differentiate 

into Pdm1-positive enterocytes (ECs) (Biteau and Jasper 2014, Zeng and Hou, 2015). 

We used Pdm1 staining Su(H)GBE-F/O clones to determine the effect of continuous klu 

expression on EB differentiation. 

 

 
Figure 7. Ectopic klu activity resulted in differentiation defects.  
Number of GFP/Pdm1 double positive cells was significantly lower in Su(H)-F/O>UAS-klu (e-h) 
compared to the respective control (a-d). c, d and g, h are close ups. N = 7 midgut/genotype.  Scale 
bar: 50µm 

 

We observed that continuous klu expression leads to a loss of GFP-Pdm1 double-positive 

clonal cells when compared to control Su(H)GBE-F/O clones (Figure 7, Figure 8a). 

Quantification of Pdm1 staining showed that continuous expression of klu in EBs leads to 

reduced formation of Pdm1-positive mature ECs (Figure 8a). The observed smaller clonal 

size also suggested impaired proliferation, as observed when we ectopically expressed 
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klu in esg-F/O clones (Figure 6) expressed in ISCs. This suggested that apart from its 

role in repressing EE differentiation in EB progenitors, Klu also needs to be 

downregulated in order for EBs to properly differentiate into mature, pdm-1 expressing 

ECs.  

In line with our findings on ISC proliferation, we also observed decrease in pH3 positive 

cells upon constant expression of klu in EB population using Su(H)ts driver (Figure 8b). 

This also highlights dual role of Klu in restricting proliferation and differentiation 

simultaneously.  

 

 
Figure 8. Ectopic Klu activity resulted in differentiation defects (quantification).  
a: Quantification of klu overexpression condition compared to respective control in EBs using Su(H)-
F/O>UAS-klu. Error bars = mean+/- Sd. n = 7. b: Quantification of number of proliferative ISCs klu over 
expression compared to control in EBs using the same F/O system. Error bars = mean+/- Sd. n = 12-17. t-
test. 
   

 

3.1.6. Combined inhibition of Su(H) and klu in ISCs and EBs results in decreased ISC 
proliferation and clone size 
 

Notch signaling has a pivotal role in EE versus EC fate decision in intestinal cells (Bardin 

et al. 2010). Previous work from the Bray lab has demonstrated that klu is a Su(H) target 

a b 
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gene and acts together with Notch to regulate hemocyte differentiation (Terriente-Felix et 

al. 2013). To investigate the genetic interaction between Notch signaling and Klu in this 

context we performed epistasis experiments. We investigated the effect of loss of Klu, 

Su(H) or the combination of both on number of Pros+ EE cells in the gut, and used esg-

F/O to drive expression of kluRNAi or Su(H)RNAi. As expected, inhibition of klu resulted in a 

decrease in Pros+ EEs in posterior section of the midgut (Figure 9b). Knockdown of Su(H) 

led to a Notch loss-of-function phenotype, characterized by the formation of tumors 

consisting of a mixture of mitotic ISCs and Pros-expressing cells (Patel et al., 2015, Bardin 

et al., 2010) (Figure 9c). 

 

 
Figure 9. Klu acted downstream of Notch and repressed ISC proliferation.  
esg-F/O was used to express kluRNAi, Su(H)RNAi or combination of both in ISC/EB cells. Size of GFP+ clones 
in kluRNAi and combined condition was significantly smaller compared to control and Su(H)RNAi alone. This 
indicated that Klu probably acts downstream of Su(H) and hence Notch in regulation of cell fate. ROI: 
posterior midgut. Scale bar: 50µm. 
 

Interestingly, the combined inhibition of klu and Su(H) showed a prominent increase of 

Pros+ cells in the tumors at the cost of mitotic, pH3-positive cells (Figure 9d). Hence, the 

combined inhibition of klu and Su(H) shunted the growth of Notch tumors that have been 

associated with loss of Su(H) (Figure 9g versus 9h). It is noteworthy that tumor formation 

in our Su(H) RNAi condition was generally milder compared to our previous studies of 

loss of Notch using Notch RNAi, which might be related to RNAi efficiency or Su(H)-
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independent roles of Notch signaling. Together these data suggest that Klu acts 

downstream of Notch signaling. 

In order to quantify the effects of combined loss of Notch and Klu on ISC proliferation and 

tumor growth, we quantified pH3 cell/midgut for each of the genotypes. As expected and 

line with previous publications, loss of Notch resulted in an increased mitotic rate for each 

of the midguts examined. Interestingly, the combined inhibition of Notch and klu rescued 

this phenotype and decreased the proliferation rate very close to that of control and kluRNAi 

conditions (Figure 10). Hence, the loss of Klu in Notch-deficient progenitor cells skews 

the balance towards Pros expression and EE differentiation. Expression of the 

transcription factor pros has been shown to inhibit proliferation by direct inhibition of 

mitotic gene expression during neuroblast differentiation (Choksi et al. 2006), Hence, 

excess EE differentiation upon loss of Klu is able to push the Notch-LOF progenitor 

tumors into a post-mitotic state, thereby preventing their further outgrowth. 

 

 
Figure 10. Quantification of Klu and Su(H) epistasis experiments. 
esg-F/O was used to express respective RNAi constructs in ISC/EB cells. Number of pH3+ 
proliferative ISCs is significantly lower in kluRNAi conditions compared to Su(H)RNAi. n = 16-18 
guts/condition. Error bars: mean +/- SD. One-way ANOVA with Tukey’s post-hoc test. 
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3.2. Single cell RNA sequencing analysis of EE cells 
 

The intestine is a highly responsive tissue that needs to react to dietary changes and 

infections. The EE cells are one of the primary cell types that detect and respond to 

these changes by secreting hormones with local and systemic roles but the exact 

changes of EE cells during challenges and during the process of ageing process has 

not been well-investigated thus far. Moreover, differences of EE cells in male and 

female flies and changes that these cells harbor during the ageing process has not 

been explored so far.  

In recent years, single cell RNA sequencing paved the way to understanding cellular 

heterogeneity in different tissues, and the dynamics of changes in tissue cell types over 

time or between different conditions. More recently, the single cell transcriptome of entire 

organisms have been published through global collaborations such as Tabula Muris for 

Mus musculus and Tabula Drosophilae for Drosophila melanogaster (Schaum et al. 2018; 

H. Li et al. 2022). These datasets provide gene expression information at single-cell level 

for tissues that have been poorly characterized before, and have identified new cell 

populations in tissues, and also provided the possibility of direct comparison of similar 

cell types in different tissues.  

This section of my PhD project aims to shed light on these aspects and give a detailed 

catalogue of changes in EE gene expression in young versus old and male versus female 

flies. 

 

3.2.1. Knock down of some of the EE hormones and hormone processing enzymes 
Amon and Silver result in changes of ISC proliferation 
 

To understand the changes in transcriptome of EE cells during ageing, we first generated 

bulk RNA-seq data of FACS-sorted EEs from young (7-day) and old (60-day) flies in 

triplicate populations using the prosv1-Gal4 driver to mark EE cells with UAS-GFP. 

Interestingly, Differential Expression (DE) analysis of young and old samples indicated 
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changes in pathways related to ISC identity, proliferation and differentiation (Figure 11a). 

For instance, we observed an increase in activity of Notch and Wnt signaling pathways, 

and changes in genes that are related to the mitotic cell cycle and DNA replication, 

processes normally associated with the mitotic ISC population (Figure 11c). This is 

suggestive of a shift towards ISC-like features in older EE cells. Moreover, many of the 

EE hormones showed up or down regulation in old versus young samples (Figure 11b). 

Of note, expression of NPF was decreased in old EEs compare to their young 

counterparts. In contrast, expression of CCHa2 and sNPF were up-regulated in old 

samples (Figure 11c)   More recently, Tauc et al. reported that activation of Polycomb 

(Pc) target genes results in increase in the number the of the EE progenitor cell population 

in old flies (Tauc et al. 2021).  
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Figure 11. Gene expression and gene ontology analysis of differentially expressed genes in bulk RNA 
sequencing experiment. 
 Volcano plots show up (red) and down (blue) regulated genes in old versus young samples. a: The right 
plot shows some examples of up regulated genes that are related to signaling pathways and cell cycle 
(cycE, sna, dpn, dl, ase). b: some examples of EE hormones that are up (sNPF, CCHa1, CCHa2, AstA), or 
down (NPF, AstC) regulated in old versus young samples. Adjusted P value significance threshold: 1. c and 
d show GO enrichment of up and down regulated genes in Bulk RNA samples. Pathways that are 
highlighted with red box are the ones that are related to cell cycle, proliferation and differentiation. 
 

Considering the changes that we observed in expression of signaling pathway genes that 

are related to cell proliferation and differentiation, and also the versatility of the hormones 

that EEs produce, we asked the question to what extend each of the EE hormones can 

affect gut homeostasis and subsequently ageing. We evaluated ISC proliferation by 

immunostaining for the pH3 antibody. Flies that carried an RNAi construct against each 

of the hormones were used for the experiment. Because the rate of proliferation in normal 

condition is very low, a separate group of flies with the same genotype were infected with 

Ecc15, promotes gut turnover and increases ISC proliferation (Buchon, Broderick, 

Poidevin, et al. 2009), hence increasing study power for detecting changes in ISC mitosis. 

While in the control conditions knock down of only one hormone, AstA, increased ISC 

proliferation, in the Ecc15-infected condition knock down of four of these hormones 

(CCHa1, CCHa2, AstA and sNPF) induced changes in ISC proliferation. Interestingly, 

AstA knock down in normal condition caused increased ISC proliferation, but in infected 

condition the effect was reversed. For the other three hormones (CCHa1, CCHa2 and 

sNPF), knock down under Ecc15 infection caused decrease in ISC proliferation (Figure 

12). 

c d 
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Figure 12. Knock down of EE hormones using pros-Gal4ts driver for 7 days.  
 

Ecc15 

Normal Ecc15 

Normal 
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In general, when flies were inoculated with Ecc15 a trend to lower ISC proliferation existed 
except for Tk RNAi, for which Ecc15 infection increased the rate of ISC proliferation. Error 
bars = mean ± SDs, n = 3-10 flies. One-way ANOVA with Dunnett’s post-hoc test. 

 

From these 4 hormones, we focused our efforts on CCHa1, as its function in EE biology 

was unknown at this point. First, we assessed the expression of CCHa1 and its receptor. 

Our GAL4 reporter experiments with the CCHa1 receptor (CCHa1-r), (CCHa1-r-

GAL4>UAS-GFP) showed that CCHa1-r has expression in some EE cells in middle and 

anterior midgut and, more interestingly, in the visceral muscle surrounding the copper cell 

region (CCR or R3-region). To assess the role of CCHa1 signaling in the CCR, we 

performed subsequent experiments using CCHa1 and CCHa1-r RNAi lines. We initially 

observed that upon knock down of CCHa1 or its receptor, the acidity of the CCR was 

reduced. This phenotype was accompanied by loss of copper cells which are responsible 

for producing acid in the middle midgut (data not shown). Despite these promising initial 

results, our subsequent studies using different CCHa1 and CCHa1-r RNAi lines and 

backcrossed CCHa1 and CCHa1-r mutant lines did not confirm the loss of acidity 

phenotype. Hence we decided to abandon this project. 

So far we observed that absence of single EE hormones affect ISC proliferation, 

especially when the gut is challenged with Ecc15 infection. To investigate the 

combinatorial effect of loss of all EE hormone activity on ISC proliferation, we next 

eliminated expression of amon and svr, two of the known prohormone processing 

enzymes in Drosophila specifically in EE cells using pros-GAL4ts driver. We observed 

significant decreases in ISC proliferation upon induction of RNAi of amon and svr (Figure 

13).  
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Figure 13. Quantification of ISC proliferation in absence of Silver and Amontillado.  
pros-GAL4ts driver was used to express svr and amon RNAi for 7 days in presence of Ecc15 
infection. Number of pH3+ proliferative ISCs is significantly lower in both RNAi conditions 
compared to control. n = 17-21 guts/condition. Error bars: mean +/- SD. One-way ANOVA with 
Dunnett’s post-hoc test. 

 
 

These results are in line with our data regarding single hormone knock down experiments 

in which we observe decrease of ISC proliferation in absence of several EE-derived 

hormones when flies are infected with Ecc15. This demonstrates that EE hormones not 

only play important systemic roles, but also signal locally in response to disturbed 

homeostasis by Ecc15 infection. Whether these effects are indirect or act directly on ISC 

proliferation remains to be determined.  

 
3.2.2. scRNA-seq experimental design and clustering of conditions/cell types 
 

In order to gain a more detailed overview of changes in the EE population during ageing 

at single cell resolution, we performed single cell RNA sequencing using the 10X 

Genomics platform. We FACS-sorted EE cells from young and old flies that had GFP 

expression under control of the prosv1-Gal4 driver. In total five different conditions were 
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used for this experiment including young (7 days) and old (60 days) female, young and 

old male, and young virgin flies (Figure 14) 

 

 
Figure 14. Summary of the scRNA-seq experiment steps and markers used for clustering of cells. 
a and b: EEs that expressed endogenous GFP (pros-Gal4>UAS-GFP) were FACS sorted from five different 
conditions, and Chromium 10X platform was used for subsequent single cell generation and library 
preparation. c: table of the marker genes used for identifying each EE cluster. 
 

 We included young virgin samples in the experiment, because mating changes the 

physiology of female gut drastically, by increasing its size and also turnover rate (Ameku 

et al. 2018). As there are several reports showing that mating influences EE hormone 

production and secretion, we reasoned that it would be informative to include both mated 

and unmated female guts and ascertain the effect of mating on EE cell biology and 

hormone production.     

 

After filtering out low quality cells (cells with less than 2 reads) we included more than 

9000 cells for analysis on the flowcell. The range in cell number was quite large, ranging 

from 3315 in control mated females to 185 in old males (Table 3). This is striking, as 

roughly the same number of animals was dissected for males and females. This could be 

due to the smaller size of the male guts, making the dissociation procedure more prone 

to over-digestion of the sample and subsequent loss of cells. From the cells that passed 

the quality threshold, average depth of sequencing was 8,130 reads/cell and average 

number of genes/cell was 1,650. 
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Table 3. Details of the scRNA-seq experiment for each condition.  
After filtering out low quality cells a total of 9827 cells were sequenced and subsequently used for 
clustering. 

 
 

The transcriptome of each cell was analyzed using the Seurat algorithm (Hao et al. 2021), 

and specific known EE subtype markers from a previous scRNA-seq study were used to 

cluster different types of EEs based on unique genes highly expressed in each specific 

subtype which have no/very low expression in the other subtypes (Hung et al. 2020). 

Based on this clustering, for each condition four different cell types were identified (AstA, 

AstC, NPF and unknown) (Figure 15).  

 

  
Figure 15. UMAP of the scRNA-seq experiment for each condition.  
a: Clustering of the different samples of the study. In general young and old samples were separated 
clearly. Moreover, young male, female and virgin samples were also separately clustered. Due to 
low number of old male samples it was difficult to draw conclusions regarding their clustering. b: 
Clustering based on different EE subtypes using supervised clustering with known EE markers. Four 
major clusters were identified.     

 

3.2.3. The unknown cell type cluster represents the EE precursor cell type 
 

a b 
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Our supervised clustering readily identified the three main sub-types of EE cells, but also 

yielded a cluster of unknown identity. We speculated that the unknown cell cluster could 

represent the undifferentiated precursor EE cells, whose number increases in the ageing 

intestine (Tauc et al., 2021). Therefore, we checked for expression of EE precursor cell 

markers including Delta (Dl) and asense (ase), worniu (wor) and deadpan (dpn). We 

confirmed that these genes had higher expression in the unknown cell type compared to 

the rest of the clusters (Figure 16). Furthermore, cell cycle regulators such as Cyclin E 

(CycE) and String (stg) also showed enrichment in this cluster (data not shown). 

Therefore, we concluded that the majority of cells in this cluster are EE precursor cells.  

 

 
 
 
 
 
 
 
 

 
 

Figure 16. Determining the identity of unknown cluster.  
a: Expression of five know EE progenitor and pro-neural marker genes in old and young female samples. 
b: Heat map of the same marker genes in different cell types. The unknown cluster had higher expression 
in almost all markers that are shown indicating that this cluster represents the pre-EE cell population. 
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Comparing the pre-EE cluster in young and old female samples, we observed an increase 

in abundance of these cells in old versus young guts. This is in line with findings of Tauc 

et al., showing an increase in proportion of pre-EE cells in old versus young flies. Similar 

to their findings, and in addition to the increased number of EE progenitor cells, we also 

observed an increase in the level of expression of some of proneural genes including 

snail and wor and ase, in EE progenitor cells in old female samples (Figure 16a). 

 

3.2.4. esg is highly expressed in female EEs  
 

One of the interesting findings of this experiment was expression of the stem/progenitor 

marker gene esg in the EE cells. Esg is responsible for maintaining stemness state in 

ISCs, and its expression is restricted to ISC/EB cells of the midgut based on GAL4 

reporter lines and gfp knock-in of sfGFP in the esg-locus (Micchelli and Perrimon 2006; 

Ohlstein and Spradling 2006; Korzelius et al. 2014). Our results, however, showed that 

esg mRNA was also abundantly detected in EE cells, with higher expression in female 

EEs (Figure 17). We also observed a decrease in esg expression in old female versus 

young female samples. 
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Figure 17. Expression of esg in scRNA seq dataset.  
a: expression pattern of esg in all cell types, young female and old female samples (a, b and c respectively). 
esg expression was lower in old female cells compared to their young counterparts (d). 
 

Guo et al. and Hung et al. have also reported the expression of esg in the EE cell clusters 

in their scRNA seq experiments. It seems that Esg, in addition to acting in ISC 

maintenance, could also be involved in regulation of EE subtype differentiation. One 

explanation for this observation could be post-transcriptional regulation of esg mRNA that 

prevents translation of the mRNA, hence blocking its function in these cells. Indeed, it has 

been shown that miR-8/miR-200 antagonize esg effect in EBs and promotes terminal 

differentiation in response to local cell loss (Antonello et al. 2015). Whether similar 

miRNA-based mechanisms of expression control are active in EEs remains to be 

investigated. 
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3.2.5. Shift in EE subtypes during ageing 
 

One of the main advantages of scRNA-seq analysis of cell populations is that it provides 

the possibility of tracking changes of cell types/clusters over time or between different 

experimental conditions. Interestingly, in our dataset we observed that the ratio of 

different EE-subtypes changed based on the age and/or gender of the flies. One such 

difference is the substantial shift from a small number of pre-EE cells in young females to 

higher numbers in old female samples (Figure 15). This finding is in line with findings of 

Tauc et al regarding the increase in pre-EE/ISC like cells in ageing gut (Tauc et al. 2021).  

We also observed shifts in other identified EE-subtype populations in our dataset. This 

shift is most noticeable between young and old female samples (Figure 18a) in which the 

percentage of AstA cells increases with age while the percentage of AstC and NPF cells 

decreases. We observed an increase in the AstA population from 8% in young to 38% in 

old female guts, and decrease in AstC and NPF populations from 30% and 39% in young 

to 7% to 14% respectively in old samples (Figure 18a). Interestingly, the expression of 

AstA and NPF hormones in the respective cell cluster followed a similar trend, which 

shows that in addition to changes in number of cells expressing each of these hormones, 

their mRNA expression level also changes.  
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Figure 18. The proportion of different EE cell types in each condition.  
EE cell type proportion changed with age (a), and is more evident in female samples. Two particularly 
interesting EE cell clusters that changed with age were AstA and NPF. Expression patterns of AstA and 
NPF hormones (b and c UMAPs respectively, quantified in d and e) followed a similar trend to the proportion 
of their respective cell clusters. UMAP of all cell types is shown in f as a reference. Expression 
quantifications are sum of relative raw expression for all cells in each condition.   
 

 

3.2.6. Number of AstA+ EEs does not change during ageing 
 

One of the findings of the scRNA-seq experiment was the increased proportion of the 

AstA cell cluster in old versus young female samples (Figure 18b). To confirm the 

observed shifts and the changes in hormone mRNA transcription with age, we obtained 

GAL4 reporter lines for several of the hormones that were used for subtype identification. 

These lines were crossed with 10XUAS-GFP, and the number of GFP positive cells in 

young and old flies in both genders was quantified.  

First, we used AstA-Gal4>UAS-GFP flies to investigate the expression pattern changes 

of the AstA population. Surprisingly, and in contrast to our scRNA-seq results, we 

observed a decrease in the total number of GFP+ cells in old versus young female guts 

(Figure 19a, b). To correct for the total number of EE cells, we normalized AstA+ cells to 
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the total number of Pros+ EEs per gut (Figure 19c). This revealed that there was no 

significant change in the AstA-population with age. Hence, we were not been able to 

confirm scRNA-seq findings regarding the change in AstA cluster proportion using AstA-

Gal4 reporter gene analysis. One possible explanation for this could be non-specific 

nature of the Gal4 driver used for this experiment, as it was initially generated for 

neuroendocrine studies and may not recapitulate the actual expression of AstA in EE cells 

of the gut.  

 

 
 

Figure 19. Expression pattern of AstA-Gal4 in young and old intestine.  
a: A Gal4 reporter line of the AstA hormone was combined with UAS-GFP to visualize the 
expression of this hormone in the gut in female young and old flies. Pros staining was used to 
normalize the number of AstA-positive cells to the total number of EEs. b: quantifications of 
raw and normalized (b and c respectively) numbers of GFP positive EEs. n = 13-16, Error 
bars: mean +/- SD. Scale bar: 100µm, t-test. 

 
3.2.7. Number of NPF+ cells decreases with age in both genders 
 

Next, we wanted to confirm the decrease in NPF cell population during ageing using NPF-

Gal4>UAS-GFP reporter flies. We observed a clear reduction in GFP+ EEs in old female 

flies compared to their younger counterparts (Figure 20).  
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Figure 20. Expression pattern of NPF in female midgut.  
A NPF-Gal4 reporter line was combined with UAS-GFP to visualize the expression of NPF in the midgut 
of female, young (a) and old (b) flies. While in young samples GFP+ cells existed in all parts of middle 
and anterior midgut, in old guts this pattern was lost in most of anterior region. Pros staining was used to 
normalize the number of NPF positive cells to the total number of EEs. c and d show close ups of old and 
young samples respectively. ROI: Anterior and middle midgut.  Scale bar: 100µm. 

 

The decrease was especially apparent in the anterior portion (anterior of the R3/CCR 

middle midgut region) of the female midgut. In the case of male flies, a reduction in 

abundance of NPF+ EE cells was also observed but, in contrast to the females, this 

change was mostly evident in the middle midgut (Figure 21).  
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Figure 21. Expression pattern of NPF in male midgut.  
Expression pattern of a NPF-Gal4 reporter line combined with UAS-GFP to visualize the expression of 
NPF in the midgut of male, young (a) and old (b) flies. Interestingly, lack of GFP+ EE cells in old samples 
happened in different regions of the gut in male and female samples (compare to figure 20 a and b); 
while in female samples anterior section was affected in male samples middle section of the midgut 
had fewer GFP+ cells. Pros staining was used to normalize the number of NPF positive cells to the total 
number of EEs. c and d show close ups of old and young samples respectively. ROI: Anterior and 
middle midgut.  Scale bar: 100µm. 

 

We did not observe any difference in abundance of NPF+ EEs between young female 

and virgin flies (data not shown). Quantification of the number of GFP+ cells showed that 

the total number of NPF producing EEs in both female and male samples decreased with 

age (Figure 22). Quantification of virgin female samples confirmed no significant change 

when compared to mated young female flies, indicating that the effect is probably not 

dependent on mating. Next, we normalized the NPF-Gal4 GFP+ cells to the total number 

of Pros+ EEs per gut. This confirmed the decrease in the proportion of NPF+ cells for 

both old females and males, confirming that the number of NPF producing cells in the 

midgut decreases with age.  

Pros 

GFP 
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Figure 22. Quantification of number of NPF positive EEs in the gut. 
a: Number of NFP+ cells/Region of Interest (ROI) for the indicated conditions. b: NPF+ cells normalized against 
Pros+ cells for each ROI in (A). n = 10-15 per condition, Error bars: mean +/- SD, One-way ANOVA with 
Dunnett’s post-hoc test for female, and t-test for male samples. 

 

3.2.8. Changes in NPF+ EEs in does not happen in the same region of the gut in male 
and female flies 
 

In addition to decrease of NPF+ cells in old samples of both male and female flies, we 

observed that this reduction happened in different regions of the gut for each gender. The 

decrease in females was more evident in the anterior midgut of old females, while in case 

of males it was more evident in middle midgut. In order to quantify this, we counted the 

number of NPF+ cells in the middle and anterior section of the midgut separately. This 

confirmed that in female flies the R1 and R2 sections of anterior midgut are most affected, 

and in male flies decrease happens exclusively in R3 section (Figure 23).  
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Figure 23. Region specific quantification of number of NPF-positive EEs in the gut.  
Number of GFP-positive/Pros-positive cells in NPF-GAL4>UAS-GFP flies were quantified in middle and 
anterior sections of the midgut (a and b respectively). Data is shown for young and old samples from both 
male and female flies. n = 10-15, Error bars: mean +/- SD, t-test. 

 

Therefore, we showed that despite general change in the number of NPF-expressing cells 

in the middle and anterior section of the gut in old and young flies in both sexes, the region 

responsible for this difference is not the same in male and female guts. 
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4. Discussion 
 

 

 

4.1. Role of the transcription factor Klumpfuss in intestinal 
cell differentiation. 
 

Since the identification of ISCs in the Drosophila intestine, much effort has been 

dedicated to unravel the regulatory mechanisms that determine differentiation of various 

cell types from these progenitor cells. The bulk of our knowledge in this field comes initially 

from lineage tracing experiments combined with cell type/cell marker identifications. 

Advances in understanding of the role of signaling pathways in this process has also 

played an important role in our understanding of cellular differentiation in this epithelium. 

In this section of my PhD project, I investigated the role of the transcription factor 

Klumpfuss as one of the molecular players in determining EC versus EE cell fate decision 

and its effects on stem cell proliferation in Drosophila intestine. I confirmed that loss of 

Klu in EBs is sufficient to shift differentiation towards the EE lineage in a cell autonomous 

manner. Moreover, I investigated the role of ectopic klu expression on EB cell fate and 

found that klu over expression results in a cell arrest state by preventing further 

differentiation of EB to EC. Finally, I provided evidence for the hierarchy of klu activity by 

showing that it acts downstream of Notch signaling.    

 

 

4.1.1. klu is expressed in EBs and restricts EB to EE differentiation. 
 

It has been previously shown that Klu is a regulator of asymmetric division of the self-

renewing neuroblast and maintains the type I and II brain neuroblast stem cell fate (Xiao, 

Komori, and Lee 2012). However, its role in the intestine has not been addressed in detail. 

Our preliminary data showed that klu is expressed exclusively in EBs. We used different 
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lineage tracing methods to confirm this finding and showed that inhibition of klu in EBs 

shifts the differentiation in favor of the EE lineage. The ratio of EC/EE production in the 

intestine is greatly skewed towards ECs as these are the main cell types that make 

intestinal tissue in Drosophila. Hence, the tight control of this ratio is of great importance 

for intestinal homeostasis and survival of the organism. It has been shown that achaete-

acute complex genes including ase and sc play pivotal roles in determining EE cell fate 

from ISC/EB cells. Therefore, it might be possible that Klu acts to suppress these genes 

in the EB, hence prevents EE formation in this EC-precursor. Our subsequent 

investigations using Klu DamID in Esg+ stem-progenitor cells did not show any binding 

of Klu in or near the regulatory regions of sc. Despite this finding, we observed binding 

sites of Klu near regulatory regions of genes acting upstream in the control of sc, including 

sina (Korzelius et al. 2019). It has been shown that Sina, Sinah and the adaptor protein 

Phyllopod together form a complex that is able to promote proteasome degradation of 

transcription repressor Tramtrack, which is a repressor of EE fate (Chen et al. 2018; Yin 

and Xi 2018). Hence repression of sina by Klu could potentially result in blockage of EE 

fate. Interestingly our subsequent RNA-seq data showed that expression of sina is 2.2 

fold upregulated in kluRNAi condition. Moreover, expression of phyl was also increased by 

8 fold in kluRNAi and downregulated 15-fold in klu overexpression condition. Hence we 

propose that EE suppression by Klu takes place in EBs, upstream of Scute through 

repression of Sina and subsequent stabilization of Tramtrack (Korzelius et al. 2019). 

 

 

 

4.1.2. klu overexpression results in cell arrest. 
 

To determine the role of Klu in lineage differentiation in more detail, we induced its 

expression ectopically using a UAS-klu construct in ISCs and EBs. In both cases klu 

overexpression resulted in formation of smaller sized clones compared to respective 

controls. We also observed decreased ISC proliferation when klu was ectopically 

expressed. Based on these observations we speculated that Klu could potentially hinder 
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cell cycle progression and put cells in a cell cycle-arrested state. Indeed, our subsequent 

RNA-seq and Dam-ID data supported this hypothesis, showing that Klu has binding peaks 

at cyclin B (CycB) and cyclin E (CycE) loci. Both of these proteins are essential for cell 

cycle progression, with the first one being involved in G1-S and the second one in G2-M 

phases of cell cycle (Shcherbata et al. 2004). Moreover, we observed that CycE 

expression is up-regulated in the klu RNAi condition. Next to G1-S regulation, CycE is 

essential for endocycle regulation, which is part of the EB-to-EC differentiation process 

(Zielke et al. 2011; Xiang et al. 2017). Cumulatively, these data suggest a regulatory role 

for Klu in determining cell cycle progression by blocking the mitotic cell fate and promoting 

endo-replicating cell cycles in EBs/differentiating ECs.  

As another dimension of Klu activity, Reiff et al. showed that Klu can also determine the 

fate of EBs through activation of apoptosis and subsequent removal of the excessively 

formed EBs in the gut. This mechanism ensures that on the one hand there are always 

enough cells available in the gut to maintain homeostasis, and on the other hand it 

removes the extra EBs from the repertoire of the gut cells (Reiff et al. 2019).   

 

4.1.3. Klu acts downstream of Notch signaling to regulate EB fate 
 

Notch is one the most important signaling pathways in cell fate determination in 

Drosophila and mammalian ISCs. In addition to intestine, Notch also plays a pivotal role 

in differentiation of cells during development and in many other organs including nervous 

system and respiratory system (Lathia, Mattson, and Cheng 2008). In the respiratory 

epithelial tissue, dysregulation of Notch results in a wide range of respiratory problems 

including pulmonary artery hypertension, interstitial pulmonary fibrosis and lung cancer 

(reviewed in (Kiyokawa and Morimoto 2020).   

In the intestine, Notch signaling takes place through reciprocal communication of stem 

cells that have Delta ligand and surrounding daughter cells that express Notch (reviewed 

in (Noah and Shroyer 2013; Demitrack and Samuelson 2016). Activation of Notch in EBs 

starts a cascade of signaling molecules that will eventually result in differentiation into 
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EC. This signaling is regulated in various stages, and interestingly the asymmetry of 

Delta-expressing cells is also a result of downregulation of regulatory genes including 

gene in EBs after mitosis. This asymmetry eventually results in exit of EBs from mitotic 

cell cycle and differentiation to ECs. We observed that Klu acts downstream of Su(H) in 

EBs to determines cell fate and cell cycle regulation. Based on these observations, it is 

not surprising that in our subsequent transcriptomic study we also saw changes in many 

genes that are involved in Notch signaling including E(Spl) genes in both kluRNAi and 

overexpression lines. Moreover, we observed binding peaks of Klu in the proximal end of 

the E(Spl) locus, which includes the E(Spl)-mδ, E(Spl)-mγ and E(Spl)m8-HLH genes. 

Interestingly, it has been shown that E(Spl)m8-HLH and scute form a regulatory loop that 

promotes ISCs to directly differentiate into EE precursor cells (Chen et al. 2018).  

One striking finding of our DamID was that Klu also binds to its own locus. This can be 

an indication of a negative auto-regulatory loop which ensures transient activation of klu 

and together with its effects on Notch signaling regulators, restrict the duration of the 

Notch transcriptional response in EBs. 

As an additional mode of action, it has been shown by Reiff et al. that Klu activation in EB 

can result in an apoptotic response. In addition to regulating the ratio of EC to EEs, this 

response results in EB life/death decisions through antagonistic interaction with EGFR 

signaling, eventually influences the amount of differentiated cells that are present in the 

gut independent of ISC proliferation (Reiff et al. 2019). Finally, after we published our 

results, Hung et al. also reported the role of Klu in EC versus EE fate determination, which 

further confirms our findings (Hung et al. 2020).  

Interestingly it has been shown that Wt1, which is a zinc finger transcription factor with 

structural similarities to Klu, is transiently expressed in nephric and hematopoietic 

lineages of progenitor cells (Hastie 2017) similar to the expression pattern of klu in the 

intestine. Hence it would be interesting to test if Wt1 has a similar role, as Klu does in 

Drosophila, in differentiation choice of secretory intestinal cell lineage in mammals. In 

order to test this, we used mouse intestinal organoids system. Results of 

immunofluorescence staining of primary cultured small intestine organoids (data not 

shown here) using anti-Wt1 antibody did not provide any evidence for the presence of 
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Wt1. Moreover we did not observe expression of wt1 in RNA sequencing of the small 

intestine of young C57Bl/6 mouse. This might indicate that role of these TFs is to a great 

extent context dependent. For instance, expression of klu in the brain stem cells 

(neuroblasts) result in stem cell maintenance and its overexpression leads to formation 

of brain tumours (Xiao, Komori, and Lee 2012), but in the gut, it promotes cell fate 

determination and its over expression restricts ISC proliferation (our data).   

 

4.2. Single cell analysis of EE cells 
 

In recent years, the advent of single cell Omics technologies paved the way for a better 

understanding of cellular heterogeneity, cell type identification and cellular states present 

in the tissue, and effects of different treatments/study conditions at single cell level. In the 

second part of my PhD project I used bulk and scRNA sequencing to investigate 

transcriptional changes in EE cells at different ages and between genders.  

I observed up-regulation of genes related to cell cycle and differentiation in old intestine 

along with changes in transcription of different EE hormones in the bulk RNA seq data. 

Moreover, I investigated the effect each of these EE hormones or their processing 

enzymes on ISC proliferation 

In the scRNA-seq approach, I used supervised clustering of cell types based on 

previously published data (Hung et al. 2020). With this method, I identified 4 major EE 

clusters in the experimental conditions. I observed significant changes in the proportion 

of different EE cell clusters between young and old time points especially in female 

samples. Furthermore, I used Gal4 reporter lines of some of the EE hormones to confirm 

these changes in EE cell type ratios during the ageing process and between different 

genders in more detail.  

Additionally, in the scRNA-seq data I observed widespread expression of transcription 

factor esg in EEs in almost all conditions of the experiment, a finding that is in contrast 

with the Gal4-based expression pattern seen for this gene, which is normally restricted to 

ISC and EB (Korzelius et al. 2014; Antonello et al. 2015). 
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4.2.1. escargot  is unexpectedly expressed in many EE cells 
 

In Drosophila ISCs, Esg acts as a transcriptional regulator of stem cell fate by repression 

of EC and EE differentiation, and so far it was thought that it is mainly expressed in 

progenitor cells, including Delta+ ICSs and Su(H)+ EBs. In these cells Esg represses the 

transcription of a number of genes including nubbin/Pdm1 and pros, which are main 

regulators of differentiation to EC and EE respectively (Korzelius et al. 2014). 

Interestingly, ectopic Pdm1 expression in progenitor cells is associated with decreased 

esg transcription. This could be an indication of the type of negative feedback loop 

between Esg and its target genes that eventually results in regulation of decision between 

preserving stem cell state or differentiation.  

In case of EEs however there are discrepancies. DamID experiments on Drosophila 

neuroblasts showed that Pros has a binding site in the esg locus (Choksi et al. 2006). 

Interestingly, Li et al. showed that transient inactivation of esg in ISCs, but not EBs, 

promotes EE differentiation (Y. Li et al. 2017). They showed that inactivation of Notch and 

subsequent up-regulation of sc on the one hand results in direct activation of pros and 

one the other hand by antagonizing Esg prevents its inhibitory effect on pros. The 

outcome of this regulatory loop is specification of EEs through activation of pros in the 

absence of Notch signaling.  

Moreover, most studies so far have focused on either Gal4 or lacZ-based reporter genes 

and the probable effects of post-transcriptional regulation on esg function has remained 

understudied. In line with our observations, Guo et al and Hung et al reported the 

expression of esg in EEs that reside in the R3 region of the gut (X. Guo et al. 2019; Hung 

et al. 2020). Interestingly they observed that esg modulated expression of some of the 

hormones that are produced in EE cells in this region. Hence it is clear that in addition to 

maintaining ISC stemness, Esg also plays role in region-specific regulation of EE 

hormone production. One of the hormones that based on Guo et al. is regulated by Esg 

in the middle midgut is NPF (X. Guo et al. 2019). Interestingly, in our dataset expression 
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of both esg and NPF decrease with age. It is possible that the decrease in NPF 

transcription is to some extent due to lack of Esg in old guts.  

In our dataset, we observed that both the number of Esg+ cells and the expression of esg 

increases in old EEs. Interestingly, Biteau et al. also reported accumulation of Esg+ cells 

in old guts, but they attributed this to the accumulation of ISCs in old gut, which is 

considered as a hallmark of ageing intestine. As they did not measure changes in 

Pros/Esg double positive EE cell numbers, it is difficult to conclude what proportion of this 

change in the number of Esg+ cells comes from ISCs and what proportion comes from 

increased pre-EE cells. (Biteau, Hochmuth, and Jasper 2008).  

Further studies are needed to test this hypothesis and others regarding role of Esg in EE 

cell biology especially during ageing. In case of the effect of Esg on EE hormone 

production for instance, temporally controlled RNAi knockdown of esg and subsequent 

measurements of NPF transcript and protein levels could give direct insight into role of 

Esg on EE hormone production. Moreover, it has been reported that microRNAs such as 

miR-8 promote terminal differentiation of ISC/EBs by antagonizing Esg effects (Antonello 

et al. 2015). It would be interesting to know how much the increase in esg in old flies is 

compensated by miRs and to what extent the excess esg transcript level results in 

increased protein levels and functional output in old flies, or how much is buffered by post-

transcriptional methods of regulation.  

 

4.2.2 EE hormone production and cell type ratios change with in the ageing intestine 
 

In recent years, it has become increasingly evident that production of hormones in EE 

cells is a dynamic process that changes depending on different environmental factors. 

EE hormone secretion is regulated by spatial placement of EE cells within the intestinal 

lumen, both along the A-P axis and crypt-villi axis (Dutta et al. 2015; Beumer et al. 2018). 

Furthermore, EE differentiation state and the type of nutrients play a role in determining 

the hormone(s) that EE cell produces. In mammals for instance GLP-1 is released from 

EEs in response to dietary sugar and subsequently regulates glucose metabolism 
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(Baggio and Drucker 2007). Bursicon α in Drosophila is another example of EE hormones 

that are produced and secreted upon availability of sugar in the food and represses AKH 

hormone in CC. Therefore, lack of Bursicon α signaling leads to lipodystrophy and 

hypoglycemia (Scopelliti et al. 2019).  Preprocessing events also play important roles in 

maturation and functionality of hormones, which shows the importance of control of EE 

hormones in different levels, from transcription to translation and subsequently maturation 

by peptide processing (reviewed in (Reiher et al. 2011). Moreover, release of hormones 

from EE cells provides another level of control in EE hormone biology. A good example 

of control of hormone function by secretion in EE cells of Drosophila gut is release of NPF 

from EEs in response to activation by the seminal-fluid protein sex peptide (SP) upon 

mating (Ameku et al. 2018). 

Advances in methods that are used to investigate endocrine biology, especially single cell 

sequencing, has resulted in the concept of EE hormonal plasticity; The type of hormone 

that an EE cell produces changes over time. Our scRNA-seq data provides evidence for 

these changes in the proportion of different EE cells in the context of age and sex. Due 

to the higher number of sequenced cells in female samples in our experiment, this 

difference is most reliably evident in young versus old female flies. We observed a clear 

decrease in proportion of NPF cells in older samples and increases in the AstA and pre-

EE cell populations.  

In the case of AstA population we observed an increase from 8% in young to 38% in old 

female guts, but our follow up experiment with a GAL4 reporter line for AstA did not 

confirm our scRNA-seq data. This could be due to the fact that the Gal4 line used for this 

experiment does not fully recapitulate the endogenous expression pattern of the gene in 

this tissue, as indicated by the lab that has generated this line (Tayler et al. 2012). 

Alternatively, as the AstA hormone is only one of the markers that we used for identifying 

the AstA EE subtype, we cannot exclude the possibility that other genes that we used as 

marker are main drivers of the observed increase in the AstA cell cluster. Unfortunately, 

due to lack of reagents including antibodies and reporter lines for these markers, it was 

not possible for us to further characterize the observed phenotype. Therefore further 

studies are needed to confirm this change and subsequently look for its probable effects 
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on local, tissue-level and systemic ageing. In particular, generating Gal4 reporter lines for 

other AstA cluster markers such as lgr1, faa and sh could help to accurately measure the 

changes of the identified cell clusters during ageing. Moreover, these reporters could give 

clues regarding the spatial distribution of each EE subtype in the gut, and subsequent 

changes in this distribution over time. This spatial information cannot be extrapolated 

using purely singe cell transcriptome approaches.  

 

The change in EE progenitor populations with age in female fly sample is evident by 

increase in proportion of cells that express ISC-associated markers including Dl, ase, sna, 

and wor. We observed an increase of these cells from 21% (of total cells) in young female 

samples to 40% in old guts. Interestingly, Tauc et al reported a similar increase in EE 

progenitor cells in old flies while they were studying effects of chromatin remodeling on 

ISC differentiation potential (Tauc et al. 2021). They showed that in old guts, the promoter 

region of many of the genes that are targets of Polycomb (Pc), become more accessible. 

This results in higher expression of genes that are specific to EE cells including ase and 

synaptotagmin 4, and also regulators of EE fate like sc and phyl (X. Guo et al. 2019; Tauc 

et al. 2021). Moreover, preventing this mis-differentiation phenotype by inhibiting Pc 

results in phenotype reversal and improves gut health in old flies (Tauc et al. 2021). The 

increase in expression of EE-progenitor specific genes in aged ISCs is associated with a 

general increase in H3K27 di-methylation levels in aged ISCs. It is noteworthy that the 

level of this histone modification is in general higher in EEs compared to ISCs. Therefore, 

the fact that older ISC get higher H3K27me2 marks could be an indication of the 

mechanism by which activation of Pc genes results in increased pre-EE cell numbers 

seen in old guts. It was shown that H3K27me2 is responsible for repressing aberrant gene 

activation by affecting enhancers in mammals (Ferrari et al. 2014). In flies H3K27me2 

represses the accessibility of DNA to RNA pol II and associated transcription factors (Lee 

et al. 2015). Interestingly, there are reports indicating the role of H3K27me2 in aged 

populations of hematopoietic stem cells and muscle stem cells (L. Liu et al. 2013; Sun et 

al. 2014).  
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In case of mammals, it has been shown that Bmi1, which is a member of Polycomb genes, 

is involved in ISC self-renewal and proliferation (López-Arribillaga et al. 2015). Bmi1 is 

expressed in ISCs and acts downstream of Notch, and is co-regulated by Notch and beta-

Catenin. Inhibition of Bmi1 results in reduced ISC proliferation and differentiation toward 

goblet cell fate, a phenotype that partially resembles Notch loss of function (López-

Arribillaga et al. 2015, 1). More interestingly, a population of Bmi1+ cells express markers 

of EEs including prox1, the pros orthologue in mice. These cells show colony formation 

potential in-vitro and are key to re-establishing tissue homeostasis in the intestine after 

injury, hence acting as a reserve-ISC reservoir for the intestine (Yan et al. 2017). This is 

another indication of existence of proliferative reservoirs among EE cell population that 

upon injury or in some cases even in homeostatic conditions could replace ISC function. 

These studies altogether show the close similarity, both functionally and transcriptionally, 

between ISC and pre-EE fates and that these cellular states can exhibit a remarkable 

plasticity that becomes especially apparent during stress and ageing. 

 
 
4.2.3. NPF expression decreases with age 
 

NPF is the Drosophila orthologue of mammalian neuropeptide Y (NPY), and similar to its 

mammalian counterpart, regulates a wide range of physiological activities including food 

intake, circadian rhythms, courtship, mating dependent cell proliferation and alcohol 

sensitivity (Brown et al. 1999; Y. Hu et al. 1996; Wen et al. 2005; W. Liu et al. 2019). Wen 

et al. for instance, showed that NPF signaling in the brain causes alcohol sensitivity. They 

observed that flies that lack NPF or its receptor show decreased sensitivity to ethanol 

sedation, while flies that overexpress NPF have higher sensitivity compared to controls 

(Wen et al. 2005). NPF also affects courtship in male flies. Knock down of NPF in a subset 

of neurons results in sexual hyper-activation of male flies and prompts mating behavior 

even in the absence of optimal stimuli (W. Liu et al. 2019). NPF release from EEs is also 

controlled by mating. It has been shown that NPF release from EEs in the midgut is 

triggered by presence of sex peptide upon mating. The released NPF subsequently 

promotes germline stem cell proliferation through paracrine activity in ovaries (Ameku et 

al. 2018).   
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One of the interesting findings of our scRNA-seq dataset was the decrease in proportion 

of NPF cells from 39% of all cell types in young female samples to around 14% in old 

guts. We found decreased expression of NPF in both our bulk and scRNA-seq datasets. 

We confirmed this finding by quantifying the number of NPF+ cells in young and old flies 

with a Gal4 knock-in reporter line of NPF (NPF-Gal4) combined with UAS-GFP. We 

observed loss of NPF+ cells with age in both male and female flies, although the region 

of the gut that was affected by this phenotype was different in each gender. In male flies, 

the middle section of the midgut was mainly responsible for the phenotype while in female 

samples, both anterior and middle midgut regions lost their NPF+ cell population.  

 

Like many other neuropeptides that have expression in EE cells in addition to nervous 

system, most experiments so far have focused on the NPF hormone that originates from 

the brain, and until very recently not much was known about the role of NPF that is 

produced and secreted by the gut. In 2018 Ameku et al, showed that in addition to 

previous reports regarding effects of brain derived NPF on courtship behavior in flies 

(Ameku et al. 2018), gut derived NPF is also under control of mating in Drosophila. It has 

been shown that sex peptide originating from seminal fluid promotes enhanced secretion, 

but not enhanced production, of NPF from midgut EEs in female flies. Midgut-derived 

NPF subsequently activates germline stem cell proliferation. This was an interesting 

example of endocrine function of midgut-derived NPF, but also could be a probable 

explanation for the loss of NPF population phenotype that we observed, considering that 

the old flies in our experiment have mated only for a few days at the beginning of the 

experiment, and since then have been kept in vials without male flies. To test this, we 

used young virgin female flies and did the NPF quantification using the Gal4 driver line. 

We did not observe any difference in number or distribution of NPF+ cells in virgin versus 

female flies.  

 

In addition to similarities to NPY, there are reports showing that NPF acts in a similar way 

to incretin-like hormones in mammals to regulate energy homeostasis. Incretin refers to 

entero-endocrine hormones that stimulate secretion of insulin and/or glucagon in 
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mammals. Two widely-studied examples of incretin hormones are glucose-dependent 

insulinotropic polypeptide (GIP) and GLP-1 (Baggio and Drucker 2007). Like NPF, 

regulation of these hormones happens at different levels (Gribble and Reimann 2019). 

For instance, carbohydrate and lipid contents in the food stimulates the secretion of both 

hormones. Once released from the cell, incretin hormones stimulate secretion of insulin 

and simultaneously repress glucagon. NPF is the first and only reported incretin-like 

hormone in Drosophila.  

 

Yoshinari et al. showed that NPF could regulate energy homeostasis by modulating 

insulin signaling on the one hand and adipokinetic hormone (AKH) on the other (Yoshinari 

et al. 2021). The Drosophila genome encodes 8 different insulin like peptides (dIlps or 

DILPs 1-8). From these, DILP 2, 3 and  5 have been shown to be particularly essential 

for regulating haemolymph glucose levels and fat storage, and also affect longevity 

(Grönke et al. 2010). The Drosophila genome also encodes AKH, which functionally acts 

similarly to glucagon. AKH is secreted from corpora cardiaca (CC) and through affecting 

fat body promotes lipolysis which leads to availability of energy to the body (Ahmad, He, 

and Perrimon 2020). Gut derived NPF is received by NPF receptor in two separate 

sections of the brain; one is insulin producing cells, in which NPF increases insulin 

signaling, and the other is CC, which produces AKH (Yoshinari et al. 2021). Interestingly, 

loss of NPF, similar to the loss of incretin function in mammals, leads to significant 

metabolic dysfunction, accompanied by lipodystrophy, hyperphagia and hypoglycemia. 

We observed a significant decrease in expression of NPF in old flies. Our unpublished 

data also indicated that NPF protein abundance reduces with age in WDahomey flies. It 

would be particularly interesting to test if in addition to systemic effects on lipid content of 

the body, lack of NPF also affects local fat storage in the gut. This could be investigated 

by staining and quantification of fat droplets that cover the outer surface of the intestine.  

 

Importantly, GLP-1 receptor agonists have been recently emerged as an approved and 

effective treatment for Type 2 diabetes and weight loss. Considering the fact that ageing 

is the primary risk factor for Type 2 diabetes, it would be interesting to test if increasingly 

lower levels of incretin-like hormones such as NPF could be predictive to the onset of 
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diabetes. Lowering insulin signaling activity is one of the best-established lifespan 

extending mechanisms that is conserved between different organisms from flies to mice. 

It would be interesting to test if overexpression of NPF (as an incretin-like hormone) in 

old gut rescues some of the metabolic hallmarks of ageing, or improve the lifespan of flies 

in general. In mammals there are various reports showing that GLP-1 and its agonists 

could have beneficial effects on age related phenotypes. Direct administration of GLP-1 

in rats for instance, rescues age related glucose intolerance and also restores reduced 

insulin response to glucose in old animals (Y. Wang et al. 1997). More recently it has 

been shown that GLP-1 receptor agonists could reverse age related transcriptional 

changes of the brain cells, and also reduce transcriptional signatures of Alzheimer 

disease in macroglia that happens in old mice (Z. Li et al. 2021). Moreover, considering 

the fact that NPY, mammalian orthologue of NPF, also affects insulin secretion from 

pancreatic cells, and has role in regulating appetite (Imai et al. 2007), finding a similar 

change in proportion of NPY producing EEs in old mammals could also be of great 

scientific and therapeutic interest. Altogether, incretin and incretin-like hormones would 

make novel interesting candidates for improving age related phenotypes and should be 

considered as candidates with therapeutic potential for longevity intervention.  
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Part of the results presented in chapter 3.1 were published in 2019 in Nature 

communications journal. Sina Azami performed fly crossing, dissection of the guts, 

staining, imaging and analyzing of the data. Together with Dr Jerome Korzelius and Prof. 

Dr. Heinrich Jasper, SA was involved in the revision of the manuscript.  

The published paper has been added to this thesis. 
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In adult epithelial stem cell lineages, the precise differentiation of daughter cells is critical to

maintain tissue homeostasis. Notch signaling controls the choice between absorptive and

entero-endocrine cell differentiation in both the mammalian small intestine and the Drosophila

midgut, yet how Notch promotes lineage restriction remains unclear. Here, we describe a role

for the transcription factor Klumpfuss (Klu) in restricting the fate of enteroblasts (EBs) in

the Drosophila intestine. Klu is induced in Notch-positive EBs and its activity restricts cell fate

towards the enterocyte (EC) lineage. Transcriptomics and DamID profiling show that Klu

suppresses enteroendocrine (EE) fate by repressing the action of the proneural gene Scute,

which is essential for EE differentiation. Loss of Klu results in differentiation of EBs into EE

cells. Our findings provide mechanistic insight into how lineage commitment in progenitor

cell differentiation can be ensured downstream of initial specification cues.
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In many tissues, somatic stem cells respond to tissue injury by
increasing their proliferative potential and producing new
differentiating cell progeny. To maintain homeostasis during

such periods of regeneration, cell specification and differentiation
need to be precisely coordinated within a dynamic environment.
Studies in the mammalian intestine have demonstrated a sur-
prising plasticity in such specification events, showing that even
differentiated cells can revert into a stem cell state during times in
which tissue homeostasis is perturbed1,2. These findings highlight
the critical role of gene regulatory networks in establishing and
maintaining differentiated and committed cell states in homeo-
static conditions.

The Drosophila midgut is an excellent model to study lineage
differentiation of adult stem cells both in homeostasis as well as
during regeneration and aging. The Drosophila midgut is main-
tained by intestinal stem cells (ISCs), which can generate differ-
entiated enterocytes (EC) or enteroendocrine (EE) cells3,4. Upon
injury or infection, ISC proliferation is dramatically increased in
response to mitogenic signals from damaged enterocytes5–7. Mis-
regulation of cell specification and differentiation in this lineage
can lead to substantial dysfunction, as evidenced in aging intes-
tines, where disruption of normal Notch signaling due to elevated
Jun-N-terminal Kinase (JNK) signaling leads to an accumulation
of mis-differentiated cells that contribute to epithelial dysplasia
and barrier dysfunction8,9.

Notch signaling plays a central role in both ISC proliferation
and lineage differentiation. ISCs produce the Notch-ligand Delta
and activate Notch in the enteroblast (EB) daughter cell. This
Notch-positive EB is the precursor of mature enterocytes (ECs).
Levels of Delta vary markedly between ISCs in the homeostatic
intestine. These differences have been proposed to underlie the
decision between EC and EE differentiation in the ISC lineage:10

high Dl-N signaling activity between the stem cell and its
daughter is associated with EC differentiation, while lower Dl-N
signaling activity between the ISC and its daughter promotes EE
differentiation10,11. Loss of Notch in ISC lineages leads to the
formation of tumors that consist of highly Delta-expressing ISCs
and of Prospero (Pros)-expressing EEs10,12,13. These tumors are
likely a consequence of impaired EB differentiation, resulting in
an increased frequency of symmetric divisions, as well as excess
EE differentiation, suggesting that EE differentiation is the default
state when Notch signaling activity is absent or reduced.

Interestingly, recent work has shown that lineage specification
in ISC daughter cells is likely more complex than previously
thought. It has been shown that ISCs exist that express the EE
marker Prospero and generate daughter cells that differentiate
into EEs14,15. A transient specification step has been identified in
EE differentiation, in which cells transiently express Scute, a
transcription factor that negatively regulates Notch-responsive
genes such as Enhancer of Split-m8 (E(Spl)m8), as well as its own
expression16. Furthermore, EBs have been shown to remain in a
transient state for a prolonged period of time before differ-
entiating into an EC fate17. The exact cell state in which the
decision between EE and EC fates is cemented, however, remains
unclear.

Here we describe a role for the transcription factor Klumpfuss
(Klu) in lineage commitment during EC differentiation in the
adult fly intestine. Klu is related to the mammalian tumor-
suppressor gene Wilms’ Tumor 1 (WT1), and its overexpression
in neuroblast stem cells leads to tumorous overgrowths in the
brain of flies18–20. In the intestine, we find Klu to be expressed
specifically in EBs. Loss of Klu leads to aberrant EE differentiation
of EB cells, whereas ectopic activation of Klu results in a failure to
differentiate. Transcriptomics and DNA-binding studies reveal
that Klu controls EE differentiation by repressing genes involved
in Notch signaling, as well as by indirectly controlling the levels of

the Achaete-Scute complex members asense and scute. Klu acts in
a negative feedback loop by regulating its own expression and the
expression of Notch target genes. We propose that Klu defines a
transient state of EBs in which specification into ECs is cemented
by precise regulation of Notch signaling: the expression of Klu
locks in the EC fate in EBs by preventing ectopic proneural gene
activation and thus ensuring lineage commitment into the
EC fate.

Results
Klu is expressed in the enteroblast precursor cells. We identi-
fied Klumpfuss (Klu) transcripts to be significantly down-
regulated upon loss of the stem and progenitor specific
transcription factor Escargot (Esg) and to be enriched in tran-
scriptomes of sorted Esg-positive (Esg+) cells21,22. To confirm klu
expression in the Drosophila posterior midgut, we used a klu-
Gal4, UAS-GFP reporter line that reflects Klu expression in wing
and eye discs of wandering third instar larvae23,24. In the midgut,
GFP expression was seen in the larger cells of the stem-progenitor
nests (ISC+EB) and resembled EBs based on both nuclear and
cellular size (Fig. 1a–c arrowheads). To confirm their identity, we
combined the klu-Gal4, UAS-GFP line with the Notch activity
reporter Su(H)GBE-lacZ, which is exclusively activated in EBs10.
In addition, we used Delta-lacZ (Dl-lacZ) as a marker for ISCs.
The expression of klu-Gal4, UAS-GFP overlapped almost exclu-
sively with Su(H)GBE-lacZ. In contrast, Dl-lacZ staining was
mostly found in small, diploid cells neighboring the GFP-positive
cells (Fig. 1d–i, quantification in j, k). We confirmed the EB-
specific expression of the enhancer-trap line by performing a
knock-in replacement of the Klu Coding Sequence (CDS) with
the Gal4 CDS (Supplementary Fig. 1, see Methods). To further
confirm the expression of Klu in EBs, we used a FISH-probe for
klu mRNA: this labeled klu mRNA in Su(H)GBE-Gal4>UAS-GFP
marked EBs (Supplementary Fig. 1h, i, arrows).

Lineage-tracing experiments have previously shown that Notch-
positive EB precursor cells exclusively give rise to enterocytes,
whereas Delta-positive ISCs can give rise to clones with both ECs
and EEs14,15. To trace the fate of Klu-expressing cells, we crossed
the klu-Gal4 enhancer-trap line to a Actin promoter-driven
FlipOut (F/O) lineage-tracing cassette (UAS-GFP, tub-Gal80ts;
UAS-Flp, Act >STOP> Gal4). As expected, Dl-Gal4-expressing
ISCs gave rise to both ECs as well as EEs, marked by expression of
the transcription factor Prospero (Pros) (Fig. 1l, m, arrows).
In contrast, Notch-positive EBs (Su(H)GBE-Gal4) only gave rise
to ECs, but not EEs (Fig. 1n, o, arrowheads). Similar to Notch-
positive EBs, klu-Gal4-traced cells gave rise exclusively to ECs,
but not EEs (Fig. 1p, q). We conclude that Klu is expressed in the
EC-generating EBs in the Drosophila midgut.

Klu loss of function leads to excess EE differentiation. To
determine the role of Klu in the specification and/or differentiation
of cells in the ISC lineage, we first inhibited Klu function using the
temperature-inducible TARGET-system to express RNAi con-
structs in specific lineages25. We used esg-Gal4ts to express kluRNAi

in ISCs and EBs, and Su(H)GBE-Gal4ts to express kluRNAi in EBs
only. In both conditions, knockdown of Klu increased EE numbers
in the posterior midgut (Fig. 2a–d, quantification in Fig. 2i), sug-
gesting that knockdown of Klu in EBs promoted the adoption of EE
over EC fates in these cells. To confirm this, we used EB-specific
FlipOut lineage tracing in combination with kluRNAi to trace the
fate of kluRNAi -expressing EBs. We induced clones for 10 days at
29 °C, followed by a short 16-hour infection with the pathogen
Erwinia carotovora (Ecc15) to induce gut turnover. Pros-positive
EEs are seldom found in such EB-derived Su(H)GBE-F/O clones in
control backgrounds, yet we found a significant increase of such
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cells in clones expressing kluRNAi (Fig. 2e, f, quantification in
Fig. 2j). To further confirm these results, we generated GFP-marked
clones homozygous for a null allele of Klu, kluR51 using the
MARCM technique24,26 and quantified EE numbers. Quantification
showed that kluR51 MARCM clones had more EE cells/clone
(Fig. 2g, h, quantification in Fig. 2k). Interestingly, the GFP-negative
tissue also contained more EEs in kluR51 MARCM animals than in
control animals (FRT2A, Fig. 2g, compare with Fig. 2h). This is
likely due to the fact that in this genotype, the GFP-negative tissue is
heterozygous for kluR51. Accordingly, MARCM RNAi (FRT40A;
kluRNAi) clones (in which the surrounding tissue is wild type for
Klu) had an increase in the number of EE cells/clone, but no dif-
ference in EE cells in the non-clonal surrounding tissue (Supple-
mentary Fig. 2g, h, quantification in Supplementary Fig. 2i, j). These
results strongly suggest that Klu acts cell-autonomously in pre-
venting EE differentiation of EB.

Interestingly, EB-to-EC differentiation could still occur in klu-
deficient lineages: esg-F/O clones expressing kluRNAi (esg-F/
O>kluRNAi) still contained cells with large nuclear size and positive
for the EC marker Pdm1 (refs. 21,27) (Supplementary Fig. 2a–f). In
summary, our results indicate that loss of klu alters the EE-to-EC
ratio in ISC lineages, but does not fully impair EC differentiation.

Ectopic Klu blocks proliferation and EB differentiation. Based
on these observations, we hypothesized that constitutive Klu

overexpression could reduce EE differentiation in the ISC lineage
and might trigger ectopic differentiation of ISCs into ECs. To test
this, we used the esg-F/O system to express full-length Klu in
ISC-derived clones. Wild-type esg-F/O clones take up most of the
posterior midgut 2 weeks after induction, containing a mixture of
ECs and EEs (Fig. 3a). In contrast, clones expressing full-length
Klu remained very small, containing only a few cells that did not
exhibit any hallmarks of differentiation into either EEs or ECs
(Fig. 3b). Klu is thought to act mainly as a repressor of tran-
scription based on studies in other organs18,23,28. To ask whether
this repressor function of Klu would elicit the phenotypes
observed, we expressed the zinc-finger DNA-binding domain of
Klu fused to either a VP16 activation domain (Klu-VP16) or
fused to the repressor domain from Engrailed (Klu-ERD)28.
Whereas clones grew normally and differentiation still occurred
in clones expressing the activating Klu-VP16, clone size was
smaller and differentiated cells were not observed in clones
expressing the repressing Klu-ERD, confirming that transcrip-
tional repression of genes regulated by Klu is sufficient to limit
growth of ISC-derived clones (Fig. 3c, d, quantification in
Fig. 3e). Similarly, UAS-klu expression in esg-F/O clones inhib-
ited proliferation of ISCs (measured by quantifying mitotic fig-
ures in the gut) both in homeostatic and infected conditions
(infection with Ecc15; Supplementary Fig. 3a). Restriction of Klu
expression solely to ISC (using esgts combined with Su(H)-Gal80
(ref. 29) showed that the repression of mitosis upon Ecc15
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infection is mainly due to the ectopic expression of Klu in ISCs,
although we do observe a small but significant decrease if we
express Klu using the EB-driver Su(H)ts (Supplementary Fig. 3b).
We also combined expression of Klu (UAS-klu) with expression
of the oncogenic RasV12 variant (UAS-RasV12) in esg-F/O
clones. Whereas esg-F/O>RasV12 clones occupy the entire pos-
terior midgut 2 days after induction and contribute to a rapid
loss of viability of the animal, co-expression of UAS-klu mark-
edly reduced clonal size and rescued viability (Supplementary
Fig. 3c–g). This is consistent with an anti-mitotic effect of ectopic
Klu expression in ISCs.

To ask whether sustained expression of Klu in EBs would
influence their differentiation, we performed lineage-tracing
initiated from EBs. Indeed, continuously expressing Klu in EBs
using Su(H)-F/O >UAS-klu impaired the formation of differ-
entiated Pdm1-positive enterocytes (Fig. 3f–i, compare with
Fig. 3j–m, quantification in Fig. 3n). While ectopic expression in
ISCs thus impairs proliferation, sustained expression of Klu in

EBs impairs EC differentiation. These results support a model in
which Klu acts in early EBs to restrict EE differentiation, but it
needs to be suppressed to allow EC differentiation.

To further characterize the gain-of-function phenotype, we
combined UAS-klu with the ISC-marker Dl-lacZ and the EB-
marker Su(H)GBE-lacZ. Interestingly, esg-F/O clones expressing
UAS-klu did not stain positive for either Dl-lacZ (Fig. 4a–d) or Su
(H)GBE-lacZ (Fig. 4e–h), suggesting that ectopic Klu expression
in ISCs interferes with normal Dl-Notch signaling in ISC-EB
pairs. To investigate this interaction between Notch signaling and
Klu activity further, we performed epistasis experiments: Klu
overexpression prevented the formation of large tumors in Notch
loss of function esg-F/O clones (Supplementary Fig. 4a–l) and
UAS-klu can repress the excess mitosis seen in the esgts>NRNAi

genotype (Fig. 4i), consistent with the inhibition of ISC
proliferation upon Klu expression.

To test whether Notch is required for Klu expression in EBs,
we performed qRT-PCR for klu on progenitor cells expressing
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NRNAi for 1 week (esgts > NRNAi). Consistent with the formation
of Pros+ cell tumors, loss of Notch leads to a 5.5-fold
upregulation of pros mRNA in Esg+ cells. However, klu
expression is almost absent from NRNAi cells (Fig. 4j), strongly
suggesting that Klu expression depends on Notch activity.

Ectopic activation of Notch in stem-progenitor cells using the
Intracellular domain of Notch (esgts >UAS-NICD) results in a loss
of the stem-progenitor compartment due to premature differ-
entiation into EC cells10. UAS-NICD expression resulted in klu
mRNA expression in large Esg+ cells that seem to be
differentiating into ECs based on their nuclear size (Fig. 4m, n,
compare with Fig. 4k, l), suggesting that Notch activation is
sufficient to induce Klu expression. However, combining UAS-
NICD with kluRNAi did not alter the premature differentiation
phenotype of UAS-NICD (Supplementary Fig. 4m–t).

Since Notch activation is thus sufficient to induce differentia-
tion of Esg+ progenitors into ECs even in the absence of Klu, we
conclude that induction of Klu by Notch in EBs is important to
prevent specification of EBs into EE progenitors, but is not
essential for other steps in EC differentiation.

Altogether, our results indicate that the Notch-mediated
induction of Klu in EBs is required to restrict lineage commitment
of EBs to the EC fate. Reciprocally, ectopic Klu expression
interferes with normal Delta-Notch signaling between ISC and EB
and inhibits proliferation. We propose that ISC-derived EB
daughter cells that express Klu enter a cell cycle arrested,
undifferentiated state, and that Klu needs to be downregulated
for EC differentiation to proceed. To test this hypothesis, and to
understand how Klu expression controls the EB state, we decided
to explore the transcriptional program downstream of Klu.

RNA-Seq supports role of Klu in Notch and EE differentiation.
To gain a comprehensive overview of the genes controlled by Klu
in the intestine, we performed RNA-Sequencing (RNA-Seq) on
FACS-sorted Esg+ progenitor cells expressing either kluRNAi or
UAS-klu30 (see Fig. 5a, and Methods for details). Principal com-
ponent analysis on the transcriptome of these populations showed
that all sample groups form distinct clusters and that group
replicates cluster closely together (Supplementary Fig. 5a). We also
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noticed that the distance between control and kluRNAi sample
groups and the UAS-klu group in the largest principal component
PC1 is much larger (Supplementary Fig. 5a). This indicates more
profound transcriptional changes in the UAS-klu samples com-
pared to controls than between kluRNAi and controls. This is also
reflected in the FACS-profile of Esg+ cells expressing kluRNAi and
UAS-klu: whereas ISC and EB population sizes appeared similar
between control and kluRNAi, the UAS-klu-expressing Esg+ cells
showed a loss of clearly distinguishable ISC and EB compartments
(Supplementary Fig. 5b–d). We first confirmed that the tran-
scriptome of esgts>kluRNAi sorted cells indeed reflects the excess
EE differentiation phenotype seen in kluRNAi animals by

performing qRT-PCR for prospero (pros) and scute (sc). The EE
marker pros was upregulated 5-fold upon kluRNAi (Fig. 5b). The
proneural transcription factor Scute (sc) is necessary and sufficient
for EE generation in the Drosophila midgut14,31,32 and many
upstream factors impinge on the expression of sc to regulate EE
differentiation33. mRNA levels of sc increased ~2.5-fold upon
kluRNAi expression, and UAS-klu expression completely abolished
sc mRNA expression in stem-progenitor cells (Fig. 5b).

In addition, we checked klu mRNA levels to verify knockdown
and overexpression efficiency. As expected, we saw a 70%
reduction in klu mRNA upon kluRNAi. Surprisingly, however,
expression of klu mRNA in UAS-klu-expressing progenitor cells
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was almost completely abolished (Fig. 5c). This was contrary to
the expected klu overexpression, but was explained by the fact
that the UAS-klu construct does not carry the endogenous klu 3′
UTR, which our primers targeted. Primers that solely target the
coding region of klu (klu CDS), in turn, readily detected a ~12-
fold upregulation of klu transcript. Hence, while transgenic Klu
was induced as expected, endogenous Klu expression was
repressed, indicating that Klu may repress its own expression.
This notion of a negative autoregulatory loop was confirmed in
our RNA-seq data, as we detected a high number of reads in the
coding region of the gene in UAS-klu samples, and no reads in the
3′UTR (Supplementary Fig. 6).

Comparing the transcriptomes of wild-type progenitors with
the experimental samples, we found 410 genes upregulated in
kluRNAi and 809 genes downregulated in UAS-klu-expressing
Esg+ cells (Padj < 0.05, log2FC > 0.5 or <−0.5). We also found 283
genes downregulated in kluRNAi and 1025 genes upregulated in
UAS-klu with the same criteria (Padj < 0.05 and log2FC <−0.5 or
>0.5, Wald significance test with Benjamini and Hochberg
correction, see Methods and Supplementary Data 1). Given that
only the repressor form (kluZF-ERD) of Klu could recapitulate
the phenotype of the expression of full-length Klu in esg-F/O
clones (Fig. 3), we focused our analysis on genes that would be
upregulated in the absence of Klu, but downregulated upon UAS-
klu expression (Fig. 5d). In this category of 81 genes, many genes
involved in the regulation of Notch signaling (the Hairy/
Enhancer of Split (E(Spl)) complex genes m6, m7, m8, and the
HES-like transcription factor Deadpan), as well as several
previously described regulators of EE differentiation (encoding
the proneural proteins Asense (ase), Scute (sc), and the adaptor
protein Phyllopod, phyl)) could be identified (Fig. 5e). Additional
E(Spl) genes (E(Spl)-mδ and E(Spl)-mγ) were significantly
upregulated in kluRNAi samples, but did not change significantly
in UAS-klu samples (Fig. 5e). E(Spl)-genes are a group of genes
activated by Notch that mediate its downstream transcriptional
response34. Phyl, in turn, acts to destabilize Tramtrack (ttk), a
strong repressor of the achaete–scute complex genes scute and
asense, loss of which leads to a dramatic increase in EE
numbers33,35. Reciprocally, loss of phyl stabilizes Ttk and results
in a complete loss of EEs36. The induction of phyl in klu loss of
function conditions thus explains the increase in EEs. We also
found that expression of Charlatan (chn) was downregulated by
UAS-klu. Chn is a transcription factor that positively regulates
Achaete and Scute, and loss of Chn causes proliferation and
differentiation defects in the midgut stem-progenitor compart-
ment37–39. Hence, Klu represses the expression of several genes
that have reported roles in EE differentiation.

Our transcriptome data also revealed changes downstream of
Klu that may explain the Klu-induced exit from the stem cell state:
ISC maintenance depends on the Class I bHLH-family member
daughterless (Da)/E47-like, since loss of Da results in loss of ISC
fate and EC differentiation32. The gene miranda (mira) is a Da/

proneural target gene that is also highly expressed in ISCs and to a
lesser extent in EBs (Fig. 5f, g)32,39. Proneural factors such as Ase
and Sc require Da to dimerize and regulate transcription40.
kluRNAi resulted in a slight but significant upregulation of mira in
ISC/EB clusters, whereas Klu overexpression resulted in a 2.3-fold
downregulation (Fig. 5e). To confirm this, we used a mira-
Promoter-GFP (mira-GFP) line32 and combined this with kluRNAi

and UAS-klu. Confocal microscopy and FACS sorting of cells
expressing either kluRNAi and UAS-klu confirmed that UAS-klu
expression could reduce mira-GFP levels in Esg+ cells, whereas a
slight induction is seen in kluRNAi cells (Fig. 5h, i). FACS sorting
indicated an increase in GFP intensity of the EB cells (Fig. 5j,
rightmost peak) in kluRNAi Esg+ cells. This suggests that
physiologically, Klu acts to inhibit mira expression in EBs and
that ectopic expression of Klu in ISCs is sufficient to repress the
expression of stem cell markers like miranda.

Klu acts upstream of Scute in EE differentiation. Scute plays a
critical role in a transcriptional loop that regulates both ISC
proliferation and the initiation of EE differentiation16. Our
genetic and transcriptional profiling experiments suggest that Klu
likely acts downstream of Notch, but upstream of the proneural
genes Ase and Sc in repressing EE differentiation (Figs. 3–5,
Supplementary Fig. 4). We performed epistasis experiments with
Klu and Sc to test this hypothesis. We generated esg-F/O clones
that express kluRNAi in the presence or absence of scRNAi. Clones
expressing kluRNAi contained more EE cells compared to control
clones (Fig. 6c, d compare with Fig. 6a, b), whereas clones
expressing scRNAi are almost completely devoid of EE cells
(Fig. 6e, f). The combination of kluRNAi and scRNAi also resulted
in clones with little or no EE differentiation (Fig. 6g, h, quanti-
fication in Fig. 6i). This suggests that excess EE differentiation in
kluRNAi-expressing clones depends on Scute. To confirm that
Scute would act downstream of Klu in determining EE fate, we
combined overexpression of Scute and Klu. Clonal expression of
Scute using the esg-F/O system resulted in clones consisting
almost entirely of Pros-positive EE cells whereas clones expres-
sing UAS-klu are completely devoid of EE cells (quantification in
Fig. 6j, images in Supplementary Fig. 7a–l). Co-expression of Klu
and Scute leads to a marked reduction in clone size (Supple-
mentary Fig. 7m) but EE differentiation was observed in a large
fraction of the clones, although the percentage of differentiated
cells is reduced compared to UAS-Sc alone (Fig. 6j). We conclude
that Scute can still induce EE differentiation, even in Klu gain-of-
function conditions.

We observed an increase in the number of Pros-pH3 double-
positive cells in UAS-Sc compared to control, likely representing
the EE-progenitor cells (EEp) undergoing a final round of
division16. Strikingly, this percentage increased in esg-F/O > UAS-
klu+UAS-sc clones (Supplementary Fig. 7n). However, the
clonal size in this genotype is no larger than in esg-F/O > UAS-klu

Fig. 5 RNA-Seq indicates Klu represses Notch targets and EE differentiation genes. a Overview of the experiment: esgts GFP+ cells either expressing kluRNAi

or UAS-kluFL were sorted in triplicate and their transcriptome was compared to control esgts GFP cells (see Methods for more details). b qRT-PCR analysis
of sorted cells for Klu and the critical EE fate regulators Scute (sc) and Prospero (pros). c qRT-PCR analysis of klu mRNA expression with a primer pair that
targets the endogenous 3′ UTR coding sequence (klu UTR) and a primer pair that targets the coding region only (klu CDS). For b and c, cDNA was derived
from three replicates/genotype, each replicate containing mRNA isolated from esgts GFP+ cells from 100 midguts/genotype. Data are plotted as mean ±
SEM. d Overlap of upregulated genes in kluRNAi and downregulated genes in UAS-kluFL. e Volcano plots comparing expression of a selection of genes from
the overlap of 81 genes shown in d. Most genes upregulated in the kluRNAi vs control set (left) are downregulated in the UAS-klu vs control set (right).
f–j Klu represses Da-dependent miraP-GFP expression in ISC and EB. f, g Control miraP-GFP expression is high in ISCs (arrowheads) and EBs (arrows).
h miraP-GFP was slightly increased in kluRNAi midguts. i UAS-kluFL expression resulted in reduced levels of miraP-GFP. Representative areas of posterior
midgut are shown. n= 3 animals examined/genotype in f–i. j GFP intensity of miraP-GFP-positive cells for the genotypes in f–i by FACS in a separate
experiment. n= 50 midguts per genotype. Scale bar= 50 µm
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over-expressing clones (Supplementary Fig. 7n), indicating that
these cells might be arrested in mitosis. This suggests that
although Klu expression cannot completely repress UAS-Sc-
induced EE differentiation, the effect of Klu on cell cycle
progression interferes with the proliferation-inducing capacity
of Scute.

Klu binds to genes regulating EE fate, cell cycle and Notch. The
differentially expressed genes (DEGs) from our RNA-Seq analysis
might reflect genes that are direct target genes of Klu. Alter-
natively, the transcriptional changes might be the consequence of
a change in cell populations due to the loss or overexpression of
Klu. To distinguish between these possibilities and to identify
genes directly regulated by Klu, we performed targeted DamID of
Klu in Esg+ stem-progenitor cells41. We used the DamID-seq
pipeline (ref. 42, see Methods) to identify 1667 genes that had one
or more Klu binding peak(s) within 2 kb of their gene body in all
three replicates. Using two published position weight matrices for
Klu binding43, we could establish that 692 of the 1667 genes
(41.5%) had one or more Klu-binding motif(s) present in their
binding peaks. We considered these peaks as high-confidence
Klu-bound sites. Our transcriptomics data on Klu indicated that
Klu controls many genes involved in Notch signaling, EE dif-
ferentiation, and cell cycle regulation. We identified a cluster of
binding sites at the centrosomal end of the E(Spl)-locus around

the E(Spl)-mδ and E(Spl)-mγ genes (Fig. 7a). Since our RNA-Seq
data showed that many of the E(Spl)-genes change expression in
both kluRNAi and UAS-klu conditions (Fig. 5e), this suggests that
Klu could possibly regulate the expression of multiple members of
the E(Spl)-complex through this binding peak at the centrosomal
end of the E(Spl)-locus. Furthermore, we identified a Klu-Dam
binding peak at the klu locus, supporting our hypothesis that Klu
acts in an autoregulatory loop by negatively regulating its own
expression (Fig. 7b). Previous work has shown that Scute and the
E(Spl)-complex member E(Spl)m8-HLH act in a regulatory loop
to generate an EE precursor directly from the ISC16. Since our
results indicate that Scute is upregulated upon loss of Klu and acts
epistatically to Klu in EE formation, we first looked for Klu
binding in and around the scute locus. We did not observe
binding of Klu-Dam around any of the genes in the Achaete/
Scute complex. However, we did identify a DamID peak around
the sina and sinah loci (Fig. 7c). Together with the adaptor
protein Phyllopod, the Sina and Sinah E3-ubiquitin ligases are
able to degrade the transcriptional repressor Tramtrack (ttk),
which represses EE fate33,36. sina transcript levels are upregulated
2.2-fold upon klu RNAi and phyl levels are upregulated 8-fold as
well as downregulated 15-fold upon UAS-klu expression (Fig. 5e,
Supplementary Data File 1). Hence, we propose that Klu represses
EE fate determination in EBs upstream of Scute by stabilizing
Tramtrack, since Klu directly represses the members of the
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E3-ligase complex Sina, Sinah, and (indirectly) Phyl that can
normally target Ttk for destruction.

In addition to genes involved in Notch signaling and EE
specification, we find evidence for direct repression of critical cell
cycle regulators by Klu. We find Klu-binding peaks at both the
Cyclin B (CycB) and Cyclin E (CycE) loci (Fig. 7d, e), two Cyclins
that are essential for G1–S and G2–M progression, respectively.
CycE is also upregulated upon klu RNAi expression. Notch
activation is essential for the mitotic-to-endocycle switch in
follicle cells of the Drosophila ovary, and polyploidization is a
critical step in the normal process of EB-to-EC
differentiation44,45. We propose that Klu plays a role in
remodeling the cell cycle in response to Notch activation by
directly repressing two critical cell cycle regulators. Furthermore,
this explains how Klu acts as a potent suppressor of cell
proliferation (Fig. 3, Supplementary Fig. 3).

Altogether, our data suggest a model (Fig. 8) in which Klu acts
as a Notch effector in the EB that acts to restrict the duration of
the Notch transcriptional response (through negative regulation
of the E(Spl)-complex members and Klu itself). Second, Klu
prevents activation of the Scute-E(Spl)-m8 transcriptional circuit
that triggers EE differentiation. Finally, we find evidence that Klu
can bind and repress critical cell cycle regulators such as Cyclin B
and Cyclin E, likely promoting the switch from a mitotic to an
endoreplicating cell cycle in differentiating ECs.

Discussion
Our work identified a mechanism by which lineage decisions are
cemented through the coordinated repression of alternative fates
and of cell proliferation in somatic stem cell daughter cells. Notch-
induced expression of Klu in EBs is necessary to repress EE fates in
EBs, but also to restrict Notch target gene expression. Hence, its
own expression has to be self-regulated to allow differentiation to
ECs to proceed. We find that Klu represses several genes that are
critical for EE differentiation; most notably genes that influence the

level of Scute. Transient expression of Scute is necessary and suf-
ficient for EE differentiation and this is accomplished by a double-
negative feedback loop between Scute and E(Spl)m8 (ref. 16). Klu
expression results in the repression of both transcription factors in
EBs, inactivating the transcriptional circuit that governs EE differ-
entiation (Fig. 8). Previous work has shown that Klu is directly
regulated by Su(H) and acts as a Notch effector in hemocyte dif-
ferentiation46. We find that overexpression of Klu results in the loss
of Notch signaling activity in stem-progenitor cells, and that Klu is
able to repress several Notch effector genes (such as the HES/E(Spl)
family and HES/E(Spl)-like genes such as Deadpan). We thus
propose that Klu acts in a negative feedback loop downstream of
Notch signaling to ensure that Notch effector gene activity is
transient in EBs, mirroring the transient nature of EE specification
by Scute and E(Spl)m8.

Klu is a zinc-finger transcription factor with some similarity to
WT1 (refs. 24,47). While the sequence similarity between these
factors is limited, our data suggest that functional parallels can be
drawn: Loss of WT1 in the mouse kidney results in glomerulo-
sclerosis and is accompanied by ectopic expression of HES/E(Spl)
family genes48 and in zebrafish kidney podocytes Notch expres-
sion induces Wt1 transcription, while the Notch intracellular
domain (NICD) and WT1 synergistically promote transcription
at the promoter of the HES/E(Spl) family gene Hey1 (ref. 49). This
suggests that the negative feedback between Notch and its
effectors Klu or WT1 might be conserved between species, even
though conservation at the sequence level between these tran-
scription factors is low.

Our data also support a role for Klu for regulating cell cycle
progression. Overexpression of Klu results in a strong block in
cell proliferation in NRNAi or oncogenic RasV12 -induced tumors
and our DamID data suggest that Klu can directly regulate
Cyclins B and E. The phenotype of Klu in EBs is in stark contrast
to its role in the neuroblast stem cell lineage, where over-
expression of Klu leads to a strong overproliferation of immature
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neural progenitor cells and the formation of brain tumors18,19.
However, this likely reflects the different role for Notch in the NB
lineage, where continuous activation of Notch similarly leads to
INP overproliferation and tumor formation. Thus, the role of Klu
in promoting either lineage differentiation or stem-progenitor cell
proliferation seems to be context-dependent. Similarly, Wt1 was
initially identified as a tumor-suppressor gene mutated in the rare
pediatric kidney cancer Wilms’ Tumor50. However, expression of
WT1 was found to be elevated in many solid tumors and in acute
myeloid leukemia51,52. During development, WT1 plays a role in
the formation of many different tissues of mesodermal and
neurectodermal origin47. Although WT1 expression seems
restricted in adult animals at first glance, whole-body knock-out
of WT1 in adult mice results in rapid demise of the animals with
kidney, spleen, bone, and fat tissue defects as well as defective
erythropoiesis53. Furthermore, recent results in zebrafish have
shown that Wt1b can be re-activated in specific mesenchymal
cells upon damage54, suggesting that Wt1b re-expression is
involved in regeneration upon damage. In addition, WT1 is often
transiently expressed in both nephric and hematopoietic lineages
in committed progenitor cell types, similar to the expression of
Klu in the EB, raising the possibility that to fully understand the
role of WT1-like proteins in tumorigenesis, cell lineage rela-
tionships, as well as cell proliferation and differentiation events in
tumors need to be taken into account.

Critically, our work highlights the role for transient tran-
scriptional rewiring events during cell specification in stem cell
lineages. This rewiring seems to be required to ensure lineage
commitment downstream of initial symmetry breaking signals
like Notch, and ensure commitment to cell differentiation into a
defined lineage. As such, it can be expected that similar

transcriptional rewiring needs to happen for cells to undergo de-
differentiation into stem cells in regenerating tissues. Under-
standing this transcriptional rewiring process will substantially
advance efforts to control tissue repair and regeneration in
mammals, including humans.

Methods
Fly strains and husbandry. The following strains were obtained from the Bloo-
mington Stock Center: BL28731 (klu RNAi on 3rd) BL60469 (klu RNAi on 2nd),
BL56535 (UAS-klu[Hto]), BL11651 (Dl05151-lacZ) BL26206 (sc RNAi), BL51672
(UAS-sc), BL1997 (w[*]; P{w[+mW.hs]= FRT(w[hs])}2A), BL4540 (w[*]; P{w[+
mC]=UAS-FLP.D}JD2). BL65433 (y[1] w[*];M{w[+mC]= hs.min(FRT.STOP1)
dam}ZH-51C) BL1672 (w[1118]; sna[Sco]/CyO, P{ry[+ t7.2]= en1}wg[en11]).

VDRC: v27228 (N RNAi). Other stocks: klu-Gal4 UAS-GFP, FRT2A kluR51/
Tm6B, hs-Flp, Tub-Gal4, UAS-GFP/Fm7;FRT2A, TubGal80ts/Tm2,Ubx (T. Klein,
Düsseldorf) UAS-kluFL, UAS-ERD-kluZF, UAS-VP16-kluZF (all constructs
inserted into ZH51C on 2nd, C.Y. Lee, U. Michigan) esg-F/O (w; esg-Gal4, tub-
Gal80ts, UAS-GFP; UAS-flp, Act > CD2 > Gal4(UAS-GFP)/TM6B), esgts (y,w;esg-
Gal4, UAS-GFP/CyO;tub-Gal80ts/Tm3), Su(H)ts (w;Su(H)GBE-Gal4,UAS-CD8-
GFP/CyO;tub-Gal80ts/TM3), Su(H)-F/O genotype (control) w;Su(H)GBE-Gal4,
UAS-CD8-GFP/CyO;tub-Gal80ts/UAS-Flp, Act > CD2 > Gal4, Su(H)-F/O genotype
(kluRNAi) w;Su(H)GBE-Gal4,UAS-CD8-GFP/kluRNAi BL60469;tub-Gal80ts/UAS-Flp,
Act > CD2 > Gal4, ISC-specific esgts29 w;esg-GAL4,UAS-2XEYFP/CyO;Su(H)GBE-
GAL80,tub-Gal80ts/TM3,Sb, w;esg-gal4, tub-Gal80ts, UAS-GFP/CyO,wg-lacZ;P{w
[+mC]=UAS-FLP.D}JD2/Tm6B. Stocks generated in this study: w;If/CyO, P{ry[+
t7.2]= en1}wg[en11];kluKI-Gal4/Tm6B and w;Klu-Dam(ZH-51C) M4M1/CyO, P{ry
[+ t7.2]= en1}wg[en11].

Immunostaining and microscopy. Midguts were dissected into ice-cold phos-
phate-buffered saline (PBS), fixed in 4% formaldehyde, and incubated for 1 h at
room temperature. Samples were then washed 3 × 10 min, first in 1× PBS with 0.5%
Triton X-100, then in 1× PBS with Na-deoxycholate (0.3%), and last in PBT (PBS
with 0.3% Triton X-100), and incubated in blocking solution (PBT with 0.5%
bovine serum albumin) for 30 min at 4 °C. Samples were incubated with primary
antibodies overnight at 4 °C, washed 3 × 20 min at room temperature in PBT,
incubated with secondary antibodies diluted in blocking solution at room tem-
perature for 2 h, washed 4 × 20 min with PBT, and mounted in Vecta-Shield
(Vector Laboratories)55. Antibodies used include Chicken anti-GFP (1:1000;
ThermoFisher A10262), mouse anti-Prospero (MR1A, 1:50, DSHB), mouse anti-
beta-galactosidase (40-1a, 1:200; DSHB), rabbit anti-beta-galactosidase (1:200;
ThermoFisher A11132), mouse anti-Armadillo (N2 7A1, 1:20; DSHB), rabbit anti-
phosphorylated Histone H3-Ser10 (pH3S10, 1:500, sc8656-R; Santa Cruz Bio-
technology). Images were taken from the R5 and R4 regions of the posterior
midgut on a Zeiss Apotome microscope or Zeiss LSM710 confocal at either ×20 or
×40 magnification. Images were captured as Z-stacks with 8–10 slices of
0.22–1.0 µm thickness. Images were converted to maximum-intensity projections
in Fiji (https://fiji.sc) and quantifications were performed using the CellCounter
FiJi plugin. ROIs in quantifications are defined as images taken from the posterior
midgut R4-R5 region at ×20 magnification in which all cells/clones were quantified.
Scale bar= 50 µm in all images, except in Fig. 1a: scale bar= 25 µm. Graphing,
statistical analysis, and survival curves were produced in GraphPad Prism. Sig-
nificance was calculated using Student’s t-test. In case of unequal variances, Stu-
dent’s t-test with Welch’s correction was used.

Cloning and transgene generation. We used the Inducible DamID system from
the Van Steensel lab to generate klu-Dam41. To this end, we amplified the Klu Full-
length cDNA (derived from BDGP Gold clone FI01015) using AscI and NotI-
containing primers and cloned the fragment into the vector p-attB-min.hsp70P-
FRT-STOP#1-FRT-DamMyc[open] (Addgene plasmid #71809). Transgenic lines
were generated by Genetivision Inc. using the phiC31 integrase-mediated site-
specific transgenesis system56. The finished construct was injected into Bloo-
mington stock BL24482 (ZH-51C attP-site on 2nd) and the resulting transgenic
lines were tested by genotyping PCR. Both control (Dam-only, BL65433) and klu-
Dam transgenic lines were crossed to BL1672 (w[1118]; sna[Sco]/CyO, P{ry[+
t7.2]= en1}wg[en11]) before use. The klu-Gal4KI CRISPR line was generated by
Rainbow Transgenics (Camarillo, CA, USA). A targeting construct was designed to
replace the klu CDS with the Gal4 CDS at the klu ATG. Two independent
transformants were obtained that both showed identical EB-specific expression.

DamID. Control Dam-only (BL65433) and klu-Dam male flies were crossed to w;
esg-gal4, tub-Gal80ts, UAS-GFP/CyO,wg-lacZ;P{w[+mC]=UAS-FLP.D}JD2/
Tm6B virgins. Crosses were maintained at 18 °C and progeny was shifted to 29 °C
for 24 h to induce the Flp-mediated recombination of the STOP-Cassette. Thirty to
50 midguts of Dam-only and klu-Dam were dissected in 1× PBS in three different
batches and used for isolation of total genomic DNA. Isolation of methylated
GATC-sequences and subsequent amplification was done according to the protocol
published by Marshall et al.57 until Step 34, from which we continued NGS library
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Fig. 8 Model for Klu function in ISC lineage differentiation. Our data
suggest that Klu expression is activated by Delta-Notch signaling in the EB,
together with other members of the Hairy/Enhancer of Split family of Notch
target genes. Klu accumulation in EBs results in a subsequent repression of
these target genes, including the repression of its own expression.
Additionally, Klu acts as a safeguard to repress erroneous EE differentiation
in the enteroblast–enterocyte lineage by indirectly repressing the
accumulation of proneural genes such as Asense and Scute through
inhibition of the E3-complex members Phyllopod (phyl) and Seven-in
Absentia (sina) that repress the accumulation of Scute and thereby inhibit
EE fate. Finally, Klu acts in the regulation of the cell cycle in EB cells, as the
cell remodels its cell cycle from a mitotic to an endocycle
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preparation using the Illumina TruSeq nano DNA kit LT. After library quality
control, samples were sequenced as 50 bp single-end on an Illumina HiSeq2500.

Midgut FACS RNA isolation and sequencing. For RNA-Seq, UAS-expression of
UAS-klu or kluRNAi was induced using esg-Gal4ts, UAS-GFP for 2 days, followed by
16 h of Ecc15 infection to stimulate midgut turnover. We dissected 100 midguts/
genotype in triplicate and for each sample 20,000–40,000 cells were sorted into
RNAse-free 1× PBS with 5 mM EDTA. RNA was isolated using the Arcturus
PicoPure™ RNA Isolation Kit. Subsequently, the entire amount of isolated RNA was
used as input for RNA-amplification using the Arcturus™ RiboAmp™ HS PLUS Kit.
Two hundred nanograms of amplified aRNA was used as input for RNA-Seq
library preparation using the TruSeq Stranded mRNA Library Prep Kit (Illumina)
and samples were subsequently sequenced as 50 bp single-end on an Illumina
HiSeq2500. For the FACS analysis experiment with DNA staining, we dissected
60–70 midguts/genotype under the same conditions and used NuclearID Red DNA
Stain (ENZ-52406, Enzo Life Sciences) for DNA content analysis. FACS-plots were
generated with FlowJo v10.

Quantitative real-time PCR. Quantitative real-time PCR (qRT-PCR) was per-
formed using amplified RNA from FACS-sorted Esg+ cell populations (see above)
as template. cDNA was generated using the QuantiTect Reverse Transcription Kit.
qRT-PCR was performed using the TaqMan FAM-MGB system in a 10 µl reaction
on a BioRad CFX384 C1000 Touch Cycler using the following probes: klu
(dm02361358 s1), pros (dm02135674 g1), sc (dm01841751 s1). Act5C
(dm02361909 s1) was used for normalization. The klu CDS primer assay was
ordered as a Custom TaqMan Assay. Reactions were performed in triplicate on
three independent biological replicates. Relative expression was quantified using
the ΔΔCt method. Data were calculated using Microsoft Excel and plotted as
relative fold-changes ± SEM in Graphpad Prism.

klu FISH. A 425 bp region in the klu gene, starting at the middle of the 5′UTR and
including the first 279 bases of the CDS, was designed to have an Sp6 promoter and
a SpeI site at the 5′ end and a downstream T7 promoter and NotI site at the 3′ end.
This DNA fragment was synthesized and cloned into a pUCIDT plasmid (IDT).
After linearization of the plasmid, transcription and fluorescent labeling of anti-
sense and sense klu probes was done following the manufacturer’s instruction of
the FISH Tag RNA Multicolor kit (Invitrogen Cat. No. MP 32956) using the Sp6
promoter to generate the sense probe and the T7 promoter to generate the anti-
sense probe. In situ hybridization was performed using a protocol adapted from the
one suggested in FISH Tag RNA Multicolor kit (Invitrogen Cat. No. MP 32956).

RNA-Seq and DamID data analysis. The 15–21 million quality-passed reads per
sample were mapped to the D. melanogaster reference genome (BDGP6) with
TopHat2 (version 2.1.0)58. Of each sample, approximately 80% of the reads was
mapped to the genome. From this, 90% could be assigned to genes using Fea-
tureCounts resulting in 11–15 million analysis-ready reads per sample59.

The table of raw counts per gene/sample was analyzed with the R package
DESeq2 (version 1.16.1) for differential expression60. Both sample groups of
interest (UAS & RNAi) were pair-wise contrasted with the control sample group
(control). For each gene of each comparison, the p-value was calculated using the
Wald significance test. Resulting p-values were adjusted for multiple testing with
Benjamini & Hochberg correction. Genes with an adjusted p-value <0.05 are
considered differentially expressed (DEGs).

For DamID, we used the damid_seq pipeline42 to generate binding profiles for
Klu-Dam. Triplicate samples for Klu-Dam (34.9, 33.5, and 34.1 millions reads) and
Dam-only control (34.7, 34.5, and 35.6 million reads) were aligned to the Drosophila
genome (UCSC dm6). Overall aligning rate was between 86% and 91% across all
samples. First, gat.track.maker.pl script was used to build a GATC fragment file. Then
the main utility damidseq_pipeline was used to align the reads to the genome using
bowtie2, bin and count reads, normalize counts, and compute log2 ratio between
corresponding DamID and control Dam-only samples42. The pipeline identified
1707, 1663, 1681 peaks with FDR < 0.01 per each replicate. To test for reproducibly
we first used the damid_pipeline42 to identify peaks with weaker confidence (FDR <
0.1) and the idr python package (https://github.com/nboley/idr) to identify 1169
peaks with IDR < 0.05 between replicate1 and replicate2. We used an in-house
developed script to annotate peaks in proximity to genes. In total, 1667 genes found
to be in proximity to at least one reproducible peak. To find Klu binding motifs in our
reproducible peak set, we scanned for two different Klu PWM (described in ref. 43)
around reproducible peaks using the FIMO tool61. Reads were visualized using IGV
as overlayed triplicate Klu-Dam (log2FC over Dam-only) tracks.

Data availability
The authors declare that all data supporting the findings of this study are available within
the article and its Supplementary Information files or from the corresponding authors
upon reasonable request. DamID data have been deposited in the GEO database under
the accession code: GSE131878. RNA-Seq data have been deposited in the GEO database
under the accession code: GSE132243.

Code availability
The in-house developed script to annotate peaks in proximity to genes from
damid_pipeline data is available in the file Supplementary Data 2.
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