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1 IntroducƟon 
 

The transiƟon from unicellular to mulƟcellular organisms involved the evoluƟon of 

higher organized cells into specialized Ɵssues and organs with disƟnct funcƟons. To 

ensure the accurate development of these funcƟons, distant organs must 

communicate with each other. AddiƟonal requirements for inter-organ 

communicaƟon emerge post-development when an organism adapts to external 

condiƟons, such as the female body adjusƟng to shiŌs in metabolic demands during 

the producƟon of offspring. 

 

1.1 Physiological adaptaƟons during pregnancy and lactaƟon 
 

Female reproducƟon is energeƟcally costly and relies on several adaptaƟons of the 

mother’s body to ensure proper development of the offspring. These physiological 

changes influence the mother’s metabolism by affecƟng insulin regulaƟon and glucose 

homeostasis (Bailey & Ahmed-Sorour, 1980; Costrini & Kalkhoff, 1971), lipid handling 

(Tiano & Mauvais-Jarvis, 2012), and appeƟte regulaƟon (Fungfuang et al, 2013; 

Stelmańska & Sucajtys-Szulc, 2014) to meet the increased energy demands during 

pregnancy. To further support metabolic adaptaƟons and enhance nutrient absorpƟon, 

the maternal intesƟne proporƟonally increases in size (Hammond, 1997; Speakman, 

2008).  

In rats, the expansion of intesƟnal mass is facilitated by both hyperplasƟc and hypertrophic 

changes. The epithelium of the small intesƟne shows more numerous and larger cells 

(Cairnie & Bentley, 1967). InteresƟngly, increases in intesƟnal mass during lactaƟon are 

Ɵghtly correlated with the number of pups, as a larger number of pups comes along with 

higher energy demands that need to be covered by the mother (Hammond, 1997). These 

correlated adaptaƟons, connecƟng specific energy demands determined by liƩer size to 

the extent of intesƟnal expansion, underline a precise regulaƟon mediated by inter-organ 

communicaƟon and systemic signals. However, the exact systemic signals driving 
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pregnancy-related intesƟnal remodelling and the mechanisms by which they control 

intesƟnal size in mammals remain unknown. 

Following pregnancy and lactaƟon, when energy demands diminish, the pregnancy-

related intesƟnal enlargement and increased nutrient absorpƟon oŌen contribute to 

weight gain, especially following mulƟple pregnancies (Casirola & Ferraris, 2003; Scholl et 

al, 1995), and in obese women (HyƩen, 1991). Postpartum weight retenƟon is a significant 

concern, as obesity is a health condiƟon that elevates the risk of various diseases, 

including metabolic disorders like diabetes and certain types of cancer (Haslam & James, 

2005; James et al, 2004). It is thus important to idenƟfy the signals and molecular 

mechanisms regulaƟng intesƟnal size adaptaƟons as it would allow to prevent or treat 

pregnancy-related intesƟnal hypertrophy.  

 

1.2 Steroid hormones as mediators of inter-organ communicaƟon 
 

Hormones are systemic signals, which play a crucial role in inter-organ communicaƟon, as 

they allow a rapid and coordinated response throughout the enƟre organism by 

simultaneously targeƟng mulƟple organs. They are secreted by endocrine cells and 

transported via the circulaƟon system to reach target cells in organs at distant body sites.  

Growing evidence suggests that hormones derive from nutriƟonal compounds. Sex 

steroids, a subclass of steroid hormones, are derived from cholesterol, which is directly 

influenced by diet (Laudet & Markov, 2018). Many hormones like sex steroids are 

regulaƟng reproducƟon and are thought to be derived from signalling pathways 

controlling reproducƟon in response to nutriƟonal condiƟons (Della Torre et al, 2014). 

InteresƟngly the chemical structures of mammalian steroid hormones and plant-growth 

hormones is conserved suggesƟng that biochemical molecules existed prior to the 

separaƟon of the plant and animal kingdoms even before either group became 

mulƟcellular (Kushiro et al, 2003), highlighƟng the importance of hormone-driven inter-

organ communicaƟon in the evoluƟon of mulƟcellular organisms. Once a hormone 

reached its target cell it is recognized by a specific receptor. These hormone receptors are 
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absent in unicellular eukaryotes like Saccharomyces cerevisiae and must have evolved 

later simultaneously with mulƟcellularity (Clarke & Berg, 1998).  

The mammalian sex steroids, including oestrogens, progesterone and androgens are well 

known for their regulatory role in sexual differenƟaƟon, secondary sex characterisƟcs, 

sexual behaviours and reproducƟon. In addiƟon, oestrogen and progesterone levels are 

altered throughout pregnancy (Soldin et al, 2005) and associated with pregnancy-related 

adaptaƟons in the female body (Moya et al, 2014), suggesƟng they may also play a role in 

regulaƟng intesƟnal re-sizing. 

 

1.3 The controversial role of steroid hormones in colorectal tumours 

1.3.1 IndicaƟons of protecƟve roles for oestrogens in colorectal cancer 
 

Besides their roles in physiology, sex steroids, especially oestrogens are extensively 

discussed in relaƟon to diseases such as cancer. Numerous colorectal cancer (CRC) studies 

have in common, that they report a lower incidence in women across all age groups, 

regardless of other CRC-related risk factors (Siegel & Jemal, 2011; Siegel et al, 2017). 

Furthermore, premenopausal women with metastaƟc CRC have a higher overall survival 

compared to men (Hendifar et al, 2009). As these sex specific differences in CRC incidence 

and progression cannot be explained by differences in well-known cancer-related risk 

factors such as smoking or consumpƟon of alcohol, the implicaƟon of sex hormones is 

strongly suggested. Further supported by the fact that postmenopausal women using 

hormone replacement therapy have a reduced risk of developing CRC (Calle et al, 1995; 

Chute et al, 1991; de Verdier & London, 1992; Wu et al, 1987). Indeed, funcƟonal studies 

in mouse models with colon adenomas have demonstrated that ovariectomy, which leads 

to a reducƟon in oestrogen synthesis, resulted in a 77% increase in intesƟnal adenomas. 

Conversely, treatment with the oestrogen 17β-estradiol in ovariectomized mice reduced 

adenoma development (Weyant et al, 2001). 
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1.3.2 IndicaƟons of detrimental roles for oestrogens in colorectal 
cancer 

 

In contrast to the protecƟve role of oestrogens on the formaƟon of colon adenomas 

observed in mice models, other studies suggest a detrimental role for oestrogens in CRC 

incidence. Nuns as a nullipara group of the female populaƟon are thought to be longer 

exposed to oestrogens compared to other female cohorts due to missing disrupƟons of 

their menstrual cycles. A study performed in 1969 by the naƟonal cancer insƟtute revealed 

that nuns show an elevated risk of developing colon cancer (Fraumeni et al, 1969). In line 

with this, long-term hormonal changes upon pregnancy relate to lower risk of developing 

colon cancers (McMichael & PoƩer, 1980; Weiss et al, 1981).  

The proposed roles of oestrogens in CRC progression emphasize the need to uncover the 

molecular mechanisms that regulate ISC proliferaƟon and tumour growth downstream of 

the hormone. Model organisms such as the fruit fly Drosophila melanogaster are uƟlized 

to invesƟgate these mechanisms. 

 

1.4 Steroid hormones as mediators of inter-organ communicaƟon in 
Drosophila 

1.4.1 Systemic roles of steroidal ecdysone hormone in Drosophila 
 

Steroid hormones and their roles in inter-organ communicaƟon are not restricted to 

mammals but also found in arthropods like the fruit fly Drosophila melanogaster. In insects 

the steroidal ecdysone hormone (E) with its acƟve form 20 hydroxy ecdysone (20HE) is the 

funcƟonal equivalent to mammalian oestrogen and is able to acƟvate expression of human 

oestrogen responsive genes (Aranda & Pascual, 2001; MarƟnez et al, 1991; Oberdörster 

et al, 2001). 

The major role for 20HE in Drosophila is the iniƟaƟon of larval molƟng and pupariaƟon. 

The progression of these processes are driven by pulses of 20HE, which is produced in the 

endocrine prothoracic gland and released into the circulaƟng haemolymph (Gilbert & 

Warren, 2005; Huang et al, 2008; Riddiford, 1993). On the other hand systemic juvenile 
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hormone (JH) from the corpus allatum prevents metamorphosis in developing larvae 

thereby antagonizing 20HE signalling (Riddiford, 1994).  

 

1.4.2 Steroid hormone-induced physiological adaptaƟons upon maƟng 
 

AŌer pupariaƟon and full development, 20HE is produced in the germarial cells of adult 

ovaries and plays a role in maintaining germline stem cells (GSC) (Ables et al, 2015; Ables 

& Drummond-Barbosa, 2010; König et al, 2011; Morris & Spradling, 2012; Uryu et al, 

2015). MaƟng triggers male-derived sex pepƟdes (SP) to sƟmulate 20HE synthesis in the 

ovaries. Released 20HE then acƟvates ecdysone signalling in the ovarian niche cells 

directly via its receptor, thus sƟmulaƟng GSC proliferaƟon and lipid accumulaƟon (Ameku 

& Niwa, 2016) (Fig.1). 

AddiƟonally, it was shown that 20HE funcƟons similarly to oestrogen in regulaƟng whole-

animal lipid metabolism and feeding rates in mated female flies (Sieber & Spradling, 2015) 

(Fig.1). Consequently, like human sex steroids Drosophila 20HE is involved in regulaƟng 

reproducƟon and maƟng induced adaptaƟons of the female metabolism. 

 

 

Fig.1: Ecdysone steroid hormone-
induced adaptaƟons upon maƟng. 

Male-derived sex pepƟde (SP) induces 
synthesis and release of ecdysone (E) in 
ovaries. CirculaƟng E reaches the GSC 
and remote organs like the brain. In GSC 
E induces proliferaƟon and lipid 
accumulaƟon. Whereas via the brain 
food intake is regulated. 
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1.5 Drosophila melanogaster as an established model for invesƟgaƟons in 
physiology and pathology of the intesƟne 

1.5.1 SimilariƟes between the Drosophila midgut and the mammalian 
small intesƟne 

 

The funcƟonal and cellular similariƟes between the mammalian small intesƟne and the 

Drosophila midgut establish the fly's digesƟve tract as a valuable model for studying 

intesƟnal homeostasis. Primary funcƟons of both organs are the digesƟon and absorpƟon 

of nutrients and water, as well as excreƟon. In both systems, the mammalian small 

intesƟne and the Drosophila midgut, these funcƟons are fulfilled by a monolayered 

epithelium.  

In the mammalian small intesƟne, the epithelium forms elongated domains towards the 

lumen, called villi, and invaginated domains, called crypts. ISC reside at the boƩom of the 

crypt and divide to self-renew and to give rise to another populaƟon of ISC located at 

posiƟon +4 (+4 ISC), secretory cells including paneth cells (PC) and enteroendocrine cells 

(EE) (Banjac et al, 2025), and progenitor cells called transit amplifying (TA) cells. PC are 

located in between the ISC and provide signalling molecules that sustain stem cell fate. EE 

are involved in regulaƟng digesƟon by releasing various pepƟde hormones. TA cells in turn 

proliferate and differenƟate into absorpƟve enterocytes (EC) as they move to the top 

towards the villus (Krausova & Korinek, 2014; Kretzschmar & Clevers, 2017; Schepers & 

Clevers, 2012) (Fig.2 top). 

Almost two decades ago two labs independently discovered that the adult Drosophila 

midgut is constantly renewed by adult intesƟnal stem cells (ISC) as well (Micchelli & 

Perrimon, 2006; Ohlstein & Spradling, 2006). As in the mammalian counterpart, 

Drosophila ISC are located basally and divide symmetrically to renew the stem cell pool, 

or asymmetrically into one new ISC and either an EC precursor, called enteroblast (EB), or 

an enteroendocrine cell precursor (EEP). These precursor cells in turn differenƟate into 

absorpƟve EC and secretory EE, respecƟvely (Chen et al, 2018; Micchelli & Perrimon, 2006; 

Ohlstein & Spradling, 2006, 2007) (Fig.2 boƩom).  
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Fig.2: SchemaƟc comparing cellular composiƟon of the mammalian small intesƟne and the 
Drosophila midgut. 

(Top) The mammalian small intesƟne is made of a monolayered epithelium which forms elongated 
domains towards the lumen, called villi, and invaginated domains, called crypts. IntesƟnal stem 
cells (ISC) reside at the boƩom of the crypt interspersed by paneth cells (PC) which comprise the 
stem cell niche by expressing signalling molecules that sustain stem cell fate in ISC. Another group 
of ISC is located just above the PC at posiƟon +4 (+4 ISC), which are characterized by expression of 
different markers. ISC divide asymmetrically to self-renew and give rise to transit amplifying (TA) 
cells. Furthermore, ISC differenƟate directly into secretory cells including PC and enteroendocrine 
cells (EE). TA cells proliferate and differenƟate into absorpƟve enterocytes (EC) as they move to 
the top towards the villus. (BoƩom) In the Drosophila midgut epithelium ISC are located basally at 
the basal membrane. ISC divide asymmetrically to self-renew and give rise to progenitor cells 
comprising enteroblasts (EB) and EE. These progenitor cells in turn differenƟate into absorpƟve EC 
and EE, respecƟvely.  
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Besides the described similariƟes in funcƟonality and cellular composiƟon, the Drosophila 

midgut cell lineage is regulated by similar local signalling pathways as its mammalian 

counterpart. In mammals intesƟnal homeostasis depends on Wnt/Wg signalling. 

InacƟvaƟon of Wnt/Wg signalling induces differenƟaƟon and blocks ISC proliferaƟon (Fevr 

et al, 2007; van Es et al, 2012). Conversely, aberrant acƟvaƟon of Wnt/Wg signalling leads 

to the formaƟon of colon adenomas and is associated with CRC being the most frequently 

altered signalling pathway in CRC paƟents (Bangi et al, 2016; Groden et al, 1991; Muzny 

et al, 2012; Wood et al, 2007). Similarly, in the Drosophila midgut, the expression of a 

temperature-sensiƟve mutant allele of the Wnt/Wg ligand Wingless (Wg) diminishes the 

ISC pool (Lin et al, 2008), and conversely overexpression of Wg induces ISC proliferaƟon 

(Cordero et al, 2012a; Lin et al., 2008; Singh et al, 2019). However, the precise source of 

Wg and its role in regulaƟng Drosophila midgut homeostasis remain debated, as knocking 

down Wg in ISC/EB and visceral muscle cells does not reduce ISC numbers (Cordero et al, 

2012b) and inacƟvaƟng Wnt/Wg pathway components only has a mild effect on ISC 

proliferaƟon(Lin et al., 2008). 

 

1.5.2 ‘ReDDM’-tracing as geneƟc tool to invesƟgate re-sizing of the 
Drosophila midgut 

 

There is a wide range of geneƟc tools for invesƟgaƟng intesƟnal homeostasis in adult 

Drosophila, including ‘ReDDM’-tracing (Repressible Dual DifferenƟal stability cell Marker). 

‘ReDDM’ consists of two UAS-driven fluorophores with different half-lifes: An UAS-

CD8::GFP with short half-life which is labelling the membranes of cells with acƟve Gal4 

expression, whereas UAS-H2B::RFP has a longer half-life and is not restricted to the nuclei 

of cells with acƟve Gal4, but also persists in the progeny of cells which once had acƟve 

Gal4. AddiƟonally, an ubiquitously expressed temperature-sensiƟve Gal80 repressor (tub-

Gal80ts) allows temporal expression control of the fluorophores. The ‘ReDDM’-tracing 

system is complemented by a Gal4-driver and can also be used for expression of further 

UAS-driven transgenes. Using an escargot-Gal4 (esg-Gal4) driver, UAS-driven expression 

of fluorophores and transgenes is specifically induced in ISC/EB, labelling these cells with 
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CD8::GFP and H2B::RFP. Whereas their progeny, epithelial EC and EE, are labelled with 

H2B::RFP only (Antonello et al, 2015). With its tracing capability, 'ReDDM' is an excellent 

geneƟc tool for studying physiological adaptaƟons to pregnancy in female Drosophila. It 

labels intesƟnal progenitor cells and enables the tracking of newly produced epithelial 

cells, facilitaƟng the study of hyperplasƟc intesƟnal growth (Antonello et al., 2015).  

 

1.5.3 Pregnancy induced re-sizing of the Drosophila intesƟne 
 

The cellular composiƟon and funcƟonality of the Drosophila midgut are comparable to 

those of the mammalian small intesƟne, and resizing of the digesƟve tract during offspring 

producƟon has also been observed in the fruit fly (Reiff et al, 2015). Upon maƟng male-

derived SP sƟmulate the synthesis of endocrine JH in the corpus allatum and synthesis of 

E in the ovaries, resulƟng in higher hormone levels in the circulaƟng haemolymph (Ameku 

& Niwa, 2016; Reiff et al., 2015). JH from the haemolymph is involved in sustaining ovarian 

maturaƟon and thus egg producƟon (FlaƩ et al, 2005) (Fig.3A). AddiƟonally, by using 

‘ReDDM’-tracing it was shown that JH also reaches and affects the posterior midgut. In 

ISC, JH induces proliferaƟon through its receptors Methoprene-tolerant (Met) and Germ 

cell-expressed bHLH-PAS (Gce), acƟng through their target Kr transcripƟon factor homolog 

1 (Kr-h1) (Fig.3B). Furthermore, JH sƟmulates lipid metabolism in EC via the Drosophila 

homologue of the mammalian family of sterol regulatory element-binding proteins 

(SREBP) (Fig.3B). Together the adaptaƟons of ISC proliferaƟon and lipid metabolism ensure 

an increased nutrient uptake to match higher energy demands during egg producƟon 

(Reiff et al., 2015).  
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Fig.3: Hormone-induced re-sizing of the midgut in mated female Drosophila. 

(A) Upon maƟng male-derived sex pepƟdes (SP) sƟmulate the synthesis of juvenile hormone (JH) 
in the corpus allatum. JH is released into the haemolymph and reaches remote organs like the 
ovaries and midgut. In ovaries JH sustains maturaƟon and in turn sƟmulates egg producƟon. In the 
midgut JH regulates expansion of the intesƟnal epithelium to increase nutrient uptake. (B) In detail 
JH sƟmulates the Drosophila homologue of the mammalian family of sterol regulatory element-
binding proteins (SREBP) and in turn lipid metabolism in EC via its receptors Methoprene tolerant 
(Met) and germ cell-expressed bHLH-PAS (gce) and their target Kr transcripƟon factor homolog 1 
(Kr-h1). Whereas in ISC, JH via Met/gce and Kr-h1 sƟmulates proliferaƟon to increase the number 
of cells and sequenƟally intesƟnal size. 

 

1.5.4 Drosophila as a model for invesƟgaƟng intesƟnal tumours 
 

Besides geneƟc tools like ‘ReDDM’-tracing Drosophila is also used for drug screenings in 

diseases such as inflammatory bowel disease or CRC (Bangi et al, 2019; Bangi et al., 2016; 

Martorell et al, 2014; Xiu et al, 2022). Fly models mimicking CRC are constantly improved 

with addiƟonal new insights into CRC progression and developing toolkits like CRISPR/Cas 

(Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated Protein) 

(Jinek et al, 2012). ExisƟng and future Drosophila CRC models can addiƟonally be 

combined with ‘ReDDM’-tracing to further disentangle the heterogeneity of tumours by 

differenƟally labelling ISC/EB and their progeny. Furthermore, with the help of Drosophila 
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CRC models the roles of steroid hormones on tumour iniƟaƟon and progression can be 

analysed to unravel the proposed controversial roles of oestrogens in CRC.  

 

1.6 Aims of this thesis 

1.6.1 A possible role for systemic ecdysone in regulaƟng maƟng-
induced adaptaƟons of the Drosophila midgut 

 

The endocrine Drosophila JH was already shown to be implicated in physiological size 

adaptaƟons of the female intesƟne in mated flies (Reiff et al., 2015). During larval 

development and metamorphosis JH acts in concert with steroidal 20HE (Truman & 

Riddiford, 2002). An involvement of 20HE in regulaƟng reproducƟon and maƟng induced 

adaptaƟons of the female metabolism has been demonstrated previously (Carney & 

Bender, 2000; Kozlova & Thummel, 2000). However, it remained unknown if 20HE also has 

a role in mediaƟng intesƟnal re-sizing. InvesƟgaƟng a possible role of 20HE in intesƟnal 

size adaptaƟons is of parƟcular interest, because 20HE serves as the funcƟonal equivalent 

of mammalian oestrogens (Aranda & Pascual, 2001; MarƟnez et al., 1991; Oberdörster et 

al., 2001), enabling the applicaƟon of insights gained from the role of 20HE in intesƟnal 

re-sizing to potenƟal implicaƟons of mammalian oestrogens in similar processes. Paper I 

addresses the following quesƟons: 

Is 20HE also involved in regulaƟng maƟng-induced re-sizing of the female 

Drosophila midgut? 

Which local factors downstream of 20HE are involved in mediaƟng adaptaƟons in 

the remote midgut? 

Are the roles of JH and 20HE signalling in maƟng-induced re-sizing of the female 

midgut antagonizing as shown for Drosophila development? 

How is 20HE signalling affecƟng the iniƟaƟon and progression of benign ISC-

tumours? 
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1.6.2 GeneraƟon of novel avatar flies mimicking CRC 
 

AddiƟonal to invesƟgaƟons of 20HE in physiological condiƟons and benign ISC-tumours 

used in Paper I, the hormone’s role in CRC progression should be analysed. The generaƟon 

and establishment of novel CRC avatar flies is part of Paper II. CRISPR/Cas9 is used and 

combined with ‘ReDDM’-tracing to create novel fly avatars that mimic CRC from human 

paƟents (Jinek et al., 2012; Port & Bullock, 2016; Port et al, 2014; Port et al, 2015). This 

approach uses CRISPR/Cas9 to induce mutaƟons in key tumour suppressor genes involved 

in the most frequently altered signalling pathways in CRC, including Adenomatous 

polyposis coli (Apc), Tumor protein p53 (p53), Medea (med), and Phosphatase and tensin 

homolog (pten), alongside the expression of oncogenic RasG12V. Insights gained from 

manipulaƟng systemic 20HE signalling in CRC avatar flies could provide a deeper 

understanding of the contrasƟng effects of steroidal oestrogens on CRC development and 

progression. 

 

1.6.3 IdenƟficaƟon of factors linking systemic ecdysone with local 
signals in the remote intesƟne 

 

AddiƟonal objecƟves of this thesis delve deeper into exploring how endocrine hormonal 

signals are converted into local signals that regulate ISC proliferaƟon and differenƟaƟon. 

In developmental studies on Drosophila wing imaginal discs it was previously shown that 

20HE controls proliferaƟon via its translaƟon into local signals regulaƟng cell cycle 

progression (D'Avino & Thummel, 1998; Mitchell et al, 2008; Mitchell et al, 2013). A zinc 

finger transcripƟon factor, namely Crooked legs (Crol), was shown to be induced by 

systemic 20HE and to directly regulate expression of the Wnt/Wg ligand Wingless (Wg) 

and the cell cycle regulator and CDC25-orthologue String (Stg) (D'Avino & Thummel, 1998; 

Mitchell et al., 2008; Mitchell et al., 2013). It would thus be interesƟng to invesƟgate 

whether the same link of systemic 20HE and local signals by Crol can be found in the adult 

Drosophila midgut as well. Paper III focuses on answering the following quesƟons: 

Is Crol also expressed in adult Drosophila midgut cells and regulated by 20HE 

signalling? What are its funcƟons within different cell types? 
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Are Wg and Stg also regulated by Crol within the midgut cells? 

How is Crol affecƟng the iniƟaƟon and progression of benign ISC tumours when 

expressed within the tumour or within the tumour microenvironment? How is Crol 

affecƟng tumour progression in CRC avatar flies? 

Does Crol relay endocrine regulaƟon of maƟng-induced increase in intesƟnal size? 

To invesƟgate the non-autonomous regulaƟon of ISC behaviour by Crol in EC, a new binary 

expression system is developed. This system enables labelling of ISC and tracing of their 

progeny with simultaneous and independent manipulaƟon of EC. AddiƟonally, when 

combined with N-RNAi to induce benign ISC-tumours, this system enables the 

invesƟgaƟon of Crol’s non-autonomous roles in tumour iniƟaƟon and progression. 
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2 Paper 
This chapter has been published in idenƟcal form: 

Paper I: Zipper L, Jassmann D, Burgmer S, Görlich B, Reiff, T. (2020) Ecdysone steroid 
hormone remote controls intesƟnal stem cell fate decisions via the PPARγ-
homolog Eip75B in Drosophila. eLife 9:e55795. 
hƩps://doi.org/10.7554/eLife.55795 

 Lisa Zipper contributed to this work by: 

- Performing and analysing all in vivo experiments except for: 
o esgReDDM specific EcR and sole Eip75B manipulaƟons performed 

by BasƟan Görlich und Denise Jassmann 
o esgReDDM comparison of VF and MF performed by Denise 

Jassmann 
o Pioglitazone feeding experiment performed by Sofie Burgmer 
o N-tumour experiments performed by Denise Jassmann  

Paper II: Zipper L, Batchu S, Kaya NH, Antonello ZA, Reiff T. (2022) The MicroRNA 
miR-277 Controls Physiology and Pathology of the Adult Drosophila Midgut 
by RegulaƟng the Expression of FaƩy Acid β-OxidaƟon-Related Genes in 
IntesƟnal Stem Cells. Metabolites 12, 315. 
hƩps://doi.org/10.3390/metabo12040315 

 Lisa Zipper contributed to this work by: 

- Developing the cloning strategy of the mulƟplex guide-RNA array for 
the CRC model 

- Performing and analysing all in vivo experiments except for: 
o Expression analysis of miR277 performed by Tobias Reiff 
o Molecular cloning of the CRC model performed by Nida HaƟce 

Kaya 
- CreaƟng figures for visualizaƟon of in vivo data 
- WriƟng parts of the original draŌ and rebuƩal leƩer 

Paper III: Zipper L, Corominas-Murtra B & Reiff T. (2025) Steroid hormone-induced 
wingless ligands tune female intesƟnal size in Drosophila. Nat Commun 16, 
436. hƩps://doi.org/10.1038/s41467-024-55664-2 

Lisa Zipper contributed to this work by: 

- Planning and conceptualisaƟon of the research 
- Performing and analysing all in vivo experiments 
- CreaƟng all figures for visualizaƟon of the data except for: 

o Figures Fig.S8-Fig.S11 created by Bernat Corominas Murtra 
- WriƟng parts of the original draŌ and rebuƩal leƩer 
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(CC BY 4.0) license to works they publish 
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2.1 Paper I: Ecdysone steroid hormone remote controls intesƟnal stem cell 
fate decisions via the PPARγ-homolog Eip75B in Drosophila 
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So far, the impact of 20HE/oestrogen and its downstream factor Eip75B/hPPARγ on 

intesƟnal tumour progression have only been invesƟgated in a benign tumour-model of 

N-deficient ISC (Paper I Figure 6, Figure 6-figure supplement 1, Figure 7 and Figure 7-figure 

supplement 1). The aim was to establish a novel Drosophila model which resembles 

malignant tumours of human CRC paƟents. For this purpose, CRISPR/Cas9 was used to 

target tumour suppressor genes of the most frequently altered signalling pathways in CRC, 

combined with expression of oncogenic RasG12V. CRISPR/Cas9 mediated mutagenesis is 

induced by using esgReDDM complemented with expression of Cas9. At the same Ɵme 

ReDDM-tracing enables labelling of tumour stem cells and tracing of their progeny. The 

generaƟon and first characterizaƟons of the novel Drosophila CRC model have been 

published as part of paper II.  
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2.2 Paper II: The MicroRNA miR-277 Controls Physiology and Pathology of 
the Adult Drosophila Midgut by RegulaƟng the Expression of FaƩy Acid β-
OxidaƟon-Related Genes in IntesƟnal Stem Cells 
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2.3 Paper III: Steroid hormone-induced wingless ligands tune female 
intesƟnal size in Drosophila  
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3 General Discussion 
Female reproducƟon is energeƟcally costly and relies on a proporƟonal size-increase of 

the maternal intesƟne to complement higher energy demands (Hammond, 1997; 

Speakman, 2008). The Drosophila midgut, with its comparable cellular composiƟon and 

funcƟonality to the mammalian small intesƟne, serves as an excellent model for studying 

the role of endocrine signals in pregnancy-induced intesƟnal re-sizing. Prior to this work 

pregnancy-related physiological adaptaƟons of the intesƟne in Drosophila have already 

been described and shown to be induced by endocrine JH (Reiff et al., 2015). Another 

potenƟal driver of pregnancy-related intesƟnal adaptaƟons is the funcƟonal oestrogen 

orthologue 20HE, which is already known to regulate reproducƟon and maƟng-induced 

metabolic adaptaƟons in females. But if 20HE also has a role in regulaƟng intesƟnal size 

adaptaƟons upon maƟng remained unknown. 

This work shows that increases in 20HE levels upon maƟng are not restricted to ovaries, 

but are also detected in circulaƟng haemolymph, which suggest a role for 20HE in inter-

organ signalling (Paper I Figure 2). In fact, 20HE drives differenƟaƟon of adult midgut 

precursors into EC via its downstream effector and Peroxisome proliferator-acƟvated 

receptor gamma (hPPARγ)-homologue Eip75B-A/C to ensure an expansion of the 

absorpƟve epithelium upon higher energy demands during egg producƟon (Paper I Figure 

3, Fig.4). Human hPPARγ regulates adaptaƟons of lipid metabolism in pregnant women 

(Rodriguez-Cuenca et al, 2012; Vivas et al, 2016; Waite et al, 2000) and was shown to 

induce differenƟaƟon in colon cancer cell lines (Cesario et al, 2006; Shimizu & Moriwaki, 

2008; Yamazaki et al, 2007; Yoshizumi et al, 2004). In the Drosophila midgut, acƟvaƟon of 

20HE signalling enhances lipid uptake in EC (Paper I Figure 2-figure supplement 1), and in 

line with the differenƟaƟon-promoƟng effect of hPPARγ in colon cancer cell lines, 

treatment with the hPPARγ agonist Pioglitazone similarly drives EB towards EC fate (Paper 

I Figure 4). The observed inducƟon of EC differenƟaƟon via systemic 20HE signalling 

through Eip75B-A/C complements the previously described proliferaƟon sƟmulaƟon 

regulated by endocrine JH (Reiff et al., 2015). 20HE and JH act synergisƟcally to drive 

intesƟnal adaptaƟons upon maƟng, with the JH mediator Kr-h1 promoƟng ISC 

proliferaƟon and the 20HE effector Eip75B-A/C enhancing differenƟaƟon into epithelial EC 

(Paper I Figure 5, Fig.4).  
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Besides its physiological funcƟons in adipocyte differenƟaƟon (Rosen et al, 1999) loss-of-

funcƟon mutaƟons in hPPARγ are associated with CRC (Sarraf et al, 1999). This work 

shows, that increased levels of the hPPARγ homologue Eip75B-A/C or treatment with the 

agonist Pioglitazone prevent tumour formaƟon in a benign N-tumour model by inducing 

differenƟaƟon of N deficient ISC into postmitoƟc, epithelial EC (Paper I Figure 6, Figure 6-

figure supplement 1, Figure 7, Figure 7-figure supplement 1).  

Simultaneous with this thesis Ahmed et al. also invesƟgated the impact of ovary-derived 

20HE in physiological adaptaƟons of the Drosophila midgut. Consistent with the findings 

of this thesis, they demonstrated that maƟng, along with geneƟc or pharmacologic 

acƟvaƟon of 20HE signalling, sƟmulates ISC mitosis and intesƟnal growth through the 

downstream targets Broad, Eip75B, and Hormone Receptor 3 (Ahmed et al, 2020).  

In addiƟon, this thesis unravels Crol as another factor linking systemic 20HE signalling with 

local signalling pathways in the adult Drosophila midgut. Developmental studies in wing 

imaginal discs already showed that Crol links systemic 20HE with local Wnt/Wg signalling 

and the cell cycle regulator and CDC25-orthologue Stg (D'Avino & Thummel, 1998; 

Mitchell et al., 2008; Mitchell et al., 2013). Given the shown role of 20HE signalling in adult 

midgut adaptaƟons upon maƟng and the previously discovered regulaƟon of Crol by 20HE, 

a funcƟon of Crol in physiological intesƟnal adaptaƟons was suggested.  

The data presented in the included Paper III show that Crol protein levels within the adult 

Drosophila midgut cells are regulated by 20HE signalling acƟvity (Paper III Figure 1, 

FigureS1). Whereas this regulaƟon of Crol by 20HE is comparable in different intesƟnal cell 

types, the paper aimed at separately invesƟgaƟng the funcƟons of Crol in undifferenƟated 

ISC/EB and epithelial EC. To invesƟgate Crol's role in ISC/EB, the established esgReDDM 

system was used. Whereas the novel Rapport system was developed to invesƟgate the 

non-autonomous regulaƟon of ISC behaviour by Crol within EC. Rapport is a binary 

expression system that enables labelling of ISC and tracing of their progeny with 

simultaneous and independent manipulaƟon of EC. 

The results show that Crol inhibits ISC proliferaƟon by autonomously repressing the cell 

cycle regulators Stg and Cyclin-B (CycB) (Paper III Figure 2, FigureS2, FigureS3, Fig.4). In 

contrast to the anƟproliferaƟve role in ISC, Crol sƟmulates expression and secreƟon of 
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mitogenic Wg ligand in EC, which in turn non-autonomously induces ISC mitosis (Paper III 

Figure 4, Figure 5, Fig.4). These opposing roles of Crol in different cell types are also 

observed in intesƟnal tumours. Using the established N-tumour model (Patel et al, 2015) 

as well as novel CRC avatars (Paper II), this thesis demonstrates that Crol plays a protecƟve 

role within the tumour by suppressing tumour formaƟon, thereby miƟgaƟng midgut 

hypotrophy and enhancing survival in CRC avatar flies (Paper II, Paper III Figure 6). 

Similarly, as observed in physiological condiƟons, Crol has an opposite funcƟon within the 

EC surrounding the tumours. When expressed in EC as part of the tumour 

microenvironment Crol boosts tumour formaƟon and growth (Paper III Figure 6). Analysis 

of the human Crol ortholog hZNF267 reveals similar findings regarding its disƟnct roles in 

ISC/EB and EC (Paper III Figure 2, Figure 4, Figure 5), as well as its involvement in intesƟnal 

tumours and their microenvironment (Paper III Figure 6). One hallmark of cancer cells is 

the intra-tumour heterogeneity defined by disƟnct cell populaƟons within the same 

tumours. The newly established Rapport-tracing system allows to manipulate the disƟnct 

cell populaƟons within a tumour or its microenvironment while simultaneously tracing its 

progeny as shown for the analysis of Crol/hZNF267 in this thesis (Paper III Figure 6).  

Besides the local events that were shown to be regulated by Crol, Paper III also explores 

the resulƟng global effects analysing whole organ size of female intesƟnes. During this 

thesis Ahmed et al. 2020 also demonstrated that female intesƟnal size in Drosophila is 

regulated by 20HE signalling (Ahmed et al., 2020). However, a potenƟal role for Crol and 

the molecular mechanisms stabilizing intesƟnal size aŌer growth remained unknown. 

Advancing the understanding of pregnancy-related intesƟnal re-sizing is of parƟcular 

interest as it would allow to prevent or treat postpartum weight retenƟon which comes 

along with increased risks of developing metabolic disorders like diabetes or certain types 

of cancer (Haslam & James, 2005; James et al., 2004). Indeed, female intesƟnal size is 

increased upon ISC/EB specific knockdown of Crol and upon EC specific overexpression of 

Crol (Paper III Figure 7, Figure S7) once more underlining the opposing roles of Crol in 

controlling ISC mitosis (Fig.4). In addiƟon to the non-autonomous sƟmulaƟon of ISC 

mitosis by the 20HE-Crol-Wg axis in EC, Eip75B induces differenƟaƟon into epithelial EC 

(Paper I Figure 3, Figure 3–figure supplement 2) to yield a larger organ thus ensuring 

increased nutrient uptake to match higher energy demands (Fig.4). Finally, mathemaƟcal 
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modelling demonstrates that the opposing roles of Crol likely balance and stabilize 

intesƟnal size during growth, depending on 20HE levels. 

 

Fig.4: Graphical summary depicƟng the roles of endocrine JH and 20HE in maƟng-induced 

physiological adaptaƟons of the Drosophila midgut. 

Upon maƟng synthesis of JH in the corpus allatum and synthesis of 20HE in ovaries is induced. 
Both hormones are released into the circulaƟng haemolymph and reach remote organs such as 
the midgut. Within the midgut JH induces proliferaƟon in ISC via its target Kr-h1 increasing the 
number of midgut progenitor cells (ISC/EB). In EC, 20HE, through its target Crol/hZNF267, induces 
the expression and release of mitogenic Wg ligand, enhancing ISC proliferaƟon in a non-
autonomous manner. Downstream of 20HE, Eip75B-A/C/hPPARγ induces differenƟaƟon of the 
generated ISC/EB into new EC. Together these molecular mechanisms increase the number of 
epithelial cells and sequenƟally the size of the female Drosophila midgut in response to maƟng 
(green arrows). On the other hand, Crol/hZNF267 autonomously inhibits ISC proliferaƟon 
downstream of 20HE, thereby antagonizing the growth sƟmulaƟng mechanisms and balancing 
intesƟnal size (red lines). 

 

The mechanisms described here represent an example of inter-organ communicaƟon 

involving a steroid hormone which ensures adaptaƟons of the female body to changes in 

metabolic demands during the producƟon of offspring. Upon maƟng increased levels of 

20HE/oestrogen secreted from the ovaries act on remote organs like the intesƟne to 
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control size adaptaƟons and thereby nutrient uptake. This work shows how a single 

endocrine signal is translated into different autonomous and paracrine outputs in the 

remote intesƟne, thereby differenƟally affecƟng ISC proliferaƟon in both physiology and 

pathology. This bifurcaƟon of a sole hormonal sƟmulus into different signals gives further 

insights into the complexity of Ɵssue size regulaƟons. Understanding the molecular 

mechanisms that control pregnancy induced re-sizing of the intesƟne could also help to 

further unravel the processes that generally control organ sizes. Especially the mechanism 

of a sole systemic signal inducing organ growth and conversely also stalling further growth 

aŌer reaching an adequate size is of parƟcular interest. The opposing effects of 20HE and 

its downstream factor Crol in different cell types will also pave the way for untangling the 

controversial role of steroidal oestrogens on CRC development and progression.  
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4 Summary  
Inter-organ communicaƟon is an important mechanism that evolved with the transiƟon 

from unicellular to mulƟcellular organisms and is crucial throughout development and 

during adaptaƟons to external condiƟons. The generaƟon of offspring relies on several 

adaptaƟons of the mother’s body to ensure proper development of the offspring. These 

adaptaƟons are orchestrated by steroid hormones like oestrogens and include a size 

increase of the absorpƟve epithelium in the intesƟne to fit higher energy demands. 

Hormone-mediated intesƟnal re-sizing during pregnancy has already been shown in mice 

as well as the invertebrate model organism Drosophila melanogaster, but the detailed 

mechanisms which coordinate intesƟnal size adaptaƟons remained unknown. 

This thesis shows a role for the steroid hormone 20 hydroxy ecdysone (20HE) in re-sizing 

of the female Drosophila intesƟne. Two effectors, Ecdysone-induced protein 75B (Eip75B) 

and Crooked legs (Crol), have been idenƟfied that funcƟon downstream of systemic 20HE 

to locally control intesƟnal stem cell (ISC) behaviour. Upon maƟng and increased 

circulaƟng 20HE levels Eip75B induces differenƟaƟon of ISC into epithelial enterocytes (EC) 

to ensure increased nutrient uptake. Crol and its human ortholog hZNF267 were shown to 

differenƟally affect ISC behaviour depending on the cell type. Within ISC, Crol/hZNF267 

has an anƟproliferaƟve role by repressing cell cycle regulators String (Stg) and Cyclin-B 

(CycB). In EC, Crol/hZNF267 non-autonomously promotes ISC proliferaƟon by inducing 

expression and secreƟon of mitogenic Wingless (Wg) ligand. MathemaƟcal modelling 

proved the plausibility that these opposing roles of Crol on ISC behaviour can induce a 

stable intesƟnal size which depends on 20HE levels. In different tumour models Eip75B 

induces differenƟaƟon of tumour stem cells into postmitoƟc EC, whereas Crol/hZNF267 

prevents tumour formaƟon within the tumour cells and non-autonomously fuels tumour 

growth when expressed in surrounding EC.  

Together, the findings presented in this thesis describe an example of inter-organ 

communicaƟon involving a steroid hormone which is translated into different outputs with 

opposing effects on ISC behaviour. These local outputs ensure adaptaƟons of the female 

intesƟne to changes in metabolic demands during the producƟon of offspring and advance 

the understanding of mechanisms controlling organ size.
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5 Zusammenfassung 
Die KommunikaƟon zwischen Organen ist ein Prozess, welcher sich gleichzeiƟg mit dem 

Übergang von Einzellern zu Mehrzellern entwickelt hat. Diese Art von KommunikaƟon ist 

in der Entwicklung essenziell, und auch während der Anpassung adulter Organismen an 

äußere Einflüsse. Anpassungen des weiblichen Körpers finden zum Beispiel während der 

SchwangerschaŌ staƩ, um die richƟge Entwicklung der Nachkommen zu gewährleisten. 

Diese von Steroidhormonen gesteuerten Anpassungen umfassen eine Vergrößerung des 

Darms zur Erhöhung der Nährstoffaufnahme. DerarƟge Größenanpassungen des Darms 

konnten schon in Mäusen und Drosophila melanogaster gezeigt werden, Details über die 

kontrollierenden Mechanismen blieben dabei jedoch unbekannt.  

In dieser Arbeit wurde der Einfluss des Steroidhormons 20 Hydroxyecdyson (20HE) auf die 

Größenanpassung des Darms in weiblichen Drosophila untersucht. IdenƟfiziert und 

charakterisiert wurden zwei Faktoren, Ecdysone-induced protein 75B (Eip75B) und 

Crooked legs (Crol), welche abhängig von 20HE das Verhalten von intesƟnalen 

Stammzellen (ISC) kontrollieren. Erhöhte 20HE Vorkommen nach der Verpaarung 

induzieren durch Eip75B die Differenzierung von Vorläuferzellen zu epithelialen 

Enterozyten (EC). Für Crol und das humane Ortholog hZNF267 konnten unterschiedliche 

Effekte auf das ISC-Verhalten gezeigt werden. In ISC inhibiert Crol die Zellzyklus-

Regulatoren String (Stg) und Cyclin-B (CycB) und somit die ISC-ProliferaƟon. In EC 

sƟmuliert Crol nicht-autonom die ISC-ProliferaƟon durch IndukƟon des mitogenen 

Wingless (Wg) Liganden. Ein mathemaƟsches Modell konnte zeigen, dass die 

unterschiedlichen Effekte von Crol auf die ISC eine stabile Organgröße des Darms abhängig 

von der 20HE KonzentraƟon induzieren können. Auch in Tumor-Modellen induziert Eip75B 

die Differenzierung von Tumor-Stammzellen in postmitoƟsche EC, während Crol/hZNF267 

in Tumor-Stammzellen die Entstehung von Tumoren verhindert und andererseits nicht-

autonom das Tumorwachstum fördert.  

Zusammengefasst zeigen die hier dargestellten Ergebnisse ein Beispiel für die 

KommunikaƟon zwischen Organen. Ein Steroidhormon wird in lokale Signale übersetzt, 

die das ISC-Verhalten unterschiedlich beeinflussen, um somit die Größenanpassung des 

weiblichen Darms während der Erzeugung von Nachkommen zu steuern. 
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7 List of AbbreviaƟons 
 

20HE   20 hydroxy ecdysone 
Apc   Adenomatous polyposis coli 
CDC25   Cell division cycle 25C 
CRC   colorectal cancer 
CRISPR/Cas9  Clustered Regularly Interspaced Short Palindromic Repeats/ 
   CRISPR-associated protein 9 
Crol   Crooked legs 
CycB   Cyclin-B 
EB   enteroblast(s) 
EC   enterocyte(s) 
EE   enteroendocrine cell(s) 
Eip75B   Ecdysone-induced protein 75B 
esg   escargot 
Gal80ts   temperature sensiƟve Gal80 repressor 
Gce   Germ cell-expressed bHLH-PAS 
GFP   green fluorescent protein 
GSC   germline stem cells 
ISC   intesƟnal stem cell(s) 
JH   juvenile hormone 
Kr-h1   Kr transcripƟon factor homolog 1 
Med   Medea 
Met   Methoprene tolerant 
P53   Tumor protein p53 
PC   paneth cells 
hPPARγ  human Proliferator-acƟvated receptor gamma 
Pten   Phosphatase and tensin homolog 
Rapport  Repressible acƟvity paracrine reporter  
RasG12V   oncogenic version of Drosophila Ras85D with aminoacid 

subsƟtuƟon G to V at posiƟon 12 
ReDDM  Repressible Dual DifferenƟal stability cell Marker 
RFP   red fluorescent protein 
SP   sex pepƟde 
SRBP   sterol regulatory element-binding proteins 
Stg   String 
TA cells   transit amplifying cells 
tub-   tub-promotor 
UAS   upstream acƟvaƟng sequence 
Wg   Wingless 
hZNF267  human Zinc finger protein 267 
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