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Introduction

1 Introduction

The transition from unicellular to multicellular organisms involved the evolution of
higher organized cells into specialized tissues and organs with distinct functions. To
ensure the accurate development of these functions, distant organs must
communicate with each other. Additional requirements for inter-organ
communication emerge post-development when an organism adapts to external
conditions, such as the female body adjusting to shifts in metabolic demands during

the production of offspring.

1.1 Physiological adaptations during pregnancy and lactation

Female reproduction is energetically costly and relies on several adaptations of the
mother’s body to ensure proper development of the offspring. These physiological
changes influence the mother’s metabolism by affecting insulin regulation and glucose
homeostasis (Bailey & Ahmed-Sorour, 1980; Costrini & Kalkhoff, 1971), lipid handling
(Tiano & Mauvais-Jarvis, 2012), and appetite regulation (Fungfuang et al, 2013;
Stelmanska & Sucajtys-Szulc, 2014) to meet the increased energy demands during
pregnancy. To further support metabolic adaptations and enhance nutrient absorption,
the maternal intestine proportionally increases in size (Hammond, 1997; Speakman,

2008).

In rats, the expansion of intestinal mass is facilitated by both hyperplastic and hypertrophic
changes. The epithelium of the small intestine shows more numerous and larger cells
(Cairnie & Bentley, 1967). Interestingly, increases in intestinal mass during lactation are
tightly 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 adaptations, connecting specific energy demands determined by litter size to
the extent of intestinal expansion, underline a precise regulation mediated by inter-organ

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

intestinal size in mammals remain unknown.

Following pregnancy and lactation, when energy demands diminish, the pregnancy-
related intestinal enlargement and increased nutrient absorption often contribute to
weight gain, especially following multiple pregnancies (Casirola & Ferraris, 2003; Scholl et
al, 1995), and in obese women (Hytten, 1991). Postpartum weight retention is a significant
concern, as obesity is a health condition 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 identify the signals and molecular
mechanisms regulating intestinal size adaptations as it would allow to prevent or treat

pregnancy-related intestinal hypertrophy.

1.2 Steroid hormones as mediators of inter-organ communication

Hormones are systemic signals, which play a crucial role in inter-organ communication, as
they allow a rapid and coordinated response throughout the entire organism by
simultaneously targeting multiple organs. They are secreted by endocrine cells and

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

Growing evidence suggests that hormones derive from nutritional 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
regulating reproduction and are thought to be derived from signalling pathways
controlling reproduction in response to nutritional conditions (Della Torre et al, 2014).
Interestingly the chemical structures of mammalian steroid hormones and plant-growth
hormones is conserved suggesting that biochemical molecules existed prior to the
separation of the plant and animal kingdoms even before either group became
multicellular (Kushiro et al, 2003), highlighting the importance of hormone-driven inter-
organ communication in the evolution of multicellular 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 multicellularity (Clarke & Berg, 1998).

The mammalian sex steroids, including oestrogens, progesterone and androgens are well
known for their regulatory role in sexual differentiation, secondary sex characteristics,
sexual behaviours and reproduction. In addition, oestrogen and progesterone levels are
altered throughout pregnancy (Soldin et al, 2005) and associated with pregnancy-related
adaptations in the female body (Moya et al, 2014), suggesting they may also play a role in

regulating intestinal re-sizing.

1.3 The controversial role of steroid hormones in colorectal tumours

1.3.1 Indications of protective roles for oestrogens in colorectal cancer

Besides their roles in physiology, sex steroids, especially oestrogens are extensively
discussed in relation 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 metastatic 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 consumption of alcohol, the implication 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, functional studies
in mouse models with colon adenomas have demonstrated that ovariectomy, which leads
to a reduction in oestrogen synthesis, resulted in a 77% increase in intestinal adenomas.
Conversely, treatment with the oestrogen 17B-estradiol in ovariectomized mice reduced

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

In contrast to the protective role of oestrogens on the formation 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 population are thought to be longer
exposed to oestrogens compared to other female cohorts due to missing disruptions of
their menstrual cycles. A study performed in 1969 by the national cancer institute 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 & Potter, 1980; Weiss et al, 1981).

The proposed roles of oestrogens in CRC progression emphasize the need to uncover the
molecular mechanisms that regulate ISC proliferation and tumour growth downstream of
the hormone. Model organisms such as the fruit fly Drosophila melanogaster are utilized

to investigate these mechanisms.

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

1.4.1 Systemic roles of steroidal ecdysone hormone in Drosophila

Steroid hormones and their roles in inter-organ communication 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 active form 20 hydroxy ecdysone (20HE) is the
functional equivalent to mammalian oestrogen and is able to activate expression of human
oestrogen responsive genes (Aranda & Pascual, 2001; Martinez et al, 1991; Oberdorster

et al, 2001).

The major role for 20HE in Drosophila is the initiation of larval molting and pupariation.
The progression of these processes are driven by pulses of 20HE, which is produced in the
endocrine prothoracic gland and released into the circulating 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 adaptations upon mating

After pupariation 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; Konig et al, 2011; Morris & Spradling, 2012; Uryu et al,
2015). Mating triggers male-derived sex peptides (SP) to stimulate 20HE synthesis in the
ovaries. Released 20HE then activates ecdysone signalling in the ovarian niche cells
directly via its receptor, thus stimulating GSC proliferation and lipid accumulation (Ameku

& Niwa, 2016) (Fig.1).

Additionally, it was shown that 20HE functions similarly to oestrogen in regulating 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 regulating

reproduction and mating induced adaptations of the female metabolism.

Fig.1: Ecdysone steroid hormone-
induced adaptations upon mating.

Male-derived sex peptide (SP) induces
synthesis and release of ecdysone (E) in
ovaries. Circulating E reaches the GSC
and remote organs like the brain. In GSC
E induces proliferation and lipid
accumulation. Whereas via the brain
food intake is regulated.

GSC proliferation food intake

lipid accumulation
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1.5 Drosophila melanogaster as an established model for investigations in
physiology and pathology of the intestine

1.5.1 Similarities between the Drosophila midgut and the mammalian
small intestine

The functional and cellular similarities between the mammalian small intestine and the
Drosophila midgut establish the fly's digestive tract as a valuable model for studying
intestinal homeostasis. Primary functions of both organs are the digestion and absorption
of nutrients and water, as well as excretion. In both systems, the mammalian small
intestine and the Drosophila midgut, these functions are fulfilled by a monolayered

epithelium.

In the mammalian small intestine, the epithelium forms elongated domains towards the
lumen, called villi, and invaginated domains, called crypts. ISC reside at the bottom of the
crypt and divide to self-renew and to give rise to another population of ISC located at
position +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 regulating digestion by releasing various peptide hormones. TA cells in turn
proliferate and differentiate into absorptive 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 intestinal 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 differentiate into
absorptive EC and secretory EE, respectively (Chen et al, 2018; Micchelli & Perrimon, 2006;
Ohlstein & Spradling, 2006, 2007) (Fig.2 bottom).
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Fig.2: Schematic comparing cellular composition of the mammalian small intestine and the
Drosophila midgut.

(Top) The mammalian small intestine is made of a monolayered epithelium which forms elongated
domains towards the lumen, called villi, and invaginated domains, called crypts. Intestinal stem
cells (ISC) reside at the bottom 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 position +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 differentiate directly into secretory cells including PC and enteroendocrine
cells (EE). TA cells proliferate and differentiate into absorptive enterocytes (EC) as they move to
the top towards the villus. (Bottom) 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 differentiate into absorptive EC
and EE, respectively.
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Besides the described similarities in functionality and cellular composition, the Drosophila
midgut cell lineage is regulated by similar local signalling pathways as its mammalian
counterpart. In mammals intestinal homeostasis depends on Wnt/Wg signalling.
Inactivation of Wnt/Wg signalling induces differentiation and blocks ISC proliferation (Fevr
et al, 2007; van Es et al, 2012). Conversely, aberrant activation of Wnt/Wg signalling leads
to the formation of colon adenomas and is associated with CRC being the most frequently
altered signalling pathway in CRC patients (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-sensitive mutant allele of the Wnt/Wg ligand Wingless (Wg) diminishes the
ISC pool (Lin et al, 2008), and conversely overexpression of Wg induces ISC proliferation
(Cordero et al, 2012a; Lin et al., 2008; Singh et al, 2019). However, the precise source of
Wg and its role in regulating 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 inactivating Wnt/Wg pathway components only has a mild effect on ISC

proliferation(Lin et al., 2008).

1.5.2 ‘ReDDM’-tracing as genetic tool to investigate re-sizing of the
Drosophila midgut

There is a wide range of genetic tools for investigating intestinal homeostasis in adult
Drosophila, including ‘ReDDM’-tracing (Repressible Dual Differential 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 active Gal4
expression, whereas UAS-H2B::RFP has a longer half-life and is not restricted to the nuclei
of cells with active Gal4, but also persists in the progeny of cells which once had active
Gal4. Additionally, an ubiquitously expressed temperature-sensitive Gal80 repressor (tub-
Gal80¥) 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

10
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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
genetic tool for studying physiological adaptations to pregnancy in female Drosophila. 1t
labels intestinal progenitor cells and enables the tracking of newly produced epithelial

cells, facilitating the study of hyperplastic intestinal growth (Antonello et al., 2015).

1.5.3 Pregnancy induced re-sizing of the Drosophila intestine

The cellular composition and functionality of the Drosophila midgut are comparable to
those of the mammalian small intestine, and resizing of the digestive tract during offspring
production has also been observed in the fruit fly (Reiff et a/, 2015). Upon mating male-
derived SP stimulate the synthesis of endocrine JH in the corpus allatum and synthesis of
E in the ovaries, resulting in higher hormone levels in the circulating haemolymph (Ameku
& Niwa, 2016; Reiff et al., 2015). JH from the haemolymph is involved in sustaining ovarian
maturation and thus egg production (Flatt et al, 2005) (Fig.3A). Additionally, by using
‘ReDDM’-tracing it was shown that JH also reaches and affects the posterior midgut. In
ISC, JH induces proliferation through its receptors Methoprene-tolerant (Met) and Germ
cell-expressed bHLH-PAS (Gce), acting through their target Kr transcription factor homolog
1 (Kr-h1) (Fig.3B). Furthermore, JH stimulates lipid metabolism in EC via the Drosophila
homologue of the mammalian family of sterol regulatory element-binding proteins
(SREBP) (Fig.3B). Together the adaptations of ISC proliferation and lipid metabolism ensure
an increased nutrient uptake to match higher energy demands during egg production

(Reiff et al., 2015).

11
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Fig.3: Hormone-induced re-sizing of the midgut in mated female Drosophila.

(A) Upon mating male-derived sex peptides (SP) stimulate 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 maturation and in turn stimulates egg production. In the
midgut JH regulates expansion of the intestinal epithelium to increase nutrient uptake. (B) In detail
JH stimulates 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 transcription factor homolog 1
(Kr-h1). Whereas in ISC, JH via Met/gce and Kr-h1 stimulates proliferation to increase the number
of cells and sequentially intestinal size.

1.5.4 Drosophila as a model for investigating intestinal tumours

Besides genetic 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 additional new insights into CRC progression and developing toolkits like CRISPR/Cas
(Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated Protein)
(Jinek et al, 2012). Existing and future Drosophila CRC models can additionally be
combined with ‘ReDDM’-tracing to further disentangle the heterogeneity of tumours by

differentially labelling ISC/EB and their progeny. Furthermore, with the help of Drosophila

12



Introduction

CRC models the roles of steroid hormones on tumour initiation 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 regulating mating-
induced adaptations of the Drosophila midgut

The endocrine Drosophila JH was already shown to be implicated in physiological size
adaptations of the female intestine 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 regulating reproduction and mating induced
adaptations 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 mediating intestinal re-sizing. Investigating a possible role of 20HE in intestinal
size adaptations is of particular interest, because 20HE serves as the functional equivalent
of mammalian oestrogens (Aranda & Pascual, 2001; Martinez et al., 1991; Oberdorster et
al., 2001), enabling the application of insights gained from the role of 20HE in intestinal
re-sizing to potential implications of mammalian oestrogens in similar processes. Paper |

addresses the following questions:

Is 20HE also involved in regulating mating-induced re-sizing of the female

Drosophila midgut?

Which local factors downstream of 20HE are involved in mediating adaptations in

the remote midgut?

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

midgut antagonizing as shown for Drosophila development?

How is 20HE signalling affecting the initiation and progression of benign ISC-

tumours?

13
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1.6.2 Generation of novel avatar flies mimicking CRC

Additional to investigations of 20HE in physiological conditions and benign ISC-tumours
used in Paper |, the hormone’s role in CRC progression should be analysed. The generation
and establishment of novel CRC avatar flies is part of Paper Il. CRISPR/Cas9 is used and
combined with ‘ReDDM’-tracing to create novel fly avatars that mimic CRC from human
patients (Jinek et al., 2012; Port & Bullock, 2016; Port et al, 2014; Port et al, 2015). This
approach uses CRISPR/Cas9 to induce mutations 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 Ras®'?V. Insights gained from
manipulating systemic 20HE signalling in CRC avatar flies could provide a deeper
understanding of the contrasting effects of steroidal oestrogens on CRC development and

progression.

1.6.3 Identification of factors linking systemic ecdysone with local
signals in the remote intestine

Additional objectives of this thesis delve deeper into exploring how endocrine hormonal
signals are converted into local signals that regulate ISC proliferation and differentiation.
In developmental studies on Drosophila wing imaginal discs it was previously shown that
20HE controls proliferation via its translation into local signals regulating cell cycle
progression (D'Avino & Thummel, 1998; Mitchell et al, 2008; Mitchell et al, 2013). A zinc
finger transcription 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 interesting to investigate
whether the same link of systemic 20HE and local signals by Crol can be found in the adult

Drosophila midgut as well. Paper Il focuses on answering the following questions:

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

signalling? What are its functions within different cell types?

14
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Are Wg and Stg also regulated by Crol within the midgut cells?

How is Crol affecting the initiation and progression of benign ISC tumours when
expressed within the tumour or within the tumour microenvironment? How is Crol

affecting tumour progression in CRC avatar flies?
Does Crol relay endocrine regulation of mating-induced increase in intestinal size?

To investigate the non-autonomous regulation 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 manipulation of EC. Additionally, when
combined with N-RNAi to induce benign ISC-tumours, this system enables the

investigation of Crol’s non-autonomous roles in tumour initiation and progression.

15
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Ecdysone steroid hormone remote
controls intestinal stem cell fate decisions
via the PPARy-homolog Eip75B in
Drosophila

Lisa Zipper, Denise Jassmann, Sofie Burgmer, Bastian Gérlich, Tobias Reiff*

Institute of Genetics, Heinrich-Heine-University, Dusseldorf, Germany

Abstract Developmental studies revealed fundamental principles on how organ size and
function is achieved, but less is known about organ adaptation to new physiological demands. In
fruit flies, juvenile hormone (JH) induces intestinal stem cell (ISC) driven absorptive epithelial
expansion balancing energy uptake with increased energy demands of pregnancy. Here, we show
20-Hydroxy-Ecdysone (20HE)-signaling controlling organ homeostasis with physiological and
pathological implications. Upon mating, 20HE titer in ovaries and hemolymph are increased and act
on nearby midgut progenitors inducing Ecdysone-induced-protein-75B (Eip75B). Strikingly, the
PPARy-homologue Eip75B drives ISC daughter cells towards absorptive enterocyte lineage
ensuring epithelial growth. To our knowledge, this is the first time a systemic hormone is shown to
direct local stem cell fate decisions. Given the protective, but mechanistically unclear role of steroid
hormones in female colorectal cancer patients, our findings suggest a tumor-suppressive role for
steroidal signaling by promoting postmitotic fate when local signaling is deteriorated.

Introduction

Reproduction is an energetically costly process triggering multiple physiological adaptations of
organs such as liver, pancreas and gastrointestinal tract upon pregnancy in various species (Ham-
mond, 1997, Roa and Tena-Sempere, 2014). As a part of the hormonal response to mating and
increased metabolic energy consumption, the female Drosophila melanogaster midgut is remodeled
in size and physiology by stimulating intestinal stem cell (ISC) driven epithelial expansion to achieve
an even energy balance (Cognigni et al., 2011; Klepsatel et al., 2013; Reiff et al., 2015).

Since the discovery of adult intestinal stem cells (Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006), local signaling pathways such as Notch (N), Jak/Stat, EGFR, Wnt/wingless, Insulin-
receptor, Hippo/Warts and Dpp-signaling were shown to contribute to intestinal homeostasis under
physiological and challenged conditions like bacterial infections (Miguel-Aliaga et al., 2018)(and
references therein). The midgut epithelium is maintained by ISC giving rise to only two types of dif-
ferentiated cells: enteroendocrine cells (EE) and absorptive enterocytes (EC) (Figure 1A). Pluripotent
ISC are able to self-renew or divide asymmetrically into either committed EC precursor cells called
enteroblasts (EB) or enteroendocrine precursor (EEP) cells. EEP, upon timely activation of scute in
ISC, divide once more prior to terminal differentiation yielding a pair of EE (Chen et al., 2018;
Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007). Nine
out of ten ISC mitosis give rise to EB specified by N-activation in EB daughters (Micchelli and Perri-
mon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007). Post-mitotic EB retain a
certain degree of plasticity by: (1) delaying their terminal differentiation through mesenchymal-to-
epithelial transition (MET) (Antonello et al., 2015a), (2) changing their fate to EE upon loss of the
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Figure 1. The Ecdysone receptor in intestinal progenitors controls tissue homeostasis. (A) Scheme of the adult Drosophila melanogaster
gastrointestinal tract with cartoon depicting the midgut epithelial monolayer composed of intestinal stem cells (ISC), enteroblasts (EB), enterocytes (EC)
and enteroendocrine cells (EE) colored according to the lineage tracing system ReDDM with esg-Gal4 (Antonello et al., 2015a). (B) Schematic of
esgRePPM tracing including full genotype. ReDDM differentially marks cells having active or inactive Gal4 expression. Combined with esg-Gald, active in

Figure 1 continued on next page
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ISC and EB, esg®®®°M double marks ISC and EB driving the expression of UAS-CD8::GFP (membrane CD8::GFP, green), UAS-H2B::RFP (nuclear H2B::
RFP, red) and further UAS-driven transgenes (UAS abbreviated as >hereafter in Figure panels). Newly differentiated EC and EE with inactive esg-Gal4
are RFP™-only owing to protein stability of H2B::RFP. Flies are grown at permissive 18°C in which transgene expression is repressed by ubiquitous
tubulin-driven Gal80". By shifting adult females to the restrictive temperature of 29°C, Gal80" is destabilized, in turn enabling ReDDM-tracing marking
progeny (EE and EC with H2B::RFP nuclear stain) and in parallel manipulation by allowing transactivation of UAS-sequences through esg-driven Gal4-

expression (Antonello et al., 2015a). Posterior midguts (PMG) after seven days of esg

frelOM tracing of control (crossed with w'""®) adult MF (D) show

mating dependent addition of new EC compared to control VF (C) (Reiff et al., 2015). (E) Knockdown of EcR using UAS-driven RNAi abolishes mating
induced new EC generation in MF. (F+G) Overexpression of >EcR.B2 in VF (F) and >EcRFlyORF™YOR840 (G) does not induce proliferation or
differentiation of progenitors (ISC+EB). (H-I) Quantification of progenitor numbers (H) and traced progeny encompassing EC and EE (1) in R5 PMG
(n=24,17,17,17, 8). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni’s Multiple
Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). (J) Cartoon depicting experimental manipulations on EcR signaling pathway
investigated with esg®*P°™. Scale bars = 100 pm.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Data from Figure 1.

Figure supplement 1. The EcR is expressed in the adult Drosophila midgut.

Figure supplement 1—source data 1. Data from Figure 1—figure supplement 1.

transcription factor klu (klumpfuss) and (3) undergoing apoptosis as an additional homeostatic mech-
anism (Korzelius et al., 2019, Reiff et al., 2019).

Apart from aforementioned local signaling pathways, systemic hormones are released into the
hemolymph and act on distant organs (Figueroa-Clarevega and Bilder, 2015; Kwon et al., 2015;
Reiff et al., 2015). Upon mating, JH released by the neuroendocrine corpora allata is able to control
ISC proliferation through heterodimers of Met (methoprene-tolerant) and gce (germ cells expressed)
nuclear hormone receptors (Reiff et al., 2015). JH coordinates Drosophila larval development in
concert with the steroid hormone 20-hydroxy-ecdysone (20HE) and both hormones stimulate egg
production in adult females (Bownes et al., 1984; Gilbert et al., 2002; Kozlova and Thummel,
2000; Truman and Riddiford, 2002). In mated adult female flies, we confirmed an increase of 20HE
titers in ovary and detected a similar increase of hemolymph 20HE titers compared to virgin females
(Ameku and Niwa, 2016; Gilbert and Warren, 2005; Harshman et al., 1999). The anatomical prox-
imity of ovaries and the posterior midgut (PMG) prompted us to investigate a role for the Ecdysone-
receptor (EcR) signaling cascade in organ plasticity during reproduction. Downstream of EcR activa-
tion, we detected upregulation of Ecdysone-induced protein 75B (Eip75B) protein isoforms ensuring
absorptive EC production upon mating. Using the established Notch tumor paradigm, we found
that 20HE through Eip75B/PPARY remote controls EB differentiation and suppresses N-loss of func-
tion driven hyperplasia. The mechanism identified in this study not only plays a role in the physiology
of mating, but also contributes to our understanding of the protective effects of steroid hormone
signaling in the pathophysiology of human colorectal cancer.

Results

EcR controls intestinal stem cell proliferation and progenitor
differentiation

The female fly intestine undergoes various physiological post-mating adaptations including a size
increase of the absorptive epithelium (Cognigni et al., 2011; Klepsatel et al., 2013; Reiff et al.,
2015). Intrigued by post-mating increases of 20HE titers (Ameku and Niwa, 2016; Harshman et al.,
1999), we explored a role for EcR-signaling in mating adaptations of the adult Drosophila mela-
nogaster intestine.

EcR encodes for three different splice variants: EcR.A, EcR.B1 and EcR.B2 (Cherbas et al., 2003;
Talbot et al., 1993), which we detected by PCR in intestinal tissue with highest expression for EcR.
B2 (Figure 1—figure supplement 1A). Using EcR antibodies detecting all splice variants, we found
EcR in ISC (positive for the Notch ligand Delta*), EB (Notch responsive element, NRE-GFP*) and EC
(Discs-large-1, DIg-1", Figure 1—figure supplement 1B-D’” and Figure 1A for an overview). To
investigate a role for the EcR in intestinal tissue homeostasis, we first manipulated EcR function in
ISC and EB using the ‘ReDDM’ (Repressible Dual Differential Marker, Figure 1B) tracing method to
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observe its overall impact on tissue renewal (Antonello et al., 2015a). Briefly, ReDDM differentially
marks cells having active or inactive Gal4 expression with fluorophores of different stability over a
defined period of time. Combined with the enhancer trap esg-Gal4, active in progenitors (ISC and
EB), engeDDM double marks ISC and EB driving the expression of UAS-CD8::GFP (>CD8::GFP) with
short half-life and >H2B::RFP with long half-life. Upon epithelial replenishment, CD8::GFP signal is
lost and new terminally differentiated EC (Dlg-1*) and EE (Prospero, Pros™) stemming from ISC divi-
sions retain a RFP*-nuclear stain due to fluorophore stability (Figure 1A,B; Antonello et al., 2015a).
Crosses are grown at 18°C in which transgene expression is repressed by ubiquitous tubulin-driven
temperature sensitive Gal80®. By shifting adult females to 29°C, Gal80® is destabilized, in turn
enabling spatiotemporal control of esgRPPM.tracing and additional UAS-driven transgenes in pro-
genitors (Figure 1B).

After seven days of esg -tracing, mated females (MF, Figure 1D) showed increases of pro-
genitor numbers (Figure 1H) and newly generated progeny (EE+EC, Figure 1) in the R5 region of
the PMG over virgin females (VF, Figure 1C) confirming previous observations (Reiff et al., 2015).
Reducing EcR-levels with two different >EcR RNAi stocks in MF resulted in a reduction of ISC/EB
numbers (Figure 1E,H, Figure 1—figure supplement 1L) and newly generated progeny (Figure 1E,
I, Figure 1—figure supplement 1L) to levels comparable to VF controls (Figure 1C,H,l). We con-
firmed knockdown efficiency of >EcR RNAI in esgR®PPM by measuring fluorescence intensity of EcR
in progenitor cells in situ and found EcR-protein levels significantly decreased in both RNAI lines
(Figure 1—figure supplement 1E-H).

Independent of EcR-abundance, we found that expressing dominant-negative EcR.B2 isoforms or
EcR-heterozygosity using EcRM®>#*, a well described loss-of-function (LOF) allele, phenocopy >EcR
RNAI (Figure 1—figure supplement 1I-K). Generally, EcR LOF leads to a similar phenotype as JH-
receptor knockdown in MF (Reiff et al., 2015). To investigate whether EcR-levels affect progenitor
behavior, we overexpressed wildtype EcR.B2 and pan-EcR using esgR°®°™ in VF. We found neither
induction of progenitor numbers nor an increase in new EC (Figure 1F-I), suggesting that EcR-
dependent proliferation and differentiation of progenitors might be limited by 20HE availability
(Figure 1J).

ReDDM

Ecdysone titers are increased upon mating and actively transported
into progenitors to adapt intestinal physiology
In close anatomical proximity to the PMG, the ovaries are an established ecdysteroidogenic tissue.
Determining 20HE titers 48 hr after mating using enzyme immunoassays, we confirmed previous
reports of mating dependent increases of ovarian 20HE titers (Figure 2A; Ameku and Niwa, 2016;
Harshman et al., 1999) and observed a similar increase in the hemolymph (Figure 2A). As a study
investigating the ecdysoneless mutants suggested that the ovary is the only source for 20HE in adult
females (Garen et al., 1977), we sought to diminish 20HE titers in adult females. Therefore, we
genetically ablated the ovaries using the dominant sterile ovo®’ allele in which egg production is
blocked prior to vitellogenesis (Busson et al., 1983; Oliver et al., 1987, Reiff et al.,
2015; Figure 2D). 20HE titers in the hemolymph of ovoP’ females are reduced around 40-50% com-
pared to wild-type females (Figure 2B,A). Interestingly, 20HE titers in hemolymph and remnants of
the ovaries are still significantly increased upon mating of ovoP’ females (Figure 2C). Consequently,
20HE titers in sterile esg®®PP"/ovoP’ MF increase the number of progenitors (Figure 2E) and prog-
eny (Figure 2F). This suggests that remaining 20HE levels are sufficient to elicit mating related mid-
gut adaptations.

20HE is a polar steroid, which disperses through hemolymph and binds to EcR to activate target
gene transcription (Figure 2D; Bownes et al., 1984; Gilbert et al., 2002). Using an established
reporter for the activation of 20HE signaling, we found mating induced increases of EcR activity in
PMG and ovaries using qPCR (Figure 2J). As orally administered 20HE is metabolized and cleared
of rapidly, we used the potent non-steroidal EcR agonist RH5849. RH5849 is used as pest control
due to its stability, specificity and a 30-60 times higher efficacy compared to 20HE (Robinson et al.,
1987, Wing et al., 1988). Testing concentrations from 1 to 100 pg/ml in timed egg-layings, we
observed expected larval molting defects for concentrations from 50 pg/ml upwards (Figure 2—fig-
ure supplement 1A). Feeding control esg®*®"M VF 50 pug/ml with RH5849, we traced intestinal pro-
genitors with pharmacologically activated EcR-signaling for seven days. RH5849 strongly induces ISC
mitosis, reflected by a tenfold increase in newly generated progeny over mating induction
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Figure 2. Intracellular 20-Hydroxy-ecdysone levels control ecdysone response through the ecdysone importer. (A-C) Determination of 20HE titers in

ovaries and hemolymph of wild-type (A,B) and ovo®

" (B,C) adult VF and MF 48 hr after mating. (A,C) show fold-change increases over VF titer (dotted

line aty = 1). (D) Cartoon depicting ovarian 20HE release to ISC/EB in the adjacent PMG. Please note that in wild-type females, 20HE is incorporated

into developing eggs during vitellogenesis, whereas in ovo®

Figure 2 continued on next page
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hemolymph. 20HE from the hemolymph is absorbed by ISC/EB in the PMG, where the cartoon illustrates specific genetical and pharmacological
manipulations on the EcR-signaling pathway. (E-I) Representative images of adult PMG after seven days of esg®*®°M tracing of ovo®’ VF (E), ovo®’ MF
(F) and control VF (G) and MF (H). (I) Control VF PMG after oral administration of RH5849 (50 ug/ml). (J) Quantitative RT-PCR on EcRE (Ecdysone
responsive elements, [Schwedes et al., 2011]) driving lacZ expression on intestinal cDNA from VF and MF control flies. Values are normalized to VF
levels (dotted line aty = 1) and statistically analysed using student’s t-test (*p<0.05, **p<0.01; ***p<0,001;). (K-N) Up- and downregulation of Ecl in VF
(K,M) and MF (L,N) using UAS driven transgenes after seven days of tracing with esg®*®°™. (O) Quantitative RT-PCR of Ecl on intestinal cDNA from VF
and MF control flies. Values are normalized to VF levels (dotted line at y = 1) and statistically analysed using student’s t-test (*p<0.05, **p<0.01;
***<0,001;). (P,Q) Quantification of progenitor numbers (P) and traced progeny encompassing EC and EE (Q) in RS PMG (n = 7,9/3,9,5,13/
16,13,8,10,10,19). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni's Multiple
Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). Scale bars = 100 um.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Data from Figure 2.

Figure supplement 1. 20HE regulates physiological adaptations of fatty acid metabolism.
Figure supplement 1—source data 1. Data from Figure 2—figure supplement 1.

(Figure 2G-1,Q). Interestingly, RH5849 mediated EcR-activation leads to no accumulation of progen-
itors (Figure 2P) as observed in oncogenic manipulations or disruptions of intestinal homeostasis,
suggesting a role for EcR in both, proliferation and differentiation (Antonello et al., 2015a;
Chen et al., 2016; Patel et al., 2015; Reiff et al., 2019). Given the role of 20HE induced pro-
grammed cell death (PCD) in larval metamorphosis and the recently discovered role of EB PCD in
adult midgut homeostasis (Jiang et al., 1997; Jiang et al., 2000; Reiff et al., 2019), we addressed
PCD by activated caspase-3 staining, but found no increase of PCD by RH5849 (data not shown).

Cellular 20HE uptake was recently shown to depend on Ecdysone Importer (Ecl) belonging to the
evolutionary conserved SLCO superfamily of solute carrier transporters. Ecl LOF causes phenotypes
indistinguishable from 20HE and EcR deficiencies in vivo (Okamoto et al., 2018). To investigate a
role of Ecl, we confirmed membrane localization of >Ecl tagged with HA by immunostaining in pro-
genitors using esg®®PPM (Figure 2—figure supplement 1B). After seven days, forced expression
of >Ecl using esg®*P°M in VF lead to no increase in progenitor numbers and new EC, underlining
that VF 20HE levels are low (Figure 2K,P,Q). Further supporting this hypothesis,>Ecl in MF lead to
an increase of newly generated EC exceeding typical mating induction of MF controls by 4.8 fold
(Figure 2L,P,Q). Blocking 20HE uptake by Ecl-RNAi in MF abolished ecdysone induced tissue expan-
sion to VF control levels (Figure 2N,P,Q). In addition, we tested a function of the Ecl gene in mating
induction, but found no change in Ecl expression upon mating (Figure 20). Both, pharmacological
and genetic experiments, suggest that 20HE titer and import control EcR-activity upon mating
(Figure 2D).

Upon mating, absorptive EC undergo metabolic adaptations upregulating genes known for lipid
uptake (Reiff et al., 2015). We found EC immunoreactive for EcR (Figure 1—figure supplement
1D) and investigated a function for EcR in mating related upregulation of lipid uptake by measuring
the activity of sterol regulatory element-binding protein (Srebp) (Reiff et al., 2015). Therefore, we
used a GFP-reporter (Srebp >CD8::GFP) that is subjected to the same proteolytic processing as
Srebp (Athippozhy et al., 2011; Reiff et al., 2015). Confirming previous observations, Srebp-activ-
ity increases 2.2 fold upon mating (mean fluorescence intensity, Figure 2—figure supplement 1C,
D; Reiff et al., 2015). Using the Srebp-reporter to drive >EcR RNAi in MF, we found reduced
Srebp-activity comparable VF controls (Figure 2—figure supplement 1E-F,H), whereas feeding VF
with RH5849 induced Srebp-activity 2.4 fold (Figure 2—figure supplement 1G,H). Next, we directly
addressed lipid uptake with OilRedO-staining on PMG using the EC driver Mex®™. In accordance with
Srebp-activity (Figure 2—figure supplement 1C,D,G), feeding flies with RH5849 (Figure 2—figure
supplement 1K) and forced expression of Ecl (Figure 2—figure supplement 1L) significantly
induced lipid uptake (Figure 2—figure supplement 10) over controls (Figure 2—figure supple-
ment 11,J). Mex® > Ecl RNAi and >EcR RNAI did not result in a reduction of lipid uptake below con-
trol levels (Figure 2—figure supplement 1M,N,I), confirming previous observations of direct fatty
acid incorporation into newly produced eggs (Reiff et al., 2015).

These data support the idea that mating related synergistic effects of JH- and 20HE-signaling
drive adaptation of intestinal homeostasis and physiology. The JH-signal is transduced by the
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transcription factor Krippel-homolog 1 (Kr-h1) in adult MF intestines, which prompted us to explore
a function for the ‘classical’ Ecdysone target genes (Jindra et al., 2013; Reiff et al., 2015).

Ecdysone-induced protein 75b protein isoforms Eip75B-A and Eip75B-C
control enteroblast differentiation

During Drosophila development, 20HE pulses lead to direct binding of EcR to regulatory regions of
early ecdysone response genes Ecdysone-induced protein 74A (Eip74EF) and Ecdysone-induced
protein 75B (Eip75B, Figure 3A; Bernardo et al., 2014; Karim and Thummel, 1991, Segraves and
Hogness, 1990). First, we performed conventional PCR to analyze JH- and Ecdysone target gene
expression. Signal for Kr-h1-A (Kr-h1 in the following), but not Kr-h1-B, and for all isoforms of
Eip74EF and Eip75B was found (Figure 3B). Using quantitative real time PCR (qPCR) analysis, we
confirmed an increase of JH-pathway activity upon mating using Kr-h1 as control
(Figure 3C; Reiff et al., 2015). To our surprise, we found Eip74EF expression unchanged, in contrast
to its prominent role in the control of germline stem cell (GSC) proliferation in oogenesis (Ables and
Drummond-Barbosa, 2010). Instead, we found induction of Eip75B-A and -C isoforms (Figure 3C).
Eip75B encodes for three protein isoforms (Eip75B-A, -B and -C) that differ in their N-terminal
domain structure (Segraves and Hogness, 1990) and Eip75B-B lacks one of the two zinc-finger
DNA binding domains rendering it incapable of direct DNA binding (White et al., 1997).

Intrigued by mating increases of Eip75B-A /- C levels, we manipulated Eip75B function using
esgRePPM_ Reducing Eip75B levels with RNAI, we found a significant increase in ISC and EB numbers
(Figure 3D,E,L), but not in EC generation compared to VF controls (Figure 3M). In MF, Eip75B
knockdown reduced newly generated EC compared to MF controls, pointing to a role of Eip75B in
EB differentiation downstream of EcR-activation (Figure 3E,M). Interestingly, feeding flies with
RH5849 lacking Eip75B in their intestinal progenitors (Figure 3F) did not result in newly generated
progeny (Figure 3M compare to Figure 2Q), suggesting a central role for Eip75B in the RH5849
response. Additionally, we investigated homozygous Eip75B-A mutants using MARCM clonal analy-
sis with a known LOF allele (Rabinovich et al., 2016). MARCM clones of Eip75B-A (Eip7SBA81) are
significantly larger compared to controls (Figure 3—figure supplement 1A-D; Lee and Luo, 1999).
Eip75B°%" deficient clones contain few differentiated EC (GFP*/Dlg-1*, Figure 3—figure supple-
ment 1C) suggesting disturbed EB to EC differentiation as observed for esgf*P°™ >Eip75 B-RNAi
(Figure 3E). Together, these LOF experiments hint to a role for mating induced Eip75B-A /- C iso-
forms in EC differentiation of EB downstream of EcR.

Forced expression of Eip75B variants with esg®®PPM resulted in three prominent phenotypes: (1)
Eip75B-A and Eip75B-C strongly drive differentiation into EC (Dlg-1%, Figure 3G,J,M) depleting the
entire progenitor pool (Figure 3G,J,M). (2) The Eip75B-B isoform induces ISC proliferation in VF
(Figure 3I, Figure 3—figure supplement 1F) and raised progenitor numbers suggesting slowed
down but not inhibited terminal differentiation (Figure 3I,L,M). (3) All Eip75B manipulations strongly
reduce the number of newly differentiated EE (Figure 3—figure supplement 1E). This suggests that
EE differentiation upon Eip75B-RNAi and forced expression of the Eip75B-B isoform is blocked
(Figure 3I,L, Figure 3—figure supplement 1E). Eip75B-A and Eip75B-C are sufficient to instan-
taneously drive progenitors into EC differentiation (Figure 3G,H,J,K) even in the absence of 20HE
import (Figure 3H,K). The immediate strong differentiation stimulus prevents further ISC division
and as a consequence also reduces new EE (Figure 3L,M, Figure 3—figure supplement 1E). Dis-
rupting intestinal homeostasis alters midgut length (Hudry et al., 2016) and in line with this, Eip75B
manipulations result in a shorter midgut as EC make up around 90% of the whole midgut epithelium
(Figure 3—figure supplement 1G). Eip75B affects intestinal homeostasis by either slowing down
terminal EB to EC differentiation (Eip75B-B and Eip75B-RNAI) or depleting the ISC and EB pool
(Eip75B-A /- C, Figure 3—figure supplement 1G) preventing sufficient EC production along the
gut. When EC production is blocked using >N RNAI, the midgut shrinks around one third over a
period of seven days (Chen et al., 2018; Guo and Ohlstein, 2015; Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007; Patel et al., 2015). Thus, all Eip75B
manipulations ultimately lead to an insufficient number of new absorptive EC resulting in a shorter
midgut.

Eip75B is a long term predicted PPARy-homologue (peroxisome proliferator-activated receptor
gamma) in Drosophila. A close functional homology got recently confirmed in pharmacogenetic
approaches demonstrating that Eip75B-mutant flies are irresponsive to PPARY activating drugs
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Figure 3. Ecdysone induced protein 75B is upregulated upon mating and controls progenitor differentiation. (A) Cartoon depicting EcR signaling
cascade activating early ecdysteroid target genes. (B) Expression analysis of Ecdysone- and JH-signaling target genes including protein isoforms on
cDNA transcribed from mRNA isolations from whole midgut dissections of MF. (C) Quantitative RT-PCR on early ecdysteroid genes on intestinal cDNA
from VF and MF control flies. Values are normalized to VF levels (horizontal line = 1) and statistically analyzed using student’s t-test (n = 6; *p<0.05,
Figure 3 continued on next page
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Figure 3 continued

**p<0.01;). (D-E) RNAi-mediated downregulation of Eip75B in VF (D), MF (E) and MF fed with RH5849 (F) after seven days of tracing with esg™PPM (G-
K) Representative images of adult PMG with forced expression of Eip75B isoforms Eip75B-A (G), Eip75B-A and Ecl-RNAI (H), Eip75B-B (I), Eip75B-C (J),
Eip75B-C and Ecl-RNAI (K) after seven days of tracing with esgR®®". Inset in (F) depicts epithelial integration of newly generated Dlg-1*/RFP*-EC. (I-J)
Quantification of progenitor numbers (1) and traced progeny encompassing EC and EE (J) in RS PMG (n = 12,13,10,12,11,11,14,8,10,10,10,5,11). Error
bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni's Multiple Comparison Test
(*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001, identical p-values are marked by # when compared to MF). Scale bars = 100 um.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Data from Figure 3.

Figure supplement 1. Analysis of Eip75B-A MARCM clones.

Figure supplement 1—source data 1. Data from Figure 3—figure supplement 1.

Figure supplement 2. EB specific genetic manipulation of Eip75B using klu®PPM.

Figure supplement 2—source data 1. Data from Figure 3—figure supplement 2.

(Joardar et al., 2015; King-Jones and Thummel, 2005). This homology is of particular interest, as
human PPARY plays a role in i) pregnancy related adaptations of lipid metabolism (Waite et al.,
2000) and ii) as target in colorectal cancer (CRC) (Sarraf et al., 1999). Thus, we tested pharmacolog-
ical activation of Eip75B/PPARY with the established agonist Pioglitazone, a drug used in Diabetes
mellitus treatment (Gillies and Dunn, 2000; Jafari et al., 2007). Flies fed with food containing Pio-
glitazone show a strong increase in the number of progenitor cells (Figure 4B,E) and newly gener-
ated EC (Figure 4F) compared to controls (Figure 4A). Strikingly, knockdown of Eip75B led to
irresponsiveness to Pioglitazone (Figure 4C,D,F) suggesting that Pioglitazone activates Eip75B in
intestinal progenitors.
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Figure 4. The Eip75B/PPARY agonist Pioglitazone acts through Eip75B to stimulate progenitor differentiation. (A-D) Representative images of adult
PMG after seven days of engeDDM tracing of control MF (A,B) and >Eip75 B-RNAi MF (C,D) fed with DMSO as control (A,C, 2.5 ul/ml food) and
Pioglitazone (B,D; 0,002 mg in DMSO/ml food). (E+F) Quantification of progenitor numbers (E) and newly generated EC (F) in RS PMG (n = 7,6,10,11).
Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni’s Multiple Comparison Test
(*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001,. Scale bars = 100 um.

The online version of this article includes the following source data for figure 4:

Source data 1. Data from Figure 4.
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Taken together, these findings strongly suggested a role for Eip75B in EB differentiation. EB are
specified by N-signaling and their lineage is maintained by the transcription factor klumpfuss (klu).
klu*-EB retain some plasticity to change fate to EE upon reduction of klu-levels (Korzelius et al.,
2019; Reiff et al., 2019). We used klu®*PPM to explore the function of EcR and Eip75B in EB lineage
identity (Figure 3—figure supplement 2A). No changes in EB fate decisions towards EE differentia-
tion were observed upon knockdown of EcR and Eip75B (Figure 3—figure supplement 2A,B-D).
Eip75B-A and Eip75B-C expression with kluR*PPM phenocopied EB to EC differentiation effects
observed in esgR*PPM (Figure 3—figure supplement 2G,1,J,K) without non-autonomously inducing
proliferation in wild-type ISC of VF and MF (Figure 3—figure supplement 2J,K). Expressing Eip75B-
B in kluRePPM |ead to delayed EB differentiation similar to esg®®P°M and non-autonomous induction
of ISC mitosis (Figure 3I, Figure 3—figure supplement 2J,L; Patel et al., 2015; Reiff et al., 2019).
Having identified Eip75B-A /- C as mating induced differentiation effector of 20HE signaling, we
hypothesized and investigated a synergism of 20HE and JH hormonal signaling pathways controlling
epithelial expansion upon mating.

The interplay between JH and 20HE in intestinal progenitors

Our data suggest that mating induced JH and 20HE signaling affect ISC proliferation and EB differ-
entiation through their effectors Kr-h1 and Eip75B-A /- C (Figure 5K; Reiff et al., 2015). In VF lack-
ing mating induction of both hormones (Figure 2A-C; Ameku and Niwa, 2016; Harshman et al.,
1999; Reiff et al., 2015), forced >Kr h1 expression doubles progenitor numbers reproducing previ-
ous results (Figure 5B,I; Reiff et al., 2015). Initially, we aimed to perform a full genetic epistasis
analysis for Eip75B and Kr-h1, but this analysis was hampered as we failed to recombine Kr-h1-RNAi
with Eip75B isoform expressing stocks.

However, we were able to analyze midguts of MF with forced Kr-h1-expression and simultaneous
Eip75B-RNAI (Figure 5C,D), which increases progenitor numbers (Figure 5I) with only few newly
generated EC (Figure 5J). This finding supports the requirement of Eip75B in EB differentiation
(Figure 3E) and Kr-h1 in ISC proliferation (Figure 5A). Simultaneous double knockdown of >Kr-h1-
RNAI/Eip75B-RNAI (Figure 5H) in MF did not show mating induction. Progenitor numbers and dif-
ferentiated progeny are reduced (Figure 5I,J) phenocopying single >Kr h1-RNAi (Reiff et al., 2015).
Surprisingly, we observed a strong increase of progenitor numbers forcing Kr-h1 and Eip75B-B
expression (Figure 5F,l,J). These results indicate an additive role of forced Eip75B-B and Kr-h1-
expression on ISC proliferation, whereas the latter transduces the mating related proliferation
response (Figure 3C). The stimulus inducing Eip75B-B expression yet needs to be identified
(Figure 5K).

Most interestingly, Eip75B-A and -C, despite of raised Kr-h1-levels, drive progenitors into EC dif-
ferentiation largely phenocopying sole Eip75B-A and -C expression (compare Figures 3G,J and 5E,
G,1,J). Our data on Eip75B-A and -C corroborate a potent role for Ecdysone-induced EB differentia-
tion. ISC fate decisions in the adult midgut rely on N-signaling (Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007). During Drosophila follicle cell devel-
opment N opposes EcR-function (Sun et al., 2008), which prompted us to investigate Eip75B-A /- C
as effectors of EcR-signaling in the context of N-dependent EB differentiation.

Ecdysone signaling through Eip75B-A and Eip75B-C controls
enteroblast differentiation in a notch deficiency tumor model

In the Drosophila and mammalian intestinal stem cell niche, N-signaling specifies EE and EC fate
(Jensen et al., 2000; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and
Spradling, 2007; VanDussen et al., 2012). In Drosophila, mitosis of N mutant ISC generates only
ISC-like progenitor cells and EE, which results in an intestinal epithelium accumulating a lack of newly
produced EC and compensatory proliferation (Figure 6A,B; Chen et al., 2018; Guo and Ohlstein,
2015; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; Ohlstein and Spradling,
2007, Patel et al., 2015).

Using N-LOF tumors as an experimental paradigm lacking EC production, we sought to investi-
gate the differentiation inducing properties of Eip75B-A /- C. Reduction of N by RNAi or a domi-
nant-negative N-receptor using esg®®®”M lead to tumors of different sizes, which we quantified and
classified according to their number (Figure 6B). We predominantly found tumors of 5-10 cells
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Figure 5. Crosstalk between JH- and Ecdysone-signaling pathways controlling intestinal progenitor proliferation and differentiation. (A-B) Images of
adult PMG of control VF (A) and forced expression of > Kr h1 (B) traced for seven days with engPDDM. (C-H) Images of adult PMG with forced
expression of > Kr h1 with > Eip75 B-RNAi in VF and MF (C,D) and expression of Eip75B isoforms > Eip75 B-A (E),>Eip75 B-B (F),>Eip75 B-C (G) and
double > Eip75B-RNAi/>Kr-h1-RNAi (H) after seven days of tracing with esg®*®°M. Please note that genotypes of (C-G) were accompanied with semi-
lethality even at permissive 18°C, suggesting for example background transgene expression or position effects most probably caused by the total
number of six transgenes including esg®*®°". PMG of > Kr h1 combinations also showed some progenitor lethality indicated by membrane-blebbing
and irregularities (arrowheads, (E-G) as described in Reiff et al., 2019. (J) Quantification of progenitor numbers (l) and traced progeny encompassing
Figure 5 continued on next page
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Figure 5 continued

EC and EE (J) in R5 PMG (n = 12,5,9,8,7,13,8,8,13). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way
ANOVA with Bonferroni’s Multiple Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001, identical p-values are marked by # when compared
to MF). Scale bars = 50 um (K) Cartoon depicting transcriptional effectors of JH- and Ecdysone signaling pathways. The JH receptor is formed by a
heterodimer of Methoprene tolerant (Met) and germ cells expressed (gce). Ligand bound receptor activates the transcription of kriippel homolog 1 (Kr-
h1) mediating mating effects in the adult intestine (Reiff et al., 2015) Forced expression of Eip75B-B affects proliferation and differentiation through an
yet unknown stimulus.

The online version of this article includes the following source data for figure 5:

Source data 1. Data from Figure 5.

(Figure 6B, Figure 6—figure supplement 1A), but also few tumors containing more than 100 ISC/
EE-like cells with indistinguishable single or multiple ISC origin (class IV, Figure 6B, Figure 6—figure
supplement 1A).

Co-expression of Eip75B-A /- C with N-LOF strongly reduced total tumor number (Figure 6C,D,
F) and smaller class I, Il and [l tumors (Figure é—figure supplement 1A), whereas Eip75B-RNAi
results in confluent class IV tumors all along the PMG (Figure 6E). Although tumor number is
strongly reduced (Figure 6F), occasional class IV tumors (<1/PMG) are able to escape suppressive
Eip75B-A /- C showing no reduction in tumor size (Figure 6—figure supplement 1A). Additional
tumorigenic mechanisms such as Upd- or EGF-ligand upregulation may counteract the tumor sup-
pressive function of 20HE signaling in class IV tumors (Patel et al., 2015).

Since Eip75B-A and Eip75B-C re-enable EC differentiation despite the lack of N (Figure 6C,D;
Dlg-1*/RFP*), we investigated whether the EcR-pathway and pharmacological Eip75B-activation are
able to trigger EC fate in a N-LOF context. Activation of Eip75B using Pioglitazone led to more
newly generated EC (Figure 6H,l) compared to controls (Figure 6G). In addition, we observed a
slight, but significant reduction in the number of N-tumors upon feeding Pioglitazone (Figure 6J).

Given the protective role of steroid hormone signaling in colorectal cancer (CRC), we sought to
investigate N tumor numbers upon EcR-signaling activation (Chen et al., 1998; Hendifar et al.,
2009; Lin et al., 2012). We activated EcR-signaling with RH5849 (Figure 7B) or by raising intracellu-
lar levels of 20HE expressing > Ecl in esg®PPM(Figure 7D). Either manipulation resulted in numer-
ous confluent tumors reflecting the previously observed role of 20HE in proliferation (Figure 7F). In
line with this,>Ecl RNAi- and >EcR RNAI significantly reduced tumor burden (Figure 7C,E,F).

More importantly, ecdysone-pathway activation led to significantly higher numbers of newly gen-
erated EC (arrowheads in Figure 7B,D,G), suggesting an upregulation of Eip75B-A and Eip75B-C in
Notch tumors upon EcR-activation through RH5849 and > Ecl. To exclude remaining N activity, we
generated MARCM clones mutant for N (N°*¢"") (Guo and Ohlstein, 2015). In agreement with our
previous observations, activating 20HE signaling in N clones led to a tenfold increase in EC numbers
over controls (Figure 7—figure supplement 1A-C) and forced expression of > E75 A/-C to instant
EC formation (Figure 7—figure supplement 1D-E). Interestingly, in the presence of N, its activity is
increased upon RH5849 feeding (Figure 7—figure supplement 1F), which suggests an interplay
between Notch and EcR-signaling that might converge on Eip75B (this study) and klu
(Korzelius et al., 2019, Reiff et al., 2019).

Taken together, our data establish 20HE as a systemic signal controlling reproductive adaptations
in synergism with JH (Figure 7H). Focusing on EcR-signaling in ISC and EB, we found the mating
induced Eip75B-A /- C isoforms acting as differentiation factors in EB. Eip75B-A /- C induces EC fate
even in Notch-deficient midgut progenitors, an experimental paradigm used to recapitulate early
steps of tumorigenesis. Notch dependent fate decisions in midgut precursor cells are conserved
between flies and humans. Thus, our findings suggest a new mechanism how steroid hormone sig-
naling might suppress tumor growth by promoting post-mitotic cell fate in intestinal neoplasms
marked by a lack of fate specification.
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Figure 6. Ecdysone induced protein 75B promotes EB differentiation in a Notch tumor paradigm. (A) Cartoon depicting cell fate changes upon N-LOF
combined with esg®*®"M coloring (Ohlstein and Spradling, 2006; Ohlstein and Spradling, 2007). (B) > N RNAI driven by esg®*P° |eads to different
tumor sizes after seven days of tracing that were classified in four classes according to size. Note, ISC-like/EE clusters up to four cells are not quantified
as they occasionally occur in controls too. Progenitors are double labelled (GFP*/RFP"), where newly generated EE are identified by immunostaining
for Prospero (Pros) and H2B::RFP trace from engeDDM. (C-D) Co- expression of Eip75B isoforms > Eip75 B-A (C) and > Eip75 B-C (D) after seven days
of tracing with esg®*PP" > N RNAi in MF. Note additional Dlg-1*-immunoreactivity in (grey,C+D) demonstrating epithelial integration of newly
generated cells as EC (DIg-1"/RFP*). (E+E’) RNAi-mediated downregulation of Eip75B in MF shows confluent N-tumors (E) accompanied by increased
mitosis (E). (F) Quantification of ISC progeny encompassing ISC-like and EE total N-tumor number in R5 PMG (n = 10,10,10). (G-J) Feeding of the
Figure 6 continued on next page
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Figure 6 continued

Eip75B/PPARy agonist Pioglitazone to esg

Stem Cells and Regenerative Medicine

ReDDM . NPN flies leads to the generation of newly generated EC ((H,1), DIg-1*/RFP”) after seven days of

tracing compared to DMSO controls (G, ). (I-J) Quantification of ISC progeny encompassing ISC-like and EE total N-tumor number in R5 PMG (n = 5,5).
Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni’s Multiple Comparison Test
(*p<0.05, **p<0.01; *** p$$BOX_TXT_ENDS$S$. <0,001; ****p<0.0001). Scale bars = 25 um.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Data from Figure 6.

Figure supplement 1. Size distribution of different Notch-tumor classes.

Figure supplement 1—source data 1. Data from Figure 6—figure supplement 1.

Discussion

Systemic hormones and intestinal remodeling upon mating

Growing offspring involves significant metabolic adaptations to raised energy demands in mothers.
Drosophila melanogaster uses a classical r-selected reproductive strategy with high number of off-
spring and minimal parental care (Pianka, 1970). Upon mating, egg production is increased tenfold
supported by metabolic and behavioral adaptations such as food intake and transit, nutrient prefer-
ence and a net increase of absorptive tissue in the PMG depending on JH release (Carvalho et al.,
2006; Cognigni et al., 2011; Reiff et al., 2015; Ribeiro and Dickson, 2010).

Here, we describe a role for the steroid-hormone ecdysone controlling intestinal tissue remodel-
ing upon mating through EcR-signaling. The unliganded heterodimer of EcR and ultraspiracle (USP)
binds its DNA consensus sequences serving as a repressor. Upon ligand binding, the EcR/USP heter-
odimer turns into an activator inducing the expression of early response genes Eip74EF, Eip75B and
broad (br) (Schwedes et al., 2011; Uyehara and McKay, 2019). Initially, we investigated knock-
down of USP, br and Eip74EF in intestinal progenitors and observed effects on progenitor survival
independent of mating status (Figure 3C, Zipper and Reiff, unpublished data).

Our data support the idea that 20HE and JH synergistically concert intestinal adaptations balanc-
ing nutrient uptake to the increased energy demands after mating (Figures 1-5). We confirmed that
mating induces ovarian ecdysteroid biosynthesis stimulating egg production by ovarian GSC
(Figure 2A; Ables and Drummond-Barbosa, 2010; Ameku and Niwa, 2016; Ameku et al., 2017,
Harshman et al., 1999; Kénig et al., 2011, Morris and Spradling, 2012; Uyehara and McKay,
2019). In accordance with an inter-organ signaling role for 20HE, we also detected increased 20HE
titers in the hemolymph (Figure 2A). Surprisingly, we found this mating dependent increase of 20HE
titers still present upon partial genetic ablation of the ovaries using ovoP' (Figure 2B; Reiff et al.,
2015). This can be explained by either (i) other source(s) for 20HE in adult females like the brain
(Chen et al., 2014; Itoh et al., 2011) or (ii) 20HE release from remaining germarial cells in stage 1-4
eggs of ovoP’ VF and MF. Indeed, germarial cells have been shown to express the ecdysteroido-
genic Halloween genes (Ameku and Niwa, 2016, Ameku et al., 2017). In addition, ovoP" MF lack
ovarian 20HE uptake during vitellogenesis (Figure 2D) of later egg stages, which potentially contrib-
utes to 20HE titer in the hemolymph of ovoP’ females and intestinal epithelium expansion
(Figure 2D,E,J,K; Enya et al., 2014).

The epithelial expansion upon mating of ovoP' females has been observed before (Reiff et al.,
2015) and might be comparably high due to the different genetic background of ovo®’ flies com-
pared to w'""® (Figure 2Q). While this work was in review, genetic ablation of ovarian ecdysteroido-
genic enzymes was performed in female flies and resulted in a reduction of mitotic ISC. However, a
direct assessment of 20HE titers was not performed and a mating dependent context was not ana-
lyzed (Ahmed et al., 2020). Taken together, current data cannot clearly dissect whether the ovary is
the exclusive source of 20HE (Garen et al., 1977). In future experiments, 20HE titers have to be
directly addressed to investigate whether other sources like the brain might be involved in 20HE
release upon mating and other physiological stimuli (Chen et al., 2014; Itoh et al., 2011).

In the adjacent posterior midgut, we describe the impact of 20HE on Eip75B-A /- C expression
(Figure 7H) and show that 20HE import triggers EcR-activation: i) in VF with low ovarian 20HE levels,
overexpression of wild-type EcR and Ecl are unable to elicit neither ISC proliferation nor differentia-
tion effects (Figures 1-2). ii) pharmacological activation through RH5849 and Pioglitazone (Figures 2
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Figure 7. Ecdysone signaling promotes EC-fate in a Notch tumor paradigm. (A-E"') Pharmacological and genetic manipulation of Ecdysone

signaling. Adult PMG of MF with N-LOF (>N RNAi or > N°M) treated with MeOH as control (A-A"") or RH5849 (B-B") to activate Ecdysone signaling.
Arrowheads highlight newly generated Dlg-1*/RFP*-EC (B+B") after seven days of esg™PPM > NPN, (C-C"") RNAi-mediated downregulation of Ecl in
esgRePPM > NPN forced expression of >Ecl (D-D") and >EcR RNAI (E-E") in esg™®PPM > N RNAi MF after seven days of tracing. Arrowheads highlight
Figure 7 continued on next page
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Figure 7 continued

newly generated Dlg-1"-EC (D+D"), scale bars = 25 um. (F) Quantification of ISC progeny encompassing ISC-like, EC and EE classified after tumor size
in R5 PMG (n = 13,5,7,4,6,9). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni’s
Multiple Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). (G) Quantification of newly generated EC (DIg-1*/RFP*) in R5 PMG
(n=13,5,7,4,6,9). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from one-way ANOVA with Bonferroni's Multiple
Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). (H) Model of 20HE and JH hormonal pathways influencing physiological and
pathological turnover in the intestine. Upon mating, JH from the neuroendocrine CA (corpora allata, [Reiff et al., 2015]) as well as ovarian 20HE (a)
synergize on progenitor cells in the posterior midgut of adult female flies. The source of 20HE could not be definitely determined in this current study
and 20HE might as well stem from the brain (b). JH induces ISC proliferation through Kr-h1, whereas 20HE signaling transduced by Eip75B-A /- C/
PPARY, ensures that newly produced EB differentiate into EC. New EC lead to a net increase in absorptive epithelium and thus ensures physiological
adaptation of intestinal size to the new metabolic energy requirements of pregnancy. In the adult intestine, early steps of tumor-pathology are
recapitulated when EC fate is inhibited by the lack of Notch signaling in progenitors (Patel et al., 2015). Notch mutant ISC divisions only produces ISC-
like progenitors and EE. We show in this study that 20HE signaling, through Eip75B-A /- C/PPARY, is capable to alleviate Notch tumor growth by
driving intestinal progenitors into post-mitotic absorptive EC fate.

The online version of this article includes the following source data and figure supplement(s) for figure 7:

Source data 1. Data from Figure 7.

Figure supplement 1. Analysis of Notch mutant MARCM clones and consequences of clonal EcR-activation.

Figure supplement 1—source data 1. Data from Figure 7—figure supplement 1.

and 4) as well as (iii) forced Ecl expression induce proliferation and EB differentiation in MF medi-
ated by Eip75B-A /- C (Figures 2, 3, 6 and 7). Together with the previous findings on JH upon mat-
ing (Reiff et al., 2015), our current data suggest a concerted role for JH on proliferation and 20HE
on differentiation of midgut progenitors.

The interplay between Eip75B and Kr-h1 controls intestinal size
adaptation

Downstream of the EcR, we found differential regulation of Eip75B isoforms upon mating. Eip75B
activates egg production in ovarian GSC (Ables and Drummond-Barbosa, 2010; Kénig et al.,
2011; Morris and Spradling, 2012; Uyehara and McKay, 2019) and its knockdown reduces germa-
rial size and number. In accordance with differentiation defects found in EB in our work, the number
of cystoblasts, the immediate daughters of GSC, is reduced as well (Ables and Drummond-Barbosa,
2010; Morris and Spradling, 2012).

In our study, we dissected specific roles for Eip75B isoforms. Eip75B-B expression is at the lower
detection limit (Figure 3B) and unchanged upon mating (Figure 3C). Thus, our finding that forced
Eip75B-B expression raised ISC mitosis in VF (Figure 3—figure supplement 1F) might be due to
ectopic expression. Eip75B-B mutants are viable and fertile and Eip75B-B is interacting with DNA
only upon forming heterodimers with Hormone receptor 3 (Hr3) temporarily repressing gene expres-
sion (Bialecki et al., 2002; Sullivan and Thummel, 2003; White et al., 1997). Further studies of
Eip75B-B, especially its expression pattern and transcriptional regulation, are necessary to elucidate
in which physiological context, else than mating, Eip75B-B controls ISC proliferation.

Mating induction of Eip75B-A /- C, but not Eip75B-B, underlines their differential transcriptional
regulation (Segraves and Hogness, 1990). This idea is supported by the finding that larval epider-
mis from Manduca sexta exposed to heightened JH-levels is sensitized to 20HE, which results in a
10-fold increase of Eip75B-A, but not of Eip75B-B expression (Dubrovskaya et al., 2004,
Zhou et al., 1998). An in silico analysis of 4 kb regulatory regions upstream of Kr-h1 using JASPAR
revealed several ECR/USP and Met consensus sequences (Khan et al., 2018), suggesting that both
hormonal inputs may also converge on Kr-h1 driving ISC proliferation (Figure 5B; Reiff et al., 2015).
We propose a synergistic interplay between JH- and 20HE-signaling upon mating, in which the JH
pathway effector Kr-h1 increases proliferation in ISC and the EcR effectors Eip75B-A /- C drive EB
into differentiation. The combined action of Kr-h1 and Eip75B-A /- C ensures mating induced organ
size growth (Figures 5K and 7H). The experimental investigation of Eip75B and Kr-h1 regulatory
regions incorporating endocrine signals from at least two different organs and leading to differential
activity and function in ISC and EB will be a fascinating topic for future studies.
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Eip75B/PPARY and progenitor fate commitment in physiology and
pathology

A key discovery of our study is that systemic 20HE directs local intestinal progenitor differentiation.
Upon EcR activation, we found Eip75B-A /- C promoting EB to EC differentiation. When tissue
demand arises, EB are thought to physically separate from ISC and become independent of N.
Detached EB acquire motility and are able to postpone their terminal epithelial integration after ini-
tial specification (Antonello et al., 2015a; Antonello et al., 2015b; Martin et al., 2018,
Siudeja et al., 2015). Epithelial integration of progenitors can be initiated experimentally by nubbin
(nub) mediated downregulation of esg and the nub-RB isoform is sufficient to initiate EC formation
downstream of Notch signaling (Korzelius et al., 2014; Tang et al., 2018).

Our data suggest, that the ecdysone pathway acting through Eip75B-A /- C provides a similar,
remotely inducible signal for terminal EB differentiation. This idea is supported by several lines of
evidence: i) EB-specific knockdown of Eip75B stalls their differentiation using kluRePPM (Figure 3—
figure supplement 2E), suggesting Eip75B functions after initial N-input. ii) klu"™-EB do not change
fate upon Eip75B knockdown, suggesting a more mature EB differentiation status that already lost
plasticity (Figure 3—figure supplement 2A-D; Korzelius et al., 2019; Reiff et al., 2019). iii) Forced
Eip75B-A /- C expression in EB leads to their immediate differentiation independent of N-input
(Figure 6C,D, Figure 7—figure supplement 1D,E). In addition, Eip75B was found to be highly
expressed in EB in a recent study from the Perrimon lab (Hung et al., 2018), raising the question
about its transcriptional regulation.

A plethora of studies established Eip75B as an early response gene downstream of the Ecdysone
pathway (Ables and Drummond-Barbosa, 2010; Kénig et al., 2011; Morris and Spradling, 2012;
Thummel, 1996; Uyehara and McKay, 2019). Another pathway stimulating Eip75B expression in EB
might be the N pathway. N activation leads to immediate EC differentiation of progenitors and thus
phenocopies Eip75B-A /- C expression (Hudry et al., 2016; Reiff et al., 2019). Indeed, 20HE- and
Notch-signaling have been shown to converge on target genes in various tissues and functions
(Mitchell et al., 2013; Sun et al., 2008; Xu et al., 2018) and both pathways acetylate H3K56 modi-
fying multiple regulatory genomic regions including Eip75B (Skalska et al., 2015). We observed that
20HE-signaling leads to the differentiation of progenitors to EC in a N LOF context (Figures 5 and
6, Figure 7—figure supplement 1). This is probably the result from strong genetic and pharmaco-
logical stimuli (Figures 6 and 7, Figure 7—figure supplement 1) acting through Eip75B. 20HE sig-
naling might facilitate the expression of differentiation factors like Eip75B as well as klu in the
presence of N signaling under normal physiological conditions (Figure 7—figure supplement 1F).
Future in-depth analysis of Eip75B regulatory regions and the generation of Eip75B reporter flies will
help to understand the interplay of 20HE and N signaling acting on Eip75B.

Confirming a close relationship between fly Eip75B and human PPARy, we found midgut progeni-
tors responding to the known PPARy agonist Pioglitazone. In patients, PPARY plays a role in i) preg-
nancy related adaptations of lipid metabolism (Waite et al., 2000) and ii) as target in colorectal
cancer (CRC) (Sarraf et al., 1999). Decreased PPARY levels are associated with development of insu-
lin resistance and failure of lipolysis in obese pregnant women (Rodriguez-Cuenca et al., 2012;
Vivas et al., 2016). Mating upregulates PPARY/Eip75B (Figure 3) and we also describe increased
lipid uptake upon EcR-activation (Figure 2—figure supplement 1) in absorptive EC. Srebp, a gene
with known function in fatty acid metabolism, is also activated (Horton et al., 2003; Reiff et al.,
2015; Seegmiller et al., 2002). Studying this interplay between SREBP, PPARY and steroid hormone
signaling will shed light on to which extent adaptation of intestinal size and lipid metabolism contrib-
ute to pathophysiological conditions like diabetes.

In CRC, PPARYy loss-of-function mutations are observed in around 8% of patients (Sarraf et al.,
1999). PPARy expression correlates with good prognosis and PPARYy is epigenetically silenced dur-
ing CRC progression (Ogino et al., 2009; Pancione et al., 2010). In agreement with our in vivo
experiments on Eip75B-A /- C in EB differentiation (Figures 3-7), in vitro studies identified PPARy
promoting differentiation in various colon cancer cell lines (Cesario et al., 2006; Shimizu and Mori-
waki, 2008; Yamazaki et al., 2007, Yoshizumi et al., 2004).

In a CRC mouse model, biallelic loss of PPARy leads to a 4-fold increase tumor incidence and
reduced survival in female mice over males (Apch"/+/PPARy'/') (McAlpine et al., 2006), whereas
males develop around three times more colon tumors with wild type PPARy (Cooper et al., 2005).
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In line with this, ovariectomized Apc™™* mice develop significantly more tumors and have

decreased PPARYy expression, highlighting a possible link between PPARy and estrogen signaling.
Meta-analyses of hormone replacement studies have shown that estrogen confers a lower risk to
develop CRC and better survival rates for female CRC patients (Chen et al., 1998; Hendifar et al.,
2009; Lin et al., 2012).

It is tempting to speculate that this mechanism of steroid hormones signaling through EcR/ER
(estrogen receptor) to activate Eip75B/PPARy is conserved from flies to humans. Indeed, human
estradiol and 20HE activate the EcR with similar affinity and elicit Eip75B transcription by binding to
EcRE (Ecdysone-Responsive Elements). EcRE can be converted to functional ERE (estrogen respon-
sive elements) by a simple change of nucleotide spacing suggesting high conservation
(Martinez et al., 1991; Schwedes et al., 2011).

Taken together, our findings reveal that mating induced steroid hormone release, which signals
to adjacent intestinal stem cells, controls their proliferation and, more importantly, differentiation of
committed precursor cells through Eip75B/PPARy. Ecdysone control of cell fate ensures the produc-
tion of absorptive enterocytes during mating related intestinal adaptations and induces enterocyte
fate in a Drosophila intestinal tumor model marked by loss of enterocyte differentiation. Mechanisti-
cally, we propose that Eip75B/PPARy exerts an anti-neoplastic role by promoting progenitor differ-
entiation into postmitotic enterocyte fate, thereby reducing the pool of mitotically active cells. Our
findings might be a first step towards understanding the protective, but so far mechanistically
unclear tumor suppressive role of steroid hormones in female colorectal cancer patients. Down-
stream of steroidal signaling, Eip75B/PPARY promotes postmitotic cell fate when local signaling is
deteriorated and thus might reflect a promising target for future studies in colorectal cancer models.

Materials and methods

Source or reference Identifiers Additional information

Genetic reagent
(Drosophila
melanogaster)

Genetic reagent
(D. melanogaster)

es gReDDM

esg™PPM > Eip75B-A

Antonello et al., 2015a
DOI: 10.15252/embj.201591517

Figures 1-7,
Figure 1—figure supplement 1,
Figure 3—figure supplement 1

Rabinovich et al., 2016
DOI: 10.1016/j.cell.2015.11.047

Figure 3;
Figure 3—figure supplement 1

Genetic reagent
(D. melanogaster)

esgRePPM > Eip75B-B

Rabinovich et al., 2016
DOI: 10.1016/j.cell.2015.11.047

Figure 3;
Figure 3—figure supplement 1

Genetic reagent
(D. melanogaster)

Genetic reagent
(D. melanogaster)

esgRePPM > Eip75B-C

Srebp > CD8::GFP

Rabinovich et al., 2016
DOI: 10.1016/.cell.2015.11.047

Reiff et al., 2015
DOI: 10.7554/eLife.06930

Figure 3
; Figure 3—figure supplement 1

Figure 2—figure supplement 1

Genetic reagent Mex > Phillips and Thomas, 2006 Figure 2—figure supplement 1
(D. melanogaster) DOI: 10.1242/jcs.02839
Genetic reagent MARCM (FRT2A) Lee and Luo, 1999 Figure 3—figure supplement 1

(D. melanogaster)

Genetic reagent
(D. melanogaster)

Eip75"8"-MARCM (FRT2A) Rabinovich et al., 2016

DOI: 10.1016/S0896-6273 (00)80701-1

Figure 3—figure supplement 1
DOI: 10.1016/j.cell.2015.11.047

Genetic reagent
(D. melanogaster)

Genetic reagent
(D. melanogaster)

Chemical
compund, drug

Chemical
compund, drug

kIuReDDM

N°*¢"_MARCM (FRT19A)

RH5849

Pioglitazone

Reiff et al., 2019
DOI: 10.15252/embj.2018101346

Guo and Ohlstein, 2015
DOI: 10.1126/science.aab0988

Figure 3—figure supplement 2

Figure 7—figure supplement 1

DrEhrenstorfer DRE-C16813000 340 pM final
concentration
Sigma-Aldrich Sigma-Aldrich 112529-15-4 14 uM final

concentration
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Genetics and fly husbandry/fly strains

OregonR and w'""® flies served as wild-type controls. The following transgenes and mutations were
employed: esg®*P°M (Antonello et al., 2015a), klu?*°°M (Reiff et al., 2019), UAS-Ecl-Flag-HA
(Okamoto et al., 2018), UAS-Ecl (Okamoto et al., 2018), UAS-Ecl-RNAi (Okamoto et al., 2018),
UAS-Eip75B-A-Flag (Rabinovich et al., 2016), UAS-Eip75B-B-Flag (Rabinovich et al., 2016), UAS-
Eip75B-C-Flag (Rabinovich et al., 2016), UAS-NPN (J. Treisman), DI::GFP (F. Schweisguth), N>*¢""
FRT19A (Guo and Ohlstein, 2015), Srebp-GAL4 (Kunte et al., 2006), Mex-Gal4 (Phillips and
Thomas, 2006), Gbe+Su(H)dsRed (T. Klein). From Bloomington Drosophila Stock Center (BDSC):
UAS-EcR-RNAi (BL58286), UAS-EcR.B2 (BL4934), UAS-EcR.B2"¢°0A (BL9449), UAS-EcR.B2M#4
(BL9450), EcRM>5** (BL4894), EcRE-lacZ (BL4516), Eip75B°"(BL23654), UAS-CD8::GFP (BL5137),
ovoP" (BL1309), NRE::GFP (BL30727), NRE::GFP (BL30728), Dlg-1::GFP (BL59417), From Kyoto Dro-
sophila Stock Center: UAS-Kr-h1 (DGRC120052). From FlyORF, Switzerland: UAS-EcR-HA (F000480),
UAS-Kr-h1 (FO00495). From Vienna Drosophila Resource Center (VDRC) UAS-EcR-RNAi (GD37059),
UAS-Eip75B-RNAi (GD44851), UAS-Eip75B-RNAi (KK108399), UAS-N-RNAi (GD14477).

MARCM clones

Mosaic analysis with repressible cell marker (MARCM; Lee and Luo, 1999) clones were induced in
midguts by Flippase under control of a heat-shock promoter. Expression of the Flippase was acti-
vated for 45 min in a 37°C-water bath to induce positively marked clones. Guts were dissected 5
days after induction. Clones in experimental and control flies were induced in parallel.

Food composition and fly keeping

Fly food contained 1424 g corn meal, 900 g malt extract, 800 g sugar beet syrup, 336 g dried yeast,
190 g soy fluor, 100 g agarose, 90 ml propionic acid and 30 g NIPAGIN powder (antimycotic agent)
in 20 | H,O. Food was cooked for about an hour to reduce bioburden, then filled into small plastic
vials and cooled down to RT. Flies were kept at 25°C except for crosses with temperature-sensitive
GAL80"™ (GAL4 repressor) which were kept at 18°C (permissive temperature) until shifted to 29°C
(restrictive temperature) to activate GAL4-mediated transgene expression. Crosses with esgRePPM
and klu®®PPM were carried out as described previously (Antonello et al., 2015a; Reiff et al., 2015;
Reiff et al., 2019). Due to persisting problems with mucous formation on food surface in vials with
VF, all experiments distinguishing between mated and virgin female flies were run on food with
twice the amount of NIPAGIN. Mucous formation was avoided because of massive induction of tis-
sue renewal by pathogenic stress.

Hormone analogue treatments

A vial of fly food was reheated in the microwave until it became liquid, the hormone analogues were
added, thoroughly mixed and filled into a new vial. For each ml of food 5 pl of RH5849 (340 uM final
concentration; 20 pg/pl stock solution, diluted in MeOH; DRE-C16813000, DrEhrenstorfer) was
added. As a control, an equivalent volume of carrier solution (MeOH) was added to the food. Hor-
mone analogue treatments were performed for the period of the 7 days ReDDM (Antonello et al.,
2015a) shift.

PPARY agonist treatments

A vial of fly food was reheated in the microwave until it became liquid, the PPARy agonist was
added, thoroughly mixed and filled into a new vial. For each ml of food 2.5 pl Pioglitazone (14 uM
final concentration, 2 pg/ul stock solution, diluted in DMSO; Sigma-Aldrich, St. Louis, USA) were
added. The equivalent amount of DMSO served as control. Flies were starved in an empty vial for at
least six hours to ensure synchronized feeding when set to Pioglitazone. Food was renewed after
three days and fly midguts were dissected after five days.

Immunohistochemistry

Guts were dissected in PBS and transferred into 4% PFA immediately after dissection and staining
was performed on an orbital shaker. After 45 min of fixation guts were washed once with PBS for 10
min. Antibodies were diluted in 0.5% PBT + 5% normal goat serum. The incubation with primary
antibodies (1:250 anti-Dlg-1 [mouse; Developmental studies Hybridoma Bank (DSHB)]; 1:50 anti-Pros
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[mouse; DSHB]; 1:2000 anti-pH3 [rabbit; Merck Millipore, 06-570]; 1:50 anti-EcR common Ag10.2
[mouse; DSHB]J; 1:500 anti-HA High Affinity 3F10 [rat; Merck, Sigma-Aldrich]; 1:1500 anti-B-Galacto-
sidase preabsorbed [rabbit; Cappel Research Products]) was performed at 4°C over night. After
washing with PBS guts were incubated with secondary antibodies (1:500 Goat anti-MouseAlexab647
[Invitrogen]; 1:500 Goat anti-RatAlexab47 [Invitrogen]; 1:500 Goat anti-RabbitAlexa647 [Invitrogen])
and DAPI (1:1000; 100 pug/ml stock solution in 0.18 M Tris pH 7.4; DAPI No. 18860, Serva, Heidel-
berg) for at least 3 hr at RT. Guts were washed a last time with PBS prior to mounting in Fluoro-
mount-G Mounting Medium (Electron Microscopy Sciences).

X-Gal staining of Drosophila midguts

Guts were dissected in PBS and transferred into 4% PFA immediately after dissection. After 20 min
of fixation, guts were washed three times with 0.3% PBT. Stainingbuffer (0.15M NaCl; 1 mM MgCl;
10 mM Na-phosphate buffer pH 7.2; 3.3 mM F3Fe(CN)6, 3.3 mM K4Fe(CN)6; 0.3% Triton X-100)
was heated to 65°C and 3% X-Gal added. The guts were stained for at least 1 hr at 37°C until a dark
blue staining became visible. Guts were washed two times in 0.3% PBT prior to mounting in Fluoro-
mount-G Mounting Medium (Electron Microscopy Sciences). Stained midguts were imaged using an
Axiophot2 microscope (Carl Zeiss) equipped with an AxioCam MRc (Carl Zeiss).

OilRedO staining of Drosophila midguts

Guts were dissected in PBS and transferred into 4% PFA immediately after dissection. After 45 min
of fixation, guts were washed in consecutive applications of 1xPBS, double-distilled H,O, and 60%
isopropanol. Guts were stained in a 6:4 dilution of OilRedO (Sigma-Aldrich, 0.1% stock solution
diluted in isopropanol) in dH,O for 20 min, then washed in 60% isopropanol and dH,O. After mount-
ing in Fluoromount-G Mounting Medium (Electron Microscopy Sciences, emsdiasum) PMG were
imaged using an Axiophot2 microscope (Carl Zeiss) equipped with an AxioCam MRc (Carl Zeiss). Oil-
RedO staining intensity was analyzed using Fiji. RGB channels were split and the green channel was
subtracted from the red channel to eliminate background signal. A fixed threshold was set, and guts
were manually outlined as a ROI. The mean intensity of the resulting signal within the ROl was
measured.

Image acquisition
Posterior midguts were imaged using an LSM 880 Airyscan confocal microscope (Carl Zeiss) using
‘Plan-Apochromat 10x/0.45 M27’, ‘Plan-Apochromat 20x/0.8 M27’ and ‘C-Apochromat 40x/1.20 W
Corr M27' objectives. Image resolution was set to at least 2048 x 2048 pixels. At least three focal
planes (1 um distance) were combined into a Z-stack to image one cell layer and to compensate for
gut curvature.

For determining whole midgut length, an Axio Zoom.V16 (Carl Zeiss) was employed with DAPI fil-
ter and 1x/0.25-objective.

Quantification of proliferation and intensity measurements

Maximum intensity projections were calculated from Z-stack images of PMG by Fiji (ImageJ 1.51 n,
Wayne Rasband, National Institutes of Health, USA). Total cell number and RFP-positive cell count of
ReDDM (Antonello et al., 2015a) guts were analyzed semi-automatically by a self-written macro for
Fiji whereas GFP-positive cells were counted manually (macro available from the authors).

For fluorescence or OilRedO intensity measurements, intestines were scanned with fixed laser/
exposure time settings and measured in Fiji. The region of interest was selected manually, and mean
intensity of the area was determined. This way, relative EcR and B-Galactosidase protein levels were
measured in antibody-stainings, relative SREBP activity was analyzed in PMG cells expressing
mCDB8::GFP under the control of Srebp-GAL4, and amount of triglycerides was analyzed by OilRedO
stainings.

Jaspar

The open-access webtool JASPAR (Khan et al., 2018) was utilized to predict transcription factor
binding sites within the 5-UTR of Ecl. It was specifically scanned for binding motifs related to Ecdy-
sone and Juvenile Hormone signaling.
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RNA isolation and cDNA synthesis

The R5 regions or ovaries of at least three female flies were dissected and transferred into a droplet
of RNAlater Solution (Invitrogen by Thermo Fisher Scientific) on ice. The tissue was homogenized in
100 pl peqGOLD TriFast (VWR Life Science) and total RNA was isolated as specified by the manufac-
turer. The following cDNA synthesis was performed with 250 ng of total RNA and the SuperScript IV
Reverse Transcriptase (Invitrogen by Thermo Fisher Scientific) using a 1:1 mixture of oligo-dT primers
and random hexamers directly upon RNA isolation. Prior to Real-time gPCR, cDNA samples were
diluted 1:2 in dH,0.

Verification of gene expression in the adult midgut by PCR

To verify gene expression in the adult Drosophila midgut, PCRs were performed with primer pairs
specific for ovo and the Svb isoform, or isoform-specific primer pairs for EcR spanning at least one
exon-exon boundary. PCRs were performed with Q5 High-Fidelity DNA Polymerase (NEB) for at
least 30 cycles. Reaction products were loaded on an agarose gel (1.5%) and separated by electro-
phoresis to verify lengths of PCR products.

Primer Forward (5'-3’) Reverse (5'-3')

EcR.A GGGGTCTAAGAAACATTTTGAGG CCATTTGCAGCTGCAGCCGACGT
EcR.B1 GCACGTACGAAGCCCGATCGCGT CCGGACTCGTTGCCGCAGAGCC
EcR.B2 GCACGTACGAAGCCCGATCGCGT CTCTTCCCTCTGTTCACGCCC
ovo CGCAGAGCCAAGATGTACGTG GATAGTGGACCTCCGGCT
SvbRer ACAGTAAGTTGCGAGCCGG TGTTTTGGGGTGTCCTTTCGTG

Real-time qPCR

Expression levels of Ecdysone signaling pathway-associated genes were determined in VF and MF.
Eclosed OregonR or EcRE-LacZ flies were aged for 4d before mating. After 72 hr of mating, RNA
was isolated and cDNA synthetized before running qPCRs. After an enzyme activation step (20 s 95°
C), 40 cycles of denaturation (2 s 95°C), primer annealing (20 s 58°C) and elongation (20 s 72°C) were
run. Primers were designed to anneal at 59°C. Reaction was set up with KAPA SYBR FAST Universal
(Roche) in a total volume of 10 pl. All gPCR results were normalized to the house-keeping gene

rp49.
Primer Forward (5°'-3') Reverse (5'-3’)
Eip74EF-A AGAAACTTCGAGGCAATAGGGT TGTGCGGCCTCATCTCAAG
Eip74EF-B TGGCCATCCCACAACGC GGGCGGAAATGAACCTGTTG
Eip75B-A CCTGTGCCAGAAGTTCGATGA AAGAATCCATCGGCATCTTCGT
Eip75B-B CGTCTAGCTCGATTCCTGATCTA CGGAAGAATCCCTTGCAACC
Eip75B-C CTGTGGTTCCGGCGGATT TCGAATTCTATGTTGAGTTCTGGTT
Ecl TGCAGTGCCGCTCTCAACTGTACC TCACAGTAACCGTTGACCGCCTCC
EcRA GTGTTCGGTGAAAAACGCAA TCCTAGCAACTGAGCTTTTGTAGAC
EcR.B1 TTAACGGTTGTTCGCTCGCA AGTGCGGGAAACAATCAGAGCAT
EcR.B2 GTTAACGGTTGTTCGCTCGC TGCGGGAAACAATCAGAGCATA
Kr-h1(A) ACAATTTTATGATTCAGCCACAACC GTTAGTGGAGGCGGAACCTG
Kr-h1(B) AAATCTTGGGCACCCAAACAA GTTGTGGCTGAATCTTTCGC
Lac-Z ATCAGGATATGTGGCGGATGAGCG AGTACAGCGCGGCTGAAATCATC
p49 TGGTTTCCGGCAAGCTTCAA TGTTGTCGATACCCTTGGGC
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20-HE isolation and titer determination
20-HE titers were determined in VF and MF of the same age. Eclosed OregonR or heterozygous

voP" mutant flies were aged for 3d before mating. After 24 hr or 48 hr at least 20 adult female flies
were pierced in the thorax with a needle and put into a 150 pl-PCR tube that was punctured in its
very bottom. Hemolymph was harvested by centrifugation (5.000x g 5 min RT) and collected in a 1.5
ml-reaction tube. Total weight of flies was determined before and after centrifugation. Typical yields
of hemolymph were around 0.6-1 mg. The isolated hemolymph was mixed with 500 pl MeOH, cen-
trifuged (12.000x g 20 min 4°C) and the supernatant was transferred into a new 1.5 ml-reaction tube.
MeOH was evaporated at 30°C in a vacuum centrifuge (Eppendorf concentrator plus) and 20HE was
resuspended in 100 pl EIA buffer and stored at —20°C until usage.

Ecdysone levels were determined using the 20-Hydroxyecdysone Enzyme Immunoassay kit

according to manufacturer’s instructions (#A05120.96 wells; Bertin Bioreagent). 20HE titer was nor-
malized to hemolymph yield.

Statistical analysis

Figures of quantifications were assembled, and statistics were run in GraphPad Prism 6.01. For single
comparisons, data sets were analyzed by two-sided unpaired t-test. For multiple comparisons, data
sets were analyzed by one-way ANOVA and Tukey’s post-hoc test. Significant differences are dis-
played as * for p<0.05, ** for p<0.01, *** for p<0.001 and **** for p<0.0001.
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Figure 1—figure supplement 1. The EcR is expressed in the adult Drosophila midgut. (A) Expression analysis of Ecdysone-receptor splice variants with
specific primer sets performed on ¢cDNA transcribed from mRNA isolations of whole midgut dissections of adult MF. (B-D) Antibody staining against all
EcR variants in PMG of adult MF using transgenic lines for the ISC-specific Notch-ligand Delta tagged with GFP (DI::GFP, B-B" inset magpnification) and
Notch responsive element marking EB (NRE-GFP, C-C""" inset magnification). Absorptive differentiated EC were identified using the GFP-tagged
Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

septate junction marker Dlg-1 (D-D'”'). Shown are single fluorescence channels including DAPI and merge (B"’-D'""). (E-H) Representative images of
esgReP°M driving EcR-RNAIs showing reduction of EcR immunoreactivity (F-G'). (H) in situ quantification of EcR levels by fluorescence intensity
measurements in esg°°M after seven days of tracing. Confocal images were taken at identical excitation and emission settings. Single GFP*/RFP*
progenitor cell nuclei were measured using Fiji and statistically analyzed (n = 272,179,179) using one-way ANOVA with Bonferroni’s Multiple
Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). (I-L) Forced expression of dominant-negative EcR.B2-variants (I+J), heterozygosity
with the EcRM***#_allele (K) and a second EcR-RNAI (L) after seven days of esg®*P°M-tracing in adult PMG of MF. Scale bars = 100 um.
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Figure 2—figure supplement 1. 20HE regulates physiological adaptations of fatty acid metabolism. (A) Drosophila food tubes of w''"®

control egg

layings to determine concentrations of RH5849. Please note that there is no crawling L3-larvae and puparium formation in both RH5849 concentrations.
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Figure 2—figure supplement 1 continued

MeOH is the carrier solution and serves as control in all performed pharmacological experiments using RH5849. (B-B""") Forced expression of >Ecl::HA
using esg™*PPM with subsequent immunohistochemistry using HA-antibodies reveals correct membrane localization of tagged Ecl::HA (B') in ISC/EB (B)
(Okamoto et al., 2018). (C-G) Srebp-Gal4 > CD8::GFP carrying VF and MF were crossed with w' 178 (C+D),>EcR RNAI (E+F) or treated with RH5849 (G)
for three days. The Srebp-Gal4 line used is subjected to the same proteolytic processing as wild-type Srebp, thus reflecting upregulation of lipid uptake
gene expression (Athippozhy et al., 2011; Reiff et al., 2015). (H) Mean GFP-fluorescence intensities in R5 PMG of according genotypes in (C-G) were
measured using Fiji imaging software and statistically analyzed (n = 12, 15, 13, 18, 9) using one-way ANOVA with Bonferroni's Multiple Comparison Test
(*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). Scale bars = 100 um. (I-N) Representative images of direct assessment of lipid content in PMG with
OilRedO-staining of the indicated genotypes. Mex-Gal4, tub-Gal80" was used to temporally control EC manipulation of indicated genes. (I-N) Control
flies (1+J), fed with RH5849 (K), >Ecl (L), >Ecl RNAi (M) and >EcR RNAi (N) were kept for seven days at 29°C to allow transgene activation. (O)
Quantification of OilRedO intensity and statistical analysed (n = 11,17,12,16,8,9) using student’s t-test. Unluckily, we were unable to combine these fly
stocks with ovoP” to reveal whether egg production obscures a reduction of Ecl-RNAi and EcR-RNA in EC lipid uptake as shown in Reiff et al.,

2015.
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Figure 3—figure supplement 1. Analysis of Eip75B-A MARCM clones. (A-E"') Representative images of MARCM clones of the indicated allele five
days after clone induction (ACI) counterstained with DIg-1 and Pros immunohistochemistry. Control clones lead to proper EC formation (big GFP*-
nuclei/DIg-1%) and EE (small GFP* diploid nuclei/Pros™, arrowheads in B). Eip75B-A null mutant clones (C-C"') do not contain properly differentiated EC
(big GFP* nuclei without Dlg-1). Scale bars indicated in the images (A,B-C). (D) Quantification of GFP-MARCM clone size in R5 PMG (n = 294,252
clones analyzed). Error bars are Standard Error of the Mean (SEM) and asterisks denote significances from unpaired Student’s t-test (*p<0.05). (E)
Quantification of EE (n = 12,13,10,12,11) and (F) pH3 (n = 9,11,7,10,10) in RS PMG. Error bars are Standard Error of the Mean (SEM) and asterisks denote
significances from one-way ANOVA with Bonferroni’s Multiple Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001). (G) Overall length in um
of midguts from proventriculus to mid-/hindgut boundary of indicated genotypes. > N RNAI is a genetic condition in which no new EC are generated
(Figure 5), thus reflecting the maximum midgut length reduction when no new EC are added.
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Figure 3—figure supplement 2. EB specific genetic manipulation of Eip75B using klu . (A) Cartoon depicting klu -tracing. klu-Gal4 is active
in EC-committed EB only and EC progeny is labelled with nuclear H2B::RFP (Reiff et al., 2019). (B-D"') Representative images of MF controls (B-B"")
Figure 3—figure supplement 2 continued on next page
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Figure 3—figure supplement 2 continued

and EB-specific knockdown of EcR (C-C") and Eip75B (D-D") using kluRePPM after seven days of tracing. Differentiated progeny was identified in (B+D)
with Dlg-1 and Pros immunohistochemistry. (E-l) Representative images of adult PMG of control VF (E) and MF (F) and forced expression of Eip75B
gene products Eip75B-A (G), Eip75B-B (H) and Eip75B-C (l) after seven days of tracing with klu®*P°M. (J-L) Quantification of EB number (J), traced
progeny encompassing EC and EE (K) and ISC mitosis (L) in R5 PMG (n = 11,13,10,10,10,10,6,10,10,10). Error bars are Standard Error of the Mean (SEM)
and asterisks denote significances from one-way ANOVA with Bonferroni’s Multiple Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001,
identical p-values are marked by # when compared to MF). Scale bars = 100 um.
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Figure 6—figure supplement 1. Size distribution of different Notch-tumor classes. (A) Quantification of ISC progeny encompassing ISC-like, EC and
EE classified after tumor size (classes | to IV) in RS PMG of esg®¢PP™ > N RNAi (n = 10,10,10). Error bars are Standard Error of the Mean (SEM) and
asterisks denote significances from one-way ANOVA with Bonferroni’s Multiple Comparison Test (*p<0.05, **p<0.01; ***p<0,001; ****p<0.0001).
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Figure 7—figure supplement 1. Analysis of Notch mutant MARCM clones and consequences of clonal EcR-activation. (A-E"') Representative images
of MARCM clones for the Notch receptor (N°*¢"") in MF PMG four days after clone induction (ACI) counterstained with Dlg-1 and Pros

antibodies. Control Notch clones (MeOH) contain GFP-labelled clones containing ISC-like cells (GFP-only, green arrowheads) or EE (small GFP" diploid
nuclei/Pros”, white arrowheads). Notch null mutant clones (B-B") treated with RH5849 contain differentiated EC in adjacent to Notch tumors (DIg1*/
GFP") arrowheads). (C) Quantification of GFP-labelled EC in Notch MARCM clones in RS PMG (n = 7,6). Error bars are Standard Error of the Mean
(SEM) and asterisks denote significances from unpaired Student’s t-test (*p<0.05, p=0,0129). (D+E) Forced expression of > Eip75 B-A (D) and > Eip75 B-
C (E) leads to the immediate formation of single cell clones that immediately differentiated into EC (arrowheads). (F) Notch activity addressed by Gbe-
SuH activity fluorescence activity in RH5849 fed flies vs. control flies (>250 EB in n > 3 midguts, Error bars are Standard Error of the Mean (SEM) and
asterisks denote significances from unpaired Student’s t-test (****p<0.001). Scale bars = 100 um.
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So far, the impact of 20HE/oestrogen and its downstream factor Eip75B/hPPARy on
intestinal tumour progression have only been investigated in a benign tumour-model of
N-deficient ISC (Paper | 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 patients. 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 Ras®'?V. CRISPR/Cas9 mediated mutagenesis is
induced by using esg®?® complemented with expression of Cas9. At the same time
ReDDM-tracing enables labelling of tumour stem cells and tracing of their progeny. The
generation and first characterizations of the novel Drosophila CRC model have been

published as part of paper Il.
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Abstract: Cell division, growth, and differentiation are energetically costly and dependent processes.
In adult stem cell-based epithelia, cellular identity seems to be coupled with a cell’s metabolic profile
and vice versa. It is thus tempting to speculate that resident stem cells have a distinct metabolism,
different from more committed progenitors and differentiated cells. Although investigated for
many stem cell types in vitro, in vivo data of niche-residing stem cell metabolism is scarce. In adult
epithelial tissues, stem cells, progenitor cells, and their progeny have very distinct functions and
characteristics. In our study, we hypothesized and tested whether stem and progenitor cell types
might have a distinctive metabolic profile in the intestinal lineage. Here, taking advantage of the
genetically accessible adult Drosophila melanogaster intestine and the availability of ex vivo single
cell sequencing data, we tested that hypothesis and investigated the metabolism of the intestinal
lineage from stem cell (ISC) to differentiated epithelial cell in their native context under homeostatic
conditions. Our initial in silico analysis of single cell RNAseq data and functional experiments
identify the microRNA miR-277 as a posttranscriptional regulator of fatty acid 3-oxidation (FAO) in the
intestinal lineage. Low levels of miR-277 are detected in ISC and progressively rising miR-277 levels
are found in progenitors during their growth and differentiation. Supporting this, miR-277-regulated
fatty acid 3-oxidation enzymes progressively declined from ISC towards more differentiated cells in
our pseudotime single-cell RNAseq analysis and in functional assays on RNA and protein level. In
addition, in silico clustering of single-cell RNAseq data based on metabolic genes validates that stem
cells and progenitors belong to two independent clusters with well-defined metabolic characteristics.
Furthermore, studying FAO genes in silico indicates that two populations of ISC exist that can be
categorized in mitotically active and quiescent ISC, of which the latter relies on FAO genes. In line
with an FAO dependency of ISC, forced expression of miR-277 phenocopies RNAi knockdown of
FAO genes by reducing ISC size and subsequently resulting in stem cell death. We also investigated
miR-277 effects on ISC in a benign and our newly developed CRISPR-Cas9-based colorectal cancer
model and found effects on ISC survival, which as a consequence affects tumor growth, further
underlining the importance of FAO in a pathological context. Taken together, our study provides
new insights into the basal metabolic requirements of intestinal stem cell on -oxidation of fatty acids
evolutionarily implemented by a sole microRNA. Gaining knowledge about the metabolic differences
and dependencies affecting the survival of two central and cancer-relevant cell populations in the fly
and human intestine might reveal starting points for targeted combinatorial therapy in the hope for
better treatment of colorectal cancer in the future.

Metabolites 2022, 12, 315. https:/ /doi.org/10.3390/metabo12040315
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1. Introduction

The ability of organisms to maintain their internal conditions in balance requires
energy uptake. An organism’s body is considered to be homeostatic while it constantly
compensates for fluctuating wear and tear, injuries, changes in environment, and energet-
ical in- and effluxes. To cope with these unpredictable conditions, evolution generated
plastic and context-dependent ways to adapt to changes in e.g., nutrients availability.
Nutrient-related adaptations go down until the cellular level, affecting the way each cell
utilizes resources of energy. Growth, division, and differentiation are genetically encoded
processes and are thought to adapt their gene expression in a plastic and context-dependent
manner [1-4].

Prime candidates for such a complex regulation of gene expression of entire pathways
and networks are microRNAs, which regulate approximately half of the transcriptome [1,2].
Indeed, apart from established roles in key processes such as cytoskeletal dynamics, cell
migration, stemness, and metabolic phenotype [3—6], microRNAs have been implicated in
the control of glucose and lipid metabolism [7].

In adult Drosophila melanogaster females, lipid metabolism is upregulated in a re-
gionalized subpopulation of differentiated intestinal cells upon mating to sustain egg
production [5-7]. Such regional differences of intestinal cell types have not only been
reported regarding metabolism, but localization also seems to be connected with stem
cell (SC) identity and proliferation behavior [8-10]. Together, this leads to the intriguing
question on which metabolic phenotype intestinal stem cells (ISC) rely and whether their
metabolism is involved in SC behavior.

In general, in vivo data on SC metabolism is scarce owing to the lack of proper
genetic sensors and tools. Here, we employed the fruit fly Drosophila melanogaster, taking
advantage of its exhaustive genetic toolbox to study SC metabolism in an adult organism
during physiological homeostasis and in the pathological context of tumoral growth.
Briefly, the fly intestine harbors around one thousand multipotent ISC, showing regional
differences in proliferation behavior and cellular anatomy [8,9,11-13]. ISC are able to
self-renew, but mainly divide asymmetrically to generate two types of precursor cells:
postmitotic enteroblasts (EB) capable of differentiation to absorptive enterocytes (EC) and
enteroendocrine precursor cells (EEP) that perform a singular symmetric division giving
rise to two enteroendocrine cells (EE) [11,12,14].

For a long time, it was generally assumed that SC harbor immature mitochondria
allowing no or limited ATP production through oxidative phosphorylation (OXPHOS).
Recent and widespread literature on SC metabolism has provided new insights, revealing
that the metabolic phenotype of SC varies depending on species, age, and developmental
stage, as well as tissue localization [15]. Studies of embryonic, mesenchymal, neural, and
induced pluripotent SC also show that their metabolic phenotype varies from glycolysis,
over B-oxidation of fatty acids (FAO) to OXPHOS as an energy source [15,16], suggesting
that there is no SC metabolism per se. An important commonality of these studies is
that the vast majority was performed in vitro where the sheer availability of oxygen and
metabolites in culture media might affect metabolic (re-)programming of cultured SC.

In the adult Drosophila intestine, a few studies hint to metabolic pathways for energy
allocation in ISC and how this influences homeostatic processes. In aging ISC, energy
supply from nutrient stores is reduced, negatively affecting tissue homeostasis in old
flies [17]. A few in vivo studies shed first light on ISC metabolism. Schell and colleagues
demonstrated a requirement of mitochondrial metabolism in ISC for intestinal homeostasis
in Drosophila and intestinal organoids, which suggests OXPHOS as a possible energy source
for Drosophila ISC.
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A second study suggests a direct link between ISC metabolic state and nutrient avail-
ability. By manipulating a key enzyme of the hexosamine biosynthesis pathway, Mattila
and colleagues were able to shift the balance between OXPHOS and glycolysis, linking
nutrient content directly to ISC proliferation [18,19]. Recent work from the Edgar lab
confirms metabolic changes in EB while differentiating and describes that EGFR signaling
increases glycolysis, FAO, and mitochondrial biogenesis [19,20]. In addition, input from
EGEFR signaling was shown to specifically affect EB survival, supporting the idea of differ-
ent metabolism and thus nutrient requirements of ISC and EB [21]. Downregulation of key
metabolic enzymes for glycolysis and OXPHOS does not affect ISC numbers, suggesting
that both metabolic pathways are dispensable for basal metabolism controlling ISC sur-
vival [18,20,22]. However, genetic manipulations in both studies were performed using
the esg-Gal4 driver line which is active in ISC and EB, thus not allowing discrimination
between metabolic requirements in stem or maturing precursor cells [22].

Here, building on in silico data from clustering of metabolic genes and pathways in
Drosophila ISC, we set out to functionally identify and characterize the role of FAO genes in
ISC metabolism in vivo. Investigating physiology and pathology of genetic manipulations
of FAO enzymes, we add to the growing knowledge of metabolic essentials of intestinal
stem cells.

2. Results
2.1. Identification of miR-277 as a Regulator of Cellular Metabolism

Changing cell metabolism requires fundamental adaptations of genetic networks and
gene expression, which is why we aimed at microRNAs regulating such complex genetic
networks. Approximately half of the transcriptome is regulated by microRNAs, which makes
them a perfect candidate for the control of such metabolic networks [23,24]. Taking advantage
of in silico resources [8,13], putative target gene lists from four different miRNA prediction
algorithms were compared (Figure 1a). Predicted target genes of individual miRNAs showing
up in at least three out of four miRNA prediction algorithms were then subjected to Gene
Ontology Mapping using FatiGO Babelomics 4.0 (http:/ /www.babelomics.org/, accessed on
5 November 2021).

To our surprise, from eight investigated microRNAs, only microRNA miR-277 showed a
significant enrichment of a set of predicted target genes all mapping to metabolic pathways
(Figure S1). Analyzing and assigning this gene set using KEGG pathways revealed that
eight of the miR-277 regulated genes possess enzymatic functions in fatty acid metabolism
(Figure 1b) and a known role in branched chain amino acid catabolism [25]. Furthermore,
miR-277 was linked to lipid metabolism in Aedes aegypti before [26].

The direct regulation of predicted target genes by miR-277 was investigated using
quantitative real- time PCR. Relative mRNA levels of predicted target genes were decreased
in whole guts of adult Drosophila upon forced expression of miR-277 in EC (Figure 1d),
indicating that all eight target genes involved in fatty acid metabolism are in fact regulated
by miR-277. B-oxidation of fatty acids (FAO) provides an important energy source by
degrading fatty acids fueling the citrate cycle with acetyl-CoA (Figure 1b). Together
with our previous data showing activation of lipid uptake in the posterior midgut upon
mating [6], we aimed to investigate the role of miR-277 and FAO in intestinal progenitors.

2.2. miR-277 Is Expressed in Differentiating EB and EC in the Adult Drosophila Intestine

Intrigued by these results, we tested for miR-277 expression in the posterior region
of the female adult Drosophila intestine and found pre-miRNA-277 expressed in the adult
midgut by PCR (Figure 1c). Therefore, we used miR-277 sensor flies containing a transgene
consisting of miR-277 consensus sequences fused to a sequence coding for GFP (Figure 2a).
Presence of miR-277 results in mRNA degradation and therefore reduced GFP-levels com-
pared to control flies lacking these consensus sequences [27,28]. Crossing these flies with
a reporter for Notch-signaling activity (NRE-mcherry or Gbe+Su(H)dsRed, marking EB)
enabled us to decipher ISC from EB and epithelial EC and EE (Figure 2b,b”’) [11,29].
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Figure 1. Workflow of the identification process for Gene Ontology Networks from microRNA target
gene prediction and subsequent Gene Ontology mapping and proof of actual target gene regulation
by miR-277. (a) Putative target gene lists for different miRNAs were obtained and analyzed from four
microRNA prediction algorithms. Target genes that showed up in at least three out of four prediction
algorithms were subjected to FatiGO prediction for Gene Ontology networks on Babelomics 4.0
servers (Barcelona, Spain) and resulting GO-terms (Gene Ontology) with a p-value p < 0.05 were
considered. (b) Summary of predicted miR-277 target genes involved in fatty acid metabolism: shown
is the involvement of miR-277 regulated genes in KEGG nomenclature with red lettering and green
background. The table (top-right) lists all targeted genes from the KEGG pathway prediction for fatty
acid metabolism, the according Drosophila melanogaster genes, and functions. KEGG involvement
image modified, copyright by Kanehisa Laboratories. (c) PCR reaction using specific primer sets
for the pre-miR-277 reveal miR-277 on adult Drosophila midgut cDNA; (d) relative mRNA levels of
predicted miR-277 target genes involved in fatty acid metabolism were decreased in whole guts upon
forced expression of UAS-miR-277 in EC using a Mex's-Gal4 driver (n = 3; unpaired t-test: ** p < 0.01,
***p <0.001, **** p < 0.0001).
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Figure 2. miR-277-expression in ISC, EB and EC revealed by miR-277::GFP sensor flies in the R5
region of the posterior midgut. (a) miR-277-expression in R5 regions of adult posterior midguts
was analyzed using a transgenic sensor for miR-277. The sensor is expressed ubiquitously by ubi-
promoter sequences and consists of miR-277 consensus sequences fused to the coding sequence of
GFP. Thus, raised miR-277 levels directly reduce GFP signals. (b-b”’) Flies carrying the miR-277
sensor were crossed with flies carrying the Notch-activity reporter Gbe+Su(H)dsRed labelling EB.
After seven days at 25 °C, images were taken with fixed 488 nm laser settings to enable comparison
of GFP-intensity (b”). Ubi-miR-277::GFP flies reveal a significant decrease in GFP-signal in EB and
epithelial EC (identified by big nuclear size and aSsk staining of septate junctions) compared to GFP
signal detected in ISC. (c,d) Quantification of GFP-fluorescence intensity of ISC, EB and EC corrected
to control ubi-GFP flies ((c); see materials and methods; n = 20, 19, 20; ANOVA, **** p < 0.001) and
numerical inversion for comprehensibility (d). (Scale bar is 10 um).

ISC and EB usually occur as duplets (Figure 2b) and maturing EB separate from their
mother ISC to differentiate into EC [3,21,30]. We addressed miR-277 expression levels by
measuring GFP fluorescence in ISC, EB, and EC. Presence of endogenous miR-277 leads
to degradation of GFP encoding mRNA and thus fluorescence intensity. Highest GFP
fluorescence was measured in ISC (Figure 2b,c), reflecting low endogenous miR-277 levels
(Figure 2d). Differentiating EB and terminally differentiated EC have significantly lower
GFP-levels, suggesting higher miR-277 levels (Figure 2¢,d), which in turn might reflect
less FAO activity. We validated the reactivity of the miR-277 sensor flies to changes in
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miR-277 expression by crossing miR-277::GFP flies with overexpression (UAS-miR-277)
or knockdown of miR-277 using an miR-277 sponge genetic construct (UAS-miR-277-sp,
Figure 6e). MicroRNA sponges contain multiple complementary binding sites to the seed
sequence of a microRNA of interest (Figure 6e) and reduce endogenous microRNA levels
in both flies and human cell culture [31,32]. Upon overexpression of miR-277 in ISC/EB,
miR-277::GFP intensities were decreased, while knockdown of miR-277 resulted in increased
GFP intensities (Figure S4f—i). These results prove that the sensor is reflecting miR-277
expression levels and underlines endogenous miR-277 expression in ISC/EB. Next, we set
out to determine FAO gene transcription in existing scRNAseq datasets of intestinal cell
types [13].

2.3. miR-277 Target Gene Expression in Reconstructed Intestinal Lineage Trajectories
from scRNAseq

To investigate the expression of miR-277 target genes and possible metabolic differ-
ences between ISC/EB and differentiated progeny, we used the updated 2019 single-cell
sequencing dataset [13] to perform a cell clustering and lineage reconstruction based only
on metabolic genes [33,34]. To infer cell lineage, we used only ISC/EB, differentiating EC,
EC (anterior (aEC), mid (mEC) and posterior EC (pEC)), and EEs, and excluded all other
cell types following a previous analysis [13].

Four main lineages were reconstructed: (i) ISC/EB— differentiating EC (dEC)—anterior
EC (aEC), (ii) ISC/EB—dEC—mid EC (mEC), (iii) ISC/EB—dEC— posterior EC (pEC) and
(iv) ISC/EB—EE (Figure 3a). ISC/EB and each EC subtype (aEC, mEC and pEC) showed
clustering with a small dispersion indicating a homogenous metabolic profile from anterior
to posterior EC (Figure S2a—c). EE instead showed the highest dispersion/metabolic het-
erogeneity in accordance with a high variety of EE subtypes [35] (Figure 3a). Pseudotime
analysis of predicted miR-277 target genes indicates that most genes of the FAO pathways
predicted to be regulated by miR-277 are progressively inhibited in dEC towards terminally
differentiated EC lineages and in the lineage specification of EE as well (Figure 3b).

In detail, the reconstructed lineage towards pEC shows that FAO metabolic genes
CG31075, CG4860, CG5599, CG9547, and whd diminish, while yip2 and CG3902 progressively
increase (Figure 3b). Mtpalpha diminishes during the differentiation to then increase again
in the terminally differentiated pEC (Figure 3b). In the reconstructed lineage towards
anterior EC, the expression profile is similar to the posterior midgut with the difference
of yip2, which progressively increases, and whd, which decreases during differentiation
to then increase in terminally differentiated anterior EC, similarly to Mtpalpha for pEC
(Figure 3b). In the mid midgut, reconstructed lineages also show similar patterns to the
pEC, with the exception of CG5599 which increases progressively, CG3902 which initially
increases in the process of differentiation to then diminish in terminally differentiated
mEC, and yip2 which increases initially and then diminishes. Although few FAO genes
seem to be more expressed in differentiated cells or seem to be fluctuate in the process
of differentiation, altogether these data show that FAO genes expression levels diminish
towards differentiated cells.

This is in accordance with our in vivo data showing that miR-277 levels increase
towards EC fate (Figure 2¢,d) and further indicates that miR-277 post-transcriptionally
represses FAO genes (Figure 1d). To confirm our in silico pseudotime analysis, we inves-
tigated flies carrying a GFP-tagged CG9547 fusion protein under control of endogenous
regulatory sequences (Figure S5a). We found highest CG9547 protein levels in Notch ligand
Delta (DI) positive ISC (FigureS 5d and S5b-b”’). Using specific markers for intestinal
cells [5,11,12,21,29,36], we were able to validate our pseudotime analysis of an expression
decline for CG9547 towards epithelial EC cell fates on protein level (Figure 5d). In addition,
we could prove that CG9547 protein levels are reduced upon overexpression of miR-277
(Figure S5e,e’,h) or knockdown of CG9547 by RNAIi (Figure S5g,g’,h) compared to con-
trols (Figure S5d,d’,h). Upon knockdown of miR-277 using miR-277-sp CG9547 protein
levels increase (Figure S5f,f",h). This observation supports our results showing endoge-
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Figure 3. Metabolic transcriptome analysis of single-cell sequencing data from the cell atlas of
the Drosophila midgut. (a) Cell lineages based on metabolic genes expression were inferred using
Slingshot. Four lineages were constructed starting from ISC/EB and ending in each differentiated cell
type (anterior EC (aEC), middle EC (mEC), posterior EC (pEC), and EE). (b) Plot of gene expression
as a function of pseudotime for each lineage. Target genes of miR-277 are shown together with the
known markers of ISC and EB (esg, DI, klu and pros). (c—¢”) Comparison of whole transcriptomic (c)
and only metabolic genes (¢’—¢”) cell clustering with correspondent activity score. (¢’,¢”) Metabolic
cell clusters separated by cell type (c¢’) and single cell lineage clustering (c”) as previously described.

The finding of CG9547 FAO enzyme expression in ISC and its regulation by miR-277
strongly underlines our metabolic analysis from scRNAseq. Our observations suggest that
fatty acids in ISC are used for energy production through FAO and might rather be used
for membrane build-up in dEC and EC in an anabolic way. Together with the finding that
FAO regulating miR-277 levels are low in ISC, we wanted to investigate the hypothesis
whether fatty acids might be used differently between ISC and EB.

2.4. FAO defines Differences among Intestinal Stem Cells and Enteroblasts

Stem cells and progenitor cells, although both undifferentiated progenitor cell types,
are fundamentally different. In the adult Drosophila intestine, ISC are the only cell type
capable of self-renewal, while EB are postmitotic and committed towards EC differentia-
tion. EB are a transient but discrete cell type capable of delaying terminal differentiation
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and endoreplicate [3,5,19-21,30]. To investigate whether expression of genes involved
in metabolic pathways in ISC and EB have differences reflecting their functional differ-
ences, we subdivided the ISC/EB cluster obtained in the principal component analysis of
metabolic genes (Figure 3c—”) using previously described cell type specific markers such
as DI (ISC), esg (ISC+EB), klu (EB) and pros (EE) [5,11,12,21,29,36] (Figure 4a).
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Figure 4. Analysis of midgut progenitor cell markers and miR-277 target genes from $-oxidation in
metabolic cell clusters of ISC/EB. (a) Two distinct ISC/EB clusters in the metabolic cell clusters were
identified being positive for esg expression. The ISC marker DI is expressed in cells of both clusters
that are negative for expression of the EB marker klu. (b) Analysis of miR-277 target genes from FAO
in metabolic cell clusters of ISC/EB (c) ISC/EB clusters can be subdivided into two distinct metabolic
clusters, ISC (grey circle) and EB (orange circle) analyzing expression of DI and klu marker genes.
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Escargot (esg) marks both ISC and EB, as previously demonstrated [3,37,38]. However,
esg has been shown to overlap with EE [3,37-39]. First, we observed and excluded a
very small number of pros* cells within the esg™ ISC/EB population from the analysis
(Figure S3a). The Notch ligand Delta (DI) has been shown to be a sufficient but not necessary
marker of ISC per se, as it is only necessary during stem cell division for EB cell fate
determination by Delta/Notch signaling [1,12,21,31,32]. In EB, the Notch target gene
klumpfuss (klu) has been shown to be a sufficient and necessary marker for EB, preventing
the EE fate and committing towards the EC fate [21,36]. We hence initially defined ISC as
‘esg™, DI*, klu~, and pros™’, and EB as ‘esg™, DI~, klu*, and pros™’ (Figure 4a). Using these
criteria for mapping, miR-277 targeted FAO enzymes are found to be expressed in ISC/EB
(Figure 4b) and two distinct populations of ISC and EB can be distinguished (Figure 4c).
Despite that, we found a high variety of genes contradicting only one ISC population in
terms of metabolic gene expression.

After an exhaustive search, we isolated and termed a third group, reflecting a second
population of ISC that is DI~ (‘esg™*, DI, klu~ and pros~’, Figure 5a,f) built on our metabolic
mapping, marker gene expression, and a previous unpublished observation that under very
low turnover conditions, the majority of ISC of virgin females are negative for the mitosis
marker pH3 and importantly esg*/DI~ [6] (Antonello and Reiff, unpublished results). We
also observed that reprogramming towards lipid uptake upon mating [6] may already cause
an upregulation of CG9547 protein levels in MF compared to VF (Figure S5c). Using these
criteria, DI* proliferating ISC (pISC) have high expression of cell cycle genes CycD, CycE,
and stg (string, CDC25A) (Figure 5b), whereas quiescent ISC (qISC) have high levels of nub
(POU/OCTT1) involved in quiescence [40,41] (Figure 5b). E2F1 is also high in qISC, where it
might exert its known role as repressor of OXPHOS and mitochondrial function [42,43] and
promote FAO to support self-renewal and drug resistance via NANOG in tumor-initiating
stem-like cells [43] (Figure 5a). EB show higher levels of endoreplication genes (Orc1, dup),
cellular growth (mTor, Myc) and Eip75B [5] (Figure 5b).

Strikingly, qISC and pISC are characterized by high expression of the FAO genes
CG5599, Mtpalpha, and yip2 and, respectively, CG3902, CG4860, CG9547, and whd in compar-
ison to EB (Figure 5c). As an exception from miR-277 target genes showing clear expression
differences among populations, CG31075 sticks out being high in a small number of EB
(Figure 5¢). CG31075 is predicted to code for an orthologue of human ALDH1A, an alcohol
dehydrogenase, and is thus not involved in FAO but is part of KEGG pathway ‘Fatty
Acid Metabolism’ (Figure 1b). As CG31075 knockdown also results in reduced ISC sizes
(Figure S4d,e), it is a tempting candidate for future studies involving metabolism of ISC.

These data suggest that miR-277 target genes are differently regulated between DI~
and DI* ISC and enriched in both populations (Figure 5c,d) compared to the cell types of the
intestinal lineage. In accordance with our in silico data on ISC metabolic gene expression,
this suggests that ISC are characterized by FAO and that ISC, from a metabolic point of
view, are dissimilar to EB that can be clearly distinguished by published marker genes
(Figure 5b—d) [5,20,44]. Together, our analysis and experiments show high expression of
FAO genes in qISC gradually declining towards terminal EC differentiation (Figure 5e), a
tempting lead towards understanding of ISC metabolism, which we sought to experimen-
tally address in the following.
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Figure 5. Subclustering of ISC/EB using combined expression of esg, DI, klu, and pros identify
quiescent and proliferating ISC within the ISC cluster. (a) The analysis of DI and klu expression
levels in the escargot positive intestinal progenitor lineage identifies 3 populations within the esg*
ISC/EB cell cluster: klu*, DI~ (red), DI*, klu™ (green), and DI, klu™ (grey). Double positive cells
are not identified confirming the mutual exclusivity of these markers. (b) Dot plot representation of
additional lineage markers and cell cycle genes shows high expression of quiescence marker nub in
esgt, DI™, klu~, and pros~ quiescent ISC (qISC), whereas expression of cell cycle genes CycE, CycD,
and stg is high in esg*, DI*, klu~, and pros— proliferating ISC (pISC) and expression of EB markers like
Eip75B is highest in esg*, DI, klu*, and pros~ EB cell cluster. (c) Dot plot representation of miR-277
target genes identify the differentially expressed FAO genes Mtpalpha, yip2, and CG5599 as quiescent
ISC (DI™) markers. CG3902, CG4860, CG9547, and whd are higher expressed in proliferating ISC (esg™,
DI*, klu~, and pros~). CG31075 is the only miR-277 target gene showing higher expression in EB (esg*,
DI, klu*, and pros™). (d) CG9547 protein expression levels significantly decline in the ISC lineage
(n=6,8,9; ANOVA: ** p < 0.01, *** p < 0.0001). (e,f) cartoons depicting esg™ intestinal progenitor
lineage clusters can be further subdivided in qISC (grey circle), pISC (green circle) and EB (orange
circle) upon expression of DI, klu, and pros.
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2.5. miR-277 Levels affect Midgut Homeostasis and Progenitor Survival

Taking advantage of the accessible and versatile genetic toolbox of Drosophila, we set
out to investigate whether there are consequences of altered expression levels of genes
involved in FAO metabolism in ISC. Like its human counterpart, the adult Drosophila midgut
is replenished by tightly controlled ISC division and differentiation of progenitors into
absorptive enterocytes (EC) and secretory enteroendocrine cells (EE) [11,12,14] (Figure 6a).
To better understand the function of miR-277 in intestinal homeostasis , we employed
the * ReDDM’ tracing system (Repressible Dual Differential Marker) [3,21,30]. ReDDM
allows determination of tissue turnover with temporal control of tracing and simultaneous
expression of further UAS-driven transgenes. The spectrum of possible effects that we
can detect and decipher using ReDDM ranges from proliferation, differentiation, and over
apoptosis to aberrant cellular morphology [3,5,6,21,30].

The principle of ReDDM relies on differential marking of cells having active or inac-
tive Gal4 expression with fluorophores of different stability. Combined with the enhancer
trap esg-Gal4, esgRPPM, double marks qISC, pISC, and EB driving the expression of UAS-
CD8::GFP (>CD8::GFP) with short half-life and >H2B::RFP with long half-life (Figure 6a).
Crosses are grown at 18°C in which transgene expression is repressed by ubiquitous
tubulin-driven temperature sensitive Gal80®. By shifting adult females to 29 °C, Gal80® is
destabilized, in turn enabling spatiotemporal control of esgRPPM tracing and additional
UAS-driven transgenes including UAS-Cas9, important in experiments making use of
CRISPR-Cas9 (Figure S7a-f, esgRePPMCa9) Upon epithelial replenishment, newly differen-
tiated epithelial EC and EE stemming from ISC divisions retain RFP*-nuclei due to fluo-
rophore stability and show gradual renewal of the intestinal epithelium (Figure 6b—d) [3].

By crossing esgRPPM with flies carrying either UAS-constructs encoding for miR-
277 or a miR-277-sponge (miR-277-sp), we investigated overexpression and knockdown of
miR-277. MicroRNA sponges contain multiple complementary binding sites to the seed
sequence of a microRNA of interest (Figure 6e) and reduce endogenous microRNA levels
in both flies and human cell culture [31,32]. Intriguingly, raised levels of miR-277 led
to significantly reduced ISC and EB numbers compared to controls after seven days of
tracing and transgene expression (Figure 6fh,i). Consequently, numerical loss of ISC and
EB (Figure 6h) impairs intestinal homeostasis reflected by the lack of newly generated
EC (Figure 6i). Strikingly, forced miR-277 levels affect ISC and EB survival displayed by
membrane-blebbing and nuclear fragmentation (Figure 6f inset, Figure S4a), both hallmarks
of apoptotic progenitors in the intestine [21].

Conversely, knockdown of miR-277 using miR-277 sponges leads to accumulation of
mature EB accompanied by low numbers of small diploid ISC (Figure 6g, morphological
identification of esg*?). Progenitor numbers and tissue renewal is significantly increased
compared to controls (Figure 6h,i), which suggests a requirement for optimal miR-277 levels
in ISC survival and differentiation of EB to epithelial EC. EE differentiation was addressed
by immunostaining with the EE marker prospero [11,12,29], but is not affected by miR-277
manipulations (data not shown).

In addition, the survival of ISC and EB upon forced miR-277 expression is rescued
by baculoviral P35 (Figure S4b,b") underlining that the observed form of cell death is
apoptosis [45]. However, rescued progenitors remain small in size and rarely divide sug-
gestive for an additional proliferation and growth-related impact of miR-277 (Figure S4b’).
Apoptosis of ISC upon miR-277 expression reveals their dependence on proper miR-277
levels, which led us to hypothesize that ISC depend on proper regulation of genes involved
in FAO metabolism. As microRNAs are known to post transcriptionally regulate many
genes, we sought to directly address FAO with RNAi against individual FAO genes in the
next experiments.
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Figure 6. esg®*PPM tracing of stem cell production and manipulation of miR-277 in ISC and EB. (a) The
expression of two different fluorophores (CD8::GFP and H2B::RFP) is driven by the ISC and EB specific
driver esg-Gal4. EB differentiating to epithelial EC loose esg-Gal4 driven CD8::GFP, while stable
H2B::RFP persists. Also, the enteroendocrine precursors (EEP) and their progeny (EE) loose the esg-
Gal4 driven CD8::GFP, but retain the H2B::RFP. The expression of UAS-driven transgenes is temporally
controlled by a ubiquitously expressed temperature-sensitive Gal80' repressor, which is inactivated
by a temperature shift to 29 °C. (b,c) show tracing in control (esg®PPM> /1!!18) adult Drosophila
mated females. EB integrate in the epithelium as EC or EE (GFP~ /RFP*) revealing midgut turnover
rate under physiological conditions after 7 days (b) and 21 days at 29 °C (c). (d) Quantification of
epithelial renewal in adult PMG traced for 7-21 days (a—d, modified from Antonello et al., 2015).
(e) Schematic of loss-of-function by microRNA sponges achieved by the expression of multiple
consensus sequences for the according microRNA. (f) esgR*PPM driven overexpression of miR-277
resulting in cell death of presumably small GFP*/RFP*-ISC (inset arrowheads). (g) Depletion of
miR-277 with a UAS-driven sponge titrating intracellular miR-277 levels. (h,i) Quantification of
ISC/EB-numbers (h) and EC renewal (i) in miR-277 overexpression and knockdown after 7 days in
R5a/b (1 =13, 5, 8; ANOVA: ** p < 0.01, *** p < 0.001, *** p < 0.0001). (scale bar is 50 um in (b,c f,g)).

2.6. miR-277 and FAO Deficiency affect ISC Morphology and Subsequently Survival in Physiology
and Pathology

Our findings of miR-277-induced apoptosis are of great interest as apoptotic mech-
anisms controlling ISC survival are unknown and harbor therapeutic potential as ISC
are the cells of origin for colorectal cancer (CRC). Cellular growth, mitochondrial matu-
ration and endoreplication are hallmarks during the differentiation process from ISC to
EC [3,5,19-21,30]. In previous experiments (Figures 6f and S4a) we observed that when
miR-277 induced apoptosis is blocked with p35, ISC survive although much smaller in size
(Figure S4b” arrowheads). Thus, we sought to address consequences of miR-277-mediated
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esgReDDM

FAO gene knockdown and individual FAO gene RNAi knockdown on ISC size and survival
using esgRPPM [3,30].

After seven days of knockdown using esg®*PPM, we found no indication of apoptosis,
but significantly decreased ISC size upon forced miR-277 expression (Figure 7b) and after
knockdown of individual FAO genes (CG4860, CG9547, Mtpalpha and yip2, Figure 7d-h),
possibly reflecting a disruption of metabolic energy supply for metabolic growth. Con-
versely, knockdown of miR-277 using miR-277-sponges increased ISC size (Figure 7c/h). Strik-
ingly, yip2, the enzyme catalyzing the last step of FAO, also revealed the strongest impact
on ISC size (Figure 7h) and followed the pseudotime differentiation (Figures 3b and 5b).
Together, these experiments show a strong impact of FAO genes for ISC growth and that
our observation of miR-277-induced apoptosis is not caused by the regulation of other

miR-277 targets.
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Figure 7. esgR?PPM tracing with manipulation of miR-277 and miR-277 target genes from FAO in
ISC/EB. (a) Confocal image of control PMG (R5a/b) after 7 days showing normal ISC and EB-numbers
and sizes. (b) Forced expression of miR-277 with block of apoptosis by P35. Arrowheads point to
small ISC, whereas arrows indicate particularly and unusually big ISC. (c) Knockdown of miR-277
using miR-277-sponges increases the number of ISC/EB with enlarged size (¢,h). (d-g) knockdown
of miR-277 target genes from FAO results in a higher number of small ISC ((d-h), arrowheads).
(h) Quantification of ISC/EB-sizes in manipulations of miR-277 and knockdown of miR-277 target
genes after 7 days in R5a/b (n = 200, 199, 150, 150, 199, 150, 150; ANOVA: ** p < 0.01, *** p < 0.0001).
(scale bar is 20 pm).

In contrast to miR-277, FAO gene RNAI did not result in ISC apoptosis after seven
days. However, after 21 days of RNAi-mediated CG5599 and Mtpalpha knockdown, we
observed membrane-blebbing and nuclear fragmentation indicating apoptosis in progeni-
tors (Figure S5j,k, arrowheads). Generally, RNAi-mediated knockdown should resemble
downregulation comparable to forced expression of a microRNA. Our data in Figure S5
suggests that RNAi is probably less effective than an endogenous microRNA evolved to
regulate these genes, which might account for this phenotypic delay. Together these data
suggest a crucial role of FAO as energy source for ISC that is subsequently essential for
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their survival. Intrigued by the effects of FAO gene depletion reduction on ISC survival,
we wanted to study ISC survival with greater detail in a benign pathological context.

2.7. miR-277 in a Benign ISC Tumor Model

The discovery of miR-277-mediated ISC survival is intriguing, as ISC are known to
resist radiation and chemically induced apoptosis. ISC have been established as cell of
origin for colorectal cancer (CRC) in the mammalian and fly intestine [46—49]. While
several mitogenic factors have been described, no factors regulating ISC survival have
been identified [50] and might bear high therapeutic value. We previously described that
revealing cell death in vivo is challenging as dying cells are cleared off rapidly from the
intestinal epithelium by macrophages [21], which hampers quantification and might result
in underestimation of apoptotic cell loss.

Here, we sought to circumvent this issue by raising the number of ISC using the
established Notch (N) loss-of-function (LOF) tumor model (Figure 8a) [5,51]. N LOF results
in the accumulation of ISC-like cells that are unable to differentiate (Figure 8a,b) [21]. Using
esgRePPM tracing in combination with N LOF and forced miR-277 expression (Figure 8c),
we found no effect on tumor number (Figure 8e), composition (Figure S6b), and size
(Figure S6a). Strikingly, we found N-tumors with forced miR-277 expression to undergo
high rates of apoptotic cell death (Figures 8f and Séc,c’) and ISC-like cells are significantly
reduced in size (Figure 8h). In addition, new epithelial EC differentiate from the tumors,
which might reflect an escape from apoptosis through differentiation (Figure 8g).
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Figure 8. esg"PPM tracing and manipulation of miR-277 in the benign Notch tumor model. (a) N
LOF in ISC/EB prevents EB specification through N signaling and EC production, thus resulting in a
stochastic rate of symmetric ISC divisions (ISC tumor formation) and the production of EE (EE tumor
formation). We added ISC apoptosis caused by overexpression of miR-277 as a possible outcome for
ISC division (apoptotic ISC, aCasp3 positive, Figure S6c—c’). (b) esg*PPM tracing combined with N-
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RNAI driven in ISC and EB results in the formation of ISC tumors (GFP*/RFP*) and EE tumors
(GFP~ /RFP* /aPros*) and a reduced number of renewed EC (GFP~ /RFP* /aDIg-1%) in midguts of
mated female flies after 7 d at 29 °C. (c) Simultaneous overexpression of miR-277 in the Notch tumor
model is not affecting ISC nor EE tumor formation, but shows a significant increase in apoptotic ISC
indicated by membrane blebbing (¢ f, arrowhead), an increased production of newly differentiated
EC (c,g, GFP~ /RFP*/aDlg-1*, arrow), and significantly reduced ISC size (h). (d-g) Knockdown of
miR-277 in the Notch tumor model has no effect on tumor formation (e), number of apoptotic ISC
(f), nor the number of renewed EC (g). (e-g) Quantification of number of ISC tumors (e), number of
apoptotic ISC (f), and number of new EC (g) of miR-277 manipulations in the Notch tumor model
after 7 days in R5a/b normalized to an area of 100,000 um?. (h) Quantification of ISC sizes (11 = 8, 6,
7/8,8,7/8,8,7/75,150, 121; ANOVA: * p < 0.05). (scale bar is 50 pm).

Loss of programmed cell death is observed during tumorigenesis and is a hallmark
of malignant growth. The basis of the used benign model, LOF of N receptors, is not
a frequent alteration observed in CRC tumorigenesis, which is why we designed and
established the first Drosophila model of CRC that is based on CRISPR-Cas9-induced gene
excision (Figures 9a and S7a). Individual conditional CRISPR-Cas9 gene editing of single
tumor suppressors was recently shown to induce similar benign intestinal tumors [52].
We chose to mimic sporadic CRC development by targeting frequently mutated genes
simultaneously that were previously shown to induce all hallmarks of CRC [49]. For that
purpose, we advanced a cloning protocol for multiplex single-guideRNA arrays involving

‘scarless’ ligation with high efficiency (Figure S9) [53].
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Figure 9. esg"*PPM tracing and overexpression of miR-277 in a newly established colorectal cancer
(CRC) model based on CRISPR-Cas9 excision. (a) A newly established Drosophila model for CRC
combines the esgRPPM tracing system with expression of Cas9 and single guideRNAs (sgRNAs)
targeting the Drosophila orthologs of the most frequently mutated tumor suppressors in CRC patients.
Early adenoma-like lesions and hyperactive Wnt/wg signaling are induced by knockout of the Apc
orthologs apcl and apc2. Additional expression of an oncogenic rasG1?V leads to an activation of EGFR
signaling, knockout of p53, and knockouts of the TGF-8 ortholog Medea and Pten mimic sporadic CRC
patient-like carcinoma. In this model, the hallmarks of colorectal cancer, namely, (i) an increased SC
proliferation, (ii) decreased differentiation to epithelial cells, (iii) a decreased apoptosis rate, and (iv)
cell migration through the basal membrane, can be modeled and analyzed. Here, we used this model
to investigate miR-277 overexpression in CRC-like modified ISC. (b) esgR*PPM tracing combined with
the RNAi-based Drosophila CRC model established by Bangi et al. 2016 results in the formation of
ISC/EB cell clusters (GFP* /RFP*) and an increased EB growth in midguts of mated female flies after
7 dat29 °C. (c) eng"DDMC"Sg tracing combined with our new CRISPR-Cas9-induced CRC model
reflects all CRC characteristics previously observed by Bangi and colleagues [49]. In detail, Cas9
excision of sporadic CRC associated genes leads to the formation of ISC/EB cell clusters, increased
EB growth and PCD of ISC/EB indicated by membrane blebbing (arrowheads) in midguts of mated
female flies after 3 d at 29 °C. As a consequence, overall survival of CRC flies is strongly reduced to
about one week. (d,e) Simultaneous overexpression of miR-277 (d) or RNAi mediated knockdown of
CG9547 (e) in the CRISPR-Cas9-induced CRC model reduces the number of ISC/EB compared to
control tumors and reduces EB differentiation. (f~h) Quantification of ISC/EB numbers (f), number
of apoptotic ISC/EB (g), and number of newly differentiated EC (h) of the newly established CRISPR-
Cas9 induced CRC model and simultaneous overexpression of miR-277 after 3 days in an area of
40,000 um? in R5a/b (n =7,6,6/7,6,6/7,6,6; ANOVA: * p < 0.05, *** p < 0.001, **** p < 0.0001). (scale
bar is 50 pum).

GuideRNAs in our model are under control of a UAS promoter and target apcl, apc2
(adenomatous polyposis coli 1&2), p53, Medea (dSmad4) and Pten (Phosphatase and tensin ho-
molog) (Figure S7g,h). Transgenic flies were injected and subsequently recombined with
flies harboring oncogenic >ras¢1?V, reflecting EGFR signaling gain of function (Figure 9a).
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To allow simultaneous Cas9 excisions, tracing, and UAS-driven genetic manipulations in
ISC, we recombined an UAS-Cas9.P2 transgene into the eng”D DM tracing flies (eng"D DMCas9y
(Figure S7a—c). In control experiments, ISC and EB appear more rounded upon Cas9.P2
expression (Figure S7c) in accordance with a previous study [52], but their numbers re-
main constant comparable to esgR*PPM controls (Figure S7b) and also tissue homeostasis
is not disrupted after seven days (Figure S7d,e). Additionally, we approached the effi-
ciency of CRISPR-Cas9 events and found a 99% reduction crossing single guideRNA flies
targeting CD8::GFP in esgR?PPM (Figure S7f), proving highly efficient excision. One of
several advantages of our CRISPR/Cas9-based model over previous CRC models [49]
is the irreversibility of Cas9 excision, which also excludes possible compensation of
RNAi-mediated knockdown.

2.8. miR-277 and Colorectal Tumorigenesis

Firstly, we compared the CRC model from Bangi et al., 2016 [49] (Figure 9b) with our
new model with CRISPR-Cas9 excision of apc1/2, p53, Medea, and Pten in conjunction with
oncogenic rasC'?V (Figure 9a). Using esgRPPMC9 a5 an ISC-specific driver for intestinal
tumorigenesis [46—49], virtually all ISC should be converted into aberrant CRC tumor stem
cells (Figure S7f). Intestines of both CRC models showed strong proliferation, defective
differentiation, overgrowth of progenitor cells, and multilayering (Figure 9¢c,d) revealed
by additional esgR*PPM tracing. Traced ISC and their progeny can be differentiated using
specific markers for EC and EE (not shown). Progenitor cell production as well as turnover
of the midgut is dramatically accelerated and after only 48-72h, the remaining hypotrophic
epithelium consists of new EC only. Of note, complete renewal of the midgut epithelium in
non-tumoral controls usually takes about 4 weeks [3,30].

Reprogramming of fatty acid metabolism was previously observed in various tumor
entities [54]. We thus wanted to address whether miR-277, and thus expression levels of
FAO genes, is affected in our CRC model. Therefore, we crossed the miR-277 sensor flies to
our CRC model and investigated whether miR-277 levels change upon tumor induction
(Figure S8a). esgRPPM tracing allows distinguishing between manipulated tumoral and
unmodified intestinal cells (inset Figure S8b—c’). By determining GFP fluorescence intensity,
we found that GFP levels inside of tumoral tissue are significantly higher than in the
surrounding cells (Figure S8d). Thus, miR-277 levels are reduced in cells of the tumoral
tissue, suggesting higher expression of FAO genes (Figure S8e).

Finally, we aimed at testing a putative favorable role of miR-277 and FAO genes and
investigated whether forced miR-277 expression in our CRC model affects ISC-like cell
survival, like in benign Notch tumors (Figure 8c,f/h). In our CRC model tumors, sporadic
CRC gene deletions induce pleiotropic phenotypes including proliferation, differentiation,
cellular growth, and multilayering (Figure 9a,c—e). On top of that, intestines with forced
miR-277 expression (Figure 9d) or RNAi-mediated knockdown of CG9547 (Figure 9e), and
thus, reduced levels of FAO gene expression, present further clearly distinct phenotypes
(Figure 9c—e): (i) progenitor cells undergo apoptosis but with a similar frequency as controls
(Figure 9g), which is probably owed to p53 deletion (Figure 9a); (ii) progenitor cell number
(Figure 9f) and progeny are strongly reduced (Figure %h).

In summary, our findings suggest an important role of miR-277-regulated FAO genes
in intestinal stem cell metabolism. Using physiological and pathological paradigms, we
show that suppressed FAO gene expression clearly affect intestinal stem cell size and
once miR-277, in its role as a pan-FAO gene regulator, is forcedly expressed, ISC even
become apoptotic, hampering tumoral growth. These findings are especially important in
a pathological context as so far, no specific triggers for intestinal stem cell survival have
been described. Our in vivo findings on intestinal stem cell metabolic gene expression
might thus pave the way for future investigation of fatty acid oxidation as a promising
new therapeutic target in colorectal cancer, but also other tumor entities relying on similar
metabolic cues.
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3. Discussion

Physiological in vivo data on stem cell metabolism is scarce owing to the complexity of
experimental setup and availability of proper genetic sensors and tools. Here, we employed
the fruit fly Drosophila melanogaster, taking advantage of its exhaustive genetic toolbox to
study SC metabolism in an adult organism and investigated the metabolic gene expression
profile of intestinal stem cells following leads from combined in silico resources. Building
on the identification of miR-277 as a negative regulator of fatty acid 3-oxidation (FAO), our
data hint to a new and quiescent ISC population that depends on lipids as an energy source.
In contrast to dispensable OXPHOS [20], a previous study discovered lipolysis involved in
ISC survival [55]. In functional experiments, we discovered that FAO gene expression is
essential for ISC survival, providing detailed insight on the metabolic cues by identifying
miR-277 as controller of the majority of FAO enzymes, and show that they are capable
of eliciting ISC starvation and subsequent apoptosis. Our data however cannot exclude
effects of a miR-277-dependent regulation of further pathways, like BCAA catabolism [25],
and further miR-277-regulated genes involved in similar phenotypes. ISC apoptosis can
be triggered under physiological conditions, in turn disrupting tissue homeostasis, but
importantly, is also observed in pathological contexts in a benign tumor model. In addition,
FAO-deprived ISC show strongly reduced tumor size in a new CRISPR-Cas9 fly model of
colorectal cancer.

3.1. A Putative Role of Fatty Acid B-Oxidation in Controlling Quiescence in Stem Cells and
their Lineage

The most important cue of our study, that requires and definitely warrants future
investigation, is the discovery that ISC can be metabolically subdivided into a quiescent and
an active ISC population using established markers [11,12,21,29,36] and existing scRNAseq
data [13]. Although our data only provide a first step towards understanding the metabolic
differences between quiescent and active ISC, several of our functional investigations sup-
port this hypothesis: (i) direct FAO downregulation by miR-277 and (ii) specific individual
knockdown of FAO enzymes affects ISC size and (iii) subsequently their survival.

Stalling FAO as an energy source is thought to cause rapid depletion of acetyl-CoA [56].
Studies in yeast show that acetyl-CoA levels serve as checkpoint between quiescent and
proliferative state. Furthermore, high acetyl-CoA drives the acetylation of histones with
loci encoding for growth regulatory genes [57,58]. EB growth has previously been shown to
depend on input from EGFR-Ras signaling and occurs in parallel with endoreplication and
glycolysis during EB differentiation to polyploid absorptive EC [3,20,30,44,59]. Cellular
growth is a crucial process that might require the anabolic generation of cell membrane
from fatty acids. It is tempting to speculate that miR-277 expression reflects a switching
mechanism for fatty acid usage between metabolic energy generation in quiescent ISC and
cell membrane generation necessary in mitotically active ISC and growing EB. In line with
this, SC in the Drosophila testis requires mitochondria and accumulates fatty acids when
mitochondrial fusion is genetically ablated [60]. Interestingly, it was previously observed
that knockdown of FAO enzymes phenocopy mitochondrial fusion defects [60,61]. A single
study observed mitochondria in long cellular protrusions of intestinal progenitors, but
did not perform any functional studies [62]. Studying the interplay between FAO and
mitochondrial function in ISC and EB will be a fascinating topic for future studies.

The prime candidate pathway switching from quiescence to active ISC state and pro-
genitor maturation is EGFR-Ras signaling. Apart from growth, EGFR stimulates prolifera-
tion in ISC under homeostatic conditions [20,44,59,63] and deprivation of EGFR signaling
leads to programmed cell death of EB [21]. Interestingly, ISC are spared from blockade
of EGFR-induced apoptosis and survive as mitotically inactive singletons supported by
lineage tracing in two publications [21,59]. This further supports the idea that quiescent
ISC are capable of surviving without EGFR input probably by relying on FAO as an energy
source. Future efforts will aim to further dissect this metabolic switch. Central to resolve
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this issue is to reveal specific signals and conditions driving stem cells into FAO metabolism,
such as is already known for fasting [64].

3.2. miR-277, Fatty Acid Oxidation and ISC Apoptosis

A commonality of all investigated FAO genes is their role in mitochondrial FAO and
high levels of FAO genes in ISC further support the hypothesis that ISC harbor immature
mitochondria [20]. Direct molecular interactions linking apoptosis and FAO have been
described in various in vitro approaches, including human CRC cell lines [65-67]. In
accordance with our data and a role for FAO in metabolism and subsequent ISC loss, our
data shows that the CPT1A orthologue, whd (withered), diminishes progressively in the
reconstructed lineages (Figure 3b). The whd orthologue catalyzes the transport of long-chain
fatty acids from the cytoplasm to the mitochondria and whd mutants are highly sensitive to
starvation and oxidative stress [68]. Further FAO genes follow that expression pattern from
ISC declining to EC lineage: CG3902 (acyl-CoA dehydrogenase), CG5599 (dihydrolipoamide
branched chain transacylase E2), CG9547 (glutaryl-CoA dehydrogenase), Mtpalpha (mitochondrial
trifunctional protein), and yip2 (acetyl-CoA C-acetyltransferase) (Figures 3b and 5c), which
catalyzes the last step of FAO [69].

Studies in yeast support the idea of a connection between FAO and apoptosis induced
at mitochondria as the yip2 orthologue ACAA2 interacts with proapoptotic BNIP3, a known
interactor of Bcl-2, controlling cell survival [69]. Furthermore, murine ISC induce FAO
upon fasting which in turn improves regeneration. The same authors found that ISC
diminish over time when Cptla, the rate-limiting carnitine palmitoyltransferase in FAO,
is genetically disrupted [56,64]. In our functional experiments, we could show that FAO
knockdown in ISC phenocopies miR-277-induced starvation and subsequent apoptosis
(Figure 7a-h).

In a previous study we found that progenitors undergoing apoptosis are cleared off
rapidly e, which we circumvented by genetically increasing the number of ISC with the
benign Notch tumor model. FAO depletion upon forced miR-277 expression drives a
significant number of ISC into apoptosis, despite the pro-survival signal from N LOF [21].
The same experiments also showed that significantly more progenitors from N tumors
escape cell death by differentiating to EC fate. This N-independent differentiation behavior
was observed before for factors inducing EC fate [5,21,40]. In our case it might reflect
a locally controlled metabolic switch of ISC to an early EB fate allowing OXPHOS by
activating mitochondrial energy production and thus FAO independent survival and
differentiation to EC.

It was also observed that mitotically active ISC in N tumors are located at the outer
rim of the ISC clusters, where they are capable of receiving mitogens like the EGF-ligand
spitz [51]. Thus, central ISC in an N tumor mass might become quiescent and, in case
of additional >miR-277, undergo apoptosis because FAO cannot be activated (Figure 8f).
Unfortunately, we and others failed to obtain reliable cleaved caspase 3 stainings in N
tumors (Parthive Patel, personal communication) [51]. miR-277-induced apoptosis would
in turn select for FAO-independent pISC, which might provide an explanation for the
tendency of higher cell numbers (Figure S6a) found in our experiments. It will be an
interesting topic for future studies to elucidate which factors sense and stimulate the
necessity to enter quiescence.

3.3. The Role of miR-277 and FAO Genes in a CRC Model

Our observed dependence of ISC on FAO is of high importance as ISC are the es-
tablished cells of origin for CRC in the mammalian intestine [46-49,55]. Furthermore,
Drosophila ISC are known to resist radiation and chemically induced apoptosis [21,50],
and in rodents, quiescent +4 ISC, but not LGR5* ISC, are indispensable for intestinal
homeostasis following radiation [70-74]. It is thus tempting to speculate that Drosophila
and mouse ISC and patient CRC-SC have similar apoptotic dependencies. Until now, no
other factors than FAO regulating ISC survival have been described [50,55,64]. Survival in

73



Paper lI

Metabolites 2022, 12, 315

20 of 29

various tumor entities depends on EGFR signaling, which is strongly altered in about two
thirds of sporadic CRC patients [49]. The drugs Cetuximab and Panitumumab containing
antibodies targeting EGFR signaling have become standard therapy [49,75]. Both drugs
are highly effective in neoadjuvant therapy as tumor mass is strongly reduced, which
facilitates timely resection before therapy resistance develops. However, resection remains
the indispensable step for successful treatment as the vast reduction of tumor mass after
treatments results from the reduction of transient-amplifying (TA)-like cells through (i) re-
duced EGFR-dependent ISC proliferation resulting in less TA cells, but more strikingly
from (ii) a reduction of the more numerous, rapidly dividing TA cells. Additionally, data in
Drosophila suggests that the analogous cell type to mammalian TA cells, the EB, respond to
EGFR inhibition with apoptosis [21].

Unfortunately, fly ISC and human CRC stem cells do not share the apoptotic sen-
sitivity of TA cells to EGFR antibody treatments, but are driven into quiescence [76]. It
is tempting to speculate that quiescence and change to FAO metabolism enable CSC to
survive treatment and in turn might explain rapid CRC recurrence after treatment. Drug
therapy is known to exert selective pressure additionally promoting for e.g., oncogenic RAS
or BRAF variants and thus contribute to the active selection for therapy-resistant tumor
stem cells. Interestingly, using our newly developed CRC model, we found that introduc-
ing a mutational pattern resembling spontaneous CRC into ISC renders ISC resistant to
miR-277 /FAO-induced apoptosis. During the stepwise and stage-specific tumorigenesis,
P53 mutation results in aberrant survival of tumor cells. As a consequence of loss of pro-
apoptotic p53 in our CRC model, we found that ISC gain capability to withstand forced
miR-277 expression (Figure 9f) in contrary to benign Notch tumors in which apoptosis can
still take place normally (Figure 8f).

Loss of p53 is a key event in human colorectal tumorigenesis and our findings may
add to the understanding of metabolic changes conferring survival and possibly also
further tumor properties. Indeed, data from other tumor entities shows that cancer SC
utilize FAO for self-renewal and resistance to chemotherapy [43,77]. The dependence of
adult stem cells on mitochondrial FAO and lipid metabolism for their maintenance is not
only highlighted in our study, but has also been evidenced in mammalian hematopoietic
and neural SCs [78,79]. Our data provides additional understanding underlining the
dependency of ISC on FAO and its control by a microRNA. In follow up studies, the
possibilities of combinatorial treatments of FAO together with targeting EGFR might be
investigated and their therapeutic combined value will be evaluated to help improve future
cancer treatment.

4. Materials and Methods
4.1. In Silico microRNA Target Prediction

Targets of miRNAs are usually predicted by scanning for consensus sequences of their
seed sequence in mRNA. Several online tools are available that generate lists of genes
predicted to be regulated by a given miRNA. Depending on the stringency of the algorithm
used in a particular prediction tool, dozens, up to the magnitude of thousands, of genes
are predicted to be targets of a particular microRNA. To combine lists from four different
prediction tools (Miranda, Pictar, Targetscan and a miRNA target collection from Bielefeld),
we extracted multiple hits from all four tools and restricted the final list of eight genes
that showed up in at least three of four predicted target lists (see Figure 1). The list of
investigated microRNAs encompasses miRs-7, 8, 14, 34, 124, 277, 278, 315.

An earlier in silico study on miR-277 also identified the BCAA degradation pathway.
However, it did not identify multiple hits in endocytosis nor fatty acid metabolism like
our study, probably due to the early developmental state of prediction tools for miRNA
targets [25,80]. As the vast majority of genes stemmed from FAO, our study focused on
FAO metabolism and the role of miR-277 in ISC.
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4.2. Genetics and fly Husbandry/Fly Strains

The following transgenic flies were employed: esgRePPM 3], NRE:mCherry [81],
Gbe+Su(H)dsRed (T. Klein), UAS-miR-277 [25], Mex-Gal4, UAS-P35 (Bruce A. Hay), UAS-
rasC12Y UAS-p53-RNAi,UAS-apc-RNAi;UAS-Med-RNAi,UAS-Pten-RNAi [49]. Ubi-GFP and
Ubi-miR-277::GFP sensor flies are kindly provided by Klaus Forstemann. From Blooming-
ton Drosophila Stock Center (BDSC): UAS-miR-277-sponge (BL61408), UAS-CG4860-RNAi
(BL67769), UAS-CG9547-RNAi (BL53327), UAS-Mtpx-RNAi (BL32873), UAS-yip2-RNAi
(BL36874), UAS-CG4389-RNAi (BL32873), UAS-CG5599-RNAi (BL32876), UAS-Cas9.P2
(BL58985), vas-phiC31;attP51C (BL24482), vas-phiC31,;attP86Fb (BL24749), UAS-rasC12V (11)
(BL64195), UAS-rasC'2V (IIT) (BL64196), U6-EGFP-sgRNA (BL79393), UAS-CG31075-RNAi
(BL50654), UAS-mCherrymitoOMM (BL66532). From Vienna Drosophila Resource Center
(VDRC): UAS-N-RNAi (GD14477), CG9547::sGFP (v318106).

4.3. Food Composition and Fly Keeping

Fly food contained 1424 g corn meal, 900 g malt extract, 800 g sugar beet syrup, 336 g
dried yeast, 190 g soy fluor, 100 g agarose, 90 mL propionic acid, and 30 g NIPAGIN
powder (antimycotic agent) in 20 L H,O. Food was cooked for about an hour to reduce
bioburden, then filled into small plastic vials and cooled down to RT. Flies were kept at
25 °C except for crosses with temperature-sensitive GAL80ts (GAL4 repressor) which were
kept at 18 °C (permissive temperature) until shifted to 29 °C (restrictive temperature) to
activate GAL4-mediated transgene expression. Crosses with esgR¢PPM were carried out as
described previously [3,6,30]. Due to persisting problems with mucous formation on food
surface in vials with VF, all experiments distinguishing between mated and virgin female
flies were run on food with twice the amount of NIPAGIN. Mucous formation was avoided
because of massive induction of tissue renewal by pathogenic stress.

4.4. RNA Isolation and cDNA Synthesis

The midguts from at least 5 mated female flies were dissected and transferred into a
droplet of RNA Iater Solution (Invitrogen by Thermo Fisher Scientific, Bremen, Germany)
on ice. The dissected tissue was homogenized in 100 uL peqGOLD TriFast (VWR Life
Science) and total RNA was isolated as specified by the manufacturer. The following
cDNA synthesis was performed with 250 ng of total RNA and the SuperScript IV Reverse
Transcriptase (Invitrogen by Thermo Fisher Scientific) using a 1:1 mixture of oligo-dT
primers and random hexamers directly upon RNA isolation. Prior to Real-time qPCR,
c¢DNA samples were diluted 1:4 in dH,O.

4.5. Real-Time qPCR and Conventional PCR

Expression levels of predicted miR-277 target genes were determined upon forced
expression of miR-277 in enterocytes of midguts from adult Drosophila. Mex's> flies were
crossed to w!!!® (control) or >miR-277 flies at 18 °C and their progeny shifted to 29 °C
for 24 h prior to RNA isolation and cDNA synthesis before running the qPCRs. After
an enzyme activation step (2 min 95 °C), 40 cycles of denaturation (15 s 95 °C), primer
annealing (20 s 58 °C) and elongation (30 s 72 °C) were run. SYBR Green intensities were
measured at the end of every elongation step and a melting curve was calculated at the
end of the PCR reaction. Primers were designed to anneal at 59 °C. Reaction was set up
with KAPA SYBR FAST Universal (Roche) in a total volume of 10 pL. All qPCR results were
normalized to the house-keeping gene rp49. For gel visualization (Figure 1c), the qPCR
protocol was used and visualized on 2% agarose gel (Table 1).
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Table 1. List of primers used in real-time qPCR to investigate expression levels of predicted target
genes of miR-277.

Primer Forward (5'-3') Reverse (5'-3')
Rp49 TGGTTTCCGGCAAGCTTCAA TGTTGTCGATACCCTTGGGC
miR-277 GCGTGTCAGGAGTGCATTTG GATTGTACGTTCTGGAATGTCGT
CG31075 TCCGAGGGAGATAAGGCTGA GAATGCCTTGTCCCGATCCA
CG3902 CTTCTCCCTGAAGACCGTCG GGATGGCTACCGTGGCATTA
CG4860 CGACCGGGAGGAGCTTTATC TCCAATCCGGAACCACCATAC
CG5599 TCGATGACGGAATCCCTGAAAA TCTCCTTGGCCACTAACTGC
CGI9547 CAAGCTGATTGGTGCCTTTGG GCGCACTAGTAATCCACGTCT
MtpAlpha CCAGTCCTTCGTCATGGACA CACGGATCACATCGAGAATCTTCA
whd AACTTCTACGGCACGGATGC TGCCCTGAACCATGATAGGC
Yip2 CATGAGTTGCAGCGCAAGAAG GCTGTAGGATTAGACAGCCTCG

4.6. Plasmid Cloning

For cloning of multiple sgRNAs into the pCFD6 plasmid [82], a SaplI restriction site in
pCFD6 was removed by site-directed mutagenesis (SDM) using a pfu polymerase (Promega)
following the QuikChange II-E-Site-Directed Mutagenesis Kit Manual (Agilent). The follow-
ing primers were used for SODM: pCFD6_SDM_noSapl_for TTGCGTATTGGGCGCACTTC-
CGCTTCC and pCFD6_SDM_noSapl_rev GGAAGCGGAAGTGCGCCCAATACGCAA to
generate the pCFD6_noSapl plasmid. Successful removal of the Sapl restriction site was
verified by Sanger Sequencing.

4.7. gRNA Design

The CRISPR Optimal Target Finder [83] was used to design gRNAs and to search
for possible off-targets. Gene regions of the tumor suppressors apcl, apc2, p53, Med, and
Pten, which are orthologous to the most frequently mutated genes in CRC patients [49],
were copied into the target finder. Additionally, a gRNA targeting the EGFR signaling
repressor capicua (cic) was designed to induce an activation of EGFR signaling, which is
the second most common step in colon carcinogenesis. CRISPR targets with a length of
20 bp and a 5’ NGG were identified using Drosophila melanogaster (reference genome, r_6) as
reference. The specificities of identified CRISPR targets were evaluated using the CRISPR
Optimal Target Finder [83] with maximum stringency searching for NGG and NAG PAMs
in the Drosophila melanogaster (reference genome, r_6) reference genome. For each gene the
CRISPR target with the lowest number of off-targets was selected (Table 2).

Table 2. List of genes and the specific sequence targeted in the CRC model with number of off-targets
predicted by the CRISPR Optimal Target Finder [83].

Targeted Gene Target Sequence Number of Off-Targets
apcl GGGCATCGCCGAGCTCAGTC 3
apc2 GGAGAGACGATCCGCTCAGA 5
cic GGCTTGCCCGGGGAGCTTAG 4
p53 GGCTATTACGTGCCCCAATA 5
Med GGTGAAGGACGAATACTCAG 1
Pten GACGGTTTCTGAATAGGCCC 4

Forward primers for gRNA amplification were designed containing a BbsI or Sapl
restriction site, the selected guide sequence, and a sequencecomplementary to the gRNA-
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core on the pCFD6_noSapl plasmid (5-3'). Reverse primers for gRNA amplification were
designed containing a BbsI or Sapl restriction site matching the forward primer, two Sapl
or Bbsl restriction sites contrariwise to the flanking restriction sites, and a sequence com-
plementary to the tRNA sequence of the pCFD6_noSapl plasmid (5'-3'). A linker between
the flanking Bbsl or Sapl restriction sites and the remaining primer sequence was added to
enable seamless cloning of multiple gRNAs. The last guide sequence targeting Pten was
added to a final reverse primer, which lacks additional restriction sites. PCR reactions were
performed using the Q5® High-Fidelity DNA Polymerase (NEB, New England Biolabs) and
the pCFD6_noSapl as template DNA. Resulting in fragments of gRNA, gRNAcore, tRNA
and two Sapl or BbslI restriction sites flanked by Bbsl or Sapl restriction sites (Figure S9).

The pCFD6_noSapl plasmid contains a gRNAcore followed by a tRNA sequence
which are flanked by BbsI restriction sites. The DNA fragment containing the first gRNA1
followed by the gRNAcore sequence, the tRNA sequence, and two Sapl restriction sites
is also flanked by BbslI restriction sites. This fragment is combined with the plasmid by
cutting with the BbslI restriction enzyme prior to ligation. The next DNA fragment contains
the second target sequence, gRNA2, and two BbslI restriction sites. This fragment is flanked
by Sapl restriction sites and added to the plasmid by cutting with the SapI restriction
enzyme and ligation. The third DNA fragment is designed as the first one with except
for the gRNA sequence, along with others. To create these fragments, primer pairs were
designed with forward primers binding the gRN Acore sequence on the plasmid and the
specific gRNA sequence and flanking restriction site in a primer extension. The reverse
primers consist of a sequence complementary to the tRNA sequence in the plasmid and the
specific restriction sites in an extension (Table 3).

Table 3. List of Primers used to amplify gRNA constructs for the CRC model (Colors recapitulate
Figure S9).

Primer

Sequence (5'-3')

Bbsl_apcl_for

ATAAGAAGACCTTGCAGGGCATCGCCGAGCTCAGTCGTTTCAGAGCTATGCTGGAAAC

Sapl_apc2_for

ATAAGCTCTTCCTGCAGCAGAGACGATCCGCTCAGAGTTTCAGAGCTATGCTGGAAAC

Bbsl_cic_for

ATAAGAAGACCTTGCAGGCTTGCCCGGGGAGCTTAGGTTTCAGAGCTATGCTGGAAAC

Sapl_p53_for

ATAAGCTCTTCCTGCAGGCTATTACGTGCCCCAATAGTTTCAGAGCTATGCTGGAAAC

Bbsl_Med_for

ATAAGAAGACCTTGCAGGTGAAGGACGAATACTCAGGTTTCAGAGCTATGCTGGAAAC

final_rev_Pten_BbsI

ATAAGAAGACCCAAACGACGGTTTCTGAATAGGCCCTGCACCAGCCGGGAATCGAACC

universal_rev_2xSapI_Bbsl

ATAAGAAGACCCAAACTCAAGACCTGAACGGCTCTTCTGCACCAGCCGGGAATCGAACC

universal_rev_2xBbsI_Sapl

ATAACCTCTTCAAACTGGTCTTCTGAAGGGAAGACTATGCACCAGCCGGGAATCGAACC

The pCFD6_noSapl plasmid and the DNA fragment containing the first gRNA flanked
by Bbsl restriction sites were cut by the BbsI restriction enzyme (NEB, New England Biolabs)
prior to ligation of the fragment into the plasmid using a T4 ligase (NEB, New England
Biolabs). In the next step, the created plasmid now containing the two SaplI restriction sites
3’ of the first gRNA and the second DNA fragment containing the next gRNA flanked by
Sapl restriction sites were cut by the Sapl restriction enzyme (NEB, New England Biolabs)
prior to ligation. These steps were repeated until the gRNAs of all six genes were ligated
into the pCFD6_noSapl plasmid. The resulting construct was injected into flies containing
a phiC31 integrase and an attP docking site.

Transformant flies carrying the construct were identified by eye color produced by a
mini-white gene which is inserted into the construct. These flies were used to establish stocks
in single crosses. Later successful excisions mediated by the gRNA construct and the Cas9
protein were verified by PCR using primers flanking the targeted gene regions and genomic
DNA from fly guts of esgRPPMCa9 controls and esgRePPMCIsqpc ape2 cic,Med,p53,Pren $$RNAs
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as templates. A knockout of cic could not be verified; instead, the UAS-rasC12V transgene was
added to activate EGFR signaling and the cic-sgRNA was left out in the genotypic description.

4.8. Immunohistochemistry

Dissected guts from mated female flies were fixed in 4% PFA in 1XPBS for 45 min.
After fixation the guts were washed with 1XPBS for 10 min and stained with primary
antibodies 1:500 anti-Ssk (rabbit; [84]); 1:250 anti-Dlg-1 [mouse; Developmental studies Hy-
bridoma Bank (DSHB)]; 1:250 anti-Pros [mouse; Developmental studies Hybridoma Bank
(DSHB)], 1:200 anti-Casp3 [rabbit, Cell signalling technology cleaved caspase-3 (Asp175)],
1:200 anti-GFP [chicken, Abcam (ab13970)], 1:200 anti-DI [mouse, Developmental studies
Hybridoma Bank (DSHB, C594.9B)]) diluted in 0.5% PBT (0.5% Triton (Sigma-Aldrich) in
1XPBS) + 5% normal goat serum (Thermo Fisher Scientific, Berman, Germany). Primary
antibody staining was performed at 4 °C over night on an orbital shaker. Next, guts
were washed with 1XPBS for 10 min and incubated with secondary antibodies (1:500 Goat
anti-RabbitAlexa568 [Invitrogen], 1:500 Goat anti-MouseAlexa647 [Invitrogen], 1:500 Goat
anti-RabbitAlexa647 [Invitrogen], 1:500 Goat anti-chickenAlexa488 [Invitrogen]) and DAPI
(1:1000; 100 pug/mL stock solution in 0.18 M Tris pH 7.4; DAPI No. 18860, Serva, Heidelberg)
for at least 1.5 h at RT. After washing with 1XPBS for 10 min the stained guts were mounted
in Fluoromount-G Mounting Medium (Electron Microscopy Sciences).

4.9. Image Acquisition

The posterior parts of stained midguts were imaged using a LSM 710 confocal microscope
(Carl Zeiss) using ‘Plan-Apochromat 20 x /0.8 M27' and ‘C-Apochromat 40 x /1.20 W Corr
M27’ objectives. Image resolution was set to at least 2048 x 2048 pixels. Focal planes with
1 um distance were scanned and combined into Z-stacks to image one cell layer of the tubular
gut and to compensate for gut curvature.

4.10. Quantification of Proliferation, Cell Size and Fluorophore Intensity Measurements

Quantification of progenitor cell number and epithelial renewal and fluorescence
intensity measurements were performed as described previously [5]. Fiji (Image] 1.51 n,
Wayne Rasband, National Institutes of Health, USA) was used to calculate maximum
intensity images from z-stack images. GFP positive progenitor cells of esg®PPM [3] guts
were counted manually whereas RFP positive renewed epithelial cells were counted semi-
automatically by a self-written macro for Fiji. Cell size measurements were performed in
Fiji by outlining the single cells by hand and measuring the area.

Midguts of Ubi-miR-277::GFP sensor flies and the Ubi-GFP controls or CG9547::sGFP
flies were scanned with fixed laser settings and exposure times. Mean intensities of manu-
ally selected areas were determined using Fiji.

4.11. Statistical Analysis

GraphPad Prism 9.0.0 was used to run statistical analysis and create graphs of quan-
tifications. For single comparisons, data sets were analyzed by two-sided unpaired t-test.
Multiple comparisons were analyzed by one-way ANOVA and Turkey’s post-hoc test.
Significant differences are displayed as * for p < 0.05, ** for p < 0.01, ** for p < 0.001 and
**** for p < 0.0001.

4.12. Metabolic Landscape of Adult Drosophila Midgut at Single Cell Level
4.12.1. Preprocessing

Previously published single-cell RNA sequencing data derived from 10,605 midgut ep-
ithelial cells from 7-d-old females were retrieved from Gene Expression Omnibus accession
GSE120537 [13]. Gene expression values were gene length normalized in TPM (transcripts
per million) space and log, transformed. For genes associated with multiple transcripts,
the longest transcript length was used. Transcript lengths were obtained from Ensembl
Biomart (https://m.ensembl.org/index.html, accessed on 5 November 2021). Missing gene
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expression values were input using scImpute algorithm with default settings and only
applied to genes with dropout rates larger than 50% to prevent over-input [85]. Metabolic
gene lists were downloaded from KEGG database (http:/ /www.kegg.jp/, accessed on 5
November 2021). Input expression values were used for t-SNE clustering [86] using Rtsne
package with default settings after Krijthe, J. H. Rtsne: T-Distributed Stochastic Neighbor
Embedding using Barnes-Hut Implementation. https:/ /github.com/jkrijthe /Rtsne, 2015,
accessed on 5 November 2021].

4.12.2. Normalization

Four normalization methods were evaluated. Upper-quartile [87] and trimmed mean
of M-values [88] were implemented using calcNormFactors function from the edgeR pack-
age [88]. Relative log expression [89] was implemented from DESeq2 [90], Deconvolution
normalization using the scran package computed tumor subgroup-specific size factors [91].
Read counts were divided by size factors corresponding to tumor subgroup and then
transformed back to TPM. Only genes with dropout rate <0.75 were used as reference genes
for normalization to avoid noise from low-expressed genes. Performance of the methods
was evaluated using the distributions of relative gene expression values amongst different
cell types. The deconvolution normalization derived expression values were used, as it was
most effective in minimizing the differences in the distributions of relative gene expression
levels between the cell types (Figure S2c).

4.12.3. Pathway Activity Analysis

The pathway score analysis from Xiao et al. was used with the input and deconvolution-
normalized values [92]. The pathway activity score is defined as the relative gene expression
values averaged over all genes in a specific pathway and all subgroup cells of this type [92].
Statistical significance of pathway activities in specific subgroups was calculated by random
permutation test, where subgroup labels were randomly shuffled 5000 times to simulate
null distribution, followed by comparison of pathway activity scores to original scores.

All code is available from the authors upon request.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/metabo12040315/s1. Figure S1: Overview of metabolic pathways in bio-
logical systems, Figure S2: Analysis of metabolic pathways and their activity in different cell types,
Figure S3: Subclustered quiescent ISC (esg*, DI~ and klu™) within the metabolic ISC cluster are
negative for expression of the EE marker pros, Figure S4: esgReDDM tracing of ISC/EB with forced
miR-277 expression and block of apoptosis, Figure S5: esgReDDM tracing and manipulation of miR-
277 target genes CG4389 and CG5599 for 21 days and endogenous CG9547 expression in different
cell types, Figure S6: esgReDDM tracing and manipulation of miR-277 in the Notch tumor model,
Figure S7: Comparison of the esgReDDM and esgReDDMCas9 system and schematic composition
of the newly developed CRISPR-Cas9 CRC model, Figure S8: miR-277-expression in CRC tumors
revealed by miR-277::GFP sensor flies, Figure S9: schematic illustration of the strategy for seamless
cloning of multiple gRNAs into the pCFD_noSapI plasmid.
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Female reproduction comes at great expense to energy metabolism com-
pensated by extensive organ adaptations including intestinal size. Upon
mating, endocrine signals orchestrate a 30% net increase of absorptive epi-

thelium. Mating increases production of the steroid hormone Ecdysone
released by the Drosophila ovaries that stimulates intestinal stem cell (ISC)
divisions. Here, we uncover the transcription factor crooked legs (crol) as an
intraepithelial coordinator of Ecdysone-induced ISC mitosis. For the precise
investigation of non-autonomous factors on ISC behaviour, we establish
Rapport, a spatiotemporally-controlled dual expression and tracing system
for the analysis of paracrine genetic manipulation while tracing ISC behaviour.
Rapport tracing reveals that Ecdysone-induced Crol controls mitogenic Wnt/
Wg-ligand expression from epithelial enterocytes activating ISC mitosis.
Paracrine Wg stimulation is counterbalanced by Crol-repression of string/
CDC25 and CyclinB autonomously in ISC. Rapport-based ISC tumours confirm
paracrine stimulation through the Ecdysone-Crol-Wg axis on mitotic beha-
viour, whereas the autonomous anti-proliferative role of Crol in ISC is con-
served in models of colorectal cancer. Finally, mathematical modelling
corroborates increasing enterocyte numbers and Wnt/Wg-degradation to set
a stable post-mating intestinal size. Together, our findings provide insights
into the complex endocrine growth control mechanisms during mating-
induced adaptations and might help untangling pleiotropic hormonal effects
observed in gastrointestinal tumorigenesis.

Generation of offspring is an energetically costly process that triggers
multiple physiological adaptations of organs such as liver, pancreas and
gastrointestinal tract in various species'”. Survival and fitness of pro-
geny relies on tight control of alimentary tract adaptations to metabolic
demands in small rodents, in which daily food uptake during lactation
can equal the mother s body weight™”. It is key to understand regulatory
mechanisms for hyperplasia and -trophy of the intestine, as it underlies
both, physiological tissue functionality and potential malfunctioning in
common diseases such as diabetes, obesity and cancer. Physiological
adaptations to mating and pregnancy offer a unique opportunity to
explore the nature of the underlying interorgan communication.

In Drosophila melanogaster females, gut size is increased to
match energy consumption when egg production is initiated* .
Endocrine interorgan communication orchestrates this organ size
re-set yielding an enlarged intestine with about a third more
absorptive enterocytes (EC)’*. This expansion is orchestrated by
systemic release of juvenile hormone (JH) from the neuroendocrine
corpora allata and the steroid hormone 20-Hydroxy-Ecdysone
(20HE) from the ovaries. Both hormones converge on intestinal
progenitors increasing intestinal stem cell (ISC) proliferation and
enteroblast (EB) differentiation towards EC fate*’'°. 20HE-
dependent increases in ISC proliferation depend on presence of

'Department of Biology, Institute of Genetics, The Faculty of Mathematics and Natural Sciences, Heinrich Heine University Diisseldorf, Diisseldorf, Germany.

2Department of Biology, University of Graz, Graz, Austria.

e-mail: reifft@hhu.de
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the Ecdysone-receptor (EcR) and early response genes Broad, Eip75B
and Hr3"*, but mating-dependent molecular control mechanisms of
how active 20HE-signalling affects the cell cycle in ISC, remained
unknown.

Here, we report and characterize how crooked legs (crol) relays
endocrine 20HE into local intraepithelial ISC division control. We
detected 20HE-dependent crol activation in ISC and epithelial EC.
Interestingly, functional experiments revealed antagonizing mitogenic
effects of crol manipulation in the ISC population on one hand and the
EC population on the other hand, a function of Crol that is also exerted
by its human orthologue ZNF267. This observation prompted us to
invent and establish ‘Rapport’, a bipartite spatiotemporally controlled
tracing and expression system, which enabled us to manipulate EC
while tracing non-autonomous effects on labelled stem cell progeny.
We designed Rapport to offer highest flexibility and compatibility with
existing genetic tools and combined it with a driver for epithelial
enterocytes in this study. Using Rapport, we discover that Crol relays
systemic 20HE signalling in EC into locally acting paracrine Wnt/Wg
ligands. This finding is of high interest as EC are the largest cell
population in the midgut and Wnt/Wg signalling pathway is central in
homeostasis and malignancies of the fly and mammalian gut"",
Manipulation of the 20HE-Crol-Wg axis in microenvironmental EC non-
autonomously controls ISC proliferation during mating-dependent
intestinal growth and in neoplastic tumours. Quite the contrary, crol
expression in ISC acts antiproliferative through the CDC25-orthologue
string and the mitotic cyclin Cyclin B, suggestive for a Crol-dependent
mitotic balance.

Mathematical modelling supports our hypothesis of opposing
autonomous and non-autonomous mitogenic effects of Crol on ISC
and that EC numbers are indeed stabilizing mating-adapted organ size
depending on 20HE levels. Interestingly, our discovered dynamic
pattern is highly robust and can be derived from the fundamental
properties of diffusion and degradation of Wnt/Wg ligands. These
opposing cell type-dependent consequences of a single hormonal
stimulus on stem cell proliferation inside the same epithelium under-
pin complex hormonal action on epithelial growth during pregnancy-
induced hyperplasia and pleiotropic effects observed in cancer of the
intestine.

Results

Crooked legs responds to mating-dependent 20HE steroid hor-
mone release

The female fly intestine undergoes a variety of post-mating adapta-
tions including a net increase of the absorptive epithelium’~”. Mating-
dependent enteroplasticity is orchestrated by two hormones, JH and
20HE, which act directly on ISC mitosis increasing the number of
absorptive EC*”*, Aiming to elaborate Ecdysone-responsive genes
exerting ISC division control, we followed leads from developmental
studies” ™ and sequencing approaches that suggested expression of
crooked legs in the adult Drosophila midgut'®"’.

Transgenic flies in which Crol is GFP-tagged (Crol::GFP) confirmed
crol-expression in the adult midgut of female and male flies. We
detected GFP-signal in all four major cell types of the intestine: ISC
positive for the Notch-ligand Delta (N and DI, Fig. S1A-A”), EB identified
by N-activity (N-reporter GBE+Su(H)-dsRed, Fig. S1B-B”), EE positive for
Pros (Prospero, Fig. SIC-C”) and EC, positive for the septate junction
marker Dlgl (Discs large 1, Fig. SIC-C”). It was previously shown that
mating induces a physiological adaptation of the posterior midgut
(PMG) by size and cell number, which is most pronounced in the R5
region of the PMG’#. Mating induces an ovary-to-gut release of 20HE
(Fig. 1E)®, which we also found to significantly increase Crol::GFP levels
when comparing adult mated females (MF) with virgin females (VF)
(Fig. 1A-B’, E, F). As mating induces both, JH and 20HE, we next con-
firmed crol responsiveness to pharmacological EcR activation by
feeding the EcR agonist RH5849 to female (Fig. 1E) and male flies®.

RH5849 significantly increased Crol::GFP fluorescence intensity in
control females (Fig. 1C-D’, F) whereas no difference was detected in
male flies fed with RH5849 (Fig. S1G-1) underlining previously descri-
bed differences in hormone responsiveness and sexual identity of cells
in the female and male midgut**'*", Previous studies showed that
manipulation of 20HE levels can be achieved by genetic ovariectomy
using the dominant ovo™ stock, which diminishes later egg stages of
vitellogenesis in ovarioles as a sink for 20HE while keeping the main
population of ovary cells producing 20HE active®®. In line with a
regulation of crol by 20HE, we detected a significant increase of
Crol::GFP fluorescence in ovariectomized MF (Fig. SID-D'/F). Inter-
estingly, crol responded to mating (Fig. 1A-B’), RH5849 (Fig. 1C-D’) and
20HE-induction by ovariectomy (Fig. S1D-F) in ISC/EB (Fig.1A", B, C", D',
Fig. S1D’, E’ encircled Arm’/Pros*-cells) as well as epithelial EC (Fig. 1A",
B’, C, D', Fig. SID’, E’ arrows) by significant increases in Crol::GFP
intensity (Fig. 1F, Fig. SIF).

Recent studies showed that 20HE is taken up through the Ecdy-
sone importer (Ecl) in larval development® and the adult midgut®.
Using heat-shock induced Flp-out clones, we investigated whether
Crol::GFP levels respond to Ecl-overexpression and knockdown
(Fig. 1G-H’). Clones positively marked by UAS-RFP (>RFP, >" abbre-
viates Gal4/UAS regulation) also overexpress >Ecl. In line with previous
results®, >Ec/ facilitates 20HE uptake which led to increased Crol::GFP
levels in ISC/EB (Arm’/Pros”) as well as EC (Fig. 1G, G, ) when com-
pared to wild type ISC/EB and EC (Fig. 1G, G, outlined cells). Reci-
procally, a clonal reduction of 20HE uptake by Ecl-RNAi reduces
Crol::GFP levels in ISC/EB and EC (Fig. 1H, H’, ) compared to non-clonal
ISC/EB and EC (Fig. 1H, H’). Having identified crol as 20HE target in the
adult midgut cells, we investigated its role in intestinal tissue home-
ostasis by separately addressing Crol in ISC/EB progenitors and epi-
thelial EC (Fig. 1E).

Crol and its functional human orthologue ZNF267 control pro-
liferation of intestinal stem cells

First, we manipulated crol autonomously in ISC and EB using the
‘ReDDM’ (Repressible Dual Differential Marker, Fig. S2A) tracing
method to observe overall impact on tissue renewal with spatio-
temporal control of tracing onset and gene manipulation®. Briefly,
ReDDM differentially marks cells having active or inactive Gal4
expression with fluorophores of different stability. Combined with the
enhancer trap esg-Gal4, active in progenitors (ISC and EB), esg®’™
double marks ISC and EB driving the expression of UAS-CD8::GFP
(>CD8::GFP, > abbreviates Gal4/UAS regulation and “>>" lexA/AoP
regulation in the following) with short half-life and >H2B::RFP with long
half-life. Upon epithelial replenishment, newly differentiated EC and EE
stemming from ISC divisions retain an RFP*-nuclear stain due to
fluorophore stability”. Crosses are grown at 18 °C in which transgene
expression is repressed by ubiquitous tubulin-driven temperature
sensitive Gal80®. By shifting adult females to 29 °C, Gal80" is desta-
bilized, in turn enabling temporal control of esg®’-tracing and
additional UAS-driven transgenes in progenitors (Fig. S2A).

After seven days of tracing adult female intestines using esg®®?",
we found that overexpression of crol has an antiproliferative effect
decreasing the number of progenitor cells (Fig. 2B, B’) about 12-fold
(Fig. 2E) compared to controls (Fig. 2A). Reciprocally, RNAi-
knockdown (Fig. 2C) and guideRNA (gRNA) mediated excision of crol
(Fig. S2G) using esg®®M? tracing significantly increased the number
of progenitors (Fig. 2E, Fig. S2H), new epithelial cells (Fig. S2B) and
stimulated ISC division (Fig. S2C) compared to controls (Fig. S2D).
Similar results were obtained using independent overexpression and
loss-of-function transgenics of crol (Fig. S2B, E-H). Underlining func-
tionality of both, the reporter and RNAi stock, crol-RNAi driven by esg>
in ISC and EB reduces Crol::GFP fluorescence (Fig. S2I-L).

We next sought to identify human orthologues of crooked legs and
by mining databases for zinc finger transcription factors with a high
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degree of sequence homology to Crol. We isolated the human Kriippel-
like zinc finger transcription factor ZNF267 with a high degree of
sequence homology (Fig. S2M) using in silico prediction resources
(Flybase). To explore the ability of human ZNF267 (hZNF267) to sub-
stitute Crol function in intestinal progenitors, we depleted endogen-
ous crol by RNAi and expressed hZNF267 at the same time (Fig. 2D) and
observed rescue of crol-RNAi-induced progenitor accumulations by
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hZNF267 (Fig. 2D, E). In line with a role for Crol and hZNF267 in mitosis,
hZNF267 regulates cell proliferation and differentiation in liver
tissue”?*, Crol (Fig. S1) and hZNF267 show wide-ranged expression
across human intestinal cell types (GTEx, Proteinatlas) and, like crol
(Fig. 11,)), is induced by steroid hormone signalling®. This prompted us
to investigate how steroid hormones may affect ISC proliferation
downstream of Crol and hZNF267.
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Fig. 1| Crol responds to 20HE steroid hormone release. A-D’ Crol::GFP in RS of
adult midguts of (A-A’) virgin female (VF) flies compared to (B-B’) mated females
(MF), (C-C’) MF fed with MeOH (MeOH Control) compared to (D-D’) MF fed with
RH5849. A-D Sole Crol::GFP signal in greyscale and (A’-D’) in green colour com-
bined with Arm and Pros antibody staining to identify duplets of ISC/EB (white
ellipses) and EC (white arrows). Scale bar is 20 ym. E Female fly with midgut and
ovaries. Oral RH5849 is (i) absorbed from the midgut lumen into ISC/EB and EC.,
20HE from the ovaries travels through the hemolymph (ii) from where it is
imported by the Ecdysone importer (Ecl). F Crol::GFP intensities in ISC/EB and EC
upon mating and oral administration of 20HE agonist RH5849. G-H’ Confocal
images showing heat-shock induced Flp-out clones in RS regions positively marked
by UAS-RFP and combined with crol::GFP and (G-G’) UAS-Ecl or (H-H’) UAS-Ecl-

RNAL. (G-H’, UAS abbreviated as >’ hereafter in figure panels). Sole Crol::GFP signal
is shown in greyscale and (G’-H’) in green colour combined with RFP for identifi-
cation of clones and aArm/Pros for cell type identification. G-H Non-clonal areas
including ISC/EB and EC are outlined in white dashed lines. Scale bar is 10 um. I}
Quantification of Crol::GFP levels in ISC/EB and EC outside of clones and inside of
clones with (I) > Ec/ or (J) > Ecl-RNA.. F, 1-J Scatter dot plots show individual values
with indication of means + SD. N and n values represent number of cells and
number of biological replicas, respectively. Asterisks denote significances from
(F, I-J) two-sided Mann Whitney U tests, and (I) unpaired two-sided t-tests used for
comparison of Crol::GFP intensities in ISC/EB (p=0.0082),

(*p <0.01;***p < 0.0001). Fold changes are shown in percentages. Source data are
provided as a Source Data file.

Crol controls ISC proliferation through String and Cyclin B
During Drosophila development, it was shown that the tyrosine protein
phosphatase string (stg, CDC25-orthologue) and the mitotic B-type
Cyclin CycB are targets of EcR activity**”. Supporting the idea that EcR-
signalling controls ISC proliferation through Stg and CycB, EcR ago-
nists not only increase ISC mitosis*®, but also stg and CycB transcript
levels (Fig. 2J). In line with previous observations**?’, up- and down-
regulation of stg levels in esg®®”" traced guts (Fig. 2F, H) reciprocally
controlled ISC lineage production encompassing progenitor cells and
newly differentiated cells produced by ISC (Fig. 2K). Confirming a
function of Stg in mitotic control by Crol downstream of EcR-signal-
ling, ISC proliferation and subsequent increase in lineage production
upon >crol-RNAi s abolished when >stg-RNAi is co-expressed (Fig. 2C, I,
K, L). Vice versa, co-expression of >crol and >stg (Fig. 2G) rescues I1SC
lineage production (Fig. 2K) and sporadic ISC mitosis as visualized by
anti-pH3 staining (Fig. S3F). Comparable results were obtained when
we investigated simultaneous depletion of Crol and CycB (Fig. S3A-G).
Together, these data suggest an endocrine control of ISC cell cycle exit
by Crol (Fig. 2M) acting on stg and CycB in line with observations
during larval development'*?,

This data suggested an anti-proliferative role for Crol in ISC,
whereas we previously observed 20HE signalling in differentiation
processes of the intestinal lineage®. A function of Crol in ISC pro-
liferation rather than a role in differentiation of EB, is further sup-
ported by several lines of evidence: (i) EB express the EB lineage-
specifying transcription factor klumpfuss (klu) and become postmitotic
during lineage progression into EC*****, When we manipulated crol
using klu™" (Fig. S3H)*, we revealed no increase in the number of EB
nor new EC numbers upon crol up- and downregulation (Fig. S31-M)
suggesting no major role in differentiation when compared to strong
Ecdysone-induced effectors of differentiation such as Eip75B-A/C". (ii)
Klu is described as transcriptional repressor®, which directly binds
CycB regulatory regions and is thought to mediate EB cell cycle exit®.
Interestingly, we detected highest Crol::GFP levels in klu-positive EB
(Fig. S3Q) pointing to a similar anti-proliferative role for Crol, further
supported by our Crol and CycB manipulations (Fig. S3A-G)”. (iii)
Additionally pointing to a role for Crol and CycB in proliferation con-
trol of ISC and EB, crol-RNAi (Fig. S3N) and forced CycB expression
(Fig. S30) using EB-specific klu""™ result in cell cycle re-entry reflec-
ted by occasional mitotic pH3-positive EB (Fig. S3P). Together, our
data highlights crooked legs as effector of Ecdysone-signalling that
autonomously promotes ISC cell cycle exit involving stg and
CycB (Fig. 2M).

The 20HE-Crol-Wg axis in enterocytes controls non-

autonomous Wnt/Wg activity in intestinal stem cells

Intriguingly, hZNF267°** as well as crol*"*” connect steroid
hormone and Wnt/Wg-signalling, which prompted us to investigate
whether Crol controls Wnt/Wg-expression downstream of systemic
20HE-signalling during physiological mating-induced intestinal adap-
tations. Using transgenic flies in which Wg, the primary Wnt-ligand in

Drosophila, is GFP-tagged (Wg::GFP), we confirmed strong Wg signal at
the mid-/hindgut boundary (MHB)*, the most posterior midgut region
known to be patterned by Wnt/Wg signalling”. Anterior to the MHB,
we detected robust Wg::GFP signal in EC of the mating-responsive RS
region (Fig. 3A-D’)***°. This suggests that Wg acts on ISC in a paracrine
manner, which we analysed using the established frizzled3 (fz3) sensor
flies for Wnt/Wg signalling pathway activity (Fig. 3K)***". Examining fz3-
RFP intensity in posterior midguts, we confirmed Wnt/Wg pathway
activity at the MHB* and supporting the idea of EC-derived Wg
(Fig. 3A-D’) acting on ISC in a paracrine manner, we detected fz3-RFP
signal in intestinal progenitors (Arm’/Pros’, Fig. 3E-H)*? in RS under
homeostatic conditions.

Quantification of fluorescence intensities revealed that the EcR
agonist RH5849 and ovo” increase Wg::GFP fluorescence in EC
(Fig. 3A-D’, 1, )) and fz3-RFP in ISC/EB (Fig. 3E-)), suggestive for
active Wnt/Wg signalling from EC to ISC (Fig. 3K). Mating also
increased Wg::GFP (Fig. S4A-C) and fz3-RFP levels (Fig. S4D-F),
which is suggestive for a role for paracrine Wnt/Wg signalling dur-
ing physiological midgut adaptations. Previous work in challenged
guts showed autocrine Wnt/Wg signalling between ISC and EB*. In
contrast, we found that under homeostatic conditions® depletion
of Wg using >wg-RNAi driven in esg®”™ flies did not significantly
alter intestinal turnover (Fig. SSA-E) nor Wnt/Wg signalling activity
using fz3-RFP sensor flies (Fig. S5F-I). Together, these findings
pointed to EC being the source for Wnt/Wg ligands under homeo-
static conditions.

Given Crol::GFP-responsiveness to 20HE (Fig. 1A-B’, F, G-J,
Fig. SID-F) and Wg:GFP (Fig. 3C-D’, Fig. S4A-C) signal in EC, we
examined whether wg expression is controlled by 20HE and Crol in
EC. Therefore, we combined the established EC-driver (mex>)*
with fz3-RFP, which enables Wnt/Wg activity assessment in ISC/EB
and manipulation of Wnt/Wg ligands from EC employing tub-Gal80"
for temporal control (Fig. 4A). In line with the idea of a 20HE-Crol-
Wg axis, we found that increasing 20HE signalling pathway activity
by EC-specific expression of Ecl*”, crol as well as wg significantly
increased fz3 activity in adjacent ISC/EB (Fig. 4B, E-G’, I, I'). Reci-
procally, depletion of Ecl, crol and wg in EC, non-autonomously
reduced fz3 activity measured in ISC/EB (Fig. 4B, J-K’, M, M’). Con-
sequently, Wg-depletion downstream of forced crol expression
reduced paracrine fz3 activity measured in ISC/EB (Fig. 4C, H, H"),
whereas hZNF267 expression in endogenous crol-depleted EC sti-
mulated wg expression (Fig. 4D, L, L’). Further supporting Crol
acting on wg expression control in EC'*?, we detected a 5.2-fold
increase in Wg::GFP intensity upon >crol expression (Fig. 4N-O', Q)
and a significant decrease upon >crol-RNAi (Fig. 4P-Q).

Combined with previous findings'*¥, our data involves wg as a
central transcriptional target of Crol in intestinal EC, which in turn non-
autonomously stimulates Wnt/Wg signalling pathway activity in ISC/
EB. Intrigued by these observations, we investigated whether Wnt/Wg
activation in epithelial EC through the 20HE-Crol-Wg axis translates
into stem cell driven intestinal homeostasis and size adaptation*’*,
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Fig. 2 | Crol and hZNF267 control ISC proliferation through String/Cyclin B.
A-D Confocal images showing RS regions of MF midguts after seven days (7 d) of
esg®®™ tracing showing (A) controls with active esg> in ISC/EB driving expression
of >CD8::GFP (membrane GFP) and >H2B::RFP (nuclear RFP), (B) ISC/EB specific
overexpression (OE) of crol (FO03414) with (B’) showing anti-Discs large 1 (DIg1)
staining in septate junctions of EC, (C) >crol-RNAi (BL41669), and (D) simultaneous
expression of >crol-RNAi (BL41669) and the human Crol orthologue ZNF267
(>hZNF267). Scale bar is 50 um. E Quantification of progenitor numbers upon
esg™" manipulations of crol (p = 0.0041; p = 0.0007; p = 0.011). F-1 Confocal
images of MF midguts after 7 d showing (F) ISC/EB specific OE of string (stg)
(F000926), (G) combined with >crol (BL58359), and (H) specific KD of stg by RNAi
(I) combined with >crol-RNAi (BL41669). ) Quantitative RT-qPCR on midgut cDNA of

MF fed with RH5849 showing relative mRNA levels of stg and Cyclin B (CycB) nor-
malized to MeOH control (p=0.0052; p =0.0459). K, L Quantification of (K) ISC
lineage production (ISC/EB and newly differentiated cells, p = 0.002; p=0.0111;
p=0.0012; p=0.0039), and (L) number of aPH3" ISC in R5 upon combined
manipulations of crol and stg. E, J, K, L For Box-and-whisker plots: the center is the
median, minima and maxima are 25th and 75th quartile and whiskers indicate full
range of values. All individual values with ‘n’ representing numbers of biological
replicas are shown by dots and means are indicated by “+'. Asterisks denote sig-
nificances from multiple comparisons by Kruskal-Wallis test (*p < 0.05; **p < 0.01;
**p <0.001). Source data are provided as a Source Data file. M Schematic showing
inhibition of Stg and CycB by Crol within ISC thereby controlling proliferation.

‘Rapport’ tracing reveals non-autonomous control of intestinal
homeostasis through 20HE-Crol-Wg

For the investigation of paracrine effects on stem cell behaviour, we
developed ‘Rapport’ (‘Repressible activity paracrine reporter’), a dual
binary expression system that combines spatiotemporally controlled
transgene expression with ReDDM tracing of stem cell progeny. To
preserve advantage of the existing established Gal4/UAS drivers and
toolbox, we created an entirely new and Gal4-independent lexA/Aop-

based ‘esg®®™™™ (esg>> CD8::GFP, >>H2B:mCherry::HA, tub-Gal80®)
tracing system. Importantly, when combined with mex-Gal4 (mex>)
for EC specific expression*, the lexA-operator driven in esg®®" ag
well as Gal4 driven by mex are repressed by temperature-sensitive
Gal80®, which allows simultaneous temporally controlled onset of
UAS-transgenes as well as esg®®®" tracing and Aop-transgenes
(Fig. 5A)*. Thanks to the compactness of the esg®*’M-cassette on
one chromosome, we readily created eight ‘flavours’ of Rapport
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(Table 1).

We confirmed Rapport tracing functionality by tracing outcrossed
controls over three weeks (Fig. S6A-C) and observed an expected
linear increase in intestinal renewal (Fig. S6E), while ISC/EB numbers
remained constant (Fig. S6D) and comparable to the established Gal4/
UAS-based ReDDM-tracing®. Previous reports described autocrine

production®, which we confirmed by crossing Rapport with mex> to
flies expressing the EGF ligand Spitz (>spi, TGF alpha homologue)*®
resulting in strongly induced progenitor production (Fig. S6F).

Next, we assessed whether 20HE and Crol controlled Wnt/Wg
activity (Fig. 4) stimulates ISC division resulting in EC production and
organ size adaptation using Rapport (Fig. 5A). Forced expression of
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Fig. 3 | 20HE induces Wnt/Wg ligand exp! in EC and c ly Wnt/
Wg signalling activity in ISC/EB. A-D’ Confocal images of GFP-tagged Wingless
ligand (wg::GFP) in RS regions of midguts from (A-A’) MF fed with MeOH Control
compared to (B-B’) MF fed with RH5849, and (C-C’) w'™® control flies compared to
(D-D’) dominant ovo® MF. A-D Sole Wg::GFP signal is shown in greyscale and
(A’-D’) in green colour combined with «Arm and «Pros to identify ISC/EB,EE and
EC. Exemplary measured EC are outlined by white dashed lines. Scale bar is 20 um.
E-H’ RS regions of MF midguts with RFP expressed under control of the fz3 pro-
motor (fz3-RFP) showing Wnt/Wg activity in (E-E’) MF fed with MeOH Control
compared to (F-F’) MF fed with RH5849, and (G-G’) w"** control flies compared to
(H-H’) dominant ovo” MF. Exemplary ISC/EB are marked by white arrows. Scale bar

is 20 um. I-J Wg:GFP intensities in EC and fz3-RFP intensities in ISC/EB upon (I)
RH5849 and (J) ovo®. 1-J Scatter dot plots show individual values with indication of
means +SD. N and n values represent number of cells and number of biological
replicas, respectively. Asterisks denote significances from two-sided Mann-Whitney
U tests (***p < 0.0001). Fold changes are shown in percentages. Source data are
provided as a Source Data file. K Schematic of paracrine Wnt/Wg activation in ISC/
EB upon 20HE increment. RH5849 is incorporated into EC from the midgut lumen,
whereas 20HE from surrounding haemolymph is imported into EC by Ecl. Within EC
20HE hormone and RH5849 activate expression of Crol and Wg. Wg ligand then
non-autonomously activates Wnt/Wg signalling in ISC/EB visualized by fz3-RFP
activity.

>Ecl, >crol/ >hZNF267 and >wg (Fig. 5C-F) non-autonomously
increased progenitor cell number (Fig. 5)) and >Ec/ and >crol increase
ISC progeny numbers (Fig. 5K) compared to controls (Fig. 5B). Reci-
procally, depletion of Ecl, crol and wg reduced progenitor numbers
(Fig. 5G-)). Importantly, although >wg-RNAi significantly reduces >crol-
induced progenitor numbers (Fig. 5L-N), this rescue is not fully
penetrant (Fig. 5J), which might be related to methodological hurdles
such as RNAi-efficiency and additional, unknown mitogens acting non-
autonomously on ISC proliferation under the control of Crol.

Our results on the autonomous response to Crol in progenitors
suggests that Crol is involved in cell cycle exit in klu'-positive EB by
repressing CycB (Fig. S3A-Q)*. When expressing >wg with Rapport, we
detected an upregulation of CycB (Fig. 50) that might point to a de-
repression of the CycB promoter by Wg leading to the increase in
progenitor production (Fig. 5F, J) and is quite similar in strength to
RH5849 induction observed upon EcR-activation (Fig. 2J). Indeed, Wg
was previously connected with CycB regulation”*” although it is far
better known for the regulation of Cyclin D1**. Together, our data
reveals a direct relay of 20HE activity by Crol into mitogenic paracrine
Wnt/Wg signal in enterocytes that is balanced by anti-proliferative Crol
autonomously in stem cells. Following this fascinating involvement of
endocrine 20HE, Crol and Wg in proliferation control, we sought to
investigate their role in intestinal tumour models.

The 20HE-Crol-Wg mitotic balance is conserved in intestinal
tumours

Wnt/Wg signalling is a well-known driver of tumorigenesis with a key
role in cancers of the intestine. hZNF267 is upregulated in colorectal
cancer (CRC) and regulates cell proliferation and differentiation in
epithelial cancer entities”**. We found that hZNF267 expression levels
positively and negatively correlate with members of the Wnt/Wg sig-
nalling pathway (Fig. S7A). CRC originates from ISC*’, which prompted
us to investigate crol and hZNF267 in two established intestinal tumour
models.

Investigating the autonomous role of Crol/hZNF267 in N loss-of-
function (LOF, Fig. S7B) tumours®*°~*? showed that forced expression
of crol and hZNF267 within ISC reduced tumour number (Fig. 6A-C, E)
further underlining their anti-proliferative function. Furthermore,
>crol did not induce new EC, which additionally argues for Crol acting
on ISC proliferation rather than factors such as Eip75B acting on 20HE-
induced differenitation®. Reciprocally, we did not observe the expec-
ted increase in tumour number upon >crol-RNAi (Fig. 6D, E), which is
probably attributed to already strong mitotic stimuli such as EGF sig-
nalling acting on Stg and Cyclins during tumorigenesis outweighing
reduced antiproliferative Crol effects’*°. Growing evidence proves
that microenvironmental Wnt/Wg ligands are an important con-
tributor to the multifaceted process of colorectal tumorigenesis™ .
We thus thought to extend Rapport for the investigation of N-LOF
tumours. Therefore, we recombined Aop-driven >>N-RNAi with mex-
Gal4 yielding a fly stock with ISC-specific >>N-LOF that renders ISC
incapable of EC lineage production and instead accumulates ISC- and
EEP-like tumoral cells®®*°* and allows simultaneous EC-specific
manipulations (Fig. S7C, Fig. 6F). Using this model, we investigated

non-autonomous effects of Crol/hZNF267 manipulations in EC and
found that >crol boosts ISC tumour cell mass by 4-fold leading to
confluent tumours along the midgut (Fig. 6G, J) comparable to tumour-
induction by microenvironmentally-derived mitogenic EGF ligands***°.
Albeit at a lower rate, >hZNF267 significantly increases tumour number
(Fig. 6H, J), whereas lowering of non-autonomous Wg by >crol-RNAi
(Fig. 61-)) and direct depletion by >wg-RNAi in EC, does not affect
N-tumour growth pointing to stronger mitotic stimulus outweighing
paracrine Wg in N-tumours®-°.

Even though Notch-tumours recapitulate important steps of CRC
tumorigenesis®®, N is not frequently mutated in CRC patients. Therefore,
we also investigated an autonomous function for Crol/hZNF267 in a
CRISPR-Cas9 based model of sporadic CRC” targeting the most fre-
quently mutated genes (Apcl,Apc2,p53,Med and Pten) with a multiplex
guideRNA array combined with expression of oncogenic >Ras“?
(Fig. 60)°"*°. Initiating these mutations using spatiotemporal induction
by esg®PPMcs? CRC from ISC results in severe and pleiotropic cellular
phenotypes (Fig. 6K) and early fly demise (Fig. S7D)”. Underlining the
protective autonomous role of crol and hZNF267 (Fig. 6E), their forced
expression in CRC avatars significantly improved fly survival (Fig. 6P).

An apparent phenotype of CRC avatars is the loss of epithelial
integrity by multilayering of intestinal cells***. On the cellular level,
epithelial deterioration of the tight honeycomb-like intercellular
junctional network between EC is visualized by disruption of the sep-
tate junction marker discs large 1 (dlgl)*. In CRC avatars expressing
>crol and >hZNF267, intact hexagonal DIgl junction networks are sig-
nificantly increased compared to control CRC avatars (Fig. 6K-M, Q).
Reciprocally, >crol-RNAi significantly increases multilayering
(Fig. 6N, Q) strengthening the idea of a tumour suppressive role for
Crol and hZNF267. Epithelial deterioration results in hypotrophy of the
midgut over time, which strongly reduces midgut length of CRC ava-
tars. Additional >crol and >hZNF267 expression restore midgut hypo-
trophy to wild-type length (Fig. 6R) and seem to correlate with
multilayering and proliferation in predicting survival (Fig. 6P-R).

These functional experiments in intestinal tumour paradigms
additionally support the idea of a mitotic balance controlling intestinal
growth. Overall, steroidal input on Crol in ISC (Fig. 2) and EC (Fig. 5)
provides evidence for an endocrine intestinal size control implicated in
mating hyperplasia. Finally, we tested our hypothesis of hormonally
controlled intestinal size in a mathematical model.

Mathematical modelling of endocrine relay by Crol in the con-
trol of ISC proliferation underlines complex hormonal actions
on intestinal size adaptation

Our model tests whether it is mathematically plausible that these
opposing trends between mitotic and anti-proliferative stimuli based
on the molecular mechanisms found in this study are able to induce
stable population sizes that change consistently with 20HE levels. In
the supplementary material we provide all the details for the con-
struction of the model. In addition to our current and previous data®,
we assume constant 20HE levels in VF and a higher constant 20HE level
in MF®. Then, we test the specific hypothesis whether an 20HE incre-
ment is capable to yield a stable, larger organ by temporarily boosting
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Paracrine effects on Wnt/Wg activity in ISC/EB upon EC manipulation

A B 150 FOR 150 D s
. 100 3 100 100
58 Progenitors — 100 — 100 — 100
1 2L 2L 2L
e @ BT g BT g oes  BE g
c c c
EC ISC EB 8g wae Sg Sg
Gald-driver mex> active mex> inactive £8 60 -~ £8 g “" £8 60
ag e e
T xo 4 Ko 40 xo 40
tub-Galgo® {_ B @ m. E @ E @
WntWg signalling £ 20 ‘ ) _ £ 20 ‘ ‘ £ 20
by fz3-reporter o
N=! 300 M 330 350 MS 390 )I‘W N= JW l‘lﬂ 2w
n=12 12 " 12 1 13 10 n=12 1
S & & © P ¢ ‘
0“0 @o & \gs‘ Q“ [ 0&\‘@1" 7 €
\a G
’Qs* 7
7@0 QS\V
1“@‘
mex>,fz3-RFP;tub-Gal80%
>wg-RNAI;
Control >Ecl >crol ’ >w
>crol 9

>crol-RNAI;

>crol-RNAi >hZNF267

Wg protein levels upon EC specific Crol manipulations

mex>,
tub-Gal80's

mex>,

tub-Gal80°%;

>crol

mex>,

tub-Gal80°%;

>crol-RNAi

-
a
S

NN
oo

ISC mitosis, which then declines through the increment of EC numbers
and the autonomous, anti-proliferative effects in ISC. Our biological
findings show that downstream of mating-related 20HE stimulation,
Crol autonomously (Fig. 7A, A’) and non-autonomously (Fig. 7B, B")
controls midgut size and diameter of RS (Fig. 7A-C). In addition, we
found the entire midgut increased in length and consequently cell

-
o

in EC (arb. units)
5

Wg::GFP intensity i»]

numbers (Fig. 7C, Fig. S7F) in concordance with previous reports using
cell numbers to address intestinal size's'*%%,

For our model, we postulated constant hormonal input (Fig. 7D)
produces equal amounts of mitogenic Wnt/Wg independent of EC
numbers. In these conditions the amount of Wnt/Wg produced in a
neighbourhood of an ISC decays with the increase of EC, since the
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Fig. 4 | The 20HE-Crol-Wg axis in EC controls Wnt/Wg signalling activity in ISC/
EB. A Schematic of the system enabling EC manipulation and simultaneous visua-
lization of Wnt/Wg activity in ISC/EB. EC specificity of mex-Gal4 allows manipula-
tion of UAS-driven transgenes that are timely controlled by the ubiquitously
expressed temperature sensitive Gal4 repressor (tub-Gal80®) and combined with
the fz3-RFP reporter reflecting Wnt/Wg signalling activity in ISC/EB independent of
Gal4. B-D fz3-RFP intensities in ISC/EB with (B) OE and KD of Ecl, crol (FO03414,
BL41669) and wg (>wg-RNAi: p=0.0005), (C) EC specific OE of crol (FO03414)
combined with >wg-RNAi, and (D) ectopic expression of >hZNF267 in crol depleted
EC (BL41669). B-D Experiments have been performed in parallel. E-M’ Confocal
images of fz3-RFP combined with mex> and tub-Gal80" from RS regions of MF
midguts after 24 h in (E-E’) controls, EC specific OE of (F-F’) Ecl, (G-G’) crol (H-H’)
with simultaneous KD of wg, and (I-I) wg, and KD of (J-J') Ecl, (K-K’) crol (L-L")
with simultaneous expression of >hZNF267, and (M-M’) KD of wg in EC. E-M Sole

fz3-RFP signal is shown in greyscale and (E’-M’) in red colour combined with aArm
and aPros staining for identification of ISC/EB. Exemplary measured ISC/EB are
marked by white arrows. Scale bar is 20 um. N-P” MF midguts after 3 d with wg::GFP
crossed to (N-N’) mex >,tub-Gal80° serving as control, (0-0’) combined with EC
specific OE of crol and (P-P’) >crol-RNAi. N-P Sole Wg::GFP signal is shown in
greyscale and (N’-P’) in green colour combined with aArm and «Pros staining for
identification of ISC/EB, EE and EC. Exemplary measured EC are outlined by red
dashed lines. Scale bar is 20 um. Q Wg::GFP levels in EC upon mex> driven manip-
ulations of crol (FO03414, BL41669). B-D, Q Scatter dot plots show individual
values with indication of means + SD. N and n values represent number of cells and
number of biological replicas, respectively. Asterisks denote significances from
multiple comparisons by Kruskal-Wallis tests (***p < 0.001;****p < 0.0001). Source
data are provided as a Source Data file.

same amount of hormone per EC must be shared by a larger number of
cells®. We call y the net amount of hormone, £ the net amount of EC
and, therefore, y/E the concentration of the hormone sensed by an EC.
Generically, the concentration c(/,y/E) of Wnt/Wg-ligand decays
exponentially with the distance to the source [°**’;

o, y/E)= %e*“/% (o))

where k is the degradation rate and D the diffusion constant of Wnt/Wg-
ligand—we assume constant mapping between its concentration and
20HE concentration, with proportionality constant 1, for the sake of
simplicity. Therefore, considering a section of the intestine as a 1D ring,
the average amount of mitogenic Wnt/Wg-ligand reaching equidistantly
scattered ISC located at position x; will be approximately described by:

~Y {e‘l/—xrl«\/§+e‘\/‘xrl»\/zri}d/ )
EJa

where the integration runs along the whole ring of cells 2, and the two
exponential terms describe the contribution of the diffusion of Wnt/
Weg-ligand either clockwise or counterclockwise from the source. The
inside of the integral will decline sharply when intestinal size increases,
leaving only the close neighbourhood of the ISC to effectively con-
tribute to the Wnt/Wg levels playing an active role in their prolifera-
tion, independently of organ size. Indeed, our biological
measurements show that ISC numbers remain constant after mating,
thus increasing average distances between ISC upon size adaptation
(Fig. S7E). Consequently, in the equations of evolution for the number
of EC we have a mitotic term that is proportional to the concentration
of 20HE (~ Cy/E) and an anti-proliferative term that can be assumed
to be constant or, in a more general setting, declining slower than the
mitotic term as a function of the concentration (Fig. 7E). We assume
the net increase of 20HE production after mating to follow a sigmoid
shape (Fig. 7D). In addition, the differentiation of ISC into EC occurs in
a finite time span 7. This implies that, aside from ISC and EC, we must
consider a population of cells differentiating from ISC to EC. We can
consider two scenarios for the inhibiting effect of the hormone: either
the presence of 20HE 1/blocks the differentiation process or 2/blocks
ISC proliferation. Interestingly, the predicted behaviour of the EC
population is the same in these two scenarios. Overall, the equations of
evolution for the number of transient cells () and EC (£) in case 1/
(Fig. 7F) read:

where / the number of ISC, a the anti-proliferative rate and 6=1/7 is
the rate of EC production out of the population of cells coming from
the proliferation of ISC transiting to EC (Fig. 7E). The key result is that
incorporating the antagonistic effects of the 20HE hormone the
system has a stable, fixed point for the amount of EC that grows and
declines consistently with the net amount of 20HE hormone (Fig. 7F).
Specifically, the stable point is found at:

F=ct. o)

Interestingly, similar dynamical equations have been proposed
to model the dynamics of cortisol concentration in blood for
humans®®. In the supplementary information file we provide
detailed information about the construction and mathematical
properties of the model.

As an example, we hypothetically explored how constant EC num-
bers as generated in N-LOF tumours intestines would affect ISC division
dynamics. With constant EC numbers and hormone level (Fig. 7D,
Fig. S7G), ISC counts in our model increase in a square-root-like manner
(Fig. S7H, 1) as the ISC population would provide a growing sink for
mitogens such as Wg. In our experiments, block of EC generation and
organ size is recapitulated in N-LOF tumours using Rapport (Fig. 6F,
Fig. S7C), where upregulation of Crol/hZNF267 significantly increases
ISC numbers (Fig. 6G, H, J, Fig. S71). Our discovered interdependencies
between cell population sizes, Wnt/Wg-degradation and their endocrine
mitotic balance shed light on the complex endocrine involvement when
tumour growth mechanisms are investigated. Together, our model is
capable of capturing the emergence of a stable organ size from the
antagonism of mitogenic and anti-proliferative hormonal input on ISC
thresholding organ size as suggested by our functional data (Fig. 7G, G).

Discussion

Here we identify the transcription factor crooked legs as coordinator of
endocrine input into intestinal organ size. The discovered molecular
mechanisms underline the complexity of heterologous cellular inter-
actions: a hormonal stimulus bifurcates on stem cells and micro-
environment, where it is relayed differentially into an antiproliferative
and a mitogenic stimulus. This interdependent opposing crosstalk of
forces balances stem cell divisions and ultimately stabilizes organ size,
which is sustained by both, empirical observations and mathematical
modelling.

Our novel Rapport system contributes to disentangle the under-
lying endocrine and local signalling organ size control mechanisms, by
allowing precise genetic intervention in cell types surrounding the ISC.
The independent tracing of the whole stem cell population and easy
fluorophore identification of different fate choices ensures robust
progeny counts in fluctuating demand situations compared to pre-
vious systems*****°, Endocrine actions on ISC are complex and involve
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Fig. 5 | The 20HE-Crol-Wg axis in EC controls intestinal homeostasis. A Sche-
matic of‘l_(epressible activity paracrine reporter’ (Rapport) tracing system. Rapport
consists of the EC mex-Gal4 driver for UAS-driven transgenes like cDNAs or RNAi.
Additionally, an esg®®**"" system based on lexA/Aop allows Gal4/UAS independent
labelling and tracing of ISC/EB by esg-lexA driven expression of Aop-CD8::GFP and
Aop-H2B::mCherry::HA (lexA/Aop abbreviated as >>" hereafter). Both expression
systems are timely controlled by a tub-Gal80® repressor. B-1 Confocal images
showing RS regions of MF midguts after 7 d of Rapport tracing in (B) controls, with
OE of (C) Ecl, (D) crol (BL58359), (E) hZNF267 and (F) wg, and KD of (G) Ecl, (H) crol
(BL41669) and (I) wg showing GFP* and mCherry" ISC/EB and their differentiated
progeny labelled by mCherry only. Scale bar is 20 um. J, K Quantification of (J)
progenitor cell numbers (> Ecl:p = 0.0003; >hZNF267:p = 0.0053; >Ecl-RNAi:p =
0.0467; >crol-RNAi:p = 0.0375; >wg-RNAi:p = 0.0388) and (K) their progeny (> wg-

RNAi:p = 0.0285) upon EC specific manipulations using Rapport. L, M Confocal
images showing R5 regions of MF midguts after 3 d of Rapport tracing with (L) sole
OE of crol (FO03414) and (M) combined with >wg-RNAi. (N) Progenitors upon EC
specific OF of crol alone and combined with >wg-RNAi (p = 0.0109). Scale bar is
20 pm. O Quantitative RT-qPCR on midgut cDNA of MF with Rapport specific
expression of >wg showing relative mRNA levels of CycB. J, K, N, O For Box-and-
whisker plots: the center is the median, minima and maxima are 25th and 75th
quartile and whiskers indicate full range of values. All individual values with ‘n’
representing numbers of biological replicas are shown by dots and means are
indicated by ‘+. Asterisks denote significances from (J, K) multiple comparison by
Kruskal-Wallis tests and (N) unpaired two-sided t-test (*p <0.05; **p <0.01;

***p <0.001; ***p < 0.0001). Source data are provided as a Source Data file.

|(2025)16:436

10

102



Paper Il

Article

Table 1] List of Rapport-tracing variants established in our lab
with indication of Gal4 driver used and the cell type/tissue
with Gal4-activity

Rapport-tracing variant  Gal4-driver  Cell type/tissue with Gal4-activity
‘EC-Rapport’ mex-Gal4 Intestinal EC

‘EB-Rapport’ klu-Gal4d Intestinal EB

‘EE-Rapport’ Rab3-Gal4 Intestinal EE

‘ISC-Rapport’ Dl-Gal4 Intestinal ISC

‘VM-Rapport’ how-Gal4 Visceral muscle (VM)

‘HG-Rapport’ byn-Gal4 Hindgut (HG)

‘CA-Rapport’ Aug21-Gal4 Corpus allatum (CA)
‘hemocyte-Rapport’ HmlA-Gal4 Hemocytes

hormonal dosage and mating status*’*, sex differences" and feeding®’.

Hypertrophy upon pregnancy is described in the mammalian gut'* and
is well-studied in reproductive organs such as the mammary epithe-
lium where steroid hormones induce extensive remodelling and can-
cer susceptibility® ",

In gastrointestinal tumours such as CRC, epidemiological evi-
dence about the role of steroid hormones remains controversial and
ranges from favourable to detrimental’””®, Functional studies of both
mammalian oestrogen receptors (ER) in rodents underline the com-
plexity of oestrogen signalling in gut tumorgenicity’”*° and reveal
further complexities as pharmacological (E2/P4) and endogenous
oestradiol levels differentially affect patient outcome’”**!, Our func-
tional biological and mathematical modelling data provides an initial
logic to disentangle complex observations and involves the hetero-
geneity of tumour cell composition and its capacity to contribute to
mitotic signals.

A targeted therapeutic intervention of steroid hormone signalling
is supported by: (i) an overall protective tendency of ER signalling in
CRC’, (ii) Like Crol, hZNF267 is stimulated by ER* and is involved in
Wnt/Wg signalling (Fig. S7A)*** suggesting conservation of the 20HE-
Crol-Wg axis. (iii) Wnt/Wg signalling hyperactivation is central to CRC
malignancy and Wnt/Wg-ligands remain indispensable for CRC growth
albeit absence of APC*. (iv) Effectors of steroid signalling like PPARy/
Eip75B play protective roles in fly pathophysiology** and human
disease™**,

Our findings of antagonizing autonomous and paracrine effects of
Crol and hZNF267 on tumour growth (Figs. 6, 7, S7) emphasize that
targeted genetic investigation is of key importance to understand how
mutational heterogeneity and cell type composition differentially
affect the proliferative response to hormonal input. Precise interven-
tion and tracing methods such as Rapport open the door for untan-
gling heterogenous findings of epidemiological and functional studies.

Methods
Genetics and fly husbandry/fly strains
The following transgenic fly stocks were used: Gbe+ Su(H)-dsRed (T.
Klein), esgiPPMe2, gsgReDDMCasyss - gy ReDDM3S | (JAS.1ya™, UAS-EcP", UAS-Ecl-
RNA”', mex-Gal4 on Il. Chromosome*, fz3-RFP*°, wg::GFP*, 13x LexAop2-
H2B::mCherry:HA®, UAS-N°" (). Treisman), UAS-Ras®", >Apcl, Apc2, p53,
Med, Pten’®*%, hs-Flp,;actin-FRT-stop-FRT-Gal4,UAS-RFP (A. Wodarz).
From Bloomington Drosophila Stock Center (BDSC): ovo™
(BL1309), UAS-crol (BL56762 and BL58359), UAS-crol-RNAi (BL41669
and BL44643), UAS-stg-RNAi (BL34831), UAS-CycB-RNAi (BL40916),
UAS-CycB***(BL80319), UAS-hZNF267 (BL65797), esg-lexA (BL66632),
13xLexAop2-mCD8::GFP (BL32205), mex-Gal4 on X Chromosome
(BL91367), UAS-N-RNAi (BL33616), nos-phiC3L;attP86Fb (BL24749),
UAS-spi (BL63134), UAS-nls.GFP (BL4775).
From FIlyORF, Switzerland: UAS-crol
(F000926).

(FO03414), UAS-stg

From Vienna Drosophila Resource Center: crol::GFP (V318880),
UAS-wg-RNAi (V104579), UAS-Y*™ (V341666), UAS-se**™ (V341664).

Throughout the manuscript we use a uniform notation to distin-
guish between enhancer- and protein trapping. For enhancer traps we
separate enhancer and reporter/transgene by *-* as in Gbe + Su(H)-dsRed
or UAS-wg, whereas for protein traps we separate protein and reporter
by " as in wg::GFP. Additionally, Gal4-UAS regulation is indicated by
>, and lexA-Aop by >>'.

Food composition and fly keeping

Fly food contained 1424 g corn meal, 900 g malt extract, 800 g sugar
beet syrup, 336 g dried yeast, 190 g soy fluor, 100 g agarose in 20 | HO.
The ingredients were mixed and cooked for about one hour to reduce
bioburden. After cooling down the food 90 ml propionic acid and 30 g
NIPAGIN (antimycotic agent) were added, and the food was filled in small
plastic vials plugged with foam. Flies were kept at 25 °C. Crosses con-
taining a temperature sensitive Gal80® repressor were kept at 18 °C to
repress Gal4 activity during development and shifted to 29 °C to start
transgene expression in adult flies. Experiments distinguishing between
virgin female flies and mated female flies were run on food with twice the
amount of NIPAGIN to prevent the induction of tissue renewal caused by
pathogenic stress upon mucous formation in the absence of larvae.

Cloning of croB™* construct

Two individual guide RNAs (gRNA) targeting the coding region of
genomic crol DNA with a distance of 603 bp were chosen using the
CRISPR Optimal Target Finder®., Primers for amplification of these
gRNAs were designed and used as descripted previously®: crol gR-
NA for (5-ATAAGAAGACCTTGCAGGCCACTGCGTCGTCGCAAGCGGG
TTTCAGAGCTATGCTGGAAAC-3') and crol gRNA rev (5-ATAAGAAG
ACCCAAACCCCGGTGTTAACTGGACCGCACCTGCACCAGCCGGGAAT
CGAACC-3).

Cloning of the amplified crol®®* construct into pCFD6_noSapl was
performed as descripted previously®. After amplification and ver-
ification of the construct, the DNA was injected into embryos of nos-
phiC31;attP86Fb flies for integration on the third chromosome.

Generation of Rapport-tracing

Rapport-tracing consists of ‘esg’®*®" which is a quadruple recombinant
of esg-lexA,13xLexAop2-CD8::GFP,13xLexAop2-H2B::mCherry::HA,tub-
Gal80° on the second chromosome. Rapport can easily be combined
with any Gal4-driver on the first or third chromosome enabling manip-
ulation of other cell types or even organs and allow manipulation inde-
pendent of esg®*"™ tracing. For our investigation of Crol we combined
Rapport-tracing with an EC specific mex-Gal4 on the third chromosome
that was generated by mobilization of the mex-Gal4 P-element in
BL91367, and a klu-Gal4 on the third chromosome for unequivocal
identification of ISC. Additional Rapport-tracing variants from our lab
can be found in the author response letter and Table 1.

Cloning of lexAop-N-RNAi construct

The lexAop-N-RNAi construct was generated as described previously®.
Genomic DNA of the VALIUM20 based N-RNAi line from the Trans-
genic RNAi Project (Trip-3, BL33616) was isolated and added to a PCR
reaction using the QS High-Fidelity DNA Polymerase (NEB) and the
following primers: shRNA_GAF primer (5-GAGAACTCTGAAT
AGATCTGTTCTAGAAAACATCCCATAAAACATCCCATATTCA-3’) and
shRNA_GA R1 primer (5-CTCTAGTCCTAGGTGCATATGTCCACTCTAG
TA-3)%.

The pWALEXA20 vector® was digested with Xbal and Ndel prior
to assembling with the amplified N-shRNA by Gibson-assembly. After
verification by colony PCR and sanger sequencing constructed plas-
mids were amplified and injected into embryos of nos-phiC31;;attPS6Fb
flies for integration on the third chromosome.
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Autonomous function of Crol/ZNF267 on tumours
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Hormone analogue treatments

RH5849 feeding experiments have been performed as described pre-
viously except for adjusted feeding durations”. The ecdysone agonist
RH5849 (DRE-C16813000, DrEhrenstorfer) was diluted in MeOH to cre-
ate a stock solution of 20 pg/ul. Then, 20 ul of this stock solution was
mixed with 4 ml of reheated, liquid fly food in a fresh vial (340 uM final

concentration). As a control, an equivalent volume of MeOH was added
to the fly food. Flies were starved for four hours prior to RH5849 treat-
ment to make them eat the prepared food immediately. In initial
experiments we additionally added the blue dye (Erioglaucine Disodium
Salt (E133) (BLD Pharmatech Ltd., Shanghai, China)) known from the so
called ‘Smurf assay’ to the food as described previously®>”’. The blue dye
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Fig. 6 | The mitotic balance of Crol/hZNF267 is preserved in intestinal tumour
models. A-D Confocal images showing RS regions of MF midguts with esg®’"
tracing of dominant negative Notch (>N™) for 3d in (A) controls, with (B) >crol
(FO03414), (C) > hZNF267, and (D) >crol-RNAi (BL44643). Scale bar is 50 um.

E Quantification of ISC tumours encompassing clusters of five or more ISC
(p=0.0003; p=0.0006). F-I Confocal images showing RS regions of MF midguts
with ISC/EB specific >>N-RNAi using esg-lexA of the Rapport-tracing system for 7 d
in (F) controls, combined with EC specific (G) >crol (FO03414), (H) > hZNF267, and
(I) >crol-RNAi (BL44643). Scale bar is 50 pm. J Quantification of ISC tumours Rap-
port manipulations of Crol/hZNF267 (p=0.0045). K-N Confocal images showing
RS of MF midguts after 7 d of esg*”"“ tracing and induction of ‘CRC avatars’ by
multiplex guide RNA array. esg*””" allows labelling and tracing of tumour cells in
(K) controls and with tumour specific expression of (L) >crol (F003414), (M) >
hZNF267 and (N) >crol-RNAi (BL44643). Scale bar is 50 um. O Schematic of ‘CRC
avatars’ combined with esg®””“ tracing with oncogenic >Ras“? and CRISPR/

Cas9 induced knockout of Apcl,Apc2,p53,Med and Pten. P Kaplan-Meier estimation
of survival in flies with esg®””"“ induced knockout of yellow (y) serving as ‘mock’-
gRNA control and CRC avatars combined with manipulations of Crol/hZNF267.
Number of analyzed flies is indicated by ‘n’ and asterisks denote significances from
Kaplan-Meier estimation (****p <0.0001). (Q, R) Quantification of (Q) multilayered
tissue encompassing percentage of area with disrupted aDIgl staining (p = 0.0006;
p=0.0205) and (R) midgut length as indicator of epithelial deterioration (CRC
avatars; >crol;p=0.0004). E, J, Q, R For Box-and-whisker plots: the center is the
median, minima and maxima are 25th and 75th quartile and whiskers indicate full
range of values. All individual values with ‘n’ representing numbers of biological
replicas are shown by dots and means are indicated by ‘+'. Asterisks denote sig-
nificances from multiple comparisons by (E-J) Kruskal-Wallis tests and (Q, R) One-
way ANOVA (*p < 0.05; **p < 0.01; **p <0.001; ****p < 0.0001). Source data are
provided as a Source Data file.

allowed us to determine the food’s passage time through the gut and to
establish a feeding duration of 48 h for our final experiments. RH5849
treatments were performed at a temperature of 25 °C.

Flp-out clones

Flp-out clones were induced in midguts by flippase under control of a
heat-shock promotor. Flippase expression was activated for 45 minina
37 °C-water bath to induce positively marked clones and expression of
>Ecl and >Ecl-RNAi within the marked clones. Guts were dissected
3 days after clone induction.

Immunohistochemistry

Guts of adult female flies were dissected in 1 x PBS and transferred into
glass wells containing 4% PFA immediately after dissection. After
45 min of fixation the guts were washed once by replacing the PFA with
1x PBS. Primary antibodies were diluted in 1x PBS with 0.5% Triton-X
and 5% normal goat serum. The incubation with primary antibodies
(1:250 anti-Arm [mouse; Developmental studies Hybridoma Bank
(DSHB)]; 1:200 anti-DI [mouse; Developmental studies Hybridoma
Bank (DSHB)]; 1:250 anti-DIgl [mouse; Developmental studies Hybri-
doma Bank (DSHB)]; 1:5000 anti-PH3 (Ser10), Mitosis Marker [rabbit;
Sigma-Aldrich];1:250 anti-Pros [mouse; Developmental studies Hybri-
doma Bank (DSHB)]) was performed on an orbital shaker at 4 °C over
night. The guts were washed with 1xPBS prior to incubation with
secondary antibodies (1:500 Goat anti-Mouse Alexa647 [Invitrogen];
1:500 Goat anti-Mouse Alexa561 [Invitrogen]; 1:500 Goat anti-Rabbit
Alexa647 [Invitrogen]) and DAPI (1:1000; 100 pg/ml stock solution in
0.18 M Tris pH 7.4; DAPI No. 18860, Serva, Heidelberg) for at least 1V2 h
at RT. After washing with 1 x PBS for a last time, the stained guts were
mounted in a drop of Fluoromount-G Mounting Medium (Electron
Microscopy Sciences) mixed with a drop of 1x PBS on a microscope
slide and covered with a coverslip. For squeezing of the mounted tis-
sues, a defined weight of 28.5 g was put on top of the coverslip.

Image acquisition

After immunostaining posterior midguts were imaged using a LSM 710
confocal microscope (Carl Zeiss Microscopy GmbH, Germany) with an
40x objective. Image resolution was set to at least 3440 x 3440 pixels.
About four to five confocal planes with 1 um interval were scanned and
combined into a Z-stack to image one cell layer with all different
cell types.

For comparison in midgut length, diameter and total cell number
of VF to MF, the entire midguts from MHB to proventriculus were
imaged using a 10x objective and the tile-scan mode.

For length measurements of midguts from CRC avatars flies were
imaged with an Axioplan2 microscope equipped with a PixelFly cam-
era. Images were taken using a 5x objective and the AxioVision Rel.
4.7 software.

Quantification of cell numbers, midgut lengths, and diameters
Fiji (ImageJ 1.51 n, Wayne Rasband, National Institutes of Health, USA)
was used to calculate maximum intensity images out of Z-stacks from
posterior midguts. Progenitor cell numbers and numbers of progeny
from esg®®"?? experiments were counted manually using Fiji. Num-
bers of DAPI positive cells in RS were analysed semi-automatically by
self-written macro for Fiji (macro available from the authors), whereas
total cell numbers of entire midguts were counted manually. Midgut
lengths and diameters were analysed manually in Fiji using the free-
hand line tool.

Quantification of fluorescence intensities

For intensity measurements of fluorophores, posterior midguts were
scanned with fixed laser/exposure time settings. Fluorescence inten-
sities were analysed in Fiji by determining the mean intensity per area
of manually selected ROI.

For quantification of Crol::GFP levels midguts were stained with
antibodies targeting the ISC/EB marker Arm® and the EE marker Pros*®
to unequivocally distinguish the different cell types. After imaging the
nuclei of the different cell types were outlined manually and mean
intensities per area were determined using Fiji. 30-56 cells per cell
type and gut (indicated as ‘N’ in figure panels) in three to four different
guts (indicated as ‘n’ in figure panels) were measured. We also mea-
sured the total area of RS in each group and calculated a fold change in
RS area of the tested conditions compared to the corresponding
control. We multiplied the Crol::GFP intensities by the calculated fold
change in RS area thereby normalizing the intensities to take into
account mating induced area changes, which lead to a dilution of
actual hormone dosage reaching a single cell in a mating adapted
intestine. Crol::GFP levels for crol-RNAi validation (Fig. S2I-L) are not
normalized. We then compared the Crol::GFP levels between different
groups by statistical analyses.

The procedures we used to measure fz3-RFP intensities were the
same as described for Crol::GFP intensities except for the normal-
ization. Fz3-RFP intensities in nulcei of aArm" ISC/EB were normalized
to ISC/EB numbers. Therefore, we compared ISC/EB numbers of the
tested groups and calculated the fold changes to the corresponding
control. We multiplied measured fz3-RFP intensities with the calcu-
lated fold changes to compensate for dilution and degradation of Wg
ligands reaching individual cells with increasing ISC/EB numbers as
sink for Wg ligand.

For quantification of Wg::GFP levels midguts we also used
immunostainings to unequivocally distinguish between the different
cell types. After imaging we outlined 25-30 single EC per gut in RS to
define a ROI in which we measured mean intensities per area. Due to a
low signal-to-noise ratio in the Wg:GFP signal we subtracted back-
ground signal from the measured Wg::GFP intensities. Therefore, we
outlined ten areas per midgut within nuclei of EC where we would not
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Endocrine control of ISC proliferation balances gut size
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expect Wg ligands to localize. We then measured mean intensities per
area within these defined ROI and calculated the average background
signal for each gut. The calculated average background signal was
subtracted from the individual Wg::GFP intensities we measured in EC.
Resulting Wg::GFP levels of different groups were then compared by
statistical analyses.

Survival assays
CRC avatar flies were grown at 18 °C and shifted to 29°C at latest 24 h
after eclosion with at least ten flies per vial. Female and male flies were

assayed with 34 to 118 flies for each genotype. Dead animals were
counted once a day and statistical significance of survival differences
determined using Kaplan-Meier log-rank survival test.

Analysis of correlation of hZNF267 and Wnt/Wg signalling
components in colon adenocarcinoma

Correlating expression of hZNF267 and Wnt/Wg signalling compo-
nents in colon adenocarcinoma was analyzed using the R2 Genomics
analysis and visualization platform. In a single dataset analysis using
the Mixed Colon Adenocarcinoma (2022-v32) from tcga we searched
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Fig. 7| Mathematical modelling of hormone level controlled intestinal size. A, B
Schematics of Crol inhibiting proliferation in ISC through stg/CycB and non-
autonomously activating proliferation by Wg expression in EC. A’-B’ Quantification
of cell numbers in RS regions upon (A’) ISC/EB specific (p=0.0003) and (B’) EC
specific manipulations of crol (FO03414, BL41669). A’-B’ For Box-and-whisker
plots: the center is the median, minima and maxima are 25th and 75th quartile and
whiskers indicate full range of values. All individual values with ‘n’ representing
numbers of biological replicas are shown by dots and means are indicated by ‘+.
Asterisks denote significances from multiple comparisons by one-way ANOVA
(**p<0.001; ***p < 0.0001). C MF size adaptations, shown are means + SD of fold
changes in entire midgut length, RS diameter and total cell number of MF and EC
specific >crol (FO03414) compared to VF after 3 d of Rapport tracing. Biological
replicas are indicated by ‘n’ values. Source data are provided as a Source Data file.
D 20HE levels upon mating as a function of time (y(¢)). E Equation visualizing the

divergent effect of 20HE hormone on ISC (/) inhibiting ISC proliferation and on EC
(E) stimulating Wg production and thereby production of EB () with C}. EB (u) are
an intermediate state between ISC and EC and differentiate into EC with a rate 6. F
A graph visualizing intestinal size increase upon mating showing functions for
production of intermediate EB (u(¢)) and EC (E(t)) per time with a growing gut
section following the mating event. G Gut section with indicated mating increase in
20HE (i) reaching EC thus inducing expression of Wg ligands (ii). Wg release sti-
mulates ISC proliferation within a distance | and thereby intestinal size increase (iii).
In a growing midgut the non-autonomous Wnt/Wg activation outweighs the
degradation of Wg and autonomous proliferation control. G’ Upon an increase in
EC numbers the average distance | of EC (Wg source) and the ligand receiving ISC
increases. With a longer distance | Wg ligands degrade leading to a decrease in Wg
concentration sensed by ISC and thereby to a decline in ISC proliferation (iv) sta-
bilizing gut size.

Table 2 | List of primers used in real-time qPCR to investigate expression levels of CycB and stg upon oral RH5849

administration
Primer Forward (5'-3") Reverse (5'-3')
rp49 TGGTTTCCGGCAAGCTTCAA TGTTGTCGATACCCTTGGGC
CycB TTTGCAGAATCGCGGCATAAG GTCTGTGAGCTTGAGATCCTTG
stg GAAAACAACTGCAGCATGGATTGCA CGACAGCTCCTCCTGGTC

for KEGG pathways that correlate with hZNF267 expression. Within the
collection of Wnt/Wg signalling pathway members single genes with
significant positive or negative correlation were selected for visuali-
zation in a scheme.

Alignment of Crol and hZNF267

The protein alignment of Crol and hZNF267 (Fig. S2M) has been
performed with the protein sequence of Crol-PA deposited at Fly-
base, and the protein sequence of hZNF267 isoform 1 deposited at
NCBI using the CLC Main Workbench software from QIAGEN.

RNA isolation and cDNA synthesis

Freshly hatched female w™*® flies were collected and kept on food
containing 340 uM RH5849 together with male flies. After two days
at 25 °C midguts of female flies were dissected for RNA-isolation and
cDNA synthesis (Fig. 2J). Adult female flies with Rapport specific
overexpression of wg were grown at 18 °C and shifted to 29 °C for
three days prior to dissection and subsequent RNA isolation and
cDNA synthesis (Fig. 50), which were performed as described
previously®.

Quantitative real-time PCR

Expression levels of CycB and stg in whole midguts of mated female
flies were determined upon oral administration of RH5849 agonist
(Fig. 2J) or expression of >wg using Rapport (Fig. 50). Real-time qPCR
was performed as described previously®. Relative expression levels
were normalized to the house-keeping gene rp49 and calculated by
AACt-Method. The primers used in real-time qPCRs are listed in
Table 2.

Statistical analyses

Statistical analyses were run in GraphPad Prism 9.0. Dot plots show all
individual data points with no exclusions and indication of mean plus
and minus the standard deviation. Box plots show the median and the
first and third quartile with mean indicated by ‘+" and full range of
values indicated by whiskers, additionally all individual values are
shown by dots. No data were excluded. For statistical comparisons we
first tested all data for normal distribution using the Shapiro-Wilk test”
and then used either unpaired two-sided ¢-test” for comparison of two
groups with normal distribution or One-way ANOVA™ and the two-

stage step-up method of Benjamini, Krieger and Yekutieli® for multiple

comparisons of normally distributed data’®. For data that did not show
normal distribution we used non-parametric two-sided Mann Whitney
U test” for comparison of two groups and Kruskal-Wallis test’™ fol-
lowing two-stage step-up method of Benjamini, Krieger and Yekutieli’®
for multiple comparisons’. Survival curves were analyzed using
Kaplan-Meier log-rank tests’*'°. Significant differences are displayed
as * for p<0.05, * for p < 0.01, *** for p < 0.001 and **** for p <0.0001.
Results of all statistical tests can be found in the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Source Data file.
The expression data of Wnt/Wg signalling components in mixed colon
adenocarcinoma (2022-v32, tcga) used in this study (Fig. S7A) are
available in the R2 Genomics analysis and visualization platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.cgi) with the R2 internal
identifier: ps_avgpres_tcgacoadv32a512_gencode36. Source data are
provided with this paper.
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Fig.S1: Crol is expressed in the adult Drosophila midgut

(A-A"") Confocal images of Crol::GFP in adult midguts of MF showing localization of Crol in nuclei of ISC
positive for antibody staining targeting the ISC marker Delta (aDI) and marked with white arrows. Scale
bar is 5um. (B-C”) Confocal images of Crol::GFP combined with the EB marker Gbe+Su(H)-dsRed
showing Crol localization in (B-B”’) dsRed positive EB marked by white arrows, and (C-C”) in epithelial
EC (white arrows) stained with aDIgl and EE (white arrowheads) stained by aPros. Scale bar is 10um.
(D-E’) Confocal images showing Crol::GFP in R5 regions of mated female midguts in (D-D’) w'!*® controls
compared to (E-E’) heterozygous ovo® mutants. (D-E) Sole Crol::GFP signal is shown in greyscale and
(D’-E’) in green colour combined with antibody staining targeting Arm and Pros for identification of
ISC/EB, EC and EE. Duplets of ISC/EB are outlined by white ellipses and EC are marked with white
arrows. Scale bar is 10um. (F) Quantification of Crol::GFP intensities in ISC/EB and EC in control MF
compared to heterozygous ovo® mutant MF. (G-H’) Confocal images showing Crol::GFP in R5 regions
of adult midguts of (G-G’) male flies fed with MeOH (MeOH Control) and (H-H’) males fed with the
20HE agonist RH5849. (G-H) Sole Crol::GFP signal is shown in greyscale and (G’-H’) in green colour
combined with antibody staining targeting Arm and Pros for identification of ISC/EB, EC and EE. Duplets
of ISC/EB are outlined by white ellipses and EC are marked with white arrows. Scale bar is 10um. (1)
Quantification of Crol::GFP intensities in ISC/EB and EC in males fed with MeOH compared to males
fed with RH5849. (F,1) Scatter dot plots show individual values with indication of means + SD. N and n
values represent number of cells and number of biological replicas respectively. Asterisks denote
significances from comparisons by two-sided Mann Whitney U tests (****p<0.0001). Source data are
provided as a Source Data file.
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Fig.S2: Crol controls ISC proliferation

(A) In esgfeP®™ tracing esg-Gal4 double marks ISC/EB driving expression of >CD8::GFP (membrane,
green) and >H2B::RFP (nuclei, red). Upon differentiation new EC/EE lose CD8::GFP, whereas nuclear
H2B::RFP persists due to its long half-life. Transgene expression is timely controlled by an ubiquitously
expressed Gal80" repressor (tub-Gal80%). (B-C) Quantification of (B) progeny (>crol?"*:p=0.0004) and
(C) PH3* mitotic active ISC upon crol manipulations using esgf®®®  (B:
F003414,BL58359,BL56762,BL41669,BL44643, C: BL41669). (D-G) Confocal images showing R5 regions
of MF after 7d of esgRe®® tracing in (D) controls, (E-F) with >crol (BL58359,BL56762) and (G)
CRISPR/Cas9 induced knockout of crol by esgRe°Mces? driven expression of guideRNAs targeting crol
(>crol®™4), Scale bar is 50um. (H) Quantification of progenitor cell numbers upon crol manipulations
using esgfeP®M (BL58359:p=0.0048, BL56762, >crolf¥4:p=0.0012). (B-C,H) For Box-and-whisker plots:
the center is the median, minima and maxima are 25" and 75" quartile and whiskers indicate full range
of values. Individual values with ‘n’ representing biological replicas are shown by dots and means are
indicated by ‘+’. Asterisks denote significances from multiple comparisons by (B) Kruskal-Wallis test
and (H) One-way ANOVA (**p<0.01;***p<0.001;****p<0.0001). (1) Schematic for functional validation
of >crol-RNAi and crol::GFP transgenes. esg-Gal4 drives expression of >H2B::RFP and >crol-RNAi
inducing degradation of Crol::GFP. (J-K’) Confocal images showing Crol::GFP combined with esg
>H2B::RFP In RS regions of MF midguts after shifting for 24h in (J-J’) controls and (K-K’) with >crol-RNAi
(BL41669). (J-K) Sole Crol::GFP signal in greyscale and (J’-K’) combined with H2B::RFP signal and
aArm/aPros staining for identification of different cell types. Duplets of ISC/EB are outlined by white
ellipses. Scale bar is 20um. (L) Crol::GFP levels in controls compared to >crol-RNAi (BL41669). Scatter
dot plots show individual values with indication of means + SD. N and n values represent number of
cells and number of biological replicas respectively. Asterisks denote significances from unpaired two-
sided t-test (****p<0.0001). Source data are provided as a Source Data file. (M) Alignment of
Drosophila Crol and the human orthologue ZNF267 (hZNF267) indicating zinc finger domains with an
identity of 39%, overall identity is 34%.
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Fig.S3: Crol controls proliferation in ISC and EB by regulating CycB

(A-F) Confocal images showing R5 regions of adult female midguts after 7d of esg®¢®® tracing in (A)
controls, (B) upon expression of >crol-RNAi (BL41669) (C) combined with >CycB-RNAi, and (D) >crol-
RNAi (BL44643) (E) combined with >CycB%¥, and (F) simultaneous expression of >stg and >crol
(FO03414) stained with an antibody targeting PH3. Scale bar is 50um. (G) Progenitor cell numbers in
combined depletions of cro/ and CycB using esg®¢®® (p=0.0002;p=0.0015;p=0.0019). (H) In kluReP°M
tracing klu-Gal4 double marks EB driving expression of >CD8::GFP (membrane, green) and >H2B::RFP
(nuclei, red). Upon differentiation new EC lose the CD8::GFP, whereas nuclear H2B::RFP persists due
to its long half-life enabling tracing of EB progeny. ISC and EE are not labelled/traced by fluorophores.
Transgene expression is timely controlled by an ubiquitously expressed Gal80" repressor (tub-Gal80*).
(I-K) Confocal images showing R5 regions of MF midguts after 7d of k/u®¢?®™ tracing in (1) controls, (J)
driving expression of >crol (FO03414) and (K) >crol-RNAi (BL41669). Scale bar is 50um. (L-M)
Quantification of (L) EB numbers and (M) progeny of k/uf¢®®™ specific crol manipulations. (N-O)
Confocal images showing R5 regions of female midguts after k/uf¢°® tracing and (N) expression of
>crol-RNAi (BL41669) and (O) >CycB. White arrowheads point to PH3* EB marked by GFP and RFP. Scale
bar is 20um. (P) Quantification of mitotic active PH3* EB upon specific expression of >crol-RNAI. (G,L-
M,P) For Box-and-whisker plots: the center is the median, minima and maxima are 25" and 75"
quartile and whiskers indicate full range of values. Individual values with ‘n’ representing biological
replicas are shown by dots and means are indicated by ‘+’. Asterisks denote significances from multiple
comparisons by (G) One-way ANOVA and (L-M,P) Kruskal-Wallis tests
(**p<0.01;***p<0.001;****p<0.0001). (Q) Crol::GFP intensities within different cell types in R5
regions of adult female midguts. Scatter dot plots show individual values with indication of means
SD. N and n values represent number of cells and number of biological replicas respectively. Asterisks
denote significances from multiple comparisons by Kruskal-Wallis test (****p<0.0001). Source data
are provided as a Source Data file.
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Wnt/Wg ligand expression and signalling activity upon mating
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Fig.S4: Wnt/Wg activity in ISC/EB responds to mating dependent 20HE release

(A-B’) Confocal images showing Wg::GFP in R5 regions of adult midguts of (A-A’) VF and (B-B’) MF. (A-
B) Sole Wg::GFP signal is shown in greyscale and (A’-B’) in green colour combined with aArm and aPros
staining for identification of different cell types. Exemplary measured EC are outlined by white dashed
lines. Scale bar is 20um. (C) Quantification of Wg::GFP intensities in EC upon mating. (D-E’) Confocal
images showing fz3-RFP in R5 regions of adult midguts of (D-D’) VF and (E-E’) MF. (D-E) Sole fz3-RFP
signal is shown in greyscale and (D’-E’) in red colour combined with aArm and aPros staining for
identification of different cell types. Exemplary measured ISC/EB are marked by white arrows. (F)
Quantification of fz3-RFP intensities in ISC/EB upon mating. (C,F) Scatter dot plots show individual
values with indication of means + SD. N and n values represent number of cells and number of
biological replicas respectively. Asterisks denote significances from two-sided Mann Whitney U tests
(****p<0.0001). Fold changes are shown in percentages. Source data are provided as a Source Data
file.
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Fig.S5: Wg depletion in ISC/EB is not altering Wnt/Wg signalling activity

(A-C) Confocal images showing R5 regions of adult female midguts after seven days of esg®¢®®™ tracing
in (A) controls, upon (B) OE, and (C) KD of wg. Scale bar is 50um. (D-E) Quantification of (D) progenitor
cell numbers (p=0.0068) and (E) progeny upon ISC/EB specific manipulations of wg. For Box-and-
whisker plots: the center is the median, minima and maxima are 25" and 75™ quartile and whiskers
indicate full range of values. Individual values with ‘n’ representing biological replicas are shown by
dots and means are indicated by ‘+’. Asterisks denote significances from multiple comparisons by
Kruskal-Wallis tests (**p<0.01). (F-H’) Confocal images showing fz3-RFP signal in RS regions of adult
female midguts combined with esg-Gal4 in (F-F’) controls, (G-G’) driving expression of >wg and (H-H’)
>wg-RNAI. (F-H) Sole fz3-RFP signal is shown in greyscale and (F’-H’) in red colour combined with aDlgl
and aPros staining for identification of different cell types. Exemplary measured ISC/EB are marked by
white arrows. (I) Quantification of fz3-RFP levels in ISC/EB upon esg-Gal4 specific >wg and >wg-RNAI.
Scatter dot plots show individual values with indication of means + SD. N and n values represent
number of cells and number of biological replicas respectively. Asterisks denote significances from
two-sided Mann Whitney U test (****p<0.0001). Source data are provided as a Source Data file.
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Fig.S6: Rapport tracing shows incremental tissue renewal over three weeks

(A-C) Confocal images showing Rapport tracing in R5 regions of adult female control midguts after (A)
seven (7d), (B) 14 (14d), and (C) 21 days (21d) of tracing. ISC/EB are double labelled by GFP and
mCherry, whereas their progeny are labelled by mCherry only. EC and EE are additionally marked by
aDlgl and aPros staining. Scale bar is 20um. (D-E) Quantifications of (D) progenitor cell numbers and
(E) progeny (p=0.0023) in control midguts upon seven, 14 and 21 days (7d, 14d, 21d) of tracing. For
Box-and-whisker plots: the center is the median, minima and maxima are 25" and 75" quartile and
whiskers indicate full range of values. Individual values with ‘n” representing biological replicas are
shown by dots and means are indicated by ‘+’. Asterisks denote significances from multiple
comparisons by One-way ANOVA (**p<0.01;****p<0.0001). (F) Confocal image of Rapport driven
expression of UAS-spitz (>spi) in the R5 region of an adult female midgut after three days (3d) of
tracing. Source data are provided as a Source Data file.
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Fig.S7: Additional data for tumour models and mathematical modelling

(A) Schematic of Wnt/Wg signalling pathway in humans. Marked are pathway components that
positively (green arrows) and negatively (red arrows) correlate with enhanced hZNF267 expression in
CRC. (B) Schematic of the N'°F tumour model blocking EC differentiation thereby inducing the
formation of ISC and EE tumours. (C) Schematic of Rapport combined with N'°F by expression of Aop-
N-RNAI. (D) Kaplan-Meier estimation of survival in esgfe°PMcas? /1118 controls and induced knockout of
yellow (y, p=0.0017) and sepia (se, p=0.0001) serving as ‘mock’-gRNA controls compared to CRC
avatars. Number of analyzed flies is indicated by ‘n” and asterisks denote significances from Kaplan-
Meier estimation (**p<0.01;***p<0.001;****p<0.0001). (E) Quantification of ISC numbers and density
(p=0.0459) upon mating in adult female midguts with combined expression of esg>>CD8::GFP and
klu>H2B::RFP enabling identification ISC and EB. ISC numbers (absolute numbers, left) in R5 and ISC
(ISC per area, right). For Box-and-whisker plots: the center is the median, minima and maxima are 25t
and 75 quartile and whiskers indicate full range of values. Individual values with ‘n’ representing
biological replicas are shown by dots and means are indicated by ‘+'. (F) Quantification of midgut size
adaptations (p=0.0462;p=0.0156;p=0.0211;p=0.0031) upon mating in female flies of Rapport controls
and expression of >crol (FO03414). Midgut size adaptations encompassing entire midgut length (left),
diameter of R5 (centre) and total cell number of entire midguts (right). Graphs show means + SD.
Number of biological replicas is indicated by ‘n’ values and asterisks denote significances from
comparisons by (F,G: left and center) unpaired two-sided t-tests and multiple comparison by (E,G:
right) One-way ANOVA (*p<0.05;**p<0.01). Source data are provided as a Source Data file. (H-J)
Schematics of ISC dynamics with constant EC number depicted by (H) a function E(t) visualizing
constant EC number and intestinal size depicted by gut sections, (I) Schematic representation of

equation visualizing the divergent effect of 20HE hormone on ISC (I) and EC (E) showing that ISC

a
proliferation increases with ﬁC % — and (J) a function I(t)showing ISC proliferation over time.
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Supplemental material for the mathematical model

Introduction

We construct i) a mean-field equation for the number of EC to demonstrate that the
opposing roles of 20HE hormone lead to a stable population of EC and that the increase
in hormone production projects into an increase of organ size. ii) a mean-field system of
equations demonstrating the above claims considering a more realistic scenario where
the differentiation process from ISC to EC is not happening instantaneously, thereby
incorporating a transient state cell population, and iii) a mean field equation for the
number of ISC in the case where differentiation is blocked, to qualitatively predict the
evolution of the amount of ISC in this pathological scenario. We consider gradient
diffusion and degradation of Wg ligands. In all cases, we assume that number of EC is a
proxy for organ size.

For the first case, we consider the following scenario:

e 20HE activates the production of Wg in EC which, in turn, activates the production of
EC from proliferation and differentiation of ISC. The production of Wg (and thus, of
EC) depends on the hormone concentration (amount of hormone/cell number).

e 20HE inhibits the production of EC from differentiation of ISC at a constant rate a.

A/ B/ Gut section C/

Hormone production 7y ()

: 2 2

. i 8 3

Wg production = g : ] ?

ISC cells <« EC cells : 3! s 2

4 v 2 2 “
p } £ ]
\ BC 5 : g =X Time
\ I G s
\ ! o =i
N L o |
~~~~~ [ '
________ 2
g
5

BC=I—al S =

E £ ° 2

8 g

Time bt

3 2

i $

S 2

Time

Fig.S8: Equation showing stable population size of EC upon increased hormone
levels

A/ Construction of the dynamical equations B/ After a mating event there is an increase
of midgut size (up) due to the increase in hormone production (down). C/ Evolution of
the number of EC under the time evolution of the hormone production described in B/
(up). The curve is obtained integrating equation (6) with parameter y(t) as defined in
equation (1). The population of ISC remains nevertheless constant (bottom).

In Fig.S8 we provide a schematic way to understand the construction of the dynamical
equations. In Fig.S9 we provide a schematic explanation of the involved terms.
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Wg production and gradient

Production of Hormone

The net production of hormone y is a function of time. At t;;, a mating event triggers a
sudden growth. The sudden increase of y after a mating event can be qualitatively
described by a sigmoid:

]/(t) =a (1 + m), (1)

being a, b, ¢ > 0 constants tuning the intensity of the hormone production. This function
is plotted in orange in Fig.S8B/, down. The concentration of the hormone will be evaluated
as dependent of the total amount of EC, E sharing the amount of hormone y, i.e.:

Y

=
Production of Wg from hormone levels

The presence of the hormone triggers the generation of Wg by EC. The amount of EC (E)
will consequently represent the size of the organ, as the tissue is an epithelial (2D) tissue
embedded in a cylindric geometry. We call ¢(0,y/E) the concentration of Wg at the
surface of EC (E). Since the hormone levels are assumed to be constant in space, c¢(0,y/E)
is assumed to be the same for all EC. We assume c(0,y/E) to be a monotonously growing
function of y/E. For the sake of simplicity, we will consider the dependency to be linear
with proportionality constant = 1:
c(0,v/E) =1 @

£
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Box: Description mathematical terms
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Fig.S9: Description of the mathematical terms.

Diffusion and degradation of Wg

We consider a section of the intestine as made of a 1D ring of cells. These cells can be
either EC or ISC. Each EC occupies a fraction 4¢ of the ring, and we approach the
production of Wg with certain hormone concentration levels y/E as:

~c(0,E/y)AL.

Assuming A? sufficiently small when compared with the size of the whole organ, one can
consider that there is a continuum of EC with some "holes" filled by ISC. We call the set
of points in the ring corresponding to EC cells 2. Consequently, the number of EC, will be
given by:

E=fd{’;d{’=Rd9,
0

where R is the radius of the ring, computed in units of cell diameter. Each point of 2 will
produce an amount of Wg ~ ¢(0, E/y)d¢. Wg molecules will diffuse through the 1D ring
with diffusion constant D and will degrade at rate k. The contribution of a single EC of the
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ring to the total amount of Wg that diffuses along the ring can be grasped by the following
diffusion equation with degradation [1,2]:

6C_D62c .
o Cae ¢

At the steady state, the above diffusive process will define a gradient of concentration of
Wg that decays exponentially with the distance to the source ¢:

c(£,y/E) = ¢(0, y/E)e“’Jg. 3)

Since we are considering a ring, we have to take into account that the diffusion process
runs in two directions from the source, clockwise and counterclockwise -see Fig.S9.
Therefore, the Wg concentration at point £ must consider the two directions from the
source:

c(b,y/E) = c(t5,v/E) + c(t,¥/E),

where, by convention, £_, is the distance between the source and ¢, computed clockwise
(i.e.: €5 = £); and ¢, is the distance from the source and ¢, computed counterclockwise
(i.e.: x. = 2nR — ¢, where R is the radius of the ring).

Assumption: We consider that contributions to the concentration of Wg at distances
beyond 2mR (the molecule traversed the whole ring already once since it departed from
the source) are negligible.

Dynamical equations of the cell numbers

Concentration of Wg sensed by ISC

In the continuum approximation, at each point £ € 2 there will be a production of
hormone c(0,y/E), as they are occupied by EC. The concentration of Wg at at the location
of a given ISC, c;, will be approximated by:

a(/E) = f{c(lf’ = x|, v/E) + (1€ = x|, y/E)} de,
0

where x; is the location of the ISC within the ring. According to the formal expression of
c(?,y/E) given in equation (3), the above integral can be factorized as:

f LeoJde =c(0y/ E)f {e_(le_xllq)g + e‘(“"""“)ﬁ} ae.
= n

Interestingly, given the symmetry of the system, the above integral is constant for all ISC
of the system and does not directly depend on E /y. So, we define the constant C as:

k k
c@ =f {e~(|e—x,|a)J;+e—(|f—x:|4j%}d{,'
n

leading, after considering the value of c(0,y/E) as defined in equation (2), to the
following general form:

125



Paper Il

G /B = C) 5.

We observe that we still have a dependency of ¢; on 2 which, in turn, may depend on c;.
However, the effect of this coupling can be assumed negligible, as we detail in the
following assumption.

Assumption: Due to the exponential decay of the concentration of Wg with the distance
to the source, we consider that only a finite neighbourhood of EC surrounding the ISC
will effectively contribute to ¢;(y/E). In consequence, the size of {2 becomes irrelevant for
the computation of c;, as the distant EC will have a negligible effect in the concentration
of Wg sensed by the ISC. Therefore, we can neglect the dependency on 2 of C(2):

@)=,

thereby behaving as a constant that depends only on the degradation rate k and the
diffusion constant D which do not change upon changes on y or E. In consequence, from
equation (2):

c(y/E) =Cx. “)
Dynamical equations

Collecting the above facts, and assuming that the production of EC by ISC is proportional
to the amount of Wg they sense, we have a time evolution of EC with a proliferative term
that reads:

BC LI, )

where [ is the amount of ISC and f8 is a parameter that describes the strength of hormone
abundance. In the main text, we set § = 1, for the sake of simplicity, as the qualitative
behaviour is not affected. At the same time, the production of EC is inhibited directly by
the presence of the hormone at constant rate a. Therefore, the (mean-field) equation
governing the evolution of EC numbers is:

%=ﬁc%1—a1. (6)

Considering fast equilibration and, in consequence, decoupling of time scales, one can find
the only equilibrium point of the above system at:

E"=pCL. 7

The above fixed point is stable, as:

d 14
As expected:
y(t + At) > y(t) = E(t + At) > E(t).

We therefore have qualitatively proven that the combined inhibition and indirect
activation of ISC proliferation proposed by our experimental data lead to a stable organ
size that changes consistently with the abundance of 20HE hormone.
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Non-instantaneous differentiation from ISC to EC
A/ B/ Cc/
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Fig.510: Equation showing stable population size of EC upon increased hormone
levels including cells in an intermediate state

A/ schematics of the mechanism where the transition between ISC = EC is not immediate,
taking an average duration t. Cells in process of differentiation are described by the
variable u. The rates are shown by the arrows representing the transitions. According to
equation (8) 8 = 1/t. The schema depicts the situation described by equations (9) and
(10), i.e., case 1/. B/ A sigmoid-like pulse describing a sudden increase of 20HE hormone
of 1/2 att=0.5. C/ Effect on the EC population and cells in transient state (u). We observe
a peak in cell numbers resulting from proliferation of ISC after the increase of 20HE
hormone which declines as cells are acquiring a differentiated EC identity. As predicted,
the amount of EC increases with the hormone concentrations, whereas the amount of cells
in transit (u) from ISC to EC goes back to its original amount despite the hormone levels
increase. Integration parameters: €=10, =10, inhibition parameter a=0.35, rate of
differentiation of EC 6=0.1. Initial conditions for the integration: u(0)=35, E(0)=29.

One may consider a more realistic scenario where the differentiation from ISC into EC is
not instantaneous. The natural question arises whether this affects the dynamics
described so far. Here we consider that from mitosis of ISC to the full differentiation into
an EC, there is a time span 7 where the cell is in an intermediate state u. For this second
case, we assume the following two scenarios:

e 20HE activates the production of Wg in EC which, in turn, activates the production of
u cells from proliferation of ISC

» Inthe absence of direct inhibition of differentiation into EC, u cells last, in average, a
time span 7 transiting from ISC to EC

e Case 1/ 20HE inhibits the production of EC from differentiation of u cells at constant
rate a

Case 2/ 20HE inhibits the production of u cells from ISC at constant rate «
Remark: Since u cells require a finite time 7 for transiting towards differentiated EC, we

assume that the rate 6 at which EC are produced out of u cells is:

0 ~2 (8)

T
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In Fig.S10 we provide a scheme on how the dynamics is enriched by introducing a finite
time 7 in the process of transition form ISC to EC. We will see that, for a large range of
parameters, the dynamics is just delayed —thereby making it more realistic— but
remains qualitatively the same.

Let us call u(t) the population of cells in the transit from ISC to EC attime t. Now we have,
aside of ISC, two interdependent populations of cells: EC and u cells. The equations for
case 1/ now read:

du Y _

= = BC EI 6u 9
dE

E = Ou-—al. (10)

If we rewrite explicitly the above equations in terms of the lifetime 7 of u cells, using
equation (8) we are led to:

du c yI u
dt B E T
dE ;
= al.

The fixed point of the dynamical system defined by equations (9) and (10) is:

. _ al
YT g

x = 14
E* = pC_.

We observe that the predicted amount of EC is independent of the time 7 needed for
transiting from ISC to EC. In consequence, it remains invariant with respect to the
previous simplified model.

The above approach assumed that the inhibition is happening at the level of
differentiation. If one assumes case 2/, i.e., that the inhibition takes place at the level of
proliferation, we are led to:

= = pcli-eu-a (11)
= = fu (12)

We notice that the dynamical system defined by equations (11) and (12) is obtained by
just moving the term —al to the first equation of the dynamical system defined by
equations (9) and (10). Similar equations have been derived for the regulation of cortisol
hormone levels [3]. The fixed point now reads:

*

ut = 0
14
E* = BC-—,
g a
i.e, the amount of EC remains the same, whereas cells in the intermediate state only

appear temporarily as burst upon increases of the hormone. When the hormone levels
stabilize, all newly produced cells end the differentiation process and become EC.
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It remains to check the stability properties of the fixed points. To that end, we have to
compute the Jacobian matrix at the fixed point and, since it is a 2D system, it is enough to

check the signs of the trace and the determiner. Let us define f(u,E) = [)’C%I — 6u and
g, E) = 6u — al. The Jacobian matrix of this 2D dynamical system is:

of of

= o =<—9 —BC%I)
99 9g 6 o /
ou OE

It turns out that, if we define f(u, E) = ﬂC%I — 0u — al and g(u, E) = Ou the Jacobian
matrix is the same. We now check the signs of the trace and the determiner at the fixed
point:

14 4
tr(—e —BCF1><OI‘—9 ~BC 1
0 0 0 0

>0,

a result easy to check because all the involved constants are positive. Given this
combination of signs, tr(J) < 0 and |/| > 0 we conclude that the fixed point is stable [4].

Observations on the generality of the results

The above computations have been performed by assuming that i) ¢(0,y/E) is a linear
growing function of y/E, ii) that the proliferative term in the dynamical equation (6) is
linear as well with I -see equation (5)- and iii) that the inhibitory term « is constant and
does not depend on Y /E.

The choice of linear and constant functions has been performed for the sake of simplicity.
Let us briefly comment on the generality of the main result, namely, the existence of a
stable fix point in E that shifts monotonously with y/E as described in equation (7). We
observe that the same qualitative results could be achieved by considering both
dependencies described in i) and ii) just monotonously increasing functions, not
necessarily linear.

The case of the inhibitory term a, commented in iii) can be as well generalized. Let us
assume that @ = a(y/E) and a generalized proliferation term f(y/E). Now, equation

(6) reads:
dE
= =If (%) —Ia (%)

In this context, what we require is that both the inhibitory term a(y/E) and the
proliferative term f(y/E) are, positive, non-decreasing functions with y/E and that there

exists a E* by which:
() =a(z)

i.e, that there is a cross-over between the proliferative and inhibitory terms. In addition,
we require that, if E < E*, then:
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and that, if E > E*, then:

() <)

With these general properties, it follows naturally that:
d Y Y
(@)1 (}))

and, therefore, that the fixed point is stable.

<0,

E*

Blocking of cell differentiation: ISC Proliferation

In the previous modelling we considered that the amount of ISC is constant, since the
division of an ISC leads to one ISC and one differentiated EC. Using the same line of
reasoning, now we consider the case where such differentiation is blocked in a way that
a division of a single ISC creates other two ISC. In this setting, the amount of EC will
remain constant and the amount of ISC will eventually grow in time. Explicitly, we have
that:

»  20HE inhibits the proliferation of ISC at rate a/ISC

e 20HE activates the production of Wg in the existing EC which, in turn, activates the
production of ISC from proliferation of already existing ISC. The production of Wg
depends on the hormone concentration (amount of hormone/cell number).

Note that, since the relative volume of ISC is negligible when compared to the volume of
the EC, we can safely assume that the volume of the organ remains constant. As we did
before, in Fig.S11A-B we provide a schematic way to understand the construction of the
dynamic equations for this case.
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Fig.S11: Equation showing ISC numbers upon increased hormone levels and
blocked EC differentiation
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A/ Construction of the dynamical equations for the blocking of differentiation. B/
Contrary to the previous case, after a mating event there is no increase in midgut size (up)
due to the increase of the hormone production (down), since the volume occupied by the
ISC is negligible compared to the volume occupied by the EC. C/ (up) Evolution of ISC
numbers when differentiation is blocked under constant hormone production, showing a
square-root-like evolution in time. (bottom) the block of differentiation maintains a
constant amount of EC.

Since both the amount of hormone and the amount of EC are constant, so will be the

proliferative strength given by the amount of Wg. There is a positive constant K, that can
be inferred from equation (5) as:

Y
K=pC—-
ﬁE

This proliferative strength provided by the hormone level is assumed to be proportional
to the Wg ligand produced by the EC, and will be shared by all the ISC. The same will
happen with the inhibitor term, a. In consequence, the evolution of ISC number upon
blocking of differentiation into EC will be given by:

dl K «

e 1T
As soon as K > a, we expect to observe an unbounded growth of EC number-recall that

here we are not considering other phenomena that could play a role! Indeed, considering
that att = 0 we have Iy ISC, we expect to observe:

I(t) = V2,/(K — a)t + I,
Qualitatively, one expects, therefore:
I(t) x +/t.
In Fig.S11C we have an example of this kind of growth.
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3 General Discussion

Female reproduction is energetically costly and relies on a proportional size-increase of
the maternal intestine to complement higher energy demands (Hammond, 1997,
Speakman, 2008). The Drosophila midgut, with its comparable cellular composition and
functionality to the mammalian small intestine, serves as an excellent model for studying
the role of endocrine signals in pregnancy-induced intestinal re-sizing. Prior to this work
pregnancy-related physiological adaptations of the intestine in Drosophila have already
been described and shown to be induced by endocrine JH (Reiff et al., 2015). Another
potential driver of pregnancy-related intestinal adaptations is the functional oestrogen
orthologue 20HE, which is already known to regulate reproduction and mating-induced
metabolic adaptations in females. But if 20HE also has a role in regulating intestinal size

adaptations upon mating remained unknown.

This work shows that increases in 20HE levels upon mating are not restricted to ovaries,
but are also detected in circulating haemolymph, which suggest a role for 20HE in inter-
organ signalling (Paper | Figure 2). In fact, 20HE drives differentiation of adult midgut
precursors into EC via its downstream effector and Peroxisome proliferator-activated
receptor gamma (hPPARy)-homologue Eip75B-A/C to ensure an expansion of the
absorptive epithelium upon higher energy demands during egg production (Paper | Figure
3, Fig.4). Human hPPARy regulates adaptations of lipid metabolism in pregnant women
(Rodriguez-Cuenca et al, 2012; Vivas et al, 2016; Waite et al, 2000) and was shown to
induce differentiation in colon cancer cell lines (Cesario et al, 2006; Shimizu & Moriwaki,
2008; Yamazaki et al, 2007; Yoshizumi et al, 2004). In the Drosophila midgut, activation of
20HE signalling enhances lipid uptake in EC (Paper | Figure 2-figure supplement 1), and in
line with the differentiation-promoting effect of hPPARy in colon cancer cell lines,
treatment with the hPPARy agonist Pioglitazone similarly drives EB towards EC fate (Paper
| Figure 4). The observed induction of EC differentiation via systemic 20HE signalling
through Eip75B-A/C complements the previously described proliferation stimulation
regulated by endocrine JH (Reiff et al., 2015). 20HE and JH act synergistically to drive
intestinal adaptations upon mating, with the JH mediator Kr-hl promoting ISC
proliferation and the 20HE effector Eip75B-A/C enhancing differentiation into epithelial EC

(Paper | Figure 5, Fig.4).

132



General Discussion

Besides its physiological functions in adipocyte differentiation (Rosen et al, 1999) loss-of-
function mutations in hPPARy are associated with CRC (Sarraf et al, 1999). This work
shows, that increased levels of the hPPARy homologue Eip75B-A/C or treatment with the
agonist Pioglitazone prevent tumour formation in a benign N-tumour model by inducing
differentiation of N deficient ISC into postmitotic, epithelial EC (Paper | Figure 6, Figure 6-

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

Simultaneous with this thesis Ahmed et al. also investigated the impact of ovary-derived
20HE in physiological adaptations of the Drosophila midgut. Consistent with the findings
of this thesis, they demonstrated that mating, along with genetic or pharmacologic
activation of 20HE signalling, stimulates ISC mitosis and intestinal growth through the

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

In addition, 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 adaptations upon mating and the previously discovered regulation of Crol by 20HE,

a function of Crol in physiological intestinal adaptations was suggested.

The data presented in the included Paper lll show that Crol protein levels within the adult
Drosophila midgut cells are regulated by 20HE signalling activity (Paper Ill Figure 1,
FigureS1). Whereas this regulation of Crol by 20HE is comparable in different intestinal cell
types, the paper aimed at separately investigating the functions of Crol in undifferentiated
ISC/EB and epithelial EC. To investigate Crol's role in ISC/EB, the established esg®¢?®™
system was used. Whereas the novel Rapport system was developed to investigate the
non-autonomous regulation 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 manipulation of EC.

The results show that Crol inhibits ISC proliferation by autonomously repressing the cell
cycle regulators Stg and Cyclin-B (CycB) (Paper IIl Figure 2, FigureS2, FigureS3, Fig.4). In

contrast to the antiproliferative role in ISC, Crol stimulates expression and secretion of
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mitogenic Wg ligand in EC, which in turn non-autonomously induces ISC mitosis (Paper Il
Figure 4, Figure 5, Fig.4). These opposing roles of Crol in different cell types are also
observed in intestinal tumours. Using the established N-tumour model (Patel et al, 2015)
as well as novel CRC avatars (Paper ll), this thesis demonstrates that Crol plays a protective
role within the tumour by suppressing tumour formation, thereby mitigating midgut
hypotrophy and enhancing survival in CRC avatar flies (Paper Il, Paper Ill Figure 6).
Similarly, as observed in physiological conditions, Crol has an opposite function within the
EC surrounding the tumours. When expressed in EC as part of the tumour
microenvironment Crol boosts tumour formation and growth (Paper Ill Figure 6). Analysis
of the human Crol ortholog hZNF267 reveals similar findings regarding its distinct roles in
ISC/EB and EC (Paper Ill Figure 2, Figure 4, Figure 5), as well as its involvement in intestinal
tumours and their microenvironment (Paper Ill Figure 6). One hallmark of cancer cells is
the intra-tumour heterogeneity defined by distinct cell populations within the same
tumours. The newly established Rapport-tracing system allows to manipulate the distinct
cell populations within a tumour or its microenvironment while simultaneously tracing its

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

Besides the local events that were shown to be regulated by Crol, Paper Il also explores
the resulting global effects analysing whole organ size of female intestines. During this
thesis Ahmed et al. 2020 also demonstrated that female intestinal size in Drosophila is
regulated by 20HE signalling (Ahmed et al., 2020). However, a potential role for Crol and
the molecular mechanisms stabilizing intestinal size after growth remained unknown.
Advancing the understanding of pregnancy-related intestinal re-sizing is of particular
interest as it would allow to prevent or treat postpartum weight retention 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 intestinal size is
increased upon ISC/EB specific knockdown of Crol and upon EC specific overexpression of
Crol (Paper Il Figure 7, Figure S7) once more underlining the opposing roles of Crol in
controlling I1SC mitosis (Fig.4). In addition to the non-autonomous stimulation of ISC
mitosis by the 20HE-Crol-Wg axis in EC, Eip75B induces differentiation into epithelial EC
(Paper | 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, mathematical
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modelling demonstrates that the opposing roles of Crol likely balance and stabilize

intestinal size during growth, depending on 20HE levels.
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Fig.4: Graphical summary depicting the roles of endocrine JH and 20HE in mating-induced

physiological adaptations of the Drosophila midgut.

Upon mating synthesis of JH in the corpus allatum and synthesis of 20HE in ovaries is induced.
Both hormones are released into the circulating haemolymph and reach remote organs such as
the midgut. Within the midgut JH induces proliferation 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 proliferation in a non-
autonomous manner. Downstream of 20HE, Eip75B-A/C/hPPARy induces differentiation of the
generated ISC/EB into new EC. Together these molecular mechanisms increase the number of
epithelial cells and sequentially the size of the female Drosophila midgut in response to mating
(green arrows). On the other hand, Crol/hZNF267 autonomously inhibits ISC proliferation
downstream of 20HE, thereby antagonizing the growth stimulating mechanisms and balancing
intestinal size (red lines).

The mechanisms described here represent an example of inter-organ communication
involving a steroid hormone which ensures adaptations of the female body to changes in
metabolic demands during the production of offspring. Upon mating increased levels of

20HE/oestrogen secreted from the ovaries act on remote organs like the intestine to
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control size adaptations and thereby nutrient uptake. This work shows how a single
endocrine signal is translated into different autonomous and paracrine outputs in the
remote intestine, thereby differentially affecting ISC proliferation in both physiology and
pathology. This bifurcation of a sole hormonal stimulus into different signals gives further
insights into the complexity of tissue size regulations. Understanding the molecular
mechanisms that control pregnancy induced re-sizing of the intestine 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
after reaching an adequate size is of particular 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 communication is an important mechanism that evolved with the transition
from unicellular to multicellular organisms and is crucial throughout development and
during adaptations to external conditions. The generation of offspring relies on several
adaptations of the mother’s body to ensure proper development of the offspring. These
adaptations are orchestrated by steroid hormones like oestrogens and include a size
increase of the absorptive epithelium in the intestine to fit higher energy demands.
Hormone-mediated intestinal 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 intestinal size adaptations remained unknown.

This thesis shows a role for the steroid hormone 20 hydroxy ecdysone (20HE) in re-sizing
of the female Drosophila intestine. Two effectors, Ecdysone-induced protein 75B (Eip75B)
and Crooked legs (Crol), have been identified that function downstream of systemic 20HE
to locally control intestinal stem cell (ISC) behaviour. Upon mating and increased
circulating 20HE levels Eip75B induces differentiation of ISC into epithelial enterocytes (EC)
to ensure increased nutrient uptake. Crol and its human ortholog hZNF267 were shown to
differentially affect ISC behaviour depending on the cell type. Within ISC, Crol/hZNF267
has an antiproliferative role by repressing cell cycle regulators String (Stg) and Cyclin-B
(CycB). In EC, Crol/hZNF267 non-autonomously promotes ISC proliferation by inducing
expression and secretion of mitogenic Wingless (Wg) ligand. Mathematical modelling
proved the plausibility that these opposing roles of Crol on ISC behaviour can induce a
stable intestinal size which depends on 20HE levels. In different tumour models Eip75B
induces differentiation of tumour stem cells into postmitotic EC, whereas Crol/hZNF267
prevents tumour formation 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
communication involving a steroid hormone which is translated into different outputs with
opposing effects on ISC behaviour. These local outputs ensure adaptations of the female
intestine to changes in metabolic demands during the production of offspring and advance

the understanding of mechanisms controlling organ size.
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5 Zusammenfassung

Die Kommunikation zwischen Organen ist ein Prozess, welcher sich gleichzeitig mit dem
Ubergang von Einzellern zu Mehrzellern entwickelt hat. Diese Art von Kommunikation ist
in der Entwicklung essenziell, und auch wahrend der Anpassung adulter Organismen an
dulRere Einflisse. Anpassungen des weiblichen Korpers finden zum Beispiel wahrend der
Schwangerschaft statt, um die richtige Entwicklung der Nachkommen zu gewahrleisten.
Diese von Steroidhormonen gesteuerten Anpassungen umfassen eine VergrofRerung des
Darms zur Erhéhung der Nahrstoffaufnahme. Derartige GrofRenanpassungen des Darms
konnten schon in Mdusen und Drosophila melanogaster gezeigt werden, Details Gber die

kontrollierenden Mechanismen blieben dabei jedoch unbekannt.

In dieser Arbeit wurde der Einfluss des Steroidhormons 20 Hydroxyecdyson (20HE) auf die
GroRenanpassung des Darms in weiblichen Drosophila untersucht. ldentifiziert und
charakterisiert wurden zwei Faktoren, Ecdysone-induced protein 75B (Eip75B) und
Crooked legs (Crol), welche abhdngig von 20HE das Verhalten von intestinalen
Stammzellen (ISC) kontrollieren. Erhdéhte 20HE Vorkommen nach der Verpaarung
induzieren durch Eip75B die Differenzierung von Vorlauferzellen zu epithelialen
Enterozyten (EC). Fiir 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-Proliferation. In EC
stimuliert Crol nicht-autonom die ISC-Proliferation durch Induktion des mitogenen
Wingless (Wg) Liganden. Ein mathematisches Modell konnte zeigen, dass die
unterschiedlichen Effekte von Crol auf die ISC eine stabile OrgangréRe des Darms abhangig
von der 20HE Konzentration induzieren kdnnen. Auch in Tumor-Modellen induziert Eip75B
die Differenzierung von Tumor-Stammzellen in postmitotische EC, wahrend Crol/hZNF267
in Tumor-Stammzellen die Entstehung von Tumoren verhindert und andererseits nicht-

autonom das Tumorwachstum fordert.

Zusammengefasst zeigen die hier dargestellten Ergebnisse ein Beispiel fir die
Kommunikation zwischen Organen. Ein Steroidhormon wird in lokale Signale Ubersetzt,
die das ISC-Verhalten unterschiedlich beeinflussen, um somit die GréRenanpassung des

weiblichen Darms wahrend der Erzeugung von Nachkommen zu steuern.
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