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Steroid hormone-induced wingless ligands tune female intestinal size in
Drosophila

Lisa Zipper, Bernat Corominas Murtra & Tobias Reiff

Abstract (150 words)

Female reproduction comes at great expense to energy metabolism compensated
by extensive organ adaptations including intestinal size. Upon mating, Drosophila
ovaries release the steroid hormone Ecdysone that stimulates a 30% net increase
of absorptive epithelium by intestinal stem cell (ISC) divisions. Here, we uncover
the transcription factor crooked /egs (crol) as intraepithelial coordinator of
Ecdysone-induced ISC mitosis by establishing Rapport, the first spatiotemporally-
controlled dual expression and tracing system for the analysis of paracrine effects
on ISC behaviour. Rapport tracing revealed that Ecdysone-induced Crol controls
mitogenic Wnt/wg-ligand release from epithelial enterocytes towards ISC, which is
counterbalanced by Crol-repression of string/CDC25 and Cyclin-B directly in ISC.
Rapport-based ISC tumours confirm paracrine stimulation through the Ecdysone-
Crol-Wg axis on mitotic behaviour. 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 complex
endocrine growth control mechanisms during mating-induced adaptations and
gastrointestinal cancer.



Introduction

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! 2. Survival and fitness of progeny 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!:3. 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*8. Endocrine interorgan
communication orchestrates this organ size re-set yielding an enlarged intestine
with about a third more absorptive enterocytes (EC)’8. 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 fate47-10, 20HE-dependent increases in ISC proliferation
depend on presence of the Ecdysone-receptor (ECR) and early response genes
Broad, Eip75B8 and Hr3*8, but mating-dependent molecular control mechanisms of
how active 20HE-signalling affects the cell cycle in ISC, remained unknown.

Here, we report and characterize a novel molecular player crooked /legs
(crol)/ZNF267 that relays endocrine 20HE into local intraepithelial ISC division
control. We detected 20HE-dependent cro/ activation in ISC and epithelial EC.
Interestingly, functional experiments revealed antagonizing mitogenic effects of
cro/ manipulation in the ISC population on one hand and the EC population on the
other hand. This observation prompted us to design and establish ‘Rapport’, a
bipartite spatiotemporally controlled dual binary 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. Using Rapport, we discover that Crol relays systemic 20HE signalling
in ECs 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!! 12,
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, cro/ expression in ISC acts
antiproliferative through the CDC25-orthologue string and the mitotic cyclin
CyclinB, 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 underpin 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 hormone
release

The female fly intestine undergoes a variety of post-mating adaptations including
a net increase of the absorptive epithelium>7. Mating-dependent enteroplasticity
is orchestrated by two hormones, JH and 20HE, which act directly on ISC
mitosis47-8. Aiming to elaborate Ecdysone-responsive genes exerting ISC division
control, we followed leads from developmental studies!3-1> and sequencing
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Fig.1: Crooked legs responds to 20HE steroid hormone release

(A-C’) Confocal images showing GFP-tagged crooked legs (Crol::GFP) in adult midguts of (A) virgin female (VF) flies com-
pared to (A') mated female (MF) flies, (B} MF fed with MeOH (MeOH Control) compared to (B’) MF fed with 20HE agonist
RH5849 diluted in MeOH, and (C) MF w8 flies (Contol) compared to (C’) heterozygous ovoP? mutant MF. Duplets of
stem- and progenitor cells (ISC/EB} are outlined by white ellipses and EC are marked with white arrows. Scale bar is 20pm.
{D-D’) Schematic of a female fly including midgut and ovaries. The 20HE agonist RH5849 is administrated orally and i)
absorbed from the midgut lumen into ISC/EB and EC, whereas 20HE is produced in ovaries and released into the
hemolymph ii) from where it is imported into midgut cells. (E) Quantifications of Crol::GFP intensities in ISC/EB and EC
upon 20HE levels increased by mating (VF compared to MF), oral administration of 20HE agonist RH5849 (MeOH Control
compared to RH5849), and genetical ablation of ovaries by ovoP! mutant allele (Controf compared to ovoP?). Fold changes
are shown in percentages, means and standard deviations are indicated by wvertical lines
(n=120,120,78,91,178,168/120,120,78,91,198,168). Asterisks denote significances from student’s t-test (**p<0.01,
***p<0.0001).



approaches that suggested expression of crooked /egs in the adult Drosophila
midgutl6.17,

Transgenic flies in which Crol is GFP-tagged (Crol::GFP) confirmed cro/expression
in the adult female midgut. We detected GFP-signal in ISC positive for the Notch-
ligand Delta (N and DI, Fig.S1A-A”"), in EB identified by N-activity (N-reporter
GBE+Su(H)-dsRed, Fig.S1B-B"’), in EE positive for Pros (Prospero, Fig.S1C-C"’) and
EC, positive for the septate junction marker DIgl (Discs-large-1, Fig.S1C-C"').
Mating induces ovary-to-gut 20HE release® and also significantly increased
Crol::GFP levels in adult mated females (MF) compared to virgins (VF) (Fig.1A-A",E).
Next, we confirmed cro/ responsiveness to pharmacological EcR activation by
feeding the EcR agonist RH5849 (Fig.1D-D’)8, which significantly increased
Crol::GFP fluorescence intensity compared to controls (Fig.1B-B',E). Similar
increases in Crol::GFP fluorescence were observed upon genetic ovariectomy
using the dominant ovoD1 stock (Fig.1C-C’,E) abolishing the ovaries as a sink for
20HE® 18, Interestingly, cro/ responded in both, ISC/EB as well as epithelial EC
populations (Fig.1A-C',E). To investigate the role for cro/ in intestinal tissue
homeostasis, we separately addressed its role in ISC/EB progenitors and epithelial
EC (Fig.1D’).

Crol and its functional human orthologue ZNF267 control proliferation of
intestinal stem cells

First, we manipulated cro/ autonomously in ISC and EB using the ‘ReDDM’
(Repressible Dual Differential Marker, Fig.S2A) tracing method to observe overall
impact on tissue renewal with spatiotemporal control of tracing onset and gene
manipulationl®, Briefly, ReDDM differentially marks cells having active or inactive
Gal4 expression with fluorophores of different stability. Combined with the
enhancer trap esg-Ga/4, active in progenitors (ISC and EB), esg?ePPM" 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 >HZ2B::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 stabilityl®. Crosses are grown at 18°C in which transgene
expression is repressed by ubiquitous tubulin-driven temperature sensitive
Gal80ts. By shifting adult females to 29°C, Gal80t is destabilized, in turn enabling
temporal control of esgfePPM-tracing and additional UAS-driven transgenes in
progenitors (Fig.S2A).

After seven days of tracing adult female intestines using esg?ePPM, we found that
overexpression of cro/ has an antiproliferative effect decreasing the number of
progenitor cells (Fig.2B) about 12-fold (Fig.2E) compared to controls (Fig.2A).
Reciprocally, RNAi-knockdown (Fig.2C) and guideRNA (gRNA) mediated excision of
cro/ (Fig.S2F) using esgRebbMCasd tracing significantly increased the number of
progenitors (Fig.2D, S2G), new epithelial cells (Fig.S2H) and stimulated ISC division
(Fig.S2l) compared to controls (Fig.S2B). Similar results were obtained using
independent overexpression and loss-of-function transgenics of cro/ (Fig.S2C-1).
Underlining functionality of both, the reporter and RNAI stock, cro/-RNA/ driven by
esg>in ISC and EB reduces Crol::GFP fluorescence (Fig.S2J-L"").



We next sought to identify human orthologues of crooked /egs and by mining
databases for zinc finger transcription factors with a high degree of sequence
homology to Crol, we isolated the human Kruppel-like zinc finger transcription
factor ZNF267. To explore the ability of human ZNF267 to substitute Crol function
in intestinal progenitors, we depleted endogenous crol by RNAi and expressed
human ZNF267 at the same time (Fig.2D) and observed rescue of cro/-RNAiI-
induced progenitor accumulations by ZNF267 (Fig.2D-E). In line with these
observations, ZNF267 regulates cell proliferation and differentiation in liver
tissue20.21, Like Crol (Fig.S1), ZNF267 shows wide-ranged expression across human
intestinal cell types (GTEx, Proteinatlas) and is induced through oestrogen
signalling?2, which prompted us to investigate how steroid hormones control ISC
proliferation downstream of Crol and ZNF267.
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Fig.2: Crol and ZNF267 control ISC proliferation through String/Cyclin B

(A-C) Confocal images of adult female midguts after seven days of esgRePPM {racing showing (A) controls with active esg-Gal4 in
ISC/EB driving expression of UAS-CD8::GFP {(membrane GFP) and UAS-H2B::RFP (nuclear RFP), and newly differentiated
epithelial cells with inactive esg-Gal4 are RFP+-only owing to protein stability of H2B::RFF, (B) ISC/EB specific overexpression
(QE) of UAS-crof (UAS abbreviated as > hereafter in figure panels), (C) knockdown (KD) of crof by >crol-RNAI, and (D) simulta-
neous expression of the human Crol orthologue ZNF267 (=hZNF267). Scale bar is 50um. (E) Quantification of progenitor cell
numbers encompassing ISC and EB (n=9,10,15,12). Mean is indicated by (+) and asterisks denote significances from student’s t-
test ("*p<0.001, ***p<0.0001). (F) Quantitative RT-PCR on intestinal cDNA from MF fed with 20HE agonist RH5849 showing rel-
ative mRNA levels of siring (stg) and Cyclin B (CycB) (n=4,4). Values are normalized to MeOH control. (G-J) Confocal images of
adult female midguts after seven days of esg™*ePPM tracing showing (G) ISC/EB specific OE of stg (H) combined with >crol, and (1)
specific KD of stg by RNAI, (J) combined with >crol-RNAJ. Scale bar is 50um. (K-L) Quantifications of (K) progenitor cell numbers
and (L) progeny (n=9,10,7,4,15,5,9/9,10,7,4,15,5,9). Mean is indicated by (+) and asterisks denote significances from student’s t-
test (*p<0.05, **p<0.01, ***p<0.0001). (L) Schematic showing inhibition of Stg and CycB by Crol within ISC thereby controlling
proliferation.

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?3:-24, Supporting the idea that EcR-signalling controls ISC
proliferation through Stg and CycB, EcR agonists not only increase ISC mitosis##8,
but also stg and CycB transcript levels (Fig.2F). In line with previous
observations2526, up- and downregulation of stg levels in esgRePPM traced guts



(Fig.2G,2l) reciprocally controlled progenitor (Fig.2K) and epithelial cell production
(Fig.2L). Confirming a function of Stg downstream of EcR-signalling, ISC
proliferation and subsequent increase in progenitor number upon >cro/-RNA/ is
abolished when >stg-RNA/ is co-expressed (Fig.2I-L,Fig.S3A) and vice versa, co-
expression of >cro/ and >stg (Fig.2G-H) sufficed to rescue progenitor number
(Fig.2K) and new EC production (Fig.2L). Comparable results were obtained when
we investigated the epistasis of Crol and CycB (Fig.S3B-G), suggesting an
endocrine control of ISC cell cycle exit by Crol (Fig.2M) as observed in
development?4,

An anti-proliferative role of Crol in ISC is further supported by high Crol::GFP levels
in EB (Fig.S3H) that become postmitotic during lineage progression?’. As
genetically shown for Crol and CycB (Fig.S3)24, the EB lineage-specifying
transcription factor klumpfuss (k/u) binds CycB regulatory regions?’. Pointing to a
role in ISC, EB-lineage specific cro/ manipulation using k/u?ePPM (Fig.S31)28 reveals
an increase in number of new EC upon forced expression of crol (Fig.S3J-L,N), but
no significant changes on EB numbers (Fig.S3)-M), even though mitotic pH3-
positive EB are occasionally observed upon cro/-RNA/ (Fig.S30) and CycB
expression (Fig.S3P). Together, our data highlights crooked /egs as effector of
Ecdysone-signalling that autonomously promotes ISC cell cycle exit through stg
and CycB (Fig.2M).

The 20HE-Crol-Wg axis in Enterocytes controls non-autonomous Wnt/wg
activity in intestinal stem cells

Intriguingly, ZNF26 72021 as well as croP* 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 adaptations. Using transgenic flies in which Wg, the primary
Wnt-ligand in Drosophila, is GFP-tagged (WQg::GFP), we detected GFP signal in EC
anterior to the mid-/hindgut boundary (MHB, Fig.3A)2°, a gut region known to be
patterned by Wnt/Wg-signalling39. Secreted Wg is thought to act in a paracrine
manner on ISC, which we analysed using the established 7frizz/ed3 (z3) sensor flies
for Wnt-activity (Fig.3K)3132, Examining 7z3-RFPintensity in posterior midguts, we
confirmed an active Wnt-signalling crescendo towards the MHB32. More
importantly, we detected fz3-RFP signal in intestinal progenitors along the midgut
(Fig.3E) and occasional Wq::GFP positive EC close to ISC with fz3-activity (Fig.S4A)
under homeostatic conditions.

Similar to 20HE-induced Crol::GFP (Fig.1A-C",E), the EcR agonist RH5849 and
ovoD1 increased WQq::GFP fluorescence in EC (Fig.3A-D,l-)) and Wnt/Wg-activity in
ISC/EB (Fig.3E-)), suggestive for active Wnt/Wg-signalling from EC to ISC (Fig.3K).
Mating also increased Wq::GFP and fz3-RFP levels (Fig.S4B-F), which further
supports a role of Wnt/wg-signalling during physiological midgut adaptations.
Previous work in challenged guts showed autocrine Wnt/Wg-signalling between
ISC and EB33. In contrast, depletion of wg using >wg-RNA/ driven in esgRePPM flies
under homeostatic conditions?® did not significantly alter intestinal turnover
(Fig.S5A-E) and direct assessment of Wnt/wg signalling activity using 7Z3-RFP
sensor flies (Fig.S5F-I). Together these findings prompted us to search for another
source for Wg-ligands under homeostatic conditions.
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Fig.3: 20HE induced wg ligands from EC activate Wnt/wg signalling in ISC

(A-D) Confocal images of GFP-tagged Wnt ligand wingless (wg::GFP) in adult midguts of (A} MF fed with MeOH
{MeOH Control) compared to (B) MF fed with 20HE agonist RH5849, and (C) control flies compared to heterozy-

gous ove?’ mutant MF. Scale bar is 50pum. (E-H) Confocal images of adult midguts with RFP expressed under con-
trol of the fz3 promotor (fz3-RFP) as readout for Wnt activity in (E) controls compared to (F) flies fed with RH5849,

and (G) controls compared to (H) heterozygous avo’ mutant flies. Scale bar is 20pm. (I-J) Quantifications of
Waq::GFP intensities in EC and fz3-RFP intensities in ISC/EB upon (I) oral administration of 20HE agonist RH5849

and (J) genetic 20HE increment upon ablation of avaries. Fold changes are shown in percentages, means and
standard deviations are indicated by vertical lines (n=7595,5192/90,90/8646,10874/178,168). Asterisks denote
significances from student's t-test (****p<0.0001). (K} Schematic of paracrine Wnt/wg activation upon 20HE incre-
ment. RH5849 is incorporated into EC from the midgut lumen, whereas 20HE from surrounding hemolymph is
imported into EC by the ecdysone importer (Ecl). Within EC the hormone or its agonist activate expression of crof,

and expression of wg. Wg ligand is then secreted by the EC and non-autonomously activates Wnt/Wg signalling in
ISC visible by expression of fz3-RFP.

Given Crol::GFP (Fig.S1C-C"’) and Wg::GFP (Fig.S4A) signal in EC, we examined
whether wg expression is controlled by 20HE and Crol in EC. Therefore, we
combined the established EC-driver (mex>p* with z3-RFP to enable Wnt-activity
assessment in ISC/EB from non-autonomous sources (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 Ec/ (Ecdysone importend3>, crol/ as well as wg
significantly increased 7z3 activity in adjacent ISC/EB (Fig.4B, Fig.S5J-L’,N-N’).
Reciprocally, depletion of Ec/, cro/ and wg in EC, non-autonomously reduced 7z3
activity measured in ISC/EB (Fig.4B, Fig.S50-P’,R-R"). Consequently, Wg-depletion
downstream of forced cro/ expression reduced paracrine fz3-activity measured in
ISC/EB (Fig.4C,Fig.S5M-M’), whereas ZNF267 expression in endogenous crol-
depleted EC (Fig.4D, Fig.S5Q-Q’) stimulated wg expression, further supporting Crol

and its human orthologue ZNF267 acting on the wg expression control 14.24,



Combined, these findings suggest wg as a central transcriptional target of Crol in
EC that non-autonomously stimulates fz3-activity in ISC. Intrigued by these
observations, we investigated whether Wnt/Wg activation in epithelial EC through

Paracrine effects on Wnt/wg activity in ISC upon EC manipulation
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Fig.4: The 20HE-Crol-Wg axis in EC controls Wntfwg activity in ISC ,,c.*ae

(A} Schematic of a system enabling EC manipulation and simultaneous visualization of Wnt/\Wg activity in ISC/EB. mex-
Gal4 is active in EC and allows specific manipulation of EC by crossing to UAS-driven transgenes. These manipulaticns
are timely controlled by an ubiquitously expressed temperature sensitive Gald repressor (tub-Gai80') and combined
with 7z3-RFP sensor reflecting Wnt/Wg activity in ISC/EB independent of Gal4. (B-D) Quantifications of fz3-RFP
intensities in ISC/EB with (B) OE and KD of Ec/, crol and wg (n=90,90,90,90,75,60,120), (C) EC specific OE of crof
combined with >wg-RNA/ (n=90,90,90), and (D) ectopic expression of >hZNF267 in crol depleted EC (n=90,89). Means
and standard deviations are indicated by vertical lines and asterisks denote significances from student’s t-test
(**p=<0.001, ***p=<0.0001).

the 20HE-Crol-Wg axis translates into stem cell driven intestinal homeostasis and

size adaptation#7.8,

‘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/exReDDM (esg>>CD8::GFP, >>H2B.:RFP, tub-
Gal80¥) tracing system. Importantly, when combined with mex-Ga/4 (mex>) for
EC specific expression34, the lexA-operator driven in esg/exReDDM as well as Gal4
driven by mex are repressed by temperature-sensitive Gal80t, which allows
simultaneous temporally controlled onset of UAS-transgenes as well as esg/exkRebbM
tracing and Aop-transgenes (Fig.5A)36.

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.56D)1°. Previous
reports described autocrine EGFR-stimulation resulting in ISC proliferation23, which
we confirmed by crossing Rapport to flies expressing the EGF ligand Spitz (> spi,
TGF alpha homologue, Fig.S6F)37.

Next, we assessed whether 20HE and Crol controlled Wnt/wg activity (Fig.4)
stimulates ISC division resulting in EC production and organ size adaptation



(Fig.5A). Strikingly, forced expression of Ec/, cro/ and wg (Fig.5C-F) non-
autonomously increased progenitor cell number (Fig.5)) and ISC progeny (Fig.5K)
compared to controls (Fig.5B) when midguts were traced with Rapport.
Reciprocally, depletion of Ec/, cro/ and wg reduced progenitor (Fig.5G-]J) and
progeny cell numbers (Fig.5K). These data reveal direct relay of 20HE activity in
enterocytes into stem cell production mediated by Crol and paracrine Wnt/Wg-
signal.
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The 20HE-Crol-Wg mitotic balance is conserved in intestinal tumours

Wnt-signalling is a well-known driver of tumorigenesis with a key role in cancers
of the intestine. ZNF267 is upregulated in colorectal cancer (CRC) and regulates
cell proliferation and differentiation in epithelial cancer entities2%21, We found that
ZNF267 expression levels positively and negatively correlate with members of the
Whnt-signalling pathway (Fig.S7A). CRC originates from ISC38, which prompted us
to investigate cro/and ZNF267 in two established intestinal tumour models.



Investigating the autonomous role of Crol/ZNF267 in N loss-of-function (LOF,
Fig.S7B) tumours?3:39-41 showed that forced expression of cro/and ZNF267 within
ISC reduced tumour number (Fig.6A-E) further underlining an anti-proliferative
function in ISC. Growing evidence proves that microenvironmental Wnt/wg-ligands
are an important contributor to the multifaceted process of colorectal
tumorigenesis42-46, We thus extended Rapport with ISC-specific N-LOF that renders
ISC incapable of EC lineage production and instead accumulate ISC- and EEP-like
tumoral cells25:39-41 (Fig.S7C). When we investigated Crol/ZNF267 in EC, we found
that >cro/ boosts ISC tumour cell mass by 4-fold leading to confluent tumours



along the midgut (Fig.6F-)) comparable to tumour-induction by
microenvironmentally-derived mitogenic EGF ligands37-47,

Even though Notch-tumours recapitulate important steps of CRC tumorigenesis, N
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Fig.6: The mitotic balance of Crol/ZNF267 is preserved in intestinal tumour models

(A-D) Confocal images of adult midguts with ISC specific Notch loss of function (N-°F} combined with esgRePPM tracing after
three days of shifting in (A) controls, combined with (B) OE of crol, (C) expression of >hZNF267, and (D) >croi-RNAJ. Scale bar
is 50pm. (E) Quantification of ISC tumours encompassing number of clusters with 5 or more ISC (n=11,8,8,10). Mean is
indicated by (+) and asterisks denote significances from student’s t-test (****p<0.0001). (F-1) Confocal images of adult midguts
with 1SC specific N-OF by expression of Aop-N-RNAJ under control of esg-fexA within the Rapport tracing system after seven
days of tracing in (F) contrals, combined with EC specific (G) OE of crof, {H) expression of =hZNF267, and (1) >crol-RNAI. (J)
Quantification of ISC tumours combined with EC specific manipulations of crolfhZNF267 (n=10,-,10,10). Mean is indicated by
(+) and asterisks denote significances from student’s t-test (*p<0.05). (K) Schematic of a Drosophila CRC model combined with
esgRePPM inducing formation of malignant tumours by ISC/EB specific expression of oncogenic RasG 12V (gain of function,
GOF}) and CRISPR/Cas9 induced KO of Apc1, Apc2, p53, Med, and Pten (loss of function, LOF). (L) Kaplan-Meier estimation
of survival in CRC model combined with manipulations of crolthZNF267 (n=119,121,118,69). Asterisks denote significances
from Kaplan-Meier analysis (****p<0.0001). (M) Quantification of multilayered tissue encompassing percentage of area with
intact EC indicated by anti-Dig1 staining (n=7,4,4,7). Mean is indicated by (+) and asterisks denote significances from student’s
t-test (*p<0.05, ***p<0.001).

is not frequently mutated in CRC. Therefore, we also investigated an autonomous



function for Crol/ZNF267 in a CRISPR-Cas9 based model of sporadic CRC48
targeting the most frequently mutated genes with a multiplex guideRNA array
(Fig.6K)48-50, CRC in ISC has severe and pleiotropic cellular phenotypes and results
in early fly demise?8. Underlining the antiproliferative autonomous role of cro/and
ZNF267, their forced expression significantly improved fly survival (Fig.S6L) as well
as midgut length as a readout for epithelial hypotrophy and deterioration
(Fig.6M)8. An established measure for epithelial integrity in intestinal tumour
models is multilayering of epithelial cells30-32, which is significantly reduced in
tumoral midguts expressing >cro/and >ZNF267 (Fig.S7D).

These functional experiments in colorectal 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. Indeed, mitogenic cro/depletion in
ISC with esgRePPM increases the size of the mating-responsive R5 posterior midgut
region (Fig.7A-A’)’, whereas forced cro/ expression in EC using Rapport elicits R5
growth (Fig.7B-B’). Finally, we tested our hypothesis of hormonally controlled
intestinal size in a mathematical model.

Mathematical modelling of endocrine relay by Crol in the control 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 antiproliferative stimuli based on the molecular mechanisms
found in this study induce stable population sizes that change consistently with
20HE levels. Assuming constant 20HE levels in VF and a higher constant 20HE
level in MF8, we tested the hypothesis whether an 20HE increment is capable to
yield a stable, larger organ by temporarily boosting ISC mitosis (Fig.7D), which
then declines through the increment of EC numbers and their anti-proliferative
effect on ISC mitosis.

Constant hormonal input produces equal amounts of mitogenic Wnt/Wg
independent of EC numbers. As a logical consequence of the increase in EC
numbers’-8 and constant ISC numbers (Fig.S7E), the average EC to ISC distance
increases (Fig.7C-C’). In consequence, the amount of Wnt/Wg produced in the
direct neighbourhood of an ISC decays with the increase of EC33. Considering a
section of the intestine as a 1D ring, the exponential functional shape of the decay
of morphogen gradient described in detail for Wg>4(see supplementary material)
holds. Therefore, the average amount of mitogenic Wnt/wg-ligand reaching
equidistantly scattered ISC3941 will decline sharply when intestinal size increases
(Fig.7C-C’). Thus, only the close EC neighbourhood of the ISC effectively
contributes to the Wnt/Wg levels playing an active role in ISC proliferation.
Consequently, in the equation of evolution for the number of EC, we have a mitotic
term that is proportional to the concentration of 20HE —and, consequently,
inverse to the number of EC — 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. Overall, the equation of evolution for the
number of EC reads:



AE Y

E = BCEI - al

where E is the number of EC, C is a constant reproducing the effect of the
neighbourhood, y(t) the net amount of hormone, | the number of ISC cells and a
the anti-proliferative rate (Fig.7E). Qualitatively, the key result is that the above
equation has a stable, fixed point for the amount of EC that grows and declines
depending on whether the net amount of 20HE hormone grows or declines

(Fig.7F). We provide detailed information about the construction and
mathematical properties of the model in the supplementary information>>:56,

In a second modelling approach, we hypothetically explored how constant EC
numbers as generated in N-LOF tumours intestines would affect ISC division
dynamics (Fig.S7B,F). With constant EC numbers and hormone level (Fig.7D), ISC
counts in our model increase in a square-root-like manner (Fig.S7H) as the ISC
population provides a growing sink for Wg. /n vivo, block of EC generation and
organ size is recapitulated in N-LOF tumours using Rapport (Fig.6F), where
upregulation of Crol/ZNF267 dramatically increases ISC numbers (Fig.6)). 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.
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Fig.7: Mathematical modelling of hormone level controlled intestinal size

{A) Schematic of ISC autonomeous function of Crol inhibiting ISC proliferation. (A’) Quantification of
intestinal size encompassing total cell number upon ISC/EB specific manipulations of crof (n=13,8,8).
(B} Schematic of paracrine Wnt/wg release in EC regulated by Crol and inducing I1SC proliferation. {B’)
Quantification of intestinal size encompassing total cell numker upon EC specific manipulations of crol
{n=9,10,17). Mean is indicated by (+) and asterisks denote significances from student’s t-test
(**p<0.01), ****p<0.0001). {C) Schematic of a gut section showing EC that release Wg ligand upon
mating increase in 20HE signalling. Secreted Wg reaches ISC with a distance of £. In a growing organ the
function of Crol in inducing proliferation dominates the anti-proliferative function. (C’) Upon an
increase in intestinal size within 48-72h resulting in increasing EC number and thereby an increase in
the average distance £ of EC (Wg source) and the ligand receiving ISC. With a longer distance £ Wg ligand
degrades leading to a decrease in Wg concentration sensed by ISC and thereby to a decline in ISC
proliferation. (D) A graph showing 20HE levels upon mating as a function {y(t)) of hormone level per
time. (E) Schematic for equation visualizing the divergent effect of 20HE hormone on ISC (/) inhibiting
ISC proliferation and on EC (E) stimulating Wg production BC%. Secreted Wg ligand stimulates I1SC {7}

to produce more EC (E) BC%I — «f. (F) A graph visualizing intestinal size increase upon mating as a

function (E(t)) of EC production per time with a growing gut section following the mating event
indicating intestinal growth.



Discussion

Here we identify the transcription factor crooked /egs as coordinator of endocrine
input into intestinal organ size. The discovered molecular mechanisms underline
the complexity of heterologous cellular interactions: a hormonal stimulus
bifurcates on stem cells and microenvironment, where it is relayed differently 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 underlying 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 previous systems?22.37.47  Endocrine actions on ISC are complex and involve
hormonal dosage and mating status#78, sex differences® and feeding>8.
Hypertrophy upon pregnancy is described in the mammalian gut!3 and is well-
studied in reproductive organs such as the mammary epithelium where steroid
hormones induce dramatic remodelling and cancer susceptibility>9-61,

In gastrointestinal tumours such as CRC, epidemiological evidence about the role
of steroid hormones remains controversial and ranges from favourable to
detrimental®2-68, Functional studies of both mammalian oestrogen receptors (ER)
in rodents underline the complexity of oestrogen signalling in gut
tumorgenicity®2.7% and reveal further complexities as pharmacological (E2/P4) and
endogenous oestradiol levels differentially affect patient outcome®265.71 Qur
functional and modelling data provides an initial logic to disentangle complex
observations and involves the heterogeneity 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®8, ii) Like Crol, ZNF267 is
stimulated by ER?2 and is involved in Wnt signalling2%.21 suggesting conservation
of the 20HE-Crol-Wg axis. iii) Wnt/wg signalling hyperactivation is central to CRC
malignancy and Wnt-ligands remain indispensable for CRC growth albeit absence
of APC’2, iv) Effectors of steroid signalling like PPARY/Eip75B play protective roles
in fly pathophysiology#8 and human disease’3.74,

Our findings of antagonizing autonomous and paracrine effects of Crol and ZNF267
on tumour growth (Fig.6G-K, Fig.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 intervention and tracing methods such as Rapport open the door for
untangling heterogenous findings of epidemiological and functional studies.
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Supplemental Figures

Crol:=GFP

Crol::GFP/Gbe+Su(H)-dsRed
B’ ' B”
é <« EB.

aDlg1/Pros

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 against the ISC marker Delta
(aDl). 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 EC,
and (C-C”) in epithelial EC stained with antibody against the septate junction
marker discs large 1 (aDlgl) and enteroendocrine cells (EE) stained by anti-
prospero (Pros). Scale bar is 10um.
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Fig.S2: Crol controls ISC proliferation and intestinal homeostasis

(A) Schematic of esgRfePPM tracing. esg-Gal4, active in progenitor cells, double
marks ISC/EB driving expression of >CD8::GFP(membrane, green) and >H2B.:RFP
(nuclei, red). Upon differentiation new epithelial EC and EE lose CD8::GFP signal,
whereas nuclear H2B::RFP persists due to its long half-life enabling tracing of
ISC/EB progeny. Transgene expression is timely controlled by an ubiquitously
expressed temperature sensitive Gal80 repressor (tub-Gal/80%). (B-F) Confocal
images of adult midguts after seven days of esg?¢PPM tracing in (B) controls, OE of
cro/ using two other overexpression lines: (C) Bloomington line BL58359 and (D)
BL56762, (E) KD of cro/using another RNAIi-line: BL44643, and (F) knockout (KO)
of cro/induced by a cro/ guide RNA transgene (>cro/?N4) consisting of two single
gRNAs binding cro/ cDNA for CRISPR/Cas9 induced KO by >Cas9. Scale bar is
50um. (G-I) Quantifications of (G) progenitor cell numbers (n=15,11,15,12,8), (H)
progeny (n=15,11,15,12,8), and (l) ISC proliferation encompassing number of
mitotically active ISC positive for aPH3 staining (n=8,9,5). Mean is indicated by
(+) and asterisks denote significances from student’s t-test (*p<0.05, **p<0.01,
***p<(0.001, ¥***p<0.0001). (J) Schematic of a model for functional validation of
>crol-RNAJ/ and crol.:GFP transgenes. Crol::GFP shows presence of Crol protein in
all cell types and is combined with esg-Ga/4 driving expression of >RFPand >crol-
RNA/in ISC/EB. Expression of >cro/-RNA/leads to mRNA degradation within ISC/EB
resulting in the subsequent loss of Crol::GFP signal. (K-L"") Confocal images of adult
midguts with cro/::GFP and esg>RFP in (K-K’’") controls and (L-L"") combined with



>crol-RNA/ resulting in visible loss of Crol::GFP signal within ISC/EB (outlined with
white ellipses). White arrowheads point to EC that are positive for Crol::GFP signal
in both conditions. Scale bar is 10um.
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Fig.S3: Crol controls proliferation in ISC and EB by regulating CycB
(A) Quantification of mitotic ISC upon KD of stg and cro/ in esg?ePPM traced for
seven days (n=8,15,5,9). (B-F) Confocal images of adult midguts after seven days



of esg”ePPMtracing in (B) controls, (C) upon expression of >cro/-RNA/ (D) combined
with >CycB-RNAJ, and (E) >cro/-RNA/ (F) combined with >CycB*9"N and >Cas9 for
CRISPR/Cas9 induced KO. Scale bar is 50um. (G) Quantification of progenitor cell
numbers in esg®ePPM specific manipulations traced for seven days (n=13,8,4,10,6).
(H) Quantification of Crol protein levels within different cell types of adult midguts
indicated by Crol::GFP intensities (n=63,77,115,40). Means and standard
deviations are visualized by vertical lines and asterisks denote significances from
student’s t-test (****p<0.0001). (I) Schematic of k/u”e¢PPM tracing. Klu-Gal4, active
in EB, double marks EB driving expression of >CD8&8::GFP (membrane, green) and
>HZ2B.::RFP (nuclei, red). Upon differentiation new epithelial EC lose CD8::GFP
signal, 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 temperature
sensitive Gal80 repressor (tub-Gal80%). (J-L) Confocal images of adult midguts
after seven days of k/uRePPM tracing in ()) controls, (K) >cro/, and >cro/-RNA/. Scale
bar is 50um. (M-N) Quantifications of (M) EB numbers and (N) progeny upon seven
days of k/uRebPM specific manipulation and tracing (n=7,6,9/7,6,9). Means are
indicated by (+) and asterisks denote significances from student’'s t-test
(*p<0.05). (O-P) Confocal images of midguts after seven days of k/uRePPM tracing
driving expression of (O) >cro/-RNA/ and (P) >CycB. Mitotically active EB are
visualized by aPH3 staining. Scale bar is 20um.
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F|g S4: Wnt/Wg activity in ISC/EB responds to mating dependent 20HE
release

(A) Confocal image of wg:.GFP combined with 7z3-RFP in adult midgut showing
Wg::GFP signal in EC marked by aDlg1l staining (white arrow) and fz3-RFP signal in
surrounding ISC/EB stained by aArm and outlined by white ellipse. Scale bar is
10um. (B-C) Confocal images of Wg::GFP in midgut-hindgut boundaries (MHB) of
(B) VF and (C) MF. Scale bar is 50um. (D-E) Confocal images of fz3-RFP in midguts
of (D) VF and (E) MF flies. Scale bar is 20um. (F) Quantifications of WQg::GFP levels
in MHB and fz3-RFP levels in ISC/EB upon mating (n=5229,5660/150,129). Fold
changes are shown in percentages, means and standard deviations are indicated
by vertical lines and asterisks denote significances from student’'s t-test
(****p<0.0001).
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(A-C) Confocal images of adult midguts after seven days of esg®¢PP¥ tracing in (A)
controls, upon (B) OE, and (C) KD of wg. Scale bar is 50um. (D-E) Quantifications
of (D) progenitor cell number and (E) progeny upon ISC/EB specific manipulations
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of wg (n= 15,7,5/15,7,5). Means are indicated by (+) and asterisks denote
significances from student’s t-test (**p<0.001). (F-H’) Confocal images of 7z3-RFP
combined with esg-Gal/4 and tub-Ga/80% in adult midguts after three days of
shifting in (F-F’) controls, combined with ISC/EB specific (G-G’) OE, and (H-H’) KD
of wg. EC and EE are marked by antibody staining against DIgl and Pros. Scale
bar is 20um. (I) Quantification of fz3-RFP levels in ISC/EB upon esg-Ga/4 specific
>wg and >wg-RNA/ (n=90,90,90). Means and standard deviations are indicated
by vertical lines and asterisks denote significances from student’s t-test
(****p<0.0001). (J-R’) Confocal images of /z3-RFP combined with mex-Ga/4 and
tub-Gal80% in adult midguts after one day of shifting in (J-)’) controls, EC specific
OE of (K-K") Ec/, (L-L") cro/ (M-M’) with simultaneous KD of wg, and (N-N’) wg, and
KD of (0-O") Ec/, (P-P’) cro/ (Q-Q’) with simultaneous expression of >AZNF267, and
(R-R’) wg in EC. ISC/EB are marked with anti-Armadillo (aArm) staining. Scale bar
is 20um.
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Fig.S6: Rapport tracing shows incremental tissue renewal over three
weeks

(A-C) Confocal images of adult midguts with Rapport expression system in controls
after (A) seven, (B) 14, and (C) 21 days of tracing showing GFP*RFP+ ISC/EB and
their RFP* progeny. EC and EE are marked by anti-DIgl and aPros staining. Scale
bar is 20um. (D-E) Quantifications of (D) progenitor cell number and (E) progeny
in control midguts upon seven, 14 and 21 days (7d, 14d, 21d) of tracing
(n=5,7,7/5,7,7). Means are indicated by (+) and asterisks denote significances
from student’s t-test (*p<0.05). (F) Confocal image of an adult midgut after three
days of Rapport tracing and EC specific OE of spitz (>spi).
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Fig.S7: Additional data for tumour and mathematical modelling

(A) Schematic of the involvement of ZNF267 and Wnt signalling in CRC. Wnt ligand
is bound by secreted frizzled related proteins (SFRP) preventing binding to the
frizzled receptor (FZD) and its co-receptors LDL receptor related protein 5 and 6
(LRP5/6). Dishevelled segment polarity protein 1 (DVL) forms a complex with both
receptors and recruits the destruction complex consisting of APC and axin 1 (AXIN)
which degrade cytoplasmic B-Catenin thereby preventing its translocation to the
nucleus and binding to transcription factors of the TCF/LEF family. Marked with
green arrows are components that positively correlate with enhanced ZNF267
expression in CRC, whereas components with negative correlation of expression
are marked with red arrows. (B) Schematic of the N:OFtumour model. NLOF in ISC
blocks differentiation into EC inducing the formation of ISC and EE tumours. (C)
Schematic of the combination of Rapport with a NWOF-tumour model. Rapport
consist of a mex-Ga/4 driver enabling EC specific expression of UAS-driven cDNAs
or RNAI constructs and an esg’exReDbM gystem based on lexA/Aop allowing Gal4/UAS
independent labelling and tracing of ISC/EB by esg-/exA driven expression of Aop-
CD8::GFP and Aop-HZB::mCherry and additional expression of Aop-N-RNA/ for
induction of NLOF within ISC (lexA/Aop abbreviated as ‘>>' hereafter), both
expression systems are timely controlled by a tub-Gal80* repressor. (D)
Quantification of midgut length as a readout for epithelial deterioration in a CRC
model combined with ISC/EB specific manipulations of cro/ZNF267 (n=14,7,8,5,5).
Column bars show means with standard deviations and asterisks denote
significances from student’s t-test (**p<0.01, ****p<0.0001). (E) Quantification of
ISC numbers in VF compared to MF (n=4,4). Mean is indicated by (+). (F-H)
Function showing ISC dynamics with constant epithelial size. (F) Function
visualizing constant EC number resulting in constant intestinal size depicted by
gut sections. (G) Schematic for equation visualizing the divergent effect of 20HE
hormone on ISC (l) inhibiting ISC proliferation and on EC (E) stimulating Wg

production BC%. In a situation with blocked EC differentiation ISC proliferation



increases with Bc%-%. (H) Function showing ISC proliferation I(t)over time in a
situation of constant EC number.
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Fig.1: Crooked legs responds to 20HE steroid hormone release

(A-C") Confocal images showing GFP-tagged crooked legs (Crol::GFP) in adult midguts of (A) virgin female (VF) flies com-
pared to (A’) mated female (MF) flies, (B) MF fed with MeCH (MeOH Control) compared to (B’) MF fed with 20HE agonist
RH5849 diluted in MeOH, and (C) MF w’’’€ flies (Contol) compared to (C') heterozygous ovo®! mutant MF. Duplets of
stem- and progenitor cells (ISC/EB) are outlined by white ellipses and EC are marked with white arrows. Scale bar is 20pm.
(D-D") Schematic of a female fly including midgut and ovaries. The 20HE agonist RH5849 is administrated orally and i)
absorbed from the midgut lumen into ISC/EB and EC, whereas 20HE is produced in ovaries and released into the
hemolymph ii) from where it is imported into midgut cells. (E) Quantifications of Crol::GFP intensities in ISC/EB and EC
upon 20HE levels increased by mating (VF compared to MF), oral administration of 20HE agonist RH5849 (MeQOH Control
compared to RH5849), and genetical ablation of ovaries by ovoP! mutant allele (Contro/ compared to ovoP?). Fold changes
are shown in percentages, means and standard deviations are indicated by vertical lines
(n=120,120,78,91,178,168/120,120,78,91,198,168). Asterisks denote significances from student’s t-test (™p<0.01,
= p<0.0001).

Figure 1

See image above for figure legend.
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Fig.2: Crol and ZNF267 control ISC proliferation through String/Cyclin B

(A-C) Confocal images of adult female midguts after seven days of esgRePPM tracing showing (A) controls with active esg-Gald in
ISC/EB driving expression of UAS-CD8::GFP (membrane GFP) and UAS-HZ2B.:RFP (nuclear RFP), and newly differentiated
epithelial cells with inactive esg-Gal4 are RFP+-only owing to protein stability of H2B::RFP, (B) ISC/EB specific overexpression
(OE) of UAS-crof (UAS abbreviated as ">’ hereafter in figure panels), (C) knockdown (KD) of crof by >crol-RNA(, and (D) simulta-
neous expression of the human Crol orthologue ZNF267 (>hZNF267). Scale bar is 50um. (E) Quantification of progenitor cell
numbers encompassing ISC and EB (n=9,10,15,12). Mean is indicated by (+) and asterisks denote significances from student’s t-
test (***p<0.001, ****p<0.0001). (F) Quantitative RT-PCR on intestinal cDNA from MF fed with 20HE agonist RH5849 showing rel-
ative mRNA levels of siring (stg) and Cyclin B (CycB) (n=4,4). Values are normalized to MeOH control. (G-J} Confocal images of
adult female midguts after seven days of esgePPM tracing showing (G) ISC/EB specific OE of stg (H) combined with >crof, and (1)
specific KD of stg by RNAI, (J) combined with >crol-RNA/J. Scale bar is 50pm. (K-L) Quantifications of (K) progenitor cell numbers
and (L) progeny (n=9,10,7,4,15,5,9/9,10,7,4,15,5,9). Mean is indicated by (+) and asterisks denote significances from student's t-
test (*p<0.05, **p<0.01, ****p<0.0001). (L) Schematic showing inhibition of Stg and CycB by Crol within ISC thereby controlling
proliferation.

Figure 2

See image above for figure legend.
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Fig.3: 20HE induced wg ligands from EC activate Wnt/wg signalling in ISC

(A-D) Confocal images of GFP-tagged Wnt ligand wingless (wg::GFP) in adult midguts of (A) MF fed with MeOH
(MeOH Control) compared to (B) MF fed with 20HE agonist RH5849, and (C) control flies compared to heterozy-
gous ovoP’ mutant MF. Scale bar is 50um. (E-H) Confocal images of adult midguts with RFP expressed under con-
trol of the fz3 promotor (fz3-RFP) as readout for Wnt activity in (E) controls compared to (F) flies fed with RH5849,
and (G) controls compared to (H) heterozygous ovoP? mutant flies. Scale bar is 20pm. (I-J) Quantifications of
Waq::GFP intensities in EC and fz3-RFP intensities in ISC/EB upon (1) oral administration of 20HE agonist RH5849
and (J) genetic 20HE increment upon ablation of ovaries. Fold changes are shown in percentages, means and
standard deviations are indicated by vertical lines (n=7595,5192/90,90/8646,10874/178,168). Asterisks denote
significances from student’s t-test (****p<0.0001). (K) Schematic of paracrine Wnt/wg activation upcn 20HE incre-
ment. RH5849 is incorporated into EC from the midgut lumen, whereas 20HE from surrounding hemolymph is
imported into EC by the ecdysone importer (Ecl). Within EC the hormone or its agonist activate expression of crol,
and expression of wg. Wg ligand is then secreted by the EC and non-autonomously activates Wnt/\WWg signalling in

ISC visible by expression of fz3-RFP.
Figure 3

See image above for figure legend.
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Fig.4: The 20HE-Crol-Wg axis in EC controls Wnt/wg activity in ISC ,,é&(

(A) Schematic of a system enabling EC manipulation and simultaneous visualization of Wnt/Wg activity in ISC/EB. mex-
Gal4 is active in EC and allows specific manipulation of EC by crossing to UAS-driven transgenes. These manipulations
are timely controlled by an ubiquitously expressed temperature sensitive Gal4 repressor (tub-Gal80%) and combined
with fz3-RFP sensor reflecting Wnt/Wg activity in ISC/EB independent of Gald. (B-D) Quantifications of fz3-RFP
intensities in ISC/EB with (B) OE and KD of Ecl, ¢rol and wg (n=90,90,90,90,75,60,120), (C) EC specific OE of crol
combined with >wg-RNA/ (n=90,90,90), and (D) ectopic expression of >hZNF267 in crol depleted EC (n=90,8%). Means
and standard deviations are indicated by vertical lines and asterisks denote significances from student's t-test
(***p<0.001, ****p<0.0001).

Figure 4

See image above for figure legend.
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(lexA/Aop abbreviated as >>' hereafter), both expression systems are timely controlled by a tub-Gal80'
repressor. (B-1) Confocal images of adult midguts after (B,D-E,G-H) seven days or (C,F,l) 10 days of Rapport
tracing of (B) controls, OE of (C) Ecl, (D) crol, (E) hZNF267 and (F) wg, and KD of (G) Ecl, (H) crol and () wg
showing GFP™ and RFP* ISC/EB and their differentiated progeny labelled only by RFP. Scale bar is 50um. (J-
K) Quantifications of (J) progenitor cell numbers and (K) their progeny upon EC specific manipulations of Ecl,
crol, hZNF267 and wg (n=9,5,10,9,10,7,13,5/9,5,10,9,10,7,13,5). Mean is indicated by (+) and asterisks
denote significances from student’s t-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figure 5

See image above for figure legend.



Tumour-autonomous function of Crol/ZNF267
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Fig.6: The mitotic balance of Crol/ZNF267 is preserved in intestinal tumour models

(A-D) Confocal images of adult midguts with ISC specific Notch loss of function (N-OF) combined with esg™ePP™ tracing after
three days of shifting in (A) controls, combined with (B) OE of crof, (C) expression of >hZNF267, and (D) >crol-RNAi. Scale bar
is 50um. (E) Quantification of ISC tumours encompassing number of clusters with 5 or more ISC (n=11,8,8,10). Mean is
indicated by (+) and asterisks denote significances from student's t-test (**p<0.0001). {F-1) Confocal images of adult midguts
with ISC specific N-OF by expression of Aop-N-RNAi under control of esg-lexA within the Rapport tracing system after seven
days of tracing in (F) controls, combined with EC specific (G) OE of crof, (H) expression of *hZNF267, and (1) >crol-RNAI. (J)
Quantification of ISC tumours combined with EC specific manipulations of crofhZNF267 (n=10,-,10,10). Mean is indicated by
(+) and asterisks denote significances from student’s t-test (*p<0.05). (K) Schematic of a Drosophila CRC model combined with
esgRePOM inducing formation of malignant tumours by ISC/EB specific expression of oncogenic RasG 12V (gain of function,
GOF) and CRISPR/Cas9 induced KO of Apc1, Apc2, p53, Med, and Pten (loss of function, LOF). (L) Kaplan-Meier estimation
of survival in CRC model combined with manipulations of crolfhZNF267 (n=119,121,118,69). Asterisks denote significances
from Kaplan-Meier analysis (****p<0.0001). (M) Quantification of multilayered tissue encompassing percentage of area with
intact EC indicated by anti-Dlg1 staining (n=7,4,4,7). Mean is indicated by (+) and asterisks denote significances from student's
t-test (*p<0.05, ***p<0.001).
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Fig.7: Mathematical modelling of hormone level controlled intestinal size

{A) Schematic of ISC autenomous function of Crol inhibiting ISC proliferation. (A’) Quantification of
intestinal size encompassing total cell number upon ISC/EB specific manipulations of crof (n=13,8,8).
(B) Schematic of paracrine Wnt/wg release in EC regulated by Crol and inducing ISC proliferation. (B’)
Quantification of intestinal size encompassing total cell number upon EC specific manipulations of crol
(n=9,10,17). Mean is indicated by (+) and asterisks denote significances from student’s t-test
(**p<0.01), ****p<0.0001). (C) Schematic of a gut section showing EC that release Wg ligand upon
mating increase in 20HE signalling. Secreted Wg reaches ISC with a distance of £, In a growing organ the
function of Crol in inducing proliferation dominates the anti-proliferative function. (C') Upon an
increase in intestinal size within 48-72h resulting in increasing EC number and thereby an increase in
the average distance £ of EC (Wg source) and the ligand receiving 15C. With a longer distance £ Wg ligand
degrades leading to a decrease in Wg concentration sensed by ISC and thereby to a decline in ISC
proliferation. (D) A graph showing 20HE levels upon mating as a function (y(t)) of hormone level per
time. {E) Schematic for equation visualizing the divergent effect of 20HE hormone on ISC (/) inhibiting
ISC proliferation and on EC (E) stimulating Wg production ﬁCE—,. Secreted Wg ligand stimulates ISC (/)
to produce more EC (E) SC%! — al. (F) A graph visualizing intestinal size increase upon mating as a
function (E(t)} of EC production per time with a growing gut section following the mating event
indicating intestinal growth.

Figure 7
See image above for figure legend.
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