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Accumulation of differentiating intestinal stem cell
progenies drives tumorigenesis
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Stem cell self-renewal and differentiation are coordinated to maintain tissue homeostasis and
prevent cancer. Mutations causing stem cell proliferation are traditionally the focus of cancer
studies. However, the contribution of the differentiating stem cell progenies in tumorigenesis
is poorly characterized. Here we report that loss of the SOX transcription factor, Sox21a,
blocks the differentiation programme of enteroblast (EB), the intestinal stem cell progeny in
the adult Drosophila midgut. This results in EB accumulation and formation of tumours. Sox27a
tumour initiation and growth involve stem cell proliferation induced by the unpaired
2 mitogen released from accumulating EBs generating a feed-forward loop. EBs found in the
tumours are heterogeneous and grow towards the intestinal lumen. Sox27a tumours modulate
their environment by secreting matrix metalloproteinase and reactive oxygen species.
Enterocytes surrounding the tumours are eliminated through delamination allowing tumour
progression, a process requiring JNK activation. Our data highlight the tumorigenic properties
of transit differentiating cells.

TGlobal Health Institute, School of Life Sciences, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 19, Lausanne 1015, Switzerland. 2 Invertebrate
Genetics Laboratory, Genetic Strains Research Center, National Institute of Genetics, Mishima 411-8540, Japan. 3 Biochemistry Center, University of
Heidelberg, Im Neuenheimer Feld 328, Heidelberg 69120, Germany. Correspondence and requests for materials should be addressed to Z.Z.

(email: zongzhao.zhai@epfl.ch) or to B.L. (email: bruno.lemaitre@epfl.ch).

| 6:10219 | DOI: 10.1038/ncomms10219 | www.nature.com/naturecommunications 1


mailto:zongzhao.zhai@epfl.ch
mailto:bruno.lemaitre@epfl.ch
http://www.nature.com/naturecommunications

ARTICLE

aintenance of tissue homeostasis in the adulthood

requires precise coordination of stem cell renewal

and differentiation. Deregulation of these processes
can lead to cancer. Stem cells live in a microenvironment and
continuously receive signals from neighbouring heterologous cells
composing the niche!. Stem cell niches are complex, heterotypic
and dynamic structures’. Over the past few years, considerable
progress has been made in elucidating how different niche factor
promotes stem cell maintenance during homeostasis and
contributes to tissue regeneration upon damage>*. Stem cells
usually divide asymmetrically to generate a self-renewing stem
cell and a differentiating progenitor (or transit amplifying cell),
which will eventually generate differentiated cells®. Recent studies
in flies and mammals have begun to establish that these
differentiating progenitors are not simply a passive intermediate
between stem cell and differentiated cells, but play active roles in
regulating stem cell activity and regeneration®~1°

Loss of proper differentiation is an important feature and likely
a driver of cancer development!!. Historically, mechanistic
studies of human cancers and regenerative medicine have
focused almost exclusively on stem cells>!2. The roles of the
differentiating stem cell progeny in tumorigenesis remain largely
unexplored®*. In this study, we analyse how a defect in the
differentiating program of stem cell progenies leads to tumours in
the adult Drosophila intestine.

The adult intestine is continuously replenished by multizpotent
intestinal stem cells (ISCs) both in flies and mammals®!%13, In
the Drosophila midgut, ISCs differentiate into either large
absorptive enterocytes or secretory enteroendocrine cells. This
process involves an intermediate differentiating cell called the
enteroblast (EB; Fig. 1a)!4716, analogous to the transit amplifying
cell in mammalian intestines!”. In this study, we show that
Sox21a, a gene encoding a transcription factor of the SOX family,
is required for EBs to become fully differentiated cells. Flies
lacking Sox2la are viable but progressively develop intestinal
tumours composed mainly of EBs. Using Drosophila genetics, we
have provided a comprehensive dissection of cell-cell interactions
that underlie the EB tumour initiation and progression as a result
of this differentiation defect. Our data highlight a driving role of
differentiating stem cell progenies in tumorigenesis. While the
implication of stem cells in cancer has been the focus of intensive
research, our data pinpoint the tumorigenic properties of transit
differentiating cells. We speculate that the plasticity of these
differentiating progenitors underlies their cancerous properties.

Results

Sox2la is necessary for EB differentiation. In an RNA
interference (RNAi) screen for factors regulating stem cell
differentiation, we identified Sox2la, a gene encoding a
transcription factor of the SOX family with homologues
implicated in stem cell regulation in mammals'8, Silencing
Sox21a with two independent RNAi constructs specifically in EBs
using the conditional, temperature-sensitive Su(H)GBE-Gal4
UAS-GFP tub-Gal80™ system (hereafter referred to as GBETS)!°
led to the accumulation of EBs in the adult (Fig. 1lb,g
Supplementary Fig. la-c). Consistent with this, Sox2la is
specifically enriched in the midgut of adult Drosophila
(Supplementary Fig. 1d). Moreover, examination of the
cis-regulatory sequences of the Sox2la gene also revealed an
intronic enhancer that drives reporter expression in both ISCs
and EBs (referred to as progenitors; Supplementary Fig. le-h).
The expression pattern driven by this enhancer is homogenous
from the anterior to the posterior midgut, and is identical to
the expression of Escargot (Esg), a transcription factor with
well-defined expression in progenitors®”.
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To further study the function of Sox21a, we have generated two
Sox2la  mutations using CRISPR/Cas9-mediated genome
editing?’. Both mutants carry a small deletion in the
DNA-binding domain of Sox2la, the HMG domain, resulting
in reading frameshift and premature stop (Fig. 1d). Thus, these
alleles should be considered as null alleles. Strikingly, Sox2Ia
mutant flies are viable and fertile with no apparent defects. To
confirm the role of Sox21a in EB differentiation, we performed
lineage tracing using mosaic analysis with a repressible cell
marker technique (MARCM)?2. While the wild-type clones
(positively marked by green fluorescent protein (GFP)) contain
both enterocytes and enteroendocrine cells, cells in Sox2la
mutant clones along the whole midgut remained undifferentiated,
as revealed by the absence of GFP-positive cells expressing the
enterocyte marker Pdml or the enteroendocrine cell
marker Prospero (Fig. lef). This differentiation defect is
rescued by overexpressing Sox2Ia in the mutant clones
(Fig. 1g). Quantification of clone size indicated that the Sox2Ia
mutation reduces ISC division with a stronger effect in the
posterior compared with the anterior midgut (Fig. 1h). Sox21a
mutant clones generated in the posterior midgut barely grew,
indicating a mandatory function of Sox21a for ISC division in the
posterior midgut. In contrast, the existence of large Sox2la
mutant clones in the anterior midgut indicates that Sox2la
promotes to some extent stem cell division in this region but is
less essential. The presence of a wild-type copy of Sox21a in the
mutant clones also restored normal ISC division (Fig. 1h).
To further confirm the differential impact of Sox2la on
ISC division in the anterior and posterior regions, we compared
ISC proliferation rate in wild-type and Sox2la mutant flies
overexpressing the JAK/STAT ligand unpaired 2 (Upd2) in the
enterocytes with MyolA-Gal4 UAS-GFP tub-Gal80™S system
(hereafter referred to as MyolATS)?3. Unpaired are secreted
proteins that have been shown to be potent inducers of ISC
proliferation by activating JAK/SAT signalling in ISCs*>%4.
Overexpressing Upd2 strongly increased the number of mitotic
ISCs in both the anterior and the posterior midgut in wild-type
flies as revealed by the phospho-Histone H3 (PH3, a mitotic
marker) count. In contrast, overexpressing Upd2 only increased
the mitotic index in the anterior midgut of Sox2la mutant
(Supplementary Fig. 4o,p). Collectively, our data show that
Sox2l1a is essential for the differentiation of EBs into mature
intestinal cells along the entire midgut. Its effect on ISC
proliferation is more pronounced in the posterior midgut
compared with the anterior midgut.

Overexpression of Sox2la drives EB differentiation. Since
Sox2la is required to generate differentiated cells, we
hypothesized that overexpressing this factor might force the
progenitor cells to differentiate into mature intestinal cells. To test
this, we created transgenic lines that enable its overexpression via
the GAL4/UAS system (Supplementary Fig. 1g). Strikingly,
overexpressing Sox2la in the progenitor cells with esg-Gald
UAS-GFP tub-Gal80™S system (hereafter referred to as esg’>)!”
was sufficient to induce their differentiation into enterocytes
and cause the loss of progenitors (Fig. 2a—c). Although Sox21la
is required for the differentiation of both enterocytes
and enteroendocrine cells, Sox2la overexpression induced
progenitors to differentiate into enterocytes (Pdm1 positive and
polyploid), but not enteroendocrine cells (Pros positive;
Supplementary Fig. 2ab). To further delineate the role of
Sox21la in progenitor differentiation, we overexpressed Sox2Ia
either specifically in EBs using GBE™S or in ISCs using DI-Gal4
UAS-GFP tub-Galg80™S (DIT8)!°. EBs were normally detected
as small-nucleated cells with a polarized cell shape (Fig. 2d).
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Figure 1| Sox21a is required for EB differentiation. (a) Model of intestinal stem cell (ISC) lineages. The markers used in this study are Delta (D)-GFF/
lacZ: ISC, escargot (esg)-Gal4 or Armadillo (Arm): progenitors (ISC + EB), Su(H)GBE-Gal4/lacZ: EB, Prospero (Pros): enteroendocrine cells (EE), Pdm1 or
Myo1A-Gal4: enterocytes (EC). (b,c) Anterior midgut (AMG) of control fly and fly expressing a Sox2Ta-RNAi transgene in EBs for 14 days at 29 °C. Nuclei
are stained for 4/,6-diamidino-2-phenylindole (DAPI; blue). EBs express GBE > GFP (green). (d) Schematic representation of Sox21a mutant alleles
generated with CRISPR/Cas9 method. Sequences deleted are represented with dashed line. (e-g) Representative images of GFP-labelled MARCM clones
from AMG of flies with indicated genotypes at 7 days after clone induction (ACD. Pdm1 (red) and Pros (blue). (h), Quantification of MARCM clone size for
both AMG and posterior midgut (PMG) of experiments in e-g. Mean and s.e.m. are shown in h, with 136, 160, 221, 324, 166 and 274 clones (left to right)
scored from 16 flies as a representative of three independent experiments. P values from Student's t-test (*P<0.05; **P<0.01; ***P<0.001). One
representative image from 16 midguts tested in one experiment, which was repeated three times, is shown in b,c and e-g.

Overexpressing Sox2la in EBs for 4 days transformed most
of them into large polyploid and round-shaped cells, indicative
of a transformation into enterocyte (Fig. 2e(f). In contrast,
overexpressing Sox2la with DI in ISCs for 6 days did not
induce ISC differentiation (Supplementary Fig. 2¢,d). Using other
insertions of the UAS-Sox21a transgene, we sometimes observed
clusters of two to four ISCs T(gositive for Di-lacZ) when
overexpressing Sox2la using esg'® (Supplementary Fig. 2e.f).
Thus, besides inducing progenitor cells to differentiate, Sox21a
may also have a role in stem cell division. We conclude that
Sox21a is a critical factor required for the transition from EBs to
mature intestinal cells in the adult midgut.

Sox21a functions downstream of the JAK/STAT pathway. The
JAK/STAT pathway plays a major role in ISC proliferation
and differentiation in Drosophila*>?°. We therefore explored
the relationship between Sox2la and JAK/STAT in stem cell
differentiation. ~ Quantitative  reverse  transcription-PCR
(qQRT-PCR) experiments showed that Sox2la expression is
regulated by the JAK/STAT signalling pathway. Sox2la
expression in the midjgut was lower when Stat92E was silenced
by RNAIi using the esg’® driver and was higher when expressing a
gain-of-function allele of JAK (hop™™L; Supplementary Fig. 2g).
Previous study has shown that MARCM clone cells mutant for
Stat92E were also negative for enterocyte marker Pdml

(Supplementary Fig. 2h), consistent with a mandatory role of
JAK/STAT in progenitor differentiation?*?>. Moreover, over-
expression of Sox21a restored the expression of the enterocyte
marker Pdm1 in Stat92E null mutant clones, confirming the role
of Sox2la as a major downstream effector of this pathway in
mediating differentiation (Supplementary Fig. 2i). The position of
Sox21la downstream of the JAK/STAT pathway and its role in EB
differentiation were reinforced by two other observations. First,
the expression of esg and its regulator miR-8, two genes encoding
factors regulating the progenitor identity'®2%, was not affected in
Sox21a flies (Fig. 3a,b; Supplementary Fig. 3a,b). Second, the
expression of Pdm1, a transcription factor specifically expressed
in enterocyte?”, was downregulated in Sox2Ia mutant EBs (see
RNA sequencing (RNA-seq) experiment, described below).

Accumulation of EBs and formation of tumour in Sox21a flies.
A striking feature of Sox21a flies is the presence of large clusters
of progenitors in the anterior but not the posterior midgut
(Supplementary Fig. 4a-n). This regional difference is not
surprising, since the Sox21a mutation has a differential effect on
the ISC division rate in the anterior and posterior midgut. We
have focused our subsequent studies on the anterior midgut to
analyse the formation of these clusters. They contain both ISCs
and EBs, but progressively become dominated by EBs, consistent
with the function of Sox2Ia in EB differentiation (Fig. 3a-d;
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Figure 2 | Sox21a is sufficient to drive differentiation. (a,b) AMG of flies overexpressing GFP (control, a) or Sox27a (b) in progenitor cells using esg’>
driver for 2 days at 29 °C. esg > GFP channel is also shown. Insets show a high-magnification view. Pdm1 staining is shown in red. (¢) Quantification of the
number of progenitor cells in a 10,000-um? area in AMG of control and overexpressing Sox27a for 3 and 6 days (n =12, 10 and 10, respectively). (d,e) AMG
of flies overexpressing GFP (control, d) or Sox2Ta (e) in EBs using GBET® driver for 4 days at 29 °C. GBE > GFP channel is also shown. (f) Quantification of
the ratio of newly formed EC-like cells to all the GFP-positive cells in AMG of control and overexpressing Sox2la for 4 days (n=>5). Error bars indicate s.e.m.
(¢,f). P values from Student's t-test (*P<0.05; **P<0.01; ***P<0.001) are shown in ¢ and f, and the results represent three independent experiments. One
representative image from 12 midguts tested in one experiment, which was repeated three times, is shown in a,b,d and e.

Supplementary Fig. 5a-h). Similar to wild-type midgut, ISCs are
localized basally, while EBs are found more apically towards the
lumen in Sox21a mutant cluster (Fig. 3e). These clusters increase
in size over time and grow towards the intestinal lumen, behaving
like tumours (Fig. 3g-n; Supplementary Fig. 5a-d). To quantify
the tumour burden in individual midgut, we classified the
tumours into four grades ranging from 0 to 3 based on their size
and overgrowth (Fig. 3g-n; Supplementary Fig. 5a-d; see method
part for additional information on the grading criteria).
After 3 weeks at 25 °C, most Sox21a mutant flies contain at least
one grade 3 tumour (Fig. 3f). Quantification of ISC and EB
number in the tumour revealed a nearly linear increase of
ISCs but an exponential increase of EBs (Fig. 3o,p;
Supplementary Fig. 5a-d,e-h). This suggests that ISCs in
Sox2la tumours are still functional and most likely divide
asymmetrically to generate another self-renewing ISC and an EB
blocked at this stage?®?7.

Sox21a tumour growth relies on ISC division. We next explored
the mechanisms by which a simple defect in the differentiation
program of EBs leads to tumour formation. ISCs are the only
proliferating cells in the midgut in normal conditions!”. Although
a study has reported that a small portion of EBs (<5%) displays
mitotic activity upon enteric Pseudomonas entomophila infection,
EBs do not divide under basal conditions!”. Using PH3 staining,
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we analysed the identity of mitotic cells in Sox2la mutant
expressing a GBE> GFP to mark EBs. While we detected many
ISCs undergoing mitosis, no mitotic EB was observed (n>100;
Supplementary Fig. 6a). We next explored whether tumour
growth in Sox2Ila flies is sustained by stem cell division.
Drosophila  ISC division relies on the epidermal growth
factor receptor (EGFR) signalling?®. Blocking this pathway by
expressing a dominant-negative form of EGFR in progenitors of
Sox21a flies suppressed the formation of tumour (Supplementary
Fig. 6b—d). The ingestion of enteric bacteria was previously shown
to stimulate ISC proliferation in Drosophila and promotes
tumorigenesis in other models®”. Similarly, stimulating ISC
proliferation by infecting Sox2la flies with bacteria increased
the size and the numbers of tumours (Supplementary Fig. 6e-g).
These observations indicate that ISC proliferation is essential for
Sox21a tumour formation. This dependence on stem cell division
again explains why tumours are only found in the anterior
midgut but not the posterior midgut where Sox21a is required for
both EB differentiation and ISC division.

Interestingly, ISC proliferation was markedly increased in
the neighbourhood of Sox21a tumours (Supplementary Fig. 7a).
Consistent with this, use of 10xStat-GFPP reporter gene
reveals higher JAK/STAT activity in the tumour (Fig. 4a).
In addition, Sox2Ia mutant cells generated via MARCM
triggered Ras/MAPK signalling in neighbouring wild-type
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Figure 3 | Characterization of Sox21a tumours. (a-d) AMG of 10-day-old Sox21a/ + (control, a,c) and Sox27a flies (b,d), carrying either esg> GFP (a,b) or
Dl-lacZ and GBE> GFP (b,d). (e) A confocal section to show the basal-apical (bottom-up) organization of ISCs and EBs in Sox27a fly. (f) Quantification of
tumour burden of Sox217a flies at the indicated age at 25 °C (n=30, 33, 42 and 50, respectively). (g-n) Superficial view (g-j, DAPI) and cross-sections (k-n,
EBs in green, phalloidin in red) of intestines from Sox21a flies. Tumour grade is colour-coded from green (grade O) to red (grade 3). Arrows indicate small
clusters of progenitor cells (h). (o,p) Quantification of the number of ISCs (o) and EBs (p) in a 10, OOO-pm2 area from tumours of different grade (n=16,
10, 14 and 13, respectively in 0; n=24, 17, 15 and 6, respectively in p). Error bars indicate s.e.m. (o,p). P values in f from xz—test, and in o and p from
Student's t-test (*P<0.05; **P<0.01; ***P<0.001; NS, not significant). Each plot (f,0,p) is representative of three biological replicates. Each image shown
in a-e and g-n represents 25 flies tested in one experiment and repeated three times.

cells, as revealed by a staining of phosphorylated ERK
(dpERK) (Fig. 4b). Thus, Sox2la mutant cells induce a local
hyperplasia by stimulating division in adjacent ISCs
(Supplementary Fig. 7b). This suggests that EBs composing
Sox2la tumours send a signal to neighbouring ISCs to drive
their proliferation.

EB-derived Upd2 is essential for Sox21a tumour growth. ISC
proliferation can be induced upon expression of secreted ligands
of the EGFR pathway (Spitz, Vein and Keren), the JAK-STAT

pathway (unpaired 1, 2 and 3) and the Wingless pathway
(Wg)®23242830.31 T identify the factor stimulating stem cell
division in Sox21a tumour, we applied a candidate gene approach
by knocking down genes encoding these ligands in either EBs
with GBE™ or in enterocytes with MyoIA'S. Depletion of the
JAK/STAT ligand upd2 by RNAi in EBs but not in enterocytes
strongly reduced tumour formation in Sox2la flies (Fig. 4c-e).
Similarly, upd2; Sox21a-double mutant flies displayed a reduction
in tumour burden (Fig. 4c). In contrast, inhibiting the other
factors in EBs or enterocytes (Updl, Keren and Wg) did not
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Figure 4 | EB-derived upd?2 is essential for tumour growth and ISC maintenance. (a) AMG of 10-day-old Sox21a flies stained for 10xSTAT-GFPP(green)
shows increased JAK/STAT activity in the tumour (indicated by a star). (b) AMG containing GFP-labelled Sox2Ta mutant clone stained for dpERK (red) at 16
days ACI. dpERK staining is observed around the Sox27a clone. (€) Tumour burden of flies with the indicated genotypes kept at 25 °C (mutant analysis) or
29 °C (overexpression analysis) for 21 days. Enh::Sox21a is a rescue construct with Sox27a under the control of its own enhancer sequence. '‘EB>" refers to
the EB driver GBE'®, and ‘EC>" refers to the enterocyte driver MyolATS. Numbers of flies scored for each genotype are indicated. (d,e) Expressing GFP
(d, control) or upd2-RNAi (e) in EBs of Sox21a flies placed for 21 days at 29 °C. Gut was stained with Armadillo (Arm; red, plasma membrane for
progenitors) and Prospero (Pros, red, nuclear, for enteroendocrine cells). EBs are marked by GBE > GFP (green). (f-g) AMG of flies depleted for Notch (N)
alone (f) or in combination with upd2 (g) for 4 days at 29 °C. The expression of upd2-IR in progenitors reduced tumour formation. (h,i) AMG of flies
expressing GFP (control, h) or upd2-RNAi (i) in the progenitor cells using the esg'® driver for 14 days at 29 °C shows that upd2 is required for basal stem cell
maintenance. Progenitors are shown by esg> GFP in green (f-i) and by Arm immunostaining (h,i). P values in ¢ (repeated three times) from y2-test
(*P<0.05; **P<0.01; ***P<0.001). Each other individual image shown in a,b and (d-i) represents 20 flies tested in one experiment repeated three times.

impair Sox2la tumour formation (Supplementary Fig. 8a,b). It
should be noted that upd3 mutation and to a lesser extent
depletion of Spitz in EBs had a modest effect on Sox21a tumours
(Fig. 4c; Supplementary Fig. 8a). This indicates that ISC
proliferation is mostly induced by Upd2 released from Sox2la
EBs composing the tumour. The stimulation of ISC proliferation
by EB-derived Upd2 produces more differentiation-defective EBs,
providing a feed-forward loop underlying the expansion of
Sox21a tumours. We hypothesize that tumours are initiated in
Sox21a flies upon stochastic clustering of EBs, leading to local
increase of the mitogen Upd2. This mechanism would explain the
random localization of tumours observed in the anterior midgut
of Sox21a flies.

In addition to Sox2la mutation, loss of Notch signalling in
progenitors has been shown to induce tumours in the Drosophila
midgut!4!1>32, In contrast to the Sox2la EB tumours, Notch
tumours are composed of ISCs that fail to differentiate into EBs.
We have investigated the role of Upd2 in Notch tumour
formation. Simultaneous depletion of upd2 and Notch by RNAi
in the progenitors also suppressed Notch tumours (Fig. 4fg),
further emphasizing the role of Upd2 in tumour growth.
Importantly, silencing upd2 in progenitor cells in an otherwise
wild-type background led to a decrease in ISC numbers,
pointing to a role of Upd2 in basal level stem cell maintenance
(Fig. 4h-i).
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Mmp2 is required for Sox2la tumour progression. We then
investigated how a defect in the differentiation program trans-
forms EBs into an aggressive tumour. For this, we compared gene
expression of fluorescence-activated cell sorting (FACS)-sorted
EBs of wild-type and Sox2la flies by RNA-seq®® (Fig. 5a). Of
1,080 differentially expressed genes (P<0.05, Robinson and
Smyth Exact Test), 668 genes were reproducibly upregulated and
412 genes downregulated in Sox21a EBs compared with control
(Fig. 5b). Gene ontology analysis of the RNA-seq data set revealed
enrichment in genes involved in epithelia tube morphogenesis
and redox homeostasis in Sox21a EBs (Fig. 5¢). Many genes that
were previously shown to be associated with tumorigenesis in
other models were also identified in Sox2Ia tumour. For instance,
the genes ImpL2, an insulin/insulin-like growth factor antagonist
recently reported to mediate tumour-induced organ wasting®*3>,
and p53, which reprograms tumour metabolism®, were both
upregulated in Sox2la EBs (Fig. 5d). Increased expression
of breathless/fibroblast growth factor receptor (FGFR; btl) in
Sox21a EBs was confirmed using btl-Gal4 UAS-actGFP (referred
to as btl> actGFP; Supplementary Fig. 9a—f). While btl > actGFP
never labels intestinal cells in wild-type midgut (Supplementary
Fig. 9a), expression of the btl> actGFP reporter was observed in
the anterior but not posterior midgut of Sox21Ia flies, in regions
where tumours form (Supplementary Fig. 9b-f). The observation
that some but not all the Sox2la EBs express btl>actGFP
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Figure 5 | EB-specific transcriptomics. (a), Transcriptional profiling of Sox2la/+ (control) and Sox27a EBs by RNA-seq was performed with messenger
RNA isolated from FACS-sorted EBs based on the presence of GBE> GFP fluorescent signal (see Method part for details). (b) Clustering of 1,080

differentially expressed genes (P<0.05, Robinson and Smyth exact test) between Sox27a/+ and Sox21a EBs revealed that biological repeats (triplicates)
cluster together. Columns correspond to replicate and rows to different genes. Relative expression level is indicated by the colour key shown at the top.
(c) The 1,080 genes with differential expression were classified based on their gene ontology (GO) terms for biological process (BP). Enrichment of each
GO term is shown with the P value. Red terms are the most significantly enriched ones. Redox and epithelial tube morphogenesis, described afterwards in
the paper, are in red and blue, respectively. (d) A selection of genes upregulated in Sox27a EBs. Fold change (FC), the range of P values (*<0.05; **<0.071;

Kok k

<0.0017) and the gene function groups are shown.

highlights the cellular
(Supplementary Fig. 9c¢).

Interestingly, genes encoding two matrix metalloproteinases,
matrix metalloproteinase 2 (Mmp2) and to a lesser extent matrix
metalloproteinase 1 (Mmpl) were upregulated in Sox2Ia EBs
(Fig. 5d). Use of an endogenous Mmp2-GFP fusion®’ confirmed an
increased expression of Mmp2 specifically at the tumour site
(Fig. 6a,b). Mmpl and Mmp2 are downstream effectors of the JNK
pathway that mediate tumour invasiveness in an imaginal disc
tumour model®®~40, Inactivating the JNK pathway by expressing
a dominant-negative form of JNK (basket, bsk), depleting
Mmp2 (but not Mmpl) or expressing the tissue inhibitor of

heterogeneity of Sox2la tumours

metalloprotease (timp) in EBs of Sox2la flies reduced tumour
burden and growth towards the lumen (Fig. 6¢c-f). Of note, Mmp2
but not Mmpl was previously shown to be re(iuired for the
invasive growth of larva air sac/trachea into tissues*!.

Tumour progression requires JNK activation in enterocytes.
Tumour progression in Sox2la flies was associated with
the elimination of neighbouring enterocytes, as shown by the
progressive  disappearance of 4,6-diamidino-2-phenylindole
(DAPI)-stained polyploid cells (Fig. 3g-j; Supplementary
Fig. 5a-d). Tumour-induced elimination of normal cells has
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Figure 6 | Mmp2 is required for tumour progression. (a,b), Expression of
Mmp2 detected with an endogenous Mmp2-GFP fusion protein in the
AMG of 10-day-old Sox21a/+ (control, @) and Sox271a flies (b). Arm (red,
plasma membrane) and Pros (red, nuclear). Note that Mmp2 is only
expressed in tracheal cells in the control (arrows in a), while it is expressed
in the midgut progenitor cells (Arm positive) in Sox21a flies (arrow in b).
(c-e) Confocal sections of Sox27a intestines expressing GFP (control, €),
bskPN (d) or Mmp2-RNAi (e) in EB for 21 days at 29 °C. EBs are in green.
(f), Tumour burden in AMG of flies with the indicated genotypes
monitored at 21 days at 29 °C. Kayak (Kay) encodes the c-fos component
of the JNK transcription factor AP-1. timp encodes a protein inhibitor

of matrix metalloproteinase. Numbers of flies scored for each genotype
(in biological triplicates) are indicated in f. P values from xz-test
(*<0.05; **<0.07; ***<0.001). Each other individual image shown in
a-e represents 20 flies tested in one experiment, which was repeated three
times.

been observed in other cases and probably reflects a common
feature of aberrantly proliferating cells*>#3. It is reminiscent of
cell competition in Drosophila, a type of short-range cell-cell
interaction, where the fitter cells eliminate the unfit cells by
activating JNK signalling*®. Using a puckered enhancer trap
(puc-lacZ and puc-Gal4) as readout for JNK activity, we found
that JNK signalling was induced in enterocytes surrounding
Sox21a tumours from Sox2Ia flies or flies with EB-specific
depletion of Sox2Ia by RNAi (Fig. 7ab). Interestingly,
JNK activation in enterocytes was coupled with the loss of the
cell-polarity marker Discs large (Dlg) (Fig. 7a). In Notch ISC
tumour®?, flanking enterocytes are eliminated by delamination
into the lumen. Similarly, confocal microscopy revealed the
presence of delaminating enterocytes in the lumen of Sox21a flies
at the vicinity of tumour (Fig. 7c). However, in Sox21a tumour,
EBs were also found intercalated with enterocytes (Fig. 7d).
Several observations indicate that JNK activation in enterocytes
flanking Sox2la mutant tumours is essential for tumour
progression. First, Sox21a flies lacking one copy of hemipterous
(hep), a gene encoding the JNK kinase, have decreased tumour
burden. In contrast, puct®/ 4 heterozygote flies with enhanced
JNK activity display an increase of tumour burden of Sox21a flies
(Fig. 7e). Second, inactivation of JNK signalling specifically in
enterocytes by expressing a dominant-negative form of JNK
greatly suppressed tumour formation and the presence of
delaminating enterocytes (Fig. 7e). Moreover, the elimination of
enterocytes nearby the tumours does not involve caspase-
dependent apoptosis, as tumour progression was not affected by
expressing the caspase inhibitor P35 (Fig. 7e). Collectively, our
data show that Sox2la tumour progression involves the
elimination of enterocytes by JNK activation independent of
caspase activation.

Increase of ROS activity at the vicinity of Sox2la tumour.
Reactive oxygen species (ROS) have been implicated in JNK
activation and induction of cell death in Drosophila. For example,
feeding flies with the ROS-generating compound Paraquat causes
cellular damage and JNK activation in the midgut*>#°. A recent
study reported that ROS from a_/poptotic cells propagate to and
activate JNK in the nearby cells*”. This raises the possibility that
tumour-derived ROS contribute to JNK activation in surrounding
enterocytes, facilitating their elimination. We therefore
investigated the role of ROS in tumorigenesis in Sox2Ia flies.
Gene ontology analysis of the RNA-seq data set revealed
enrichment in genes involved in redox homeostasis in Sox2la
EBs (Fig. 5c). For instance, Sox2la EBs display increased
expression of several Cytochrome P450 genes, the NADPH
oxidase Dual oxidase (Duox) and its regulator, the MAPK p38c
(refs 48,49), as well as several genes encoding mitochondria and
peroxisome components (Fig. 5d). Mitochondria and
peroxisomes are two main sources of intracellular ROS*’. Using
reporter constructs (mitoGFP and peroxisome-GFP), we observed
an increase in mitochondrial and peroxisome signals at the
tumour site, evocating a shift of metabolism (Fig. 8a-e;
Supplementary Fig. 10a,b). Increase of peroxisomes in Sox2la
EBs is further supported by the expression of Catalase (Cat), a
protein localized to peroxisome (Fig. 8f,h). Consistent with these
observations, in vivo ROS detection using dihydroethidium
(DHE) revealed a gradient of ROS peaking at the periphery of
Sox21a tumours (Fig. 8i). Surprisingly, the level of ROS at the
tumour site was lower, suggesting that EB tumour cells were less
exposed to ROS compared with neighbouring enterocytes.
Reporter genes and immunostaining analysis showed that many
enzymes involved in ROS detoxification, including Catalase,
Glutathione S-transferase D1 (GstD) and Superoxide dismutase 2
(SOD2) are enriched in progenitors of Sox2la flies (Fig. 8gh;
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Figure 7 | Tumour-induced elimination of surrounding enterocytes
requires JNK activation. (a) Two-week-old Sox27a intestine stained with the
INK activity reporter puct®9-Gal4 UAS-GFP (in green) and the basolateral cell-
polarity marker Discs large (Dlg, in red). (b-d) Confocal section of intestine
with EB-specific depletion of Sox21a for 2 weeks, stained with the JNK activity
reporter puct®®-lacZ (red, nuclear) and Dlg (red, plasma membrane). EBs
(GBE> GFP) are in green. (¢,d) High-magnification view of two tumours
defined in b. () Tumour burden in AMG of flies with the indicated genotypes
monitored at 21 days. Flies were kept at 25°C (for mutants) or 29 °C (for
misexpression). Numbers of flies scored for each genotype (in biological
triplicates) are indicated in e. P values from y2-test (*<0.05; **<0.01;
***<0.001). Each other individual image shown in a-d represents 20 flies
tested in one experiment, which was repeated three times.

Supplementary Fig. 10c-e). These observations suggest that these
progenitor cells have an increased capacity to deal with ROS, and
explain the lower level of ROS in Sox21a tumour.

We then investigated the role of ROS in tumour formation by
feeding Sox21a flies with an antioxidant, N-acetylcysteine amide
(AD4). We observed that N-acetylcysteine amide-fed Sox2Ia
flies have reduced tumour burden, although the difference
with untreated control did not reach statistic significance
(Supplementary Fig. 8c). Interestingly, overactivation of the
ROS-producing enzyme Duox specifically in EBs of wild-type
flies led to increased JNK activity in the flanking cells, and often
resulted in local hyperplasia (Fig. 8j-1). In these experiments, foci
of JNK activation were not observed around individual EBs but
only around clustered EBs (Fig. 8k). Clustering of EBs expressing
Duox might thus lead to a local increase of ROS above a threshold
sufficient to trigger JNK activity. While the relevance of ROS in
Sox2la tumour progression requires further investigation, our
data raise the possibility that tumour-derived ROS non-cell
autonomously contribute to JNK activation and elimination of
flanking enterocytes.

Discussion

In this work, we report the functional characterization of a new
regulator of ISC differentiation, introduce a novel tumour model
and provide mechanistic insights on how tumour may arise from
a simple defect in the differentiation program of stem cell
progenies (Fig. 9a,b).

Our data show that Sox2la, a previously uncharacterized
transcription factor of the SOX family, plays a major role in the
terminal differentiation of ISC progenies. Although the
Drosophila genome encodes eight Sox genes, Sox21a is the only
one enriched in the midgut. Sox21a is specifically expressed in
progenitor cells along the entire midgut, and acts downstream of
the JAK/STAT signalling to permit the transformation of EBs into
enterocytes and enteroendocrine cells. Although Sox2la is
required for both differentiated cell types, overexpression of
Sox2la drives differentiation into enterocytes. It cannot be
excluded that high level of Sox2la due to overexpression
approach favours enterocyte rather than the enteroendocrine cell
fate. Overexpression of Sox21a rescues the differentiation marker
Pdml that is lost in JAK/STAT-deficient clones, demonstrating
that Sox21a contributes significantly to EB differentiation down-
stream of this pathway. Consistent with this notion, our RNA-seq
analysis demonstrates that Sox21a regulates a large set of genes
including Pdm1, which encodes a transcription factor involved in
the terminal differentiation of enterocytes?’. Our study also
shows that Sox21a contributes to stem cell division notably in the
posterior midgut. This is similar to the JAK/STAT pathway that
impacts both stem cell division and differentiation?>2>. The
observation that Sox21a flies are viable indicates that the role of
Sox21a is likely restricted to the adult intestinal homeostasis.
Moving on, functional characterization of Sox2la target genes
and identification of Sox2la-binding sites are now required to
better understand the role of this transcription factor in ISC
proliferation and progenitor differentiation.

An unexpected observation of our work was that Sox21a flies
developed tumours that increase in size and grow towards the
intestinal lumen over time. Sox21a tumours are mainly composed
of post-mitotic progenitors, the EBs that are blocked in their
differentiation. Our study shows that the growth of Sox2la
tumours relies on ISC division. The requirement for ISC
proliferation to drive Sox2la tumours explains why tumours
are not observed in the posterior midgut and are more frequent
when flies are infected with bacteria, a condition that stimulates
stem cell proliferation. Our results indicate that the release of a
mitogen, Upd2, by accumulating EBs provides a feed-forward
loop stimulating ISCs to divide and differentiate, leading to a
further increase in the number of EBs. It is likely that Sox2la
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Figure 8 | Increase of ROS at the border of Sox21a tumours. (a,b) Confocal sections of 2-week-old Sox27a/+ (control, @) and Sox2la (b) intestine

expressing the mitochondrial-targeting GFP (mitoGFP, green) driven by Act5C-Gal4. While mitoGFP signals are found in progenitors of wild-type and Sox27a
flies (white arrows in a and b), a higher level of mitochondrial signal (yellow arrow in b) was observed at the site of Sox27a tumour (indicated with two
stars). (c-ef-h) Two-week-old Sox27a/+ (control, ¢,f) and Sox21a (d,e,gh) intestine either expressing a GFP fusion protein targeting the peroxisome

(peroxisome-GFP, green) driven by Act5C-Gal4 (c-e) or a Catalase (Cat)-GFP protein trap (f-h). Shown are regions from the AMG of Sox21a flies without
(d,g) or with tumour (e h). Signals corresponding to peroxisomes and Cat are both enriched in progenitor cells of Sox21a flies (Sox21a®, normal) compared
with control flies (Sox21a/ +), and are further enhanced in Sox27a tumour sites (Sox27a®, tumour; indicated by arrows). Progenitors are marked by Arm
(red, plasma membrane) in c-e. EBs are marked by Su(H)-lacZ in f-h. (i) ROS distribution in Sox27a intestine as revealed by dihydroethidium (DHE) staining
of unfixed tissue. Cells are visualized by the live-cell DNA-dye DRAQS5 (blue) and tumour by the expression of bt/> actGFP (green, indicated by two stars).
(j-1) Representative images (j k) and quantification (I) of puc-lacZ expression in Sox2la/ + flies either expressing GFP (control, j,I) or Duox (k1) in EBs for
10 days at 29 °C. Examples of enterocyte with activated JNK signalling are indicated by arrows (k). Numbers of flies scored for each genotype (in biological
triplicates) are indicated in I. P values from xz—test (*P<0.05; **P<0.01; ***P<0.001). Each individual image shown in a-k represents 12 flies tested in one

experiment (in three biological replicates).

tumours are initiated at random sites where EB clustering leads to
a local increase of Upd2. Like other cancer model, Sox2Ia
tumours also express matrix metalloproteinase, which probably
shapes the tumour local environment to promote tumour
progression. Accumulating EBs display a shift in metabolism
with an increased expression of ROS-producing factors, such as
Duox and a higher number of mitochondria and peroxisomes.
This metabolic shift is likely to underlie the increase of ROS at the
vicinity of the tumour. We observed that the progenitors express
at high-level ROS detoxification enzymes. Thus, the concomitant
high-level synthesis of ROS and detoxifying enzymes by
accumulating EBs restricts high ROS levels to the tumour
borders. It is likely that ROS production promotes Sox2la
tumour growth by eliminating flanking enterocytes in a JNK-

10

dependent manner. Further experiments are required to deter-
mine whether JNK activation in flanking enterocytes is induced
by ROS or by mechanical constraints from the tumours or by
simultaneously both processes. Our tumour model introduces a
new concept highlighting the active role of differentiating
stem cell daughters in tumour formation. This model highlights
the tumorigenic properties of transit differentiating cells and is in
contrast to the current paradigm that emphasizes exclusively
on the role of stem cells. In light of our findings, we speculate
that the plasticity of these differentiating cells underlies their
cancerous properties.

Mechanistic studies of several intestinal tumour models have
been reported previously in Drosophila?®#3>1=5, The Sox2la
tumour model is unique in its simplicity compared with other
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Figure 9 | Model of Sox271a tumour initiation and progression.

(a) Schematic representation of a wild-type intestinal epithelium. Intestinal
stem cells (ISCs) are localized basally close to the basement membrane
(BM) and visceral muscles (VMs). ISCs self-renew and differentiate to
generate differentiating progenitors, the enteroblasts (EBs), which will then
further differentiate into either enterocytes (ECs) or enteroendocrine (EE)
cells. Progenitors express Upd2 (blue dots) stimulating basal level ISC
turnover. (b) The Sox27a mutation blocks the differentiation of EBs to ECs or
EE cells, resulting in the accumulation of EBs. Clustered EBs create a centre
with high Upd2 level that simulates ISCs division, generating more
differentiation-defective EBs. EB tumour cells eliminate flanking ECs by
delamination probably under the action of ROS and mechanical pressure.
Elimination of flanking ECs, a process requiring JNK signalling activation,
further provides space and mitogens allowing tumour progression.

models that require complex genetic manipulations (for example,
Ras"'2Scrib =/~ (refs 56,57). Similar to Notch loss-of-function
tumour model*?, it reveals how a differentiation defect in the
stem cell progenies can drive tumorigenesis. Both models are
caused by a defect in the stem cell differentiation program, rely on
stem cell division, and involve the elimination of flanking
enterocytes by delamination through the JNK pathway. There
are, however, major differences. First, Notch tumours are caused
by a blockage of differentiation at the ISC stage!®!>%2, while
Sox2la is required later in the differentiation of EBs. This
explains their distinct dynamics of tumour formation. Compared
with the acute formation of Notch ISC tumour, the formation of
Sox21a EB tumour is a slow and stochastic process. While Notch
tumours can be observed only a few days after induction of
Notch-deficient cells, >20 days is required to observe grade 3
tumours in Sox2Ia flies. Second, the growth of Nofch tumour
relies on the autocrine EGF ligand Spitz** and the JAK/STAT
ligand Upd2 (our data), while the growth of Sox2la tumour
requires the paracrine Upd2, and to a much lesser extent Spitz
from EBs. Third, Sox21a tumours display a higher level of cellular
heterogeneity, which has not been described for Notch tumours.
Fourth, Sox21a tumours are not formed in mosaic intestine where
Sox21a is mutated clonally, while Notch-deficient stem cells can
grow into tumour in clones. Finally, our study uncovers a non-
cell autonomous effect of ROS in tumour progression caused by
metabolic changes in the tumour cells. The implication of ROS in
cancer is an emerging theme of research. Thus, our model is likely
to serve as a useful tool to study how ROS could play a signalling

role to mediate short-range communication between tumour cells
and their neighbours.

Many human tumours are composed of cells with different
degrees of differentiation, including differentiating progenitors
derived from stem cells'!. Our study highlights the cancerous
properties of the differentiating stem cell progenies, which can
stimulate stem cells proliferation and display a high cellular
plasticity. Promoting the terminal differentiation of cancer cells
has long been proposed and studied as a promising therapeutic
strategy®. With increasing knowledge of genetic control of stem
cell differentiation, it would be interesting to explore whether
modulating progenitor cell differentiation can combat the
progression of cancers.

Methods

Tumour-burden quantification and statistical analysis. Tumour burden of flies
with different genotypes was quantified as follows. Flies were grown either at 25 °C
(for mutant analysis) or at 18 °C (for overexpression analysis) until adulthood.
Sorted genotypes were kept at 25 °C (for mutant analysis) or at 29 °C (for
overexpression analysis) for 20-22 days. The midguts of flies were dissected and
scored for tumour burden based on the criteria described below. Grade 0 midguts
carried no tumour (Grade 0) and had progenitor cells that were evenly interspersed
by large-nucleated enterocytes (Fig. 3g,k). Midguts with cluster of progenitor cells
spanning 3-4 enterocytes were designated grade 1 (Fig. 3h,l). Large tumour mass
and multilayering cells growing towards the lumen were features of grade 2 and 3
tumours. While enterocytes were still present in grade 1 and 2 tumours, grade 3
tumours were only composed of progenitors. Tumour border was defined as the
place where the density of small-nucleated cells reduces to normal. The enterocytes
surrounded by the grade 1 and 2 tumour cells were in the process of being
eliminated through JNK activation, and we did not count them as part of the
tumour. When a fly gut harboured several tumours, we assigned the final grade to
the tumour with the highest grade. Overall, 20-30 flies were scored for each
experiment and each experiment was repeated for at least three times. The results
were pooled to generate graphs of tumour grade distribution in Excel. P values were
calculated using xz—test, and indicated with *P<0.05; **P<0.01; or **P<0.001.
To test the effect of bacterial infection on tumour burden, Gram-negative
bacteria Erwinia carotovora 15 (Ecc15) was orally ingested by 7-day-old Sox21a
flies at ODgoo = 100. The flies were returned to normal food after 2 days on
Eccl5-containing medium, and scored for tumour burden after recovery for
another 7 days. Other significance tests in the paper were done with Student’s t-test
using the Prism 5 software.

Drosophila strains. Drivers: esg-Gald, tub-Gal80™, UAS-GFP (referred to as
esgT)1% MyolA-Gald, tub-Gal80™S, UAS-GFP (referred to as MyolATS)?3;
Su(H)GBE-Gal4, UAS-CD8::GFP; tub-Gal80™ (referred to as GBE')'7; Su(H)GBE-
Gald, UAS-nlsGFP, tub-Gal80™> (referred to as GBE™S, this study);

DI-Gal4, UAS-GFP, tub-Gal80™ (referred to as DIT)'% Act5C-Gal4 (BDSC25374);
MARCM tester FRT2A: y,w,hsFlp; tub-Gald, UAS-CD8::GFP; FRT2A, tub-Gal80
(gift from Yanrui Jiang) and y,w,hsFlp, tub-Gald, UAS-nlsGFP;FRT2A, tub-Gal80
(this study); MARCM tester FRT82B: y,w,hsFlp, tub-Gal4, UAS-nlsGFP;;FRT82B,
tub-Gal80 (gift from Ernesto Sanchez-Herrero); GMR43E09-Gal4 (BDSC46247);
puct®-Gald (ref. 59), miR-8-Gal4NP>?#(DGRC104917) and btl-Gald, UAS-actGFP
(BDSC8807). Reporters: Su(H)-lacZ (ref. 60); puc-lacZF® (DGRC109029); Dl-lacZ
(gift from Michael Boutros); gstD-lacZ (ref. 61); 1 Oxstat-GFPP (ref. 62); Mmp2-GFP
(BDSC60512); DI-GFP (BDSC59819); Cat-GFP (BDSC51546); sqh-EYFP-Mito
(BDSC7194). Mutants: udeA, upd3“, and upd2-3“ (ref. 63); FRT82B, Stat’®” and
hep!. UAS lines: UAS-hop™™L (gift from James Castelli-Gair Hombria); UAS-Stat-
RNAi (BDSC35600); UAS-Sox21a-RNAi (HMJ21395 and HMJ21325); UAS-N-
RNAi (VDRC100002); UAS-bskPN (BDSC6409); UAS-kayPN (BDSC7214); UAS-
timp, UAS-MmpI-RNAi, and UAS-Mmp2-RNAi (ref. 38); UAS-P35 (BDSC5072);
UAS-EGFRPN (BDSC5364); UAS-GEP.SKL (BDSC28881), UAS-mito-HA-GFP
(BDSC8442); UAS-Sox21a (this study); UAS-spi-RNAi (VDRC103817); UAS-
krn-RNAi (VDRC104299); UAS-wg-RNAi (VDRC13351 and 104579); UAS-upd1-
RNAi (VDRC3282); UAS-upd2-RNAi (BDSC33949 and NIG5988R1-3) and
UAS-upd3-RNAi (gift from Hervé Agaisse).

The following lines were recombined to Sox21a® by mitotic recombination:
FRT2A, Dl-lacZ, DI-GFP, Cat-GFP, puc-lacZ, puc®®-Gald, tub-Gal80™S, UAS-timp
and UAS-Mmp2-RNAi. Full genotypes of flies used in this study are listed in
Supplementary Table 1.

In most of our experiments, we used Sox21a% + flies as control. We did not see
any difference between Sox21a% + flies and wild-type flies, indicating that Sox21a®
is a recessive mutation.

Conditional expression of UAS-linked transgenes. The TARGET system was
used in combination with the indicated Gal4 drivers to conditionally express
UAS-linked transgenes®. Flies were grown at 18 °C to limit Gal4 activity. After 3-5
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days at 18 °C, adult flies with the appropriate genotypes were shifted to 29 °C, a
temperature inactivating the temperature-sensitive Gal80’s ability to suppress Gal4.

MARCM clone induction. The Sox21a® allele was recombined to FRT2A site for
MARCM analysis?2. For clone induction, 3-5-day-old flies with the appropriate
genotypes were heat-shocked for 30 min at 37.5°C in a water bath. The flies were
immediately transferred into a new tube and kept at 25 °C until dissection. Rescue
experiments were performed by combining the UAS-Sox21a transgene with the
FRT2A, Sox21a® or FRT82B, Stat>®” chromosome. Note that UAS-Sox21a was only
expressed in the clones indicated by the presence of GFP.

Generation of Sox27a mutant and transgenes. Sox21a mutant flies were gen-
erated with the method described before?! with the guide RNA sequence:
5'-GCTTTCATGGTCTGGTCGCG-3'. The alleles originally named Sox21aSK and
So0x21a%K8 were referred to as Sox21a% and Sox21a® in the paper.

To generate the enh::Sox21a construct, the following primers (5'-caccATG
ACGAGCATCTCGGCCCTG-3" and 5'-TCAAATGATGTTTGGCGGACT-3') were
used to amplify the 2.8-kb Sox21a-RA-coding regions together with the intronic
Sox21a enhancer from the genomic DNA of a wild-type fly. The PCR product was
first cloned into pENTR-D-TOPO (Life Technologies) vector, and then swapped
into either pTW destination vector to make UAS-Sox21aEnh::Sox21a or pTRW
destination vector to make UAS-RFP-Sox21aEnh::Sox21a. Transgenic flies were
established by standard P element-mediated germline transformation. At least
three independent lines of each construct were tested for expression level. Note that
without the presence of a Gal4 activator, the UAS-RFP-Sox21aEnh::Sox21a
transgene drives the RFP reporter under the control of Sox2Ia cis-regulatory
sequence. Despite the presence of RFP, this construct can rescue the Sox2Ia
mutation (Fig. 4c).

Histology and immunostaining. Flies were transferred overnight into a classical
fly food vial containing a filter paper soaked with a solution consisting of 5%
sucrose to clear the digestive tract. Then, guts of adult females were dissected in
PBS, and fixed for at least 1 h at room temperature in 4% paraformaldehyde in PBS.
They were subsequently rinsed in PBS 4 0.1% Triton X-100 (PBT), permeabilized
and blocked in 2% bovine serum albumin PBT for 1h, and incubated with primary
antibodies in 2% bovine serum albumin PBT for overnight at 4 °C. After 1-h
washing, secondary antibodies and DAPI were applied at room temperature for 2 h.
Phalloidin was added to the secondary antibody incubation step in some
experiments. Histolosggl and staining on cross-sectioned guts were done as
described previously®”.

For ROS measurement with DHE, guts were dissected and directly incubated in
30 uM DHE (Life Technologies) and DRAQ5 (BioStatus, 1:200) for 10 min at room
temperature, washed twice and mounted for confocal microscopy immediately.
GFP expressed under the control of btl> actGFP was used to identify the location
of tumour, and live-cell dye DRAQ5 was used to visualize all the cells.

Primary antibodies used are as follows: mouse anti-Pros (DSHB, 1:100), mouse
anti-Arm (DSHB, 1:100), mouse anti-Dlg (DSHB, 1:100), rabbit anti-Pdm1 (1:500,
gift from Xiaohang Yang), rabbit anti-pH3 (Millipore, 1:1,000), chicken anti-GFP
(Abcam, 1:1,000) and rabbit anti-BGal (Cappel, 1:1,000). Alexa488-, Alexa555-
or Alexa647-conjugated secondary antibodies (Life Technologies) were used.
Nuclei were counterstained by DAPI (Sigma), and Alexa555 Phalloidin (Life
Technologies) was used to stain F-actin. All the images were taken on a Zeiss LSM
700 confocal microscope, except the whole gut on the Olympus slide scanner.
Images were processed using Image ] and Adobe Photoshop software. Shown in
figures are the maximal intensity projections of all the z-stacks taken with the
confocal, in the same orientation (anterior to the left, and posterior to the right).

FACS and RNA-seq. Crosses were set-up at 25 °C to obtain Sox21a/+ (used as
control) or homozygous Sox21a flies carrying the GBE > CD8::GFP transgenes.
Eclosed flies were maintained at 25 °C for 16-18 days. Around 150 flies for each
biological replicate were dissected in ice-cold 1 x PBS made with diethylpyr-
ocarbonate (DEPC)-treated water under a dry-ice chilled dissecting microscope,
within a 1-h time frame. Proventriculus, hindgut and midgut/hindgut junction
were removed to collect only midgut GBE> CD8::GFP-positive cells. Trimmed
midguts were split in the copper cell region of the middle midgut to obtain both the
anterior midgut and the posterior midgut. Three biological replicates were per-
formed. Cell dissociation, FACS sorting, total RNA isolation and messenger RNA
amplification were performed according to the method described before®®. Elastase
solution with a final concentration of 1 mgml ~! was used for cell dissociation.
Cells positive for GFP and negative for propidium iodide were directly sorted into a
tube containing RNA extraction buffer on a BD FACSAria II cell sorter. RNA was
isolated using the Arcturus PicoPure RNA Isolation Kit (Life Technologies).
Messenger RNA was amplified using a two-step linear amplification protocol with
the Arcturus RiboAmp HS Plus RNA Amplification Kit (Life Technologies), with
2 ng total RNA as input. We usually obtained >100-pg amplified antisense RNA.
Amplified antisense RNA integrity was determined with an Agilent 2100
Bioanalyzer before complementary DNA library preparation with the TruSeq RNA
Sample Prep Kit-v2 (Illumina). RNA-seq was performed on a Hi-Seq2000
(Mlumina) with 100 nt paired-end sequencing. RNA-seq data have been deposited
in GEO under the accession number GSE71093.
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RNA-seq data analysis. Pair-end reads were mapped to the Drosophila
melanogaster genome (release version 6.02) using Bowtie2 (ref. 66) with forward
and reverse composition. Each sequencing experiment generated in total >40
million raw reads, and >80% was successfully mapped for each experiment. Gene
expression was quantified by the number of paired reads that fall into the exons.
Normalization was carried out using the size factor formula®”. Differentially
expressed genes were identified using the method as described®®. Over-represented
gene ontology (GO) terms were computed by PANTHER®. GO terms were further
filtered if the observed number of genes was <5% of the total input number of
genes, and 25% of GO terms were discarded according to the ranking of fold
enrichment.

qRT-PCR primers. Sox2la_F: 5'-GGACAGAAGCGTCCATTCAT-3'; Sox21a_R:
5'-TGACTTGTTGAGCGTCTTGG-3'

RpL32_F: 5'-TCTGCATGAGCAGGACCTC-3'; RpL32_R: 5'-
ATCGGTTACGGATCGAACAA-3'.

References

1. Morrison, S. J. & Spradling, A. C. Stem cells and niches: mechanisms that
promote stem cell maintenance throughout life. Cell 132, 598-611 (2008).

2. Lane, S. W, Williams, D. A. & Watt, F. M. Modulating the stem cell niche for
tissue regeneration. Nat. Biotechnol. 32, 795-803 (2014).

3. Hsu, Y. C. & Fuchs, E. A family business: stem cell progeny join the niche to
regulate homeostasis. Nat. Rev. Mol. Cell Biol. 13, 103-114 (2012).

4. Jiang, H. & Edgar, B. A. Intestinal stem cell function in Drosophila and mice.
Curr. Opin. Genet. Dev. 22, 354-360 (2012).

5. Simons, B. D. & Clevers, H. Strategies for homeostatic stem cell self-renewal in
adult tissues. Cell 145, 851-862 (2011).

6. Cordero, J. B., Stefanatos, R. K., Scopelliti, A., Vidal, M. & Sansom, O. J.
Inducible progenitor-derived Wingless regulates adult midgut regeneration in
Drosophila. EMBO J. 31, 3901-3917 (2012).

7. Tian, A. et al. Injury-stimulated Hedgehog signaling promotes regenerative
proliferation of Drosophila intestinal stem cells. J. Cell Biol. 208, 807-819
(2015).

8. Zhou, F., Rasmussen, A., Lee, S. & Agaisse, H. The UPD3 cytokine couples
environmental challenge and intestinal stem cell division through modulation
of JAK/STAT signaling in the stem cell microenvironment. Dev. Biol. 373,
383-393 (2013).

9. Li, Q. et al. The conserved misshapen-warts-Yorkie pathway acts in
enteroblasts to regulate intestinal stem cells in Drosophila. Dev. Cell 31,
291-304 (2014).

10. Hsu, Y. C, Li, L. & Fuchs, E. Transit-amplifying cells orchestrate stem cell
activity and tissue regeneration. Cell 157, 935-949 (2014).

11. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646-674 (2011).

12. Barker, N. Adult intestinal stem cells: critical drivers of epithelial homeostasis
and regeneration. Nat. Rev. Mol. Cell Biol. 15, 19-33 (2014).

13. Biteau, B., Hochmuth, C. E. & Jasper, H. Maintaining tissue homeostasis:

dynamic control of somatic stem cell activity. Cell Stem Cell 9, 402-411 (2011).

. Ohlstein, B. & Spradling, A. The adult Drosophila posterior midgut is
maintained by pluripotent stem cells. Nature 439, 470-474 (2006).

. Micchelli, C. A. & Perrimon, N. Evidence that stem cells reside in the adult
Drosophila midgut epithelium. Nature 439, 475-479 (2006).

. Antonello, Z. A, Reiff, T., Ballesta-Illan, E. & Dominguez, M. Robust
intestinal homeostasis relies on cellular plasticity in enteroblasts mediated by
miR-8-Escargot switch. EMBO J. 34, 2025-2041 (2015).

17. Kohlmaier, A. et al. Src kinase function controls progenitor cell pools during
regeneration and tumor onset in the Drosophila intestine. Oncogene 34,
2371-2384 (2015).

18. Sarkar, A. & Hochedlinger, K. The sox family of transcription factors: versatile
regulators of stem and progenitor cell fate. Cell Stem Cell 12, 15-30 (2013).
19. Zeng, X., Chauhan, C. & Hou, S. X. Characterization of midgut stem cell- and

enteroblast-specific Gal4 lines in Drosophila. Genesis 48, 607-611 (2010).

. Korzelius, J. et al. Escargot maintains stemness and suppresses differentiation in
Drosophila intestinal stem cells. EMBO J. 33, 2967-2982 (2014).

. Kondo, S. & Ueda, R. Highly improved gene targeting by germline-specific Cas9
expression in Drosophila. Genetics 195, 715-721 (2013).

22. Lee, T. & Luo, L. Mosaic analysis with a repressible cell marker (MARCM) for

Drosophila neural development. Trends Neurosci. 24, 251-254 (2001).

23. Jiang, H. et al. Cytokine/Jak/Stat signaling mediates regeneration and
homeostasis in the Drosophila midgut. Cell 137, 1343-1355 (2009).

24. Buchon, N., Broderick, N. A, Poidevin, M., Pradervand, S. & Lemaitre, B.
Drosophila intestinal response to bacterial infection: activation of host defense
and stem cell proliferation. Cell Host Microbe 5, 200-211 (2009).

25. Beebe, K., Lee, W. C. & Micchelli, C. A. JAK/STAT signaling coordinates stem
cell proliferation and multilineage differentiation in the Drosophila intestinal
stem cell lineage. Dev. Biol. 338, 28-37 (2010).

1

'S

1

1521

1

[=2)

2

(=]

2

—_

| 6:10219 | DOI: 10.1038/ncomms10219 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

26.

27.

28.

2

Nel

30.

31

3

N

33.

34.

35.

36.

37.

3

el

39.

4

[=1

41.

4

[S8]

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

53.

Goulas, S., Conder, R. & Knoblich, J. A. The Par complex and integrins
direct asymmetric cell division in adult intestinal stem cells. Cell Stem Cell 11,
529-540 (2012).

O’Brien, L. E., Soliman, S. S., Li, X. & Bilder, D. Altered modes of stem cell
division drive adaptive intestinal growth. Cell 147, 603-614 (2011).

Jiang, H., Grenley, M. O., Bravo, M. J., Blumhagen, R. Z. & Edgar, B. A. EGFR/
Ras/MAPK signaling mediates adult midgut epithelial homeostasis and
regeneration in Drosophila. Cell Stem Cell 8, 84-95 (2011).

. Apidianakis, Y., Pitsouli, C., Perrimon, N. & Rahme, L. Synergy between

bacterial infection and genetic predisposition in intestinal dysplasia. Proc. Natl
Acad. Sci. USA 106, 20883-20888 (2009).

Buchon, N., Broderick, N. A., Kuraishi, T. & Lemaitre, B. Drosophila EGFR
pathway coordinates stem cell proliferation and gut remodeling following
infection. BMC Biol. 8, 152 (2010).

. Lin, G,, Xu, N. & Xi, R. Paracrine Wingless signalling controls self-renewal of

Drosophila intestinal stem cells. Nature 455, 1119-1123 (2008).

. Ohlstein, B. & Spradling, A. Multipotent Drosophila intestinal stem cells specify

daughter cell fates by differential notch signaling. Science 315, 988-992 (2007).
Dutta, D., Xiang, J. & Edgar, B. A. RNA expression profiling from FACS-
isolated cells of the Drosophila intestine. Curr. Protoc. Stem Cell Biol. 27 (2013).
Figueroa-Clarevega, A. & Bilder, D. Malignant Drosophila tumors interrupt
insulin signaling to induce cachexia-like wasting. Dev. Cell 33, 47-55 (2015).
Kwon, Y. et al. Systemic organ wasting induced by localized expression of the
secreted insulin/IGF antagonist ImpL2. Dev. Cell 33, 36-46 (2015).

de la Cova, C. et al. Supercompetitor status of Drosophila Myc cells requires p53
as a fitness sensor to reprogram metabolism and promote viability. Cell Metab.
19, 470-483 (2014).

Nagarkar-Jaiswal, S. et al. A library of MiMICs allows tagging of genes and
reversible, spatial and temporal knockdown of proteins in Drosophila. Elife 4
(2015).

. Uhlirova, M. & Bohmann, D. JNK- and Fos-regulated Mmp1 expression

cooperates with Ras to induce invasive tumors in Drosophila. EMBO ]. 25,
5294-5304 (2006).

Igaki, T., Pagliarini, R. A. & Xu, T. Loss of cell polarity drives tumor growth and
invasion through JNK activation in Drosophila. Curr. Biol. 16, 1139-1146
(2006).

. Cordero, J. B. et al. Oncogenic Ras diverts a host TNF tumor suppressor activity

into tumor promoter. Dev. Cell 18, 999-1011 (2010).

Wang, Q., Uhlirova, M. & Bohmann, D. Spatial restriction of FGF signaling
by a matrix metalloprotease controls branching morphogenesis. Dev. Cell 18,
157-164 (2010).

. Wagstaff, L., Kolahgar, G. & Piddini, E. Competitive cell interactions in cancer:

a cellular tug of war. Trends Cell Biol. 23, 160-167 (2013).

Patel, P. H.,, Dutta, D. & Edgar, B. A. Niche appropriation by Drosophila
intestinal stem cell tumours. Nat. Cell Biol. 17, 1182-1192 (2015).

Moreno, E. Is cell competition relevant to cancer? Nat. Rev. Cancer 8, 141-147
(2008).

Biteau, B., Hochmuth, C. E. & Jasper, H. JNK activity in somatic stem cells
causes loss of tissue homeostasis in the aging Drosophila gut. Cell Stem Cell 3,
442-455 (2008).

Buchon, N., Broderick, N. A., Chakrabarti, S. & Lemaitre, B. Invasive and
indigenous microbiota impact intestinal stem cell activity through multiple
pathways in Drosophila. Genes Dev. 23, 2333-2344 (2009).
Santabarbara-Ruiz, P. et al. ROS-induced JNK and p38 Signaling is required for
unpaired cytokine activation during Drosophila regeneration. PLoS Genet. 11,
1005595 (2015).

Chakrabarti, S., Poidevin, M. & Lemaitre, B. The Drosophila MAPK p38c
regulates oxidative stress and lipid homeostasis in the intestine. PLoS Genet. 10,
1004659 (2014).

Ha, E. M, Oh, C. T, Bae, Y. S. & Lee, W. J. A direct role for dual oxidase in
Drosophila gut immunity. Science 310, 847-850 (2005).

Gorrini, C., Harris, I. S. & Mak, T. W. Modulation of oxidative stress as an
anticancer strategy. Nat. Rev. Drug Discov. 12, 931-947 (2013).

. Cordero, J. B., Stefanatos, R. K., Myant, K., Vidal, M. & Sansom, O. J. Non-

autonomous crosstalk between the Jak/Stat and Egfr pathways mediates Apcl-
driven intestinal stem cell hyperplasia in the Drosophila adult midgut.
Development 139, 4524-4535 (2012).

Bangi, E., Pitsouli, C., Rahme, L. G., Cagan, R. & Apidianakis, Y. Immune
response to bacteria induces dissemination of Ras-activated Drosophila hindgut
cells. EMBO. Rep. 13, 569-576 (2012).

Wang, C. et al. APC loss-induced intestinal tumorigenesis in Drosophila:
Roles of Ras in Wnt signaling activation and tumor progression. Dev. Biol. 378,
122-140 (2013).

54. Martorell, O. et al. Conserved mechanisms of tumorigenesis in the Drosophila
adult midgut. PLoS ONE 9, e88413 (2014).

55. Lee, W. C., Beebe, K., Sudmeier, L. & Micchelli, C. A. Adenomatous polyposis
coli regulates Drosophila intestinal stem cell proliferation. Development 136,
2255-2264 (2009).

56. Pagliarini, R. A. & Xu, T. A genetic screen in Drosophila for metastatic
behavior. Science 302, 1227-1231 (2003).

57. Brumby, A. M. & Richardson, H. E. scribble mutants cooperate with
oncogenic Ras or Notch to cause neoplastic overgrowth in Drosophila. EMBO .
22, 5769-5779 (2003).

58. Dow, L. E. et al. Apc restoration promotes cellular differentiation and
reestablishes Crypt homeostasis in colorectal cancer. Cell 161, 1539-1552 (2015).

59. Pastor-Pareja, J. C., Grawe, F., Martin-Blanco, E. & Garcia-Bellido, A. Invasive
cell behavior during Drosophila imaginal disc eversion is mediated by the JNK
signaling cascade. Dev. Cell 7, 387-399 (2004).

60. Furriols, M. & Bray, S. Dissecting the mechanisms of suppressor of hairless
function. Dev. Biol. 227, 520-532 (2000).

61. Sykiotis, G. P. & Bohmann, D. Keap1/Nrf2 signaling regulates oxidative stress
tolerance and lifespan in Drosophila. Dev. Cell 14, 76-85 (2008).

62. Bach, E. A. et al. GFP reporters detect the activation of the Drosophila JAK/
STAT pathway in vivo. Gene. Expr Patterns 7, 323-331 (2007).

63. Osman, D. ef al. Autocrine and paracrine unpaired signaling regulate intestinal
stem cell maintenance and division. J. Cell Sci. 125, 5944-5949 (2012).

64. McGuire, S. E., Mao, Z. & Davis, R. L. Spatiotemporal gene expression targeting
with the TARGET and gene-switch systems in Drosophila. Sci. STKE 2004, pl6
(2004).

65. Buchon, N. et al. Morphological and molecular characterization of adult midgut
compartmentalization in Drosophila. Cell Rep. 3, 1725-1738 (2013).

66. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359 (2012).

67. Anders, S. & Huber, W. Differential expression analysis for sequence count
data. Genome Biol. 11, R106 (2010).

68. Sancar, C,, Sancar, G., Ha, N., Cesbron, F. & Brunner, M. Dawn- and
dusk-phased circadian transcription rhythms coordinate anabolic and catabolic
functions in Neurospora. BMC Biol. 13, 17 (2015).

69. Thomas, P. D. et al. PANTHER: a library of protein families and subfamilies
indexed by function. Genome Res. 13, 2129-2141 (2003).

Acknowledgements

We thank Claudine Neyen, Marie Meister, Alfred Chng and Freddy Radtke for
comments on the manuscript; Bruce Edgar, Michael Boutros, Mirka Uhlirova, James
Castelli-Gair Hombria, Yanrui Jiang, Enrique Martin-Blanco, BDSC, VDRC, DGRC and
TRiP for fly stocks; Xiaohang Yang and DSHB for antibodies; FCCF and BIOP platforms
at EPFL, the Lausanne Genomic Technologies Facility for technical help. This project was
supported by the SNSF grant 3100A0-12079/1. Z.Z. was supported by a Marie-Curie IEF
fellowship (gutENCODE, 330852).

Author contributions

Z.Z.and B.L. designed the research; S.K. and R.U. provided key reagents. Z.Z. and J-P.B.
performed experiments; Z.Z., N.H. and M.B. analysed the sequencing data; Z.Z. and B.L.
analysed the data and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Zhai, Z. et al. Accumulation of differentiating intestinal stem cell
progenies drives tumorigenesis. Nat. Commun. 6:10219 doi: 10.1038/ncomms10219

(2015).

This work is licensed under a Creative Commons Attribution 4.0
By International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:10219 | DOI: 10.1038/ncomms10219 | www.nature.com/naturecommunications 13


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Sox21a is necessary for EB differentiation
	Overexpression of Sox21a drives EB differentiation
	Sox21a functions downstream of the JAKsolSTAT pathway
	Accumulation of EBs and formation of tumour in Sox21a flies

	Figure™1Sox21a is required for EB differentiation.(a) Model of intestinal stem cell (ISC) lineages. The markers used in this study are Delta (Dl)-GFPsollacZ: ISC, escargot (esg)-Gal4 or Armadillo (Arm): progenitors (ISC+EB), Su(H)GBE-Gal4sollacZ: EB, Pros
	Sox21a tumour growth relies on ISC division

	Figure™2Sox21a is sufficient to drive differentiation.(a,b) AMG of flies overexpressing GFP (control, a) or Sox21a (b) in progenitor cells using esgTS driver for 2 days at 29thinspdegC. esggtGFP channel is also shown. Insets show a high-magnification view
	EB-derived Upd2 is essential for Sox21a tumour growth

	Figure™3Characterization of Sox21a tumours.(a-d) AMG of 10-day-old Sox21asol+ (control, a,c) and Sox21a flies (b,d), carrying either esggtGFP (a,b) or Dl-lacZ and GBEgtGFP (b,d). (e) A confocal section to show the basal-apical (bottom-up) organization of 
	Mmp2 is required for Sox21a tumour progression

	Figure™4EB-derived upd2 is essential for tumour growth and ISC maintenance.(a) AMG of 10-day-old Sox21a flies stained for 10xSTAT-GFPD(green) shows increased JAKsolSTAT activity in the tumour (indicated by a star). (b) AMG containing GFP-labelled Sox21a m
	Tumour progression requires JNK activation in enterocytes

	Figure™5EB-specific transcriptomics.(a), Transcriptional profiling of Sox21asol+ (control) and Sox21a EBs by RNA-seq was performed with messenger RNA isolated from FACS-sorted EBs based on the presence of GBEgtGFP fluorescent signal (see Method part for d
	Increase of ROS activity at the vicinity of Sox21a tumour

	Figure™6Mmp2 is required for tumour progression.(a,b), Expression of Mmp2 detected with an endogenous Mmp2-GFP fusion protein in the AMG of 10-day-old Sox21asol+ (control, a) and Sox21a flies (b). Arm (red, plasma membrane) and Pros (red, nuclear). Note t
	Discussion
	Figure™7Tumour-induced elimination of surrounding enterocytes requires JNK activation.(a) Two-week-old Sox21a intestine stained with the JNK activity reporter pucE69-Gal4 UAS-GFP (in green) and the basolateral cell-polarity marker Discs large (Dlg, in red
	Figure™8Increase of ROS at the border of Sox21a tumours.(a,b) Confocal sections of 2-week-old Sox21asol+ (control, a) and Sox21a (b) intestine expressing the mitochondrial-targeting GFP (mitoGFP, green) driven by Act5C-Gal4. While mitoGFP signals are foun
	Methods
	Tumour-burden quantification and statistical analysis
	Drosophila strains
	Conditional expression of UAS-linked transgenes

	Figure™9Model of Sox21a tumour initiation and progression.(a) Schematic representation of a wild-type intestinal epithelium. Intestinal stem cells (ISCs) are localized basally close to the basement membrane (BM) and visceral muscles (VMs). ISCs self-renew
	MARCM clone induction
	Generation of Sox21a mutant and transgenes
	Histology and immunostaining
	FACS and RNA-seq
	RNA-seq data analysis
	qRT-PCR primers

	MorrisonS. J.SpradlingA. C.Stem cells and niches: mechanisms that promote stem cell maintenance throughout lifeCell1325986112008LaneS. W.WilliamsD. A.WattF. M.Modulating the stem cell niche for tissue regenerationNat. Biotechnol.327958032014HsuY. C.FuchsE
	We thank Claudine Neyen, Marie Meister, Alfred Chng and Freddy Radtke for comments on the manuscript; Bruce Edgar, Michael Boutros, Mirka Uhlirova, James Castelli-Gair Hombría, Yanrui Jiang, Enrique Martin-Blanco, BDSC, VDRC, DGRC and TRiP for fly stocks;
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




