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Abstract

Background: Gut homeostasis is central to whole organism health, and its disruption is associated with a broad
range of pathologies. Following damage, complex physiological events are required in the gut to maintain proper
homeostasis. Previously, we demonstrated that ingestion of a nonlethal pathogen, Erwinia carotovora carotovora 15,
induces a massive increase in stem cell proliferation in the gut of Drosophila. However, the precise cellular events
that occur following infection have not been quantitatively described, nor do we understand the interaction
between multiple pathways that have been implicated in epithelium renewal.

Results: To understand the process of infection and epithelium renewal in more detail, we performed a
quantitative analysis of several cellular and morphological characteristics of the gut. We observed that the gut of
adult Drosophila undergoes a dynamic remodeling in response to bacterial infection. This remodeling coordinates
the synthesis of new enterocytes, their proper morphogenesis and the elimination of damaged cells through
delamination and anoikis. We demonstrate that one signaling pathway, the epidermal growth factor receptor
(EGFR) pathway, is key to controlling each of these steps through distinct functions in intestinal stem cells and

enterocytes. The EGFR pathway is activated by the EGF ligands, Spitz, Keren and Vein, the latter being induced in
the surrounding visceral muscles in part under the control of the Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway. Additionally, the EGFR pathway synergizes with the JAK/STAT pathway in stem
cells to promote their proliferation. Finally, we show that the EGFR pathway contributes to gut morphogenesis
through its activity in enterocytes and is required to properly coordinate the delamination and anoikis of damaged
cells. This function of the EGFR pathway in enterocytes is key to maintaining homeostasis, as flies lacking EGFR are
highly susceptible to infection.

Conclusions: This study demonstrates that restoration of normal gut morphology following bacterial infection is a
more complex phenomenon than previously described. Maintenance of gut homeostasis requires the coordination
of stem cell proliferation and differentiation, with the incorporation and morphogenesis of new cells and the

expulsion of damaged enterocytes. We show that one signaling pathway, the EGFR pathway, is central to all these
stages, and its activation at multiple steps could synchronize the complex cellular events leading to gut repair and

homeostasis.

Background

An important function of epithelial surfaces is to main-
tain the barrier between an organism’s internal and
external environments. This is especially true for the gut
epithelium because of the magnitude of its surface and
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exposure to both ingested material and the indigenous
microbiota [1,2]. Gut integrity is maintained in large
part through epithelial renewal, which is sustained by
the proper activation and differentiation of stem cells
embedded in the gut [1]. In mammals, the intestinal
epithelium displays one of the most rapid turnover rates
of any tissue. Stem cells, located in the basal crypts,
proliferate continuously to completely turn over the
gut every 3 to 4 days [3]. Similar to mammals, the
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Drosophila adult midgut is sustained by intestinal stem
cells (ISCs), which self-renew and produce a population
of nondividing, undifferentiated ISC daughters, termed
enteroblasts [4,5]. Some of these progenitors remain in a
transient state in the gut, while the majority differentiate
into the two principal cell types of the intestinal epithe-
lium: absorptive enterocytes and secretory enteroendo-
crine cells. The turnover of enterocytes is continuous,
and it is thought that the entire Drosophila gut epithe-
lium is renewed in 7 to 10 days [5]. In addition to this
function in basal maintenance, epithelial renewal is also
critical in the host response to acute damage to the gut.

In this line, several reports have demonstrated that, in
Drosophila, ingestion of cytotoxic compounds or
damage by enteric pathogens increases epithelial renewal
through ISC proliferation [6-11]. We and others further
demonstrated that the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway is
required for bacteria-induced epithelium renewal
[7,9,10]. These studies showed that stressed and/or
damaged enterocytes produce a secreted ligand, Upd3,
which activates the JAK/STAT pathway in ISCs to pro-
mote both their division and their differentiation, estab-
lishing a homeostatic regulatory loop. Interestingly, flies
unable to renew their epithelium succumb to infection,
demonstrating that epithelium renewal is an essential
component of Drosophila defense against oral bacterial
infection [7,9,10]. These studies also identified natural
stimuli that provoke ISC activation, providing a power-
ful model system to study epithelium renewal and its
genetic control.

Despite these studies, it remains unclear how ISC acti-
vation and epithelium renewal are globally coordinated.
Gut repair upon bacterial infection not only involves the
proliferation of ISCs but also necessitates the elimina-
tion of damaged cells and integration of new cells into
the epithelium, two processes that have not received
attention. Moreover, genome-wide profiling of the gut
response to damage caused by infection indicates that
other pathways are induced [8], suggesting that addi-
tional pathways could contribute to the regulation of
epithelium renewal.

In the present work, we have measured the morpholo-
gical changes that occur in the gut of Drosophila in
response to ingestion of a nonlethal pathogenic bacter-
ium, Erwinia carotovora carotovora 15 (Eccl5). We
show that infection induces a dramatic remodeling of
the gut, which is required to repair the loss of nearly
half its cells. This repair occurs initially through the
immediate differentiation of enteroblasts, a pool of
undifferentiated progenitors, and is completed through
stem cell proliferation and differentiation. Our study
demonstrates the complexity of epithelium renewal in
response to infection, as it encompasses three different
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processes: (1) the proliferation and differentiation of
ISCs, (2) the proper morphogenesis of new enterocytes,
and (3) the delamination and anoikis of damaged enter-
ocytes. We further demonstrate that one signaling path-
way, the epidermal growth factor receptor (EGFR)
pathway, is key to controlling these three cellular and
morphogenetic events, therefore ensuring gut homeosta-
sis following infection.

Results

Infection with Ecc75 induces a major remodeling of

the gut

To understand the precise cellular events that occur in
the gut following infection, we performed a quantitative
analysis of gut remodeling following the ingestion of
Eccl5. We measured gut length and width, the number
of mitotic events (as indicated by phosphohistone H3
(PH3)-positive small nucleated cells), and the relative
numbers of precursor cells (ISCs and enteroblasts,
expressing the escargot marker), young nonpolyploid
enterocytes, and mature polyploid enterocytes. Total
numbers of intestinal cells decreased as early as 30 min-
utes postinfection and reached their lowest point by 8
hours, with a loss of approximately half of the cells (Fig-
ure la and Additional files 1 and 2). This dramatic loss
of cells was correlated with a striking shortening of the
gut (reduced by 40%) and an increase in gut width (Fig-
ures la and 1b and Additional file 1B). Interestingly, in
the 2-hour to 4-hour time period, a short and transient
elongation of the gut was observed, despite the contin-
ued decrease in cell numbers (Figure 1a and Additional
file 1B). This transient extension began 1 to 2 hours
postinfection and was correlated with an increase in the
proportion of mature enterocytes concomitant with a
decrease in precursor cells (Additional files 1D and 2B).
In addition, it was not caused by stem cell proliferation,
since the wave of mitosis began 4 hours postinfection,
after this transient elongation was already achieved
(Additional file 1). The role of the precursor population
in the transient extension was supported by the increase
in the size of cells expressing an enteroblast-specific
marker (Su(H)GBE-Gal4 UAS-mcd8GFP) due to their
differentiation to large enterocytes (Figure 1c). In con-
trast, no change in an ISC-specific marker (delta-Gal4
UAS-nlsGFP) was observed at early time points (1 to 4
hours; Figure 1c). This indicates that, upon infection,
the first phase of gut repair results from the immediate
mobilization of a pool of preexisting enteroblasts and
their differentiation into enterocytes.

At 8 hours postinfection, the total number of gut cells
began increasing as a consequence of stem cell prolifera-
tion, which peaked 12 hours postinfection (Figure 1la
and Additional files 1C and 2A). Furthermore, we
observed an expansion of the green fluorescent protein
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Figure 1 Ingestion of Erwinia carotovora carotovora 15 (Ecc15) induces dramatic morphological changes to the gut of Drosophila. (a)
Quantitative measurements of the gut at different time points after infection reveal that £cc15 induces a dramatic remodeling of the gut. The
midgut lengths and widths, the total number of cells and the number of mitotic stem cells (phosphohistone H3 (PH3)-positive cells) along the
midgut are shown. Measurements of colony-forming units (CFUs) per gut of £cc15 at corresponding time points are also shown. (b)
Representative images of guts dissected from wild-type (WT), unchallenged (UC) or Ecci5-infected flies stained with 4'6-diamidino-2-
phenylindole (DAPI) and observed by light microscopy at x10 original magnification. Gut length is decreased at 4 hours after infection, but
returns to unchallenged levels by 48 hours. MT, Malpighian tubules; HG, hindgut. (c) Expression of green fluorescent protein (GFP) under the
control of enteroblast (Su(H)GBE-Gal4; UAS-mcd8GFP) or intestinal stem cell (ISC) (delta-Gal4; UAS-nlsGFP) specific reporter genes was monitored
following infection with Eccl5. Soon after infection (> 2 hours), expansion of Su(H)GBE-Gal4; UAS-mcd8GFP GFP signal was observed along the
gut, reflecting the rapid differentiation of enteroblasts into larger enterocytes. The expansion of delta-Gal4; UAS-nIsGFP was observed only after 4
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(GFP) signal arising from an ISC-specific marker (delta-
Gal4 UAS-nlsGFP) (Figure 1c), which correlates with
the increase in mitotic index in these guts. ISC prolifera-
tion and their subsequent differentiation into entero-
cytes were sufficient to restore the morphology of the
gut to preinfection dimensions by 48 hours postinfection
(Figures la and 1b). However, the proportions between
different cell populations in the gut remained different
from unchallenged conditions, but were restored by 120
hours postinfection (Additional files 1D and 2B). These
results indicate that, following infection with EccI5,
epithelium repair occurs as a biphasic response, com-
prised of an immediate differentiation of preformed

progenitor cells followed by epithelial replenishment
through ISC proliferation and differentiation.

The correlation between the amplitude of cell loss and
reduction in gut length led us to hypothesize that the
gut widening and shortening was mainly caused by
enterocyte delamination, as depicted in Figure 2a. In
agreement, we observed that ingestion of Eccl5 led to
the multilayering of epithelial cells, followed by their
sloughing and accumulation in the space between the
epithelium and the peritrophic matrix (a chitinous bar-
rier lining the gut of insects) (Figure 2b and Additional
File 3). In addition, infection led to the detachment of
GFP-expressing enterocytes from the gut (Additional
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Figure 2 Ingestion of Ecc15 results in the delamination of enterocytes and anoikis. (a) A scheme describing the mechanism by which
delamination of enterocytes could account for the shortening and widening of the gut. W, width; L, length. (b) Infection results in an intense
multilayering (arrows) and the blebbing (stars) and delamination of enterocytes following ingestion of Fccl5. Representative images of UC and
Eccl5 infected (t = 4 and 8 hours) guts are shown. Histological sections of the anterior midgut region were analyzed by light microscopy at x63
original magnification. (c) Localization of the septate junction marker Discs large (dlgGFP) reveals a regular pattern in UC WT flies. Cross section
of the gut shows that Dlg is located apically between enterocytes. Infection with Ecc15 disrupts Dlg localization in the gut. Cell blebbing (white
arrows) occurs apically to the Dlg compartment. (d) Immunostaining of guts expressing the c-Jun N-terminal kinase (JNK)-responsive reporter
gene puc-lacZ revealed that ingestion of Eccl5 results in the activation of the JNK pathway in most enterocytes and all delaminating cells.
Additionally, immunostaining of sections of guts from WT flies with antibodies directed against the phospho-form of JNK (red) reveals continued
JINK activation in delaminating enterocytes (4 to 16 hours postinfection with Eccl5). Fragmented nuclei were observed in some of these JNK-
positive cells (inset). (e) Immunostaining of histological sections of WT flies with antibodies directed against the cleaved form of caspase 3
shows that cells undergo apoptosis only after they have detached from the epithelium. This signal was detected during the duration of the
infectious process in cells at varying stages of delamination and anoikis.
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File 4A), and the sloughing of cells into the lumen was
correlated with the appearance of a characteristic yellow
autofluorescence along the gut (Additional file 4C). Closer
examination of guts at 1 to 2 hours postinfection revealed
the blebbing of cells (Figure 2c, white arrow), a process
commonly observed during cell death [12,13]. This cell
blebbing occurred through the extension of the apical
domain of cells, as blebs were located more apically than
the septate junction marker Discs large (dlg; Figure 2c,
right top). At later time points (4 to 16 hours), infection
resulted in the loss of dlg staining, indicating a loss of cell
polarity and the disruption of septate junctions (Figure
2c). We observed a large number of cells detaching from
the basal epithelium layer and shed into the lumen. To
further characterize this process, we examined c-Jun
N-terminal kinase (JNK) pathway activity, as JNK is a
stress-responsive pathway induced in both ISCs and enter-
ocytes in the gut upon infection [8]. We detected JNK
activation in these delaminating cells, as measured by puc-
LacZ expression and phospho-JNK detection (Figure 2d).
This indicates that, in addition to the early JNK activation
(30 minutes postinfection) that has been reported in
response to infection [7], there is prolonged JNK activation
in a subset of enterocytes that eventually delaminate. In
addition, these cells had an abnormal morphology and
fragmented nuclei and contained multiple large vacuoles,
suggesting they were engaged in a cell death process (Fig-
ures 2b and 2d (inset) and Additional file 3B). In support
of this hypothesis, these detached cells were positive for
caspase 3 activity, indicative of apoptosis (Figure 2e).
Importantly, cell destruction by apoptosis (nuclear frag-
mentation or absence of nucleus and punctate caspase 3
signal) was apparent only in cells detached from the
epithelium (see Figure 2e for quantification). Histological
sections revealed that the vacuoles in detached cells fre-
quently contained double membranes (Additional file 5A),
suggesting they were autophagic. The induction of autop-
hagy was confirmed by the increased detection of punctae
enriched in markers for autophagy (lysosome-associated
membrane protein (Lamp), light chain associated protein
3 (LC3) and autophagy related gene 8 (ATG8) in delami-
nating cells (Additional file 5B). These results are in agree-
ment with a previous study in Drosophila demonstrating
that programmed cell death in the larval gut is associated
with increased caspase activity and autophagy [14].
Together these data support the hypothesis that infection
with Ecc1S5 leads to the delamination of damaged entero-
cytes and their subsequent death in the lumen through
anoikis, a specific process of apoptosis induced by the loss
of cell attachment. This process of cell blebbing, delamina-
tion and anoikis occurs as a sequence of events for a given
cell, but continues over the duration of the infection as the
gut returns to its preinfection state.
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Altogether, our quantitative analysis reveals the pro-
found plasticity of the Drosophila gut, which maintains
its integrity and barrier function despite the loss of half
of its cells. This integrity is maintained through the
coordinated removal of dead cells by anoikis and their
replacement through a biphasic repair response.

The EGFR/mitogen-activated protein kinase pathway is
required cell-autonomously to promote ISC proliferation
induced by infection

The profound gut remodeling observed upon bacterial
infection suggests the existence of regulatory mechan-
isms that coordinate the elimination of cells through
delamination and the integration of new cells into the
epithelium, all while maintaining gut barrier function
and integrity. The EGFR signaling cascade is one of the
cardinal pathways regulating cell remodeling during
development in a broad range of multicellular organisms
[15]. In Drosophila, EGER is the sole receptor of the
pathway, and the downstream cascade is the canonical
Ras/Raf/MAPK kinase kinase (MEKK)/extracellular sig-
nal-regulated kinase (ERK) pathway (in Drosophila:
Ras85D/pole hole/MEKK/rolled, respectively) [15]. Sev-
eral members of the EGFR pathway are induced at the
transcriptional level in the gut upon Eccl5 infection [8]
(Figure 3a). This includes the transcription factor
Pointed, the EGFR ligands Vein and Keren, and the pro-
tease Rhomboid, which is known to positively maturate
and activate EGFR ligands, as well as the negative regu-
lator Argos (Figure 3a). To further confirm the activa-
tion of the EGFR/mitogen-activated protein kinase
(MAPK) pathway upon infection, we quantified the
levels of phosphorylated (active) forms of the terminal
MAPK, ERK, in the gut by immunolocalization with an
antibody specific to its phospho-form. Signals of phos-
pho-ERK were detected in enterocytes 1 hour postinfec-
tion (Figure 3b). At 4 hours postinfection, ERK activity
was observed in some escargot-GFP-positive precursor
cells in addition to some enterocytes. ERK activity
returned to unchallenged levels at 16 hours postinfec-
tion. The dynamics of ERK activity indicate that inges-
tion of Eccl5 activates the EGFR pathway in both
enterocytes and precursor cells.

The activation of the EGFR pathway in progenitor
cells led us to examine the role of this pathway in con-
trolling ISC activity upon bacterial infection. To exam-
ine this, we expressed double-stranded RNA (dsRNA or
RNAI) or dominant-negative constructs targeting EGFR
pathway components in ISCs using an esgGal4”®, which
expresses Gal4 under thermosensitive conditions (see
Materials and Methods). Inactivation of the EGFR/
MAPK pathway with UAS-EGFR”", UAS-Ras-IR and
UAS-Raf-IR in ISCs did not significantly affect the
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Figure 3 The epidermal growth factor receptor (EGFR) pathway is induced in the gut and is required for ISC proliferation triggered by
infection. (a) Reverse transcriptase-quantitative polymerase chain reaction (RT-gPCR) analysis of gut extracts shows that genes encoding
components of the Imd (Diptericin (Dpt)), Janus kinase/signal transducer and activator of transcription (JAK/STAT) (upd3, Socs36E) and EGFR (vein,
Keren, rhomboid, argos) pathways are induced upon oral ingestion with Eccl5. Values were normalized to RpL32 and set relative to their own
maximum induction levels. (b) Immunostaining of guts of esgGal4 UAS-GFP flies with antibodies directed against the phospho-form of the
extracellular signal-regulated kinase (ERK) kinase (red) and GFP (green) reveals that the ERK kinase was activated in enterocytes 1 hour
postinfection and in both progenitor cells (green) and enterocytes at 4 hours. At 16 hours, no phospho-ERK signal was detected. (c) Ingestion of
Ecc15 induces a marked increase in the number of engaMTS, UAS-GFP-positive cells (indicative of epithelium renewal), which was not observed
when double-stranded RNA (dsRNA or RNAI) or dominant-negative forms of members of the EGFR pathway (UAS-EGFRPY, UAS-Ras-IR or UAS-Raf-
IR) were expressed in 1SCs. Overexpression of an active form of EGFR (UAS-EGFR*") in 1SCs is sufficient to induce a high level of epithelium
renewal in the absence of infection. (d) Quantification of PH3-positive cells per midgut shows an increase in the number of mitotic cells upon
Ecc15 infection in WT flies, but not in flies with reduced EGFR activity in ISCs (UAS-EGFR™, UAS-Ras-IR or UAS-Raf-IR; P < 0.05). Overexpression of
a constitutively activated form of EGFR in ISCs increases the mitotic index (engaMTg, UAS-EGFRAT, UAS-Ras""? or UAS-Raf*“": P < 0.05). Mean
values of five experiments (N = 10 to 20 guts each) + SE are shown. Analysis of variance (ANOVA) F = 58.64. df = 14. P < 0.0001.

number of ISCs in the gut (Figure 3c and Additional file
6A) or the mitotic index in unchallenged conditions
(Figure 3d). However, in sharp contrast to wild-type
flies, Ecc15 infection did not increase the number of
mitotic cells (PH3-positive; Figure 3d) or change the
pattern and distribution of escargot-GFP-positive cells

(Figure 3c) in the gut of flies with reduced EGFR signal-
ing in ISCs, indicating a lack of induction of epithelium
renewal. Similarly, ectopic expression of Argos or the
phosphatase MAPK phosphatase 3 (MKP3) (two nega-
tive regulators of the EGFR pathway), as well as RNAi
against the transcription factor Pointed, also blocked
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ISC proliferation induced by Eccl5 (Additional file 6A),
indicating that a canonical EGFR/MAPK pathway acts
in ISCs to promote proliferation. In agreement with
these observations, flies with reduced levels of EGFR
pathway activity in ISCs exhibited a higher mortality to
Eccl5 infection because of a failure in gut repair (Addi-
tional file 7). Conversely, overexpression of an activated
form of the EGFR receptor (UAS-EGFR*T) in ISCs was
sufficient to induce proliferation along the gut in the
absence of infection (Figures 3c and 3d), although the
resulting cells are abnormally shaped and do not appear
as fully differentiated enterocytes (Additional file 6B).
Altogether, these results indicate that the EGFR pathway
is both required and sufficient in ISCs to promote their
proliferation in response to infection.

Multiple EGFR ligands are involved in ISC proliferation
A key mechanism of EGFR pathway activation is
through binding of EGFR ligands (EGFs) [15]. Droso-
phila has four EGFs: Spitz, Keren, Gurken and Vein.
Vein is produced as a secreted protein that does not
require further processing, while the other three ligands
require maturation by the protease Rhomboid. Vein,
Keren and rhomboid are transcriptionally induced in the
gut upon infection with Ecc15 [8] (Figure 3a), while
spitz but not gurken is expressed in the gut (data not
shown), indicating that three of the four ligands could
potentially activate the EGFR pathway in the adult gut.
We next examined where these EGFs are produced in
the adult midgut. Immunostaining against 3-galactosi-
dase of vein-lacZ flies revealed that vein is induced in
the inner layer of circular visceral muscles surrounding
the midgut (Figure 4a). This is consistent with a pre-
vious study showing that in larvae vein is produced in
visceral muscles and promotes the proliferation of adult
midgut precursor cells [16]. Use of spitz-Gal4 UAS-GFP
flies revealed that spitz was expressed in precursor cells
(Additional file 8A). The expression pattern of Keren
was not directly assessed because of the lack of a repor-
ter gene. Nevertheless, we used an in vivo RNAI
approach to deplete the three EGFs individually in three
different populations of gut cells: visceral muscles (how-
Gal4™), precursor cells (esgGal4™) or enterocytes
(MyolAGal4™). Interestingly, reduced epithelium
renewal and ISC proliferation were observed only with
knockdown of the expression of vein in visceral muscles
and Keren and spitz in progenitor cells (Figure 4b, Addi-
tional File 6A and 8B and data not shown). Neverthe-
less, none of the RNAI targeting a single EGF fully
blocked ISC proliferation induced by infection. Conver-
sely, expression of vein in the visceral muscles slightly
stimulated ISC proliferation, and expression of the con-
stitutively active forms of Spitz and Keren in precursor
cells induced high levels of proliferation (Figure 4b).
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Altogether, these results suggest that the three EGFs
participate in the activation of the EGFR pathway in
ISCs to promote their proliferation; one of them, vein, is
expressed in the inner visceral muscles, while Keren and
spitz are expressed within the epithelium.

Expression of vein in visceral muscles is mediated by the
JAK/STAT pathway

The JAK/STAT pathway is activated in ISCs through
the release of Upd3 by damaged enterocytes and con-
trols both proliferation and differentiation of ISCs upon
infection [7,9,10]. Use of a STAT-GFP reporter trans-
gene revealed that the JAK/STAT pathway is activated
not only in ISCs, as previously described [7,10,17-19],
but also in some visceral muscles in response to infec-
tion (Figure 4c and Additional file 9). Additionally, spe-
cific knockdown of the JAK/STAT pathway using a
dominant-negative form of the receptor Domeless or a
STAT-RNA: in the visceral muscles reduced ISC prolif-
eration (Figure 4d), uncovering a new role of the JAK/
STAT pathway in this tissue. We hypothesize that the
production of Upd3 by enterocytes could activate the
JAK/STAT pathway in visceral muscles, which would
then indirectly regulate ISC proliferation through the
production of the EGF Vein. In agreement with this
hypothesis, depletion of JAK/STAT activity in visceral
muscles or reduction of upd3 in enterocytes partially
decreased the level of vein expression (Figure 4e). These
results indicate that, in addition to its role in progenitor
cells, the JAK/STAT pathway indirectly contributes to
ISC proliferation through the transcriptional activation
of the EGF vein in visceral muscles.

The JAK/STAT and EGFR pathways synergize in ISCs to
promote cell proliferation

The JAK/STAT and EGFR pathways are both activated
in precursor cells following ingestion of Ecc15. We per-
formed an epistatic analysis to determine the relation-
ship between these two pathways. Ectopic expression of
the Upd3 cytokine in ISCs strongly increased both the
mitotic index and epithelium renewal to levels similar to
or higher than that observed in infected guts [7,10]
(Figures 5a2 and 5d). Reduction of the EGFR/MAPK
pathway in ISCs using either UAS-Ras-IR or UAS-
EGFR”N blocked the epithelium renewal induced by
Upd3 (Figures 5a3 and 5d). Similarly, expression of
either UUAS-Ras-IR or UAS-EGFRP" in ISCs suppressed
ISC proliferation induced upon overexpression of the
JAK/STAT receptor Domeless in ISCs (UAS-Dome)
(Figures 5b2, 5b3 and 5d). These experiments indicate
that the EGFR pathway acts downstream from or paral-
lel to JAK/STAT signaling in the control of compensa-
tory ISC proliferation. Conversely, the mitotic index in
the gut of flies overexpressing a constitutively active
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Figure 4 The JAK/STAT pathway is required for vein expression in the visceral muscles upon infection with Ecc15. (a) Immunostaining
against lacZ and GFP of quts derived from vein-lacZ; howGal4™ UAS-GFP flies reveals than vein (nuclear signal) is induced upon infection in the
circular visceral muscles. (b) RNAI silencing of vein in visceral muscles and reduction of Keren and Spitz in precursor cells blocked infection-
induced proliferation (P < 0.05). Conversely, ectopic expression of the three EGFs (UAS-sKeren, UAS-sSpitz and UAS-vein'?) was sufficient to trigger
proliferation (P < 0.05). Mean values from five experiments (N = 10-20 guts each) + SE are shown. ANOVA F = 62.96. df = 26. P < 0.0001. (c)
Infection induced the JAK/STAT reporter gene, STAT-GFP, in visceral muscles in addition to ISCs. Representative images of UC and Ecc5-infected
guts are shown. Guts of STAT-GFP flies were stained with DAPI and examined by fluorescence microscopy at x20 original magnification. The
microscopic focus was set to the external layer of the gut (top). Transverse sections show that expression of STAT-GFP is localized to the circular
visceral muscle and progenitor cells (bottom). (d) The JAK/STAT pathway is required in both ISCs and visceral musdes to promote ISC
proliferation. RNAI directed agamst STAT92E or expression of a dominant-negative form of Domeless in ISCs (esgGal4™) or muscles (howGal4"™),
but not enterocytes (Myol 1AGal4™) strongly reduced the number of mitotic ISCs in the guts of flies infected with Ecc15 (t = 16 hours; P < 0.05).
Mean values from five experiments (N = 10-20 guts each) + SE are shown. ANOVA F = 50.74. df = 15. P < 0.0001. (e) The induction of vein upon
Eccl5 infection was reduced in flies with reduced JAK/STAT signaling in visceral muscles (P < 0.05). Tissue-specific silencing of upd3 in
enterocytes also reduced vein expression (P < 0.05). RT-gPCR analysis of gut extracts from UC and Eccl5-infected flies (t = 8 hours). Levels of vein
expression were normalized to RpL32. Mean values from four experiments (N = 20 guts each) + SE are shown. ANOVA F = 1483. df=7.P <
0.0001.

form of EGFR in ISCs was decreased but not abolished  pathway. In addition to its role in ISC proliferation, the
when JAK/STAT pathway activity was reduced in ISCs  JAK/STAT pathway is also required for the differentia-
(using UAS-DomePN, UAS-STAT-IR or UAS-Socs36E;  tion of progenitors into mature enterocytes [7,10,17-19].
Figure 5d). We conclude that the JAK/STAT pathway is  As a consequence, flies with a reduced JAK/STAT path-
required for the full activation of ISCs by the EGFR  way in ISCs show tumorlike accumulation of small,
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Figure 5 The EGFR and JAK/STAT pathways synergize to promote ISC proliferation. Expression of the esgGal4™, UAS-GFP reporter gene (a-
c) and quantification of PH3-positive cells per midgut (d) were monitored in UC flies. Overexpression of upd3 (A2) or domeless (B2) in ISCs
induced higher levels of epithelium renewal in UC flies, which was reduced by depletion of EGFR or Ras activity (A3 and B3). Conversely, the
high levels of epithelium renewal induced by overexpressing an activated form of the EGFR (C2) in ISCs was slightly reduced by coexpression of
a negative regulator of the JAK/STAT pathway (UAS-Socs36E), a dominant-negative form of Domeless (UAS-Dome™) or a UAS-STAT-IR construct
(C3 and D). Ectopic expression of the EGFR in ISCs expressing a dominant-negative form of Domeless did not rescue the differentiation defect
caused by the lack of JAK/STAT activity, but instead aggravated the expansion of undifferentiated escargot-GFP precursor cells (C3 and inset).

undifferentiated escargot-GFP-positive cells [7,10,17,18].
Overexpression of the activated form of the EGFR path-
way in ISCs did not restore the differentiation defect
provoked by a reduction in JAK/STAT signaling, but
instead aggravated the spreading of the tumorlike

progenitors (Figure 5¢3). Our epistatic analysis was con-
firmed using the esg’*-Flip-Out system, a method of
selectively activating a ubiquitous Gal4 driver in all pro-
genitor cells and their subsequent progeny [10] (Addi-
tional file 10). These data indicate that activation of
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both the EGFR and JAK/STAT pathways simultaneously
is required for full proliferation of ISCs. In addition, the
JAK/STAT pathway has a unique function in the differ-
entiation of progenitors, which is not rescued by ectopic
activation of the EGFR pathway.

EGFR pathway is required in enterocytes for proper adult
gut morphogenesis

The EGER pathway is also activated in enterocytes fol-
lowing bacterial infection (Figure 3b). To analyze the
role of EGFR pathway in enterocytes, we reduced EGFR
activity in enterocytes using the driver MyolAGal4 in
combination with UAS-EGFR”N. Strikingly, guts from
flies with reduced EGFR activity in enterocytes were
almost double the length and half the width of wild-type
flies (Figure 6a and Additional file 11A). However, the
total number of enterocytes remained constant (data not
shown). Further observations indicated that this altera-
tion in gut length was correlated with changes in the
shape of enterocytes. More specifically, enterocytes with
reduced EGER activity appeared flattened and to have
lost the extension of their apical domain, as revealed by
actin and membrane-associated GFP staining (Addi-
tional file 11B). In addition, the distance between nuclei
of neighboring enterocytes (indicative of epithelial den-
sity) increased twofold in flies with reduced EGFR activ-
ity and was altered in its axis (Figure 6b). This effect on
cell shape was more pronounced in certain gut seg-
ments, particularly around the copper cells region (Fig-
ure 6a, asterisks, and Additional file 11), which is
normally composed of a highly polarized columnar type
of epithelium and is folded within the abdomen. As a
consequence, guts of flies with reduced EGFR in entero-
cytes were long and thin in this region and lacked their
characteristic folding (Figure 6a). Importantly, flies lack-
ing EGER in enterocytes succumbed within 48 hours
after ingesting EccIS (Additional file 12A). This
increased susceptibility was associated with a rupture in
gut integrity, as indicated by the presence of bacteria in
the hemolymph (Additional file 12B). Increased gut
length was also observed in flies expressing a UAS-
RasPN construct in enterocytes, suggesting the role of
both EGFR and downstream components (Additional
file 11A). Conversely, ectopic activation of EGFR in
enterocytes resulted in adult flies with guts two times
shorter and three times wider than wild-type fly guts
(Figure 6a).

The above experiments point to a role of EGFR in
enterocyte morphogenesis. Nevertheless, they rely on
the use of the MyolAGal4 driver that continuously
expresses Gal4 along the entire development. As a con-
sequence, we could not conclude whether the effect of
the EGFR pathway occurred in mature enterocytes, in
enterocytes undergoing maturation during epithelium
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Figure 6 The EGFR pathway is required in enterocytes for
proper gut morphogenesis. (a) Midguts with enterocytes
depleted of the EGFR pathway (MyolAGal4, UAS-EGFRP™) are longer
and thinner than WT guts. Conversely, guts from flies expressing a
constitutive form of EGFR are shorter and wider. The effect of EGFR
is most pronounced in the copper cell region (borders of which are
indicated with asterisks). Representative images were taken of
dissected guts from 3-day-old to 4-day-old flies stained with DAPI.
Guts from flies expressing a constitutive form of EGFR are
approximately half the length of WT UC flies. (b) Nuclear staining of
guts with EGFR-deficient enterocytes reveals a decrease in cell
density and flattening of nuclei as compared to WT guts.
Quantification of the mean distance between the nearest adjacent
nuclei in WT and EGFR-depleted guts. Measures were taken in the
region around the copper cells (middle midgut), where the effect of
EGFR is most pronounced (Additional file 11C). Additionally, the
orientation of the distance vector between the two nearest nuclei
switches from longitudinal to transversal, indicating a change in
epithelial geometry (see model, Additional file 11D). (c) Relative
length of WT guts, guts with enterocytes depleted for the EGFR
pathway or guts with activated EGFR in enterocytes. Constructs
were placed under the control of a thermosensitive enterocyte
driver (/\/Iyo7AGa/4T5)A Adult flies were switched from 18°C (Gal4
nonfunctional) to 29°C (Gal4 functional) 3 days before infection or
before initial measurements were taken. Guts depleted for the EGFR
pathway (UAS-EGFR™N or UAS-Ras™) in enterocytes shrink less upon
infection with Eccl5. After a recovery phase of 2 or 8 days, the guts
are 25% longer than their WT counterparts. Conversely, guts of flies
with ectopic activation of EGFR (UAS-EGF N in enterocytes do not
elongate in response to infection and are 40% shorter than WT
guts.
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renewal or earlier during the development of the gut.
Therefore, we examined the impact of EGFR using the
MyolAGal4 thermosensitive (Myo]AGaMTS) driver,
which enabled us to activate or downregulate the EGFR
pathway specifically in adult enterocytes to avoid devel-
opmental effects. Guts of MyolAGal4™s; UAS-EGFRPN
flies shifted to the restrictive temperature for 4 to 5
days are initially of normal size, indicating that the effect
of EGER on the gut was not due to an immediate altera-
tion in the shape of mature enterocytes (Figure 6c).
However, we observed a significant increase in gut
length when flies were incubated for 3 weeks at the
restrictive temperature (Additional file 11E), a time
frame in which there is significant renewal of the gut
during normal aging. This suggests that the requirement
of the EGFR pathway for proper enterocyte shape
occurs during their maturation. To confirm this obser-
vation, we analyzed the gut length of MyolAGal4™;
UAS-EGFRPN flies orally infected with Eccl5, a chal-
lenge that considerably accelerates cell renewal in the
gut. Figure 6¢ shows that 48 hours postinfection, “regen-
erated” guts from flies with reduced EGFR signaling in
enterocytes were 20% longer than in wild-type flies.
Conversely, guts of flies overexpressing an activated
form of EGFR were shorter compared to guts from
wild-type flies 48 hours postinfection (Figure 6c). Alto-
gether, we conclude that the EGFR pathway regulates
cell morphogenesis during enterocyte maturation and
that this process is critical during normal development
of the adult gut, compensatory renewal following infec-
tion and aging.

The EGFR pathway is required to coordinate delamination
and anoikis of enterocytes during infection

Our results support a role of the EGFR pathway in both
ISC proliferation and the shaping of enterocytes. Sur-
prisingly, the guts of flies with reduced levels of EGFR
or Ras activity in enterocytes did not decrease in length
and increase in width to the same extent as the guts of
wild-type flies (Figure 6¢), suggesting a role for the
EGER pathway in cell sloughing.

We first investigated the role of the EGFR pathway in
epithelial delamination by analyzing the dynamics of
adherens junction in the gut during infection. E-cad-
herin is a component of adherens junctions and serves
as the key mediator of epithelial cell-to-cell adhesion.
Immunostaining against Armadillo (B-catenin), an intra-
cellular partner of E-cadherin, revealed that Armadillo
was strongly expressed around progenitor cells and pre-
sent at the cell membrane of enterocytes (Figure 7a)
[4,20]. However, at 4 hours postinfection, Armadillo
staining was less homogeneous and frequently appeared
punctate and localized to the cytoplasm (Figure 7a). The
loss of membrane staining occurred mainly in mature
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enterocytes, defined as cells with large, highly polyploi-
dized nuclei, which were the most apically positioned
within the epithelial layer (Additional file 13A). Accord-
ingly, E-cadherin was also internalized in some entero-
cytes of infected flies (Additional file 13). The
destabilization and relocalization of Armadillo and
E-cadherin are indicative of a disruption of adherens
junctions in mature enterocytes and likely reflect a weak
attachment between cells, such as would occur during
the detachment and sloughing of cells from the epithe-
lium. Between 4 and 16 hours postinfection, strong
Armadillo staining was observed around ISCs and newly
synthesized enterocytes (Figure 7a). Interestingly, the
pattern of Armadillo staining did not change during
infection in flies depleted of EGFR in enterocytes, but
instead a weak and constant Armadillo staining was
observed in enterocytes. Nevertheless, wild-type Arma-
dillo staining was observed around progenitor cells of
flies with reduced EGFR in enterocytes (Figure 7a). In
contrast, Armadillo staining in the guts of unchallenged
flies expressing an activated form of EGFR in entero-
cytes was similar to the nonhomogeneous pattern that
we observed in wild-type infected flies, displaying both
young enterocytes with strong Armadillo staining and
mature enterocytes with no Armadillo staining (Figure
7a). Finally, clones of enterocytes expressing an active
form of Ras lose Armadillo staining at their membrane
(Additional file 13D). Collectively, this suggests that the
EGFR pathway modulates adherens junction dynamics
in enterocytes during epithelial renewal.

To investigate further the role of EGFR in the delami-
nation process, we examined histological sections of
guts upon infection. In contrast to wild-type flies, we
did not observe cell blebbing, the multilayering of enter-
ocytes or loss of cells into the lumens of flies depleted
for EGER in enterocytes (Figure 7b and Additional files
3and 4). The lack of cell sloughing was further con-
firmed by a strong reduction of aspecific yellow fluores-
cence in the guts of these flies (Additional file 4C). We
previously reported that in wild-type flies enterocytes
undergo apoptosis only in the lumen following detach-
ment from the epithelium layer (Figure 2e). In sharp
contrast, apoptotic enterocytes with fragmented nuclei
were observed within the epithelium of flies depleted of
EGER in enterocytes, as revealed by caspase 3 activity
and 4’,6-diamidino-2-phenylindole (DAPI) staining
(Figure 7c and quantification in Figure 7d). Conversely,
the overexpression of the EGFR pathway in enterocytes
induced high levels of cell delamination in the absence
of infection (Figure 7d and Additional files 3 and 4A).
Accordingly, clones of enterocytes expressing activated
forms of EGFR or Ras (UAS-EGFR*“" and UAS-Ras"",
respectively) rapidly disappeared from the epithelium
compared to wild-type clones, suggesting an increased
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Figure 7 The EGFR pathway is required for enterocyte delamination upon infection. (a) Immunostaining of gut epithelium with Armadillo
(red) and DAPI (blue). In WT flies, the Armadillo signal was strong in progenitors and lower in enterocytes. Upon infection, Armadillo staining
disappeared from enterocyte membranes, but remained intense in progenitor cells. At later stages, both progenitors and newly synthesized
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delamination (t = 8 hours) are observed in WT guts following infection. Delaminating cells contain multiple large vacuoles. In contrast, the
multilayering, blebbing and delamination of enterocytes was not observed in guts from flies depleted of EGFR in enterocytes. PM, peritrophic
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within the epithelial layer in flies with enterocytes depleted of EGFR activity (UAS-EGFR™™). Neither delaminated cells nor enterocytes within the
epithelium were apoptotic in guts with activated EGFR (UAS-EGFR'“") in enterocytes. (d) Quantification of delaminating and apoptotic cells in the
guts of flies with WT enterocytes, enterocytes depleted of EGFR activity (UAS-EGFR™™) or enterocytes expressing an activated form of EGFR (UAS-
EGFR'). Cells within the epithelium layer and delaminating cells were counted from three histological sections (N = 16 guts) for each genotype
in UC and Eccl5-infected flies. The proportions of living and dead cells per section were determined with anticleaved caspase 3 and DAPI
staining.
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rate of delamination (Additional file 4). Similarly, over-
expression of the EGFR ligand Keren resulted in a thick,
multilayering of the gut due to the accumulation of cells
in the lumen (Additional file 3). The detached cells in
these guts differed from those in wild-type flies in that
they did not undergo cell death, had normal nuclei and
did not contain enlarged vacuoles (Figure 7c and quanti-
fication in Figure 7d).

These results indicate multiple roles of the EGFR
pathway in enterocytes in response to infection, where it
is required for early cell blebbing, modulation of cell
junction dynamics and the normal process of enterocyte
death. We conclude that a wild-type level of EGFR path-
way activity is required in enterocytes for the proper
coordination of their delamination and anoikis upon
infection.

Discussion

To date, studies on epithelium renewal have mainly
focused on stem cell activity and its role in basal epithe-
lium maintenance [17-19]. Recently, several studies have
shown that ISC activity is strongly stimulated in
response to damage-inducing agents and infectious bac-
teria [6,8,9,11,21]. Importantly, these stimuli induce ISC
activity to an extent that facilitates the identification of
underlying regulatory networks. Using this approach, we
have performed quantitative analysis of gut remodeling
at different time points following infection with Ecc15.
We demonstrate that restoration of normal gut mor-
phology involves more than the activation of ISCs, but
rather requires the coordination of ISC proliferation and
differentiation, the incorporation and morphogenesis of
new cells and the expulsion of damaged enterocytes. We
further demonstrate that the EGFR pathway is central to
these three steps following bacterial infection.

Epithelium renewal: A more complex picture
Our quantitative analysis of distinct cell populations in
the gut identified two phases of compensatory repair
that occur following bacterial infection. Initially, the
pool of preexisting precursor cells (enteroblasts) rapidly
differentiate to buffer the loss of cells. This first phase
does not require ISC proliferation and likely serves the
same function as the process of epithelium restitution
described in mammals, where neighboring cells migrate
into damaged regions to maintain gut integrity [22].
This early step is followed by a longer, regenerative
phase involving ISC proliferation and differentiation,
which is capable of repairing the entire gut in approxi-
mately 2 days. The precision with which the gut is
regenerated is striking, returning to its original dimen-
sions within a small percentage of variation.

Our quantitative analysis also revealed the striking
regenerative capacity of the gut, which maintains its
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integrity despite the loss of nearly half of the enterocytes
and a 40% reduction of its size. This massive cell loss is
first observed as a multilayering of enterocytes that con-
tributes to the characteristic increase in gut width
observed upon infection. Subsequently, cells are expelled
into the lumen. These detached enterocytes appear
highly vacuolized and undergo cell death only when
they have left the epithelium. This process is similar to
anoikis, a mechanism of cell death induced by the loss
of cell adhesion that occurs in the guts of mammals
[23]. While the delamination of cells correlates tempo-
rally with the drastic shortening of the gut, we cannot
exclude the involvement of additional processes. One
hallmark of the response of the mammalian gut to infec-
tion is the contraction of visceral muscles [24]. The con-
tribution of visceral muscles to gut shrinking in
Drosophila remains to be determined. Globally, the
combination of the gut shortening with cells dying after
leaving the epithelium through anoikis provides an effi-
cient mechanism to maintain gut integrity and may
explain its ability to resist infection and the action of
damaging agents.

The EGFR and JAK/STAT pathways are both required for
ISC proliferation

In this study, we show that a canonical EGFR pathway is
required in ISCs to promote their proliferation. Reduc-
tion of the EGFR pathway in ISCs does not affect the
maintenance of ISCs in short term, but prevents their
activation in response to damage caused by infection. As
a consequence, flies with reduced EGFR activity in ISCs
failed to repair their guts following infection, and they
died within 10-14 days. We further show that EGFR is
activated in ISCs by three ligands, Vein, Keren and
Spitz. Vein is produced by the visceral muscles in
response to infection, whereas Keren and Spitz are
produced within the epithelium. This is similar to the
scenario in larvae, where Vein is produced by visceral
muscles and is required for adult midgut progenitor
proliferation, while at later time points the progenitors
themselves express Spitz and Keren [16]. In the adult
gut, Vein is secreted by the inner layer of circular visc-
eral muscles, but not by the outer layer of longitudinal
visceral muscles. Intriguingly, ISCs are in very close con-
tact with these inner visceral muscles (Additional file
14). Moreover, vein is partially regulated by the JAK/
STAT pathway in visceral muscles in response to the
production of the Upd3 cytokine by damaged entero-
cytes. We hypothesize that, because of this close associa-
tion, visceral muscles may act as a connective tissue to
relay signals between damaged enterocytes and distant
ISCs. Such a system would act to spatially and tempo-
rally restrict EGFR activation to the segment around the
damaged area in which proliferation, morphogenesis and
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differentiation, while the EGFR pathway is required in enterocytes for proper morphogenesis and delamination of damaged enterocytes
following infection with £cci5. Other ligands of the JAK/STAT pathway (Upd1 and Upd2) may also participate in bacteria-induced 1SC

delamination would then be synchronized (see model in
Figure 8).

Our epistatic analysis indicates that both the EGFR and
JAK/STAT pathways are required to promote ISC pro-
liferation. However, inhibition of the EGFR pathway
completely blocks proliferation induced by overexpres-
sion of either Upd3 or Domeless in ISCs, whereas JAK/
STAT depletion in ISCs only partially reduces the pro-
liferation induced by activation of the EGFR pathway.
This suggests a more central role for the EGFR pathway
in ISC proliferation. Since our epistatic analysis involved
partial loss of function of genes as a result of the use of
RNAIi and dominant negative proteins, it is difficult to
establish a hierarchy between these two pathways.
Future studies should address the respective roles of
these pathways in ISCs, as well as the mechanisms by
which they induce ISC proliferation. Of note, synergy
between these two pathways has already been described
in Drosophila, where both STAT and Ras are required
in germ cells and tumor cells to promote cell prolifera-
tion and migration [25,26]. Moreover, mild expression
of the proto-oncogene Ras""? in the gut promotes a pre-
oncogenic state that, in combination with infection,
induces dysplasia [21]. An implication of the EGFR

pathway in ISC proliferation is supported by a very
recent study [27] that shows that the EGFR and JAK/
STAT pathways are required in ISCs for the prolifera-
tion induced by the lack of Hippo signaling in entero-
cytes. Although both are required for ISC proliferation,
the JAK/STAT and EGFR pathways also have distinct
functions: the JAK/STAT pathway is required for enter-
oblast differentiation, while the EGFR pathway is
required for proper gut morphogenesis and cell
sloughing.

A dual role of EGFR in enterocytes

Our study points to a dual role of the EGFR pathway in
the morphogenesis and sloughing of enterocytes. Flies
with reduced EGFR activity in enterocytes have a char-
acteristic long and thin gut that results from the flatten-
ing of enterocytes (scheme Additional file 11D),
indicating that aberrant cellular morphogenesis has
repercussions on the morphology of the tissue as a
whole. The requirement of the EGFR pathway for enter-
ocyte shape appears to occur during the maturation of
newly synthesized enterocytes and affects at least three
different morphogenetic events in the gut: the initial
development of the adult gut, the basal maintenance
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upon aging and the accelerated renewal that occurs in
response to damage induced by infection. In agreement,
the guts of flies with reduced EGER signaling in pro-
genitors (esgGAL4™; UAS-EGFR"N or Su(H)GBEGal4;
UAS-EGFR"N) are longer, indicating that EGFR modu-
lates enterocyte shape at the late progenitor to young
enterocyte transition (Additional file 15). The effect of
the EGFR pathway on cell morphogenesis is supported
by previous work reporting that EGFR affects tracheae
and wing vein remodeling through its impact on E-cad-
herin-based cell adhesion [28-30]. A role of EGFR in
enterocyte-to-enterocyte adhesion is also suggested by
our observation that E-cadherin and Armadillo change
their subcellular localization during epithelium renewal.
Along with these studies, our results point to a general
role of EGFR in epithelium morphogenesis. It would be
interesting to investigate whether differences in the level
of EGFR signaling determine the type of epithelia, squa-
mous or columnar, encountered along the gut. In this
sense, we observed that the largest increase in the gut
length of flies defective in EGFR is mostly due to the
intense flattening of cells in a region of the gut that is
normally highly folded and composed of columnar
enterocytes. Interestingly, our survival analysis points to
a key role of EGFR-mediated enterocyte morphogenesis
in the maintenance of the integrity of the gut, as shown
by the increased susceptibility of EGFR-deficient flies to
infection.

Surprisingly, we observed that altering the EGFR path-
way activity in enterocytes strongly affected the delami-
nation process. We observed that, upon infection,
reduction of EGFR pathway activity in enterocytes
decreased the sloughing of cells from the epithelium
and led to apoptosis of enterocytes still within the layer.
Conversely, expression of an activated form of this
receptor, stimulated cell sloughing, but subsequent
enterocyte death was not observed. We conclude that
the EGFR pathway is essential for the proper execution
of anoikis in response to infection. The presence of
dead cells within the epithelium and reduced delamina-
tion could explain the disruption of gut barrier integrity
observed in flies with reduced EGFR activity in entero-
cytes. Our data are compatible with the idea that EGFR
pathway provides a transient survival signal to damaged
cells, enabling them to delaminate and leave the epithe-
lium before dying. This prosurvival effect of EGFR
would explain why the overexpression of the EGF ligand
Keren is sufficient to induce cell delamination, but there
is no consecutive apoptosis. It is tempting to speculate
that the loss of accessible growth factors such as EGFs
by delaminated cells ends this transient survival period
and switches the cell to enter anoikis. However, it
remains unclear whether the function of EGFR in enter-
ocyte delamination is dependent or not of EGFR ligands.

Page 15 of 19

We also observed a clear role of EGFR in the remodel-
ing of the adherens junction during epithelium renewal.
These findings are consistent with a number of studies
highlighting the role of this pathway in anoikis in mam-
mals. Early loss of E-cadherin from cell-to-cell junctions
is involved in the onset of anoikis in human enterocytes
[31]. Moreover, using an in vitro model of culture of
villus epithelium, Lugo-Martinez et al. [32] observed
that inhibition of EGFR maintains E-cadherin at the
membrane and decreases anoikis in mammals. We simi-
larly observed a modulation of E-cadherin and Arma-
dillo localization in the Drosophila gut during
epithelium renewal, suggesting that a disassembly of E-
cadherin-mediated junctions occurs during cell detach-
ment. In agreement with this observation, overexpres-
sion of cadherin or dlg in enterocytes reduces the gut
shortening normally observed with infection (Additional
file 13E). Future studies should investigate whether
EGEFR mediates its effect through the disassembly of E-
cadherin adherens junctions and what downstream com-
ponents of the pathway are involved. In addition, it is
not yet clear whether loss of E-cadherin is a cause or a
consequence of cell detachment. In our study, we can-
not exclude the possibility that the effects of EGFR on
cell sloughing could also be a consequence of the abnor-
mal morphogenesis of newly synthesized enterocytes,
whose growth may aid in physically pushing damaged
enterocytes out of the layer. Alternatively, new entero-
cytes may require the space created by delaminating
enterocytes to shape properly. These scenarios are not
mutually exclusive, and it is possible that the EGFR
pathway separately modulates the integration of new
enterocytes into the epithelia and their elimination by
sloughing, thereby controlling the flux of intestinal cells.

Importantly, the implication of EGFR in three crucial
stages of epithelium renewal, ISC proliferation, the
synthesis and morphogenesis of new enterocytes and the
elimination of damaged cells, could explain the synchro-
nization of the complex cellular events that maintain
gut homeostasis. The release of signals from damaged
enterocytes that promote ISC proliferation and differen-
tiation, in addition to enterocyte morphogenesis and
elimination, provides a homeostatic loop coordinating
gut repair. In this line, the cytokine Upd3 is a good can-
didate because it is produced by damaged enterocytes
and capable of activating both the JAK/STAT and EGFR
pathways, directly or through the production of Vein in
muscles (Figure 8).

Conclusions

Our data provide new insights into the complex events
regulating gut remodeling upon infection. Our cellular
analysis identified striking similarities between the
Drosophila and mammalian gut epithelium response to
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damage and suggests the conservation of some regula-
tory networks. Interestingly, stimulation of stem cell
activity by invasive, bacteria-like Salmonella has been
demonstrated to induce proliferation in mammalian
guts [33], and gut infection is proposed to favor the
development of cancer [34,35]. Our study provides
potential mechanisms to explain these links. Moreover,
the EGFR pathway is involved in the maintenance of gut
barrier integrity in mammals and is important in pre-
venting the development of colitis [36]. Thus, the use of
infection to study Drosophila ISCs provides not only a
powerful model to dissect stem cell regulation but also
to elucidate the complex mechanisms that maintain tis-
sue homeostasis and gut morphogenesis.

Methods

Fly stocks

Oregon®, Canton®, flies or flies carrying one copy of the
MyolA-Gal4, how-Gal4 or esg-Gal4 transgene were
used as wild-type controls. A complete list of stocks is
provided in supplementary materials (Additional file 16
and associated references [17,20,37-47]). For experi-
ments, we used adult flies carrying one copy of the UAS
construct (RNAi or dominant negative (DN)) combined
with one copy of the Gal4 driver. The F1 progeny carry-
ing both the UAS construct and the Gal4 driver were
raised at 18°C until 3 days of adult development and
then transferred to 29°C for optimal efficiency of the
UAS/GAL4 system. Drosophila stocks were maintained
at 23°C using standard fly medium (maize flour, dead
yeast, agar and fruit juice) devoid of living yeast. Condi-
tional esgGald™, howgald™ or MyolAGal4™ animals
were obtained by crossing virgin females (esg/how/
MyolA-Gald, UAS-GFP; tub-Gal80™®) with males
expressing a UAS construct. F1 progeny were raised at
18°C, and the activity of the Gal4 system was controlled
by placing 3-day-old F1 adults at either restrictive (29°C,
Gal80™S off, Gal4 system on) or permissive (18°C,
Gal80™® on, Gal4 system off) temperatures. The clonal
labeling of mature enterocytes was performed by shifting
flies of the genotype yw,hsFLP;actrrryellowrrrGal4,
UAS-GFP/CyO to 29°C for 1 day. At this temperature,
the basal FLP expression is enough to enable flipout
events in enterocytes (during their polyploidization) and
GFP induction. To induce somatic recombination in
flies expressing the mosaic analysis with a repressible
cell marker system [48] or yw,hsFLP;actrpryellowrrr.
Gal4, UAS-GFP/CyO, 3-day-old adult flies were heat-
shocked for 60 minutes at 37°C for 3 consecutive days.
Three days after or 1 week after, guts were dissected for
immunostaining. Adherens junctions were marked by a
DE-cadherin-GFP fusion protein expressed ubiquitously
under the control of the ubi promoter [20]. Septate
junctions were marked by a DIg-GFP construct
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expressed under the control of its own promoter [49].
Autophagy markers were expressed under the control of
the MyolA-Gal4 driver and are described elsewhere
[46].

Bacterial strains and infection experiments

E. carotovora carotovora 15 is a Gram-negative bacter-
ium that induces a strong local immune response [8]
and is described elsewhere [50]. For oral infection, 3-
day-old to 5-day-old flies were incubated for 2 hours at
29°C in an empty vial before being transferred to a fly
vial with infection solution and maintained at 29°C. The
infection solution was obtained by mixing an equal
volume of 100x concentrated pellet from an overnight
culture of Eccl15 (optical density ODgoo = 200) with a
solution of 5% sucrose (1:1) and deposited on a filter
disk that completely covered the surface of standard fly
medium. Flies were incubated for 1 day at 29°C on the
contaminated filter, after which they were transferred to
fresh vials. In the case of survival analysis, flies were
continuously exposed to filters contaminated with Ecc15
and flipped every 2 days into new vials containing a fil-
ter contaminated with a fresh pellet of Eccl15. Survival
was monitored every day.

Quantification of Ecc15 was determined from three
individual replicates of five flies at 0.5, 1, 2, 4, 8, 12, 24
and 48 hours following infection with Ecc15. Dissected
midguts were placed in 1 mL of phosphate-buffered
saline (PBS) in a 1.5-mL screw top microcentrifuge tube
containing glass beads. The samples were homogenized
using a Precellys 24 (Bertin Technologies, France), and
then dilutions were plated on Luria Broth Agar (MP
biomedicals, Illkirch, France) and incubated at 29°C.
Colonies were counted after 24 hours. For hemolymph
colony-forming unit counts, flies were surface sterilized
in 70% ethanol and pricked in the thorax (once per
side) with a thin sterile needle. The exuding drops of
hemolymph were collected with a pipette and trans-
ferred to a 0.5-mL microcentrifuge tube for dilution
plating as described above.

Immunostaining

For live imaging, guts were dissected in PBS and imme-
diately mounted in the antifading agent Citifluor AF1
(Citifluor Ltd, London, UK). For immunofluorescence,
guts were dissected in PBS, fixed for 20 minutes in 0.1%
Tween 20-PBS (PBT) with 4% paraformaldehyde, rinsed
in PBT and then incubated with primary antibodies
(dilution 1:50 anti-Armadillo (Developmental Studies
Hybridoma Bank, Iowa city, Iowa, USA), 1:500 anti-PH3
(Millipore, Billerica, Massachusetts, USA), 1:500 anti--
galactosidase (Promega, Madison Wisconsin, USA),
1:300 anti-phospho-ERK (in tributyltin; Cell Signaling,
Boston, Massachusetts, USA), 1:500 anti-phospho-JNK
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(Cell Signaling), 1:500 anticleaved caspase3 (Cell signal-
ing) and 1:1,000 anti-GFP (Roche, Rotkreuz, Switzer-
land)) or Rhodamine-Phalloidin (dilution 1:50
(Invitrogen, Basel, Switzerland)) in PBT + 1% bovine
serum albumin. Primary antibodies were revealed with
Alexa488- or Alexa594-coupled antimouse antibodies
(Invitrogen), and nuclei were stained with DAPI (Sigma,
Saint Louis, Missouri, USA). Guts were then scanned
with an Axioplot imager (Zeiss, Feldbach, Switzerland)
and recomposed using the program MosaiX (Zeiss).

Morphological analysis

Measurements in Figure 1la and Additional files 1 and
2 were determined from dissected guts fixed as
described above and stained with DAPI. Individual
guts (N = 20 to 40) were visualized and captured using
an Axioplot imager (Zeiss). Full guts were scanned at
x10 magnification and then recomposed with MosaiX
(Zeiss). Images from representative fields of the same
guts were captured at x20 magnification in Z-stacks,
and full projections were counted. Measurements to
the nearest micron were obtained using the measure
functions within AxioVision software (Zeiss, Feldbach,
Switzerland). Length was measured by tracing from the
middle of the proventriculus along the midgut to the
midgut-hindgut junction (indicated by the branching of
the Malphigian tubules). Gut width measurements are
based on the average of five measurements taken along
the gut. Counts of midgut cells were estimated on the
basis of values obtained from counting the different
cell population in the projected Z-stack images and
then multiplying the sum to the area of the whole gut.
The distinction between cell types was based on GFP
staining (progenitors expressing GFP under the control
of the esgGal4 driver) and the level of polyploidy
(nuclear size). New enterocytes were defined as having
low polyploidy (intermediate-sized nuclei) and/or per-
sisting GFP signal (due to residual escargot-GFP sig-
nal), while old enterocytes were defined as having high
polyploidy (large-sized nuclei). To verify the estimated
cell counts, full counts were conducted of each cell
type from five wild-type guts. Cell density was deter-
mined by measuring the distance from the nucleus of a
given cell to the nucleus of its nearest neighboring cell,
or distance internuclei (DIN). The values for 20 cells
in a single field per gut of N = 20 guts were measured.
The same position in the gut was recorded each time,
and the average distance for each genotype was
plotted. Delamination was quantified by counting the
number of attached cells (within the epithelium layer)
or unattached cells (outside the epithelium layer) in
histological sections (see below). The values of three
sections of N = 16 guts were measured for each
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genotype with and without infection. For all measure-
ments, similar regions were recorded and all samples
were exposed to identical conditions.

Histological sections

Drosophila adults were dissected into PBS, and the guts
were immediately fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in PBS for 4 hours at 4°C. The samples
were rinsed three times in 0.1 M cacodylate buffer, then
postfixed with 1% osmium tetroxide and 1.5% potassium
ferrocyanide solution in 0.1 M cacodylate buffer for 40
minutes at room temperature, followed by 1% osmium
tetroxide solution in 0.1 M cacodylate buffer for 40 min-
utes at room temperature. The samples were then treated
with 1% uranyl acetate in water for 40 minutes at room
temperature. Dehydration of the guts was performed in
an ascending series of ethanol concentrations, and then
the samples were embedded in Durcupan (Sigma). The
guts were cut at 0.2 mm (semithin sections) for light
microscopy with a Leica ultramicrotome (Leica, Wetzlar,
Germany). Semithin sections were stained with 2% tolui-
dine blue and observed under a Zeiss microscope. For
ultrathin sections, guts were cut at 50 nm for transmis-
sion electron microscopy with a Leica ultramicrotome.
Ultrathin sections were contrasted with lead citrate and
observed with an electron microscope. Immunostaining
on cryostat sections was performed using the protocol
described by Baumann [51].

RT-qPCR

Total gut RNA was extracted from 30 dissected midguts
with TRIzol reagent (Invitrogen). Template RNA (1 pg)
was used to generate cDNA by reverse transcription and
then analyzed by quantitative polymerase chain reaction
(qPCR) with a LightCycler 2.0 and the SYBR Green I kit
(Roche). Expression values were normalized to RpL32.
Primers used to monitor mRNA quantification can be
obtained upon request.

Statistical analysis

Mean fly mortality, mean mitosis per gut (PH3 counts)
and mean relative gene expression and their correspond-
ing standard errors were determined using PROC
MEANS (SAS Institute, Cary, NC, USA). Means were
separated for significance using Fisher’s protected least
significant difference test at P = 0.05.

Additional material

Additional file 1: Measurements of several parameters in the
Drosophila gut following infection with Ecc15.

Additional file 2: Dynamics of the different cell populations in the
midgut following infection with Ecc15.
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Additional file 3: Transversal sections of guts from wild-type flies
and flies with an altered level of EGFR pathway activity in
enterocytes.

Additional file 4: The EGFR pathway is required for enterocyte
delamination upon infection.

Additional file 5: Enterocytes undergoing delamination display
marks of increased autophagy.

Additional file 6: The EGFR pathway is required in ISCs for the ISC
proliferation induced by infection.

Additional file 7: Flies with a reduced level of EGFR pathway
activity in ISCs display an increased susceptibility to Ecc15 infection.
Additional file 8: The EGFR ligands Spitz and Keren are expressed
in the progenitor cells.

Additional file 9: The JAK/STAT pathway is activated in the visceral
muscles.

Additional file 10: EGFR and JAK/STAT pathways synergize in ISCs
to promote proliferation.

Additional file 11: Alteration of the EGFR pathway in enterocytes
affects gut morphology.

Additional file 12: Flies with reduced EGFR activity in enterocytes
are highly susceptible to oral infection with Ecc15.

Additional file 13: Ecc15 infection alters adherens junction
dynamics in the gut.

Additional file 14: ISCs are in close proximity to visceral muscles.
Additional file 15: The EGFR pathway is required in both
enteroblasts and enterocytes for proper morphogenesis.

Additional file 16: List of fly stocks used in this study.

Abbreviations

DN: dominant negative; Ecc15: Erwinia carotovora carotovora 15; EGF:
epidermal growth factor; EGFR: EGF receptor; ERK: extracellular signal-
regulated kinase; ISC: intestinal stem cell; JAK/STAT: Janus kinase-signal
transducers and activators of transcription; MAPK: mitogen-activated protein
kinase; PH3: phosphohistone H3.

Acknowledgements

We are grateful to our colleagues JP Boquete for technical assistance and D
Osman for helpful comments on the manuscript. We thank M Crozatier, WM
Deng, B Edgar, M Freeman, M Meister, C Micchelli, D Montell, J Pastor-Pareja,
the Bloomington Stock Center, the Vienna Drosophila RNAi Center and the
National Institute of Genetics for fly stocks and S Rosset and G Knott (Ecole
Polytechnique Fédérale de Lausanne BioEM Facility) for assistance with
histological analysis. N Broderick is supported by a Human Frontier Long-
Term Postdoctoral Fellowship. The Lemaitre laboratory is supported by an
European Research Council Advanced Investigators Grant and the Swiss
National Science Foundation (3100A0-12079/1).

Authors’ contributions

NB, NAB and BL conceived and designed the experiments. NB, NAB and TK
performed the experiments. NB, NAB and BL analyzed the data. NB, NAB and
BL wrote the paper. All authors read and approved the final manuscript.

Received: 29 November 2010 Accepted: 22 December 2010
Published: 22 December 2010

References

1. Kim M, Ashida H, Ogawa M, Yoshikawa Y, Mimuro H, Sasakawa C: Bacterial
interactions with the host epithelium. Cell Host Microbe 2010, 8:20-35.

2. Turner JR: Intestinal mucosal barrier function in health and disease. Nat
Rev Immunol 2009, 9:799-809.

3. Potten CS, Kellett M, Rew DA, Wilson GD: Measurement of in vivo
proliferation in human colorectal mucosa using bromodeoxyuridine. Gut
1992, 33:71-78.

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

Page 18 of 19

Ohlstein B, Spradling AC: The adult Drosophila posterior midgut is
maintained by pluripotent stem cells. Nature 2006, 439:470-474.
Micchelli CA, Perrimon N: Evidence that stem cells reside in the adult
Drosophila midgut epithelium. Nature 2006, 439:475-479.

Amcheslavsky A, Jiang J, Ip YT: Tissue damage-induced intestinal stem
cell division in Drosophila. Cell Stem Cell 2009, 4:49-61.

Buchon N, Broderick NA, Chakrabarti S, Lemaitre B: Invasive and
indigenous microbiota impact intestinal stem cell activity through
multiple pathways in Drosophila. Genes Dev 2009, 23:2333-2344.

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

Cronin S, Nehme N, Limmer S, Liegeois S, Pospisilik J, Schramek D,
Leibbrandt A, Simoes R, Gruber S, Puc U, Ebersberger I, Zoranovic T,

Neely G, von Haeseler A, Ferrandon D, Penninger J: Genome-wide RNAi
screen identifies genes involved in intestinal pathogenic bacterial
infection. Science 2009, 325:340-343.

Jiang H, Patel PH, Kohlmaier A, Grenley MO, McEwen DG, Edgar BA:
Cytokine/Jak/Stat signaling mediates regeneration and homeostasis in
the Drosophila midgut. Cell 2009, 137:1343-1355.

Chatterjee M, Ip YT: Pathogenic stimulation of intestinal stem cell
response in Drosophila. J Cell Physiol 2009, 220:664-671.

Bovellan M, Fritzsche M, Stevens C, Charras G: Death-associated protein
kinase (DAPK) and signal transduction: blebbing in programmed cell
death. FEBS J 2010, 277:58-65.

Hakim RS, Baldwin K, Smagghe G: Regulation of midgut growth,
development, and metamorphosis. Annu Rev Entomol 2010, 55:593-608.
Denton D, Shravage B, Simin R, Mills K, Berry D, Baehrecke E, Kumar S:
Autophagy, not apoptosis, is essential for midgut cell death in
Drosophila. Curr Biol 2009, 19:1741-1746.

Schweitzer R, Shilo BZ: A thousand and one roles for the Drosophila EGF
receptor. Trends Genet 1997, 13:191-196.

Jiang H, Edgar BA: EGFR signaling regulates the proliferation of
Drosophila adult midgut progenitors. Development 2009, 136:483-493.
Beebe K, Lee W, Micchelli CA: JAK/STAT signaling coordinates stem cell
proliferation and multilineage differentiation in the Drosophila intestinal
stem cell lineage. Dev Biol 2010, 338:28-37.

Liu W, Singh SR, Hou SX: JAK-STAT is restrained by Notch to control cell
proliferation of the Drosophila intestinal stem cells. J Cell Biochem 2010,
109:992-999.

Lin G, Xu N, Xi R: Paracrine unpaired signaling through the JAK/STAT
pathway controls self-renewal and lineage differentiation of Drosophila
intestinal stem cells. J Molec Cell Biol 2010, 2:37-49.

Maeda K, Takemura M, Umemori M, Adachi-Yamada T: E-cadherin prolongs
the moment for interaction between intestinal stem cell and its
progenitor cell to ensure Notch signaling in adult Drosophila midgut.
Genes Cells 2008, 13:1219-1227.

Apidianakis Y, Pitsouli C, Perrimon N, Rahme L: Synergy between bacterial
infection and genetic predisposition in intestinal dysplasia. Proc Nat/
Acad Sci USA 2009, 106:20883-20888.

Dignass AU: Mechanisms and modulation of intestinal epithelial repair.
Inflamm Bowel Dis 2001, 7:68-77.

Gilmore AP: Anoikis. Cell Death Differ 2005, 12:1473-1477.

Collins SM: The immunomodaulation of enteric neuromuscular function:
implications for motility and inflammatory disorders. Gastroenterology
1996, 111:1683-1699.

Li J, Xia F, Li WX: Coactivation of STAT and Ras is required for germ cell
proliferation and invasive migration in Drosophila. Dev Cell 2003,
5:787-798.

Pastor-Pareja JC, Wu M, Xu T: An innate immune response of blood cells
to tumors and tissue damage in Drosophila. Dis Model Mech 2008,
1:144-154.

Ren F, Wang B, Yue T, Yun EY, Ip YT, Jiang J: Hippo signaling regulates
Drosophila intestine stem cell proliferation through multiple pathways.
Proc Natl Acad Sci USA 2010, 107:21064-21069.

Cela C, Llimargas M: EGFR is essential for maintaining epithelial integrity
during tracheal remodelling in Drosophila. Development 2006,
133:3115-3125.

Nishimura M, Inoue Y, Hayashi S: A wave of EGFR signaling determines
cell alignment and intercalation in the Drosophila tracheal placode.
Development 2007, 134:4273-4282.


http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S3.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S4.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S5.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S6.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S7.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S8.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S9.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S10.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S11.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S12.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S13.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S14.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S15.PDF
http://www.biomedcentral.com/content/supplementary/1741-7007-8-152-S16.PDF
http://www.ncbi.nlm.nih.gov/pubmed/20638639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20638639?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19855405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1740282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1740282?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16340960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16340960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16340959?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16340959?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19128792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19128792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19797770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19797770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19797770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19218090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19218090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19218090?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19520911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19520911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19520911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19563763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19563763?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19452446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19452446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19878312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19878312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19878312?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19775239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19775239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19818615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19818615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9154002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9154002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19141677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19141677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19896937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19896937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19896937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20082318?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20082318?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19021776?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19021776?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19021776?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19934041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19934041?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11233665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16247493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8942751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8942751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14602078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14602078?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19048077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19048077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21078993?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21078993?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16831830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16831830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17978004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17978004?dopt=Abstract

Buchon et al. BMC Biology 2010, 8:152
http://www.biomedcentral.com/1741-7007/8/152

30. O'Keefe DD, Prober DA, Moyle PS, Rickoll WL, Edgar BA: Egft/Ras signaling
regulates DE-cadherin/Shotgun localization to control vein
morphogenesis in the Drosophila wing. Dev Biol 2007, 311:25-39.

31. Fouquet S, Lugo-Martinez VH, Faussat AM, Renaud F, Cardot P, Chambaz J,
Pincon-Raymond M, Thenet S: Early loss of E-cadherin from cell-cell
contacts is involved in the onset of Anoikis in enterocytes. J Biol Chem
2004, 279:43061-43069.

32. Lugo-Martinez VH, Petit CS, Fouquet S, Le Beyec J, Chambaz J, Pingon-
Raymond M, Cardot P, Thenet S: Epidermal growth factor receptor is
involved in enterocyte anoikis through the dismantling of E-cadherin-
mediated junctions. Am J Physiol Gastrointest Liver Physiol 2009, 296:
G235-G244.

33, Liu X, Lu R, Wu S, Sun J: Salmonella regulation of intestinal stem cells
through the Wnt/B-catenin pathway. FEBS Lett 2010, 584:911-916.

34, Macdonald TT, Monteleone G: Immunity, inflammation, and allergy in the
gut. Science 2005, 307:1920-1925.

35. Radtke F, Clevers H: Self-renewal and cancer of the gut: two sides of a
coin. Science 2005, 307:1904-1909.

36. Brandl K, Sun L, Neppl C, Siggs OM, Gall SM, Tomisato W, Li X, Du X,
Maennel DN, Blobel CP, Beutler B: MyD88 signaling in nonhematopoietic
cells protects mice against induced colitis by regulating specific EGF
receptor ligands. Proc Natl Acad Sci USA 2010, 107:19967-19972.

37. Ninov N, Manjén C, Martin-Blanco E: Dynamic control of cell cycle and
growth coupling by ecdysone, EGFR, and PI3K signaling in Drosophila
histoblasts. PLoS Biol 2009, 7:21000079.

38. Brown KE, Baonza A, Freeman M: Epithelial cell adhesion in the
developing Drosophila retina is regulated by Atonal and the EGF
receptor pathway. Dev Biol 2006, 300:710-721.

39. Brown S, Hu N, Hombria JC: Identification of the first invertebrate
interleukin JAK/STAT receptor, the Drosophila gene domeless. Curr Biol
2001, 11:1700-1705.

40. Wu M, Pastor-Pareja JC, Xu T: Interaction between Ras""? and scribbled
clones induces tumour growth and invasion. Nature 2010, 463:454-458.

41. McDonald JA, Pinheiro E, Kadlec L, Schupbach G, Montell DJ: Multiple
EGFR ligands participate in guiding migrating border cells. Dev Biol 2006,
296:94-103.

42. Bach EA, Ekas LA, Ayala-Camargo A, Flaherty MS, Lee H, Perrimon N,

Baeg GH: GFP reporters detect the activation of the Drosophila JAK/STAT
pathway in vivo. Gene Expr Patterns 2007, 7:323-331.

43, Agaisse H, Petersen U-M, Boutros M, Mathey-Prevot B, Perrimon N:
Signaling role of hemocytes in Drosophila JAK/STAT-dependent
response to septic injury. Dev Cell 2003, 5:441-450.

44. Krzemien J, Dubois L, Makki R, Meister M, Vincent A, Crozatier M: Control of
blood cell homeostasis in Drosophila larvae by the posterior signaling
centre. Nature 2007, 446:325-328.

45, Poulton JS, Deng WM: Dystroglycan down-regulation links EGF receptor
signaling and anterior-posterior polarity formation in the Drosophila
oocyte. Proc Natl Acad Sci USA 2006, 103:12775-12780.

46.  Arsham AM, Neufeld TP: A genetic screen in Drosophila reveals novel
cytoprotective functions of the autophagy-lysosome pathway. PLoS One
2009, 4:26068.

47. Zeng X, Chauhan C, Hou SX: Characterization of midgut stem cell- and
enteroblast-specific Gal4 lines in Drosophila. Genesis 2010, 48:607-611.

48. Lee T, Luo L: Mosaic analysis with a repressible cell marker (MARCM) for
Drosophila neural development. Trends in neurosciences 2001, 24:251-254.

49. Kelso RJ, Buszczak M, Quinones AT, Castiblanco C, Mazzalupo S, Cooley L:
Flytrap, a database documenting a GFP protein-trap insertion screen in
Drosophila melanogaster. Nucleic Acids Res 2004, 32:D418-D420.

50. Basset A, Khush RS, Gardan L, Boccard F, Hoffmann JA, Lemaitre B: The
phytopathogenic bacteria Erwinia carotovora infects Drosophila and
activates an immune response. Proc Natl Acad Sci USA 2000, 97:3376-3381.

51. Baumann O: Posterior midgut epithelial cells differ in their organization
of the membrane skeleton from other Drosophila epithelia. Exp Cell Res
2001, 270:176-187.

doi:10.1186/1741-7007-8-152

Cite this article as: Buchon et al: Drosophila EGFR pathway coordinates
stem cell proliferation and gut remodeling following infection. BMC
Biology 2010 8:152.

Page 19 of 19

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/17888420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17888420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17888420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15292248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15292248?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19056766?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20083111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20083111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15790842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21041656?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21041656?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21041656?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19355788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19355788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19355788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16963016?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16963016?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16963016?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11696329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11696329?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16712835?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16712835?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17008134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17008134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12967563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12967563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17361184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17361184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17361184?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16908845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16908845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16908845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19562034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19562034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20681020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20681020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11311363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11311363?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14681446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14681446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10725405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10725405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10725405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11640882?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11640882?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Infection with Ecc15 induces a major remodeling of the gut
	The EGFR/mitogen-activated protein kinase pathway is required cell-autonomously to promote ISC proliferation induced by infection
	Multiple EGFR ligands are involved in ISC proliferation
	Expression of vein in visceral muscles is mediated by the JAK/STAT pathway
	The JAK/STAT and EGFR pathways synergize in ISCs to promote cell proliferation
	EGFR pathway is required in enterocytes for proper adult gut morphogenesis
	The EGFR pathway is required to coordinate delamination and anoikis of enterocytes during infection

	Discussion
	Epithelium renewal: A more complex picture
	The EGFR and JAK/STAT pathways are both required for ISC proliferation
	A dual role of EGFR in enterocytes

	Conclusions
	Methods
	Fly stocks
	Bacterial strains and infection experiments
	Immunostaining
	Morphological analysis
	Histological sections
	RT-qPCR
	Statistical analysis

	Acknowledgements
	Authors' contributions
	References

