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The gastrointestinal tract is habit-
able by a variety of microorgan-

isms and it is often a tissue inflicted by 
inflammation. Much discussion is raised 
in recent years about the role of micro-
biota in intestinal inflammation, but 
their role in intestinal cancer remains 
unclear. Here we discuss and extent our 
work on Drosophila melanogaster models 
of tumorigenesis and tumor cell invasion 
upon intestinal infection. In Drosophila 
midgut bacteria that cause enterocyte 
damage induce intestinal stem cell pro-
liferation, which is diverted toward aber-
rant stem cell expansion upon oncogene 
expression to induce dysplastic tumors. 
In the hindgut though, oncogenes syner-
gize with the innate immune response—
not the bacterially mediated damage—to 
induce tumor cell invasion and dissemi-
nation to distant sites. Interestingly, 
our novel gene expression analysis of 
Drosophila hemocyte-like cells suggests 
commonalities with oncogenic hindgut 
cells in the innate immune response and 
the expression of matrix metalloprotein-
ase 1 in response to bacterial infection.

The intestinal tissue is easily accessible 
by pathogens, therefore it is structured 
to provide a physical barrier between the 
body and the environment. Its cells are 
held together with junctions that prevent 
the easy invasion of a potential patho-
gen. The epithelial surface is covered by 
a mucus layer, which protects the gut 
from harmful microbes and substances. 
In insects there is an additional layer, 
the peritrophic membrane that covers 
and further protects the intestinal cells.1 
Nevertheless the mammalian and insect 
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intestine hosts a variety of microbiota 
that when imbalanced via dietary or 
genetic changes can lead to gastrointesti-
nal diseases and even cancer.2-4 However, 
despite the fact that bacterial components 
are well known to induce inflammation, 
which in turn is linked to cancer, the role 
of bacteria in carcinogenesis has not been 
demonstrated conclusively.3-5 Our stud-
ies have addressed this issue through the 
utilization of Drosophila melanogaster, 
the common fruit fly, as a model organ-
ism for bacterially-mediated intestinal 
inflammation and cancer. Primarily we 
assessed the effect of infection and onco-
gene expression in the rapidly divid-
ing cells of the adult midgut. Recently, 
we also assessed the effect of intestinal 
infection and oncogene expression in the 
quiescent progenitor and mature cells 
of the adult hindgut. The fast turnover 
of midgut cells and the quiescent stem 
cells of the hindgut bear significant 
similarities with the mammalian intesti-
nal crypt stem cells, some of which are 
rapidly dividing while other are quies-
cent.6 The most important advantage in 
using Drosophila’s gut as a model for the 
study of human intestinal pathophysi-
ology is the significant conservation 
between Drosophila and mammalian 
intestinal pathophysiology and regenera-
tion via conserved signaling pathways.6 
In addition, various human intestinal 
pathogens and changes in microbiota 
cause intestinal pathology in flies and 
in humans.6 Moreover we now have a 
variety of genetic tools and markers to 
study the role of bacterial pathogenic-
ity in the intestinal tract of Drosophila 
melanogaster.7
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pathology. Moreover, mild increase of 
JNK activation level synergizes with 
Ras1 oncogene to induce supernumer-
ary stem cells.8 All these findings suggest 
that virulent bacterial infection induces 
stem cell proliferation in the midgut, a 
result of mature cell stress and apoptosis 
by the JNK pathway in order to preserve 
intestinal homeostasis.9 Together with 
genetic predisposition, a synergism is 
evident where bacterial infection triggers 
cell polarity, contact and differentiation 
changes that lead to intestinal dysplasia.6

Innate Immune Response as a 
Driver of Hindgut Cell Invasion 

and Dissemination

Drosophila infection can also inflict dis-
ease in the hindgut of oncogenic flies. 
Indeed in our recent study we developed 
an adult Drosophila model of tumor cell 
invasion expressing the Ras1 oncogene, 
Ras1V12, in the mature hindgut entero-
cytes and their progenitors.11 We noticed 
that strong expression of Ras1V12 for seven 
days induced the delamination of hind-
gut cells through the basal side of the 
epithelium. Additional analysis showed 
that high levels of matrix metalloprotein-
ase 1 (MMP1) expression in the Ras1V12 

gene, puckered, we found that the JNK 
pathway is induced in PA14-infected 
mature midgut cells and not in the stem 
and progenitor cells, which seem to be 
resistant to apoptosis and JNK pathway 
activation.8 Additional testing revealed 
that enterocyte stress and apoptosis 
and not the innate immune response to 
infection induces stem cell proliferation  
(Fig. 1A). To examine the relation-
ship and cooperation between infection 
and oncogenic predisposition we have 
expressed an oncogenic form of the Ras1 
gene in the midgut stem cells and pro-
genitors. Ras1 is a Drosophila ortholog of 
mammalian K-Ras, which is commonly 
mutated in human colorectal cancers.10 
Under low Ras1 ongogene expres-
sion, the midgut tissue and stem cells 
appeared normal. Bacterial infection of 
these animals however induces intesti-
nal dysplasia, typified by multilayering 
of the intestinal epithelium, changes in 
the apicobasal polarity and abnormal dif-
ferentiation of cells, many of which have 
irregular nuclei and express progenitor 
cell markers, while endoreplicating.8 
Importantly, clearance of the bacteria did 
not reverse these phenotypes, as opposed 
to wild type flies, suggesting that geneti-
cally predisposed stem cells retain their 

Bacterially-Induced Enterocyte 
Damage as a Driver of Midgut 

Regenerative Inflammation and 
Intestinal Dysplasia

Our first study focused on the middle 
part of the Drosophila gastrointestinal 
tract, the midgut. We studied the intes-
tinal cell changes after infection with 
Pseudomonas aeruginosa, an opportu-
nistic human pathogen.8 We used two 
strains of P. aeruginosa, one virulent 
(PA14) and one avirulent (CF5), to 
investigate if virulence rather than the 
innate immune response can potentiate 
the induction of intestinal tumor forma-
tion. The results revealed that only the 
virulent PA14 strain induces damage 
and apoptosis of the mature intestinal 
cells, called enterocytes.8 To combat this 
effect, the intestinal stem cells oper-
ate in a compensatory mechanism to 
induce stem cell proliferation resulting 
in tissue hyperplasia, which is reversible 
after bacteria clearance. One factor that 
stimulates stem cell proliferation is pyo-
cyanin, a toxin secreted by P. aeruginosa. 
To investigate the pathway responsible 
we investigated a usual suspect of apop-
tosis, the JNK pathway.9 Monitoring the 
expression of the JNK pathway reporter 

Figure 1. Mechanisms of cancer-like phenotypes upon bacterial infection in the midgut and hindgut. (A) Midgut stem cell compensatory mechanism 
upon enterocyte loss and its perturbation upon Ras oncogene expression. Enterocyte apoptosis and cytokine Upd3 expression - driven by JNK - lead 
to a compensatory mechanism that preserves intestinal homeostasis through proliferation of intestinal stem cells (ISCs) and their progeny, the entero-
blasts (EB). Ras oncogenic predisposition leads to supernumerary but aberrant ISCs and EBs and a dysplastic tissue. (B) Hindgut model of cell invasion 
and dissemination. An immune response to intestinal bacteria induces the Imd pathway and activates JNK. Induction of JNK synergize with Ras1V12 
oncogene to degrade the basement membrane (laminin layer) by MMP1, facilitating hindgut cell invasion and dissemination in the abdominal cavity.
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Similarities between midgut and 
hindgut in the induction of inflamma-
tion and cancer-related phenotypes. In 
the midgut and the hindgut cancer-like 
phenotypes are apparent upon Ras1 onco-
gene expression. Indeed, Ras1 oncogene 
induces progenitor cell proliferation in 
both tissues, which results in tissue over-
growth. In addition, bacterial infection 
induces the JNK pathway in midgut and 
hindgut enterocytes, which in turn con-
verges with Ras1 oncogene signaling to 
induce cancer-like phenotypes. Thus our 
findings reveal a synergistic effect between 
bacterial infection and genetic predisposi-
tion in carcinogenesis of both the midgut 
and the hindgut. In addition, the Wg and 
the JAK/STAT pathway are involved in 
the maintenance of both the midgut and 
the hindgut stem cells.18,20,21 The Upd3 
cytokine that induces the JAK/STAT 
pathway is playing a major role in midgut 
cell inflammation, sending a signal from 
the stressed or dying enterocyte to ISCs20 
(Fig. 1A) and it would be interesting to 
see if it plays a similar role in the hindgut.

Differences between midgut and 
hindgut in the induction of inflamma-
tion and cancer-related phenotypes. 
Despite these similarities, the bacterial 
factors and the host mechanisms leading 
to cancer-related phenotypes differ in the 
two intestinal tract regions (Fig. 2). In the 
midgut, the ability of bacteria to be viru-
lent and induce damage of mature entero-
cytes is responsible for the induction of a 
regeneration mechanism that stimulates 
ISCs to proliferate and maintain intesti-
nal homeostasis by replenishing entero-
cyte loss.8 The mechanism is different in 
the Drosophila hindgut, where bacteria 
infection does not induce proliferation 
of hindgut cells.11 In the midgut virulent 
bacteria damage and induce apoptosis 
of enterocytes, which in turn signals to 
ISCs to proliferate. In Ras1 oncogene 
expressing midguts bacterial infection 
induces ISC proliferation and abnor-
mal differentiation forming dysplastic 
tumors characterized by alterations in 
cell polarity and tissue architecture, but 
they never invade basally or disseminate 
to other tissues.8 Upon hindgut infection 
though, Ras1 oncogene expression results 
in a different outcome.11 Challenged flies 
exhibit dissemination of hindgut cells 

lmd-dTab2-dTak1-JNK but not the Imd-
dDredd-Rel branch of the innate immu-
nity synergises with Ras1V12 to induce 
enterocyte dissemination. Importantly, 
when Ras1V12 expression is kept at low lev-
els enterocyte dissemination is not evident 
in uninfected flies. Under these condi-
tions infection can induce and determine 
the onset of hindgut cell dissemination. 
In addition, clearance of P. aeruginosa 
reduced dissemination to the same lev-
els as non-infected flies suggesting the 
requirement of constant infection in order 
to potentiate hindgut cell dissemination.

Commonalities and Differences 
Between Oncogenic Midgut and 
Hindgut in Tumor Formation and 

Tumor Cell Invasion Upon  
Intestinal Infection

Our studies investigated the effect of bac-
terial infection in genetically predisposed 
animal models (Fig. 2). The Drosophila 
midgut has been used in a number of 
studies to model actively dividing intes-
tinal stem cells (ISCs) and their response 
to intestinal drugs and microbes.6 In this 
tissue damage is prominent and leads to 
regeneration via ISC proliferation and dif-
ferentiation, which replenish intestinal 
cells in order to maintain tissue homeosta-
sis.16,17 When microbes or drugs damage 
the intestinal midgut, various signaling 
ligands are secreted, which induce nearby 
ISC proliferation and differentiation.6 
ISCs are dispersed throughout the adult 
Drosophila midgut epithelium.16 This 
however is not the case in the Drosophila 
hindgut. Hartenstein and colleagues have 
identified a narrow segment of cells in 
the anterior hindgut, the hindgut prolif-
eration zone, where ISCs reside.18 Recent 
evidence shows that this zone contains 
quiescent stem cells, which can prolifer-
ate and generate new cells in response 
to cell loss from tissue damage.19 Thus, 
Drosophila hindgut can be used to pro-
vide information in studies of intestinal 
quiescent stem cells and the role of onco-
genes and immune response to infection. 
Hence, we assessed the actively dividing 
and quiescent stem cell bearing tissues 
of the Drosophila midgut and hindgut, 
respectively, to investigate cancer-related 
phenotypes upon bacterial infection.

hindgut epithelium could be responsible 
for the basement membrane degradation 
i.e laminin layer disruption in the gaps 
where hindgut epithelia cells and their 
cytoplasmic protrusions were mislocalized 
(Fig. 1B). Furthermore, we detected that 
Ras1V12 activated hindgut cells dissemi-
nate away from the hindgut to form foci 
in the abdominal cavity marked by the 
expression of hindgut enterocyte marker 
byn-GAL4-UAS-GFP. We devised a 
method to quantify the disseminating foci 
per fly, rank flies in categories of 0, 1–3, 
3–10 and > 10 foci per fly and statistically 
analyze the percentage of flies in each cat-
egory per condition. Importantly, the foci 
accumulation increase in penetrance and 
severity over time, suggesting that hind-
gut cell dissemination rate is higher than 
their death rate. Moreover, suppression of 
the JNK signaling as well as MMP1 activ-
ity reduced dissemination of Ras1V12 hind-
gut cells.

To test if bacterial infection cooper-
ates with genetic predisposition to induce 
dissemination of hindgut cells, we fed 
flies expressing Ras1V12 at low levels with 
a virulent and an avirulent strain of  
P. aeruginosa. Both strains potentiated 
hindgut cell dissemination to a similar 
extend, revealing that an immune response 
rather than virulence is important for dis-
semination. To examine the mechanism 
of this synergism we inhibited the JNK 
pathway activity both genetically and 
pharmacologically, but also we induced 
JNK in the hindgut cells. We found that 
JNK induces MMP expression and is 
necessary for hindgut cell invasion.12,13 
In addition, we observed that the JNK 
pathway reporter puckered was induced 
higher in bacterially fed Ras1V12 express-
ing flies than in uninfected controls. Since 
innate immunity against bacteria is also 
regulated by the Drosophila NF-kappaB 
pathway Immune Deficiency (Imd)14,15 we 
co-expressed Ras1V12 and Imd in hindgut 
cells and found a robust increase in MMP1 
expression and enterocyte dissemination. 
On the contrary, co-expression of Ras1V12 
and activated Rel, the NF-kappaB factor 
that is downstream of Imd, did not syn-
ergize to induce enterocyte dissemination. 
Epistasis analysis in infected flies via RNA 
interference and loss of function alleles of 
the Imd pathway genes revealed that the 
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Ras-Ongogenic Hindgut Cells 
Share Commonalities with  

Hemocyte-Like Cells in Response 
to Bacterial Infection

Bacterial infection facilitates Ras-activated 
hindgut cells invasion and dissemina-
tion. This is reminiscent of the blood cell 
migratory potential. Thus Ras-activated 
hindgut cells and the blood cells might 
use common gene and cellular responses 
to infection in order to migrate.

Blood cells circulate in the body sur-
veying the invading microorganisms and 
tissue damage. Microbes and damaged 
tissues release innate immunity stimu-
lants, which lead to the recruitment of 
blood cells from surrounding tissues and 
the circulation to the infected or damaged 
tissue.26 One step in this process is the 
cytoskeleton remodelling where the cell 
polarizes and extents pseudopodia by actin 
polymerisation in order to move along sur-
faces. These protrusions are mainly regu-
lated by the Rho GTPases.27 Attachment 
to adjacent cells or the extracellular matrix 
involves another type of proteins called 
integrins, which stabilize the cells by focal 
adhesions and further activate migration 
related signals.28 Eventually blood cells can 
migrate through pre-existing extracellular 
matrix pores, a method called ameboid, 
or utilize proteases such as matrix metal-
loproteinases (MMPs) to degrade the 
junctions between cells or the extracelllar 
matrix, where actin filaments engage with 
contractile proteins to move the cell in a 
mesenchymal migration mode.29 When 
blood cells arrive at the site of infection, 
a number of immune processes can occur, 
like phagocytosis and encapsulation of 
invading pathogens.30

When Ras1 oncogene is expressed in 
the hindgut cells we notice many of them 
breaking the bonds with the adjacent epi-
thelial cells, producing cytoplasmic exten-
sions, having irregularly shaped nuclei and 
producing MMPs that degrade the extra-
cellular matrix. Then they move through 
the hindgut muscle layer and onto the 
trachea cells and eventually in other tis-
sues of the fly body. Intestinal infection 
with P. aeruginosa plays a major role in 
facilitating this process by inducing the 
innate immune response. Interestingly, 
P. aeruginosa also induces MMPs in 

Synergism Rather Than  
Antagonism Between Ras and Imd 

Pathways in the Hindgut

Interestingly, a recent study demonstrated 
that the Ras/MAPK signaling pathway 
represses the Imd pathway activity in the 
midgut, fat body and hemocytes.23 It shows 
that Ras/MARK activation regulates the 
expression of Pirk, a negative regulator of 
the Drosophila lmd pathway.24 Our investi-
gation in the hindgut model gives a differ-
ent picture since bacterial infection in the 
presence of Ras1 oncogene strongly induces 
cecropin expression, an antimicrobial 
peptide regulated by the Imd pathway.25 
Additional experiments further demon-
strate the synergistic effect of Imd and Ras, 
where RNA interference and loss of func-
tion alleles of Imd pathway components 
suppress hindgut cell invasion and dissemi-
nation induced by bacterial infection.11 A 
simple explanation for this discrepancy 
might be that the interaction between 
Ras and Imd pathways is tissue specific. It 
might be for example, that Pirk does not 
respond to Ras signaling in this tissue.

away from the hindgut and form foci of 
one or more cells onto other tissues e.g., 
the abdominal cavity trachea, fat body, 
nephrocytes and epidermis. Moreover, 
hindgut cells invade basally because they 
express MMP1 that degrades the extra-
cellular matrix.11 This effect was visual-
ized with both virulent and avirulent 
bacterial strains indicating that immune 
response rather than bacterial virulence 
is the mechanism utilized by the bacteria 
to promote hindgut cell invasion. In fact 
virulent bacteria can induce proliferation 
of the midgut cells, but they never induce 
proliferation of hindgut cells.11 On the 
contrary innate immune response to P. 
aeruginosa is not prominent in the midgut, 
but it is in the hindgut.11 Investigation of 
the major innate immune pathway Imd,22 
shows that bacterial infection induces 
this pathway leading to JNK and MMP1 
activation and hindgut cell invasion and 
dissemination (Fig. 1B). This can be fur-
ther supported by previous findings on 
Drosophila imaginal disc cells and Ras 
cooperation with JNK in the induction 
of invasive tumors.13

Figure 2. Drosophila midgut and hindgut comparison upon bacterial infection. A synergy is ap-
parent between bacterial infection and Ras oncogene in both midgut and hindgut. In the midgut, 
the ability of virulent bacteria to provoke damage stimulates ISC mitosis (depicted as increased 
regeneration in the posterior as opposed to the anterior midgut) to maintain intestinal homeosta-
sis. When ISCs are genetically predisposed (via Ras oncogene expression), they multiply aberrantly 
inducing intestinal dysplasia. However, the hindgut does not exhibit a similar regeneration mech-
anism upon infection. When progenitor and mature enterocytes are genetically predisposed (via 
Ras oncogene expression), bacterially-driven innate immune response induces invasion and dis-
semination of aberrant enterocytes into the abdominal cavity. Despite the differences, these two 
models describe a synergism of bacteria and oncogenes to induce cancer-related phenotypes.
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play key roles in cell migration e.g., by 
helping cells to move through tissues and 
breaking down the extracellular matrix.33 
In addition, the S2 responses show induc-
tion of, calpain A, RhoGEF3, Rhophillin, 
wunen, wunen 2, sulphated, dally and other 
cytoskeleton and cell migration related 
genes. Further microarray studies of Ras-
activated hindgut cells under bacterial 
infection could uncover more similarities 
between hemocytes and invading epithe-
lial cells. Nevertheless, these data suggest 
that MMP1 and other innate immunity 
controlled genes could be responsible for 
the synergism of bacteria with blood cells 
and Ras1-activated hindgut cells that 
promotes their invasion and migration 
properties.
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groups of genes and signaling pathways in 
response to bacterial infection and perti-
nent to their migration properties (Table 
1). For example, in S2 cells transcriptional 
targets of the Imd and the JNK pathway 
are activated, such as the peptidoglycan 
recognition proteins PGRP-LB, PGRP-LF 
and PGRP-SB, the antimicrobial peptides 
Attacins, Cecropins and Drosocin, the 
Imd pathway component rel and the JNK 
pathway genes scarface and jun. Similarly 
in the Ras-activated hindgut, the Imd-
JNK pathway is activated upon infection 
leading to the expression of the antimicro-
bial peptide Cecropin. Furthermore, the 
inflammatory pathway JAK/STAT is acti-
vated in the hindgut progenitor cell zone 
and its ligand, Upd3, is activated in the 
infected S2 cells.18

A striking similarity though is the 
induction MMP1, which is induced by 
20-fold in S2 cells in response to infec-
tion and is strongly activated in the Ras-
activated hindgut. Induction of MMP1 is 
observed as early as 30 min in S2 cells and 
can last at least 3 h. Another metalloprote-
ase, severas, is also induced 2 fold by infec-
tion in S2 cells. Matrix metalloproteases 

the mammalian lung epithelia, while 
Helicobacter pylori can induce MMPs 
and the migration of gastric tumorous 
epithelial cells via innate immune path-
way genes.31 Moreover, H. pylori induces 
MMPs in macrophages and various bac-
teria have been shown to induce MMPs.31 
Thus it appears that bacterially-mediated 
innate immune response can trigger 
MMP expression in blood cells and onco-
genic epithelial cells alike.

Expression profiling of hemocyte-like 
cells and parallels with Ras-activated 
hindgut cell gene expression. To study 
this inflammatory mechanism of cells 
with the potential to migrate we investi-
gated the gene expression of Drosophila 
S2 cells, a hemocyte-like cell line with 
phagocytic properties in response to bac-
terial challenge. We analyzed a previously 
published genome wide data set32 (Gene 
Expression Omnibus Database accession 
# GSE31564) focusing on the responses of 
S2 cells to a mixture of gram negative and 
gram positive bacteria at 30, 60, 90 and 
180 min post challenge. From this analysis 
it becomes apparent that hemocytes and 
Ras-activated hindgut cells share common 

Table 1. Genes and signaling pathways induced in both Ras-activated hindgut cells and S2 cells

Process/Tissue Ras-Hindgut Hemocyte

Proteases MMP1 MMP1, Sras

Imd pathway Imd, Tab2, Tak1, Cecropin Relish, PGRP-LB, PGRP-SB1, Cecropin, Attacin, Drosocin

JNK pathway JNK, puckered Scarface, Jun

JAK/STAT pathway STAT gene reporter Unpaired 3

Cytoskeleton/Migration Cytoplasmic extensions, invasion, dissemination calpainA, RhoGEF3, Rhophilin, wunen, wunen 23, sulphated, dally

Analysis of the expression data from hemocytes following challenge with bacteria have provided a panel of various induced genes and signaling path-
ways. S2 cell genes expressed 2 to 50-fold at 90 min of bacterial challenge include the induction of Imd, JNK and Jak/Stat pathway genes. This is similar 
to the induction of these pathways in oncogenic hindgut cells. Strikingly, matrix metalloptoteinase 1 (MMP1) and severas (sras) shows a prominent 20-
fold and 2-fold induction in S2 cells respectively. MMP1 is also expressed highly in the hindgut cells. In addition, the migratory phenotypes of hindgut 
cells can be paralleled to the cytoskeleton and cell migration gene expression of S2 cells.
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