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Drosophilamelanogaster, thevinegar fly, has beenutilised as

a genetic amenable model organism for more than 100

years. In recentyears, itsuse inmodellinghumancancerhas

been greatly expanding. In this article, an update of the

recent advances in Drosophila research towards under-

standing cancer development is provided. Genetic analysis

in Drosophila has provided considerable insight into the

mechanisms controlling tissue growth and cell invasion/

metastasis during tumourigenesis, as well as the import-

ance of stem cells in tissue regeneration and cancer, and

how genes cooperate in tumourigenesis. Several evo-

lutionarily conserved signalling pathways are emerging as

playing key roles in many of these processes, including the

Jun kinase, Notch, Wnt, Jak/Stat and the Hippo tissue

growth control pathway. Drosophila has also been specific-

ally utilised to model certain human cancers, by expression

of the human versions of cancer-causing genes, including

multiple endocrine neoplasia type 2, glioblastoma and

acute myeloid leukaemia. Finally, the use of Drosophila as a

vehicle for anticancer drug discovery is beginning to make

an important impact in combating human cancer.

Introduction

Cancer is a complex set of diseases, involving the cooper-
ation of several cancer-causing genes, oncogenes (gain of

function cancer-causing genes) or tumour suppressors (loss
of function cancer-causing genes). For a normal cell to
develop into ametastatic tumour, the cellmust acquire new
properties to enable it to overcome tissue constraints lim-
iting its expansion, including evasion of cell death (apop-
tosis), continued cell growth and proliferation, blockage to
differentiation, acquisition of invasive/metastatic behav-
iour, increased angiogenesis, maintenance of telomeres to
enable immortalisation, changes in cell polarity (cell
shape), changes in metabolism and evasion of the immune
system – the so-called hallmarks of cancer (reviewed by
Hanahan and Weinberg, 2011). See also: Cancer; Onco-
genes; Oncogenic Kinases in Cancer; Tumour Suppressor
Genes
Over the past 50 years, Drosophila melanagaster, the

vinegar fly has emerged as a useful system to model
tumourigenesis (reviewed by Brumby and Richardson,
2005).Drosophila is a genetically amenable system inwhich
decades of researchhas identifiedmanymutations affecting
cancer-causing genes. From the pioneering work of Eliza-
beth Gateff, Bernard Mechler, Peter Bryant, Allen Shearn
and other researchers in the 1960–1990s, many mutations
were discovered that led to the formation of tumours in
Drosophila (reviewed by Brumby and Richardson, 2005;
Stefanatos and Vidal, 2011).Many of these cancer-causing
genes affect signalling pathways important for cell growth
and proliferation, survival, differentiation or cell migra-
tion. From these studies, two main classes of cancer-caus-
ing mutations have been defined: hyperplastic – those that
result in tissue overgrowth, but maintain cell shape and
tissue morphology, and differentiate normally, or neo-
plastic – those that result in tissue overgrowth, loss of cell
polarity and tissue morphology and fail to differentiate.
Most of the hallmarks of human cancer can be modelled
in the fly, and the vast majority of cancer-associated genes
are conserved fromDrosophila to humans. However, there
are limitations in studying tumourigenesis in Drosophila
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because flies have an open circulatory system, different
telomerase maintenance system and short life span that
does not mirror the age-related aspects of human cancers.
Despite these limitations, through the use of genetic screens
and clonal analysis, many new oncogenes and tumour
suppressors have been discovered, which has revealed new
insights into the process of tumourigenesis. In the previous
article (Brumby and Richardson, 2008), the power of
Drosophila genetics in modelling human cancer was sum-
marised. In this article, an update of the field is provided,
highlighting new emerging areas in modelling human
cancer in Drosophila: stem cells in cancer, cell competition
and the tumour microenvironment, cooperative tumour-
igenesis and heterogeneity in cancer, humanising Dros-
ophila tomodel specific human cancers and utilising flies to
screen for anticancer drugs.See also:Drosophila as aModel
for Human Diseases; Drosophila as an Experimental
Organism for Functional Genomics

Tissue Growth and Cancer

The size and structure of a tissue is determined by con-
trolled proliferation, apoptosis and differentiation, which
are regulated during development by various signalling
pathways. Perturbation of these signalling pathways leads
to increased cell proliferation, survival and a blockage to
differentiation and contributes to tumourigenesis
(reviewed by Brumby and Richardson, 2005). Mammalian
signalling pathways are highly conserved in Drosophila,
and as inmammalian systems, aberrant upregulation of the
Wnt (Wingless, Wg), Hedgehog (Hh), TGF-b (Dec-
apentaplegic, Dpp), Notch, Epidermal growth factor
receptor (EGFR)-Ras, PI3K, Jak/Stat pathways or
downregulation of the Hippo negative tissue growth con-
trol pathway can contribute to tumourigenesis by pro-
moting tissue growth. In most cases deregulation of these
pathways only leads to hyperplastic tissue growth, where
tissue structure and differentiation is maintained; however,
strong upregulation of the Notch or Wingless (Wg) path-
way in the developing neural epithelium of the Drosophila
larval eye disc leads to a block in differentiation and cell
morphology changes (reviewed by Brumby and Richard-
son, 2005). The effect of deregulation of these pathways on
tissue growth can also be tissue and stage specific. For
example, at the dorsal–ventral boundary of the developing
third instar larval wing epithelium, Wg and Notch nor-
mally inhibit cell proliferation (Herranz et al., 2008) and
Dpp inhibits proliferation in the morphogenetic furrow of
the developing eye, whereas they promote proliferation
when upregulated in other developmental contexts
(reviewed by Brumby and Richardson, 2005). See also:
Apoptosis and the Cell Cycle in Human Disease; Apop-
tosis: Molecular Mechanisms; Caspases and Cell Death;
Cell Cycle Checkpoint Genes and Cancer; Cell Cycle:
Regulation by Cyclins; Drosophila Eye Development and
Photoreceptor Specification; Drosophila Patterning:
Delta–Notch Interactions; Drosophila Retinal Patterning;

Hedgehog Signalling; Signal Transduction Pathways in
Development: the JAK/STAT Pathway; Signal Transduc-
tion Pathways in Development: Wnts and their Receptors;
Signal Transduction: Overview; Transforming Growth
Factor Beta: Role in Cell Growth and Differentiation
Of all these signalling pathways, the Hippo negative

tissue growth pathway is emerging as a critical player in
many cases of tissue overgrowth in mammalian and
Drosophila tumourigenesis (reviewed by Grusche et al.,
2010). Central to this pathway is the transcriptional coac-
tivator Yorkie (YAP and TAZ in mammalian cells) that is
negatively controlled by the Hippo protein kinase cascade.
In Drosophila, Yorkie (Yki) binds to the transcriptional
enhancer activators domain-family transcription factor
Scalloped (Sd) and upregulates the expression of cell
growth, proliferation and survival genes, thereby pro-
moting tissue growth. Recent research in Drosophila has
shown that impairment of this pathway results in tissue
overgrowth in many epithelial tissues, including the
developing larval eye neural epithelium, wing epithelium
and the brain neural epithelium (Grusche et al., 2010;
Reddy et al., 2010), and plays an important role in com-
pensatory proliferation in the regeneration of tissues after
damage (Grusche et al., 2011; Staley and Irvine, 2010; Sun
and Irvine, 2011) (see below).
The Hippo pathway also regulates other signalling

pathways, such as Wg, Dpp, Hh and Jak/Stat, by affecting
receptor signalling through modulation of Glypican
expression (Baena-Lopez et al., 2008) or by upregulation of
the ligands Wg and Upd (Jak/Stat pathway ligand),
thereby promoting overgrowth of adjacent tissues
(Ohsawa et al., 2012). Similarly, other pathways, such as
Wg, can also promote tissue growth in the context of wing
development via downregulationofHippopathway (Zecca
and Struhl, 2010). The Hh and Dpp pathway also
cooperate with impaired Hippo pathway signalling via
upregulation of the bantam microRNA, which promotes
cell survival (Kagey et al., 2012; Oh and Irvine, 2011).
Furthermore, mutants in cell polarity or actin cytoskeletal
regulators upregulate Yki activity to drive tissue over-
growth (see below) (reviewed by Grusche et al., 2010;
Richardson, 2011). Thus, deregulation of the Hippo
pathway plays a central role in tissue overgrowth in
tumourigenesis; however, in most cases this growth is
restrained by the normal programme of differentiation.
See also: MicroRNAs and Their Role in Cancer; Micro-
RNAs in Cancer

Cell Polarity and Cancer

Epithelial cells are polarised along their apico–basal axis
enabling the formation of specialised membrane domains
and junctional complexes (adherens junctions and septate
junctions) important for cell–cell contact and signalling.
Key to the establishment and maintenance of apico–basal
polarity is the antagonistic interactionbetween the Scribble
polaritymodule and the atypical protein kinase C (aPKC)-
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Par and Crumbs (Crb) modules (reviewed by Elsum et al.,
2012). The Scribble polarity module components, Scribble
(Scrib), Discs-large (Dlg) and Lethal-giant-larvae (Lgl),
are neoplastic tumour suppressors in Drosophila; loss of
function of which within the whole organism leads to loss
of cell polarity, disruption to tissue architecture, differen-
tiation defects and tissue overgrowth. For these reasons,
Scrib, Dlg and Lgl are referred to as junctional neoplastic
tumour suppressors. Interestingly, loss of Lgl or activation
of aPKC or Crb (which act antagonistically to Lgl) in eye
disc clones leads to ectopic proliferation and upregulation
of the antiapoptotic gene, Diap1, due to the Hippo path-
way impairment, without disruption to cell polarity
(Grzeschik et al., 2010a). This indicates thatLgl, aPKCand
Crb can act directly to regulate the Hippo pathway,
whereas knockdown of Dlg or Scrib could only down-
regulate the Hippo pathway when apico–basal polarity
was lost (Doggett et al., 2011; Grzeschik et al., 2010a). As
discussed above, impairment of the Hippo pathway results
in clonal overgrowth; however, Yki also drives expression
of the apical polarity determinants Crb and aPKC and
results in apical hypertrophy, which can then contribute to
the loss of polarity (reviewed by Grzeschik et al., 2010b).
The polarity disruption that occurs from mutation in cell
polarity regulators results in not only tissue overgrowthbut
also invasive/metastatic properties (see below). The junc-
tional neoplastic tumour suppressors are conserved in
mammals, and their misregulation is linked to cancer
(reviewed by Elsum et al., 2012). See also: Adherens
Junctions; Cell Junctions
Another group of neoplastic tumour suppressors are

those of the endocytic class, which regulate vesicular traf-
ficking and include Rab5, Syntaxin 7 (Avalanche) and
endosomal sorting complex required for transport
(ESCRT) proteins such as Vps25 and Tsg101 (Ept)
(reviewed by Vaccari and Bilder, 2009). When genes in this
group of tumour suppressors are mutated within whole
epithelial tissues, aberrant cell signalling and cell polarity
loss occurs, resulting in massive neoplastic tumours. In
ESCRT (vps25 or ept) mutant clones, the trafficking of the
endocytosed Notch receptor to the lysosome (where it is
normally degraded) is impaired, leading to aberrant Notch
signalling. The aberrant Notch signalling in vps25 mutant
clones leads to noncell autonomous overgrowth (see
below). Insight into howmutants in endocytosis regulators
lead to tissue overgrowth has been recently revealed; as
with cell polarity regulator mutants, endocytosis mutants
also drive overgrowth of the mutant tissue by deregulation
of the Hippo pathway (Robinson andMoberg, 2011). This
study revealed that the stress-response Jun kinase (JNK)
protein cascade was upregulated and required for acti-
vation of Yki, which also occurs during tissue regeneration
in theDrosophilawing and adult midgut (Karpowicz et al.,
2010; Staley and Irvine, 2010; Sun and Irvine, 2011).
However, the mechanism by which JNK is activated and
whether an endocytic defect or the polarity loss and aber-
rant Lgl/aPKC or Crb function is the primary cause of the
impairment toHippo signalling is a key question for future

research. See also: Clathrin-coated Vesicles and Receptor-
mediated Endocytosis; Protein Targeting

Stem Cells, Differentiation and
Cancer

Stem cells are important for tissue homoeostasis, main-
tenance and self-renewal; however, in mammalian cancer
development, aberrant stem cell proliferation and differ-
entiation are thought to initiate and drive tumourigenesis
(reviewed by Hanahan and Weinberg, 2011). Studies in
Drosophila neural stem cells, which give rise to the adult
central nervous system, has served as a model system for
studying the consequences of mutations in stem cell
populations. In addition studies of the Drosophila midgut
intestinal stem cells, which constantly replenish epithelial
cells of the digestive tracts, have demonstrated that there
are many similarities between the regulation of stem cell
proliferation and differentiation between mammals and
flies. These studies have revealed that stem cell divisions
and differentiation need to be carefully controlled in order
to prevent tumourigenesis. See also: Cancer Stem Cells –
Basic Concepts; Cancer Stem Cells; Stem Cell Niches in
Drosophila
Drosophila neural stem cells, which produce the adult

central nervous system, undergo asymmetric division; the
large daughter cell – the Neuroblast (NB) – self-renews,
whereas the smaller daughter cell – the ganglionmother cell
(GMC) – differentiates (reviewed by Chang et al., 2012).
Self-renewing asymmetric division ofDrosophilaNBs relies
on the tight coordination of two processes: first, the dif-
ferential sorting of several protein complexes, which gen-
erate cortical asymmetry within NBs, which relies on cell
polarity proteins (see above), and second, the correct
orientation of the plane of cytokinesis that leads to the
unequal segregation of cell fate determinants such as
Numb (a negative regulator of Notch signalling), Brat
(homologue of human TRIM-NHL proteins) and Pros-
pero (homologue of human PROS1) between the daughter
cells. Disruption to either process leads to tumour growth
in Drosophila, either through direct expansion of the NB
progenitors, transformation of one of the daughter cells
(GMC) into NBs, or retention of the NB in a transient
amplifying state (reviewed by Chang et al., 2012). These
immortalised tumours do not obey signals to differentiate;
when brain tumour fragments were transplanted into the
abdomen of wild-type adult flies, the fragments overgrew,
metastasised and eventually killed the hosts, exhibiting
many hallmarks of human cancers (reviewed by Chang
et al., 2012). Recently, transcriptional profile studies
comparing wild type with tumourous brains as well as NBs
with neurons have shed light on the transcriptional net-
works that regulate neural stem cell division and the pro-
cesses that regulate stem cell differentiation. An analysis of
the transcriptome of tumours generated by mutations in
the l(3)mbt gene, which encodes a chromatin regulator,
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revealed that a large number of germline genes were ecto-
pically expressed and knockdown of these germline genes
suppressed tumourigenesis (Janic et al., 2010). This sug-
gests that ectopic germline traits in this context aids tumour
fitness and survival and raises the possibility that aberrant
expression of germline genes may also be relevant in the
context of human cancers. In the past five years, a number
of technical advances, including TU-Tagging of RNA and
FACS sortingNBs from the surrounding neurons and glia,
have allowed discovery of novel neuroblast-specific genes
(Berger et al., 2012; Miller et al., 2009; Mummery-Widmer
et al., 2009). These neural stem cell-specific factors, con-
firmed by RNAi knockdown, have proven to be important
in the regulation of cytokinesis, cell growth and differen-
tiation in the Drosophila stem cell population and
tumourigenesis. Indeed, from this analysis, klumpfuss, a
positive regulator of theNotch pathway, was discovered as
being oncogenic when overexpressed in NBs, giving rise to
large tumour masses capable of continued tumour growth
when transplanted into wild-type adult flies (Berger et al.,
2012; Xiao et al., 2012).
Another intensely studied stem cell population, the

intestinal stem cells (ISC), is located in the endodermal
portion of the Drosophila intestine, termed the midgut
(reviewed by Jiang andEdgar, 2012). Themidgut stem cells
adhere to the visceralmuscles that express several potential
niche factors thatmaintain ISCgrowth including:Wingless
(Wg,Wnt), Vein (Vn,EGFR ligand) anddIlp3 (insulin-like
peptide). Signalling pathways that are essential tomaintain
ISC fate inmammals, such asWnt,Notch andHippo, have
all been shown to play roles in ISC maintenance and are
essential for effective intestinal regeneration following
injury or damage caused by enteric bacterial infection in
flies (reviewed by Jiang and Edgar, 2012). Cytokines,
related to leptins and interleukins (Upd) and ligands for the
EGF receptor (Spi, Krn and Vn), have also been shown to
act as growth, mitogenic and survival factors for Dros-
ophila intestinal stem cells. These ligands enhance pro-
liferation during the repair process after intestinal damage,
and the activation of negative feedback inhibitors then
downregulate the response once repair is complete. This
feedback mechanism between differentiated cells and the
ISCs ensures replacement of spent cells by activation of
stem cells. The disruption of this process can contribute to
tumourigenesis because ectopic activation of Jak/Stat,
EGFR signalling or downregulation of theHippo pathway
results in differentiation defects and overproliferation of
the stem cells, leading to midgut hyperplasia (Jiang and
Edgar, 2012; Karpowicz et al., 2010; Staley and Irvine,
2010).
A newly emerged area of Drosophila stem cell biology is

the effect of nutritional input on stemcell proliferation. ISC
growth and division respond to increased insulin signalling
on feeding, to ensure expansion of the stem cell pool and
increase size of the whole gut in response to increased
nutrition. However, starvation, which reduces insulin sig-
nalling, has the opposite effect, allowing shrinkage of the
gut during fasting (O’Brien et al., 2011). The neural stem

cells (NBs), by contrast, are not affected by nutrient
restriction. The growth of neural stemcells during nutrient
restriction occurs via a modified PI3K signalling pathway,
involving anaplastic lymphoma kinase (Alk), and a glial
niche-derived ligand, Jellybelly (Jeb) (Cheng et al., 2011).
ALK is an oncogene in human leukaemia, glioblastoma
and childhood neuroblastoma, and the elucidation of its
function in Drosophila now provides insight into how it
contributes to human cancer. Nutrient restriction has also
recently been demonstrated to play an intriguing role in
promoting stem cell-derived tumour growth; mutation in
the apical cell polarity regulator, Pins, only results in brain
tumours under nutrient restriction and involves down-
regulation of PI3K-Tor signalling (Rossi and Gonzalez,
2012). Although the underlying mechanism is so far
unclear, it is, nevertheless, initial evidence that nutrition
can regulate stem cell-derived tumour growth. Effects of
nutrition on stem cell lineages have not yet been docu-
mented in mammals; however, understanding the link
between nutrition and stem cell proliferationwill be crucial
for uncovering the connections between diet and stem cell-
derived tumours, such as human colorectal carcinoma.

Invasion/Metastasis

The induction of migratory behaviour involves changes in
cell polarity (see above) and the actin and microtubule
cytoskeleton. Epithelial cells need to undergo an epithelial
to mesenchymal transition (EMT) to disassemble the
adherens and tight junctions which form tight couplings
between cells and to alter their cell polarity from apico-
basal to a front–back polarity required for cell migration
(reviewed byElsum et al., 2012). In tumour development in
Drosophila epithelial tissues, these processes are also highly
important. It is very rare that a single mutation in a clonal
setting is able to confer robust invasive and metastatic
behaviour. Owing to a strong apoptotic response on the
loss of polarity, mutations that block apoptosis or the
expression of cooperative oncogenes or tumour suppressor
mutations are required to unleash the invasive/metastatic
properties of such mutations (see section ‘Cooperative
Tumourigenesis’). Here, invasive/metastatic phenotypes
conferred by a single mutation will be described, which
highlights the importance of JNK signalling for this
hallmark of cancer. See also: Actin and Actin Filaments;
Cell Migration during Development; Cell Motility;
Cytoskeleton
A clear example of invasion within a Drosophila epi-

thelial tissue is the one conferredby the activationof the Src
or the Ret receptor tyrosine kinases in the anterior–pos-
terior boundary cells of the developing wing epithelium
(reviewed by Stefanatos and Vidal, 2011; Figure 1). In this
setting, Src or Ret expressing GFP+-marked cells are
extruded basally and are observed at sites distant from
the domain of expression (Dar et al., 2012; Vidal et al.,
2010). In both cases, JNK signalling is activated and
metalloproteinases (MMPs – JNK targets, which degrade
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the basement membrane, enabling cell invasion) are upre-
gulated, driving the invasive process. In Src-upregulated
cells, JNK signalling andMMP1 activity are important for
the invasive phenotype because blocking JNK or MMP1
activity suppressed the phenotype (Stefanatos and Vidal,
2011; Vidal et al., 2010). The smallGTPase,Rho1, was also
important for the invasive phenotype but not members of
another small GTPase family, Rac. Interestingly, although
the adherens junction components, E-cadherin and p120-
catenin are mislocalised in the Src-activated cells, these
proteins are required for the invasive phenotype. This
suggests that the perturbation of cell–cell adhesion may
generate signals via adherens junction proteins to promote
cell invasion.
Another study from this group showed that knockdown

of the Sin3a chromatin remodelling factor, a regulator of
histone deacetylase activity, also promotes an invasive
phenotype, and in the presence of an apoptosis inhibitor,
secondary tumours form at distant sites (Das et al., 2012).
Sin3a targets, identified by chromatin immunoprecipi-
tation sequence analysis, include Src, Rho1 and JNK
pathways as well as the phosphatase PP1B,which increases
b-catenin stability and thereby increases expression of Wg
pathway targets that contribute to cell invasion. The
invasive phenotype conferred by knockdown of Sin3a was
again dependent on JNK activity and required E-cadherin.
This study also revealed thatmammalian SIN3proteins act
as invasion suppressors and modulate the JNK pathway
similarly toDrosophila Sin3a (Das et al., 2012). Mutations

in several other chromatin remodelling factors also induce
neoplastic tumours inDrosophila epithelial tissues through
effects on various signalling pathways (reviewed by Zhang
et al., 2011), although their specific effect on invasion has
not been examined. Histone modification and chromatin
remodelling defects are frequently observed in human
cancer, and further analysis of these genes in Drosophila
should reveal the mechanisms by which they induce neo-
plasia. See also: Chromatin Structure and Modification:
Defects; Epigenetic Drivers of Genetic Alterations in
Cancer; Histone Acetylation and Disease
Another model of metastasis utilised in Drosophila

involves the transplantation approach, whereby the
tumours are injected into the abdomen of wild-type female
flies, and metastases are scored by examining whether
marked cells have invaded through several tissue layers to
produce secondary tumours in the ovary (Beaucher et al.,
2007a, b). In this system, homozygous lgl mutant brain
tumour cells produced secondary tumours in the ovaries.
For this to occur, production ofMMPs from the lglmutant
cells is required, suggesting that JNK activity may be crit-
ical, although the requirement or activity of JNK was not
directly analysed in these experiments.
Thus, JNK activity, signalling from disrupted adherens

junctions and the actin cytoskeleton play important roles in
cell invasion/metastasis in Drosophila. Similarly, in mam-
malian models of invasion/metastasis and in human can-
cer, b-catenin and MMP activity are upregulated in
invasive cells, and there is increasing evidence for JNK
signalling in invasion/metastasis (Brumby et al., 2011;
Hanahan and Weinberg, 2011; Vidal et al., 2010; Wagner
and Nebreda, 2009).

Cell Competition, Compensatory
Proliferation and the Tumour
Microenvironment

The tumour microenvironment (the extracellular matrix
and cells surrounding a tumour) dramatically contributes
to mammalian cancer development (reviewed by Hanahan
and Weinberg, 2011). In Drosophila, interactions between
cells have also been shown to influence the development of
tumours. Cell competition is a surveillance mechanism
selecting for the fittest cells, where in a mixed population,
slower growing cells (losers) are eliminated by fitter cells
(winners) (reviewed by de Beco et al., 2012; Figure 2a). The
expression of different isoforms of the transmembrane
protein, Flower (Fwe), label cells as winners (FweUbi) or
losers (FweLose) (Rhiner et al., 2010). In addition, loser cells
upregulate the secreted protein dSPARC that acts as a self-
protecting signal to limit cell death (Portela et al., 2010).
Both FWE and dSPARC are also involved tumourigenesis
in mammals (Arnold and Brekken, 2009; Petrova et al.,
2011, 2012). The elimination of the loser cells generally
occurs by apoptosis, then the apoptotic cells are extruded
basally and the corpses can then be removed by the action

Src/Ret Sin3a

JNK JNK

Rho1
MMP1

Figure 1 Induction of invasion/migration by Src or Ret activation or Sin3a

reduction. When patches of cells in the larval wing epithelium express Src or

Ret or Sin3a-RNAi, cells round up and become basally extruded and

migrate/invade away from the domain of expression. This process is JNK

dependent and involves the expression of MMPs (JNK targets) to enable

breakdown of the extracellular matrix and cell extrusion. Rho1 and

signalling from the disrupted adherens junctions is also important in

promoting cell invasion. See text for details.
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of the circulating macrophage-like cells of the Drosophila
innate immune system (haemocytes) (Lolo et al., 2012).
The adjacent stronger (winner) cells then undergo extra
rounds of proliferation (termed compensatory prolifer-
ation) to regenerate the tissue. Cell competition was ori-
ginally discovered in the investigation of ribosomal
mutants (Minutes) in a clonal setting but also applies to
mutants in Myc, signalling pathways and cell polarity
regulators. For example, downregulationofDpp signalling
in clones can induce cell competition due to alterations in
expression of the transcriptional repressors, Brinker and
NAB, which induce JNK-mediated cell death (Ziv et al.,
2009). Myc is a global transcription factor that regulates

genes involved in ribosomal biogenesis and promotes cell
growth and proliferation. The relative level of Myc in cells
determines which will be losers (lowMyc) or winners (high
Myc). Indeed, overexpression of Myc induces cells to
become supercompetitors (Figure 2b). Three signalling
pathways have been shown to play important roles in
conferring a competitive advantage to winner cells in cell
competition: downregulation of the Hippo pathway or
upregulation of Jak/Stat or Wg (de Beco et al., 2012;
Rodrigues et al., 2012; Vincent et al., 2011). Down-
regulation of the Hippo pathway induces cells to be
supercompetitors via Myc upregulation; Myc is a target of
Yki and its upregulation is required for Hippo pathway
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Losers Winners

(b)(a)

(d)(c)

(f)(e)
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Jak/Stat
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JAK/Stat
Wg
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mutants to outcompete their wild-type neighbours (Neto-
Silva et al., 2010; Ziosi et al., 2010). Upregulation ofWg or
Jak/Stat signalling, also induce cells to be super-
competitors; however, they promote cell competition
independently of Myc by unknown mechanisms (Rodri-
gues et al., 2012; Vincent et al., 2011).
Furthermore, the loss of cell polarity and change in cell

morphology conferred by mutations in cell polarity regu-
lators, such as scrib and lgl, in a clonal context leads to
elimination of these cells by JNK-mediated cell death,
which involves a cell competition mechanism, involving
differing levels of Myc or Stat expression between the
mutant cells and the surrounding wild-type cells (Chen
et al., 2012; Froldi et al., 2010; Menendez et al., 2010;
Schroeder et al., 2012; Figure 2c). The removal of scrib
mutant cells depends on induction of the JNK pathway
induced by the surrounding microenvironment, which
involves expression of the TNF ligand, Eiger, from the
adjacent wild-type epithelial cells or the haemocytes
(Cordero et al., 2010; Igaki et al., 2009). Interestingly,
the wild-type cells on the border of the mutant clone
require JNK signalling and induction of the PVR (PDGF
and VEGF receptor related) – ELMO (Engulfment/cell
motility; Ced-12 homologue) – Mbc (Dock180 homologue)
signalling to induce removal of the mutant cells (Ohsawa
et al., 2011). Thus, in this case, JNK signalling does not
trigger cell death but promotes cytoskeletal rearrangements
required for the removal of their dying mutant neighbour
cells. It was initially thought that the wild-type epithelial
cells engulf the scrib mutant dying cells, but recent data
suggest that the haemocytes play the predominant role in
this proces, as well as in cell competition due to variations in
Myc levels and with ribosomal mutants (Lolo et al., 2012).
How the mutant cells are initially recognised and how hae-
mocytes are recruited to these mutant cells are key issues
which remain to be determined. See also: Tumour Necrosis
Factors
Although the cell competition process normally acts to

remove defective cells, this mechanism can be usurped in

cancer. In response to cell death (induced by expression of
the apoptosis regulator,Hid),morphogens/growth factors,
such as Wg, Hh or Dpp, are induced to promote prolifer-
ation of surrounding cells to regenerate the tissue (reviewed
by Fan and Bergmann, 2008). The mechanisms by which
these morphogens are induced depend on the activation of
different apoptosis-inducing Caspases in a tissue-specific
manner and the activation of JNK. If cell death is blocked
in thedying loser cells (e.g. byoverexpression of the effector
Caspase inhibitor, P35), they remain ‘undead’ and con-
tinue to secrete Wg and Dpp, causing uncontrolled pro-
liferation of the surrounding wild-type tissue (Figure 2d;
Table 1). Furthermore, clones mutant for endocytic traf-
ficking proteins (e.g. vps25 or tsg101 (ept)) or the cell
polarity regulator scrib also induce proliferation of the
surrounding wild-type cells; however, in these cases, this is
due to impairment of the Hippo pathway and/or upregu-
lation of the Jak/Stat pathway (Chen et al., 2012; Graves et
al., 2012; Grusche et al., 2011;Wu et al., 2010; Figure 2e). In
the case of scribmutant clones, one study showed that JNK
upregulation induces the expression of the Jak/Stat ligand,
Upd,which in turn induces the Jak/Stat signalling pathway
in surrounding cells (Chen et al., 2012; Wu et al., 2010).
However, another study revealed that the Hippo pathway
was downregulated in wild-type cells surrounding scrib or
vps25 mutant clones (Grusche et al., 2011). In the case of
vps25 or tsg101mutants, the aberrant activation of Notch
in the mutant clones upregulates Upd, thereby activating
Jak/Stat signalling in adjacent cells and also leads to
downregulation of the Hippo pathway in surrounding
wild-type cells (Graves et al., 2012; Vaccari and Bilder,
2009). The mechanism by which the Hippo pathway
downregulated noncell autonomously remains to be
determined, but it appears to partially involve signalling
through the atypical cadherin, Fat (Grusche et al., 2011).
Aberrant upregulation of Notch signalling itself also
results in similar effects on noncell autonomous tissue
growth as well as cell autonomous proliferation (Brumby

Figure 2 Cell competition and compensatory cell proliferation: Diagrams of epithelial tissues undergoing cell competition or compensatory cell

proliferation. Mutant cells are shown in green and wild-type cells are shown in white. Wild-type cells affected by compensatory cell competition are shown

in beige. X indicates dying cells. See text for details. (a) Classical cell competition: Cells with reduced levels of Myc are eliminated by cell autonomous

apoptosis. The Flower-lose isoform (red dots) is expressed on the surface of the loser cells, marking them for elimination when in contact with the

surrounding cells that express the ubiquitous isoform of Flower (not shown). Similarly, the elimination of cells with upregulated Hippo signalling (or yki

mutants) is due to decreased Myc levels. However, Myc independent mechanisms are involved in cell competition of cells with decreased ribosomal

function, Jak/Stat or Wg signalling. (b) Supercompetitors: Cells with a growth and proliferative advantage, such as cells overexpressing Myc, Jak/Stat or with

increased Wg signalling or decreased Hippo signalling, act as ‘supercompetitors’ and are able to elicit noncell autonomous apoptosis in neighbouring wild-

type cells. Supercompetition by downregulation of the Hippo pathway occurs via upregulation of Myc, whereas Stat and Wg signalling induce

supercompetitive behaviour by unknown mechanisms. (c) Cell competition of cell polarity regulator mutants: Aberrant cells are recognised by their epithelial

neighbours or haemocytes (grey) and the JNK ligand, Eiger (TNF), is secreted from these cells. Mutant cells are removed by JNK-dependent apoptosis.

Activation of JNK in wild-type boundary cells and PVR, ELMO and Mbc signalling is required for the removal of the dying cells. Haemocytes play the

predominant role in engulfment and removal of the dead cells. (d) Noncell autonomous overgrowth – undead cells: Dying cells can emit morphogens (e.g.

Wg, Dpp and Hh) to promote proliferation of their epithelial neighbours (beige), thereby restoring tissue size. However, when effector caspases are blocked

in the dying cells (by expression of P35), these signals are sustained leading to noncell autonomous overgrowth. (e) Noncell autonomous overgrowth

induced by mutants affecting cell polarity where the mutant cells undergo apoptosis: The ectopic activation of Notch signalling in vps25 or tsg101 (ept)

mutant cells or of JNK signalling in scrib mutant cells leads to the expression and secretion of the JAK/STAT ligand, Upd, which promotes noncell

autonomous proliferation and overgrowth of surrounding tissue (beige). Downregulation of the Hippo pathway is also involved in inducing the proliferation

of the wild-type cells. (f) Noncell autonomous overgrowth induced by mitochondrial mutants expressing RasV12 without mutant cell death: Mitochondrial

mutants with RasV12 lead to the upregulation of ROS, which induces JNK activation. JNK then leads to downregulation of the Hippo pathway leading to

expression of the targets, Upd and Wg, which act via the Jak/Stat and Wg pathways, respectively, in surrounding wild-type cells to induce overgrowth

(beige).
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Table 1 Cooperating genes in Drosophila clonal tumourigenesis models

Cell autonomous cooperationn –

First mutation Second mutation Phenotype and references

RasV12 overexpression Loss of function in apico–basal

polarity regulators

Invasive neoplastic tumours of the

larval eye neural epithelium (Brumby

and Richardson, 2005; Leong et al.,

2009; Willecke et al., 2011)

Scrib, Dlg, Lgl, Par and Crb complex

Loss of function in apico–basal

polarity regulator

Neoplastic tumours of the larval wing

epithelium (Menendez et al., 2010)

Lgl and Scrib

JNK signalling Invasive neoplastic tumours of the

larval eye neural epithelium (Brumby

et al., 2011)

Immune signalling and activation of

JNK

Invasive neoplastic tumours of the

adult hindgut epithelium (Bangi et al.,

2012)

Csk loss of function, Src

overexpression

Invasive neoplastic tumours of the

larval eye neural epithelium

(Stefanatos and Vidal, 2011; Vidal et

al., 2010)

Actin cytoskeletal regulators

RhoGEF2, Pbl, RhoV14 and Rac1

Invasive neoplastic tumours of the

larval eye neural epithelium (Brumby

et al., 2011)

Loss of function Sds22 (PP1) – cell

morphology/polarity loss

Invasive neoplastic tumours of the

larval eye neural epithelium (Jiang et

al., 2011)

Lysosomal protein loss of function –

Deep orange, Carnation and Vps16A

Invasive neoplastic tumours of the

larval eye neural epithelium (Chi et

al., 2010)

Chromosome remodelling complex

mutation Polyhomeotic

Invasive neoplastic tumours of the

larval eye neural epithelium

(Martinez et al., 2009)

EGFR overexpression (and RasV12) Bantam-Micro RNA Socs36E

repression Jak/Stat signalling

Invasive overgrowth of the larval

wing epithelium (Herranz et al., 2012)

PI3K pathway activation Glia cell invasive brain tumours and

eye neural epithelium tumours (Read

et al., 2009; Witte et al., 2009)

Notchintra overexpression Loss of function in apico–basal

polarity regulator Scrib

Invasive neoplastic tumours of the

larval eye neural epithelium (Brumby

and Richardson, 2005; Leong et al.,

2009)

Mef2 Invasive neoplastic tumours of the

larval eye neural epithelium (Pallavi

et al., 2012)

Delta overexpression Overexpression of transcription

factors Pipsqueak/Lola (Eyeful)

Invasive tumours larval/pupal eye

neural epithelium, which are capable

of differentiation to express

embryonic lethal abnormal vision

(ELAV) (Ferres-Marco et al., 2006)

Knockdown of PTEN (upregulation

of PI3K)

Invasive tumours larval/pupal eye

neural epithelium, which are capable

of differentiation to express ELAV

(Palomero et al., 2007)

Knockdown of the differentiation

transcription factor Atonal

Invasive tumours larval/pupal eye

neural epithelium, which are capable

(continued )
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and Richardson, 2005; Graves et al., 2012). Indeed, acti-
vation of the Hh pathway in clones also results in noncell
autonomous tissue growth dependent on Notch signalling,
which in turn induces the expression of the cell death
inhibitor,Diap1, in adjacentwild-type cells by anunknown
mechanism (Christiansen et al., 2012a, b). BecauseDiap1 is
a target of Stat andYki, it is possible that Jak/Stat orHippo
pathway deregulation may be involved. In another study,
upregulation of Hh signalling in clones blocked for cell
death induced Dpp expression, leading to increased Dpp
signalling in adjacent cells, which synergised with Yki to
induce noncell autonomous tissue growth (Kagey et al.,
2012).
Because the surrounding wild-type tissue plays such an

important role in removing aberrant cells, genetically

ablating the surroundingwild-type tissue (using a cell lethal
mutation) has been used as a method to identify novel
tumour suppressors (Menut et al., 2007). This led to the
identification of the Polycomb group of chromatin
remodelling factors as Drosophila neoplastic tumour sup-
pressors (Classen et al., 2009). Loss of function of Poly-
comb group (PcG) genes, including polyhomeotic (ph), in
the whole eye epithelial tissue leads to tumourigenesis by
upregulation of Jak/Stat signalling and disruption to cell
polarity (Classen et al., 2009). However, in a clonal context
in the eye epithelium, neoplastic tumourdevelopment by ph
mutations is restrained. Interestingly, in this context,
Notch signalling is upregulated, which in turn induces the
Upd–Jak–Stat pathway, resulting in cell autonomous and/
or noncell autonomous tissue growth depending on the

Table 1 Continued

Cell autonomous cooperationn –

First mutation Second mutation Phenotype and references

differentiation to express ELAV

(Bossuyt et al., 2009a)

Overexpression of the transcription

factor Zfh1 (Zeb1 family)

Invasive tumours larval/pupal eye

neural epithelium, which are capable

differentiation to express ELAV

(Vallejo et al., 2011)

Delta andDelta with Pipsqueak/Lola

overexpression (Eyeful)

Knockdown of the transcription

factor Cut

Invasive tumours larval/pupal eye

neural epithelium, which are capable

differentiation to express ELAV

(Zhai et al., 2012)

Frazzled/DCC loss of function and

expression of the caspase inhibitor

P35

Inhibition of JNK signalling Invasive tumours larval/pupal eye

neural epithelium, which are capable

of differentiation (VanZomeren-

Dohm et al., 2011)

Loss of function in apico-basal

polarity regulator, Lgl

Inhibition of JNK signalling Invasive neoplastic tumours of the

larval/pupal eye neural epithelium

(Grzeschik et al., 2010b)

Myc overexpression Invasive neoplastic tumours of the

larval wing epithelium (Froldi et al.,

2010)

Loss of function of the Hippo tissue

growth control pathway

Neoplastic tumours of the larval wing

epithelium (Menendez et al., 2010)

Noncell autonomous tumourigenesis

P35 Dying loser cells (Upregulation of

Wg, Hh or Dpp, induction of JNK

and caspase activation)

Eye or wing epithelial tissue

overgrowth (reviewed by Fan and

Bergmann, 2008)

RafGOF High activation of JNK (HepACT) Overgrowth and morphology

changes of eye disc tissue (Uhlirova et

al., 2005)

RasV12 Loss of function in apico–basal

polarity regulator Scrib (Activation

of JNK, Upd upregulation and Jak/

Stat signalling)

Invasive neoplastic tumours of the

larval eye neural epithelium (Wu et

al., 2010)

Mitochondrial dysfunction

(Upregulation of ROS, JNK,

downregulation of Hippo and

upregulation of Wg and Upd)

Invasive neoplastic tumours of the

larval eye neural epithelium (Ohsawa

et al., 2012)
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severity of the allele (Feng et al., 2011; Martinez et al.,
2009). This illustrates that even potent tumour suppressor
mutations can be constrained from promoting tumour-
igenesis by the tumourmicroenvironment and the nature of
the gene mutation can affect the outcome. See also:
Chromatin Structure and Modification: Defects; Epigen-
etic Drivers of Genetic Alterations in Cancer; Histone
Acetylation and Disease
In summary, cell competition and compensatory pro-

liferation are normal cellular processes that function via
distinctmechanisms in different contexts tomaintain tissue
homoeostasis after physical wounding or genetic damage.
Blockage of cell death in loser cells results in the continued
production of morphogens resulting in overgrowth of the
wild-type tissue, generating over-sized organs. However, if
the surrounding tissue contains an oncogenicmutation, the
signals generated from the wounded tissue can transform
the adjacent tissue into an invasive tumour (Ohsawa et al.,
2012; Wu et al., 2010) (see below). The role of cell com-
petition is a newly emerging area in mammalian tumour-
igenesis; however, studies using mixed cell cultures of wild-
type and mutant cells (e.g. mammalian scrib loss-of-func-
tion or activation of Ras or Src) as well as studies in mice
have revealed that mammalian cells also exhibit com-
petitive interactions (Hogan, 2012; Norman et al., 2012).

Cooperative Tumourigenesis

Asdiscussed above, formetastatic cancer to develop,many
processes need to be deregulated. It is rare that any one
gene is able to confer all the properties that are required for
a normal cell to transform into a proliferative invasive
cancer within the context of a wild-type epithelium because
cell competition eliminates aberrant cells (see above).
Blocking cell death in the mutant tissue (via blockage of
caspase activity) can enable the survival of themutant cells,
thereby revealing its tumourigenic properties (Das et al.,
2012; VanZomeren-Dohm et al., 2011) (see above). How-
ever, blocking cell death is often not sufficient to confer the
same degree of overgrowth of the mutant tissue as would
occur without the surrounding wild-type tissue. These
findings and the fact that human cancer is predominately a
cooperative process, involving at least two mutations, led
to the development of two-hit models of cancer in Dros-
ophila epithelial tissues (reviewed by Brumby and
Richardson, 2005). Here, within a clonal context in the
developing eye epithelial tissue, mutants in the cell polarity
regulator, Scrib, cooperates with oncogenic Ras (RasV12)
or Notch (Notchintra) to produce invasive, undifferentiated
and overgrown tumours (reviewed by Brumby and
Richardson, 2005; Figure 3a; Table 1). RasV12 contributes to
the cooperation by promoting cell survival and prolifer-
ation, and altering cell adhesion, whereas scrib depletion
leads to Yki upregulation, which contributes to tissue
overgrowth (Chen et al., 2012; Doggett et al., 2011) and to
JNK activation, which blocks differentiation and devel-
opmental progression andpromotes cell invasion (Leong et

al., 2009; Brumby andRichardson, 2008). The cooperation
between scrib mutants and oncogenic Ras in tumourigen-
esis also occurs in epithelial cells in the mouse prostate
gland (Pearson et al., 2011), highlighting the relevance of
the Drosophila studies to mammalian cancer. Since these
initial studies, several examples of cooperative gene
behaviour have been revealed in Drosophila models of
tumourigenesis (see Table 1). Here, the context-dependent
role of JNK signalling in cooperative tumourigenesis
as well as some novel findings that provide new insights
into the development of cancer will be highlighted.
See also: Tumour Formation: Number of Mutations
Required

The context dependent role of the JNK
pathway in cooperative tumourigenesis

As discussed above, the activation of JNK is important
during cell competition because it promotes apoptosis. For
this reason, in some contexts, JNK activation is inhibitory
for tumour progression. In these cases, when JNK signal-
ling is blocked, an invasive/metastatic phenotype is
revealed. This occurs in cells mutant for cell polarity
regulators, such as scrib, dlg or lgl mutant clones in the
developing eye epithelia (reviewed by Grzeschik et al.,
2010b; Table 1). In lgl mutant clones expressing a JNK
kinase-dead dominant-negative mutant, large GFP+

tumours are observed in the eye, and clumps of GFP+ cells
occur elsewhere in the head or body of the pupae/pharate
adult (Grzeschik et al., 2010b).
Another example where blocking JNK promotes inva-

sion/metastasis is in the Eyefulmodel; here, overexpression
of theNotch ligand,Delta, together with overexpression of
the Lola and Pipsqueak transcription factors in the
developing eye promotes an invasive/metastatic phenotype
leading to differentiated photoreceptor cells being located
at distant sites (Ferres-Marco et al., 2006). This phenotype
depends on chromatin remodelling factors of the Poly-
comb group, histone deacetylases and downregulation of
the retinoblastoma tumour suppressor, Rbf1. Interest-
ingly, follow up work in this model has discovered that
overexpression of the miR-200 family microRNA, miR-8,
suppresses this metastatic phenotype at least in part by
downregulating expression of the Notch ligand, Serrate
(Vallejo et al., 2011). Another putative target of miR-8 is
Zfh1, the homologue of the zinc-finger transcription factor
ZEB1, which in mammalian cells promotes an EMT. This
study revealed that expression ofDelta orSerratewith zfh1
was sufficient to drive an invasive/metastatic phenotype,
phenocopying the Eyeful model. Another group using this
model found that overexpression of the differentiation
transcription factor, Atonal, reduces the Eyeful invasive/
metastatic phenotype (Bossuyt et al., 2009a). Conversely,
overexpression of Delta together with knockdown of
the atonal promotes an invasive/metastatic phenotype
(Bossuyt et al., 2009a). Atonal acts by inducing JNK
activity, and by blocking JNK the invasive/metastatic
phenotype is restored. Indeed, blocking JNK activity in
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Delta-expressing eye epitheliumalso increases the invasive/
metastatic phenotype. Thus, in these cases, JNK activity
limits invasion.MammalianAtonal,ATOH1, also acts as a
tumour suppressor, which most likely involves JNK acti-
vation (Bossuyt et al., 2009b).
Similarly, mutants in the Frazzled deleted in colorectal

cancer (DCC) axon guidance regulator in the developing
eye along with the blockage of apoptosis via the caspase
inhibitor, P35, result in the upregulation of JNK activity,
Rho1 activity and invasion/metastasis of differentiated
photoreceptor cells to distant sites (VanZomeren-Dohm et
al., 2011). Blockage of JNK signalling in Frazzled mutants
expressing P35 enhanced the invasive/metastatic pheno-
type. Interestingly, in this case, activation of the actin
cytoskeletal regulator,Rho1,was required for the invasive/
metastatic behaviour. Mammalian DCC is a putative
tumour suppressor in several cancers, and further study is
required to determine whether it functions via a similar
mechanism. See also: Actin and Actin Filaments; Apop-
tosis: Molecular Mechanisms; Caspases and Cell Death;
Cytoskeleton;MicroRNAs andTheir Role in Cancer; Rho
GTPase Function in Cell Morphogenesis
Although the above studies show that JNK acts as an

invasion/metastasis suppressor, in other contexts JNK
activity promotes invasion. As mentioned above, in scrib
mutant clones expressing the Ras oncogene, RasV12, in the

developing eye, inhibition of JNK prevents invasive
behaviour of cells into the brain lobes (Leong et al., 2009).
Furthermore, activation or overexpression of the actin
cytoskeletal regulators, the small GTPases Rho1 or Rac1
(which lead to increased actin polymerisation and F-actin/
Myosin II contractility), also cooperates with RasACT in
eye epithelial tissue to promote invasive overgrowth
dependent on increased JNK activity (Brumby et al., 2011;
Table 1). Similarly, inactivation of the Sds22/PP1 phos-
phatase with RasV12 in the anterior–posterior boundary
cells of the developing wing epithelium also leads to cell
invasion, which is dependent on JNK activation (Jiang
et al., 2011). In this case, Myosin II activation, which
increases F-actin-Myosin II filament contractility, is also
required for invasion, which may relate to other studies
showing the importanceofRho1-Rok-Myosin II signalling
for JNK activation (Brumby et al., 2011; Warner et al.,
2010). Indeed, the importance of JNK is revealed in that
simply overexpressing JNK together with RasV12 in the
developing eye epithelium induces invasive tumour growth
in Drosophila (Brumby et al., 2011; Brumby and Richard-
son, 2008). The role of JNK in cooperative tumourigenesis
is not limited to the larval stage because in the Drosophila
adult hindgut epithelium, induction of JNKactivity via the
innate immune system in response tobacterial infection can
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JAK/STAT
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JAK/STAT
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(a)

(c)

(b)

RasV12
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JAK/STAT
     Wg
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Figure 3 Cooperative tumourigenesis: Diagrams of epithelial tissue undergoing various types of cooperative tumourigenesis. Mutant tissue in green, wild-

type cells are shown in white and RasV12 surrounding tissue is shown in red. See text for details. (a) Intraclonal cooperation with cell polarity mutants and

RasV12 – JNK activation in the neoplastic tumour cells cooperates with activated Ras signalling to promote tumour overgrowth and invasion. (b) Interclonal

cooperation with cell polarity mutants and RasV12 – cooperation occurs via induction of Upd from the scrib mutant cells (see Figure 2e), which induces

upregulation of Jak/Stat signalling in the RasV12 cells to induce neoplastic overgrowth and invasion. (c) Interclonal cooperation with a mitochondrial mutant

and RasV12 – cooperation occurs via induction of Upd and Wg from the mitochondrial mutant+RasV12 cells (see Figure 2f), which induce upregulation of Jak/

Stat and Wg signalling, respectively, in the RasV12 cells to induce neoplastic overgrowth and invasion.
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also cooperate withRasV12 to promote invasive/metastatic
overgrowth (Bangi et al., 2012).
In summary, a large body of work utilising different

Drosophila systems has revealed that the JNK pathway
plays a context-dependent role in cooperative tumour-
igenesis, which is also conserved in mammalian systems
(Brumby et al., 2011; Wagner and Nebreda, 2009). How-
ever, in addition to JNK, other factors are also important
in promoting metastatic tumours, such as Src, Rho1-Rok-
Myosin II and adherens junction proteins, E-cadherin and
P120-catenin (see section ‘Invasion/Metastasis’).

Novel players in cooperative tumourigenesis

In the past few years, novel cooperative interactions that
generate invasive tumours have been discovered by genetic
manipulation in Drosophila epithelial tissues. These
include the cooperation with RasV12 and lysosomal func-
tion mutants (Chi et al., 2010); cooperation of EGFR
expression with the bantam micro-RNA (Herranz et al.,
2012); activated Notch with overexpression of the tran-
scription factor Mef2 (Pallavi et al., 2012); and with the
Eyeful model downregulation of the Cut transcription
factor (Zhai et al., 2012; Table 1). In the first two cases,
cooperation involved a robust disruption of apico–basal
cell polarity; in the third case, a disruption to the actin
cytoskeleton and cell polarity markers were observed and
in the fourth case, a disruption to adherens junction func-
tion and b-integrin adhesion occurred. The cooperation
with EGFR and the bantam micro-RNA involved upre-
gulation of Jak-Stat signalling due to bantam preventing
the expression of the Socs36E protein (which restricts
activation of Jak-Stat by EGFR). Activated Ras was also
able to cooperate with a knockdown of Socs36E, showing
that EGFR–Ras signalling was involved in the cooper-
ation. These tumours also involved upregulation of EMT
marker, Snail, and the JNK target, MMP1; however,
whether JNK signalling was also upregulated was not
examined. Moreover, the cooperation of Notch withMef2
was JNK dependent due to synergistic upregulation of the
JNK pathway ligand, Eiger (Pallavi et al., 2012). The
cooperation of Cut downregulation with Delta over-
expression or in the Eyeful model involves upregulation of
the cell death inducer Reaper (Zhai et al., 2012). However,
invasive tumour growth was increased due to induction of
PI3K signalling, which has also been previously observed
to cooperate with Notch activation in the developing eye
(Palomero et al., 2007). The invasion/metastasis of these
tumours was sensitive to the activity of MMPs; however,
the involvement of JNK in this phenotype was not
examined.
Recently, a new form of noncell autonomous cell pro-

liferation has been revealed in a genetic screen for muta-
tions that cooperate with RasV12 in the developing eye
(Ohsawa et al., 2012; Figure 2f; Table 1). Here, mutations in
mitochondrial oxidative phosphorylation genes together
with RasV12 result in noncell autonomous overgrowth of

the surrounding wild-type tissue, although themutant cells
remain quiescent but do not die. The mechanism by which
this occurs involves the generation of reactive oxygen
species (ROS), which in turn results in activation of JNK.
In this case, JNK leads to downregulation of the Hippo
pathway, andYki induces expression ofUpd andWg.Upd
and Wg then act through the Jak/Stat and Wg signalling
pathways, respectively, in surrounding wild-type cells,
leading to overgrowth of the tissue. This mechanism has
relevance to human cancer because mitochondrial num-
bers and oxidative phosphorylation are frequently
decreased in many human cancers.
In summary, the above examples of cooperative

tumourigenesis and the elucidation of the mechanisms
involvedwarrant further investigation of these cooperative
interactions inmammalian cells,mousemodels and human
cancer.

Models of Tumour Heterogeneity

In human cancer, there are clear examples of molecular
heterogeneity, where mixed populations of tumour cells
cooperate together to result in invasive overgrowth
(reviewed by Bonavia et al., 2011). Using the sophisticated
genetics of Drosophila, it is possible to model tumour het-
erogeneity. Two groups have published studies showing
how cells of different genetic populations can cooperate to
generate invasive overgrown tumours (Ohsawa et al., 2012;
Wu et al., 2010; Figure 3b, c; Table 1). The first study revealed
that RasV12 cells next to scrib mutant clones were trans-
formed to become neoplastic tumours through upregula-
tion of JNK and Upd expression in the scrib2 cells, which
induced Jak/Stat signalling in the adjacentRasV12 cells (Wu
et al., 2010). The second study revealed that a similar
mechanism involving Jak/Stat signalling as well as Wg
signalling induces neoplasia in RasV12 cells when adjacent
to mitochondrial mutant,RasV12-expressing cells (Ohsawa
et al., 2012). Remarkably, wounding of the tissue can also
induce adjacentRasV12 cells to overgrow, but invasion was
not observed in this case (Wu et al., 2010). Further inves-
tigation of interactions between other oncogenes or
tumour suppressors expressed indifferent cells, utilising the
powerful genetics ofDrosophila, will be highly informative
in understanding the interaction between different
molecular defects in cell populations in a heterogeneous
tumour.

Humanising Drosophila – Modelling
Human Cancer Drivers in Drosophila

Recent efforts have concentrated on developing disease
models in order to understand complex human tumours
such as human glioblastoma, leukaemia and multiple
endocrine neoplasia type 2.
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Glioblastoma

Human glioblastomas originate in the glial cells within the
brain, and it accounts for approximately 77%ofmalignant
brain tumours. Although these tumours rarely spread to
other parts of the body, the cancerous glial cells grow
quickly within the brain. They are relatively resistant to
chemotherapy and radiotherapy, leading to poor prog-
nosis, with median survival of 12–18 months. Gliomas
commonly display constitutive activation of the EGFR
and PI3K pathways (Huse and Holland, 2010). Activation
of these two pathways in Drosophila glial cells leads to
overgrowth of larval brain and ectopic migration of the
glial cells along the optic nerve. On transplantation,
EGFR/PI3K-activated glial cells generated large invasive
tumours that recapitulate key histological features of
human glioblastomas (Read et al., 2009;Witte et al., 2009).
Analysis of downstream pathways revealed the impor-
tance of Myc, the Tor protein kinase and cell cycle regu-
lators in the tumourous phenotype, which are commonly
affected in human glioblastoma (Read et al., 2009). Toge-
ther, the two studies demonstrate that Drosophila models
for glioblastoma are useful in studying the combinatorial
signalling cascades implicated in this disease. See also:
Brain Tumours; Glioblastoma Models in Drosophila
Melanogaster

c-Ret and mulitiple endocrine neoplasia
type 2

Multiple endocrine neoplasia type 2 (MEN2) is a rare
autosomal-dominant disorder due to activating mutation
in c-RET that results in multiple tumours in endocrine
tissues. MEN2 clinical subtypes are linked with different
c-RETmutations,MEN2A tumours harbour mutations in
the extracellular region and MEN2B tumours are a result
ofmutationswithin the tyrosine kinase domain.Drosophila
activating mutations in the developing eye caused increase
in proliferation, compensatory cell death and abnormal
cell differentiation, thereby phenocopying human MEN2
tumours (Read et al., 2005; Vidal et al., 2005). These eye
defects were sensitive to gene dosage manipulations, sug-
gesting that the phenotypic differences between the two
clinical subtypes are due to levels of Ret kinase activity
rather than differences in signalling specificity.Genetic and
chemical screening using this model revealed that Src, Ras
and Tor protein kinases are critical signalling pathways
downstream of Ret, which has elucidated new therapeutic
approach to combat human MEN2 cancers (see below).
See also: Multiple Endocrine Neoplasia Type 2; Multiple
Endocrine Neoplasias

AML1-ETO

Among mutations in human RUNX/AML1 transcription
factors, the t(8;21) genomic translocations that creates an
acute myeloid leukaemia1 (AML1)-ETO fusion protein is
implicated in 12% of all cases of AML. In flies, expression

of AML1-ETO causes an expansion of the haematopoietic
precursor population, characterised by impaired differen-
tiation and increased number of blood cell progenitors and
is accompanied by increased levels of ROS (Sinenko et al.,
2010). Using an in vivo tissue-specific genetic screening
strategies, the Ca2+-dependent protease Calpain B was
discovered to be involved in AML1-ETO-induced pheno-
types inDrosophila (Osman et al., 2009). Similarly, another
Drosophila genetic screen discovered that inactivation of
the Ecdysone steroid hormone receptor, EcR-B1, or acti-
vation of the FoxO transcription factor and superoxide
dismutase-2 suppressed the AML1-ETO phenotypes by
reducing ROS expression in the blood cells (Sinenko et al.,
2010). These studies demonstrate thatDrosophila is a good
model for identifying conserved regulators ofAML1-ETO.
See also: Acute Myelogenous Leukaemia

Use of Drosophila for Anticancer Drug
Discovery

Drosophila is a usefulmodel for in vivo screening to identify
sensitive nodes in human cancer that can be targeted
therapeutically via pharmacogenetic approaches. This is
due to the high evolutionary conservation of signalling
pathways and the efficiency and low cost of screening. In
the past few years, studies from four different labs have
taken different approaches to discover pathways and
chemicals to target specific tumour types.
In a model for RET-induced cancer (see above),

screening chemical libraries revealed ZD6474/Vandetanib,
an anilinoquinazoline class of kinase inhibitor, as a com-
pound that showed strong efficacy in reducing the Ret-
induced eye phenotype but without affecting viability
(Vidal et al., 2005). This group then used a stronger Ret-
induced phenotype conferred by expression of Ret in the
developing wing epithelium to screen for more effective
compounds (Dar et al., 2012). By logical drug design and in
vivo pharmacogenetic screening, they identified key sensi-
tive nodes downstream of Ret and novel kinases inhibitors
that partially knocked down activity of multiple kinases
critical for the action of Ret. They also showed that these
inhibitors were effective in reducing proliferation and sur-
vival of cell lines derived fromMEN2 patients in vitro and
in tumours derived from these lines in mouse xenografts.
These compounds can now be developed for use in the
clinic for MEN2 patients.
Using the scribmutant RasV12 model, Willoughby et al.

(2012) developed a screening platform to screen drug lib-
raries for compounds efficacious in reducing tumour bur-
den without substantially affecting organismal viability.
Using this model, Acivivin (an inhibitor of glutamate
utilisation) was identified as being highly efficacious in
reducing overgrowth of scrib mutant RasV12 tumours.
Following this up using Drosophila RNAi transgenes to
knockdown potential Acivicin targets, CTP-synthase (an
enzyme involved in pyrimidine biosynthesis) was revealed
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as a critical target in these tumours. Another group took a
genetic approach to examine critical nodes in Ras-driven
tumours, utilising a dlg mutant RasV12 model and dis-
covered that PI3K signalling is a critical node in the inva-
sive overgrowth of these tumours, even though PI3K was
not upregulated in the tumours and therefore not expected
to be a driving oncogene (Willecke et al., 2011). Together,
these studies suggest that Ras-driven tumours that have
lost polarity show nononcogene addiction to PI3K sig-
nalling and glutamate utilisation and would be expected to
respond to inhibitors of these pathways.
In another approach for anticancer drug discovery, a

screen was carried out to identify compounds that
increased the efficacy of radiation on organismal death
(Edwards et al., 2011). This is based on the finding that
compensatory proliferation after irradiation-induced cell
death enabled organismal survival, and it was hypothesised
that compounds that prevented this recovery would
enhance the effect of radiation therapy. The screen was
done in thebackgroundof a cell cycle checkpointmutation,
such as p53 or chk1 (grp), which is often observed in human
cancers. From this screen, compounds that enhanced
lethality fell into the classes of microtubule polymerisation
or translational inhibitors, which were shown to synergise
with radiation to result in cell death in human cell lines
(Edwards et al., 2011; Gladstone et al., 2012). The identi-
fication of these compounds provides proof of principle
that Drosophila can be used as a screening platform to
discover novel combinations of compounds for anticancer
therapies and suggest that microtubule polymerisation or
translational inhibitors combined with irradiation will be a
new avenue to effectively treat cancer patients.

Conclusions and Future Perspectives

As it is detailed here, Drosophila research has provided a
wealth of information relevant to human tumourigenesis.
With the advent of new Drosophila resources, including
theDrosophila transgenic RNAi collections covering most
of the Drosophila genome (http://stockcenter.vdrc.at/
control/main; http://www.flyrnai.org/TRiP-HOME.html;
http://www.shigen.nig.ac.jp/fly/nigfly/index.jsp), devel-
oping tagged-transgene collection (https://interfly.
med.harvard.edu/transgenic_resource.php) and efforts to
humanise Drosophila by generating libraries of human
complementary deoxyribonucleic acids (cDNAs) in
Drosophila (reviewed by Zhang et al., 2009), the future for
modelling cancer inDrosophila has vast possibilities. Areas
where Drosophila research could contribute further to
human cancer biology, which has not been covered in this
article, include the role of autophagy (‘self-eating’ – where
cytoplasmic proteins and organelles are degraded through
the lysosomal pathway for use in essential cellular pro-
cesses) and genomic instability (changes to chromosome
structure and number) as cancer drivers. Furthermore, the
sophisticated genetics of Drosophila has the capacity to
generate more complex models of cancer, such as human

colorectal cancer, which is driven by the cooperation of 4–5
different mutations. Indeed, a new era for cancer research
has begun with the utilisation of Drosophila in pharmaco-
genetic approaches to discover new therapeutic avenues to
combat cancer. See also: Actin andActin Filaments; Acute
Myelogenous Leukaemia; Adherens Junctions; Apoptosis
and the Cell Cycle in Human Disease; Apoptosis: Molecu-
lar Mechanisms; Autophagy in Nonmammalian Systems;
Brain Tumours; Cancer; Cancer Stem Cells – Basic
Concepts; Cancer Stem Cells; Caspases and Cell Death;
Cell Cycle Checkpoint Genes and Cancer; Cell Cycle:
Regulation by Cyclins; Cell Junctions; Cell Migration
during Development; Cell Motility; Chromatin Structure
and Modification: Defects; Clathrin-coated Vesicles and
Receptor-mediated Endocytosis; Cytoskeleton; Drosoph-
ila as a Model for Human Diseases; Drosophila as an
Experimental Organism for Functional Genomics; Dros-
ophila Eye Development and Photoreceptor Specification;
Drosophila Patterning: Delta–Notch Interactions; Dros-
ophila Retinal Patterning; Epigenetic Drivers of Genetic
Alterations in Cancer; GlioblastomaModels inDrosophila
Melanogaster; Hedgehog Signalling; Histone Acetylation
and Disease; MicroRNAs and Their Role in Cancer;
MicroRNAs in Cancer; Multiple Endocrine Neoplasia
Type 2; Multiple Endocrine Neoplasias; Myosin Super-
family; Oncogenes; Oncogenic Kinases in Cancer; Protein
Targeting; Rho GTPase Function in Cell Morphogenesis;
Signal Transduction Pathways in Development: the JAK/
STAT Pathway; Signal Transduction Pathways in Devel-
opment: Wnts and their Receptors; Signal Transduction:
Overview; Stem Cell Niches in Drosophila; Transforming
Growth Factor Beta: Role in Cell Growth and Differen-
tiation; Tumour Formation: Number of Mutations
Required; Tumour Necrosis Factors; Tumour Suppressor
Genes
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