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ABSTRACT
A conventional view of development is that cells cooperate to build
an organism. However, based on studies of Drosophila, it has been
known for years that viable cells can be eliminated by their
neighbours through a process termed cell competition. New studies
in mammals have revealed that this process is universal and that
many factors and mechanisms are conserved. During cell
competition, cells with lower translation rates or those with lower
levels of proteins involved in signal transduction, polarity and cellular
growth can survive in a homogenous environment but are killed when
surrounded by cells of higher fitness. Here, we discuss recent
advances in the field as well as the mechanistic steps involved in this
phenomenon, which have shed light on how and why cell competition
exists in developing and adult organisms.

KEY WORDS: Minute, Myc, Apoptosis, Losers, Super-competition,
Winners

Introduction
One view of a developing organism is that each cell responds to a
preprogrammed genetic plan, which unfolds sequentially to
coordinate the patterning and growth of tissues until they reach their
final size and cellular constitution. Thus, although cells respond to
graded extracellular signals, each cell interprets and computes its
coordinates along the tissue axes and executes the appropriate
programmes autonomously. However, the analysis of genetically
mosaic animals (see Box 1) has revealed that cells are continuously
comparing themselves with their immediate neighbours and
adjusting their behaviour accordingly. This process was first
described in the pioneering work of Gines Morata and Pedro Ripoll
(Morata and Ripoll, 1975), who were studying a class of mutants
called Minutes (M), which harbour mutations in genes that encode
ribosomal proteins (Marygold et al., 2007). Homozygous animals
die as a result of cell lethality, but heterozygous animals (M/+) are
viable, albeit slow growing. However, when M/+ cells are induced
in a wild-type background, these cells are not recovered in the adult.
This seminal result indicated that, although M/+ cells in a homotypic
environment are able to produce a normal organism, they are
eliminated when surrounded by wild-type cells (Fig. 1A,B). The
eliminated M/+ cells are commonly referred to as ‘losers’ and the
wild-type cells that outcompete them are termed ‘winners’ (see
Glossary, Box 2). This context-dependent elimination of a viable
cell population was termed ‘cell competition’.

Subsequent work on Minute mutants has expanded our knowledge
and established the basic rules for cell competition. Importantly,
competition was shown to be dependent on growth rates. There are
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more than 65 Minute genes that, when disrupted, give rise to a varying
severity of growth defects. Classical studies showed that slower
growing Minute mutant cells are outcompeted more rapidly than faster
growing ones (Simpson, 1979; Simpson and Morata, 1981). Further
evidence for the crucial role of differing growth rates in cell
competition was the fact that competition between M/+ and wild-type
cells could be suppressed by starving the animals (Simpson, 1979).
This suggested that, when wild-type cells are made to grow more
slowly by nutrient deprivation, their advantage over M/+ cells is
abolished. Consistently, competition stops when developmental
growth ceases (Simpson and Morata, 1981). Another important aspect
of cell competition is that it respects cryptic cell lineage boundaries,
called compartments (Garcia-Bellido et al., 1973; Garcia-Bellido et
al., 1976). This led to the hypothesis that compartments might be
independent units of growth, providing evolution with building blocks
that could be changed while insulating the rest of the animal (Crick
and Lawrence, 1975). Thus, cell competition causes the clonal make-
up of a compartment to change without altering the dimensions of that
compartment, suggesting a link between cell competition and size
control mechanisms.

As a result of these landmark studies, several features and rules
of cell competition were deduced: (1) the viability of a cell and its
representation in the final tissue are context dependent; (2) less
competitive cells are eliminated; (3) the process of cell competition
does not cross compartment boundaries; (4) the competitive status
of a cell (i.e. winner or loser) is linked to its relative growth rate;
and (5) cell competition does not alter total tissue size.
Consequently, cell competition is phenotypically silent; unless the
relative contributions of individual cells to the tissue are examined,
no change in overall tissue size and morphology can be detected
after competitive interactions have occurred. Importantly, it has been
shown that this process of cell competition is not limited to
Drosophila. Recent work, for example, has identified a mammalian
Minute gene called Belly spot and tail (Bst), which encodes Rpl24,
that behaves just like a Drosophila Minute, in that Bst/+ cells are
outcompeted in chimeras (Oliver et al., 2004). This observation
suggests the conservation of cell competition across evolutionary
phyla. More recently, two landmark studies have established that
cell competition occurs endogenously in the mouse embryo
(Clavería et al., 2013; Sancho et al., 2013).

Research in the last decade has challenged these ‘rules’ and has
implied that competitive interactions are both more widespread and
more varied than previously thought, leading to a broader view of
what constitutes cell competition. Here, we discuss the varying types
of cell competition and the factors that provoke competitive
interactions between cells. We highlight the important findings as
well as the controversies in the field and attempt to draw
conclusions about the mechanisms and evolutionary significance of
this intriguing phenomenon.

The many types and regulators of cell competition
For over three decades only Minute mutants were known to cause
cell competition, but within the last decade the field has exploded.
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Many factors have been shown to regulate cell competition and here
we group them into three broad classes (Myc, signal transduction,
polarity) that are discussed below (Table 1).

Myc and the discovery of ‘super-competition’
In classical cell competition, wild-type cells always outcompete the
slowly growing M/+ cells through induction of programmed cell
death (Moreno et al., 2002), or apoptosis (see Glossary, Box 2).
Thus, the losers have reduced cellular fitness (see Glossary, Box 2),
and their elimination and replacement by wild-type cells through
competition could be viewed as restoring a diminished function (i.e.
growth) to the tissue. Studies of the sole Drosophila homologue of
Myc [also referred to as dmyc or diminutive (dm)], an essential
growth regulator, showed that Myc mutant cells are outcompeted
(Table 1) (Johnston et al., 1999). By contrast, if cells express higher
levels of Myc than their neighbours, they become winners and
outcompete wild-type cells (Fig. 1C) (de la Cova et al., 2004;
Moreno and Basler, 2004). Thus, in cell competition, the relative
amount of Myc gene product determines whether a cell is the winner
or the loser. In the case of Myc-overexpressing cells, competition no
longer eliminates unfit cells, as wild-type cells are now the losers.
This was the first demonstration of super-competitors (see Glossary,
Box 2) (Abrams, 2002), which bear gain-of-function mutations that
are potentially harmful to the organism and expand at the expense
of wild-type cells.

Myc is a key regulator of cellular growth (see Glossary, Box 2)
due to its control of de novo ribosome biogenesis (Grewal et al.,
2005), and the ability of Myc to increase rates of protein translation

is crucial to its competitive effects. Indeed, cells that overexpress
Myc lose their ability to outcompete wild-type cells when they are
heterozygous for a Minute mutation (Moreno and Basler, 2004).
This suggests a common thread between Myc and Minute genes,
and indicates that competition depends on ribosomes and growth
regulation. However, an intriguing difference between Minute- and
Myc-dependent competition exists: Myc-overexpressing winners are
able to kill wild-type cells at a distance [up to eight cell diameters
away (de la Cova et al., 2004)], whereas most cell death of M/+
losers occurs adjacent to winners (Simpson and Morata, 1981;
Moreno et al., 2002; Li and Baker, 2007). This suggests that Minute-
induced cell competition requires cell-cell contact, whereas Myc-
dependent competition does not.

In fact, experimental evidence from cell culture studies supports
the existence of secreted signals mediating cell competition. These
studies have shown that apoptosis of losers with lower levels of Myc
can be induced in cell cultures in which cell contact is prevented
(Senoo-Matsuda and Johnston, 2007). Furthermore, when Myc-
overexpressing cells are co-cultured with wild-type cells, the
resulting conditioned medium can induce cell death when incubated
with wild-type cells. The response to this medium depends on the
level of Myc expressed by the cell: cell death is observed in the case
of cells expressing low levels of Myc, whereas increased
proliferation is seen if the cells express high levels of Myc (Senoo-
Matsuda and Johnston, 2007). Although these results have been
questioned by another laboratory (Portela et al., 2010), they raise the
hypothesis that competition can be mediated through soluble
secreted factors. Furthermore, they suggest that each cell interprets
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Fig. 1. Cell competition. (A) When in a homotypic environment, the cells of two genotypes are viable and produce normal tissues. Blue cells (top) represent
less fit cells and green cells (bottom) represent wild-type cells. (B) When these different cells are present in the same tissue (i.e. in a heterotypic environment)
competitive interactions take place between them. The less fit cells (blue) are eliminated by apoptosis (dark blue cells), extruded basally (arrows) from the
epithelium, and replaced by cells of the fitter type (green). Eventually, the whole compartment (the boundaries of which are indicated by black dashed lines), is
colonised by the fitter cell type (green cells). (C) In the case of super-competition, super-competitors (orange) are able to outcompete wild-type cells (green). 
A clone of super-competitors (orange) induces apoptosis (dark green) and basal extrusion (arrows) of surrounding wild-type cells located up to eight cell
diameters away. The subsequent proliferation of super-competitors replaces the outcompeted wild-type cells, resulting in their increased contribution to the
final tissue. D
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these factors differently according to its level of Myc. In other
words, naïve cells ‘know’ if they are to be winners or losers.

Recent exciting studies have shown that Myc-dependent cell
competition and super-competition are not limited to Drosophila but
also exist in early mouse embryos (Clavería et al., 2013; Sancho et
al., 2013). Clavería et al. made mosaic mouse embryos with cells
expressing differing levels of Myc and found that cells with lower
Myc levels were eliminated. Sancho et al. studied Myc indirectly
and arrived at a similar conclusion: they found that when cells
lacking the bone morphogenetic protein (BMP) receptor Bmpr1a are
juxtaposed with wild-type cells, they have decreased levels of Myc
and are subsequently eliminated (Table 1) (Sancho et al., 2013).
Thus, the same rules apply to mouse Myc as to Drosophila Myc:
cells measure Myc content relative to their neighbours, and the cells
with lower Myc levels (even if they express wild-type levels) are
eliminated, although the overall size of the embryo remains
unchanged (Clavería et al., 2013). Notably, these two papers differ
in the required proximity of the loser to the winner. Clavería et al.
observed cell death only in low-level Myc losers immediately
adjacent to winners. By contrast, Sancho et al. conducted similar
experiments to the Drosophila cell culture studies (Senoo-Matsuda
and Johnston, 2007) and found that cells lacking Bmpr1a are
outcompeted in trans-well plates where there is no direct contact
between winners and losers. Nevertheless, both studies show that,
in the absence of genetic manipulation, endogenous cell death in the
mouse embryo occurs in cells with lower Myc expression (Clavería
et al., 2013; Sancho et al., 2013). This provides for the first time a
tantalising hint that cell competition may occur in vivo, under
normal physiological conditions.

Signalling pathways and survival factors
There has been a growing realisation that cell competition occurs
downstream of many important developmental signalling pathways,
leading to a re-interpretation of the idea of a survival signal (see
‘survival factor’, Glossary, Box 2). Such a signal is a secreted factor
that cells need absolutely in order to stay alive; being deprived of it
causes a cell to die (Raff, 1992). Numerous ligands that activate
conserved signalling pathways have been proposed to act as survival

factors. For example, Wnt/Wingless (Wg) fits the criterion for such
a factor (Table 1). In the Drosophila wing disc, cells that cannot
transduce Wg do not grow and are eliminated through cell death
(Giraldez and Cohen, 2003; Johnston and Sanders, 2003). However,
this elimination was shown recently to be context dependent, as Wg-
deficient cells juxtaposed with less fit cells are able to contribute to
an entire compartment (Vincent et al., 2011). Conversely, cells with
a mutation conferring constitutive Wg signalling become super-
competitors and trigger apoptosis in neighbouring wild-type cells.
Similar observations were made for the JAK/STAT signalling
pathway (Table 1), whereby loss of Stat92E, the sole STAT gene in
Drosophila, causes cells to grow poorly and be eliminated by
apoptosis (Rodrigues et al., 2012). Preventing the death of these
cells or placing them in a context in which they have a growth
advantage over their neighbours rescues their growth, suggesting
context-dependent elimination, a hallmark of cell competition.
Furthermore, hyperactivating JAK/STAT signalling not only causes
autonomous overgrowth, but also induces cell death in wild-type
cells several cell diameters away (Rodrigues et al., 2012). The
Ras/Raf/MAPK pathway has also been known for many years as
crucial for cell survival because clonal reduction in this signalling
pathway leads to cell death (Table 1). This was presumed to be due
to the autonomous role of MAPK in promoting survival or blocking
apoptosis (Diaz-Benjumea and Hafen, 1994; Bergmann et al., 1998;
Kurada and White, 1998; Yang and Baker, 2001; Yang and Baker,
2003). However, an alternative explanation is that MAPK signal-
deficient cells are outcompeted by wild-type neighbours. Indeed, the
elimination of ras (Ras85D) mutant cells can be reversed by
juxtaposing them with M/+ growth-compromised cells (Prober and
Edgar, 2000). Moreover, expressing an activated form of Ras
induces apoptosis in wild-type cells located several cell diameters
away (Karim and Rubin, 1998), suggesting that sustained activation
of the MAPK pathway also induces super-competition. Finally,
dysregulation of the Hippo (Hpo) pathway, a central and conserved
regulator of proliferation and survival (Table 1) (Pan, 2010), can
rescue the loss of M/+ cells (Tyler et al., 2007). Hyperactivation of
Yorkie (Yki), a downstream effector of the Hippo pathway, leads to
autonomous overgrowth, and these cells become super-competitors,
inducing apoptosis in neighbouring wild-type cells (Tyler et al.,
2007; Neto-Silva et al., 2010; Ziosi et al., 2010).

Box 1. Clonal techniques in Drosophila
Growth and proliferation in Drosophila have been studied by making
heritably marked cells, called clones, and following the size and number
of cells in these clones over time. This approach allows precise control
over the time of clone induction and the length of the growth period, thus
enabling parameters of growth, such as cell doubling time, to be
measured. In epithelial tissues, daughter cells stay in contact with each
other, such that clones form coherent patches of cells that can be
measured (Garcia-Bellido and Merriam, 1971).

Initially, clonal experiments used chromosomes carrying recessive
visible markers that could be made homozygous by X-ray irradiation
(Patterson, 1929). Double-strand breaks induced by X-ray can cause
crossovers between homologous chromosome arms and, if this occurs
after DNA replication (in G2 phase), the segregation of chromosome
strands after mitosis can lead to a cell inheriting two copies of the
recessive marker. A more recent technique takes advantage of a yeast
recombinase enzyme, Flippase, and its recognition site FRT, to induce
crossover on specific chromosome arms (Golic, 1991; Xu and Rubin,
1993). Regulation of the developmental time and frequency of the initial
recombination step is obtained by using a heat-shock promoter to control
the induction of Flippase. However, many studies, particularly those of
the eye, make use of a constitutive tissue-specific driver to express
Flippase (Newsome et al., 2000), thus continuously generating
recombinant clones, leading to large patches of marked tissue that result
from the merging of clones induced at different times.

Box 2. Glossary
Apicobasal polarity. The organisation of epithelial cells along the axis
perpendicular to the epithelial sheet. The side of the cell in contact with
the basement membrane is called basal, whereas the side contacting the
lumen is apical. Lgl, Dlg and Scrib are basal determinants, whereas Crb
is an apical determinant.
Apoptosis. Caspase-dependent programmed cell death, involving cell
fragmentation into apoptotic bodies that can be phagocytosed.
Cellular fitness. An as yet unquantifiable concept referring to a quality
of a cell, such as the rate of protein synthesis, that cells use to compare
themselves with their neighbours.
Cellular growth. The accumulation of mass by a cell. It represents the
net rate of protein synthesis in a cell.
Engulfment. The process by which one cell phagocytoses another. In
cell competition, the winners have been reported to engulf dying losers.
Loser. A cell that is killed by its neighbours through induction of
apoptosis.
Super-competitor. A winner that outcompetes wild-type cells, indicating
an increase in fitness over wild type.
Survival factor. A signal that is essential for a cell to live; being deprived
of such a signal would cause that cell to undergo apoptosis.
Winner. A cell that kills neighbouring cells that are less fit.
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Table 1. Inducers of cell competition 

Factor/pathway Function Role in cell competition 
Relationship with Myc and/or 
ribosomes? References 

Minute (M) Ribosomal proteins Drosophila and mouse: 
heterozygosity results in loser 
status; heterozygous M/+ 
postmitotic cells are also 
outcompeted 

Yes (see next entry) (Morata and Ripoll, 1975; 
Simpson, 1979; Simpson 
and Morata, 1981; Oliver  
et al., 2004; Tamori and 
Deng, 2013) 

Myc Transcription factor regulating de 
novo ribosome biogenesis 

Relative levels of Myc determine 
competitive status of a cell in 
Drosophila and mouse: low Myc-
expressing cells are losers, high 
Myc-expressing cells are super-
competitors 

Yes: Myc super-competition 
depends on ribosome 
function 

(Johnston et al., 1999; de la 
Cova et al., 2004; Moreno 
and Basler, 2004; Clavería 
et al., 2013; Sancho et al., 
2013) 

Bone morphogenetic 
proteins (BMPs) 

Soluble factors that control 
proliferation and pattern 
formation 

Drosophila and mouse: low levels of 
BMPs are associated with loser 
status 

Yes: in mouse, BMP receptor 
acts upstream of Myc 

(Burke and Basler, 1996; 
Moreno et al., 2002; 
Sancho et al., 2013) 

Wingless (Wg) Conserved signal transduction 
cascade regulating 
proliferation, cellular growth 
and pattern formation 

Drosophila: cells with low Wg 
signalling become losers, cells with 
high Wg signalling become super-
competitors  

No: cells with high Wg 
signalling have low Myc but 
yet are still super-
competitors 

(Johnston and Sanders, 
2003; Vincent et al., 2011) 

Janus kinase/Signal 
transducer and 
activator of transcription 
(JAK/STAT) 

Conserved signal transduction 
cascade regulating 
proliferation, cellular growth 
and pattern formation 

Drosophila: cells with low JAK/STAT 
signalling become losers, cells with 
high JAK/STAT signalling become 
super-competitors  

No: cells with high JAK/STAT 
signalling have no changes 
in Myc or ribosomal protein 
expression but are still 
super-competitors 

(Rodrigues et al., 2012) 

Ras/Raf/Mitogen-
activated protein kinase 
(MAPK) 

Conserved signal transduction 
cascade regulating 
proliferation, cellular growth 
and pattern formation 

Drosophila: cells with low MAPK 
activity are eliminated in a context-
dependent manner; high levels of 
Ras activity cause non-autonomous 
cell death 

Yes: Ras signalling increases 
Myc levels post-
transcriptionally  

(Diaz-Benjumea and Hafen, 
1994; Karim and Rubin, 
1998; Prober and Edgar, 
2000) 

Hippo (Hpo) Conserved tumour suppressor 
pathway, which negatively 
regulates the activity of Yorkie 
(Yki), the Drosophila homolog 
of Yes-associated protein 
(YAP) 

Drosophila: cells with low Yki activity 
become losers, whereas cells with 
high Yki activity become super-
competitors 

Yes: Yki upregulates Myc (Tyler et al., 2007; Neto-Silva 
et al., 2010; Ziosi et al., 
2010) 

Scribble (Scrib) Conserved PDZ-domain tumour 
suppressor protein regulating 
apicobasal polarity 

Drosophila and mouse cultured cells: 
scrib mutant cells are eliminated by 
wild-type neighbours 

Unknown (Brumby and Richardson, 
2003; Pagliarini and Xu, 
2003; Igaki et al., 2006; 
Chen et al., 2012; Norman 
et al., 2012) 

Discs large (Dlg) Conserved PDZ-domain tumour 
suppressor protein regulating 
apicobasal polarity 

Drosophila: dlg mutant cells are 
eliminated by wild-type neighbours 

Unknown (Igaki et al., 2006) 

Lethal giant larvae (Lgl) Conserved WD40-domain tumour 
suppressor protein regulating 
apicobasal polarity 

Drosophila: lgl mutant cells are 
eliminated by wild-type neighbours 

Yes: lgl mutant cells have 
lower levels of Myc than 
wild-type cells 

(Agrawal et al., 1995; Igaki  
et al., 2006; Froldi et al., 
2010; Menendez et al., 
2010; Tamori et al., 2010) 

Vacuolar protein sorting 
25 (Vps25) 

Component of Endosomal sorting 
complexes required for 
transport II (ESCRT-II) 

Drosophila: Vps25 mutant cells are 
outcompeted by wild-type 
neighbours through autonomous 
upregulation of hid 

No: misexpression of Myc 
does not rescue Vps25 
mutant cells  

(Thompson et al., 2005; 
Vaccari and Bilder, 2005; 
Herz et al., 2006; Menut  
et al., 2007) 

Rab5 Member of the Ras superfamily of 
monomeric G proteins involved 
in endocytic trafficking 

Drosophila: Rab5 mutant cells are 
outcompeted by wild-type 
neighbours 

Unknown (Lu and Bilder, 2005; Menut 
et al., 2007; Ballesteros-
Arias et al., 2013) 

Avalanche (Avl) Drosophila homologue of human 
Syntaxin 7, involved in vesicle 
fusion during protein trafficking 

Drosophila: avl mutant cells are 
outcompeted by wild-type 
neighbours 

Unknown (Lu and Bilder, 2005; Menut 
et al., 2007) 

Tumour susceptibility 
gene 101 (TSG101) 

Orthologue of Vps23, a 
component of ESCRT-I  

Drosophila: TSG101 mutant cells are 
outcompeted by wild-type 
neighbours 

Unknown (Moberg et al., 2005; Menut 
et al., 2007) 

Mahjong (Mahj) Drosophila homologue of viral 
protein R-binding protein 
(VprBP), which contains WD40 
and LisH domains and binds 
Lgl 

Drosophila and canine cultured cells: 
mahj mutant cells are eliminated by 
wild-type neighbours; mahj mutant 
postmitotic cells are also 
outcompeted 

Unknown (Tamori et al., 2010; Tamori 
and Deng, 2013) 

Crumbs (Crb) Transmembrane protein that 
regulates the apical domain in 
epithelia 

Drosophila: crb mutant clones are 
winners and eliminate neighbouring 
wild-type cells  

Four studies report that Crb is 
genetically upstream of 
Hippo signalling, which can 
regulate Myc; however, a 
different report finds no 
change in Myc levels in crb 
mutant cells 

(Leong et al., 2009; 
Grzeschik et al., 2010;  
Ling et al., 2010; Robinson 
et al., 2010; Hafezi et al., 
2012) 
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These studies raised the possibility that most signalling pathways
described as survival factors are actually required to maintain the
competitiveness of cells. For example, in Drosophila and in
mammals, autonomous lack of BMP reception causes cells to be
eliminated in a process consistent with cell competition (Burke and
Basler, 1996; Sancho et al., 2013). Likewise, loss of Insulin/PI3
kinase (PI3K) pathway signalling leads to elimination (Böhni et al.,
1999; Verdu et al., 1999). However, ectopic activation of PI3K (or
misexpression of a growth regulatory Cyclin/Cyclin-dependent
kinase complex) does not lead to super-competition (de la Cova et
al., 2004). These studies suggest that the model of signalling
pathways as rheostats of competition (i.e. too little results in loser
status and too much results in winner status) is too simplistic.
Rather, a cell needs these signalling pathways to avoid being
outcompeted but becoming a winner and inflicting competitive
stress on your neighbours is more complicated.

Do all of these pathways converge on a common regulator of
cellular fitness? Several pathways have been shown to modulate
Myc levels. For example, clear evidence exists to confirm that the
competitive nature of Hpo pathway mutant cells depends on
upregulation of Myc. The pathway effector Yki directly regulates
Myc transcription and this is essential for cells with sustained Yki
activation to outcompete neighbours (Neto-Silva et al., 2010; Ziosi
et al., 2010). Similarly, studies in the early mouse embryo have
shown that Myc is a central regulator of cell competition. In the case
of Bmpr1a mutant cells, loser status was associated with lower Myc
levels, which presumably accounts for their outcompetition in the
presence of wild-type cells (Sancho et al., 2013). Ras also regulates
Myc expression in Drosophila wing discs, and ras mutant clones are
partially rescued by expression of Myc (Prober and Edgar, 2000).

By contrast, both JAK/STAT and Wg pathways were shown to act
independently of Myc (Vincent et al., 2011; Rodrigues et al., 2012),
suggesting that cell competition can measure differences other than
simply ribosomal function. In fact, as Wg signalling represses Myc
expression (Duman-Scheel et al., 2004; Vincent et al., 2011), the
winners in Wg-induced competition are actually the cells with lower
Myc. This indicates that, although the lower levels of Myc in these
cells should in fact render them losers, the sustained Wg signalling
alters their status. Moreover, sustained JAK/STAT pathway
activation can partially rescue Myc null losers, suggesting that there
are parallel pathways for measuring cellular fitness (Rodrigues et al.,
2012). It is important to note that, unlike classical cell competition
mutants, these signalling pathways when disrupted lead to visible
growth phenotypes and do not respect size control mechanisms.
Thus, there are likely to be many types of cell competition.

Polarity genes and neoplastic tumour suppressors
The study of a class of genes called neoplastic tumour suppressors
revealed an unexpected link between cell polarity and cell
competition (Gateff, 1978; Bilder, 2004). Mutants for these genes
were identified by their neoplastic appearance, that is to say growths
of larval tissues that had lost both epithelial structure and the ability
to differentiate. Many genes in this class were found to encode
proteins that are essential components of complexes required for the
proper apicobasal polarity (see Glossary, Box 2) of epithelial cells,
and include Scribble (Scrib), Discs large (Dlg, also known as Dlg1)
and Lethal giant larvae [Lgl, also known as L(2)gl] (Bilder, 2004).
Although there are some differences between these genes (see
Table 1), here we consider them together.

Cells mutant for any of these three genes are viable – and in fact
proliferate faster and cause overgrowths – when in a homotypic
environment and exhibit high Yki activity (Bilder, 2004; Grzeschik

et al., 2010; Doggett et al., 2011; Sun and Irvine, 2011; Chen et al.,
2012). By contrast, when polarity-deficient clones are confronted
with wild-type cells, they are eliminated. This occurs through
activation of Jun N-terminal kinase (JNK) signalling, which
suppresses Yki activity (Table 2) (Woods and Bryant, 1991;
Agrawal et al., 1995; Brumby and Richardson, 2003; Pagliarini and
Xu, 2003; Uhlirova et al., 2005; Igaki et al., 2006; Grzeschik et al.,
2007; Grzeschik et al., 2010; Tamori et al., 2010; Chen et al., 2012).
However, polarity-deficient clones can survive when given a
competitive advantage (for example, when induced in a M/+
background), and high levels of Yki activity and Myc protein are
observed within them (Agrawal et al., 1995; Froldi et al., 2010;
Menéndez et al., 2010; Chen et al., 2012). The context-specific
behaviour of these cells is a hallmark of cell competition, and
similar competitive outcomes have been observed following loss of
Scrib in mammalian cells (Norman et al., 2012). In this type of
competition, the losers are actually the faster proliferating cells that
possess tumourigenic potential. This is in contrast to the situation
observed in Myc- and Minute-induced competition, in which the
winner is the cell with the fastest growth rate. Thus, in the context
of polarity-deficient cells, cell competition acts in a tumour-
suppressing role.

Strikingly, a reversal of the loser status of polarity-deficient cells
can be observed if they co-express an active form of Ras (RasV12)
(Brumby and Richardson, 2003; Pagliarini and Xu, 2003). That
RasV12 can rescue these cells from being outcompeted is likely to be
due to the fact that RasV12 leads to hyperactivity of Yki and that both
Ras and Yki regulate Myc expression (Prober and Edgar, 2000;
Menéndez et al., 2010; Neto-Silva et al., 2010; Ziosi et al., 2010).
In contrast to studies of classical cell competition, in which discrete
clones are generated and then analysed after a defined period of
time, many studies of polarity-deficient cells employ techniques that
continuously generate clones (see Box 1), resulting in large merged
patches of mutant tissue (Brumby and Richardson, 2003; Pagliarini
and Xu, 2003; Igaki et al., 2006; Igaki et al., 2009; Cordero et al.,
2010; Grzeschik et al., 2010; Doggett et al., 2011; Chen et al., 2012).
In fact, a careful analysis of discrete RasV12 lgl mutant clones found
that these cells are still outcompeted (Menéndez et al., 2010).
However, if enough clones are present in the tissue, they merge to
form large microenvironments that are impervious to cell
competition and that sustain them even in the presence of wild-type
cells (Menéndez et al., 2010; Chen et al., 2012).

It is interesting that genes encoding components of the endosomal
trafficking machinery also behave as neoplastic tumour suppressors
in Drosophila and induce competitive interactions when mutated.
Cells lacking TSG101, Vps25, Rab5 or avalanche (also known as
Syntaxin 7) (see Table 1) are eliminated by wild-type neighbours (Lu
and Bilder, 2005; Moberg et al., 2005; Thompson et al., 2005;
Vaccari and Bilder, 2005; Herz et al., 2006; Menut et al., 2007;
Ballesteros-Arias et al., 2013). However, when given a growth
advantage, these mutant cells survive, lose apicobasal polarity and
produce overgrown tissue resembling tumours. Like RasV12 lgl
mutant clones (Menéndez et al., 2010), the density of Rab5 clones
strongly influences their elimination: when of sufficient size, they
can escape cell competition (Ballesteros-Arias et al., 2013).
Intriguingly, overexpression of Myc does not rescue Vps25 mutant
cells whereas ectopic activation of Yki does, suggesting that in this
instance of cell competition Yki acts independently of Myc (Herz et
al., 2006).

Other polarity factors and their associated proteins that are not
neoplastic tumour suppressors can also induce cell competition in
mosaic tissue. Loss of Mahjong (Mahj), a binding partner of Lgl D
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(see Table 1), leads to competitive elimination in Drosophila and
mammals (Tamori et al., 2010). mahj-deficient cells are killed
through JNK-induced apoptosis and, in mammalian cells, this can
be blocked by a JNK inhibitor. Importantly, Mahj acts downstream

of Lgl; the elimination of lgl mutant clones is largely suppressed
when they overexpress Mahj (Tamori et al., 2010). Loss of the
apical determinant Crumbs (Crb) also leads to clonal overgrowth
(Chen et al., 2010; Ling et al., 2010; Richardson and Pichaud, 2010;

Table 2. Effectors of cell competition 

Factor/pathway Function Role in cell competition 
Relationship with Myc 
and/or ribosomes? References 

BMPs Soluble factors that control 
proliferation and pattern 
formation 

Their role as an effector of cell 
competition is controversial; 
BMPs have been suggested as 
survival factors in the ‘ligand 
capture’ model 

Disputed (see text for 
details) 

(Moreno et al., 2002; de la 
Cova et al., 2004; 
Moreno and Basler, 
2004; Martín et al., 
2009a) 

Head involution defective 
(Hid) 

Pro-apoptotic gene in 
Drosophila 

Required for death of low Myc and 
low STAT losers  

Yes: Myc super-competitors 
non-autonomously 
regulate hid expression in 
losers  

(de la Cova et al., 2004; 
Rodrigues et al., 2012) 

Flower (Fwe) Calcium ion channel that 
regulates synaptic vesicle 
exo- and endocytosis 

Drosophila: a splice isoform-
specific marker of loser cells 

Loser isoforms of Fwe are 
upregulated in several 
kinds of losers, including 
cells with low Myc or 
reduced ribosome 
function  

(Rhiner et al., 2010) 

SPARC Basement membrane 
protein 

Its role in cell competition is 
controversial; one group reported 
that it is a marker of loser cells, 
whereas another group did not 

Disputed (see text for 
details) 

(Portela et al., 2010; 
Rodrigues et al., 2012) 

Draper (Drpr) Drosophila homologue of 
the CED-1 scavenger 
receptor 

Its role in cell competition is 
controversial; two groups 
reported that it is required in 
winners for the engulfment and 
death of losers, whereas another 
group did not 

Disputed (see text for 
details) 

(Li and Baker, 2007; Martín 
et al., 2009a; Lolo et al., 
2013) 

Wiskott-Aldrich syndrome 
protein (WASp) 

Cytosolic protein involved in 
cytoskeletal 
rearrangements 

Its role in cell competition is 
controversial; one group reported 
that it is required in winners for 
the engulfment of losers, 
whereas another group did not 

Disputed (see text for 
details) 

(Li and Baker, 2007; Lolo  
et al., 2013) 

Myoblast city (Mbc) Drosophila homologue of 
DOCK180/CED-5; with 
Elmo forms a guanyl 
nucleotide exchange 
factor for Rac 

Required in winners for the 
engulfment of losers 

Yes: acts in winners 
downstream of Minute- 
and polarity deficiency-
dependent cell 
competition 

(Li and Baker, 2007; 
Ohsawa et al., 2011) 

Elmo/CED-12 Drosophila homologue of 
CED-12; with Mbc forms a 
guanyl nucleotide 
exchange factor for Rac 

Involved in the engulfment in 
winners in polarity deficiency-
dependent cell competition 

Unknown (Ohsawa et al., 2011) 

Eiger (Egr) Drosophila homologue of 
Tumour necrosis factor  

Not involved in Myc-dependent cell 
competition but is produced by 
losers mutant for scrib or dlg and 
is required for their elimination; 
also acts in winners to promote 
engulfment of losers mutant for 
scrib or dlg 

No (de la Cova et al., 2004; 
Igaki et al., 2009; 
Ohsawa et al., 2011) 

Jun N-terminal kinase 
(JNK) 

Conserved signal 
transduction cascade that 
regulates stress 
responses 

Its role in Minute- and Myc-
dependent cell competition is 
controversial; one group reports 
that JNK signalling is required for 
death of M/+ and low Myc losers, 
but two other groups dispute this; 
there is agreement that JNK 
signalling is required for the 
death of polarity-deficient losers; 
JNK activity is also required in 
winners that engulf polarity-
deficient losers 

Disputed (see text for 
details) 

(Moreno et al., 2002; 
Brumby and Richardson, 
2003; de la Cova et al., 
2004; Moreno and 
Basler, 2004; Tyler et al., 
2007; Igaki et al., 2009; 
Froldi et al., 2010; 
Ohsawa et al., 2011; 
Chen et al., 2012) 

PDGF- and VEGF-receptor 
related (Pvr) 

Transmembrane tyrosine 
kinase receptor 

Drosophila: Pvr is required in 
winners for the engulfment of 
polarity-deficient losers 

Unknown (Ohsawa et al., 2011) 
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Robinson et al., 2010), and one group has shown that this results
from crb mutant cells acquiring super-competitive abilities that lead
to apoptosis in neighbouring wild-type cells (Hafezi et al., 2012).
Several groups report that loss of Crb leads to upregulation of Yki
target genes, and that reducing the genetic dose of yki can suppress
Crb-dependent overgrowth (Chen et al., 2010; Grzeschik et al.,
2010; Ling et al., 2010; Robinson et al., 2010; Hafezi et al., 2012).
This strongly suggests that Crb-induced cell competition is mediated
through inactivation of Hpo signalling.

Mechanisms of cell competition
As highlighted above, cell competition depends on the elimination
of losers by cell death. When cell death is inhibited in losers, for
example by expressing the pan-caspase inhibitor P35 (Hay et al.,
1994), it not only rescues their poor growth and removal, but it also
abolishes the growth advantage of winners (Moreno and Basler,

2004; Li and Baker, 2007; Martín et al., 2009a). There is, however,
some debate as to whether the death of losers is essential for the
increased proliferation of winners (Martín et al., 2009a). Here, we
consider cell death as central to the process of cell competition and,
as such, as its defining feature. There are two alternative models of
how cells are removed during cell competition: the ligand capture
model, which involves a passive fight for a survival factor; and the
comparative fitness model, in which cells communicate with each
other to sense their differences and elicit competitive outcomes
(Fig. 2).

The ligand capture model
If cellular survival depends absolutely on limiting amounts of
secreted survival factors (Raff, 1992), a cell that captures more of
this factor, for instance by having more receptors on its surface or
by increasing its endocytosis rate, would restrict its neighbours’

Survival factor Survival factor receptor

A  Ligand capture model B  Comparative fitness model

Step 1: Sensing differences Step 2: Acquisition of status Step 3: Elimination of losers

Death signalFwe (marker of loser status)Activated fitness sensorFitness sensor
Key

A  Ligand capture model

Step 1: Sensing differences Step 2: Acquisition of status Step 3: Elimination of losers

Basal extrusion
Phagocytosis by macrophages

B  Comparative fitness model

Basal extrusion
Phagocytosis by macrophages

Fig. 2. Potential models of competitive interactions and death. (A) In the ligand capture model, winners (green) capture more survival factor (orange
circles) and deprive losers (blue) of it. The lack of a survival signal causes cells to die. (B) In the comparative fitness model, cells sense differences between
themselves, leading to competitive interactions. This process can be divided into three sequential steps: sensing differences (step 1), acquisition of status (step
2) and elimination of losers (step 3). Briefly, winners (green) kill losers (light blue) and the dying losers (dark blue) are engulfed by winners and/or are basally
extruded and phagocytosed by circulating macrophages (arrow). In step 1, differences in fitness are sensed across a field of naïve epithelial cells (beige) that
contains cells of variable fitness. For simplicity, we have drawn a hypothetical surface sensor protein (black). Although many scenarios can be imagined, we
propose that the sensor makes homotypic interactions between neighbouring cells (indicated by interlocking black shapes). If cells are different, these
interactions may not occur, causing the sensor to become activated (orange, shown here in presumptive winner cells). When this receptor is activated,
competitive interactions are induced. In step 2, cells acquire winner (green) or loser (blue) status and begin to express markers of their status. For example,
Fwe isoforms (magenta) begin to be expressed in losers. Note that, although no markers of winners have been identified, there is evidence that winners know
their status (Senoo-Matsuda and Johnston, 2007). In step 3, extracellular death signals (red) induce death in losers. We do not distinguish between winners
producing the death signal that kills losers and losers producing the death signal, resulting in cellular suicide. Ultimately, this competitive stress leads to Hid
expression and JNK activation in losers, resulting in apoptosis. Winners themselves might also phagocytose losers and cause their death, via the activation of
several phagocytosis proteins downstream of JNK activation. D
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access to the survival factor, effectively killing them (Fig. 2A).
Such mechanisms have been proposed for culling excess neurons
that are produced during development (Raff, 1992). Cell
competition has been proposed to work in this way in the
Drosophila wing disc, where Decapentaplegic (Dpp), a Drosophila
BMP homologue, is proposed to play the role of a survival factor
(Moreno et al., 2002; Moreno and Basler, 2004). Dpp is expressed
in a stripe of anterior cells next to the anterior-posterior
compartment boundary and diffuses to form a gradient, with the
highest concentration of Dpp thus occurring in the centre of the
disc (Posakony et al., 1990; Teleman and Cohen, 2000). The
ligand capture model predicts that competition for Dpp, and hence
the chance of becoming a loser, increases the further a cell is from
the Dpp source.

Some observations support this model. For example, preventing
endocytosis by expressing a dominant-negative form of Rab5 leads to
downregulation of BMP signal reception (Moreno et al., 2002).
Furthermore, markers of diminished BMP signalling are observed in
losers of Minute- and Myc-induced competition (Moreno et al., 2002;
Moreno and Basler, 2004; Tyler et al., 2007). Losers that have reduced
Myc can be rescued by increasing the expression of positive
regulators of Dpp signal transduction or by knocking down negative
regulators of the pathway (Moreno and Basler, 2004; Ziv et al., 2009).

However, two other laboratories report no change in Dpp signalling
in M/+ losers or in losers with lower levels of Myc (de la Cova et al.,
2004; Martín et al., 2009a). Several other observations also contradict
the ligand capture model. First, cells lacking the Dpp receptor
Thickveins (Tkv) are eliminated when surrounded by wild-type cells
but survive in a Minute background (Burke and Basler, 1996). The
fact that tkv mutant cells can survive when surrounded by less fit cells
suggests that the survival of cells lacking BMP signalling depends on
the fitness of their neighbours and not on an autonomous process.
Second, whereas the ligand capture model predicts that the cells
furthest away from the signal source would be most vulnerable to loss
of signal reception, tkv mutant cells are in fact eliminated
preferentially in the centre of the disc, close to the source of Dpp
(Burke and Basler, 1996). This indicates that the requirement for BMP
signal reception is not absolute but depends on comparison of relative
signalling levels with immediate neighbours. Finally, it has been
shown in mammalian models that BMP ligands are not limiting for
cell competition (Sancho et al., 2013). Indeed, if BMP were a limiting
survival factor then the intensity of competition would be modulated
by BMP levels; however, varying the concentration of BMPs in
competitive co-cultures did not alter the intensity of the competition
(Sancho et al., 2013).

The comparative fitness model: sensing and elimination pathways
The ligand capture model thus does not fully explain all aspects of
cell competition, and instead it appears that the relative fitness of
cells might be the parameter that matters. However, what fitness is
and how it is measured remain unanswered questions. When cell
competition was initially identified, it was thought to be related to
proliferation rates (Simpson and Morata, 1981). However,
subsequent work has shown that proliferation and cellular growth
are separable (Neufeld et al., 1998). Myc seemed to link cellular
growth to competition via ribosome biogenesis (de la Cova et al.,
2004; Moreno and Basler, 2004), a common thread with Minute
genes. However, Wg- and JAK/STAT pathway-induced competition
exhibit no evidence of accelerated growth through increased
ribosome biogenesis, and not all growth regulators (i.e. PI3K) can
induce cell competition (de la Cova et al., 2004; Vincent et al., 2011;
Rodrigues et al., 2012). Therefore, it might be that cells sense some

common change in fitness downstream of many different kinds of
insult; alternatively, there might be different kinds of competition
and no universal measure of fitness.

Nevertheless, it is possible to break down the events that occur
during cell competition into a minimum of three steps (Fig. 2B).
First, neighbouring cells must recognise differences between them.
Second, these differences are translated into winner or loser status.
Third, winners eliminate the losers and replace them. Below, we
discuss each of these steps, although it should be noted that much
more is known about the third step than about the first two.

Sensing differences and acquiring status
In the simplest model, each cell regulates the amount of a secreted or
membrane ‘sensor’ protein that allows cells to compare their relative
fitness with that of their neighbours (Fig. 2B). [We note that this is
hypothetical and undoubtedly an oversimplification of the actual
situation.] Crb is one of only a handful of transmembrane proteins that
have been linked to cell competition. As described above, wild-type
cells adjacent to crb mutant super-competitors become losers and die
(Hafezi et al., 2012), which is consistent with the requisite properties
for a sensor molecule. However, Crb-overexpressing losers cause the
death of neighbouring wild-type cells (Hafezi et al., 2012), which is
inconsistent with the prediction of a sensor molecule. It has recently
been suggested that mechanical stress, as opposed to ‘sensing’ through
cell surface markers, could be an initial step in cell competition
(Vincent et al., 2013). Specifically, this model proposes that
differences in growth rates cause planar elongation of the losers at the
clone border with winners. In a non-competitive situation, planar
elongation has been shown to lead to delamination from the
epithelium (Marinari et al., 2012).

After differences between neighbouring cells have been
perceived, cells upregulate markers of their status (Fig. 2B).
Expression profiling has identified two proteins, SPARC and Flower
(Table 2), that might be markers of losers during cell competition
(Portela et al., 2010; Rhiner et al., 2010). SPARC is an extracellular
matrix protein that was shown to be expressed in a variety of losers
(Portela et al., 2010). However, using identical assays, our group did
not observe SPARC upregulation in multiple types of losers during
cell competition (Rodrigues et al., 2012), a contradiction we are at
a loss to explain. flower (fwe), named after its mutant phenotype in
which flowery neuromuscular junction boutons are found (Yao et
al., 2009), encodes a Ca2+ channel and has several splice isoforms.
One is expressed ubiquitously, whereas the other two, named
FweLose-A and FweLose-B, are found only in loser cells and mark them
for elimination (Fig. 2B, step 2) (Rhiner et al., 2010). Wg regulates
expression of the FweLose-B isoform during developmental cell death
in the eye disc (Merino et al., 2013). In the future it will be
important to determine whether this regulatory relationship exists in
cell competition. Since Fwe expression only occurs after cells have
sensed that they are losers, it cannot account for the initial sensing
interaction between different cells.

Inducing and translating cell death signals: the role of JNK
Cell death pathways have been well characterised in Drosophila
(Steller, 2008) and depend on three pro-apoptotic proteins: Hid (also
known as Wrinkled), Grim and Reaper. Numerous papers have
reported markers of apoptosis (cleaved Caspase 3 and TUNEL
assay) in losers (Moreno et al., 2002; de la Cova et al., 2004;
Moreno and Basler, 2004; Uhlirova et al., 2005; Li and Baker, 2007;
Senoo-Matsuda and Johnston, 2007; Tyler et al., 2007; Froldi et al.,
2010; Menéndez et al., 2010; Rhiner et al., 2010; Ziosi et al., 2010;
Vincent et al., 2011; Hafezi et al., 2012; Lolo et al., 2012; Rodrigues D
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et al., 2012; Clavería et al., 2013; Sancho et al., 2013). In addition,
induction of hid is observed non-autonomously in losers when Myc
is overexpressed (Table 2) (de la Cova et al., 2004), highlighting that
Myc super-competitors kill wild-type cells at a distance. Reducing
the genetic dose of hid dominantly suppresses super-competition
downstream of Myc and of STAT (de la Cova et al., 2004; Senoo-
Matsuda and Johnston, 2007; Rodrigues et al., 2012). These findings
suggest that the outcome of competitive intercellular communication
culminates in transcription-dependent apoptosis (Fig. 2B, step 3).

One such possible activator of death in losers is JNK, which has
been implicated in cell death following many kinds of stresses
(Igaki, 2009). One group found markers of JNK activation in both
Myc and Minute losers, and they reported that blocking the JNK
pathway using a dominant-negative form of the Drosophila JNK
Basket (Bsk) in these cells rescues their viability and growth
(Moreno et al., 2002; Moreno and Basler, 2004). However, two
groups did not observe JNK activity in Myc losers and, more
importantly, found that competitive cell death in Myc or Minute
losers was not suppressed in animals globally deficient for JNK
signalling (i.e. mutants for Jun/AP-1 jun, JNK bsk, the JNK kinase
hemipterous, or the JNK kinase kinase misshapen) (de la Cova et al.,
2004; Tyler et al., 2007). JNK activity was also not observed in
JAK/STAT-dependent competition (Rodrigues et al., 2012).
Therefore, the role of JNK in Minute-, Myc- and JAK/STAT-
dependent competition appears to be minor.

By contrast, numerous groups agree that JNK contributes
significantly to the elimination of polarity-deficient losers (Brumby
and Richardson, 2003; Uhlirova et al., 2005; Herz et al., 2006; Igaki
et al., 2006; Igaki et al., 2009; Leong et al., 2009; Cordero et al.,
2010; Menéndez et al., 2010; Tamori et al., 2010; Chen et al., 2012;
Ballesteros-Arias et al., 2013). However, it is not clear whether JNK
signalling is responsible for the death of these cells, or whether JNK
simply dictates their status as losers. When JNK is inhibited,
polarity-deficient cells become winners and upregulate Yki activity
(Chen et al., 2012). Yki, in turn, is a well-known regulator of cell
survival, acting via direct transcriptional activation of the anti-
apoptotic gene diap1 (also known as thread) (Huang et al., 2005).
There is evidence to suggest that the role of JNK during the
elimination of these cells is not restricted to the induction of cell
death. When JNK signalling is blocked in polarity-deficient cells,
they overgrow. However, when caspase activation is blocked, they
do not, presumably because JNK is still active and anti-tumourigenic
(Brumby and Richardson, 2003; Igaki et al., 2009). The examination
of Rab5-deficient cells, which exhibit polarity defects, has revealed
that JNK is genetically downstream of caspase activation,
suggesting that JNK activation is a consequence and not a cause of
cell death (Ballesteros-Arias et al., 2013). When the latter is
considered with the observation that JNK signalling contributes to
the tumourigenic potential of polarity-deficient cells that escape
elimination due to ectopic Ras or sufficient clone density (Uhlirova
and Bohmann, 2006; Cordero et al., 2010; Ballesteros-Arias et al.,
2013), the role of JNK in these cells becomes opaque and is
probably indirectly linked to cell death. In summary, the evidence
linking JNK signalling in multiple types of losers to induction of cell
death awaits further clarification.

Eliminating cells: the role of engulfment
It is striking that in Minute- and polarity deficient-dependent
competition, cell death is observed predominantly, if not exclusively,
in losers that are in immediate contact with winners (Li and Baker,
2007; Froldi et al., 2010; Tamori et al., 2010; Ohsawa et al., 2011).
This contrasts with competition induced by Myc and other signalling

pathways, where cell death can be seen at a distance from the
winners (Karim and Rubin, 1998; de la Cova et al., 2004; Ziosi et
al., 2010; Rodrigues et al., 2012). Further investigation revealed
fragments of dead M/+ losers within neighbouring winners (Fig. 2B)
(Li and Baker, 2007), suggesting that the losers had been engulfed
by the winners, which is to say that the winners phagocytose the
dying losers (see ‘engulfment’ in Glossary, Box 2). This was
unexpected and different from other situations, in which dying cells
are basally extruded from the epithelium and often removed by
macrophages (Abrams et al., 1993; Tepass et al., 1994; Franc et al.,
1999; Gibson and Perrimon, 2005; Shen and Dahmann, 2005). Li
and Baker identified several regulators of engulfment, including
draper (drpr), WASp, myoblast city (mbc) and Rac1 (Table 2). When
the functions of these genes are removed from winners, the death
and engulfment of losers is blocked and the growth advantage of
winners is reduced (Li and Baker, 2007; Martín et al., 2009a). In
Drosophila and C. elegans, Drpr and its homologue CED-1 are
required for the engulfment of apoptotic cells by non-professional
phagocytes (Zhou et al., 2001; Etchegaray et al., 2012). Similarly,
in competition induced by loss of polarity genes, fragmentation and
engulfment of losers by their winner neighbours was observed and
captured by live imaging (Ohsawa et al., 2011). Moreover, this
group reported that JNK signalling in the winners enables their
engulfing ability, through upregulation of PDGF- and VEGF-
receptor related (Pvr), and requires the intracellular effectors Mbc
and CED-12 (also known as ELMO) (Table 2).

Recently, another group obtained dramatically different results for
similar experiments. Lolo and colleagues found that neither drpr nor
WASp function is required for cell death in losers or for winner clone
growth in Minute- or polarity-induced competition (Lolo et al.,
2012). Instead, they report that losers are basally extruded from the
epithelium and then phagocytosed by circulating macrophages.
Similar observations of haemocytes being recruited to sites of
competition have been made by other groups (Pastor-Pareja et al.,
2008; Cordero et al., 2010). At present it is difficult to reconcile
these two findings, which might be explained by differing
experimental conditions or genetic backgrounds, and the
significance of engulfment is still under debate. Although
engulfment of losers with lower levels of Myc has been observed in
both Drosophila and mouse (Li and Baker, 2007; Clavería et al.,
2013), the contribution of this engulfment to loser clone
disadvantage has not been quantified.

In conclusion, the effector mechanisms at work during cell
competition are as yet unclear, as there is no consensus on the
identity of a viable sensing mechanism or a cell death pathway. In
addition, there are other cellular behaviours that must be accounted
for after cell competition occurs, such as the increased growth of
winners to make up for the space left by the losers. Li and Baker
report that the growth of winners is dependent upon the death of
losers (Li and Baker, 2007), a phenomenon also observed in
JAK/STAT pathway-induced cell competition (Rodrigues et al.,
2012). The increased growth of winners might be due to engulfment,
oriented divisions to invade the space vacated by dying losers (Li et
al., 2009), or death-derived compensatory proliferation signals
(reviewed by Martín et al., 2009b). However, Morata and colleagues
report that the growth rate of winners is not affected by the death of
losers and the large size of winner clones is simply due to their
endogenous growth rate (Martín et al., 2009a).

How universal is cell competition?
Is cell competition a conserved phenomenon? Is it relevant to
normal development or disease progression? Does it have any D
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therapeutic benefits that could be exploited? Although four decades
of work in flies and the use of the Minute mutants convinced
Drosophila researchers of the importance of cell competition, it is
only recently that this process has piqued the interest of the broader
community. As mentioned above, cell competition has been
experimentally induced by introducing differences in the expression
of Bst, a mouse Minute (Oliver et al., 2004), Scrib or Mahj in
cultured cells (Tamori et al., 2010; Norman et al., 2012), and of Myc
in mouse embryonic stem cells (ESCs) and embryos (Clavería et al.,
2013; Sancho et al., 2013). Furthermore, within the last decade, the
therapeutic potential of cell competition has been explored. A prime
example is that of stem cell competition (see Box 3). Exploiting the
mechanisms of cell competition might help to ensure better
colonisation of the host by donor cells following bone marrow
transplantation, thus ensuring that a higher proportion of the injected
cells engraft in the host at the expense of the endogenous,
dysfunctional stem cells (e.g. Bondar and Medzhitov, 2010).
Similarly, it has been shown that cell competition can occur in the
liver following transplantation of rapidly proliferating embryonic
hepatocytes. These cells replace the endogenous liver cells by
inducing their cell death (Oertel et al., 2006). Harnessing this
process to replace diseased liver cells is an attractive alternative to
full organ transplants.

Most of the work described above was carried out by making
genetically mosaic tissues or cultures composed of mutant and wild-
type cells, and this mixing of two different genotypes might be
viewed as somewhat artificial. However, there are several instances
of naturally occurring mosaicism in mammals (see Poduri et al.,
2013), and cell competition might come into play in these instances.
One situation of note is that of random X chromosome inactivation
in female mammals, which results in mosaicism. Elegant work has
shown that the X-linked gene OCNC1 (also known as CNGA2) is
not essential for cell survival in hemizygous males (Zhao and Reed,
2001). However, in heterozygous females, X-inactivation leads to
patches of OCNC1 mutant cells that are eliminated. Finally, it is
worth highlighting the fact that stochastic and epigenetic differences

between cells of the same genotype (i.e. in the absence of
mosaicism) can exist and can lead to cell competition (reviewed by
Khare and Shaulsky, 2006). Such random differences in expression
levels have been shown to account for the probability of individual
cells dying after ligand-dependent induction of apoptosis in cultured
cells (Spencer et al., 2009).

In fact, two groundbreaking studies have recently suggested that
cell competition occurs between genetically identical cells during
normal mouse embryo development (Clavería et al., 2013; Sancho
et al., 2013). Both studies reported that Myc levels are intrinsically
heterogeneous between cells in the early mouse embryo and that cell
death is correlated with lower levels of Myc expression. This
indicates for the first time that competition may occur naturally in
developing animals as a result of stochastic variations in gene
expression. Similarly random variations in signalling levels between
cells in the Drosophila eye disc can contribute to endogenous cell
death. For example, uniformly increasing MAPK signalling can
suppress endogenous cell death, implicating differences in MAPK
signal transduction in the death of wild-type cells (Yang and Baker,
2003). Consistent with this, the clonal loss of BMP reception in
mammals leads to reduced Myc expression and consequent
outcompetition (Sancho et al., 2013). Thus, it is possible that much
of the endogenous apoptosis observed during development is a
consequence of competitive interactions triggered by stochastic
differences in gene expression or in signal transduction between
neighbouring cells.

Despite its occurrence across species and in many tissues, not all
cell types are capable of cell competition. It was shown early on, for
instance, that Drosophila larval histoblasts that give rise to the adult
abdominal cuticle are not subject to Minute-induced cell competition
(Morata and Ripoll, 1975). Furthermore, where competition does
occur, there are temporal constraints. For example, Minute-induced
cell competition in Drosophila wing discs ceases at the end of larval
growth (Simpson and Morata, 1981), and Myc-induced competition
in the mouse embryo takes place between older epiblast cells but not
younger ESCs (Clavería et al., 2013; Sancho et al., 2013).
Intriguingly, cell competition can occur in postmitotic follicle cells
in the adult Drosophila ovary. When M/+ or mahj mutant cells are
generated, the winner cells increase their size and accelerate
endoreplication, revealing a new mechanism for maintaining
epithelial integrity (Tamori and Deng, 2013).

Why does cell competition exist?
The conservation of cell competition between invertebrates and
mammals suggests that it has important evolutionary purposes.
Although these are not yet clear, one proposal is that cell
competition is a mechanism of size control and, in particular, that it
reduces size variability. Indeed, Drosophila wings in which cell
death has been blocked show greater variability in size distribution
than controls, although mean wing size is not affected (de la Cova
et al., 2004). However, another study disputes that cell competition
is a mechanism of size control and argues that the final contribution
of a cell to the tissue is purely a consequence of its intrinsic
proliferation rate (Martín et al., 2009a). The latter might be true for
Minute-induced competition, but in the case of Myc- and STAT-
induced competition there is clear evidence for the growth rate of
neighbouring cells being affected by the extrinsic process of cell
competition (de la Cova et al., 2004; Senoo-Matsuda and Johnston,
2007; Rodrigues et al., 2012).

An issue of interest is the relationship between cell competition
and cancer progression, and there is now evidence that competition
can function as both a tumour promoter and suppressor. In the case

Box 3. Stem cell competition
The engraftment of transplanted hematopoietic stem cells (HSCs), which
must displace host HSCs to persist, resembles cell competition (Micklem
et al., 1968). Recently, the stress mediator p53 was found to decrease
the competitiveness of colonising HSCs, suggesting that stress-induced
senescence affects their competitive ability (Bondar and Medzhitov,
2010; Marusyk et al., 2010). However, stem cell competition does not
rely on the death of loser stem cells (Bondar and Medzhitov, 2010).
Instead, winners displace other stem cells from their niche, leading to
differentiation of the losers, which no longer contribute to the stem cell
pool. In this way, stem cell competition leads to the same outcome as
cell competition, in that the tissue is eventually clonal. It is notable that
several types of stem cells in Drosophila also compete for niche space
(Zhang and Kalderon, 2001; Nystul and Spradling, 2007; Jin et al., 2008;
Issigonis et al., 2009; Rhiner et al., 2009).

A clue into the mechanism underlying stem cell competition has come
from studies in the mouse intestine, where intestinal crypts become
monoclonal with time (Griffiths et al., 1988; Winton et al., 1988). This
monoclonality implies that individual stem cells can be lost and replaced
by their neighbours. A combination of experimental and modelling
approaches revealed that this competition among intestinal stem cells
follows neutral drift dynamics (Lopez-Garcia et al., 2010; Snippert et al.,
2010; Klein and Simons, 2011). Similar observations have been made in
the Drosophila midgut (de Navascués et al., 2012). Thus, stem cell
competition can be understood as a constantly occurring neutral process,
and future work will need to identify the underlying mechanisms that
allow one stem cell to outcompete another.
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of Minute mutants, it was proposed that competition maintains tissue
fitness by removing cells with growth defects from an organism
(Morata and Ripoll, 1975). Obviously, this paradigm does not apply
to super-competition, in which wild-type cells are removed and the
winner has a propensity to excess growth (de la Cova et al., 2004;
Moreno and Basler, 2004; Tyler et al., 2007; Ziosi et al., 2010;
Vincent et al., 2011; Rodrigues et al., 2012). The phenomenon of
super-competition has been compared to a clinical observation
called field cancerisation, in which multiple tumour foci appear
within the same tissue, suggesting that a progenitor has spread an
oncogenic mutation across a large area (Slaughter et al., 1953). The
existence of super-competitors suggests that cell competition can
promote tumourigenesis. Conversely, in the case of polarity deficient
models, cell competition eliminates cells with oncogenic potential
(Froldi et al., 2010; Menéndez et al., 2010; Tamori et al., 2010;
Ohsawa et al., 2011; Chen et al., 2012; Norman et al., 2012;
Ballesteros-Arias et al., 2013). Taken together with the fact that
carcinogenesis, occurring mostly in post-reproductive adult life, is
unlikely to be under much evolutionary selective pressure, the
contradictory roles of cell competition argue against tumour
prevention being the reason why it has been preserved through
evolution.

One might speculate that cell competition is a remnant of social
adaptation of unicellular organisms to multicellular life. For example,
the social amoebae Dictyostelium discoideum must cooperate to build
a stalk for sporulation; some amoebae take advantage of others to
spread their genetic material within the spores but do not contribute
to the building of the stalk (Strassmann and Queller, 2011). In a
phenomenon reminiscent of cell competition, some of these ‘cheaters’
only cheat when in chimeras but cooperate when they are in animals
derived from their same genotype (Santorelli et al., 2008). Recent
exciting work has explored this idea of ‘cheating’ in mouse induced
pluripotent stem cells (iPSCs) and chimeric embryos. These studies
uncovered a network of ‘cheater’ genes that control the relative
contribution of cells to the final organism (Dejosez et al., 2013).
Although the potential links between cell competition and ‘cheating’
are provocative, future research will be required to establish whether
the mechanisms are shared.

Conclusions
Despite the controversies in the field, certain themes have emerged.
There is consensus that Minutes, Myc, Scrib and Lgl are conserved
inducers of cell competition and that disparities in their levels
between neighbouring cells trigger a sequential series of intercellular
communications, culminating in the caspase-dependent death of
losers. However, the exact effector mechanisms at play during cell
competition remain unclear. Nonetheless, the recent groundbreaking
studies showing that cell competition occurs in mammalian
embryonic development will no doubt fuel fruitful investigations in
the future and lead to a better understanding of the communication
between neighbouring, competing cells.
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