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Cell competition is a cell fitness-sensing mechanism conserved from insects to mammals that eliminates
those cells that, although viable, are less fit than their neighbors. An important implication of cell competition
is that cellular fitness is not only a cell-intrinsic property but is also determined relative to the fitness of
neighboring cells: a cell that is of suboptimal fitness in one context may be ‘‘super-fit’’ in the context of a
different cell population. Here we discuss the mechanisms by which cell competition measures and commu-
nicates cell fitness levels and the implications of this mechanism for development, regeneration, and tumor
progression.
Introduction
From the earliest embryonic divisions until the death of the or-

ganism, cells are subjected to a remarkable array of pressures

that will compromise their fitness. It is therefore not surprising

that the elimination of defective or abnormal cells is essential

for proper development of the embryo and tissue homeostasis

in the adult. Significant insight has been gained into the cell-

intrinsic stress mechanisms that respond to cellular damage

and, when this damage cannot be repaired, trigger cell death.

However, much less is known about how the organism deals

with damaged cells that cannot be eliminated by these cell-

intrinsic pathways. Over the last few years, mounting evidence

has indicated that a cell-to-cell mechanism termed cell compe-

tition helps eliminate these damaged cells based on them having

a lower fitness than those cells in their vicinity. For the purpose of

this review, we define cell fitness as the ability of a cell to thrive in

a given environment, an ability determined by a number of

parameters, including cell-cycle length, transcriptional output,

signaling activity, and metabolic rate.

Cell competition is a type of cell-cell interaction conserved

from Drosophila to mammals that compares the fitness of a

cell with that of its neighbors. During competition and through

this relative fitness sensing, those cells that are less fit than

their neighbors are eliminated (i.e., become ‘‘losers’’), even

though they would be viable in a different context. Accompa-

nying this elimination, the fitter cells (i.e., ‘‘winners’’) undergo

compensatory proliferation, maintaining tissue homeostasis

(Figure 1). This mechanism was first described in Drosophila

in the late 1970s. In a series of landmark experiments, Morata

and colleagues used the Drosophila imaginal wing disc to study

the effect of creating clones that had different growth rates than

the surrounding tissue. For this, they analyzed cells carrying a

heterozygous mutation in one of the Minute genes. The Minute

genes encode for ribosomal proteins, and although homozy-

gous mutation of Minute is lethal, heterozygous animals are

viable and display a developmental delay due to the slower

proliferation rate of their cells. Surprisingly, analysis of mosaic

flies found that in contrast to the viability of heterozygous cells
De
(Minute+/�) in a heterozygous animal, Minute+/� cells undergo

apoptosis when surrounded by wild-type cells (Morata and

Ripoll, 1975; Moreno et al., 2002). This suggested that cell

competition can sense differential growth rates within a tissue

and induce the elimination of the slower-growing population.

In mouse, cells carrying a heterozygous mutation in ribosomal

protein L24 gene are also eliminated in chimeras with wild-

type cells, but survive normally in a heterozygous mutant

animal, suggesting that cell competition is conserved (Oliver

et al., 2004).

Support for the concept that cell competition responds to rela-

tive fitness levels, rather than to an absolute fitness value, comes

from the demonstration that even wild-type cells can be elimi-

nated if surrounded by faster-growing neighbors. This was first

shown to be the case in theDrosophila imaginal wing disc, where

cells overexpressing dMyc, the homolog of the mammalian

proto-oncogene c-Myc, induce the death of the surrounding,

normal-growing, wild-type cells (de la Cova et al., 2004; Moreno

and Basler, 2004). This ability of MYC-overexpressing cells to

eliminate their wild-type neighbors led them to be considered

as supercompetitors (Figure 1). Subsequently, in mammals it

was also found that if c-Myc is overexpressed in a mosaic

fashion during the early stages of mouse development or during

the onset of embryonic stem cell differentiation, c-Myc overex-

pressing cells also eliminate adjacent wild-type cells (Claveria

et al., 2013; Sancho et al., 2013). Intriguingly, similar roles for

c-Myc have been reported in adult mouse cardiomyocytes (Villa

Del Campo et al., 2014), indicating that cell competition is not

restricted to embryonic development. The implication of these

findings for tissue homeostasis and cancer will be discussed

later in this review, but these results indicate that cell competition

is a fitness-sensing mechanism that eliminates less-fit cells in a

wide variety of contexts.

Although cell competition was discovered more than 40 years

ago, in many senses we are still in the ‘‘discovery phase’’

regarding how it is regulated. Over this time many pathways

have been shown to be involved in the different systems used

to study cell competition and at different steps of this process.
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Figure 1. Modes of Cell Competition
During cell competition, suboptimal cells, which would be viable in a homotypic environment, are eliminated when surrounded by their fitter counterparts. During
supercompetition, Myc-overexpressing cells eliminate their wild-type neighbors.
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This has raised the question of whether cell competition oper-

ates through one common mechanism, or whether there are

multiple types of cell competition that lead to one common

outcome, the elimination of less-fit cells. Although this is still an

unresolved issue, our opinion is that the balance of the evidence

currently suggests that the latter is true. Here, we explain why by

reviewing what is known about the different steps of cell compe-

tition. For the purpose of simplicity, we primarily focus on those

types of cell competition whereby the loser cells are actively

eliminated by the winner cells. However, there are other pro-

cesses that have also been described as falling under the um-

brella of cell competition, such as displacement from the niche

(rather than elimination) of loser cells by winner cells in the

Drosophila testis and ovary (Issigonis et al., 2009; Jin et al.,

2008; Rhiner et al., 2009; Sheng et al., 2009) or in the mouse

bonemarrow (Bondar andMedzhitov, 2010), which due to space

constraints will not be dealt with here.

Cell Fitness Features Recognized by Cell Competition
One of the defining features of cell competition is that when cells

with different fitness levels are confronted with each other they

will activate fitness-sensing pathways, and these in turn will

induce apoptosis in loser cells and compensatory proliferation

in winner cells (Figure 2). To be able to understand how cell

competition is initiated, we must therefore first unravel which

are the key cell fitness features that can be recognized during

this process. For this we need to study which types of mutation

can trigger cell competition. When this is done we find that these

mutations can be grouped into three broad categories: those

leading to a growth disparity with their neighbors, those causing

sharp signaling differences, and those disrupting apical-basal

polarity.
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Growth Differences

In a number of the competition experiments described above,

the two competing populations have an inherently different

growth rate, with the winner cells growing faster than the loser

ones. For example, in the Drosophila imaginal wing disc Minute

loser clones grow slower than their wild-type counterparts. For

this reason one of the first suggested triggers for cell competition

was a differential growth rate between the prospective winner

and loser cell populations. However, one clear point is that

growth differences alone are not sufficient to induce loser cell

elimination by cell competition. This is illustrated by the fact

that increasing proliferation in clones of cells in the wing

disc by overexpression of the cell-cycle regulators cyclin D

and cyclin-dependent kinase 4 (Cdk4), or increasing insulin

signaling by expression of the catalytic subunit of phosphatidy-

linositol 3-kinase (de la Cova et al., 2004) or mutation of Pten

(Hafezi et al., 2012), is not sufficient for cells to acquire a winner

status and eliminate the surrounding slower-growing wild-type

cells. Conversely, decreasing proliferation by reducing insulin

signaling also does not induce cell competition, as when cells

with lower insulin signaling are surrounded by wild-type cells

they grow slower but are not eliminated (Bohni et al., 1999; Verdu

et al., 1999). What this suggests is that at least in the context of

the Drosophila wing disc, a parameter that regulates growth,

rather than growth per se, may be what is compared during

competition (Vivarelli et al., 2012).

An obvious candidate for a parameter regulating growth that

could act as a trigger of competition is protein synthesis. The

Minute and Bst mutations disrupt ribosomal proteins and MYC

is a well-known regulator of protein synthesis (Dang, 2012b; Ei-

lers and Eisenman, 2008; Meyer and Penn, 2008). Alternatively,

or additionally, metabolic pathways that play a key role in



Figure 2. Diagrammatic Representation of
the Key Steps of Cell Competition
First, differences in cell fitness will trigger cell
competition. Next, these differences in fitness
levels will be sensed by prospective winner and
loser cells, and translated into a compensatory
proliferation or apoptotic response.
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determining the cell proliferation rate may also act as a trigger of

cell competition. MYC activates glycolysis and has been demon-

strated to regulate metabolism during cell competition (de la

Cova et al., 2014). Also, in competition experiments using hu-

man, mouse, and canine immortalized cell models, fast-growing

lines eliminate slow-growing ones. Here, differences in energy

metabolism are required to drive the elimination of the slow-

growing clones by the faster-growing ones (Penzo-Mendez

et al., 2015). It is therefore plausible that the different anabolic

properties of prospective winner and loser cells could be an

important trigger of cell competition.

Sharp Differences in Signaling Levels

A second group of mutations that induce competition are those

that affect signaling pathways. For example, sharp differences in

bone morphogenetic protein (BMP)/Dpp, WNT/Wg, JAK-STAT,

and Hippo signaling have all been shown to induce cell compe-

tition. However, given the important roles of these pathways in

the regulation of cell proliferation, it is difficult to disentangle

whether it is actually differences in signaling levels that trigger

competition or the downstream effects of these pathways on

growth. As excellent reviews describing how these pathways

induce competition have been published elsewhere (Amoyel

and Bach, 2014; de Beco et al., 2012), here we only summarize
Devel
examples of the roles of these pathways

to illustrate how a variety of different

signaling inputs can have a similar

outcome in triggering competition.

The first signaling pathway found to

regulate competition was the BMP/Dpp

pathway. In Drosophila,Minute+/� mutant

clones display lower levels of Dpp

signaling, which causes apoptosis (Mor-

eno et al., 2002). Also in mammals, plurip-

otent cells with decreased BMP signaling

are also eliminated by cell competition

(Sancho et al., 2013). These findings led

to the suggestion that competition for

Dpp/BMP ligands may be a common

theme, and this possibility is discussed

in more detail below.

Sharp differences in WNT/Wg and

JAK-STAT signaling also induce cell

competition. For the WNT/Wg pathway,

in the Drosophila wing disc cells with low

signaling levels are eliminated when

surrounded by wild-type neighbors. Simi-

larly, cells with Axin or Apcmutations that

overactivate WNT/Wg signaling behave

as supercompetitors and eliminate their

surrounding wild-type neighbors (Suijker-
buijk et al., 2016; Vincent et al., 2011). Here, cell competition is

independent of MYC, but increasing the relative content of

ribosomes enhances the ability ofAxinmutant clones to outcom-

pete their wild-type neighbors, suggesting that the effects of

WNT/Wg signaling and protein synthesis on competition are ad-

ditive. In the case of the JAK-STAT pathway, in the Drosophila

wing disc and eye, wild-type cells eliminate cells with deficient

JAK-STAT signaling. Conversely, sustained activation of this

pathway allows cells to eliminate their wild-type neighbors.

These effects are independent of MYC, WNT/Wg, BMP/Dpp,

and Hippo pathway activity as well as of ribosomal biogenesis,

suggesting that loser cell elimination induced by differences in

JAK-STAT signaling may represent an independent mode of

inducing cell competition (Rodrigues et al., 2012).

A further pathway that stimulates cell competition is the

Salvador-Warts-Hippo signaling pathway. In mouse cell culture,

fibroblast cells with activation of this pathway are eliminated by

their wild-type counterparts (Mamada et al., 2015). Moreover, in

both Drosophila and mouse, inhibition of the Hippo pathway by

overexpression of Yorkie or Tead4 leads to cells behaving as

supercompetitors and eliminating their wild-type neighbors

(Mamada et al., 2015; Neto-Silva et al., 2010; Tyler et al., 2007;

Ziosi et al., 2010).Myc is a well-known target inhibited by Hippo
opmental Cell 38, September 26, 2016 623
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signaling andmany of the roles of Hippo in competition appear to

be mediated by Myc activation (Menendez et al., 2010; Neto-

Silva et al., 2010; Ziosi et al., 2010); however, it appears likely

that Hippo also has Myc-independent roles, as Myc-overex-

pressing clones respect clonal boundaries (de la Cova et al.,

2004), whereas Hippo mutant clones fail to do so (e.g., Neto-

Silva et al., 2010).

Loss of Polarity and Disruption of Epithelial Integrity

A third group of mutations eliminated by cell competition are

those that affect cell polarity genes. These genes generally

encode proteins that are essential for the maintenance of epithe-

lial apical-basal polarity, such as Scribble, Lethal giant larvae

(Lgl), or Discs Large (Dlg). When these genes are mutated

throughout the animal they lead to neoplastic overgrowth and

therefore cause tumors that disrupt tissue organization. How-

ever, in Drosophila and in cultured mammalian MCDK cells,

when these genes are mutated in a mosaic fashion, and there-

fore when mutant cells are surrounded by wild-type tissue,

they are eliminated by apoptosis (Agrawal et al., 1995; Brumby

and Richardson, 2003; Chen et al., 2012; Gateff, 1978; Igaki

et al., 2006; Norman et al., 2012; Pagliarini and Xu, 2003; Tamori

et al., 2010; Woods and Bryant, 1991). This elimination can be

prevented, for example, when polarity mutant cells are sur-

rounded by less-fit Minute+/� cells, indicating that what is

inducing their elimination is their relative fitness level rather

than an intrinsic survival deficit (Froldi et al., 2010). Finally,

another example of apical-basal polarity protein involved in cell

competition is CRUMBS. In the Drosophila imaginal wing disc

Crumbs-overexpressing cells are eliminated by wild-type cells

andCrumbs null mutant cells can eliminate heterozygousmutant

cells, indicating that differences in CRUMBS levels can also

determine the competitive behavior of cells.

Analysis of thepathways that regulate cell competition induced

by polarity differences also reveals overlap with those pathways

regulating cell competition induced by growth or signaling differ-

ences. For example, Lglmutant clones have lower expression of

dMyc and higher Hippo signaling, reflected by the cytoplasmic

localization of Yorkie. In these mutant clones, increasing dMyc

expression or inducing nuclear Yorkie activity can rescue their

elimination bywild-type cells and cause neoplastic growth (Froldi

et al., 2010; Menendez et al., 2010). It is worth noting, however,

that the expression of Myc or Yorkie in Lgl mutant clones is

dependent on their location in the wing disc, suggesting that

cell fate or other factorsplay a role in their neoplasia. The compet-

itive elimination of Scribble mutant clones is also dependent on

dMyc as it can be rescued by dMyc overexpression (Chen

et al., 2012). Interestingly, other oncogenes appear to have a

similar effect. Overexpression of RasV12 or Notch causes tissue

hyperplasia in Drosophila but does not induce cell competition

(i.e., the elimination of wild-type surrounding cells) (Brumby and

Richardson, 2003). When these oncogenes are activated in po-

larity-deficient clones such as those where Lgl or Scribble are

mutated, they not only rescue their elimination but also cause un-

restricted growth (Brumby and Richardson, 2003; Menendez

et al., 2010; Pagliarini and Xu, 2003). A likely explanation for this

result is that the increased proliferation rate conferred by the

oncogene overexpression leads to clone merging, creating a

microenvironment of polarity-deficient cells impervious to cell

competition (Menendez et al., 2010).
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Finally, given that a variety of different cues can trigger compe-

tition, there are likely to be stringent controls that limit the range

of the competitive interactions. The observation that cell com-

petition strictly respects compartment (lineage) boundaries

suggests that lineage is one of these controls that restrict fitness

sensing only to cells of the same type (Levayer and Moreno,

2016).

Cell Fitness-Sensing Mechanisms
An intriguing concept at the heart of cell competition is how cells

sense their relative fitness levels. A number of theories have been

put forward to account for the context-dependent removal of

less-fit cells, and these can be broadly categorized into three

distinct mechanisms: competition for growth factors/nutrients,

direct cell fitness comparison, andmechanical sensing (Figure 3).

Competition for Growth Factors and/or Nutrients

One of the earliest models put forward to explain cell competition

was based on the neurotrophic theory, whereby developing neu-

rons compete for a limited pool of extracellular nutrients or

growth factors required for their viability (Raff, 1992). In the

Drosophila imaginal wing disc, loser cells in both the Minute+/�

and dMyc overexpression models of cell competition are elimi-

nated by apoptosis. In both these systems the loser cells were

found to have lower levels of Dpp/BMP signaling, and activation

of this pathway rescues their elimination (Moreno and Basler,

2004). This led to the hypothesis that the Dpp ligand may be

limiting and those cells less capable of accessing or transducing

its signal would be eliminated by cell competition (Moreno et al.,

2002; Moreno and Basler, 2004). However, other groups did not

find differences in Drosophila BMP/Dpp signaling in cell compe-

tition induced by dMyc or Minute+/� (de la Cova et al., 2004;

Martin et al., 2009). Also, although mouse pluripotent cells with

defective BMP signaling are eliminated by cell competition,

excess BMP ligands cannot rescue this elimination (Sancho

et al., 2013). Furthermore, in Drosophila and mouse, cells with

defective BMP signaling are not eliminated by other defective

cell types, such as Minute+/� and autophagy-deficient cells

(which have normal BMP signaling) (Burke and Basler, 1996;

Sancho et al., 2013; Sancho and Rodriguez, 2014), suggesting

that these cells are not just competing for BMP/Dpp and must

be competing for other factors, or other mechanisms must be

triggering competition.

Fitness Comparison Mechanisms

An alternative mechanism for the context-dependent elimination

of less-fit cells is that fitness levels can be read and communi-

cated between cells during competition. The first molecular

support for this idea came with the discovery of the Flower

genes, which were proposed to form a fitness fingerprint that

identifies winner from loser cells during competition. Flower en-

codes a transmembrane calcium channel that in Drosophila has

three splice isoforms. It was shown that during competition

induced by dMyc overexpression, Minute+/� mutation, or loss

of polarity, loser cells upregulate the FweLose-A and FweLose-B

isoforms, while the surrounding cells express only the ‘‘ubiqui-

tous’’ Fweubi isoform. Furthermore, Flower inhibition during cell

competition blocks loser cell elimination and the expression of

the loser isoforms is sufficient to induce cell elimination when

the surrounding cells express the Fweubi isoform (Levayer

et al., 2015; Merino et al., 2013, 2015; Rhiner et al., 2010). This
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Figure 3. Proposed Fitness-Sensing Mechanisms for Cell Competition
(A) Competition for growth factors or nutrients.
(B) Fitness comparison mechanisms: (i) the Flower code and (ii) activation of an innate immune-like response.
(C) Mechanical sensing.
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suggests that Flower is likely part of a mechanism by which unfit

cells are recognized by fit cells and initiate the downstream

cascade of events that will lead to their elimination. However, it

is not clear how during cell competition these differences in

Flower isoform expression are established, as another sensing

step must first occur upstream of their differential expression

to determine winner and loser status.

A second molecular explanation for how cells compare their

relevant fitness levels has recently been proposed that draws par-

allels between the recognition of less-fit cells and the detection of

pathogens. The innate immune defense system allows recogni-

tion of non-self (e.g., microbial infection) as well as altered-self

cells (e.g., viruses and cancer cells) (Song et al., 2012), and there-

fore is an attractive way of distinguishing cells with different

fitness levels. In Drosophila the conserved Toll and Immune Defi-

ciency signaling pathways mediate innate immunity, but during

competition these pathways are rewired to effect loser cell

elimination. In competition induced by dMyc overexpression
and Minute+/� mutation, the elimination of loser cells requires

activity of Toll-related receptors (TRRs) and nuclear factor kB

(NF-kB) homologs, which directly activate pro-apoptotic target

genes (Meyer et al., 2014). Interestingly, the combination of

TRRs and NF-kB genes is different in each of these types of

competition (see details below), suggesting that this new version

of the innate immune pathway has different ways of distinguishing

unfit (Minute+/�), normal (wild-type), and super-fit (dMyc) cell

types. However, how loser cells specifically activate the TRR spe-

cifically during competition is unknown, and it will be important to

determine this to understand precisely how the innate immune

pathway acts as a fitness-sensing mechanism.

Mechanical Sensing

The possibility of fitness sensing by mechanical stress was

initially proposed by Shraiman (2005), who used mathematical

modeling to show that in a population of cells with non-

uniform growth rates, faster-growing cells would compress the

slower-growing surrounding cells. The model described that if
Developmental Cell 38, September 26, 2016 625



Figure 4. Diagrammatic Representation of
the Key Effectors Activated in Winner and
Loser Cells during Cell Competition
Here we are considering the factors and pathways
that have been implicated in numerous different
contexts of cell competition and in different
tissues, but without implying any sort of linear re-
lationships.
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the mechanical stress inflicted on the slower-growing population

is sufficiently large it will activate apoptosis, relieving the overall

pressure on the tissue. Since this model was postulated, cell

death resulting from mechanical stress has been shown experi-

mentally in a number of contexts. In the developing Drosophila

notum, cell crowding is sufficient to cause some cells to delam-

inate and be ‘‘squeezed out’’ of the tissue, clearing the way for

proliferation of the remaining cells (Marinari et al., 2012). Also

in the pupal notum, activation of the oncogene Ras at the larval

stage causes an overproliferation that induces tissue crowding,

delamination, and death of the surrounding wild-type cells up

to three cell diameters away (Levayer et al., 2016). In both these

studies Flower was not required for cell elimination, suggesting

that mechanical cell competition is a distinct fitness-sensing

pathway.

Mechanical stress-induced competition has more recently

been described in culturedmammalian Madin-Darby canine kid-

ney (MDCK) cells (Wagstaff et al., 2016). Here, the elimination of

Scribble knockdown cells bywild-type cells was found to be trig-

gered by compaction-induced stress. The authors observed that

in this model, Scribble defective cells were hypersensitive to me-

chanical stress due to a basal level of p53 activation. This meant

that when surrounded by wild-type cells they underwent cell

compression that activated ROCK and p38, which in turn led

to a further elevation of p53 levels and apoptosis. Interestingly,

in wild-type MDCK and as well as in mouse tracheal epithelial

cells, increasing p53 levels alone was sufficient to induce elimi-

nation, but only when these cells were surrounded by cells that

could not elevate p53 (p53�/� cells), suggesting that p53 is

acting as a key sensor of mechanical stress.

Alternative mechanical mechanisms for competition have also

been described. For example, in the Drosophila imaginal wing

disc, during dMyc-induced competition in the larvae, the elimi-

nation of loser cells is preceded by winner-loser cell mixing

through cell-cell intercalation (Levayer et al., 2015). This cell mix-

ing was found to be required for loser cell elimination and driven

by the differences in tension generated by the relative difference

in F-actin levels between winner-loser junctions. Interestingly,

differential levels of the membrane lipid phosphatidylinositol

(3,4,5)-trisphosphate between winner and loser cells was found

to cause differences in F-actin levels and drive junctional remod-

eling, suggesting that the amount of contact between winners

and losers determined the outcome of competition. Another

example comes from cultured MDCK cells, in which a Cdc42/

Rho kinase-dependent extrusion of RasV12 and v-Src cells

occurs when these cells are surrounded by wild-type cells (Ho-

gan et al., 2009; Kajita et al., 2010). Also, the engulfment of

non-transformed cells by cultured mammalian cancer cells has

also been suggested to occur due to themechanical deformabil-
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ity of cancer cells and be mediated by RhoA and actin-myosin

(Sun et al., 2014). Therefore, in epithelial sheets there appear

to be a variety of different mechanical mechanisms capable of

eliminating less-fit cells.

Downstream Events
Once cells have sensed their relative fitness levels, the next step

in competition is the enactment of winner and loser status, that is

to say the apoptotic elimination of less-fit cells and the compen-

satory proliferation of the fitter ones. These processes appear

intimately related and interdependent, suggesting there are likely

a number of feedback mechanisms that act to amplify an initial

response. Little is known regarding what directs the compensa-

tory proliferation of winner cells. In contrast to this, some of the

triggers of apoptosis in loser cells have been identified, including

some of the well-established stress-response pathways such as

JNK, NF-kB, and p53, aswell new factors such as Azot (Figure 4).

As JNK, NF-kB, and p53 have been comprehensively studied,

here we focus on explaining those features that are specific to

competition.

Known Downstream Regulators of Cell Competition

JNK. JNKsignalingwas thefirst pathway tobecharacterized for

its role in cell competition. It was initially described in the

Drosophila imaginal wing disc as induced in Minute+/� clones

when these are surrounded by wild-type cells (Moreno et al.,

2002), as well as in wild-type cells during their elimination by

dMyc-overexpressing cells (Moreno and Basler, 2004), and in

both these studies inhibition of JNK prevented loser cell elimina-

tion. In theDrosophila gut, mutant clones forApc (which encodes

a WNT inhibitor) act as supercompetitors and eliminate their

wild-type neighbors (Suijkerbuijk et al., 2016). Here also, JNK

inhibition in wild-type cells was sufficient to prevent their elimina-

tion, suggesting that JNKactivationwasakeyeffector of loser cell

fate. However, other groups failed to observe JNK activation in

Minute+/�- or dMyc-induced cell competition, or to see a rescue

of cell competition induced by either of these triggers in a JNK

mutant background (de la Cova et al., 2004; Tyler et al., 2007).

For these reasons JNK has been suggested to be an enhancer

of dMyc/Minute+/�-induced loser cell elimination, rather than an

essential regulator of this process (Vincent et al., 2013).

Much less controversy exists regarding the role of JNK in

competition caused by loss of epithelial polarity, where this

pathway appears to play multiple roles. In Drosophila and

culturedMDCK cells, JNK signaling is required for loser cell elim-

ination, as its inhibition prevents their apoptotic cell death

(Brumby and Richardson, 2003; Igaki et al., 2006; Pagliarini

and Xu, 2003; Tamori et al., 2010; Uhlirova and Bohmann,

2006). In addition, JNK signaling plays a role in winner cells dur-

ing competition induced by loss of polarity. Here, JNK signaling
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upregulates expression of the Drosophila platelet-derived

growth factor/vascular endothelial growth factor receptor,

PVR, which then activates the phagocytic pathway causing the

engulfment of the loser Scribble mutant cells (Ohsawa et al.,

2011). Finally, a role for JNK in stimulating winner cell compensa-

tory proliferation has also been reported. In the adult fly midgut,

JNK activity in Minute+/� cells stimulates wild-type proliferation

by regulating the expression of this Unpaired-3, which is a ligand

for JAK/STAT signaling (Kolahgar et al., 2015), and in the imag-

inal wing disc it performs a similar role in Rab5 (which regulates

endocytosis) knockdown cells by inducing WNT/Wg signaling

(Ballesteros-Arias et al., 2014).

p53. p53 and its roles in loser cell elimination appear complex

and are dependent on the mechanism that triggers competition.

In Drosophila, in dMyc-induced cell competition p53 is required

in winner cells for loser cell elimination (de la Cova et al., 2014).

During this process p53 plays at least two, perhaps inter-related,

roles. First, p53 is necessary to sustain the proliferation of dMyc-

overexpressing cells when they are confronted with wild-type

cells. During cell competition, dMyc increases the glycolytic

flux of the winner cells, a step necessary to drive their higher

proliferation. p53 is required to sustain thesemetabolic changes,

and when absent, winner cells show impaired oxidative res-

piration, increased DNA damage, and apoptosis. In addition,

mutation of p53 in winner cells abolishes their ability to signal

loser cell elimination, leading the authors to conclude that p53

regulates the signal that induces loser cell death. However, the

apoptotic death of Minute+/� cell during competition was found

to be independent of p53, suggesting in this context that p53

may not perform such a role (Kale et al., 2015).

The role of p53 in competition induced by loss of polarity also

appears to be very different. Here p53 is upregulated in response

to tissue crowding, and this increase in p53 levels is necessary

for loser cell elimination. In cultured canine MDCK cells, Scribble

knockdown causes above-basal levels of p53 and leads to these

cells being hypersensitive to tissue crowding. When these

knockdown cells are surrounded by wild-type cells, mechanical

stress further increases p53 levels and induces their elimination.

Interestingly, p53 activation is sufficient to make wild-type cells

susceptible to mechanical stress, suggesting that p53 is acting

in a dose-dependent manner, with low levels making cells sus-

ceptible to mechanical stress and high levels inducing apoptosis

(Wagstaff et al., 2016).

Azot. Azot is a calcium-binding, four-EF-hand-containing cyto-

plasmic protein that appears to be a key target of the fitness-

sensing machinery during cell competition. In Drosophila, Azot

is upregulated specifically when winner and loser cells are con-

fronted with each other. This is the case for cell competition

induced by Minute+/�, dMyc overexpression, differences in

WNT/Wg signaling, or differences in JAK-STAT signaling.

Furthermore, Azot mutation abolishes loser cell elimination in

all these models of cell competition (Merino et al., 2015), indi-

cating its key role. Interestingly, Azot inhibition does not affect

the elimination of cells with polarity defects, indicating that the

function of Azot is dependent on the mechanism that triggers

cell competition.

NF-kB. NF-kB family members have been demonstrated to act

downstream of the innate immune-like response activated dur-

ing cell competition (Meyer et al., 2014). In Drosophila there are
three NF-kB homologs, Relish (Rel), Dorsal (Dl), and Dorsal-

related immunity factor (Dif). In dMyc-induced competition Rel

is required for loser cell elimination and acts downstream of

the TRRs 2, 3, 8, and 9. In contrast to this, Dl and Dif acting

downstream of TRR 3 and 9 are required forMinute+/� cell elim-

ination. This differential response is also reflected at the level of

pro-apoptotic target genes activated by these NF-kB factors, as

Rel activates Hid and Dl and Dif acts through Reaper. This

suggests that the competition stimuli will determine not only

the subset of NF-kB molecules activated but also the type of

apoptotic response.

SPARC. SPARC is a glycoprotein that belongs to the osteo-

nectin family. In Drosophila, in competition induced by dMyc

overexpression, Minute+/� mutation, or loss of polarity, Sparc

was found to be upregulated in loser cells and to transiently

protect them against apoptotic elimination (Portela et al.,

2010). However, using similar models another group did not

observe Sparc upregulation during competition (Rodrigues

et al., 2012), suggesting that this protein may play in some con-

texts an enhancing role in cell competition.

Mechanisms of Loser Cell Clearance

Once the apoptoticmachinery has been activated in loser cells, a

number of different mechanisms have been suggested for the

clearance of these dying cells. For example, in the Drosophila

wing disc some Minute+/� mutant cells appear to be engulfed

by the neighboring wild-type cells during competition (Li and

Baker, 2007). Loser cell debris was also observed inside wild-

type cells during competition induced in mouse pluripotent cells

(Claveria et al., 2013; Sancho et al., 2013). Importantly, inhibition

of engulfment bymutation of genes required for this process pre-

vented competition from occurring in Drosophila (Li and Baker,

2007), suggesting multiple levels of feedback between winner

and loser cells during competition and that engulfment may

even be upstream of the death of loser cells rather than down-

stream. Engulfment was also found in the elimination of polarity

mutant cells (Ohsawa et al., 2011), but these observations

contrast with others in the Drosophila wing disc that do not

observe a requirement for engulfment genes for the elimination

of Minute+/� mutant cells or polarity-deficient cells during

competition or for the death of wild-type cells by dMyc super-

competitors (Lolo et al., 2012). Instead, in this report loser cells

are extruded from the epithelia and their debris is taken up by

circulating hemocytes, which are attracted to the site by the

secretion of tyrosyl tRNA by loser cells (Casas-Tinto et al.,

2015). Extrusion from the epithelia was also observed during

the elimination of polarity mutant MCDK cultured cells (Tamori

et al., 2010). It is therefore likely that these different mechanisms

of loser cell removal cooperate, and that the type of competition

stimulus determines which is activated in each context.

Is One or Are Multiple Mechanisms Regulating Cell
Competition?
Reviewing the different triggers of cell competition, it is clear that

although there is a significant degree of overlap between the

pathways regulating the elimination of loser cells by each one

of these triggers, there is also no clear common denominator

that emerges (Table 1). For example, cell competition induced

by differences in JAK/STAT signaling appears to share little over-

lap with other triggers of cell competition (Rodrigues et al., 2012).
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Table 1. Summary of What Is Known About the Different Steps of Cell Competition, Including the Triggers, Sensing Mechanisms, and

Downstream Effectors

Triggers of Cell Competition Crosstalk with Other Triggers? Sensing Mechanism Downstream Effectors

Growth Differences

Minute+/� MYC/Dpp Flower, innate immune-like JNK, p53, Azot, NF-kB, Sparc

MYC differences Dpp Flower, innate immune-like JNK, p53, Azot, NF-kB, Sparc

Signaling Differences

WNT Hippo unknown JNK, Azot

Dpp MYC growth factors/nutrients, Flower JNK

JAK-STAT no unknown Azot

Hippo MYC unknown unknown

Polarity Mismatch

Scribble+/� unknown mechanical JNK, p53

Lgl�/� MYC, Hippo unknown JNK

Dlg�/� unknown unknown unknown
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Also, Azot mediates cell competition induced by dMyc or Min-

ute+/�, but not by loss of polarity (Merino et al., 2015). Similarly,

mechanistically, competition for growth factors/nutrients,

comparative fitness sensing, and mechanical sensing all repre-

sent very different ways of fitness recognition. These differences

are further highlighted by the fact that some researchers find that

in vivo (Levayer et al., 2015; Li and Baker, 2007) and in vitro

(Claveria et al., 2013; Portela et al., 2010; Wagstaff et al., 2016)

cell competition requires cell-cell contact, while others find again

in vivo (de la Cova et al., 2004) and in vitro (Sancho et al., 2013;

Senoo-Matsuda and Johnston, 2007) that it does not. It would

therefore seem plausible to suggest that there are different forms

of cell competition, and that the context (e.g., type of trigger and

tissue type where the interactions occurs) and timing (e.g.,

whether it occurs in development or the adult) at which the

cell-cell interactions occur, will determine which type of cell

competition is initiated. Furthermore, the fact that conflicting

observations have been made regarding the mechanism of

competition using the same tissue/animal/stage suggests that

it is possible that even within the same tissue several different

selective pressures may co-exist. This said, given that the field

of cell competition is still in a sense in its infancy, more work is

required to validate this possibility or to establish whether on

the contrary, cell competition operates by a single mechanism

that integrates multiple inputs. For this we need not only to

identify the important pieces of the puzzle that are missing, but

also to understand how the different fitness-sensingmachineries

proposed, link up with the players already identified.

Cell Competition in Adult Tissue Homeostasis and
Cancer
The roles of cell competition as a fitness quality-control mecha-

nism suggest that it could be implicated in a broad range of

diseases. However, given that to study the mechanisms of

competition we have mainly had to rely on artificially creating

competitive scenarios, it has been difficult to provide definitive

proof of the endogenous importance of this process. A number

of recent studies have provided important steps forward in this

direction by showing how competition modulates tissue fitness

during aging and tumor progression in cancer (Figure 5).
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Cell Competition and Adult Tissue Homeostasis

The first indication that cell competition plays a role in tissue

homeostasis came from the observation that the adult wing

size and pattern was normal despite developing from a wing

disc in which a large proportion of cells grew at different growth

rates (Morata and Ripoll, 1975). Subsequent experiments in

Drosophila demonstrated that when clones of fast-growing cells

are induced in the imaginal wing disc, cell competition compen-

sates for this overgrowth by inducing the apoptosis of the adja-

cent cells, allowing for normal wing size to be maintained (de la

Cova et al., 2004; Moreno and Basler, 2004). This led to the

suggestion that cell competition may be acting to regulate organ

size during development (de la Cova et al., 2004), and this has

been adroitly discussed elsewhere (Penzo-Mendez and Stanger,

2014). Here we concentrate on reviewing recent evidence that

implies a role for cell competition in the adult.

In Drosophila, Azot is essential for loser cell elimination dur-

ing competition, but does not appear to mediate the response

to other stress-response pathways (Merino et al., 2015). Dele-

tion of Azot leads to an accumulation of neurodegenerative

vacuoles in the brain and a shortened lifespan of the mutant

flies, and an extra Azot copy extends the lifespan of flies.

Also, Azot mutant embryos show an accumulation of tissue de-

fects during organ development after low doses of UV irradia-

tion. In the adult, loss of Azot compromises survival after irradi-

ation, and an extra copy of Azot has a protective effect. These

results suggest that cell competition plays an essential role in

the removal of suboptimal cells during tissue homeostasis in

the adult, and that the lack of elimination of cells by cell compe-

tition will negatively affect tissue fitness during aging. There-

fore, cell competition appears to be an important regulator of

cell fitness during aging; however, the range of tissues in which

cell competition performs this role needs to be thoroughly

investigated, to determine whether all tissues or only a subset

of tissues are regulated by competition.

A key question that arises from this study is that if cell compe-

tition plays such an important role in the replacement of

damaged cells during aging, could it also be harnessed to

improve the efficiency of the regenerative response? Cell

competition has already been implicated in liver regeneration.



Figure 5. Roles of Cell Competition in Tissue Homeostasis and Tumorigenesis
During tissue homeostasis cell competition removes damaged cells. The roles of cell competition in tumorigenesis are twofold. Cell competition can have a
tumor-suppression role by removing cells with mutations that are potentially oncogenic. In addition, cell competition has tumor-promoting roles. Here trans-
formed cells signal the elimination of the surrounding wild-type cells or causes their elimination by depleting the nutrients in their microenvironment.

Developmental Cell

Review
In this tissue, after partial hepatectomy, when rapidly prolifer-

ating fetal cells are transplanted into the damaged adult liver,

these cells preferentially contribute to the regenerative

response, not only due to their increased proliferative ability,

but also by inducing the apoptosis of thewild-type host liver cells

(Oertel et al., 2006). This not only suggests that competition can

help ensure that the younger, fitter, faster-dividing cells are those

that are recruited to repair the damage, rather than their aged

counterparts, but also opens up the possibility of exploiting

competition to improve organ function. Tantalizing evidence to

suggest that this may be possible comes from studies in the

adult mouse heart, where cells overexpressing c-Myc can

replace wild-type heart cells while maintaining normal anatomy

and function of the heart (Villa Del Campo et al., 2014). This

suggests that if we findways to exogenously activate or enhance

cell competition, this would not only contribute to improving

the integration of transplanted cells in cell-replacement stra-

tegies, but may also open a door to stimulating endogenous

regenerative responses.

The Roles of Cell Competition as a Tumor-Suppression

Mechanism

In many ways, for tumor progression to occur pre-cancerous

cells must overcome the barriers that act to maintain tissue ho-

meostasis. For this reason, it is easy to envisage that cell com-

petition could contribute to tumor suppression. A number of

observations support this possibility. For example, polarity or

Rab5 knockdown cells (which have reduced levels of expression

of a gene essential for endocytosis) normally give rise to

neoplastic lesions in mutant animals, but are eliminated by

wild-type cells during cell competition (Agrawal et al., 1995; Bal-

lesteros-Arias et al., 2014; Brumby and Richardson, 2003; Chen

et al., 2012; Gateff, 1978; Igaki et al., 2006; Norman et al., 2012;
Pagliarini and Xu, 2003; Tamori et al., 2010; Woods and Bryant,

1991). Similarly, in the mouse thymus, T lymphocytes develop

from precursors that are constantly being replaced by bone

marrow-derived progenitors. This replacement occurs by a cell

competition-type mechanism, in which ‘‘old’’ bone marrow pro-

genitors are eliminated by their ‘‘younger’’ counterparts due to

their lower responsiveness to interleukin-7 and therefore, pre-

sumably, their diminished ability to compete for this essential

cytokine. If this cell competition is prevented and the ‘‘older’’

progenitors are no longer replaced, they will give rise to T cell

acute lymphoblastic leukemia (Martins et al., 2014), indicating

that in the mouse thymus, cell competition is essential for tumor

suppression. One further example whereby cell competition-

type mechanisms could be having tumor-suppressive roles

comes from analysis of the behavior of cultured MDCK cells

overexpressing RasV12 or v-Src. When RasV12/v-Src-trans-

formed cultured MDCK cells are surrounded by wild-type cells,

they are apically extruded from the monolayer in a Cdc42- and

Rho kinase-dependent manner (Hogan et al., 2009; Kajita

et al., 2010), suggesting that actin rearrangement is an essential

part of the process. This extrusion of potentially tumorigenic cells

led to the proposal that this could be a mechanism of epithelial

defense against cancer (Kajita and Fujita, 2015). However, in

mammals this extrusion appears to be death independent,

and, if the appropriate basement membrane composition is

provided, it can actually promote basal protrusion formation

and invasion (Hogan et al., 2009). This suggests that this extru-

sion could not only be tumor promoting in certain circumstances,

but also represent a mechanism distinct from the canonical

forms of cell competition.

When thinking about the tumor-suppressor roles of cell

competition, a couple of considerations are worth making. In
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the first instance, the role of competition in limiting tumor

progression does not seem to apply to all stages of tumor forma-

tion. This is illustrated by the observations that in Drosophila,

overexpression of RasV12 or Notch in Scribble or Lgl mutant

clones prevents their elimination and leads to unrestricted

growth (Brumby and Richardson, 2003; Menendez et al., 2010;

Pagliarini and Xu, 2003). Similarly, in cultured MDCK Scribble

knockdown cells, p53 mutation allows them to evade death by

competition (Wagstaff et al., 2016). This suggests that if polar-

ity-deficient cells receive a second oncogenic hit they evade

elimination by competition, indicating that competition may

only be acting at the earliest stages of tumor development. The

second consideration comes from the intriguing observation

that Azotmutants do not show a higher incidence of cancer (Me-

rino et al., 2015). This could be taken to suggest that the mech-

anisms by which cell competition suppresses tumor formation

may be distinct from how it optimizes tissue fitness. However,

to be able to unravel the full extent to which competition acts

as a tumor-suppression mechanism, it will be necessary to

show instances in which the failure of competition directly leads

to tumor formation. This is the case for the mouse thymus, but

remains to be conclusively proved for other tissues where

competition has been shown to play roles.

Importance of Cell Competition in Tumor Promotion

In contrast to its tumor-suppressing role, a number of recent

studies have provided evidence that cell competition is also

likely to play an important part in tumor progression. Interest-

ingly, this role appears to be atmultiple stages of the tumorigenic

process, expanding the possible range of therapeutic benefits of

targeting competition.

The first inference that competition could play a role in tumor

progression came from the observation that dMyc overexpres-

sion is sufficient to turn cells into supercompetitors in mosaic

tissues (de la Cova et al., 2004; Moreno and Basler, 2004).

MYC is a well-recognized oncogene implicated in many different

types of cancer (Dang, 2012b). The ability of MYC-overexpress-

ing cells to induce the elimination of wild-type neighbors led to

the suggestion that this may be a mechanism by which early-

stage tumors create space for themselves in the host tissue

(Moreno, 2008; Wagstaff et al., 2013). However, in both

Drosophila and mouse, the replacement of wild-type loser cells

by MYC winner cells is phenotypically silent and does not give

rise to tumors (Claveria et al., 2013; de la Cova et al., 2004; Mor-

eno and Basler, 2004). This suggested that the role of cell

competition in cancer may only be a passive one and restricted

to aiding the expansion of pre-cancerous lesions. In these cells a

secondary event, such as another oncogenic hit, would be

required for transformation.

Three studies in Drosophila challenged this view and showed

that the elimination of wild-type surrounding cells by cell compe-

tition could actually promote tumor progression by itself, inde-

pendent of any secondary event. The first study analyzed the

effects of clonal mutation of APC, a WNT inhibitor frequently

mutated in colon cancer (Nishisho et al., 1991). The authors

observed that when clones of cells lack APC in the Drosophila

midgut, they eliminate their wild-type neighbors and form ade-

nomas (Suijkerbuijk et al., 2016). A parallel study in the

Drosophila wing disc showed that if cells overexpress the

epidermal growth factor receptor (EGFR), which also has onco-
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genic effects (Sibilia et al., 2007), together with the microRNA

miR-8, they gave rise to large polyploid cells that eliminate the

cells from the surrounding tissue and then go on to form aggres-

sive metastatic tumors (Eichenlaub et al., 2016). Similarly, also in

the wing disc, when Rab5 knockdown clones (which are usually

eliminated by competition) reach a clone size of about 400 cells,

they evade elimination and instead develop into tumors that

eliminate the surrounding wild-type cells (Ballesteros-Arias

et al., 2014). Interestingly, in all these cases, if the apoptosis

of the wild-type cells is prevented, or the pathways that

mediate competition inhibited, this is sufficient to prevent tumor

progression. This suggests that the apoptotic elimination of

surrounding cells is actually required for tumor transformation

and is not just a passive side effect of the expansion of tumor

cells, and the ability of apoptotic cells to secrete mitogenic fac-

tors that boost the proliferation of the surrounding cells is likely to

play a role in this process (Perez-Garijo and Steller, 2015).

The mechanisms by which dying cells may promote tumor

expansion are unclear. As explained above, one obvious possi-

bility is that it may be a necessary step to create vital space for

the rapidly expanding pre-cancerous cells. However, there are

other intriguing possibilities. For example, the engulfment of

loser cells by winner cells has been suggested to be an essential

step for cell competition, as inhibition of genes required for

engulfment blocks the elimination of Minute+/� cells during

competition (Li and Baker, 2007). Interestingly, if engulfment is

inhibited in EGFR/miR-8 cells, this will prevent them from form-

ing metastatic tumors (Eichenlaub et al., 2016). Engulfment of

non-transformed cells by mammalian cancer cells has also

been demonstrated, and here it was suggested that the me-

chanical deformability of tumor cells was responsible for this

ability (Sun et al., 2014). It is tempting to speculate that engulf-

ment may promote tumor development by providing not only

nutrients to fuel the growth of the tumors, but also metabolites

to drive the metabolic changes that occur in cancer cells

(Dang, 2012a).

This said, the role of cell competition in the metabolic reprog-

ramming that accompanies cancer is likely to bemuchmore com-

plex than just providing nutrients and metabolites to cancer cells.

Tumor cells undergo what is called the Warburg effect, whereby

during their transformation theyswitch theirmetabolism toahighly

glycolytic state. This switch to glycolysis is required not only to

sustain their rapid proliferation rate, but also to enhance their

tumorigenic potential. For example, in glioblastoma, brain tu-

mor-initiating cells, which are thought to be a type of cancer

stem cells, outcompete other cells in the tumor for glucose due

to their higher expression of glucose transporters. This competi-

tive ability is essential not only to promote the stem cell potential

of the tumor-initiating cells, but also to sustain their tumorigenic

potential (Flavahan et al., 2013). Similarly, tumor cells can also

restrict the availability of glucose in the microenvironment to

T cells, and this makes the T cells hyporesponsive to the tumor

cells. If this competition for nutrients is blocked, the normal im-

mune response is restored and tumor progression is prevented

(Chang et al., 2015). Therefore, the high glycolytic status of cancer

cells has multiple impacts on the cells in their microenvironment,

andmerely limiting nutrient availability to all cells in thismicroenvi-

ronment may not necessarily inhibit tumor progression. More

targeted approaches are likely to be necessary to achieve this.
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MYC iswell known for promoting glycolysis (Dang, 2012a), and

during competition the confrontation with wild-type cells further

boosts the glycolysis of dMyc-overexpressing cells, and this in-

crease in glycolysis is required to sustain the increase in prolifer-

ation shown by these cells during competition (de la Cova et al.,

2014). Therefore cell competition appears to enhance the prolif-

erative and metabolic properties of winner cells, likely further

contributing to the expansion of cancer cells through themecha-

nisms described above. Interestingly, p53 is required not only for

thesemetabolic changes, but also for signaling loser cell elimina-

tion during competition (de la Cova et al., 2014). This suggests

either that cell competition enhances the metabolic properties

of cancer cells only at the early stages of tumorigenesis, prior

to p53 mutation, or that it only acts in certain tumor types. In

conclusion, what does seem clear is that there are multiple

ways by which cell competition can promote tumor formation,

and over the next few years it will be fascinating not only to

disentangle these roles, but also to establish ways to target

competition for the therapeutic treatment of cancer.

Evolutionary Significance of Cell Competition
A final question is, how could have cell competition evolved?

A number of possibilities have been put forward; for example,

as discussed above it could be a general mechanism for organ

size regulation (Penzo-Mendez and Stanger, 2014), however,

at least in Drosophila, the evidence for this role is controversial

(Martin et al., 2009). Another fascinating possibility is that the

evolution of cell competition is linked to the origins of multi-

cellularity (Moreno, 2008). Here, the evolution of multicellular

aggregates would bring about a requirement to prevent the

accumulation of cheater or non-cooperating cells, which in

bacteria have been shown to be sufficient to cause the collapse

of transient multicellular aggregates (Rainey and Rainey, 2003).

Here we explore two further possibilities: first, that competition

has been selected for as a safeguard against aneuploidy;

and second, that it could have evolved as a metabolic selector

mechanism.

The hypothesis that cell competition could have emerged to

help eliminate aneuploid cells (Baker, 2011; Vincent et al.,

2013), or even other cell types with aberrant ploidy, is particu-

larly appealing if we think about early mammalian development.

Mitotic errors during mammalian pre-implantation development

are surprisingly common. In humans, 78% of pre-implantation

embryos analyzed are karyotypically abnormal, and most

commonly these embryos show mosaic aneuploidy (73% of

embryos) rather than karyotypic abnormalities in all cells of

the conceptus (van Echten-Arends et al., 2011). In contrast to

this, the level of aneuploidy at later stages of gestation is only

1%–2% (Kalousek et al., 1991). The pre-implantation embryos

analyzed were primarily leftover embryos from in vitro fertiliza-

tion (IVF), so it is conceivable that a proportion would be non-

viable. However, in the exceptional cases where mosaic

aneuploid embryos have been used for IVF, they have provided

perfectly normal and healthy babies (Greco et al., 2015),

indicating that some clearance mechanism must exist to elim-

inate aneuploid/aberrant ploidy cells during early mammalian

embryogenesis.

The observations that some aneuploidy types or even tetra-

ploid cells survive normally until very late in gestation or birth
when the whole embryo is aneuploid/tetraploid (Kaufman,

1991, 1992; Kaufman and Webb, 1990; Siegel and Amon,

2012; Snow, 1973, 1975), but are efficiently eliminated from em-

bryonic tissues in chimeras with diploid cells (Bolton et al., 2016;

Eakin et al., 2005; Tarkowski et al., 1977), suggests that the

death of these cells is unlikely to be solely through cell-intrinsic

mechanisms. This possibility was strengthened by the demon-

stration that the elimination of tetraploid cells in chimeras was

induced specifically by their wild-type neighbors, and therefore

occurred through a competition-type mechanism (Sancho

et al., 2013).

The suggestedmechanism by which competition could detect

aneuploid was inspired by the observation that competition elim-

inates cells with mutation in ribosomal genes, such asMinute+/�

cells (Morata and Ripoll, 1975). In Drosophila there are 88

ribosomal genes distributed throughout the genome, and the

mammalian ribosome consists of 79 ribosomal proteins en-

coded by widely scattered single-copy genes. As proper

ribosomal biogenesis requires equimolar production of all ribo-

somal proteins (Mager, 1988; Wool et al., 1995), most types of

significant aneuploidy will disrupt ribosomal stoichiometry and

therefore affect ribosomal function. It is plausible, therefore, to

suggest that impaired ribosomal function could cause signaling

changes that could be recognized by neighboring cells as an

unfit signature and that this could have been selected for

throughout evolution (Baker, 2011; Vincent et al., 2013). Howev-

er, it is difficult to explain how supercompetitor cells could take

advantage of this mechanism, and this hypothesis also does

not account for the elimination of tetraploid cells, which should

have a normal ribosomal stoichiometry. This said, this model

does provide a good framework from which to design

experiments to test the importance of ribosomal function in

competition.

An alternative, or complementary, possibility is that cell

competition could have emerged as a mechanism for metabolic

selection. A common feature of many cell types eliminated by

competition is their differential growth rate, and cells with

different proliferation rates invariably have different metabolic

profiles. Ensuring that the most metabolically fit cells contribute

preferentially to development, and eliminatingmetabolically sub-

optimal cells during tissue homeostasis, has obvious evolu-

tionary advantages. In these contexts, cell competition would

contribute to the metabolic refinement of the tissue. Metabolic

selection would also allow competition to remove cells withmito-

chondrial defects that do not directly compromise viability, but

could be a substrate for further transforming mutations (Ohsawa

et al., 2012). As discussed above, during cancer, tumors cells

take advantage of metabolic selection to promote their transfor-

mation (Chang et al., 2015; Flavahan et al., 2013), and this,

together with the facts that wild-type but metabolically distinct

cell lines can compete with each other (Penzo-Mendez et al.,

2015), and that metabolic differences underlie the competitive

advantage of dMyc-overexpressing cells, supports the hypothe-

sis that competition may indeed have a role as a metabolic

selector mechanism. However, to establish the precise impor-

tance of metabolism in cell competition, or its role as a gate-

keeper against aneuploidy, it will be first necessary to unravel

how metabolism or ribosomal function activates the down-

stream fitness-sensing mechanisms.
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In conclusion, what is really exciting and important about the

work on cell competition is that it implies that cellular fitness is

not only a cell-intrinsic property, but is also determined relative

to the fitness of neighboring cells: a cell that is of suboptimal

fitness in one context may be super-fit in the context of a

different cell population. This ability of cells to measure and

communicate their relative fitness is not only essential for proper

development and tissue homeostasis in the adult, but also can

be hijacked by cancer cells to promote their transformation.

Over the last few years we have gained significant insight into

some of the key parameters that cells can measure during cell

competition (i.e., differences in growth, signaling, metabolism,

or polarity), and the mechanisms by which cells measure these

parameters and enact winner and loser status (e.g., mechanical

sensing, Flower code, or activation of an innate immune-like

response), but challenging questions still remain. For example,

it will be important to establish at the molecular level how the

different triggers of cell competition lead to activation of the

different sensing pathways that act during cell competition,

and not when winner and loser cells are in a homotypic

environment. This information will be key as it will help

establish approaches to therapeutically target competition

specifically, without interfering with other cellular surveillance

mechanisms.
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