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Abstract

During cell competition fitter cells take over the tissue at the expense of viable,
but less fit, cells, which are eliminated by induction of apoptosis or senescence.
This probably acts as a quality-control mechanism to eliminate suboptimal cells
and safeguard organ function. Several experimental conditions have been shown
to trigger cell competition, including differential levels in ribosomal activity or
in signalling pathway activation between cells, although it is unclear how those
differences are sensed and translated into fitness levels. Many of the pathways
implicated in cell competition have been previously linked with cancer, and this
has led to the hypothesis that cell competition could play a role in tumour for-
mation. Cell competition could be co-opted by cancer cells to kill surround-
ing normal cells and boost their own tissue colonization. However, in some
cases, cell competition could have a tumour suppressor role, as cells harbour-
ing mutations in a subset of tumour suppressor genes are killed by wild-type
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cells. Originally described in developing epithelia, competitive interactions have
also been observed in some stem cell niches, where they play a role in regulat-
ing stem cell selection, maintenance and tissue repopulation. Thus competitive
interactions could be relevant to the maintenance of tissue fitness and have a
protective role against aging.

Introduction

Cell competition occurs when cells with different fitness levels confront one
another. It results in the elimination of the weaker population through apop-
tosis or senescence, whereas the stronger population survives and proliferates.
Originally described in developing epithelia, competitive interactions have been
linked with tissue homoeostasis, organ size control and stem cell maintenance.
Recent work also suggests that they may play a role in tissue regeneration and
in cancer development. In the present chapter we will introduce the pathways
implicated in initiating competition and report on our current understanding of
the mechanisms involved in this process.

Pathways of cell competition

Cell competition was discovered in 1975, through characterization of the
growth defects of Minute heterozygous mutations in Drosophila wing imagi-
nal discs [1]. Minute (M) genes encode ribosomal subunits. Thus homozygous
mutations are lethal due to a lack of functional ribosomes; however, heterozy-
gous animals are viable and display just a developmental delay and minor mor-
phological abnormalities. These early studies from Morata, Ripoll and Simpson
[1-3] showed that when Minute heterozygous (M/ +) and wild-type cells were
present in the same tissue, wild-type cells would take over, whereas slow-grow-
ing M/ + cells were eliminated and their contribution to the adult wing was
reduced. This suggested that competition could act as a surveillance system to
actively remove mutant defective cells from the tissue. In 2004, Oliver et al. [4]
reproduced these findings in a mouse Minute mutation (Belly Spot and Tail),
providing the first indication that the phenomenon of cell competition seen in
Drosophila also occurs in mice.

Over 20 years after these first observations were made, Johnston et al. [5]
reported that cells with differing levels of the transcription factor dMyc could
also initiate competition. Cells with low levels of dMyc, because of a mutation
in the corresponding gene, were lost in the presence of wild-type cells, but were
viable when surrounded by the same cells. Moreno and Basler [6] and de la
Cova et al. [7] later showed that mutant clones overexpressing dMyc could out-
compete wild-type cells, suggesting that it was the relative levels of dMyc that
decided the outcome of competition. In other words, the outcome of competi-
tion is context-dependent and cells become winners or losers depending on the
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fitness of their neighbours. This work confirmed the concept of supercompeti-
tors: cells capable of outcompeting normal wild-type cells [8]. The discovery
of supercompetitors established the initial link between cell competition and
cancer. The human homologue of dmyc is an established proto-oncogene, con-
trolling the expression of many other genes involved in growth and prolifera-
tion and is frequently overexpressed in tumours [9]. Thus it was proposed that,
similarly to what had been observed in Drosophila, cancer cells with high Myc
levels could cause the elimination of surrounding normal cells, creating space in
which to expand.

This view was further strengthened when mutations in tumour suppressors
also gave rise to supercompetitors. The Hippo pathway modulates cell survival
and proliferation and thus safeguards against neoplastic growth. Inactivation of
this pathway through yorkie overexpression or mutations in fat, expanded or
warts enables cells to eliminate surrounding wild-type tissue [10,11]. Similarly,
Vincent et al. [12] showed that, in Drosophila, relative differences in Wnt signal-
ling induce competition. In this study, cells that cannot transduce the Wnt signal
or cells that overactivate the pathway (APC or Axin mutant) were juxtaposed
to wild-type cells. In both cases, those cells with relatively lower Wnt signalling
levels were eliminated. Wnt signalling is overactivated in a number of cancers
and Axin and APC are frequently mutated tumour suppressor genes [13]. Thus
cell competition could also play a role in Wnt-induced cancers.

Tumour-suppressor-based mechanisms of cell competition have also been
studied in vivo in a mammalian system. The transcription factor p53 is one of
the best-known and most studied tumour suppressor genes [14]. Bondar and
Medzhitov [15] characterized a form of cell competition induced by stress and
mediated by p53. Doing repopulation assays in lethally irradiated bone mar-
row, they found that in the mouse haemopoietic stem cell, niche cell competi-
tion selects for the least damaged cells by comparing levels of p53 activity and
selecting those cells with relatively lower p53 levels. This work, carried out with
mouse HSPCs (haemopoietic stem and progenitor cells), shows that competi-
tion is not restricted to epithelial tissues. In addition to this study, the occurrence
of cell competition in stem cell niches has also been reported in the Drosophila
ovary and testis [16-19]. Moreover, cell competition has been shown during
liver repopulation assays in rats [20].

The above tumour suppressor mutations induce a supercompetitive behav-
iour; however, this is not always the case, loss-of-function of the tumour sup-
pressor genes scrib (scribble) or Igl (lethal giant larvae) leads to their elimination
by the surrounding wild-type cells, both in Drosophila mosaic discs and mam-
malian cells [21-24]. Thus not all tumour-promoting mutations lead to a com-
petitive advantage, and in some cases precancerous cells can be eliminated by cell
competition. How do mutations alter the competitive status of a cell and what
cellular events take place during competition? We review the current knowledge
in the following sections.
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Sensing cellular fitness

By far the most mysterious aspect of the cell competition process is to under-
stand how cells sense and compare fitness levels across tissues. What are the
signals and mechanisms that cells use to compare fitness and how are less fit cells
identified and earmarked as losers?

Several studies have highlighted a correlation between differential prolif-
eration rates and cell competition. For example, slow-growing Minute cells
behave as losers next to normally growing wild-type cells; in turn, wild-type
cells behave as losers next to cells that grow faster, e.g. because of high Myc
activity [1-3,6,7]. Thus it has been suggested that, during competition, infor-
mation about growth rates is translated into fitness levels and accounts for the
acquisition of the loser/winner status. However, not all manipulations that
increase growth rates appear to be sufficient to change the competitive status of
a cell. For example boosting cellular growth by overactivating the insulin path-
way is not sufficient to induce a super-competitor status [7]. Therefore it is pos-
sible that cells do not compare growth rates; rather they sense differences in a
parameter, whose changes mirror differences in growth rates in some instances.

Another clue in understanding how cells sense relative fitness levels comes
from the many reports indicating that disparities in some signalling pathways
often lead to cell competition. This has been described for the Fat/Hippo
[11,22,25] and Wnt signalling pathways [12]. In addition it has been reported
that, during Minute competition, loser cells display reduced Dpp [Drosophila
TGF-B (transforming growth factor ) superfamily member] signalling and that
increasing the levels of signalling is sufficient to rescue them during both Minute-
and Myc-induced competition [6,26]; however, this view has been questioned in
subsequent work [7,10,27]. Thus, although it is unclear how signalling levels are
translated into fitness levels, it appears that several signalling pathways are able
to modulate the levels of cell fitness that are compared during cell competition.

A recent breakthrough in the study of cell competition has come from the
identification of a trio of proteins as important components of the fitness-sens-
ing process. Performing transcriptional profiling of competing cells, Moreno
and co-workers [28] showed that three differently spliced isoforms of the flower
gene become differentially expressed in several contexts where competition is
induced: the Flower* isoform is down-regulated in loser cells, whereas two
other Flower isoforms, Flower’¢4 and Flower’o¢, are exclusively up-regu-
lated in loser cells. Importantly, expression of either FlowerZo¢ isoform is nec-
essary and sufficient for the elimination of loser cells [28]. The mechanism of
action of the Flower proteins and how they induce death in losers is entirely
unknown at present. Flower has been described in another study as a calcium
transporter [29]; however, it is unclear whether this function is required for
its role in competition. Since they are transmembrane proteins, it is likely that
Flower proteins are involved in extracellular recognition events between win-
ners and losers. However, it is worth noting that, since Flower ¢ isoforms are
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not present at the onset of competition and become expressed only as competi-
tion is triggered, additional molecules must be responsible for the early sensing
events that lead to the differential expression of the Flower isoforms.

The identification of membrane proteins as integral components of the
fitness-sensing process indicates that some aspects of cell competition require
cell—cell contact [28]. Moreover, additional studies have shown that competitive
interactions are observed at a short range (ranging from direct proximity [30] to
a few cell diameters away [7]). However, independent experiments in cell cul-
ture show that cell competition can still happen if winner and loser cells share
the same culture medium but are not allowed direct contact [31]. Therefore it
is possible that multiple independent molecular pathways initiate competition
and that some of those are mediated by soluble factors. The nature of these fac-
tors remains to be identified: they could be signalling proteins or by-products
of cellular metabolism. Interestingly, in the context of competition induced by
Wat signalling, high-Wnt cells release Notum, a diffusible Wnt inhibitor that
is required for the outcompetition of low-Wnt cells [12]. Notum does not take
part in the fitness-sensing process, but contributes to competition by lowering
the Wnt signalling levels (and hence fitness) of surrounding wild-type cells.

Elimination of loser cells

As described in the Introduction, a key feature of cell competition is the non-
autonomous induction of death in the weaker population. How are loser cells
instructed to die by neighbouring winner cells? With one exception, in which
loser outcompetition happens via induction of senescence rather than death (dis-
cussed below), loser cells are killed by apoptosis (Figure 1). However, while this
is a common denominator, several independent upstream pathways have been
shown to trigger the apoptotic event during cell competition. Their involvement
seems to be context-dependent and influenced by the specific type of cell com-
petition studied and possibly by the tissue studied (Figure 1A).

Activation of the JNK (c-Jun N-terminal kinase) pathway, a pro-apoptotic
pathway frequently activated in response to stress [32], is quite a common
event during competition, having been observed during Minute [26] and Myc
[6] competition (Figure 1A) and during competition induced by mutations
in polarity-linked tumour suppressors [33,34]. Is JNK activation required
to induce death in loser cells? With respect to Minute and Myc competition
there is some controversy. Some studies report that blocking JNK in loser cells
inhibits their apoptosis and rescues them from competition [6,26]; however,
independent reports found that inactivating the JNK pathway had little or no
effect on cell competition [7,10]. In the case of competition induced by muta-
tions in polarity-linked tumour suppressors, the data instead rather unequiv-
ocally shows that JNK signalling plays a key role [22,34,35] (Figure 1B). In
scrib™= cells, altered endocytic trafficking leads to hyperactivation of Eiger
[Drosophila TNF (tumour necrosis factor) superfamily member] signalling,
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Figure |. Mechanisms involved in the elimination of loser cells

(A) Apoptosis and extrusion of loser cells. Two mechanisms of apoptosis induction have been
identified. In the first, JNK is activated via Brk (Brinker), whereas in the second activation of the
pro-apototic gene Hid leads to death. Different Fwe (Flower) isoforms label winner and loser
cells. dSPARC is secreted from loser cells and acts as a temporary shield to protect them from
apoptosis. (B) Apoptosis and engulfment of loser cells. In some contexts, winner cells engulf
neighbouring loser cells, via activation of genes involved in phagocytosis (listed in the Figure).
This is regulated by Eiger/|NK activation, which promotes apoptosis in the losers and engulfment
in the winners. (C) Senescence of loser cells. Competition among HSPCs results in the activation
of senescence-related genes in the loser cells (listed in the Figure). Conversely, winner cells acti-
vate proliferation markers (listed in the Figure).
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which results in JNK activation [34]. Importantly, in this context Eiger/JNK
signalling has a dual function. In addition to being active within scrzb== cells,
where it promotes apoptosis, Eiger/JNK signalling becomes activated in a row
of wild-type cells just surrounding the mutant scrib™- tissue. There, JNK acti-
vation has quite the opposite effect, since it is required for these cells to elim-
inate their scrzb™ neighbours [33]. Interestingly, a recent study shows that,
in a mammalian cell culture model of scrib cell competition, scrib™- cells do
not activate JNK, but activate p38 MAPK (mitogen-activated protein kinase),
another kinase activated by cellular stress. In this context, p38 activation is
required for the apoptosis of scrib~ cells [36].

Interestingly, Eiger is not an obligate upstream activator of JNK during
competition. For example, during Minute competition, Eiger function has no
obvious effects on the elimination of Minute cells [33], whereas JNK inhibi-
tion rescues, at least partially, the outcompetition of loser cells [6,7]. This would
suggest that Eiger is dispensable for JNK activation. Consistent with this, JNK
activation during Minute competition requires Brinker, a transcriptional repres-
sor that is up-regulated in competing Minute cells and also becomes required for
their apoptosis [26].

As a consequence of cell competition a tissue may be presented with a
substantial increase in the amount of apoptotic cells. What is the fate of such
apoptotic bodies and how are they cleared from the tissue? Initial observa-
tions reported that, in wing imaginal discs apoptotic cells are extruded from
the epithelial layer and accumulate basally [6] where they are probably cleared
by macrophages. It was later found that during Minute and Myc competition,
apoptotic bodies are engulfed by surrounding winner cells [30]. In other words,
during competition fitter cells eat their less-fit neighbours (Figure 1B). This has
also been observed recently for scrib~- cells, which are engulfed by surrounding
wild-type neighbours [33]. In both studies it was found that molecular com-
ponents normally involved in phagocytosis are required for cell engulfment
[30,33]. In a surprising turn, both studies further reported that cell engulf-
ment is not simply a secondary event that clears cellular debris from the tissue;
rather it is an active and essential component of the cell competition process.
This conclusion is on the basis of the observation that inhibiting the function
of proteins required for engulfment actually leads to inhibition of competi-
tion. Since both studies confirmed this finding by targeting several components
of the phagocytic machinery, the evidence for a requirement of engulfment in
competition is strong [30,33]; however alternative explanations are possible.
For example, removing the function of these genes could reduce cellular fitness.
Alternatively, mutations in these genes could affect endocytic trafficking, which
has been shown to modulate cell competition [6,34].

Regardless of whether they are simply extruded or actively engulfed, loser
cells do not die without putting up a fight. A recent report shows that, during
the early stages of competition, loser cells express ASSPARC (Drosophila secreted
protein acidic and rich in cysteine) [37], a secreted matricellular glycoprotein
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involved in extracellular matrix remodelling and in modulating the activity of
multiple signalling pathways [38]. dSPARC expression temporarily protects
loser cells from competition by delaying the induction of apoptosis, although
the exact mechanism is not presently understood. It is proposed that dSPARC
acts as a shield to delay the effect of cell competition. This would avoid unnec-
essary elimination of cells that are able to recover from transient damage [37].

Recent work studying cell competition in the HSPC niche found that
outcompeted cells may actually survive [15]. In this context, the outcome of
cell competition is induction of senescence in outcompeted stem cells (Figure
1C). Gene expression profiling shows that, during competition, loser cells up-
regulate the senescence-related genes p16(NK#) and Ezh-2, and have high levels
of P-selectin and Sdpr, which are normally up-regulated in aged HSPCs [15].
Ultimately, since senescent cells are permanently cell-cycle-arrested, the out-
come is not dissimilar from other modes of competition; although they remain
alive, loser cells are inhibited from repopulating the niche.

Tissue colonization by winner cells

During cell competition, despite the intense elimination of loser cells, organ size
and tissue growth are unaffected and overall cell number is conserved. This is
possible because, as loser cells die, winner cells display a corresponding increase
in the rate of proliferation. This has been observed during Minute competition
[30] (although it has been questioned [27]) and in other competitive contexts.
Thus high-Myec cells overproliferate as a consequence of competition [6,31] and
HSPCs with relatively low levels of p53 up-regulate markers of cell prolifera-
tion under competitive conditions, such as Ki67, cyclin B1 and cyclin A2 [15]
(Figure 1C). Thus cell competition can, at least in some cases, increase win-
ner cell proliferation. Importantly, in one instance where this was investigated,
growth stimulation appeared to be induced at a short-range. Elegant genetic
experiments conducted by Simpson and Morata [3] showed that, during Minure
competition, clones of winner cells display increased growth if they are in the
proximity of loser cells, but not if they are further away from the site of com-
petition. However, in Drosophila cell culture models of competition, where
cell—cell contact is not required for apoptosis induction, winner cell overprolif-
eration is also triggered in the absence of cell contact [31].

Cell competition and disease

A quality-control mechanism

Cell-autonomous apoptosis is activated in cells that sustain major functional
damage, but how are viable, but suboptimal, cells removed? During develop-
ment, cell competition acts as a quality-control mechanism that eliminates sub-
optimal cells before they contribute to the adult organism (Figure 2A). Is there
also a role for cell competition in maintaining organ fitness in the adult? Adult
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Figure 2. Potential links between cell competition and disease

(A) Quality control in normal and disease conditions. Suboptimal cells are eliminated from epi-
thelial tissues through apoptosis, whereas the fitter cells show a corresponding increase in prolif-
eration. (B) Tumour suppressor role. Cell competition could act as a protective mechanism to
remove potentially dangerous cells from a tissue, thus preventing tumour formation. Tumour
promoting role. By contrast, cell competition could be exploited by mutant cells to promote
tumour formation. Mutant supercompetitor cells with precancerous lesions could outcompete
and cull surrounding wild-type cells, leading to the generation of cancerization fields.
(C) Regeneration. On the basis of experiments in liver repopulation assays, it has been proposed
that cell competition could be exploited in regenerative medicine.

tissues, as a consequence of environmental stress or damage, accumulate sub-
optimal cells. One way to neutralize them is through the induction of cellular
senescence, which leads to a permanent cell proliferation arrest [39]. However,
this appears not to be ideal, as a recent study shows that the accumulation of
senescent cells during aging contributes to the insurgence of age-related pathol-
ogies [40]. Thus it could be proposed that cell competition eliminates damaged
cells before the activation of senescence. By selecting fitter cells and reducing
the number of senescent cells, cell competition could contribute to maintain-
ing organ fitness and delaying tissue aging. However, a recent study indicates
that cell competition itself could lead to the accumulation of senescent cells in
HSPCs [15]. This could be a peculiarity of the HSPC niche. In addition, it is
unclear whether in this system a proportion of loser cells are also eliminated by
cell death during competition.

Cell competition could be relevant to a number of human diseases. In a
rare sporadic skin disorder (ichthyosis with confetti) it is observed that patients
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develop patches of healthy skin within abnormal skin areas [41]. Each patch
originates from clonal expansion of a single revertant stem cell which has lost
the dominant mutation in keratin-10. In some patients more than a thousand
revertant clones are seen, suggesting that these stem cells produce healthy skin
cells able to outcompete surrounding diseased tissue. Competition could also be
involved in non-random X-chromosome inactivation, seen in various X-linked
immunodeficiencies [42]. In female mammals random inactivation of one of the
two X-chromosomes occurs in every somatic cell during early development.
Once X-inactivation has taken place all clonal descendents will have the same X
inactivated. In a number of X-linked genetic diseases, preferential tissue-specific
inactivation of one X-chromosome is seen. In these contexts, cells inactivating
the mutant allele could gain an advantage over cells in which the normal allele is
inactivated. Although not proven, removal of mutated cells could be occurring
via a mechanism similar to cell competition.

Cancer

Cell competition has been linked to cancer, as many of the genes involved are
also known vertebrate oncogenes or tumour suppressors. Initially cell competi-
tion was thought of as a mechanism that would favour the growth of tumour
cells [6]. The discovery of genes which could transform cells into supercom-
petitors led to the hypothesis that cells with precancerous lesions could over-
colonize the tissue by eliminating the surrounding cells (Figure 2B) [6-8,11].
This expanded population of cells would then be more likely to undergo further
mutations, finally allowing the cells to overcome the restraints of the tissue and
develop into a tumour. This theory is consistent with the model of field can-
cerization, which was proposed to explain the development of multiple con-
comitant primary tumours in the same tissue, together with the observation that
abnormal tissue often surrounds the tumour [43,44]. It was thus proposed that
early precancerous lesions could allow cells to expand and colonize the tissue.
In this field, further independent genetic hits at multiple tissue locations would
give rise to tumours that share a monoclonal origin [43,44]. This model is indeed
supported by the fact that tumour-associated genetic mutations are frequently
present in biopsies taken from the macroscopically normal mucosa adjacent to
the tumour [43,44]. Competition could also be involved in helping tumour cells
establish themselves at secondary sites during formation of metastasis.

More recently it has been shown that cell competition could also play an
opposite role during cancer formation. In fact there are now observations sug-
gesting that surrounding normal cells can suppress the proliferation of tumour
cells. Cells mutated in the tumour suppressors scrib and Igl are eliminated by
wild-type cells, indicating that cell competition could act as a tumour suppres-
sor mechanism eliminating potentially harmful cells from the tissue [21-24].

Manipulating cell competition during cancer formation could provide an
alternative new strategy to fight cancer. The emergence of new iz vitro cell cul-
ture competition assays means it is now possible to study competition between
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normal and transformed cells in mammalian systems [35]. The discovery of
competition-specific genes will be essential in establishing these new therapies
and in identifying novel biomarkers for early detection.

Tissue regeneration

The established role of cell competition in controlling cell proliferation suggests
that competition could be relevant for regenerative medicine (Figure 2C). In
2006 Oertel et al. [20] demonstrated that the process of cell competition could
be used to replace functional tissue in the adult liver by fetal liver progenitors.
They observed that younger highly proliferative fetal cells replaced slower
growing adult cells by inducing apoptosis. This strategy could serve to design
effective treatments of regenerative medicine for a wide variety of disorders.

Conclusions

Since the original discovery of cell competition over 35 years ago, the field has
made tremendous advances. In particular, the list of experimental conditions
that trigger cell competition continues to grow, suggesting that this is a fre-
quently occurring phenomenon. Most importantly, there is now ample evidence
that this is also a mammalian event. However, several unanswered questions
remain. Although some progress has been made, the molecular mechanisms of
cell competition are still largely unknown. Furthermore, we are still to fully
grasp its physiological relevance in health and disease, and to realise its potential
for biomedical applications. The next decade will undoubtedly be an exciting
time for this field of research.

Summary

*  Many experimental conditions have been shown to result in cell compe-
tition, including defects in ribosomal proteins and alterations in growth
factor signalling levels. It is likely that multiple independent pathways
initiate competition.

*  Differences in cellular fitness may be induced by differential growth
rates, signalling pathway levels or expression of extracellular proteins.

e Loser cells are eliminated through apoptosis or senescence. Several inde-
pendent pathways trigger these events depending on the context of com-
petition.

*  Outcompeted loser cells can be expelled from epithelial tissues through
extrusion or active engulfment.

*  Organ growth and tissue size are maintained during competition: as
loser cells die the winners show a corresponding increase in proliferation.

o Cell competition acts as a quality-control mechanism to eliminate sub-
optimal cells during development and possibly also in the adult.
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Cell competition has been implicated in liver repopulation assays and it
has been proposed that it could therefore be used in regenerative medi-
cine.
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