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To not love thy neighbor: mechanisms of cell competition
in stem cells and beyond
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Cell competition describes the process in which cells of greater fitness are capable of sensing and instructing elimination of lesser
fit mutant cells. Since its discovery in Drosophila, cell competition has been established as a critical regulator of organismal
development, homeostasis, and disease progression. It is therefore unsurprising that stem cells (SCs), which are central to these
processes, harness cell competition to remove aberrant cells and preserve tissue integrity. Here, we describe pioneering studies of
cell competition across a variety of cellular contexts and organisms, with the ultimate goal of better understanding competition in
mammalian SCs. Furthermore, we explore the modes through which SC competition takes place and how this facilitates normal
cellular function or contributes to pathological states. Finally, we discuss how understanding of this critical phenomenon will enable
targeting of SC-driven processes, including regeneration and tumor progression.
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INTRODUCTION
Cell death is one of the most critical processes regulating
tissue physiology [1–7]. Through unveiling the modes in which
cells undergo death within their environments, it has become
evident that much of this is dependent upon relative fitness—
what deems a cell fit in one environment may instigate its
elimination in another [4, 8, 9]. Pioneering work investigating how
cells of varying fitness differentially contribute to the adult organism
resulted in the discovery of cell competition— the sensing and
active elimination of relatively unfit cells by superior neighbors
within a population [8] (Fig. 1). This phenomenon, which is distinct
from passive clonal fitness selection, was first described in the
Drosophila imaginal wing disc, a larval epithelial structure that
segregates during embryogenesis and undergoes proliferation and
differentiation to give rise to the adult wing [10]. Evaluation of
genetic mosaics revealed that cells bearing mutations in Minute (M)
genes, which encode ribosomal proteins (Rp) [11], exhibit decreased
proliferation, developmental delays [11], and do not persist into the
adult, instead being selectively eliminated by wild type (WT)
counterparts [8]. Interestingly, while M homozygosity results in
lethality, heterozygous animals (M/+) remain viable [12], high-
lighting the role of cell competition in preserving tissue integrity by
selecting against aberrant cells that would otherwise contribute to
the adult organism [12].
Competitive elimination of M mutants was later revealed to be

mediated by Brk elevation and subsequent c-Jun amino-terminal
kinase (JNK) pathway activation [13]. As Brk inhibits the pro-
survival and proliferative Dpp signal, M mutants were proposed to
exhibit slower proliferation and Brk upregulation due to dimin-
ished responsiveness to Dpp [13]. This inspired examination as to
the effects of proliferation-enhancing Myc mutations [14, 15] and
exposed another side of cell competition, or “super competition

[14],” in which mutant cells bestowed with enhanced fitness
eliminate otherwise healthy WT neighbors [14, 15]. Interestingly,
although high-expressing Myc cells over-proliferated, competitive
elimination of WT cells prevented tissue abnormalities [14, 15],
suggesting a role for competition in regulating organ size [15].
Together, these seminal works in Drosophila established the

foundation for elucidating the physiological roles of cell competition
and uncovering molecular mechanisms governing this phenom-
enon [8, 9, 13, 14]. A large body of research has since implicated
cell competition in processes including development, homeostasis,
and tumorigenesis [4, 5], with much of it similarly conducted in
Drosophila due its amenability to physical and genetic manipulation
as well as regenerative capacity [16]. For a comprehensive overview
of these studies, we refer the reader to the following reviews
[4, 5, 17]. Here, we evaluate the ways in which cell competition
shapes cellular cooperation across various organisms and physiolo-
gical contexts, placing greater emphasis on mammalian SC-
dependent processes (Table 1 and Fig. 2).

Stem cell competition in development
Stem cells (SCs) possess the unique capacity for self-renewal and
differentiation [18]. The degree to which a SC can give rise to various
cell types within an organism, or potency, is a primary feature
distinguishing different SCs [18]. While resident adult SCs exhibit uni-
or multipotency, contributing to their respective tissues in a lineage-
restricted manner, embryonic SCs are pluripotent, differentiating
into all three germ layers comprising an embryo, as suggestive of
their name [19]. Collectively, SCs bear the responsibility of ensuring
normal development and tissue establishment, upon which
organismal function relies. Protection of SC integrity is therefore
critical for these processes and regulated by various intrinsic and
extrinsic factors, which converge to promote cellular coordination.
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Unsurprisingly, cell competition has been established as an
important facilitator in maintaining SC integrity during embry-
ogenesis and tissue development, eliminating cells rendered unfit
for further contribution [4]. As such, changes in factors regulating
proliferation, SC potency, metabolism, and cellular stress can
provoke competition [4]. One such factor is the tumor suppressor
p53, which functions to trigger intrinsic cell death under stress-
inducing conditions such as DNA damage and cell cycle regulation
[20, 21]. This was evidenced in tetraploid (4n) cells within mouse
embryo chimeras, which were removed by apoptosis following
gastrulation [22, 23]. Using co-cultures, this competitive removal
was later found to be p53-dependent—as 4n cells exhibiting
increased p53 levels were eliminated by 2n cells with relatively
lower levels, while knockdown of p53 reversed this phenotype
[24]. Corroborating this, Bmpr1a-mutant cells underwent apopto-
tic elimination by WT cells in mouse embryos and co-cultures as a
result of elevated p53 and subsequent inhibition of mTOR
signaling [25], with mutations in the negative regulators of p53
also disadvantageous to cells [26]. These findings suggest that in
addition to engaging intrinsic cellular checks, changes in p53
expression are harnessed for population fitness sensing and cell
competition to help ensure normal embryogenesis [26]. Further-
more, a genetic knockdown screen striving to identify genes
advantageous during embryonic development revealed that cells
with p53 downregulation can displace WT cells when co-injected
into blastocysts and under differentiation conditions in vitro [27].
Intriguingly, this did not result in any apparent negative
consequences to the organism, indicating that cellular coopera-
tion can be achieved through competition to facilitate successful
organismal development [27].
Consistent with the role of differential Myc in driving competition

in Drosophila [14, 15], decreased Myc levels resulting from impaired
BMP-signaling in mouse embryonic SCs (ESCs) prompted elimina-
tion through factors secreted by WT cells [28]. Given the importance
of Myc for maintaining pluripotency and driving proliferation in
early developmental stages, such competitive elimination may also

serve as a safeguard by removing cells with lower Myc and defective
proliferation arising from mutations acquired during cell division
[28]. In agreement, examination of mouse epiblasts found that
mosaicism arising from differential Myc expression results in
apoptotic elimination of cells with lower levels of Myc when in
the vicinity of higher-expressing cells [29]. As Myc was found to
function downstream of TEAD1 and YAP to maintain pluripotency in
the epiblast [30], this enabled removal of unspecified cells of lesser
potency to guard against premature differentiation [30, 31]. Similar
findings were made in the developing mouse epidermis, in which
slow-dividing progenitors exhibiting lower Myc expression were
eliminated via apoptosis and engulfed by faster proliferating
neighbors, which was proposed to play a critical morphogenetic
role in normal skin development and function [32]. As phagocytic
engulfment is also employed by basal epithelial cells to clear dying
cells during hair follicle regression [33], it would be interesting to
investigate whether this process is mediated through Myc-
dependent cell competition or another means, ultimately enabling
the retention of a select pool of SCs with optimal fitness.
Reflecting overall cellular status and fitness, mitochondrial

function has also been associated with competition during
development [34]. This can be observed in the elimination of
35% of epiblast cells prior to gastrulation [34]. Using single-cell
transcriptional profiling, cells eliminated across this period in
embryogenesis exhibited molecular changes reflecting defects in
mitochondrial function [34]. Furthermore, introduction of non-
pathological changes to mitochondrial function were sufficient to
trigger competition, indicating that cell competition is critical in
ensuring optimal metabolic fitness early in development [34].
A role for oncogenic RasV12, which has been demonstrated to
increase mitochondrial metabolism, has also been unveiled while
investigating whether cell competition contributes to the devel-
oping mammalian nervous system [35]. In neuroepithelial co-
cultures of WT and RasV12 neural progenitors, mutant cells were
eliminated by WT neighbors through apoptotic induction followed
by phagocytosis [36]. Notably, the cell-competition conditions
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Fig. 1 Schematic representation of cell competition. a Depiction of classical cell competition; a wild type (WT) cell senses relatively impaired
fitness in a neighboring mutant cell and behaves as a “winner” by inducing apoptotic elimination of the mutant cell. On a population scale
(bottom panel), this promotes competitive removal of aberrant cells followed by WT population expansion to compensate for the eliminated
cells and maintain tissue integrity. Example depicts Minute (M) cells actively eliminating M+/− cells. b Depiction of super competition; one or
more mutations confer enhanced fitness to a cell and enable it to behave as a “winner” by inducing apoptotic elimination of an otherwise
viable WT cell. On a population scale (bottom panel), this promotes clonal expansion of aberrant “winner” cells, characteristic of
tumorigenesis. Example depicts mutant cells with elevated levels of Myc actively eliminating WT cells with lower Myc expression.
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suppressed juvenescence markers in RasV12 cells, which dis-
played reduced proliferative potential and increased senescence.
Investigation of whether this similarly promotes competition
between neuronal SCs in vivo can therefore be valuable for
understanding neurodevelopmental abnormalities.
Cellular changes resulting in proteotoxic, endoplasmic reticulum

(ER) and oxidative stress have also been identified as underlying
causes of cell elimination across distinct loser genotypes in
Drosophila development [37–46]. This is evident in transcriptional
profiling, which revealed activation of oxidative stress across various
loser genotypes, with Nrf2-dependent activation of oxidative stress
pathways sufficient for eliciting loser status [37]. Defective protein
translation in cells mutant for Hel25a, an mRNA splicing and nuclear
export regulator, was also reported to underlay competition-
induced autophagy and subsequent apoptosis bordering WT cells
via NFκB and JNK signaling [38]. However, other studies instead
reported proteotoxic stress as the driver for loser status, with
autophagy conferring cytoprotective effects [39, 40]. Additional
work reported that proteotoxic stress converges through expression
of Xrp1 [41], a transcription factor also necessary for Minute-induced
competition [42, 43], causing eIF2α phosphorylation and decreased
cellular fitness [41, 44, 45]. Xrp1 activation itself can thereby induce
proteotoxic stress, partaking in a feed-forward loop that triggers the
oxidative stress response and confers loser status [41]. Furthermore,
ER stress and mutations in Hel25a and Rp were found to drive
competition and alter protein synthesis through this manner [44],
although downstream translational changes alone were insufficient
for inducing competition in the absence of Xrp1 and subsequent
eIF2α phosphorylation [44, 45]. The importance of eIF2 in

competition is also evidenced in cell elimination triggered by
abnormal eIF2γ or Rp gene dosage as a result of aneuploidy,
thereby illustrating a critical role in preventing developmental
abnormalities [46].
Describing another consequential role for cell competition,

work in Drosophila testes revealed that spermatogonial SCs with a
fitness-enhancing mutation in chinmo can actively evict WT SCs
from the niche and thereby cause gene drives [47]. Through
ectopic secretion of Pcan, mutant SCs actively remodeled their
surrounding extracellular matrix (ECM) and upregulated ECM-
binding proteins, selectively removing WT SCs [47]. Therefore,
despite parental heterogeneity (chinmo+/-), a majority of Droso-
phila progeny inherited a chinmo−/− genotype [47]. As declining
chinmo levels promoted aging, this provides an interesting
molecular insight as to how aberrant SC competition benefiting
individual cellular fitness may potentially be disadvantageous to
long-term organismal fitness. Expanding upon these critical
insights, contribution of similar physiological and environmental
factors to cell competition in mammalian development can be
investigated.
Collectively, these studies exemplify the versatile functions of

cell competition during development—from enabling resolution
of cellular disturbances in proliferation, stress, and metabolism
and maintaining SC potency to remodeling of the cellular
environment and driving organismal inheritance.

Stem cell competition in cellular and tissue maintenance
To fulfill their role in tissue maintenance and disease prevention,
adult SCs employ cell competition in response to various
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Fig. 2 Examples of competitive cell elimination modes. a Elimination through apoptotic induction of loser cell by winner cell. b Elimination
through induced necroptosis of loser cell by winner cell. c Elimination through induced senescence of loser cell by winner cell. d Elimination
through induced differentiation of loser cell by winner cell. e Elimination through mechanical extrusion of loser cell apically by winner cells
(extruded cells may subsequently undergo apoptosis, necroptosis, or differentiation). Curved arrows represent mechanical tension.
f Elimination through entosis and subsequent autophagy of loser cell by engulfing entotic winner cell. g Elimination through phagocytosis of
loser cell by engulfing phagocytic winner cell.
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environmental cues [3–5, 17]. As such, various factors have been
identified in enabling SCs to facilitate competition within these
contexts.
Similarly to development, differential p53 expression can serve

as an environmental stressor sensor to maintain homeostasis
[48–52]. This role was observed in mouse bone marrow chimeras,
in which transplantation of p53-deficient hematopoietic cells
conferred selective advantage to these cells only when subjected
to post-irradiation stress [48]. In contrast, non-irradiated p53-
deficient cells were outcompeted by WT cells during co-
transplantation, thereby preventing the clonal expansion of
mutants under normal conditions [48]. Complementing these
findings, cells expressing elevated p53 in response to irradiation-
induced stress underwent competition that resulted in a loser
phenotype of cellular senescence [49]. These findings illustrate the
contextual manner in which p53 promotes cell competition to
benefit organismal fitness. p53 has further been implicated in
promoting modes of cell competition independent of apoptotic
induction [50–52]. This is evident in epithelial cells with p53
mutation, which underwent necroptosis followed by mechanical
extrusion [50]. However, as subsequent mutation in Ras instead
resulted in accumulation of epithelial mutants, this explains the
occurrence of a mutational order during disease progression and
suggests that this may be mediated by cell competition [50].
Similarly, in epithelial cells silenced for Scribble (Scr), a tumor
suppressor regulating cellular polarity and adhesion, elevation of
p38-MAPK signaling resulted in apoptosis induced by surrounding
WT cells [51]. Later investigations correlated these findings with
elevated p53 levels in mutant cells, which caused hypersensitivity
to compaction through cellular crowding [52]. Sensing mechanical
stress, mutant cells activated Rho-associated kinase (ROCK) and
p38 signaling, further increasing p53 levels and ultimately
triggering mechanical extrusion by surrounding WT cells [52].
To preserve tissue integrity within the mammalian epidermis,

SCs additionally rely on cell competition. Proliferating SCs of the
basal epidermis undergo either symmetrical division, yielding two
SCs that are retained basally, or asymmetrical division, yielding
one SC and one suprabasal cell that differentiates as it gradually
migrates upwards through the epidermis [53, 54]. Elimination of
damaged SCs and retention of SCs with greater fitness within the
basal layer therefore helps preserve skin integrity [53]. Studies of
epidermal SC fate after induction of double-stranded DNA breaks
uncovered yet another alternative role for p53 in cell competition
[55]. DNA damage and concomitant activation of p53 resulted in
downstream p21 and Notch signaling, which together regulate
cellular differentiation and adhesion to neighboring cells [55].
While damaged SCs underwent asymmetric division, thereby
differentiating out of the niche via relative loss of integrin−β1,
undamaged SCs continued contributing to the niche and under-
went clonal expansion to protect tissue integrity from aberrant
mutations [55]. Similarly, higher expression of the hemidesmo-
some component collagen 17 (Col17a1) enabled epidermal SCs to
remain attached and continue dividing symmetrically in the basal
epidermis. However, stressed or damaged SCs gradually lost
Col17a1 expression and detached, or were induced to differenti-
ate through asymmetric division by outcompeting clones with
higher Col17a1 levels [56]. Showing promising translational
application, interference through forced maintenance of Col17a1
prevented competition and reversed aging, which otherwise
occurred due to Col17a1 loss and SC exhaustion over time [56].
Regulatory changes altering the cellular state have additionally

been correlated with competition during cellular homeostasis
in vitro [57]. Investigation of immortalized mammalian cell lines
has shown that unique clones stochastically arising in cell cultures
can actively eliminate each other under co-culture conditions due
to factors such as oxygen availability and metabolism, prolifera-
tion, and protein but not RNA synthesis [57]. Highlighting the
contextual dependency of cell competition, clones behaving as

“winners” in one co-culture combination could become “losers” in
another. To investigate whether relative levels of cellular fitness
can therefore be a reflection of a gain or loss of information within
cells, cell fusion experiments generating heterokaryons composed
of “winner” and “loser” cell combinations were performed [57].
Interestingly, the outcomes in heterokaryon behavior varied from
winner to loser or non-competitor status, suggesting that cellular
fitness depends on the integration of various factors within the
cell [57]. Continuous sensing of cellular changes with respect to
the environment can thereby guide competition to promote a
fitness standard throughout the local cellular community.

Stem cell competition in disease prevention
In conjunction with its homeostatic role, cell competition has
unsurprisingly been implicated in prevention of tumorigenesis
[58–65]. In a diethylnitrosamine (DEN)-induced tumor model of
the esophageal epithelium, encircling of early tumors by Notch1-
mutant cells encouraged tumor elimination [58]. As most nascent
tumors regressed, deep sequencing attributed this to the distinct
mutational landscape of early tumors, amongst which Notch1
mutation was prevalent [58]. Thus, early fitness pressure resulting
in positive competitive selection of these mutants ultimately
enabled tumor cell elimination [58]. This underlines a cooperative
nature of cell competition, enabling alteration of the genetic
landscape for ultimate preservation of tissue integrity.
Such cellular coordination during competition has also been

observed in other tissues. In mouse hair follicles and skin,
hypertrophy caused by activated β-catenin or HrasV12 was found
to regress in chimeras, in which cells expressing mutant genes
competed withWT counterparts [59]. Remarkably, although the skin
expectedly exhibited hyperproliferation and developed abnormal
growths, mutant cells at the core of the aberrant growths became
fully surrounded and expelled from the tissue by surrounding
WT cells, and disruption of Wnt ligand production by mutant cells
prevented WT cells from encapsulating mutants [59]. Comparably, a
tumor-suppressive role of cell competition was found when
investigating WT hepatocytes surrounding Notch1-Akt activation
driven tumors in the mouse liver [60]. While endogenous or
hyperactivation of Hippo signaling in surrounding WT hepatocytes
drove regression of tumors, inhibition of the Hippo pathway
effectors YAP/TAZ in WT or activation in accelerated tumor growth
[60]. Interestingly, tumor cells required YAP/TAZ activation to
survive when surrounded by WT but not YAP/TAZ deficient
hepatocytes [60]. Furthermore, although endogenous signaling
was not observed around liver tumors generated through grafting
in a metastatic liver tumor model, induction of YAP/TAZ signaling in
peripheral hepatocytes remarkably attenuated tumor load [60].
These results emphasize the dependency of tumor prevention on
the plasticity of cells in sensing and responding to relative
differences within the environment.
Stressing this notion, cell competitiveness in the thymus was

shown to facilitate the substitution of old resident progenitors with
young bone marrow derived progenitors, with disruption of this
process resulting in a phenotype resembling T-lineage acute
lymphoblastic leukemias (T-ALL) [61]. Despite being genetically
identical, cells underwent competition as a result of distinct gene
expression patterns in old and young progenitors, with old
progenitors exhibiting reduced Bcl2 expression correlated with
impaired IL-7r signaling [61]. The occurrence of cell competition has
also indirectly been revealed in the form of genetic mosaicism arising
in somatic cells, as well as the prevalence of mutant clones within
tissues over time [62–65]. This has been observed in single clones
bearing specific advantageous mutations that still retain normal
function have been found in the aging hematopoietic system [62],
skin and esophagus [63, 64], as well as various other tissues [65].
Representing another specific form of tumor prevention, the

process of epithelial defense against cancer (EDAC) is highly
reliant upon cell competition [66]. EDAC describes the sensing of
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fitness differences amongst epithelial cells, resulting in cytoske-
letal changes and mechanical extrusion of mutant cells by WT
neighbors [66, 67]. This has been extensively modeled using the
Madin–Darby canine kidney (MDCK) epithelial cell line, which can
form an epithelial layer [68]. Employing this model, various gene
mutations were identified in provoking EDAC-associated mechan-
ical extrusion, including RasV12 [69], v-SRC [70], ERBB2 [71],
constitutively active YAP [72], as well as the binding partner of the
tumor suppressor gene Lgl, MAHJ [73]. While the underlying
molecular changes facilitating EDAC for each of these cases
remain unclear, apoptosis of Mahj silenced cells was found to be
induced as a result of c-Jun N-terminal kinase (JNK) activation,
implicating loser JNK signaling in mechanical cell competition [73].
Moreover, investigation of EDAC arising from RasV12 revealed that
WT cells surrounding mutants accrue filamin, thereby inducing
transformed cells to accumulate the actin-binding protein Eplin
[74]. These changes in turn stimulate protein kinase A (PKA) and
myosin II activity, which together enable competitive elimination
of mutants via mechanical extrusion [67, 74, 75]. Examining the
underlying basis for the cytoskeletal and cellular state alterations
in RasV12-EDAC, surrounded mutant cells were found to exhibit
metabolic changes including increased glucose uptake, Eplin
accumulation, and secretion of lactate, ultimately provoking their
elimination via apical extrusion [76]. Apical extrusion of RasV12
mutants by WT cells was similarly observed in intestinal organoids
[76] and mouse pancreas [77]. Moreover, RasV12 mutants were
found to exhibit aberrant lysosomal processing and defective
autophagic flux, although complete abolishment of autophagic
activity prevented apical extrusion of mutants by WT cells [77].
Further studies should determine whether these molecular
features pertain specifically to RasV12-driven EDAC, or whether
other genetic alterations converge to facilitate mechanical
competition during EDAC in a similar manner.
Collectively, these examples underscore the critical regulatory

role of SC competition in homeostasis and tumor prevention,
whether it is mediated through apoptosis, induced differentiation,
or mechanical extrusion.

Cell competition and tumorigenesis
Given the role of cell competition in ensuring normal development
and homeostasis, it is critical to consider how dysregulation of this
tumor-suppressive mechanism contributes to disease progression.
As cell competition is utilized to maintain tissue architecture and
integrity, this implies that aberrant cells must overcome competitive
elimination to facilitate disease progression.
Such behavior is exemplified during super-competitive removal

of viable WT cells by superfit mutant neighbors [14, 15]. In
addition to Myc, many super-competitive genotypes have since
been observed in Drosophila, including mutations in tumor
suppressor genes of the Hippo pathway, or cells overexpressing
the YAP/TAZ homolog Yki [78]. Validating super competition in a
mammalian system, co-culture of WT or TEAD-overexpressing
mouse embryonic fibroblasts resulted in WT cell elimination, as
TEAD activity directly resulted in elevated Myc expression [79].
This Myc-driven super competition is also consistent with findings
in which cells with attenuated Myc expression were eliminated by
WT neighbors [28, 29, 32]. Inspecting human tumor contexts, Myc-
upregulated cells were continuously found adjacent to apoptotic
cells within the tumor parenchyma and at the tumor-stroma
interface [80]. Strikingly, co-cultures pairing various cancer cell
lines of distinct genetic backgrounds and differential Myc
expression exhibited super competition, which was abrogated
upon Myc inhibition [80]. This suggests that Myc-driven super
competition does not necessarily result from Myc mutations, but
rather, Myc expression serves as a cellular fitness state readout of
upstream molecular changes.
Competition arising from abnormal proliferation has also been

observed in human pluripotent SC (hPSC) cultures, where faster

growing cells that have acquired genetic abnormalities could
outcompete WT cells [81]. In this case, elimination occurred as a
result of enclosure and mechanical compression of loser cells by
WT cells [81]. Investigating the molecular mechanism, this
compression was found to be facilitated by a redistribution of F-
actin, causing WT cells to sequester yes-associated protein (YAP) in
the cytoplasm and undergo apoptosis, while neighboring mutant
cells are able to retain nuclear YAP and remaining proliferative
[81]. As tumor cells typically exhibit greater proliferative capacity,
it is relevant to evaluate whether these changes promote
competition during tumorigenesis in vivo.
Additional molecular factors underlying aberrant cell competi-

tion, have been elucidated using tumor samples and 3D models of
tumorigenesis. To investigate whether active cell competition can
help account for the prevalence of APC mutants in human
colorectal cancers, WT and APC−/− intestinal organoid co-cultures
were established [82]. As APC associates with other proteins to form
the “destruction complex” that binds and targets β-catenin for
destruction, absence of APC promotes nuclear translocation of β-
catenin and expression of Wnt [83]. Remarkably, APC mutants not
only exhibited elevated Wnt levels but actively outcompeted
WT cells by secreting Wnt antagonists that selectively induced
differentiation of WT cells [82]. This was corroborated in vivo as
Apc−/− mice treated with lithium chloride, which desensitizes
WT cells to the Wnt antagonists, prevented mutant cell expansion
and adenoma formation [82]. Alteration of signals in the environ-
ment therefore exposes an alternative way in which tumor cells
drive super competition. Furthermore, in intestinal organoids
comprised of WT and cancer cells of various genetic backgrounds,
tumorigenic cells eliminated WT neighbors by inducing apoptosis
via JNK signaling, resulting in the loss of stemness [84]. However,
treatment with stemness-promoting factors increased fitness and
prevented elimination of WT cells [84]. Additionally, physiological
changes causing dysregulation of lipid metabolism and chronic
inflammation have been implicated in competition-dependent
tumorigenesis [85]. In mice with low-induction of RasV12mutations,
administration of a high fat diet (HFD) enabled mutants to evade
competitive apical extrusion by WT neighbors, thereby resulting in
small intestinal and pancreatic epithelial lesions [85].
On a tissue scale, changes promoting competitive clonal

expansion can result in “field cancerization,” in which early
mutational changes lacking immediate morphological alterations
can prime the tissue landscape towards future tumor initiation
[86, 87]. Previously, we mentioned differentiation-induced elim-
ination of stressed epithelial cells through Notch [55], whose
tumor suppressor function is also frequently disrupted in many
squamous tumors [88]. Investigating the esophageal epithelium,
depletion of Notch in a subset of cells similarly promoted
differentiation of adjacent WT cells after division [89]. Although
these mutant cells were able to reestablish homeostasis after
eventually replacing WT cells throughout the epithelium, this laid
the foundation for future transformation, as exposure to additional
chemical mutagens or oncogenic mutations significantly acceler-
ated tumor development [89]. This additionally illustrates how
through cell competition, mutational order may culminate in field
changes of diverse consequences.
The role of clonal expansion in tumor initiation was further

investigated by observing in vivo dynamics between WT and
mutant intestinal SCs [90], which undergo neutral competition
during homeostasis [91]. Interestingly, although Kras- and Apc-
mutant SCs displayed a distinct clonal advantage, a majority of
these cells were replaced by WT SCs over time and prevented
from clonally overtaking or “fixing” their respective crypt [90].
However, aberrant clonal fixation occurred at greater frequency
with an increase in the number of SCs bearing a mutational hit in
Apc [90]. Furthermore, Tp53 mutants that failed to clonally expand
under normal conditions exhibited a striking competitive advan-
tage under conditions recapitulating chronic colitis [90]. This
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illuminates a critical role for tissue architecture and physiological
context during cell competition, rather than individual cell status,
in shaping tissue fate. Additional work has also demonstrated the
potential of Kras-mutant SCs in small intestine tumor initiation,
further revealing that clonally-fixed mutant crypts exhibit
enhanced crypt fission [92]. As fission results in the establishment
of two crypts from one, this work helps elucidate how clonal
expansion facilitated by SC competition can promote field change
within the tissue and in turn, tumorigenesis [92].
Molecular fitness fingerprints of super competition have also

been detected in various isoforms of the calcium channel gene
Flower (Fwe), and found to play a critical role in preventing
developmental abnormalities, delaying aging, and promoting
regeneration of tissues through cell competition in Drosophila
[93–96]. Cells expressing two of the Fwe isoforms (2 and 4) convey
a fitness advantage when in the presence of cells expressing the
other two isoforms (1 and 3) [93]. Examining whether human Fwe
(hFwe) isoform expression can be detected in mammalian cancers,
benign and malignant tumors from breast and colon cancer were
found to exhibit winning isoform combinations, whereas the
surrounding stromal cells expressed the losing isoform combina-
tions [97]. Recapitulation of loser-associated isoform expression in
breast tumor cells resulted in increased tumor volume upon
grafting into mice, whereas in colon and prostate tumor
xenografts, silencing all Fwe isoforms reduced tumor growth
and metastasis [97]. Further research can therefore elucidate how

these tumor-promoting expression patterns arise as well as their
association with super competition.
Alongside the elimination of healthy target cells through

induction of apoptosis, differentiation, or mechanical extrusion,
another fascinating mode of cell competition has been reported
[4, 5, 17, 98] (Figs. 2 and 3). Through entosis, live epithelial cells
are first internalized and subsequently degraded by neighboring
cells [98]. Prior to this, cell competition arising from Minute
mutations in Drosophila imaginal discs was reported to be
dependent on the ability of WT cells to engulf loser cells upon
their death [99]. This was further suggested to be reliant on the
activity of the engulfment genes draper and wasp, rac1, mbc, and
the phosphatidylserine receptor [99]. However, later work in
Drosophila reported these genes to be dispensable to winner cell
status, with a majority of engulfment being performed by
hemocytes following loser cell extrusion, rather than WT winner
cells [100]. Despite conflicting evidence, these data were
ultimately followed by investigation of whether engulfment-
dependent cell competition can account for the “cell-in-cell”
structures detected in some human tumors [98, 101]. Using
mammary epithelial cells known to possess phagocytic proper-
ties, the engulfment of viable but matrix-detached cells followed
by lysosomal digestion, termed entosis, was unveiled [98]. This
process is distinct from phagocytosis, as cells are cleared
independently of apoptotic activation and exposure of phospha-
tidylserine [102]. Furthermore, this cellular invasion was found to

Fig. 3 Examples of cellular interactions during competition. a Mechanical forces (gray) from winner (purple) cells can result in loser (blue)
cell elimination through apical extrusion followed by apoptosis, necroptosis, or differentiation. b Membrane bound ligand (red) and receptor
interactions between winner-loser cells can result in loser cell elimination through either apoptosis, necroptosis, differentiation, or
senescence. c Secreted signals from winner cell bind receptors on loser cell, which can result in loser cell elimination through apoptosis,
necroptosis, differentiation, or senescence. d Mechanical forces (gray) from winner cell and diminished adhesion (maroon) in loser cell can
result in asymmetric division and loser cell elimination through differentiation. e Mechanical forces (gray) from winner cell can result in loser
cell compaction and elimination through entosis.
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be driven by Rho and ROCK activity, with myosin II-associated
differences in contractile force at cellular adherens junctions
causing compaction of one cell into its neighbor [98]. Validating
these findings, cell cannibalism in human tumors was later found
to result from actomyosin and RhoA-dependent differences in
mechanical deformability, as tumor cells preferentially engulfed
neighbors with relatively low deformability [103]. Furthermore, in
these winner tumor cells, activation of Kras and Rac signaling
resulted in downregulation of myosin, thereby allowing inter-
nalization of less fit neighboring cells. Intervening with this
process, exogenous expression of epithelial cadherins in human
breast tumor cells induced entosis, thereby preventing tumor
growth [103]. This corresponded to variability in the distribution
of Rho activity within entotic cells, with inhibition of this leading
to a reduction in entosis and an increase in growth of tumor cells
that were provided with exogenous cadherins [103]. Interestingly,
the occurrence of entosis itself has been found to have distinct
consequences for tumorigenesis in a p53-dependent manner
[104, 105]. Following engulfment, host cells undergoing
mitosis often exhibited aberrant division resulting in aneuploidy
or other forms of DNA damage [104, 105]. However, while p53
null cells underwent cell death as a result of this damage, cells
bearing mutant p53 endured and exhibited genomic instability
that promoted tumorigenesis upon xenografic transplantation
in vivo [104, 105]. This indicates that entosis can serve as a
tumor preventive mechanism in normal cells, yet catalyze tumor
progression when occurring in cells that have undergone
transformation [104].
Further unraveling of the molecular, cellular, and cooperative

nature through which cells exploit competition will illuminate
novel perspectives into tumorigenesis. Coupled with this, manip-
ulation of the molecular players and factors in the surrounding
environment that render tumor cells as super competitors can in
turn enable development of approaches for preventing and
intervening with tumorigenesis.

Integrating signals
As cells rely on intricate communication within their networks to
respond to extrinsic signals, it is important to consider the non-
autonomous ramifications of cell elimination. The biological
response of a cell in consequence to events occurring within
adjacent cells is referred to as the bystander effect [106, 107]. This
was used to describe the ability of irradiated cells to induce
apoptosis of adjacent unirradiated cells, thereby reflecting an
amplification of signals within the environment (Fig. 4). Since a
majority of loser cells are eliminated through apoptotic activation
during cell competition, it is expected that this bears repercus-
sions within the surrounding environment. Dying cells have
previously been shown to secrete factors that can instruct
processes such as proliferation and apoptosis in the neighboring
environment [1, 108]. Understanding how cellular environments
integrate processes such as apoptosis-induced compensatory
proliferation and apoptosis-induced apoptosis with cell competi-
tion can therefore shed additional light onto mechanisms of tissue
integrity maintenance and disease progression.
Upon elimination of aberrant cells, neighboring cells can take

over the available space through “compensatory” proliferation, a
process discovered in the wing disc of Drosophila [109]. This was
found to occur in response to mitogenic cues such as Wnt and
TGF-β homologs, which are secreted by dying loser cells and
stimulate proliferation of adjacent cells in the environment
[110–112]. This phenomenon was also observed in the Drosophila
follicular epithelium, where competitive elimination of aberrant
cells triggered local cellular hypertrophy for repair of tissue loss in
an insulin growth factor (IGF)-dependent manner [113]. Interest-
ingly, as these processes occurred in post-mitotic rather than stem
or progenitor cells, this highlights how competition can stimulate
non-autonomous tissue plasticity and homeostasis. Further
illustrating this, in tumors arising from Rab5-mutation in the
Drosophila wing disc, establishment of a protective environment
was required to shield mutant cells from competitive elimination

a

b

c

affected
cell

bystander
cell

diff.
cell

apopto�c
cell

ionizing
radia�on

death
signals

prolif.
signals

diff.
signals

Fig. 4 Schematic representations of the bystander effect. a Apoptosis-induced apoptosis; cells receiving lethal doses of ionizing radiation
(blue: affected cells) undergo apoptosis and release death-promoting (red) signals to unirradiated neighbors (pink: bystander cells), thereby
causing them to undergo apoptosis. b Apoptosis-induced compensatory proliferation; cells stimulated by death-promoting signals (blue:
affected cells) undergo apoptosis and release growth-promoting (yellow) signals to non-stimulated neighbors (pink; bystander cells), thereby
causing them to proliferate. c Non-autonomous induction of differentiation; cells stimulated by differentiation-promoting signals (blue;
affected cells) undergo changes in cell fate and release differentiation-promoting (green) signals to non-stimulated neighbors (pink; bystander
cells), thereby inducing differentiation of these cells to the same fate.
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[114]. Notably, formation of proliferative zones could be observed
adjacent to tumor borders, where JNK-induced apoptotic elimina-
tion of loser Rab5-mutants by WT cells occurred [114]. Consistent
with the established role of JNK activity in stimulating release of
Dpp and Wg, tumor growth was found to be contingent on these
pro-proliferative factors, exemplifying how the tumor-suppressive
role of cell competition can be exploited to instead promote
tumorigenesis [114]. Similarly, in intestinal organoids comprised of
tumor and WT cells, mutants not only engaged in super
competition but additionally exhibited greater proliferation in
the presence of WT cells [84].
Contrasting their role in stimulating cellular expansion, dying

cells have also been shown to secrete signals that promote death
of other cells within the tissue environment. This was demon-
strated when apoptotic induction in one compartment of the
Drosophila imaginal wing disc stimulated apoptosis in the other
compartment through long-ranged release of the death ligand
Eiger, the tumor necrosis factor-alpha (TNFα) homolog, from dying
cells and subsequent JNK activation in recipient cells [108].
Furthermore, this mechanism of apoptosis-induced-apoptosis was
also observed in mice, where hair follicle cells undergoing
coordinated death were found to release TNFα [108]. It is
tempting to speculate that winner cells mediating competition
not only thrive from the direct elimination of loser cells, but also
through the release of dying signals that further prime surround-
ing loser cells for elimination in certain contexts. Characterizing
the environmental footprint of cell competition may reveal yet
another means of abrogating tumorigenesis and promoting tissue
remodeling.

Stem cell competition in transplantation
Competitive transplantation assays have long been established as
a method for investigating SC competition for niche occupancy
post-grafting in mammals, especially within the mouse hemato-
poietic system and testes [115, 116]. Moreover, such assays can
prove to be highly consequential in harnessing the therapeutic
potential of SCs [48, 49, 117–122]. Co-transplantation of WT and
p27−/− spermatogonial SCs (SSCs) into mouse testes revealed that
while cells deficient in p27, a cyclin-dependent kinase inhibitor
critical for self-renewal in SSCs, can successfully engraft and give
rise to progeny under non-competitive conditions, they are
outcompeted by WT SSCs for access to the niche [117].
Furthermore, although testes from p27−/− mice exhibited an
increased number of spermatogonial progenitor cells, likely due to
aberrant self-renewal, this ultimately caused defects in spermato-
genesis and germline transmission [117].
As successful cell transplantation and integration post-grafting

inherently relies on the responsiveness and relative fitness of
grafted cells within the host environment, transplantation assays
have highlighted several factors that affect the ability of grafted
SCs to compete with host cells [49, 117, 118, 120–122]. An
important role was established for the axonal guidance receptor
Robo4, which has been shown to play a role in HSC adhesion
within the niche [118]. Robo4 mutant cells were not able to
effectively compete for niche occupancy upon transplantation
into the bone marrow and also exhibited compensatory increase
in Cxcr4, a chemokine receptor required for HSC mobilization and
self-renewal [118, 119]. Manipulation of Robo4 may therefore
serve as a potential therapeutic target to promote the competitive
ability of HSCs during transplantation [118, 119]. Another factor
functioning in cellular adhesion, the cell surface integrin αvβ3,
has been shown to promote HSC competition post-grafting as
regulators of its expression including thrombopoietin, STAT5, and
JAK-STAT signaling have been implicated in enabling HSCs to
compete for niche occupancy [120–122]. The role of cellular
adhesion in shaping cellular fitness during grafting is further
depicted, as HSC transplantation assays revealed that cells
depleted for p53 display increased expression of cytokines

and adhesion molecules that promote competitiveness post-
transplantation [49, 118].
Furthermore, during liver transplantation, fetal liver stem/

progenitor cells (FLSPC) have been shown to repopulate recipient
livers through cell competition [123]. Examining the contribution of
age in cellular fitness, a 3-fold higher occurrence of apoptosis was
observed in host hepatocytes surrounding transplanted FLSPC
clusters in older versus younger livers, with up to 5-fold greater liver
repopulation when FLSPCs were transplanted into older livers [124].
This was coupled with an increase in Activin A in host hepatocytes
[124], which can induce apoptosis, downregulate anti-apoptotic
genes, and inhibit proliferation [125, 126]. Moreover, as FLSPCs lack
Activin receptor expression, this enabled them to efficiently
outcompete host hepatocytes in older livers [124]. Further
examining the application of cell competition for replacement of
aberrant host hepatocytes, healthy liver cells were transplanted into
transgenic mice bearing a mutation in α1-Antitrypsin (AAT) [127].
This plasma glycoprotein is typically secreted by hepatocytes but
accumulates within cells in its mutant form, causing stress and
abnormal cellular functions [127]. Post-transplantation, efficient
cellular engraftment and proliferation was observed, with 20-98% of
mutant host hepatocytes replaced over time [127]. This is likely
to be due to a combination of increased host cell apoptosis
resulting from cell competition as well as growth signals sent by
these cells [127].
Recent work has further implicated SC competition as a barrier to

human-animal chimeras, which are being investigated as a
therapeutic approach for transplantation and tissue engineering
[128]. To unveil factors rendering donor cells less fit in host
environments, human andmouse pluripotent SCs (PSCs) co-cultures
were established, after which competitive elimination of human
PSCs was observed [128]. This occurred via NFκB activation in loser
cells, as inhibition enabled human cells to overcome elimination
both in vitro and post-transplantation into mouse embryos [128].
These results unveil important functional roles of cell competi-

tion during transplantation, while enriching our understanding of
the intrinsic and environmental factors that underlie cellular
fitness and foster competition. Deeper understanding of the
underlying molecular mechanisms can therefore hold tremendous
promise for catalyzing regenerative medicine and therapeutic
innovation.

Future applications and perspectives
Insights into the molecular and genetic contributions of cell
competition in mammalian systems have already unlocked
tremendous potential that can be harnessed for a variety of
therapeutic applications [129]. Illustrating this, manipulation in
Myc level expression in a subset of cardiomyocytes enabled these
cells to contribute to mouse cardiac replenishment through
competition with WT cardiomyocytes [129]. Strikingly, this did not
result in any atypical morphological or functional phenotypes
[129]. As the heart tissue does not exhibit the capacity for
endogenous regeneration observed in other tissues, such findings
have important implications for heart disease therapeutics and
can be applied to other systems.
Targeting cell competition-dependent tumorigenesis, a model

was designed in which tetracycline-inducible RasV12-GFP loser
epithelial cells were co-cultured with WT winner cells and
subjugated to high-throughput drug screening [130]. Subsequent
measurement of GFP intensity enabled identification of com-
pounds that promote mutant cell elimination by WT cells, while
individual cultures assessed which of these compounds exhibited
preferentially toxicity to loser cells without compromising WT cells
[130]. As tumors typically exhibit interfaces of transformed and
WT cells, this provides an alternative screening approach
that better accounts for cell competition and the heterogenous
cellular context in which tumors arise. Expanding upon this, cell
competition screens can enable more customized modeling of
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clonal expansion and drug resistance in patient tumors, and
potentially predict how heterogenous cell populations may
dynamically respond to various treatments.
Directing efforts to preventative intervention of cell competition-

dependent tumorigenesis has also shown tremendous promise
[131]. As p53 mutants in human and mouse esophageal epithelium
exhibit resistance to low-dose ionizing radiation, which typically
causes oxidative stress that elicits DNA repair, they can outcompete
WT neighbors upon stimulation. However, pretreatment of
irradiated mice with the antioxidant N-acetyl cysteine remarkably
prevented this displacement of WT cells by mutants post-irradiation
[131]. In an additional example, enhancement of SC competition
through caloric restriction resulted in an increased SC pool in the
intestine, coupled with slower but more efficient cell competition
and diminished retention of neutral and Apc−/− mutant SCs over
time [132].
Building upon these and other studies, identifying the critical

drivers of SC competition will yield profound consequences on our
understanding of fundamental biological processes and ability
to innovate novel therapeutic strategies. Through induction of
transient genetic changes, supplementation of appropriate
extrinsic signals, and employment of cellular-based strategies, cell
competition can enable preferential manipulation of aberrant cells
and environmental remodeling. Ultimately, these approaches hold
tremendous promise for targeting of developmental abnormal-
ities, tumorigenesis, and aging, facilitating transplantation, and
engineering tissue regeneration.
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