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Abstract 5 

Cell competition is a widespread process leading to the expansion of one cell population through 6 

the elimination and replacement of another one. A large number of genetic alterations can lead 7 

either to competitive elimination of the mutated population, or expansion of the mutated cells 8 

through the elimination of the neighbouring cells. Several processes have been proposed to 9 

participate to the preferential elimination of one cell population, including competition for limiting 10 

extracellular pro-survival factors, communication through direct cell-cell contact, or through 11 

differential sensitivity to mechanical stress. Recent quantitative studies of cell competition have 12 

also demonstrated the strong impact of the shape of the interfaces between the two populations. 13 

Here, we discuss the direct and indirect contribution of mechanical cues in cell competition, which 14 

can act either as a modulator of competitive interactions or as a direct driver of cell elimination. 15 

We first discuss how mechanics can modulate contact dependent and diffusion based competition 16 

by modulating the shape of the interface between the two populations. We then describe the direct 17 

contribution of mechanical stress to cell elimination and competition for space. Eventually, we 18 

discuss how mechanical feedbacks also influence compensatory growth and trigger preferential 19 

expansion of one population. 20 

Introduction  21 

The plasticity of adult and developing tissues is based on the capacity of every cell to adjust its 22 

behaviour to the local environment. This includes the probability of one cell to die. While this 23 

plasticity is absolutely required for the homeostasis of adult tissues undergoing constant cell 24 

replacement (such as the gut), the modulation of cell death may also be co-opted to favor the 25 

expansion of one cell population. This phenomenon is illustrated by the concept of cell 26 

competition: the context dependent elimination of one cell population favoring the expansion of 27 

another one. Cell competition was initially described more than forty years ago in the Drosophila 28 

wing epithelium using Minute mutant clones which reduce the quantity of ribosomes [1] [2]. While 29 

Minute mutant flies are viable and show minor developmental defects, Minute clones are 30 

systematically eliminated from the developing wing when surrounded by wild type (WT) cells [2]. 31 

Alternatively, other mutations can promote the expansion of the clones at the expanse of the WT 32 
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cells, a process named “supercompetition”. For instance, a relative increase of expression of the 33 

proto-oncogene Myc in clones promotes their expansion through the elimination and replacement 34 

of the neighbouring WT cells [3, 4]. Since then, a large number of genetic alterations have been 35 

associated with a so-called “loser” status: viable cells that are eliminated in presence of WT cells 36 

(here called the “winners”), or “supercompetitor” status: mutant cells (here the “winner”) 37 

eliminating and replacing the WT cells (here the “losers”) [5, 6]. This conserved process [7] has 38 

been associated with several physiological and pathological functions, including the enhancement 39 

of developmental robustness [3, 8, 9], cancer progression [10] and delayed ageing [8]. 40 

So far, most of the studies of cell competition have been focusing on the mechanisms that will 41 

enhance the elimination of the so-called “loser” cells. These include death induced by the 42 

depletion of extracellular survival factors or the secretion of pro-apoptotic factors [11-13], death 43 

induced by contact dependent mechanisms [14, 15] and death induced by mechanical stress [16, 44 

17]. Interestingly, the interactions between loser and winner cells can also enhance the growth 45 

rate of the winner population [3, 18, 19]. However the potential mechanisms that will bias cell 46 

proliferation and their contribution to winner expansion have been much less studied so far. 47 

Mechanical cues are now recognised as central regulators of cell signalling and cell fate [20-22]. 48 

Not so surprisingly, cell competition is not an exception and several recent studies have outlined 49 

the strong impact of the mechanical environment on the regulation of competitive interactions. 50 

This includes a direct role in cell elimination through a so-called mechanical based competition 51 

[16, 17]. It also includes indirect contributions through the modulation of the shape of loser and 52 

winner interfaces which can affect the probability of loser cell elimination [9, 23]. Here, we propose 53 

to discuss how mechanical forces may modulate directly or indirectly every step of cell 54 

competition, focusing mainly on competition occurring in epithelia. We will first describe the 55 

biochemical basis of cell competition and the molecular cues driving cell death. We will then focus 56 

on the indirect contribution of mechanical forces to loser cell elimination through the modulation 57 

of cell shape and the geometry of the interface between loser and winner cells. We will then 58 

discuss how mechanical forces can directly induce loser cell elimination during mechanical cell 59 

competition. Eventually we will discuss the contribution of forces in the compensatory 60 

mechanisms that will enhance winner growth.  61 

Indirect contribution of mechanical forces to loser cell elimination.  62 

The molecular cues driving cell death in cell competition.  63 
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Loser cell death may be mediated by biochemical or biomechanical cues. Mechanically induced 64 

cell competition is further discussed in the next section of this review. We will discuss now briefly 65 

the molecular cues driving loser cell elimination in order to introduce in the next section the 66 

contribution of the loser-winner interface geometry. Molecular cues driving cell death include 67 

diffusive factors or cell-cell contact dependent communication. Competition for extracellular 68 

survival factors has long been thought to be involved in competitive cell interactions. The 69 

neurotrophic theory already postulated that new born neurons death could be triggered by 70 

competition for survival factors [24]. Similarly, Minute mutant elimination in the Drosophila wing 71 

imaginal disc was initially proposed to be mediated by a reduced capacity to process Dpp, an 72 

extracellular pro-survival signal [25]. Competition for interleukin 7 also triggers competitive 73 

elimination of old progenitor cells in the thymus [13]. In these examples, winner cells behave like 74 

a sink which locally reduces the concentration of pro-survival factors. Alternatively, winner cells 75 

have been proposed to trigger directly loser cell death through the secretion of so-called “killing 76 

factors”. This may explain the killing capacity of conditional media produced during Myc-77 

dependent competition in S2 cells [11]. More recently, the extracellular ligand Spätzle (Spz), 78 

which binds Toll-related receptors and induces NF-κB dependent activation of proapoptotic 79 

genes, has been implicated in Minute and low Myc cell elimination in the Drosophila wing imaginal 80 

disc [26]. In this case, winner cells do not directly secrete the ligand that triggers death (Spz), but 81 

rather produce secreted enzymes which enhance Spz activation and loser cell death [12]. In all 82 

these examples, the pattern of cell death is closely related to the pattern of diffusion of survival or 83 

killing factors. 84 

Alternatively, loser cell death may also occur through cell-cell contact dependent signalling. The 85 

initial observation of cell competition suggested that Minute mutant elimination was based on 86 

short range signalling [2, 27]. Accordingly, low Myc expression cells elimination was shown to be 87 

strictly contact dependent in the pupal notum [23] as well as in the mice epiblast [28]. Several 88 

transmembrane proteins were involved in the process of loser cell elimination. This includes the 89 

transmembrane protein Flower [14], which induces cell death in the loser cells (Minute, low Myc 90 

and apico-basal polarity mutants) through the differential expression of loser specific isoforms 91 

(fwelose ). The elimination of clones mutant for genes of the apico-basal polarity pathway (scribble, 92 

disc large, lethal giant larvae, Mahjong, crumbs) also relies on contact dependent signals which 93 

triggers c-Jun N-terminal Kinase (JNK) signalling in the first row of loser cells in contact with 94 

winners [15, 29-31]. Recently, Yamamoto and colleagues [15] found that the death signal is 95 

transmitted at the interface between normal and scribble mutant cells through the ligand Sas and 96 
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the receptor-type tyrosine phosphatase PTP10D. This enables local JNK activation through the 97 

downregulation of EGFR signalling in the first row of scribble mutants[15].  98 

At first sight, these mechanisms of elimination seem unrelated to mechanical cues. Yet cell-cell 99 

contact-dependent and diffusion-dependent signalling may strongly be influenced by the local 100 

geometry of the interfaces between the two populations, which is eventually set by mechanics. 101 

We will discuss now how the geometry of the interface between loser and winner cells may 102 

influence signalling between them. 103 

 Modulation of competition by the shape of the interface between loser and winner populations. 104 

Juxtacrine cell-cell signalling relies on the existence of an interface between the two 105 

communicating cells. Intuitively, one would expect that the output of signalling will not only rely on 106 

the membrane concentration of ligands and receptors, but also on the surface of contact between 107 

the two cells and the duration of these contacts. Accordingly, cell shape, junctional length and 108 

tissue topology have been shown to influence cell-cell signalling in different contexts. For 109 

instance, the levels of Notch signalling between pairs of cells correlate with their contact area [32]. 110 

In ascidians, cell geometry and the number of neighbours of a given cell are central determinants 111 

of cell fate specification [33]. Similarly, the propagation of planar cell polarity information in the 112 

Drosophila wing epithelium is disrupted in clones with abnormal cell packing and cell shape [34]. 113 

Altogether, these studies suggest that cell shape and contact area can directly impact cell-cell 114 

signalling. Not so surprisingly, the shape of the interface between loser and winner cells can also 115 

influence cell competition. For instance, the probability of elimination of low Myc cells in the 116 

Drosophila pupal notum (a single layer epithelium) and in wing imaginal discs correlates with the 117 

surface of contact shared with high Myc cells[23] (Figure 1A). Interestingly, early reports of cell 118 

competition have shown that winner clones have highly convoluted shape[27] and that Minute 119 

clones were quite often fragmented[35]. These abnormal shapes should increase the surface of 120 

contact between winner and loser and enhance loser cell elimination. Clone fragmentation was 121 

later shown to be driven by reorientation of winner cell division[36] and biased cell-cell 122 

intercalation events between low Myc and high Myc cells (Box 1, Figure 1A, see below)[23]. The 123 

effect of clone shape on cell competition was confirmed by modulating loser clone shape. While 124 

generating compact clones (hence reducing the surface of contact with winner) is sufficient to 125 

slow down loser clone elimination, increasing cell mixing can accelerate cell elimination[23]. 126 

Interestingly, the effect of surface contact on cell competition may also explain the absence of cell 127 

competition from either side of compartment boundaries[27, 37], borders that separate 128 

populations with different fates[38]. The high tension at compartment boundaries[39] reduces the 129 
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surface of contact between the two cell populations (see below) which may prevent the induction 130 

of loser cell death. Accordingly, decreasing the straightness of the anteroposterior compartment 131 

boundary in the wing disc is sufficient to increase the surface of contact between the two 132 

populations and allows cell competition to occur between compartments[23]. These results also 133 

suggest that communication between cells should rely on receptors located on the apico-lateral 134 

regions of cells (where the smoothness of compartment boundary is higher[39]). This could fit 135 

with the role of the transmembrane protein Flower, a general fitness marker which is located on 136 

the apico-lateral region of cells[14, 23]. We have discussed the influence of geometry in relatively 137 

static epithelia with little cell movements and junction remodeling. The situation is slightly different 138 

in cases where cells are more mobile. In mouse embryonic stem cells (ESC), cell to cell 139 

heterogeneity in Myc expression leads to the competitive elimination of low Myc cells[9, 28]. Here 140 

the probability of elimination seems to be set by the duration of random contacts between high 141 

and low Myc cells since loser death occurs for contacts longer than 600-800 minutes[9]. Despite 142 

the absence of biases in cell movements and contact stability driven by Myc levels[9], the 143 

characteristic speed of displacement and the levels of mixing should also modulate the time of 144 

contact between cells and may impact the efficiency of competition.  145 

So far, we discussed the contribution of clone shape in contact dependent competition. However, 146 

the shape of the interfaces between winner and loser cells might also influence the concentration 147 

profile of diffusive molecules involved in competition. To illustrate  this point, we simulated the 148 

concentration profile of a hypothetical killing factor secreted by winner clones of various shape 149 

(square, band and cross-like winner clone shape, Figure 1B). As shown in Figure 1B (middle 150 

panels), the local concentration at which loser cells are exposed varies along clone boundaries 151 

and differs between these three conditions. For instance, higher concentrations are reached in 152 

the “pocket” region of the cross-like clones, while concentrations are higher in the center of the 153 

edges for square-like clones and along the long edges of the band-like clones. This suggests that 154 

clone shape could also influences the concentration profile of diffusive factors and may define the 155 

location and local intensity of competition driven by diffusive factors.   156 

To conclude, the shape of the boundaries between winner and loser cells can modulate the 157 

intensity of the signal driving loser cell elimination, irrespective of its nature. It follows that the 158 

description of the mechanical parameters regulating cell-cell contacts is relevant for the 159 

understanding of the regulation of cell competition.  160 

Mechanical modulation of the surface of contact between loser and winner cells. 161 
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The geometry of the interface between two epithelial cell populations is set by the size, the stability 162 

and the distribution of cell-cell junctions at the interface. The size and the stability of cell-cell 163 

junctions can be well predicted by the distribution of surface tension (Box 1), a mechanical 164 

parameter known to regulate the shape of many materials including epithelial cells, bubbles in 165 

soap foams or an oil droplet in water[40, 41]. Surface tension minimises the surface of contact 166 

between two phases (e.g., air and liquid; cell type A and B). In the case of an epithelium, surface 167 

tension is mostly regulated by the actomyosin cortex, which is counterbalanced by the strength 168 

of cadherin mediated cell-cell adhesion at adherens junctions[40]. Hence the surface of contact 169 

between two competing cell populations will be mostly regulated by the local distribution of 170 

actomyosin and E-cadherin at the loser-loser, loser-winner and winner-winner interfaces. This 171 

distribution will either lead to sorting of the two populations and minimisation of the surface of 172 

contact (similar to oil and water), or to enhanced mixing (“salt and pepper” pattern) (Figure 1A). 173 

Initially, cell sorting was mostly explained by intrinsic differences in adhesion (so called differential 174 

adhesion hypothesis), or by intrinsic differences in tension (so called differential tension 175 

hypothesis)[42]. However, modulation of tension and/or adhesion specifically at the interfaces 176 

between the two populations can also drive sorting. This was shown for instance in the case of 177 

compartment boundaries (reviewed in [38]) which prevents the mixing between cell lineages. 178 

Studies in Drosophila have shown that compartment boundary formation is mostly mediated by a 179 

local increase of actomyosin and tension[39, 43, 44]. These two models of sorting (bulk 180 

differences versus boundary regulation) can be reconciled when considering the relative tension 181 

at the homotypic junctions between cells of the first lineage, the homotypic junctions between 182 

cells of the second lineage and the heterotypic junctions between the two cell types. This was 183 

nicely illustrated by a recent study using genetics, laser ablations and simulations, which has 184 

shown that clone roundness and cell mixing can be fully explained by the ratio between these 185 

tensions[45]. For instance when tension at clone boundaries is higher than tension at interfaces 186 

between clonal cells, clone roundness increases. Conversely, when tension at interfaces between 187 

clonal cells is higher than tension at clone boundaries, the two populations tend to mix (Figure 188 

1A). Interestingly, the distribution of tension during competition between high and low Myc cells 189 

falls in the second category[23]. This is driven in this case by the low levels of PIP3 and actin at 190 

the winner-loser and loser-loser interfaces[23]. Bosveld and colleagues also found that 191 

overexpression of several oncogenes involved in competition (e.g.: Ras, Yki[6]) leads to a relative 192 

increase of tension at clone boundaries which increases clone roundness[45]. This may reduce 193 

the efficiency of cell elimination during contact based competition.  However the molecular basis 194 

of these changes of tension at the interfaces are not known. Changes of tension distribution also 195 
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occur during competition driven by mutations of apico-basal polarity genes. Local variations of 196 

Crumbs (an apical protein) concentration trigger the formation of a supracellular actomyosin 197 

cable[46] leading to  cell sorting. Interestingly, the spatial pattern of different Toll receptors also 198 

regulates the planar polarised distribution of Myosin II (Myo II) in Drosophila embryo[47], which 199 

biases cell-cell intercalation and contributes to tissue extension[48]. Thus Toll receptors are also 200 

both involved in cell competition[26] and in the modulation of junction tension[47]. Overall, several 201 

genetic conditions triggering competition have been shown to modulate the distribution of tension. 202 

The mechanisms that regulate the tension at the interface between loser and winner cells are not 203 

well understood in most of the cases. They may rely on the juxtaposition of cells with different 204 

concentration of apical markers (like Crumbs[46] or of differential expression of adhesive 205 

molecules (such as differential N-cad expression[49] or Dachsous[45])). Further studies are 206 

needed to understand the  mechanisms regulating tension at clone interfaces. 207 

 So far, we described AJs in a rather static manner. However, a local increase of tension 208 

can also lead to junction shrinkage and new junction formation perpendicular to the former one. 209 

This so-called T1 transition (Box 1, Figure 1A) will lead to the swapping of cell position and cell-210 

cell intercalation (reviewed in [50]). As described above, cell-cell intercalation contributes to clone 211 

fragmentation and mixing between loser and winner cells[23]. AJs remodelling can be controlled 212 

by intrinsic forces and polarized distribution of MyoII such as the one observed during germ band 213 

extension in the early Drosophila embryo[48, 51], or by random fluctuations of MyoII levels[52]. 214 

Alternatively, cell-cell intercalation can be driven by external forces and will dissipate in that case 215 

large scale mechanical stress[50]. For instance, pulling forces generated by the folding of 216 

neighbouring tissues contribute to the junction remodeling in the Drosophila germ band[53, 54]. 217 

Similarly, the contraction of the hinge region and the attachment of cells to the distal cuticle of the 218 

pupal wing orient cell-cell intercalations during Drosophila pupal wing development[55-57]. 219 

Altogether, these studies suggest that both internal forces and anisotropic external constraints 220 

impact the orientation of cell-cell intercalation which may modulate the surface of contacts 221 

between loser and winner cells. 222 

 In summary, extrinsic mechanical constraints and local distributions of actomyosin are 223 

central regulators of junction length and junction stability which will both impact sorting and/or 224 

mixing of cell populations. This will modulate the surface of contact between loser and winner 225 

populations and can significantly change the efficiency of loser cell elimination. Importantly, most 226 

of the factors triggering cell competition (e.g., Ras, Yki, Myc, Toll, apico-basal polarity genes) can 227 

also modulate junction tension which may either slow-down (if promoting sorting) or accelerate (if 228 
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promoting mixing) contact-dependent competition and alter the gradient profile of diffusive factors. 229 

As we will see in the next section, the effect of these factors on junction tension may also directly 230 

contribute to cell elimination through the generation of local mechanical stresses. 231 

Regulation of cell death by mechanical inputs and mechanical cell competition 232 

So far we have described how clone shape and mechanical forces may modulate the 233 

communication between winner and loser cells. Recently, mechanical stress has also emerged 234 

as an important driver of competitive interactions which can directly trigger loser cell 235 

elimination[16, 17, 58]. This mechanical competition was described as a new and alternative 236 

mode of cell competition and may be relevant in a wide range of genetic and tissue backgrounds. 237 

Recent reviews have already discussed the process of mechanical based competition[59-61]  and 238 

the role of mechanical forces in death induction[62]. We will therefore give here a rather brief 239 

overview of the concept of mechanical competition by describing first how cell deformation can 240 

trigger cell elimination, then focusing on two alternative modes of compaction-driven elimination. 241 

Cell compaction can trigger cell death  242 

Cell survival is regulated by its microenvironment, including the mechanical state of the tissue/cell. 243 

An overload of mechanical stress can trigger cell elimination either through excessive stretching 244 

or through excessive compression. For instance, increasing hydrostatic pressure from 0.5 to 200 245 

MPa (5 to 2000 time the atmospheric pressure) is sufficient to trigger apoptosis and/or 246 

necrosis[63, 64]. However these pressures are 1 to 3 orders of magnitude higher that the pressure 247 

experienced by cells in vivo (e.g.: 100 to 300 kPa for osteoblasts [65]). A milder and more relevant 248 

increase of isotropic pressure (2-8 kPa) can also trigger apoptosis in 3D cancer cell 249 

aggregates[66]. Similarly a 30% reduction of glioma cell volume is necessary and sufficient to 250 

drive caspase 3 activation and apoptosis[67]. These studies suggest that high hydrostatic 251 

pressure and volume reduction can trigger caspase activation most likely through the 252 

mitochondrial pathway[66]. Since cell competition was mostly studied in epithelia, the behaviour 253 

of epithelial cells upon lateral and/or apico-basal compaction is also highly relevant.  254 

Cell spreading on the substrate can directly modify cell survival by modulating the pro-255 

survival signals associated with integrin activation[68]. In a seminal work, Chen and colleagues 256 

used micro-patterned adhesive islands with various spreading to modify endothelial cell geometry 257 

and could show that low cell area was sufficient to trigger apoptosis[69]. Similarly high cell density 258 

can reduce the activity of the prosurvival kinase FAK (Focal Adhesion Kinase)[70] and can 259 

decrease survival by activating the Hippo pathway through Lats1/2 kinases activation[71]. 260 
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Alternatively, stretchable substrates have been used to increase transiently cell density by 30 % 261 

[72]. This was sufficient to trigger massive cell extrusion (the concerted removal of an epithelial 262 

cell from the tissue layer [73]) which eventually restored steady state tissue density. Cell extrusion 263 

was triggered by the activation of Ca+2 stretch-activated channel Piezo independently of caspase 264 

activation[72]. Similarly, local compaction of the Drosophila pupal notum (a monolayered 265 

epithelium) can trigger cell extrusion[17, 74]. We recently showed that the pro-survival signal 266 

EGFR/ERK could be activated by local stretching of the notum and that ectopic compaction can 267 

trigger cell death through the inhibition of EGFR/ERK[58]. Alternatively, spontaneous 268 

compression of MDCK cells can occur through aberrant alignment of cells during collective 269 

migration and triggers caspase activation and cell extrusion through the exclusion of Yap/Taz 270 

from the nucleus[75]. Altogether, these studies demonstrate that lateral compaction of an 271 

epithelium or an increase of isotropic pressure can trigger cell extrusion and/or apoptosis through 272 

various sensing pathways (see [62] for a more exhaustive discussion). How could then such 273 

mechanical stresses arise during competition and induce preferential elimination of the loser 274 

cells? 275 

Mechanical competition driven by differential sensitivity to mechanical stress 276 

In a seminal theoretical work, Boris Shraiman proposed that differential growth could lead to 277 

mechanical stress accumulation in epithelial tissues[76]. Cells with faster growth/proliferation will 278 

push on the neighbours which will eventually lead to a local increase of pressure. If in addition 279 

the fast growing population is less sensitive to pressure than the neighbouring cells, this will lead 280 

to preferential elimination of the slow proliferating cells (Figure 2A). This relatively simple 281 

mechanism relies on three hypotheses: the epithelial tissue must behave like a solid (namely that 282 

stress is not dissipated through cell movements and cell rearrangements); compaction must be 283 

able to trigger cell death; and different cell types must have different sensitivity to compaction. 284 

We will discuss below the relevance of these three hypotheses. Alternatively, competition could 285 

also be explained by the concept of homeostatic pressure[77, 78]. Assuming that cell proliferation 286 

and cell death can both be modulated by pressure (i.e., low pressure fueling proliferation and high 287 

pressure triggering death), a cell population in a confined environment will grow until reaching a 288 

stationary phase where cell proliferation is perfectly compensated by cell death. If now two 289 

populations with different homeostatic pressures are mixed, the one with the higher homeostatic 290 

pressure will always become winner and eventually fully replace the other population, even for 291 

little differences of homeostatic pressure [77, 78] (Figure 2B). Interestingly, this framework was 292 
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rather developed in the context of a fluid-like tissue where elastic behaviours were neglected[77] 293 

and would also be valid in very dynamic tissues. 294 

These two frameworks rely on a certain number of hypotheses which have been validated 295 

recently. As mentioned in the previous section, there is now a large number of evidences showing 296 

that isotropic compaction or lateral compaction of an epithelium can induce cell extrusion and cell 297 

death. Similarly, tissue compaction can also slow-down cell proliferation (see the next section for 298 

more details). The framework of Boris Shraiman also relies on the solid-like behaviour of the 299 

tissue: namely that the timescale of proliferation is faster than the characteristic time of stress 300 

dissipation through junction remodelling and cell displacement[76]. This assumption is not 301 

satisfied in most tissues, which behave like fluid on long time scales, with the notable exception 302 

of the Drosophila wing imaginal disc, one of the main tissues used to study cell competition. 303 

Indeed, the rate of junction remodelling is presumably low[79, 80], making the fluidity in this tissue 304 

low enough to allow differential growth to induce compaction of the fast growing population and 305 

tangential stretching of the neighbouring cells[79, 81-83]. Interestingly, overgrowth of a circular 306 

clone has been mostly associated with two concomitant effects on the neighbouring cells: they 307 

are stretched tangential to the clone border and compacted along the radial axis of the clone[79, 308 

81-83]. This could either lead to a net increase of area (thus promoting growth) or a net decrease 309 

of area (thus promoting death) of the surrounding cells. As such the effect of clone growth on the 310 

compaction of the neigbouring cells is not intuitive and will probably rely on clone size, clone 311 

shape and boundary conditions. However, to our knowledge these conditions were never 312 

explored experimentally or theoretically.  313 

Finally, it remains unclear whether different cell types would have differential sensitivity to 314 

mechanical stress, a cornerstone hypothesis of the two frameworks described above. This was 315 

particularly true in epithelia where the initial reports of compaction described caspases-316 

independent extrusion processes[72, 74] (see [61, 62] for more discussion). 317 

Yet, several recent reports confirmed that cell compaction could drive cell competition in epithelial 318 

cells[16, 17, 19]. Using MDCK cells, Wagstaff and colleagues have shown that the elimination of 319 

Scribble mutant cells was driven by their active compaction[16]. Two components contribute to 320 

the preferential elimination of the mutants: their active compaction driven by the collective 321 

migration of the WT cells toward the mutants (see below), and their lower homeostatic 322 

density/pressure. Their higher sensitivity to compaction is driven by their high basal levels of p53, 323 

which is further upregulated by p38 and ROCK upon compaction. The differences in homeostatic 324 

density and the high motility of MDCK cells fit well with the framework of competition driven by 325 
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differential homeostatic pressures as depicted above[77, 78]. Alternatively, differential growth was 326 

shown to drive cell compaction and cell elimination in the Drosophila pupal notum[17]. 327 

Perturbations of caspase activation in clones and live tracking of caspase activity suggested first 328 

that caspase activation was preceding and was necessary for cell extrusion in this tissue. 329 

Therefore cells refractory for caspase activation should be resistant to compaction-driven 330 

extrusion. Accordingly, induction of active Ras in clones (which promotes growth and inhibits 331 

caspase activation [84-86]) was sufficient to compact and eliminate neighbouring WT cells. 332 

Recently we showed that cell elimination was driven by the downregulation of the EGFR/ERK 333 

pathway upon compaction, which leads to the activation of the pro-apoptotic gene hid[58]. 334 

Although not formally tested, a similar process was observed upon induction of active Yki in clones 335 

in the pupal notum[83]. The deformation of cells neighbouring the fast growing clones and the 336 

higher sensitivity to compaction of the WT cells is in good agreement with the framework 337 

developed by Boris Shraiman[76]. 338 

Mechanical competition driven by boundary constrictions 339 

We focused so far on situations where winners and losers are both exposed to the same 340 

mechanical constraints and where competitive advantage is given by differential sensitivity to 341 

mechanical stress. Alternatively, preferential elimination of one population could be achieved if 342 

the compaction is restricted to one population. This was reported in several cases where 343 

compaction is driven by specific properties of the boundaries between the two populations. 344 

Collective migration can generate transient convergent flows of cells which locally increase 345 

pressure and trigger apoptosis in the central cell[75]. Similar collective movements occur during 346 

the compaction of Scribble mutant MDCK cells by WT cells and contribute to the higher 347 

compaction and higher elimination of the mutants[16] (Figure 3A). Alternatively, cell 348 

misspecification can increase the line tension at the boundary between the mutant and the WT 349 

cells[46, 49, 87]. Accordingly, modification of morphogens readout in clones in the wing imaginal 350 

disc (e.g., Dpp, Wg) generates local tissue bending in cysts[87-90] and can also lead to cell 351 

death[87-89, 91]. This type of cell elimination was initially described by Adachi-Yamada and 352 

colleagues using the concept of morphogenetic apoptosis[91, 92]. Tissue bending and clone 353 

elimination are driven by an increase of the line tension at the clone border, caused by the 354 

accumulation of actomyosin at clone boundaries[87] (Figure 3B). This local increase of line 355 

tension generates an internal pressure in the clone, which is inversely proportional to the clone 356 

radius (according to Laplace law, Box1). This is consistent with the fact that small clones are 357 

preferentially eliminated [87]. However the role of cell compaction in cell elimination has not been 358 
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formally tested in this context. Importantly, the compressed population is always the population in 359 

minority with concave boundaries, irrespective of its genetic background. As such, this 360 

mechanism could equally eliminate WT cells if they are surrounded by a majority of misspecified 361 

cells (including pretumoural cells such as Ras activation), or could eliminate misspecified cells if 362 

they are in minority (including active Ras cells)[87]. Since modulation of adhesive molecules and 363 

components of the apico-basal polarity in clones is sufficient to increase clone boundary 364 

tension[46, 49], this mechanism may also be active in all the competition scenarios affecting 365 

apico-basal polarity components (Crumbs[93], Scribble[15], Lgl[29], Dlg[31]). Interestingly, 366 

modulation of the mechanical properties of cell boundaries also contributes to the extrusion of 367 

isolated active Ras cells from MDCK epithelial layers[94, 95]. To conclude, the modulation of the 368 

mechanical properties at the interface between loser and winner cells may be a general 369 

mechanism of cell elimination. In this context, winner and loser status will be rather set by the 370 

topology of the interface and the population in majority will always tend to be favored, irrespective 371 

of the intrinsic cell properties (growth and survival rate). 372 

Regulation of compensatory growth and space occupation 373 

We focused so far on the processes that modulate and/or initiate the elimination of loser cells. 374 

However the bias in cell death impacts the final occupancy of the tissue only if winner cells expand 375 

to compensate for the loss of loser cells. Indeed, if loser cell elimination was fully compensated 376 

by loser cell growth, their elimination would have no impact on winner relative expansion. Studying 377 

compensatory growth/proliferation and its impact on the relative growth of the winner and the 378 

loser cells is therefore essential for the understanding of competition. Yet, it has so far drawn 379 

much less attention. We will give here a brief overview of the compensatory processes at play 380 

during competition and discuss when and where mechanical inputs may also influence them. 381 

Compensatory growth driven by extracellular signals  382 

One striking feature of the classically studied competition contexts (Myc and Minute driven 383 

competition) is the absence of visible defects in term of tissue size. This suggests that the 384 

overgrowth of winner cells should perfectly compensate the loss of loser cells[2-4, 37]. What are 385 

then the mechanisms that regulate the replacement of the dying cells? The first insights were 386 

obtained by studying the behaviour of so-called “undead cells”, where completion of apoptosis is 387 

prevented by overexpression of p35, an inhibitor of effector caspases. Neighbouring cell 388 

proliferation is here driven by the secretion of multiple mitogenic factors by the undead cells, 389 

including Dpp, Wg, and Hh, mostly driven by the Dronc dependent activation of JNK[96-100]. 390 
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Similarly, compensatory proliferation in the adult Drosophila gut relies on the secretion of multiple 391 

mitogenic ligands by the dying cells promoting stem cell proliferation, including EGF (Spitz), Wg 392 

and Unpaired (the JAK/STAT ligand)[101-103]. However all these compensatory phenomena 393 

were mostly studied in conditions of massive cell death/stress, and it remained unclear whether 394 

they could participate to the normal homeostasis of tissue size. More recently, the elimination of 395 

Minute mutant cells in the fly gut was shown to promote the expansion of the WT stem cell pool 396 

through symmetric divisions[18]. This was driven by the secretion of the JAK/STAT ligand 397 

Unpaired by the eliminated Minute cells. In physiological contexts, the spontaneous death of gut 398 

enterocytes drives stem cell proliferation through the secretion of EGF/Spitz[104]. Alternatively 399 

compensation for cell loss can also be driven by a net increase of neighbouring cell size/area 400 

without proliferation [105]. Altogether, these studies suggest a framework in which the “sensing” 401 

of cell loss is mediated by molecular signals secreted by the dying cells, and driving  either cell 402 

proliferation or cell volume expansion (Figure 4A).  403 

How could such phenomena promote preferential expansion of the winner cells? Two hypotheses 404 

may explain such a bias: winner and loser cells have a differential capacity to bind/access to 405 

mitogenic factors, or/and the downstream response to pro-mitotic signalling inputs are different 406 

between the two cell types.  Consistent with the first hypothesis, Minute mutant cells have a 407 

reduced capacity to bind/process Dpp[25]. Biased accessibility to the mitogenic factor may also 408 

depend on the shape of the interface between loser and winner cells and on the location of the 409 

dying cells. For instance, mitogenic factors secreted by a dying loser cell surrounded by winner 410 

cells will mostly benefit to the winners irrespective of any bias in the capacity to bind the mitogenic 411 

factors. This may be particularly relevant in the cases of competition associated with cell mixing 412 

(see above)[23]. The second hypothesis assumes that loser cells have an intrinsic reduced 413 

capacity to respond to promitotic signals. Following this line, Minute and mahjong mutant discs 414 

display a chronic activation of the JNK pathway[106].  JNK activation was recently shown to block 415 

progression of the cell cycle[107, 108] by maintaining cells in G2 phase[108]. Thus JNK activation 416 

may prevent proliferation of the loser cells irrespective of the extracellular mitogenic factor levels. 417 

Accordingly, inhibition of JNK in Minute cells could increase their growth rate independently of its 418 

effects on loser cell apoptosis[106]. To conclude, quantitative evaluation of the compensatory 419 

growth in winner and loser cells and its effect on the final tissue occupancy is essential to fully 420 

describe competition. Along this line, the systematic tracking of Scribble mutants and WT MDCK 421 

cells has recently revealed a significant stimulation of growth of the WT cells when surrounded 422 

by Scribble mutant cells, which was more prominent than the bias for Scribble cell death near WT 423 

cells[19].  424 
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Compensatory growth driven by mechanical cues 425 

Compensatory mechanisms could also be driven by the space released by the dying cells and 426 

consequent stretching of the neighbouring cells (Figure 4B). The removal of an epithelial cell 427 

involves an active contraction of the dying cell and of the boundaries shared with its 428 

neighbours[73, 109-111]. This leads to transient stretching of the neigbbouring cells and to an 429 

increase of their apical surface[112]. This local geometrical/mechanical effect may also be a driver 430 

of compensatory growth. Indeed there is nowadays a growing body of evidences showing that 431 

cell stretching is sufficient to promote cell proliferation. For instance, spacing of adhesive islands 432 

and the spreading of endothelial cells is sufficient to promote their proliferation[69]. MCF10A cells 433 

spreading and stretching also promote YAP/TAZ nuclear localization, which promotes cell survival 434 

and cell proliferation[113, 114]. Contact inhibition also halts cell proliferation at high density 435 

through the exclusion of YAP from the nucleus[115]. Similarly, constraining MDCK cells in 2D with 436 

a physical barrier is sufficient to slow down the G1-S transition, while stretching the substrate is 437 

sufficient to accelerate this transition[116]. Epithelial cell stretching also leads to a rapid increase 438 

of cell proliferation driven by the opening of the Ca2+ stretch-activated channel Piezo and 439 

activation of ERK[117]. Recently a systematic analysis of the dynamics of traction forces and 440 

tension during the cell cycle of MDCK cells revealed that the product of cell tension and area 441 

(homogeneous to an energy) was the best predictor of the duration of the G1-S transition[118]. 442 

Altogether, these studies demonstrate that lateral stretching of an epithelium promotes cell 443 

proliferation, whereas its compaction inhibits growth. Similar effects were also observed upon 3D 444 

compaction as nicely illustrated with tumour spheroids where the local rate of proliferation is 445 

anticorrelated with pressure[66, 119, 120].  446 

These studies demonstrate that cell deformation can affect cell proliferation. However they do not 447 

prove that such mechanical feedbacks are at play in the neighbourhood of dying cells. Recent 448 

work in the adult mice epidermis has shown that cell extrusion events (here leading to cell 449 

differentiation) generate a transient and significant increase of the probability of neighbouring cell 450 

division which is preceded by cell area expansion[121]. The same bias has been observed upon 451 

laser induced-cell death or drug induced apoptosis[121]. This suggests that local cell removal 452 

significantly affect the rate of proliferation in the neighbouring cells probably through 453 

geometrical/mechanical feedback. While this was not formally tested, the same mechanical 454 

compensation could affect the homeostasis of the adult fly gut where the death of enterocyte can 455 

promote the division of the neighbouring stem cells through the secretion of Spitz/EGF[104]. Since 456 

ERK is also sensitive to mechanical stretching[58, 122, 123], removal of enterocytes may also 457 
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promote stem cell proliferation through stretching/space release. Overall, it seems reasonable to 458 

believe that such mechanical feedbacks affects neighbouring cells during loser cell elimination.  459 

How mechanical-driven compensatory phenomena would then favour the expansion of the winner 460 

cells? Here again, two layers of regulation could bias compensatory growth: 1. Winner cells are 461 

more stretched than loser cells upon loser cell apoptosis, hence leading to higher winner 462 

compensatory growth. 2. Winner and loser cells are equally stretched but proliferation stimulation 463 

is higher in winner cells. First, how could loser cell death trigger preferential stretching of the 464 

winner cells? In that regard, a recent study from Tsuboi and colleagues proposed a simple and 465 

elegant model[83] (Figure 4C). By combining live imaging in the Drosophila pupal notum and a 466 

vertex model, they have shown that the high proliferation rate of winner cells will increase the 467 

anisotropy of loser cells at winner clone boundaries (elongated along clone boundaries, as 468 

previously observed in the wing disc[79, 81]). This biases the orientation of junction remodellings 469 

occurring during loser cell elimination, and statistically favours the area expansion of the 470 

neighbouring winner cells, irrespective of their relative mechanical properties (Figure 4C). In their 471 

simulations, this bias accelerates the expansion of the winner clones. Moreover, their model 472 

suggests that loser cell death occurring right next to winner cells will have a stronger impact on 473 

winner expansion. Alternatively, winner cells could be more stretched if loser cell elimination 474 

occurs when they are surrounded by winner cells (see above). Finally, higher winner stretching 475 

upon loser cell death may occur if winner cells have lower tension/contractility and/or higher 476 

pressure than loser cells. In that case, winner and loser will experience the same force, but the 477 

area of winner cells will expand more. Indeed, many genetic backgrounds associated with 478 

competition can modulate junction tension[23, 45, 82] and may favour such bias. This hypothesis 479 

requires that the parameter regulating cell cycle progression is the strain rate and/or the absolute 480 

apical area of cells. However a recent study has shown that cell cycle progression rather 481 

correlates with the product of tension by area [118]. This parameter would be equal for winner 482 

and loser cells in the scenario depicted above and would not bias proliferation. Loser cells may 483 

also have a reduced sensitivity to stretching, either because they are intrinsically unresponsive to 484 

mitogenic signals (as depicted in the previous section) or because the relevant 485 

mechanotransduction pathways are modulated in these cells. For instance, the stretch sensitive 486 

channel Piezo may be differentially located in the two cell populations[117]. Alternatively, cells 487 

may express different levels of EGFR hence affecting the responsiveness of ERK to 488 

stretching[58]. Finally, winner cell proliferation could also be higher if winners have a higher 489 

homeostatic density/pressure, hence proliferating more despite the same degree of stretching 490 
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[77]. The higher homeostatic pressure may actually be directly related to a higher sensitivity to 491 

stretching or the responsiveness to mitogenic signals discussed above. 492 

To conclude, local mechanical feedbacks may be important modulators of compensatory growth 493 

and could modify the outcome of cell competition by promoting preferential winner cell division. A 494 

better assessment of area compensation during loser cell elimination and its impact on cell 495 

proliferation will allow to understand the contribution of local mechanical feedbacks to cell 496 

competition. 497 

Conclusion and perspectives 498 

In this review, we have illustrated how mechanical cues may significantly change the outcome of 499 

cell competition, by modulating the efficiency of cell signalling leading to loser cell elimination, 500 

through direct death induction, or by stimulating the preferential expansion of winner cells. As 501 

explained above, most of these effects are at play irrespective of the molecular effectors of loser 502 

cell recognition and elimination. Resolving the exact contribution of these parameters in cell 503 

competition will require a heavy investment in live imaging and quantitative analysis. This would 504 

include a systematic quantification of the mechanical parameters of the loser and winner cells, a 505 

better characterization of the geometry and dynamics of cell-cell contacts, as well as a systematic 506 

characterization of potential biases in cell expansion and cell death. The recent development of 507 

deep-learning approaches to enhance systematic cell segmentation and cell tracking[19] will 508 

eventually allow such exhaustive characterization of the parameters associated with biased cell 509 

elimination or biased cell proliferation. A better characterisation of the contribution of mechanical 510 

cues to cell competition will also generate new general knowledge for the field of 511 

mechanotransduction and a better understanding of the coupling between cell division and cell 512 

elimination during tissue homeostasis. 513 

Aknowledgements 514 

We thank members of RL lab for critical reading of the manuscript. Work in RL lab is supported 515 

by the Institut Pasteur (G5 starting package) and the ERC starting grant CoSpaDD (Competition 516 

for Space in Development and Disease, grant number 758457) and the Fondation Schlumberger 517 

pour l’Education et la Recherche (cercle FSER).  518 

Authors contribution 519 

AMV and RL discussed the topic and wrote the manuscript. AMV developed the diffusion model 520 

shown in Figure 1. 521 



17 
 

Declaration of interests 522 

The authors declare no competing interest 523 

References 524 

1. Kongsuwan, K., Yu, Q., Vincent, A., Frisardi, M.C., Rosbash, M., Lengyel, J.A., and Merriam, J. 525 
(1985). A Drosophila Minute gene encodes a ribosomal protein. Nature 317, 555-558. 526 

2. Morata, G., and Ripoll, P. (1975). Minutes: mutants of drosophila autonomously affecting cell 527 
division rate. Dev Biol 42, 211-221. 528 

3. de la Cova, C., Abril, M., Bellosta, P., Gallant, P., and Johnston, L.A. (2004). Drosophila myc 529 
regulates organ size by inducing cell competition. Cell 117, 107-116. 530 

4. Moreno, E., and Basler, K. (2004). dMyc transforms cells into super-competitors. Cell 117, 117-531 
129. 532 

5. Levayer, R., and Moreno, E. (2013). Mechanisms of cell competition: themes and variations. J 533 
Cell Biol 200, 689-698. 534 

6. Claveria, C., and Torres, M. (2016). Cell Competition: Mechanisms and Physiological Roles. Annu 535 
Rev Cell Dev Biol 32, 411-439. 536 

7. Maruyama, T., and Fujita, Y. (2017). Cell competition in mammals - novel homeostatic 537 
machinery for embryonic development and cancer prevention. Curr Opin Cell Biol 48, 106-112. 538 

8. Merino, M.M., Rhiner, C., Lopez-Gay, J.M., Buechel, D., Hauert, B., and Moreno, E. (2015). 539 
Elimination of unfit cells maintains tissue health and prolongs lifespan. Cell 160, 461-476. 540 

9. Diaz-Diaz, C., Fernandez de Manuel, L., Jimenez-Carretero, D., Montoya, M.C., Claveria, C., and 541 
Torres, M. (2017). Pluripotency Surveillance by Myc-Driven Competitive Elimination of 542 
Differentiating Cells. Dev Cell 42, 585-599 e584. 543 

10. Tamori, Y., and Deng, W.M. (2011). Cell competition and its implications for development and 544 
cancer. J Genet Genomics 38, 483-495. 545 

11. Senoo-Matsuda, N., and Johnston, L.A. (2007). Soluble factors mediate competitive and 546 
cooperative interactions between cells expressing different levels of Drosophila Myc. Proc Natl 547 
Acad Sci U S A 104, 18543-18548. 548 

12. Alpar, L., Bergantinos, C., and Johnston, L.A. (2018). Spatially Restricted Regulation of 549 
Spatzle/Toll Signaling during Cell Competition. Dev Cell 46, 706-719 e705. 550 

13. Martins, V.C., Busch, K., Juraeva, D., Blum, C., Ludwig, C., Rasche, V., Lasitschka, F., Mastitsky, 551 
S.E., Brors, B., Hielscher, T., et al. (2014). Cell competition is a tumour suppressor mechanism in 552 
the thymus. Nature. 553 

14. Rhiner, C., Lopez-Gay, J.M., Soldini, D., Casas-Tinto, S., Martin, F.A., Lombardia, L., and Moreno, 554 
E. (2010). Flower forms an extracellular code that reveals the fitness of a cell to its neighbors in 555 
Drosophila. Dev Cell 18, 985-998. 556 

15. Yamamoto, M., Ohsawa, S., Kunimasa, K., and Igaki, T. (2017). The ligand Sas and its receptor 557 
PTP10D drive tumour-suppressive cell competition. Nature 542, 246-250. 558 

16. Wagstaff, L., Goschorska, M., Kozyrska, K., Duclos, G., Kucinski, I., Chessel, A., Hampton-O'Neil, 559 
L., Bradshaw, C.R., Allen, G.E., Rawlins, E.L., et al. (2016). Mechanical cell competition kills cells 560 
via induction of lethal p53 levels. Nat Commun 7, 11373. 561 

17. Levayer, R., Dupont, C., and Moreno, E. (2016). Tissue Crowding Induces Caspase-Dependent 562 
Competition for Space. Curr Biol 26, 670-677. 563 



18 
 

18. Kolahgar, G., Suijkerbuijk, S.J., Kucinski, I., Poirier, E.Z., Mansour, S., Simons, B.D., and Piddini, E. 564 
(2015). Cell Competition Modifies Adult Stem Cell and Tissue Population Dynamics in a JAK-565 
STAT-Dependent Manner. Dev Cell 34, 297-309. 566 

19. Bove, A., Gradeci, D., Fujita, Y., Banerjee, S., Charras, G., and Lowe, A.R. (2017). Local cellular 567 
neighborhood controls proliferation in cell competition. Mol Biol Cell 28, 3215-3228. 568 

20. Petridou, N.I., Spiro, Z., and Heisenberg, C.P. (2017). Multiscale force sensing in development. 569 
Nat Cell Biol 19, 581-588. 570 

21. Vogel, V., and Sheetz, M. (2006). Local force and geometry sensing regulate cell functions. Nat 571 
Rev Mol Cell Biol 7, 265-275. 572 

22. Heisenberg, C.P., and Bellaiche, Y. (2013). Forces in tissue morphogenesis and patterning. Cell 573 
153, 948-962. 574 

23. Levayer, R., Hauert, B., and Moreno, E. (2015). Cell mixing induced by myc is required for 575 
competitive tissue invasion and destruction. Nature 524, 476-480. 576 

24. de la Rosa, E.J., and de Pablo, F. (2000). Cell death in early neural development: beyond the 577 
neurotrophic theory. Trends Neurosci 23, 454-458. 578 

25. Moreno, E., Basler, K., and Morata, G. (2002). Cells compete for decapentaplegic survival factor 579 
to prevent apoptosis in Drosophila wing development. Nature 416, 755-759. 580 

26. Meyer, S.N., Amoyel, M., Bergantinos, C., de la Cova, C., Schertel, C., Basler, K., and Johnston, 581 
L.A. (2014). An ancient defense system eliminates unfit cells from developing tissues during cell 582 
competition. Science 346, 1258236. 583 

27. Simpson, P., and Morata, G. (1981). Differential mitotic rates and patterns of growth in 584 
compartments in the Drosophila wing. Dev Biol 85, 299-308. 585 

28. Claveria, C., Giovinazzo, G., Sierra, R., and Torres, M. (2013). Myc-driven endogenous cell 586 
competition in the early mammalian embryo. Nature 500, 39-44. 587 

29. Tamori, Y., Bialucha, C.U., Tian, A.G., Kajita, M., Huang, Y.C., Norman, M., Harrison, N., Poulton, 588 
J., Ivanovitch, K., Disch, L., et al. (2010). Involvement of Lgl and Mahjong/VprBP in cell 589 
competition. PLoS Biol 8, e1000422. 590 

30. Brumby, A.M., and Richardson, H.E. (2003). scribble mutants cooperate with oncogenic Ras or 591 
Notch to cause neoplastic overgrowth in Drosophila. EMBO J 22, 5769-5779. 592 

31. Igaki, T., Pastor-Pareja, J.C., Aonuma, H., Miura, M., and Xu, T. (2009). Intrinsic tumor 593 
suppression and epithelial maintenance by endocytic activation of Eiger/TNF signaling in 594 
Drosophila. Dev Cell 16, 458-465. 595 

32. Shaya, O., Binshtok, U., Hersch, M., Rivkin, D., Weinreb, S., Amir-Zilberstein, L., Khamaisi, B., 596 
Oppenheim, O., Desai, R.A., Goodyear, R.J., et al. (2017). Cell-Cell Contact Area Affects Notch 597 
Signaling and Notch-Dependent Patterning. Dev Cell 40, 505-511 e506. 598 

33. Guignard, L., Fiuza, U.-M., Leggio, B., Faure, E., Laussu, J., Hufnagel, L., Malandain, G., Godin, C., 599 
and Lemaire, P. (2017). Contact-dependent cell communications drive morphological invariance 600 
during ascidian embryogenesis. 601 

34. Ma, D., Amonlirdviman, K., Raffard, R.L., Abate, A., Tomlin, C.J., and Axelrod, J.D. (2008). Cell 602 
packing influences planar cell polarity signaling. Proc Natl Acad Sci U S A 105, 18800-18805. 603 

35. Simpson, P. (1979). Parameters of cell competition in the compartments of the wing disc of 604 
Drosophila. Dev Biol 69, 182-193. 605 

36. Li, W., Kale, A., and Baker, N.E. (2009). Oriented cell division as a response to cell death and cell 606 
competition. Curr Biol 19, 1821-1826. 607 

37. Garcia-Bellido, A., Ripoll, P., and Morata, G. (1973). Developmental compartmentalisation of the 608 
wing disk of Drosophila. Nat New Biol 245, 251-253. 609 

38. Dahmann, C., Oates, A.C., and Brand, M. (2011). Boundary formation and maintenance in tissue 610 
development. Nat Rev Genet 12, 43-55. 611 



19 
 

39. Landsberg, K.P., Farhadifar, R., Ranft, J., Umetsu, D., Widmann, T.J., Bittig, T., Said, A., Julicher, 612 
F., and Dahmann, C. (2009). Increased cell bond tension governs cell sorting at the Drosophila 613 
anteroposterior compartment boundary. Curr Biol 19, 1950-1955. 614 

40. Lecuit, T., and Lenne, P.F. (2007). Cell surface mechanics and the control of cell shape, tissue 615 
patterns and morphogenesis. Nat Rev Mol Cell Biol 8, 633-644. 616 

41. Pinheiro, D., and Bellaiche, Y. (2018). Mechanical Force-Driven Adherens Junction Remodeling 617 
and Epithelial Dynamics. Dev Cell 47, 3-19. 618 

42. Fagotto, F. (2014). The cellular basis of tissue separation. Development 141, 3303-3318. 619 
43. Monier, B., Pelissier-Monier, A., Brand, A.H., and Sanson, B. (2010). An actomyosin-based barrier 620 

inhibits cell mixing at compartmental boundaries in Drosophila embryos. Nat Cell Biol 12, 60-65; 621 
sup pp 61-69. 622 

44. Umetsu, D., Aigouy, B., Aliee, M., Sui, L., Eaton, S., Julicher, F., and Dahmann, C. (2014). Local 623 
increases in mechanical tension shape compartment boundaries by biasing cell intercalations. 624 
Curr Biol 24, 1798-1805. 625 

45. Bosveld, F., Guirao, B., Wang, Z., Riviere, M., Bonnet, I., Graner, F., and Bellaiche, Y. (2016). 626 
Modulation of junction tension by tumor suppressors and proto-oncogenes regulates cell-cell 627 
contacts. Development 143, 623-634. 628 

46. Roper, K. (2012). Anisotropy of Crumbs and aPKC drives myosin cable assembly during tube 629 
formation. Dev Cell 23, 939-953. 630 

47. Pare, A.C., Vichas, A., Fincher, C.T., Mirman, Z., Farrell, D.L., Mainieri, A., and Zallen, J.A. (2014). 631 
A positional Toll receptor code directs convergent extension in Drosophila. Nature 515, 523-527. 632 

48. Bertet, C., Sulak, L., and Lecuit, T. (2004). Myosin-dependent junction remodelling controls 633 
planar cell intercalation and axis elongation. Nature 429, 667-671. 634 

49. Chan, E.H., Chavadimane Shivakumar, P., Clement, R., Laugier, E., and Lenne, P.F. (2017). 635 
Patterned cortical tension mediated by N-cadherin controls cell geometric order in the 636 
Drosophila eye. Elife 6. 637 

50. Guirao, B., and Bellaiche, Y. (2017). Biomechanics of cell rearrangements in Drosophila. Curr 638 
Opin Cell Biol 48, 113-124. 639 

51. Fernandez-Gonzalez, R., Simoes Sde, M., Roper, J.C., Eaton, S., and Zallen, J.A. (2009). Myosin II 640 
dynamics are regulated by tension in intercalating cells. Dev Cell 17, 736-743. 641 

52. Curran, S., Strandkvist, C., Bathmann, J., de Gennes, M., Kabla, A., Salbreux, G., and Baum, B. 642 
(2017). Myosin II Controls Junction Fluctuations to Guide Epithelial Tissue Ordering. Dev Cell 43, 643 
480-492 e486. 644 

53. Collinet, C., Rauzi, M., Lenne, P.F., and Lecuit, T. (2015). Local and tissue-scale forces drive 645 
oriented junction growth during tissue extension. Nat Cell Biol 17, 1247-1258. 646 

54. Butler, L.C., Blanchard, G.B., Kabla, A.J., Lawrence, N.J., Welchman, D.P., Mahadevan, L., Adams, 647 
R.J., and Sanson, B. (2009). Cell shape changes indicate a role for extrinsic tensile forces in 648 
Drosophila germ-band extension. Nat Cell Biol 11, 859-864. 649 

55. Aigouy, B., Farhadifar, R., Staple, D.B., Sagner, A., Roper, J.C., Julicher, F., and Eaton, S. (2010). 650 
Cell flow reorients the axis of planar polarity in the wing epithelium of Drosophila. Cell 142, 773-651 
786. 652 

56. Etournay, R., Popovic, M., Merkel, M., Nandi, A., Blasse, C., Aigouy, B., Brandl, H., Myers, G., 653 
Salbreux, G., Julicher, F., et al. (2015). Interplay of cell dynamics and epithelial tension during 654 
morphogenesis of the Drosophila pupal wing. Elife 4, e07090. 655 

57. Ray, R.P., Matamoro-Vidal, A., Ribeiro, P.S., Tapon, N., Houle, D., Salazar-Ciudad, I., and 656 
Thompson, B.J. (2015). Patterned Anchorage to the Apical Extracellular Matrix Defines Tissue 657 
Shape in the Developing Appendages of Drosophila. Dev Cell 34, 310-322. 658 



20 
 

58. Moreno, E., Valon, L., Levillayer, F., and Levayer, R. (2019). Competition for Space Induces Cell 659 
Elimination through Compaction-Driven ERK Downregulation. Curr Biol 29, 23-34 e28. 660 

59. Vincent, J.P., Fletcher, A.G., and Baena-Lopez, L.A. (2013). Mechanisms and mechanics of cell 661 
competition in epithelia. Nat Rev Mol Cell Biol 14, 581-591. 662 

60. Bras-Pereira, C., and Moreno, E. (2017). Mechanical cell competition. Curr Opin Cell Biol 51, 15-663 
21. 664 

61. Levayer, R. (2019). Solid stress, competition for space and cancer: the opposing roles of 665 
mechanical cell competition in tumour initiation and growth. Seminars in Cancer Biology In 666 
press. 667 

62. Valon, L., and Levayer, R. (2019). Dying under pressure: cellular characterisation and in vivo 668 
functions of cell death induced by compaction. Biol Cell 111, 51-66. 669 

63. Quan, X., Guo, K., Wang, Y., Huang, L., Chen, B., Ye, Z., and Luo, Z. (2014). Mechanical 670 
compression insults induce nanoscale changes of membrane-skeleton arrangement which could 671 
cause apoptosis and necrosis in dorsal root ganglion neurons. Biosci Biotechnol Biochem 78, 672 
1631-1639. 673 

64. Takano, K.J., Takano, T., Yamanouchi, Y., and Satou, T. (1997). Pressure-induced apoptosis in 674 
human lymphoblasts. Exp Cell Res 235, 155-160. 675 

65. Thompson, W.R., Rubin, C.T., and Rubin, J. (2012). Mechanical regulation of signaling pathways 676 
in bone. Gene 503, 179-193. 677 

66. Cheng, G., Tse, J., Jain, R.K., and Munn, L.L. (2009). Micro-environmental mechanical stress 678 
controls tumor spheroid size and morphology by suppressing proliferation and inducing 679 
apoptosis in cancer cells. PLoS One 4, e4632. 680 

67. Ernest, N.J., Habela, C.W., and Sontheimer, H. (2008). Cytoplasmic condensation is both 681 
necessary and sufficient to induce apoptotic cell death. J Cell Sci 121, 290-297. 682 

68. Paoli, P., Giannoni, E., and Chiarugi, P. (2013). Anoikis molecular pathways and its role in cancer 683 
progression. Biochim Biophys Acta 1833, 3481-3498. 684 

69. Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M., and Ingber, D.E. (1997). Geometric control 685 
of cell life and death. Science 276, 1425-1428. 686 

70. Frechin, M., Stoeger, T., Daetwyler, S., Gehin, C., Battich, N., Damm, E.M., Stergiou, L., Riezman, 687 
H., and Pelkmans, L. (2015). Cell-intrinsic adaptation of lipid composition to local crowding 688 
drives social behaviour. Nature 523, 88-91. 689 

71. Zhao, B., Li, L., Wang, L., Wang, C.Y., Yu, J., and Guan, K.L. (2012). Cell detachment activates the 690 
Hippo pathway via cytoskeleton reorganization to induce anoikis. Genes Dev 26, 54-68. 691 

72. Eisenhoffer, G.T., Loftus, P.D., Yoshigi, M., Otsuna, H., Chien, C.B., Morcos, P.A., and Rosenblatt, 692 
J. (2012). Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia. 693 
Nature 484, 546-549. 694 

73. Rosenblatt, J., Raff, M.C., and Cramer, L.P. (2001). An epithelial cell destined for apoptosis 695 
signals its neighbors to extrude it by an actin- and myosin-dependent mechanism. Curr Biol 11, 696 
1847-1857. 697 

74. Marinari, E., Mehonic, A., Curran, S., Gale, J., Duke, T., and Baum, B. (2012). Live-cell 698 
delamination counterbalances epithelial growth to limit tissue overcrowding. Nature 484, 542-699 
545. 700 

75. Saw, T.B., Doostmohammadi, A., Nier, V., Kocgozlu, L., Thampi, S., Toyama, Y., Marcq, P., Lim, 701 
C.T., Yeomans, J.M., and Ladoux, B. (2017). Topological defects in epithelia govern cell death and 702 
extrusion. Nature 544, 212-216. 703 

76. Shraiman, B.I. (2005). Mechanical feedback as a possible regulator of tissue growth. Proc Natl 704 
Acad Sci U S A 102, 3318-3323. 705 



21 
 

77. Basan, M., Risler, T., Joanny, J.F., Sastre-Garau, X., and Prost, J. (2009). Homeostatic competition 706 
drives tumor growth and metastasis nucleation. HFSP J 3, 265-272. 707 

78. Basan, M., Prost, J., Joanny, J.F., and Elgeti, J. (2011). Dissipative particle dynamics simulations 708 
for biological tissues: rheology and competition. Phys Biol 8, 026014. 709 

79. Legoff, L., Rouault, H., and Lecuit, T. (2013). A global pattern of mechanical stress polarizes cell 710 
divisions and cell shape in the growing Drosophila wing disc. Development 140, 4051-4059. 711 

80. Gibson, M.C., Patel, A.B., Nagpal, R., and Perrimon, N. (2006). The emergence of geometric 712 
order in proliferating metazoan epithelia. Nature 442, 1038-1041. 713 

81. Mao, Y., Tournier, A.L., Hoppe, A., Kester, L., Thompson, B.J., and Tapon, N. (2013). Differential 714 
proliferation rates generate patterns of mechanical tension that orient tissue growth. EMBO J 715 
32, 2790-2803. 716 

82. Pan, Y., Heemskerk, I., Ibar, C., Shraiman, B.I., and Irvine, K.D. (2016). Differential growth triggers 717 
mechanical feedback that elevates Hippo signaling. Proc Natl Acad Sci U S A. 718 

83. Tsuboi, A., Ohsawa, S., Umetsu, D., Sando, Y., Kuranaga, E., Igaki, T., and Fujimoto, K. (2018). 719 
Competition for Space Is Controlled by Apoptosis-Induced Change of Local Epithelial Topology. 720 
Curr Biol 28, 2115-2128 e2115. 721 

84. Kurada, P., and White, K. (1998). Ras promotes cell survival in Drosophila by downregulating hid 722 
expression. Cell 95, 319-329. 723 

85. Bergmann, A., Agapite, J., McCall, K., and Steller, H. (1998). The Drosophila gene hid is a direct 724 
molecular target of Ras-dependent survival signaling. Cell 95, 331-341. 725 

86. Karim, F.D., and Rubin, G.M. (1998). Ectopic expression of activated Ras1 induces hyperplastic 726 
growth and increased cell death in Drosophila imaginal tissues. Development 125, 1-9. 727 

87. Bielmeier, C., Alt, S., Weichselberger, V., La Fortezza, M., Harz, H., Julicher, F., Salbreux, G., and 728 
Classen, A.K. (2016). Interface Contractility between Differently Fated Cells Drives Cell 729 
Elimination and Cyst Formation. Curr Biol 26, 563-574. 730 

88. Gibson, M.C., and Perrimon, N. (2005). Extrusion and death of DPP/BMP-compromised epithelial 731 
cells in the developing Drosophila wing. Science 307, 1785-1789. 732 

89. Shen, J., and Dahmann, C. (2005). Extrusion of cells with inappropriate Dpp signaling from 733 
Drosophila wing disc epithelia. Science 307, 1789-1790. 734 

90. Widmann, T.J., and Dahmann, C. (2009). Wingless signaling and the control of cell shape in 735 
Drosophila wing imaginal discs. Dev Biol 334, 161-173. 736 

91. Adachi-Yamada, T., Fujimura-Kamada, K., Nishida, Y., and Matsumoto, K. (1999). Distortion of 737 
proximodistal information causes JNK-dependent apoptosis in Drosophila wing. Nature 400, 738 
166-169. 739 

92. Adachi-Yamada, T., and O'Connor, M.B. (2002). Morphogenetic apoptosis: a mechanism for 740 
correcting discontinuities in morphogen gradients. Dev Biol 251, 74-90. 741 

93. Hafezi, Y., Bosch, J.A., and Hariharan, I.K. (2012). Differences in levels of the transmembrane 742 
protein Crumbs can influence cell survival at clonal boundaries. Dev Biol 368, 358-369. 743 

94. Ohoka, A., Kajita, M., Ikenouchi, J., Yako, Y., Kitamoto, S., Kon, S., Ikegawa, M., Shimada, T., 744 
Ishikawa, S., and Fujita, Y. (2015). EPLIN is a crucial regulator for extrusion of RasV12-745 
transformed cells. J Cell Sci 128, 781-789. 746 

95. Porazinski, S., de Navascues, J., Yako, Y., Hill, W., Jones, M.R., Maddison, R., Fujita, Y., and 747 
Hogan, C. (2016). EphA2 Drives the Segregation of Ras-Transformed Epithelial Cells from Normal 748 
Neighbors. Curr Biol 26, 3220-3229. 749 

96. Perez-Garijo, A., Martin, F.A., and Morata, G. (2004). Caspase inhibition during apoptosis causes 750 
abnormal signalling and developmental aberrations in Drosophila. Development 131, 5591-751 
5598. 752 



22 
 

97. Ryoo, H.D., Gorenc, T., and Steller, H. (2004). Apoptotic cells can induce compensatory cell 753 
proliferation through the JNK and the Wingless signaling pathways. Dev Cell 7, 491-501. 754 

98. Kondo, S., Senoo-Matsuda, N., Hiromi, Y., and Miura, M. (2006). DRONC coordinates cell death 755 
and compensatory proliferation. Mol Cell Biol 26, 7258-7268. 756 

99. Kashio, S., Obata, F., and Miura, M. (2014). Interplay of cell proliferation and cell death in 757 
Drosophila tissue regeneration. Dev Growth Differ 56, 368-375. 758 

100. Fan, Y., and Bergmann, A. (2008). Apoptosis-induced compensatory proliferation. The Cell is 759 
dead. Long live the Cell! Trends Cell Biol 18, 467-473. 760 

101. Jiang, H., Grenley, M.O., Bravo, M.J., Blumhagen, R.Z., and Edgar, B.A. (2011). EGFR/Ras/MAPK 761 
signaling mediates adult midgut epithelial homeostasis and regeneration in Drosophila. Cell 762 
Stem Cell 8, 84-95. 763 

102. Xu, N., Wang, S.Q., Tan, D., Gao, Y., Lin, G., and Xi, R. (2011). EGFR, Wingless and JAK/STAT 764 
signaling cooperatively maintain Drosophila intestinal stem cells. Dev Biol 354, 31-43. 765 

103. Jiang, H., and Edgar, B.A. (2009). EGFR signaling regulates the proliferation of Drosophila adult 766 
midgut progenitors. Development 136, 483-493. 767 

104. Liang, J., Balachandra, S., Ngo, S., and O'Brien, L.E. (2017). Feedback regulation of steady-state 768 
epithelial turnover and organ size. Nature 548, 588-591. 769 

105. Tamori, Y., and Deng, W.M. (2013). Tissue repair through cell competition and compensatory 770 
cellular hypertrophy in postmitotic epithelia. Dev Cell 25, 350-363. 771 

106. Kucinski, I., Dinan, M., Kolahgar, G., and Piddini, E. (2017). Chronic activation of JNK JAK/STAT 772 
and oxidative stress signalling causes the loser cell status. Nat Commun 8, 136. 773 

107. Enomoto, M., Kizawa, D., Ohsawa, S., and Igaki, T. (2015). JNK signaling is converted from anti- 774 
to pro-tumor pathway by Ras-mediated switch of Warts activity. Dev Biol 403, 162-171. 775 

108. Cosolo, A., Jaiswal, J., Csordas, G., Grass, I., Uhlirova, M., and Classen, A.K. (2019). JNK-776 
dependent cell cycle stalling in G2 promotes survival and senescence-like phenotypes in tissue 777 
stress. Elife 8. 778 

109. Kuipers, D., Mehonic, A., Kajita, M., Peter, L., Fujita, Y., Duke, T., Charras, G., and Gale, J.E. 779 
(2014). Epithelial repair is a two-stage process driven first by dying cells and then by their 780 
neighbours. J Cell Sci 127, 1229-1241. 781 

110. An, Y., Xue, G., Shaobo, Y., Mingxi, D., Zhou, X., Yu, W., Ishibashi, T., Zhang, L., and Yan, Y. (2017). 782 
Apical constriction is driven by a pulsatile apical myosin network in delaminating Drosophila 783 
neuroblasts. Development 144, 2153-2164. 784 

111. Teng, X., Qin, L., Le Borgne, R., and Toyama, Y. (2017). Remodeling of adhesion and modulation 785 
of mechanical tensile forces during apoptosis in Drosophila epithelium. Development 144, 95-786 
105. 787 

112. Lubkov, V., and Bar-Sagi, D. (2014). E-cadherin-mediated cell coupling is required for apoptotic 788 
cell extrusion. Curr Biol 24, 868-874. 789 

113. Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., Zanconato, F., Le 790 
Digabel, J., Forcato, M., Bicciato, S., et al. (2011). Role of YAP/TAZ in mechanotransduction. 791 
Nature 474, 179-183. 792 

114. Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N., Dupont, S., and 793 
Piccolo, S. (2013). A mechanical checkpoint controls multicellular growth through YAP/TAZ 794 
regulation by actin-processing factors. Cell 154, 1047-1059. 795 

115. Zhao, B., Wei, X., Li, W., Udan, R.S., Yang, Q., Kim, J., Xie, J., Ikenoue, T., Yu, J., Li, L., et al. (2007). 796 
Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and 797 
tissue growth control. Genes Dev 21, 2747-2761. 798 

116. Streichan, S.J., Hoerner, C.R., Schneidt, T., Holzer, D., and Hufnagel, L. (2014). Spatial constraints 799 
control cell proliferation in tissues. Proc Natl Acad Sci U S A 111, 5586-5591. 800 



23 
 

117. Gudipaty, S.A., Lindblom, J., Loftus, P.D., Redd, M.J., Edes, K., Davey, C.F., Krishnegowda, V., and 801 
Rosenblatt, J. (2017). Mechanical stretch triggers rapid epithelial cell division through Piezo1. 802 
Nature 543, 118-121. 803 

118. Uroz, M., Wistorf, S., Serra-Picamal, X., Conte, V., Sales-Pardo, M., Roca-Cusachs, P., Guimera, 804 
R., and Trepat, X. (2018). Regulation of cell cycle progression by cell-cell and cell-matrix forces. 805 
Nat Cell Biol 20, 646-654. 806 

119. Helmlinger, G., Netti, P.A., Lichtenbeld, H.C., Melder, R.J., and Jain, R.K. (1997). Solid stress 807 
inhibits the growth of multicellular tumor spheroids. Nat Biotechnol 15, 778-783. 808 

120. Delarue, M., Montel, F., Vignjevic, D., Prost, J., Joanny, J.F., and Cappello, G. (2014). Compressive 809 
stress inhibits proliferation in tumor spheroids through a volume limitation. Biophys J 107, 1821-810 
1828. 811 

121. Mesa, K.R., Kawaguchi, K., Cockburn, K., Gonzalez, D., Boucher, J., Xin, T., Klein, A.M., and Greco, 812 
V. (2018). Homeostatic Epidermal Stem Cell Self-Renewal Is Driven by Local Differentiation. Cell 813 
Stem Cell 23, 677-686 e674. 814 

122. Aoki, K., Kondo, Y., Naoki, H., Hiratsuka, T., Itoh, R.E., and Matsuda, M. (2017). Propagating 815 
Wave of ERK Activation Orients Collective Cell Migration. Dev Cell 43, 305-317 e305. 816 

123. Aoki, K., Kumagai, Y., Sakurai, A., Komatsu, N., Fujita, Y., Shionyu, C., and Matsuda, M. (2013). 817 
Stochastic ERK activation induced by noise and cell-to-cell propagation regulates cell density-818 
dependent proliferation. Mol Cell 52, 529-540. 819 

 820 

 821 

Figure legends 822 

Figure 1: Influence of the shape of winner and loser cell interfaces on contact-823 

dependent communication and diffusion pattern.  824 

A: Influence of the level of winner-loser cells mixing on contact dependent death induction. Left: 825 

high cell sorting (minimal mixing) and minimisation of the surface of contact. Centre: release of 826 

tension at the winner-loser cell interfaces allows cell mixing by cell intercalations. Some loser cells 827 

(marked with *) increase the number of contacts with winner cells. Right: further cell intercalation 828 

events lead to complete isolation of some loser cells that become fully surrounded by winners 829 

and undergo apoptosis. The inset shows a process of cell intercalation, consisting in cells 830 

neighbour exchanges through junction remodelling.  B: Influence of the shape of winner and loser 831 

cell interfaces on diffusion pattern.  In the initial conditions (left), the tissue is composed of a 832 

winner cell population (purple) secreting a death factor that diffuses freely from cell to cell, and of 833 

a loser cell population (green) initially devoid of the death factor.  Three boundary topologies 834 

between loser and winner cells were simulated: a square-like winner clone (top), a band-like 835 

winner clone (middle) and a cross-like winner clone (bottom). After diffusion of the killing factor 836 
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(middle panels), the extracellular concentration profile (shown in pseudocolour) of the factor 837 

surrounding loser cells varies according to the shape of the winner/loser interface. The right 838 

panels show the  expected  localisation of loser cell deaths (red cells). The patterns of the killing 839 

factor diffusion were obtained by simulating a pulse of 5 arbitrary units (a.u.) of the killing factor 840 

emanating from the cells of the winner clone, and diffusing passively from cell to cell without any 841 

further production or degradation. The diffusion of the killing factor was only governed by the 842 

difference in concentration of the factor between a cell and its neighbours. Thus, the variation for 843 

cell i of the concentration [F] of the killing factor was given by the equation: 844 

  845 

𝜕[𝐹]𝑖

𝜕𝑡
= [𝐹]𝑖 + [ ∑ ([𝐹]𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟 − [𝐹]𝑖)

𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑢𝑟 𝑐𝑒𝑙𝑙𝑠

] 846 

Simulations were run for 15000  time steps.  847 

Figure 2: Different modes of mechanical cell competition based on differential 848 

sensitivity to mechanical stress 849 

A: Elimination of loser cells (green, red cells are apoptotic cells) by a clone of fast growing cells 850 

resistant for apoptosis (purple). The high growth rate of the purple cells generate compressive 851 

forces (orange arrows). The middle graph shows the profile of pressure along the clone (black 852 

doted lines are at clone boundaries). The right graph shows the hypothetical probability of cell 853 

elimination for a given pressure for loser cells (green) and winner cells (purple). Grey dotted line 854 

is the pressure value at clone boundaries. B: Competition for space driven by different 855 

homeostatic pressures (Box 1). Purple cells (winner) and green cells (losers) are growing in a 856 

chamber with fix boundaries on the outside (black lines) and a sliding boundary at the interface 857 

(grey). When pressure (P) is equal to the homeostatic pressure of loser (P h. loser), losers stop 858 

expanding while winners still expands (since P< P h. winner). Pressure is therefore increasing, which 859 

starts to induce shrinkage of the loser population (middle panel). Eventually loser cells are 860 

completely eliminated and winner cells expand until reaching their homeostatic pressure. 861 

Figure 3: Cell compaction driven by boundary constraints 862 

A: Compaction and elimination of the loser cells (green) is driven by the collective migration and 863 

the convergent movements of the winner cells (purple). B: Increase of line tension at the boundary 864 

between loser and winner cells. The consequences will depend on the size of the clone (which 865 

sets the pressure applied to the green cells according to Laplace law, Box1). The high pressure 866 
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will drive cell death and cell elimination in small clones (top right), the formation of folds and cysts 867 

in intermediate clones (middle) and the sorting of the two population for large clones (bottom). 868 

Figure 4: Compensatory growth and biased cell expansion 869 

A: Compensatory growth driven by the secretion of mitogenic factors (orange dots) by the dying 870 

cells. Purple: winner cells, green, loser cells. B: Compensatory growth driven by the stretching of 871 

the neighbouring cells (red arrows=tension) which promotes cell proliferation. Purple: winner cells, 872 

green, loser cells.  C: Mechanism of biased area compensation (adapted from [83]). The fast 873 

growth of winner cells (purple) induces the stretching of neighbouring loser cells (green) along 874 

the clone boundaries (left). Upon loser cell death (red cells), the junction remodellings (orange: 875 

shrinking junction, blue: new junctions) will increase the number of junctions in neighbouring 876 

winner cells relative to loser cells (+: net gain of junction, -: net loss of junction, =: no change of 877 

junction number), which will lead to a net relative increase of area. This could bias compensatory 878 

proliferation for winner cells.  879 

 880 
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Box 1: Definition of terms describing epithelial mechanics 

 

Cell intercalation (T1 transition): Topological rearrangement of epithelial cells during which 

cells exchange neigbours through cell-cell junctions shrinkage and elongation. 

Compaction: A negative strain (relative reduction of area and/or volume irrespective of the 

mechanical cause) 

Compression: Opposite of tension. Magnitude of a force pointing inside to the object 

experiencing the force. 

Deformation (also called « Strain »): Relative change in size of an object in response to 

stress. 

Homeostatic pressure: Pressure is a force applied per unit of area to the surface of an object 

orthogonally with respect to its boundaries (unit: Pascal). The homeostatic pressure is the 

pressure at which cell proliferation is perfectly compensated by cell death, hence leading to 

constant population size.  

Laplace law (or Young-Laplace equation): Describes the relationship between the pressure 

differences between two phases, line tension and the curvature of the interface. For a liquid 

droplet, the expression is as followed:  ∆𝑃 =
2𝛾

𝑅
 , with P: pressure, : line tension, and R: radius 

of the droplet. 

Shear: Deformation in which an object is compressed in one direction and extended in the 

orthogonal direction. 

Stress: Internal force that a tissue is experiencing. When a tissue region (A) experiences a 

force from a neighbouring tissue region (B), the mechanical stress is defined as the ratio of the 

force to the area of contact between regions A and B. A stress is expressed in Newtons per 

square meter (or Pascals). 

Surface tension: The energy required to increase the membrane surface by a unit area. 

Tension: Magnitude of a force pointing outside from the object experiencing the force (i.e., 

pulling on the object). 


