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            Abstract
Cell competitionâ€”the sensing and elimination of less fit â€˜loserâ€™ cells by neighbouring â€˜winnerâ€™ cellsâ€”was first described in Drosophila. Although cell competition has been proposed as a selection mechanism to optimize tissue and organ development, its evolutionary generality remains unclear. Here, by using live imaging, lineage tracing, single-cell transcriptomics and genetics, we identify two cell competition mechanisms that sequentially shape and maintain the architecture of stratified tissue during skin development in mice. In the single-layered epithelium of the early embryonic epidermis, winner progenitors kill and subsequentlyÂ clear neighbouring loser cells by engulfment. Later, as the tissue begins to stratify, the basal layer instead expels losers through upward flux of differentiating progeny. This cell competition switch is physiologically relevant: when it is perturbed, so too is barrier formation. Our findings show that cell competition is a selective force that optimizes vertebrate tissue function, and illuminate how a tissue dynamically adjusts cell competition strategies to preserve fitness as its architectural complexity increases during morphogenesis.
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                    Fig. 1: Cell competition occurs in the developing mouse epidermis.[image: ]


Fig. 2: Cell competition involves apoptosis and epidermal engulfment of dying cells.[image: ]


Fig. 3: Single-cell RNA sequencing reveals a transcriptional signature for cell competition and suggests that endogenous cell competition is active during epidermal development.[image: ]


Fig. 4: A shift in cell competition-induced loser cell elimination mechanisms concomitant with epidermal stratification and maturation.[image: ]


Fig. 5: Consequences of cell competition for epidermal barrier function and clonal dynamics.[image: ]
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                Data availability

              
              Single cell RNA sequencing data that support the findings of this study have been deposited in the Gene Expression Omnibus under accession number GSE128241. RNA sequencing data shown in Fig. 4b and Extended Data Fig. 1a were extracted from ref. 19 and were previously deposited in GEO with the accession number GSE75931. All other data are in the manuscript, Supplementary Materials and Source Data or are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Mycn is expressed in single-layered embryonic epidermis and its expression is halved in both Mycnfl/+;LV-CreRFP and Mycnfl/+;Meox2Cre mice with no compensatory upregulation of Myc.
a, Mycn and Myc expression in E10.5 epidermis by RNA-seq19. Mycn is expressed at higher levels than Myc. b, Fluorescence activated cell sorting (FACS) strategy to isolate LV-CreRFP-transduced wild-type and Mycn+/â€“ basal keratinocytes from E12.5 embryonic skin. c, d, Quantitative PCR revealed that transcript levels were halved in Mycn+/â€“ cells compared to wild-type at E12.5 using both LV-Cre (nÂ =Â 2) and Meox2Cre (nÂ =Â 4, unpaired two-tailed t-test) samples. No significant compensatory change in levels of Myc mRNA was observed. Embryos of each genotype within a single litter were pooled for cDNA collection. This was repeated to generate two biological replicates per genotype. DataÂ shown asÂ meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 2 Live imaging reveals that loser cell death is preceded by increased contact with wild-type cells and suggests that engulfment mediates clearance of loser cell corpses.
a, Schematic showing planes imaged in time-lapse microscopy experiments. bâ€“d, Extracted images showing frames from Supplementary Videos 2â€“4. Dying GFP+Mycn+/â€“ cells are marked with an arrowhead in the first frame of fluorescence images (top two rows) and by an asterisk in the traced panels (bottom). Wild-type cells are RFP+. e, Images from the suprabasal plane extracted from the first and last time points of Supplementary Video 1, and corresponding to the still images shown in the first and last panels of Fig. 1g. The asterisk marks the position of the dying cell 11Â Î¼m below. No new cells enter the suprabasal plane through the time course of the video, supporting the conclusion that the cell dies and is eliminated within the plane of the epidermis and not extruded to the suprabasal plane. Scale bars,Â 10Â Î¼m.


Extended Data Fig. 3 A genetic model to switch the fate of Mycn+/âˆ’ epidermal cells from losers to winners.
a, R26YFP reporter for Cre activity shows undesired mosaicism in some embryos, which were prescreened and excluded from further analysis. All Meox2Cre embryos in our study were subjected to this analysis. b, TUNEL stain of Mycn+/â€“;R26YFP embryos revealed neither TUNEL labelling in regions of ubiquitous Cre activity (as indicated by YFP expression), nor any marked differences in proliferation as assayed by EdU incorporation (nÂ denotes number ofÂ images analysed from each genotype; control nÂ =Â 4, Meox2Cre nÂ =Â 7; two-tailed unpaired t-test). There also was no discernable effect on postnatal viability or growth (P15 males shown in bottom panels, genotypes as indicated). c, d, Extended fields of view (c) from images shown in Fig. 1m of whole-mount E12.5 back skins stained for DAPI (nuclei, blue), RFP (transduced cells, red) and TUNEL (dying cell corpses, white; arrowheads) for each of the indicated genotypes. An additional representative image and quantification (d) is also shown for a second Mycn shRNA (nÂ denotesÂ number of images quantified from two litters per genotype; Mycn+/âˆ’/Mycn+/âˆ’ nÂ =Â 13, Mycn+/âˆ’/Mycn+/âˆ’;shMycn 2 nÂ =Â 12; two-sided Mannâ€“Whitney test). DataÂ showÂ meanÂ Â±Â s.e.m, scale bar,Â 50Â Î¼m.

                          Source data
                        


Extended Data Fig. 4 Elevated BCL-XL expression in early embryonic epidermis is sufficient to block Mycn-dependent apoptotic cell competition and has no long-term consequence for skin development.
a, Doxycycline-inducible activation of K14rtTA by lentivirally delivered TRE-driven transgenes at E12.5 (embryo transduced with TRE-GFP is shown, representative of results obtained in two independent litters). b, Experimental strategy for elevating BCL-XL expression in the early embryonic epidermis. TRE-Bcl2l1 was transduced at a relatively high titre, whereas CreRFP was transduced at a low titre (nÂ =Â 4 embryos). c, Whole-mount images of E12.5 transduced embryos show that >50% of basal epidermal cells express BCL-XL and surround a small population of cells that express both BCL-XL (green) and CreRFP (red). TUNEL (white, signal inverted in right-most image) was quantified (Fig. 2a) relative to the position of CreRFP-expressing Mycn+/â€“ loser cells that also express BCL-XL. Note that appreciable TUNEL labelling was not observed. Images are representative of data obtained from two litters. d, Proliferation in WT embryos at E12.5 (nÂ =Â 4 per genotype) was lower in BCL-XL+ cells than in controls. At E17.5 there was no difference in proliferation between controls (nÂ =Â 11) and BCL-XL+ cells (nÂ =Â 14; nÂ denotesÂ number of images analysed from embryos from two litters for each genotype; two-sided Mannâ€“Whitney test). e, Induction of BCL-XL expression from E9.5 to E15.5 had no appreciable consequence for epidermal differentiation or thickness at E17.5 (control nÂ =Â 54; BCL-XL+ nÂ =Â 68; n denotesÂ number of thickness measurements taken from images of back skin cryosections from two mice per genotype). Representative images of back skin sections are shown immunolabelled for K14 (green) to mark the basal epidermis, and K10, Loricrin, or Filaggrin (red) to mark the differentiating spinous and granular layers. Dashed lines denote epidermalâ€“dermal border; solid line demarcates the skin surface. Scale bars,Â 50Â Î¼m. Data are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 5 Epidermal cells, and not phagocytic immune cells, mediate clearance of corpses at E12.5.
a, b, CD45+ immune cells do not infiltrate the epidermis at E12.5. Wild-type and Mycnfl/+ embryos were infected with LV-Cre at E9.5 and analysed at E12.5. Whole-mount immunofluorescence and confocal microscopy showed that CD45+ immune cells (mostly macrophages at this time) were confined primarily to the deeper dermis. Immune cells were quantified over image tiles that encompassed a region of 425Â Î¼mÂ Ã—Â 425Â Î¼m (nÂ denotesÂ number of images analysed from two embryos per genotype, wild-type nÂ =Â 5, Mycnfl/+ nÂ =Â 6; one-way ANOVA with Tukeyâ€™s multiple comparisons test). Representative images from quantifications in a are shown in b at subsequent z positions within the tissue as indicated. c, Few uncleared cell corpses in Gulp1 shRNA-treated epidermis are RFP+, suggesting that corpses do not accumulate simply because of the consequences of Gulp1 knockdown on cell viability. Left, quantification of RFP status of TUNEL+ corpses in Gulp1 knockdown epidermis (nÂ =Â 9 images from 4 embryos, two-tailed students t-test). Scale bar,Â 50Â Î¼m in b; 10Â Î¼m in c. Data are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 6 Generation of a cell competition signature and validation of method to classify wild-type epidermal cells via scRNA-seq.
a, Experimental strategy to identify endogenous winners and losers in the epidermis. b, c, FACS-based sorting strategies to isolate winner and loser populations from the epidermis. d, Differential expression comparing transcriptomes of 39 winner (annexinVâ€“) cells with those of 104 loser (66 Mycn+/â€“ and 38 annexinV+) cells uncovers genes that define the cell competition signature (P values generated from Wilcoxan rank sum test). Top, loser genes; bottom, winner genes. e, Putative winners (annexinVâ€“), putative losers (annexinV+), and Mycn+/â€“ losers fall where expected relative to the wild-type distribution based on expression of cell competition signature genes.


Extended Data Fig. 7 scRNA-seq of wild-type epidermal cells at E12.5 and E17.5.
a, Sorting strategy to isolate wild-type epidermal cells. bâ€“f, Principal component analysis (b, via the Jackstraw Method, seeÂ Methods) and t-SNE clustering (c). Analysis was performed to confirm that neither cell cycle differences (d) nor batch effects (e) account for the clustering. f, Further subclustering of E17.5 cells reveals distinct lineage populations: interfollicular epidermis (IFE), hair follicle (HF), and differentiating suprabasal cells (SB). Analysis was performed on 227 cells (111 E17.5 cells and 116 E12.5 cells). Heatmap shows the top 30 enriched genes that define each cluster.


Extended Data Fig. 8 Differentiation mediates the context-dependent exit of Mycn+/âˆ’ loser cells from the basal layer during cell competition in late epidermal development.
a, Fewer Mycn+/â€“ proliferating basal cells than proliferating WT neighbours were observed at E15.5 (nÂ =Â 15 regions measured, two-sided Mannâ€“Whitney test). b, c, Mycn+/â€“ loser cells were found more often than wild-type cells in the FLG+ layer of the epidermis at E17.5 (nÂ >Â 10 clones, two-sided Mannâ€“Whitney test). d, Binned distributions extracted from data shown in Fig. 4c of GFP+K14+ clones (left) and GFP+K10+ clones (right) for each of three genotypes at E17.5: wild-type (top, grey), Mycn+/â€“ (middle, pink), and Mycn+/â€“;shLgn (bottom, teal). e, Tissue-wide loss of one allele of Mycn yields no epidermal differentiation phenotypes or evidence of accelerated differentiation. The thickness of the region labelled with three markers of differentiation in the skin (keratin-10, involucrin, and filaggrin) was measured and no significant difference was found between control and Meox2Cre;Mycnfl/+ embryos (nÂ denotes number ofÂ regions measured from cryosections generated from two different animals per genotype; unpaired two-tailed t-test). R26YFP was used as a marker of Cre expression and is shown in the inset. f, Spindle angle data from rose diagrams in Fig. 4d, plotted as a scatter plot for statistical comparison. Wild-type nÂ =Â 32, Mycn+/â€“ nÂ =Â 25; two-sided Mannâ€“Whitney test. Scale bars,Â 50Â Î¼m. Data are meanÂ Â±Â s.e.m.

                          Source data
                        


Extended Data Fig. 9 Barrier assays and R26Confetti labelling experiments uncover functional consequences of disrupting cell competition during epidermal development.
a, Strategy to block apoptotic cell competition and measure barrier function. b, Asymmetry score compares TEWL values from embryoâ€™s left and right sides (nÂ denotesÂ number of embryos, F-test to compare variance). c, Experimental strategy for confetti lineage tracing. d, Representative whole-mount images of confetti-marked clones from each genotype at E17.5 (left, examples of clones from three litters of embryos analysed for each genotype). Examples of maximum projections and optical sections of individual epidermal layers are shown for each analysed fluorescent protein. SB, suprabasal. Right, quantification in wild-type embryos shows that approximately equal labelling efficiency is obtained at E17.5 with each of the three confetti fluorescent proteins (RFP nÂ =Â 9 clones, YFP nÂ =Â 11 clones, CFP nÂ =Â 12 clones; Kruskalâ€“Wallis test). e, f, Total clone size (e) and suprabasal clone size (f) dynamics for the genotypes indicated. All data are meanÂ Â±Â s.e.m. except for bar graphs, which show binned distributions.

                          Source data
                        


Extended Data Fig. 10 AÂ transition in cell competition mechanisms during skin morphogenesis.
Less fit loser cells are initially cleared from the developing epidermis by apoptosis and subsequent engulfment by epidermal neighbours. As the tissue begins to stratify and differentiate, at E15.5, losers are instead removed from the basal layer of epidermal progenitors via asymmetric cell division and differentiation into the suprabasal layers of the developing skin. Although mechanistically distinct from one another, both phases of cell competition require cellâ€“cell contact between winners and losers to trigger loser cell elimination.
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Video 1 Examples of Mycn+/- cell in contact with WT neighbours undergoing cell death and clearance. Time-lapse imaging of the basal epidermis of an intact E12.5 embryo shows Mycn+/- cells (green, LV-Cre positive) are more likely to die dependent on contact with WT neighbours (red, LV-Cre-negative). Example is representative of death events quantified from 22 videos. Arrowhead in first frame indicates position of cell that will die. Scale bar = 10Âµm.
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Video 2 Example of Mycn+/- cell in contact with WT neighbours undergoing cell death and clearance. Time-lapse imaging of the basal epidermis of an intact E12.5 embryo shows Mycn+/- cells (green, LV-Cre positive) are more likely to die dependent on contact with WT neighbours (red, LV-Cre-negative). Example is representative of death events quantified from 22 videos. Arrowhead in first frame indicates position of cell that will die. Scale bar = 10Âµm.
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Video 3 Example of Mycn+/- cell in contact with WT neighbours undergoing cell death and clearance. Time-lapse imaging of the basal epidermis of an intact E12.5 embryo shows Mycn+/- cells (green, LV-Cre positive) are more likely to die dependent on contact with WT neighbours (red, LV-Cre-negative). Example is representative of death events quantified from 22 videos. Arrowhead in first frame indicates position of cell that will die. Scale bar = 10Âµm.
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Video 4 Example of Mycn+/- cell in contact with WT neighbours undergoing cell death and clearance. Time-lapse imaging of the basal epidermis of an intact E12.5 embryo shows Mycn+/- cells (green, LV-Cre positive) are more likely to die dependent on contact with WT neighbours (red, LV-Cre-negative). Example is representative of death events quantified from 22 videos. Arrowhead in first frame indicates position of cell that will die. Scale bar = 10Âµm.
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