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            Abstract
Stem cells underlie tissue homeostasis, but their dynamics during ageing—and the relevance of these dynamics to organ ageing—remain unknown. Here we report that the expression of the hemidesmosome component collagen XVII (COL17A1) by epidermal stem cells fluctuates physiologically through genomic/oxidative stress-induced proteolysis, and that the resulting differential expression of COL17A1 in individual stem cells generates a driving force for cell competition. In vivo clonal analysis in mice and in vitro 3D modelling show that clones that express high levels of COL17A1, which divide symmetrically, outcompete and eliminate adjacent stressed clones that express low levels of COL17A1, which divide asymmetrically. Stem cells with higher potential or quality are thus selected for homeostasis, but their eventual loss of COL17A1 limits their competition, thereby causing ageing. The resultant hemidesmosome fragility and stem cell delamination deplete adjacent melanocytes and fibroblasts to promote skin ageing. Conversely, the forced maintenance of COL17A1 rescues skin organ ageing, thereby indicating potential angles for anti-ageing therapeutic intervention.
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                    Fig. 1: Chronological ageing causes epidermal atrophy with hemidesmosomal instability.[image: ]


Fig. 2: Age-associated differential expression of COL17A1 provokes epidermal stem cell competition.[image: ]


Fig. 3: Epidermal homeostasis is maintained by COL17A1-mediated symmetric cell divisions.[image: ]


Fig. 4: Heterotypic lineage maintenance in the skin by COL17A1+ epidermal stem cells.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Chronological ageing induces the instability of hemidesmosome components.
a, Left, schematic of a scale (red) and interscale (yellow) area of mouse tail epidermis. Right, schematic of a magnified view of the scale, which consists of well-stratified keratinocyte layers that contain epidermal melanocytes or melanoblasts (green) in the basal layer and dermal fibroblasts (orange) in the dermis. b, c, Representative HE images (b) and quantification of epidermal thickness (c) of facial skin from young (22–33-year-old, n = 3) and aged (74–80-year-old, n = 4) humans. Human epidermal thickness was significantly decreased by ageing. d, Representative immunofluorescence images of KRT31 in tail scale IFE in young (8 wo) and aged (22 mo) mice. Dashed lines, basement membrane. e, Quantification of the number of KRT31+ spinous layers in tail scale IFE from young (7–8 wo, n = 30 scales) and aged (22 mo, n = 30) wild-type mice. KRT31+ spinous cell layers in the tail scale IFE were decreased by ageing. f, Representative immunofluorescence images of MCM2+ (non-G0) cells in tail scale IFE from 8 wo and 22 mo wild-type mice. Basal cells in young tail skin show a perpendicularly polarized structure against the basement membrane (arrows), whereas basal cells in aged tail skin usually show a flattened structure (arrowheads). Small insets, magnified views of dashed boxes. g, h, Numbers of DAPI+ basal cells (g) and MCM2+ basal cells at the non-G0 state (h) in tail scale IFE from young (7–8 wo, n = 4 in f, n = 5 in g) and aged (22–25 mo, n = 5) wild-type mice. i, j, Representative immunohistochemical images (i) and quantification of COL17A1+ DAB signals (j) in facial skin from young (22–33-year-old, n = 3) and aged (74–80-year-old, n = 3) humans. COL17A1 expression was significantly decreased by ageing. k, l, Representative immunofluorescence images and fluorescent intensities of hemidesmosome and basement membrane components, ITGA6, plectin, ITGB4, COL7A1 and ITGB1 in tail scale areas from young (7–8 wo, n = 50 scales) and aged (22–25 mo, n = 50) mice. m, Representative ultrastructural images of COL17A1 immunogold signals at the basement membrane in young (11 wo) and aged (22 mo) mice. n, Quantification of COL17A1+ immunogold particles on the basement membrane in young (11 wo, n = 5 hemidesmosomes) and aged (22 mo, n = 5) mice. COL17A1+ immunogold signals at the basement membrane were significantly decreased by ageing. o, Representative whole-mount immunofluorescence images of COL17A1/ITGA6, COL17A1/plectin, COL17A1/ITGB4 and COL17A1/ITGB1 expression in tail skin from young (7–8 wo) and aged (22–28 mo) mice. Similar results were obtained in at least two independent experiments. Arrows, intact expression; arrowheads, decreased expression. Heterogeneous destabilization of COL17A1 (arrowheads) was stochastically observed in the aged IFE. Mean ± s.e.m.; two-tailed Mann–Whitney U-test (e, l) or two-tailed t-test (c, g, h, j, n).

                          Source data
                        


Extended Data Fig. 2 COL17A1 is the most unstable hemidesmosome component under genotoxic stress.
a, d, Experimental design of the CHX chase assay. Lysates of NHEKs were collected 0, 1, 3, 6, 12 or 24 h after treatment with or without 10 µM CHX (a) or 0, 7 or 24 h after treatment with 3 µM marimastat (MM) with or without CHX (d). b, Western blot analysis of COL17A1, plectin, ITGA6, ITGB4, ITGB1 and GAPDH in NHEKs after CHX treatment for 0, 1, 3, 6, 12 or 24 h. Only COL17A1 showed protein degradation from 6 h; other hemidesmosome components were more stable. Data are representative of at least two independent experiments. c, Quantification of band intensities of COL17A1 relative to GAPDH (n = 5). e, Western blot analysis of COL17A1 and GAPDH in NHEKs after marimastat treatment with or without CHX. Marimastat partially rescued the CHX-induced decrease in COL17A1 expression. Data are representative of at least three independent experiments. f, Experimental design for western blot analysis of hemidesmosome components in HaCaT keratinocytes. Cells were seeded 24 h before stress treatments. Cell lysates were collected 24 h after UVB or H2O2 treatment and 72 h after ionizing radiation. g, i, k, Western blot analysis of COL17A1, plectin, ITGA6, ITGB4, ITGB1, γ-H2AX and β-actin (ACTB) in HaCaT cells with or without 20 or 40 mJ cm−2 UVB irradiation (g), 20 or 30 Gy ionizing radiation (i), and 250 µM H2O2 (k). h, j, l, Band intensities of hemidesmosome components and ITGB1 relative to ACTB (n = 2). m, Cell lysates of NHEKs were collected 12 h after 0, 40 or 80 mJ cm−2 UVB with or without 3 µM marimastat. Marimastat treatment partially rescued UVB-induced COL17A1 destabilization. n, Western blot analysis of COL17A1 and ITGA6 in NHEKs after transfection with scrambled siRNA (siCont), COL17A1 siRNA (siCOL17A1) or ITGA6 siRNA (siITGA6) for 72 h. Data are representative of at least two independent experiments. o, Band intensities of COL17A1 or ITGA6 relative to tubulin in n (n = 2). COL17A1 knockdown destabilizes ITGA6, whereas ITGA6 knockdown destabilizes COL17A1. Mean ± s.d. (c, h, j, l, o).

                          Source data
                        


Extended Data Fig. 3 The DNA damage response underlies age-associated proteolysis of COL17A1 in vivo.
a, Experimental design. Wild-type mice were exposed to UVB at a dose of 200 mJ cm−2, once daily for 5 consecutive days every week from 7 wo to 11 wo, and skin samples were collected 4 days after the last UVB irradiation. b, Representative immunofluorescence images of COL17A1 in the scale IFE in control and UVB-irradiated mice. UVB irradiation led to a linearized loss of the COL17A1 expression pattern. Data are representative of at least two independent experiments. c, Representative ultrastructural images of epidermal basal cells from control (11 wo, n = 3) and UVB-irradiated (11 wo, n = 3) mice assessed by TEM. Bottom, enlarged views of the dashed boxed areas in top panels; white lines show regions across the hemidesmosome, lamina lucida and lamina densa. d, Intensity histogram (above lines) for hemidesmosomes. UVB irradiation led to the loss of hemidesmosome density. e, Representative ultrastructural images of COL17A1+ immunogold signals at the basement membrane in control (11 wo) and UVB-irradiated (11 wo) mice. f, Numbers of COL17A1+ immunogold particles at the basement membrane in control (11 wo, n = 5 hemidesmosomes) and UVB-irradiated (11 wo, n = 7 hemidesmosomes) mice. COL17A1+ immunogold signals at the basement membrane were significantly decreased by UVB irradiation. g, l, Experimental designs. Seven-week-old wild-type mice were intraperitoneally injected with 100 µl HU (25 mg ml−1) for 4 consecutive days (g) or for 3 consecutive days per week for 3 weeks (l). Samples were collected 2 h (g, l) after the final HU treatment. h, i, Representative immunofluorescence images of COL17A1 and γ-H2AX (h) or p-RPA2/32 (i) 4 days after HU treatment. γ-H2AX foci and p-RPA2/32 foci (arrowheads) were both occasionally found in young tail scale basal cells and were significantly increased by HU treatment. Similar results were obtained in at least two independent experiments. j, Representative immunofluorescence images of COL17A1 and 8-OHdG in young (8 wo) and aged (22 mo) scale IFE. Accumulation of 8-OHdG-retaining basal cells and loss of COL17A1 expression were observed in the aged tail skin. k, 8-OHdG intensity in tail basal scale cells from young (8 wo, n = 3) and aged (22 wo, n = 3) mice. m, Representative immunofluorescence images of COL17A1 three weeks after HU treatment. Reduced COL17A1 expression was observed three weeks after HU treatment. Similar results were obtained in at least two independent experiments. n, Representative immunofluorescence images of COL17A1 and γ-H2AX in aged (30 mo) scale IFE. o, COL17A1 intensity in γ-H2AXhigh (arrowhead in n) and γ-H2AXmean (average level) cells from tail basal scale IFE from aged (22–30 mo, n = 19 scales) mice. γ-H2AXhigh cells contain significantly less COL17A1 than γ-H2AXmean cells. Mean ± s.e.m. (f, k, o); two-tailed Mann–Whitney U-test (o) or two-tailed t-test (f, k).

                          Source data
                        


Extended Data Fig. 4 There is no significant induction of apoptosis or senescence of epidermal stem cells during physiological skin ageing.
a, Representative immunofluorescence images of CASP3 in the tail scale area from 8-wo and 29-mo wild-type mice. CASP3+ cells were found 1 day after 10 Gy irradiation of dorsal skin (positive control). b, Number of CASP3+ cells per basal scale area in positive control, 7–8-wo (n = 4) and 25–29-mo (n = 3) wild-type mice. The number of CASP3+ cells was not significantly increased in epidermal basal cells from young or aged mice. c, Representative immunofluorescence images of p16+ signals in the tail scale area from 7-wo and 29-mo wild-type mice. p16 signals were found in DMBA/TPA-induced mouse papilloma (positive control), but no specific induction of p16 was found in the basal cells of aged mice even at 29 mo. d, Number of p16+ cells per 10 μm in skin from positive control, 7-wo (n = 3) and 25–29-mo (n = 3) wild-type mice. p16+ signals were not significantly increased in epidermal basal cells in aged mice compared to young mice. Mean ± s.e.m.; two-tailed t-test (b, d).

                          Source data
                        


Extended Data Fig. 5 Elimination of Col17a1-deficient cells through differentiation-coupled delamination.
a, Experimental design for analysis of stem and progenitor cell fate after deletion of COL17A1. In brief, 7-wo Col17a1 cKO and control (Epi-Confetti) mice were treated with TAM for 1 day (low dose) to label basal keratinocytes at clonal density. Skin samples were collected at D2, D14, D28 and 24–30 weeks (24–30 w). b, Representative immunofluorescence images of multicolour-labelled scale basal keratinocytes expressing KRT31 at D28 from control and Col17a1 cKO mice. Single-cell (arrowhead) or multi-cell floating clones (open arrowhead) were observed. c, Frequency of floating clones from control (n = 5) and Col17a1 cKO (n = 5) mice in b. Multi-cell floating clones were significantly increased during delamination of Col17a1-deficient cells. d, Representative immunofluorescence images of CASP3 in the tail scale area at 2 and 28 days from TAM-treated control and Col17a1 cKO mice and at 1 day from 10-Gy-irradiated mice (positive control). Dashed lines, basement membrane. e, Number of CASP3+ cells per basal scale area from positive control, control (n = 3) and Col17a1 cKO (n = 3) mice. CASP3+ cells were found 1 day after 10 Gy irradiation of dorsal skin but were not found in Col17a1-deficient cells during differentiation and delamination. f, Representative immunofluorescence images of MCM2 in the tail scale area at 28 days from TAM-treated control and Col17a1 cKO mice. g, Intensity of MCM2+ cells in single-colour clone area from control (n = 3 scales) and Col17a1 cKO (n = 12) mice. MCM2+ cells at the non-G0 state did not show any significant difference in Col17a1-deficient cells in cKO mice during differentiation or delamination. h, i, Areas (h) and numbers (i) of single-colour (red) clones in whole-mount images of tail epidermis at 24–25 w from TAM-treated control (n = 10 images) and Col17a1 cKO (n = 15) mice. j, Representative immunofluorescence images of multicolour-labelled scale basal keratinocytes at 24–25 w from TAM-treated control and Col17a1 cKO mice. Bottom, enlarged views of dashed boxed areas shown in top panels. k, Number of basal clones per scale in control (n = 55 scales) and Col17a1 cKO (n = 72) mice at 24–25 w after TAM administration showing progressive and selective elimination of Col17a1− cells from the skin. l, Experimental design for clonal fate analysis of Col17a1fl/+ basal keratinocyte stem and progenitor cells. In brief, 7-wo Epi-Confetti Col17a1fl/+ and control Col17a1+/+ mice were treated with TAM (low dose) to trace the individual stem and progenitor cell-derived clones. Skin samples were collected at D28. m, Representative immunofluorescence images of COL17A1 in RFP-expressing basal cells from control and Col17a1 fl/+ mice. At D28, the Col17a1+/+ RFP− clones replaced the Col17a1fl/+ RFP+ basal clones and occupied the basal layer. n, Quantification of basal clones in control (n = 5) and Col17a1 fl/+ (n = 4) mice at D28 following TAM administration. At D28, basal clones were significantly decreased in number by Col17a1 heterozygous deficiency. Means ± s.e.m.; two-tailed Mann–Whitney U-test (k) and two-tailed t-test (c, e, g, h, i, n).

                          Source data
                        


Extended Data Fig. 6 COL17A1+ basal cells outcompete COL17A1low basal cells in the 3D self-organizing epidermis model.
a, Experimental design for in vitro cell competition assay. Immortalized human HaCaT keratinocytes with inhibitory shRNA (scrambled (shSCR) or shCOL17A1) and EmGFP were mixed with EmGFP− parental HaCaT keratinocytes at 1:10, 1:3, 1:0 and 0:1 ratios and were then applied to the 3D culture system for 14 days, after which the competitive contribution of EmGFP+ cells in the basal cell layer was analysed. b, g, i, Representative immunofluorescence images of COL17A1, KRT10 and EmGFP and HE images of 3D cultured HaCaT keratinocytes. Three-dimensional cultures with HaCaT or shSCR-expressing cells or shCOL17A1-expressing cells alone (b) and shSCR- or shCOL17A1-expressing EmGFP+ cells co-cultured with HaCaT keratinocytes at a 1:10 ratio (g) or a 1:3 ratio (i) are shown. Dashed lines, boundary of basal layer. In 3D cultures, basal cells express COL17A1 and suprabasal cells express KRT10. Knockdown of COL17A1 efficiently inhibited COL17A1 expression, but did not affect epidermal stratification and structure (b). Arrow, shSCR EmGFP+ cells in the basal layer; arrowhead, delaminated shCOL17A1 EmGFP+ cells from the basal layer. c, e, Representative immunofluorescence images of phospho-histone H3 (PH3) (c) or CASP3 (e) after 3D culturing alone with HaCaT cells or with shSCR or shCOL17A1. d, f, Quantification of PH3+ cells (HaCaT alone, n = 9; shSCR, n = 7; shCOL17A1, n = 9 images) (d) or CASP3+ cells (HaCaT alone, n = 9; shSCR, n = 7; shCOL17A1, n = 9 images) (f) at the basal layer; there were no significant differences in their frequency among these groups. h, j, Number of shRNA-expressing EmGFP+ cells in the basal cell layer after 3D co-culture with shSCR- or shCOL17A1-expressing cells and wild-type HaCaT cells at 1:10 (h, shSCR, n = 10 images; shCOL17A1, n = 14 images) or 1:3 (j, shSCR, n = 10 images; shCOL17A1, n = 8 images) ratios. k, Ratio of shCOL17A1 or shSCR EmGFP+ cells in the basal layer after 3D co-culture with shSCR or shCOL17A1 EmGFP+ and wild-type HaCaT cells at a 1:3 or a 1:10 ratio (1:3, n = 8; 1:10, n = 14 images). COL17A1 KD cells were significantly eliminated from the basal layer, depending on the ratio of surrounding wild-type HaCaT cells. Mean ± s.e.m.; one-way ANOVA with Tukey–Kramer post hoc test (d), Kruskal–Wallis test with Dunn’s post hoc test (f) or two-tailed t-test (h, j, k).

                          Source data
                        


Extended Data Fig. 7 Maintenance of COL17A1 enhances epidermal stem cell potential.
a–d, Colony-forming analysis of tail epidermal keratinocytes from young (7 wo, n = 3) and aged (25 mo, n = 3) mice (a, b) or from wild-type (8 wo, n = 3) and hCOL17A1 tg (8 wo, n = 3) mice (c, d). Colony number and size were significantly decreased by ageing (a, b). Expression of the hCOL17A1 transgene significantly increased the number and size of colonies in primary tail epidermal keratinocytes (c, d). e, Representative immunofluorescence images of DAPI+ nuclei in tail scale IFE from young (7 wo) and aged (22 mo) wild-type mice and from aged (26 mo) hCOL17A1 tg mice. Young and aged hCOL17A1 tg tail basal cells show a rectangular and perpendicularly polarized structure against the basement membrane (arrows), whereas many aged tail basal cells show a flattened structure (arrowheads). Insets, magnified views of dashed boxed areas. Similar results were obtained in at least five independent experiments. f, Representative ultrastructural images of epidermal basal cells from wild-type (22 mo) and hCOL17A1 tg (25 mo) mice assessed by TEM. Bottom, enlarged views of dashed boxed areas. Asterisks, micro-delaminations. g, Numbers of micro-delaminations at the basement membrane in tail scale basal cells from wild-type (22 mo, n = 3) and hCOL17A1 tg (22–30 mo, n = 3) mice. Expression of the hCOL17A1 transgene significantly decreased age-associated micro-delaminations. h, Representative FACS histogram of COL17A1 expression by NHEKs. P4 (COL17A1−/low) and P6 (COL17A1+) fractions were collected by a cell sorter. Data are representative of at least two independent experiments. i, Colony-forming analysis of COL17A1low/− or COL17A1+ NHEKs with or without serial passage. Data are representative of three independent experiments. Mean ± s.e.m.; two-tailed t-test (a–d, g).

                          Source data
                        


Extended Data Fig. 8 Hemidesmosome instability in basal keratinocytes causes epidermal dyspigmentation.
a, Schematic of whole-mount views of scale (orange) and interscale (green) areas in mouse tail epidermis. b, Representative whole-mount images of pigment distribution in the tail epidermis from young (8 wo) and aged (22 mo) mice; bottom, enlarged views of dashed outlines. Similar results were obtained in at least three independent experiments. c, GO analysis between total epidermal cells from young (7–8 wo, n = 3) and aged (22–25 mo, n = 3) mice for ≥twofold-downregulated genes in aged total epidermal cells. The GO terms for melanocyte-related genes (asterisks) were significantly enriched in young epidermal cells. d, Heat map showing the fold change (expressed as a log) between total epidermis from young (7–8 wo, n = 3) and aged (22–25 mo, n = 3) mice for melanocyte-related genes such as Mitf, Tyrp1, Sox10 and Dct. e, Representative immunofluorescence image of KIT+ melanocytes in Dct–H2B–GFP+ tg mice. Dct–H2B–GFP+ was merged with KIT+ in epidermal melanocytes and melanoblasts. Data are representative of at least ten independent experiments. f, Representative tail whole-mount immunofluorescence images of melanocyte distribution and KRT31 expression in skin from 7-wo and 22-mo Dct-H2B-GFP tg mice. Dashed line, margin of scale area. g, Numbers of GFP-marked melanocytes per scale area from young (7 wo, n = 29 scales) and aged (22 mo, n = 24) Dct-H2B-GFP tg mice. Dct–H2B–GFP+ melanocytes were significantly decreased during ageing. h, Representative images of tail skin after deletion of Col17a1 and/or Itga6. We treated 7-wo wild-type (control), Col17a1 cKO, Itga6fl/fl;K14-creERT2 (Itga6 cKO) or Col17a1fl/fl;Itga6fl/fl;K14-creERT2 (Col17a1, Itga6 dcKO) mice with TAM to delete each gene in epidermal basal keratinocytes. Arrows, hyperpigmentation; arrowheads, hypopigmentation. i, Representative immunofluorescence images of COL17A1 and ITGA6 in the tail scale area from cont, Col17a1 cKO, Itga6 cKO and Col17a1, Itga6 dcKO (11 wo) mice. Data are representative of at least three independent experiments. j, Representative combined immunofluorescence and bright field (melaninhigh/low) images of GFP at 16 wo from control and Col17a1 or Itga6 cKO mice. Arrows indicate epidermal melanocytes among tail scale basal keratinocytes. k, Numbers of GFP-marked melanocytes per tail scale area (melaninhigh/low) from control (n = 5), Col17a1 cKO (n = 4) and Itga6 cKO (n = 6) combined with Dct-H2B-GFP tg mice. Melaninhigh scale areas from Col17a1 or Itga6 cKO mice showed no significant difference in the number of GFP-marked melanocytes, whereas melaninlow scale areas from Col17a1 or Itga6 cKO mice showed a significant decrease in the number of GFP-marked melanocytes. l, o, Representative images of tail skin from control and UVB-exposed mice at 7 wo, 11 wo and 15 wo (l) or wild-type mice and hCOL17A1 tg mice at 8 wo, 18 mo and 25 mo (o). Repetitive UVB exposure induced hyper-pigmentation (arrows) in a month at 11 wo followed by appearance of depigmented spots upon the cessation of UVB irradiation (arrowheads) at 15 wo. Expression of the hCOL17A1 transgene rescued the age-associated epidermal dyspigmentation. m, Representative ultrastructural images of scale basal cells from control (11 wo) and Col17a1 cKO (11 wo) mice assessed by TEM. Bottom, enlarged views of dashed boxed areas. White lines, show regions across the hemidesmosome, lamina lucida and lamina densa. n, Intensity histograms (above lines) for hemidesmosomes in m. Similar results were obtained in at least three independent experiments. Images are representative of at least five independent experiments (h, l, o). Mean ± s.e.m.; modified Fisher’s exact test (c), two-tailed Mann–Whitney U-test (g) or one-way ANOVA with Dunnett’s post hoc test (k).

                          Source data
                        


Extended Data Fig. 9 Hemidesmosome-mediated lateral stem cell expansion facilitates skin wound healing.
a, d, q, Experimental designs. Full-thickness wounds were created by skin excision on the tails of young (7–8 wo) and aged (20–24 mo) wild-type mice or of 8-wo wild-type and hCOL17A1 tg mice (a); and of 11-wo wild-type (control), TAM-treated Col17a1 cKO and Itga6 cKO mice (d). Wound repair processes were observed over time. q, Vehicle, apocynin or Y-27632 were repeatedly administered during full-thickness wound healing in wild-type mice (9–11 wo). b, e, g, r, Representative images of tail skin wounds from young (n = 7) and aged wild-type (n = 5) mice (b) or from control (n = 13), Col17a1 cKO (n = 10) and Itga6 cKO (n = 4) mice (e) or from wild-type (n = 8) and hCOL17A1 tg (n = 6) mice (g) or from mice treated with vehicle (n = 9), apocynin (n = 4) or Y-27632 (n = 4) (r) at D0, D14 and D21. Arrowheads, delayed wound repair areas in aged, Col17a1 cKO or Itga6 cKO mice. Arrows, facilitated wound healing areas in hCOL17A1 tg mice or apocynin- or Y-27632-treated mice. c, f, h, s, Unrepaired wound area at D0, D14 and D21. Physiological ageing (c) or Col17a1 or Itga6 deficiency (f) significantly delayed wound repair. Expression of the hCOL17A1 transgene (h), or treatment with apocynin or Y-27632 (s) significantly facilitated wound repair. i, j, Western blot analysis of COL17A1 in HaCaT keratinocytes after treatment with vehicle (control), apocynin (i) or Y-27632 (j). k, l, Band intensity of COL17A1 relative to GADPH after treatment with apocynin (k) or Y-27632 (l). Both chemicals significantly induced COL17A1 expression. Similar results were obtained in at least two independent experiments. m, Colony-forming analysis of NHEKs after treatment with vehicle (control), apocynin or Y-27632. Data are representative of at least two independent experiments. n–p, Colony number (n = 3 wells) was significantly increased by Y-27632 treatment (n), and colony size (n = 3 wells) (diameter >2 mm) (o) or average size (n = 3 wells) of the top five colonies (p) was significantly increased by treatment with Y-27632 or apocynin. Means ± s.e.m.; two-tailed t-test (c, h) or one-way ANOVA with Dunnett’s post hoc test (f, n–p, s).

                          Source data
                        


Extended Data Fig. 10 A schematic model of epidermal stem cell competition for skin homeostasis and ageing.
Top, homeostatic epidermis. COL17A1+ stem cells undergo parallel cell divisions that spread horizontally on the basement membrane and naturally generate the mechanical driving force for cell competition to eliminate COL17A1low/− stressed stem cells in the basal layer because of spatial constraints. Bottom, aged epidermis. Thin, atrophic and fragile skin with basal cells of COL17A1−MCM2− exhausted/quiescent state resulting from repetitive stem cell competition and clonal expansion processes in homeostatic epidermis.
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