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            Abstract
Regressive changes in epithelial stem cells underlie mammalian skin aging, but the driving mechanisms are not well understood. Here, we report that mouse skin hair follicle stem cell (HFSC) aging is initiated by their intrinsic upregulation of miR-31, a microRNA that can be induced by physical injury or genotoxic stress and is also strongly upregulated in aged human skin epithelium. Using transgenic and conditional knockout mouse models plus a lineage-tracing technique, we show that miR-31 acts as a key driver of HFSC aging by directly targeting Clock, a core circadian clock gene whose deregulation activates a MAPK/ERK cascade to induce HFSC depletion via transepidermal elimination. Notably, blocking this pathway by either conditional miR-31 ablation or clinically approved MAPK/ERK inhibitors provides safe and effective protection against skin aging, enlightening a promising therapeutic avenue for treating skin aging and other genotoxic stress-induced skin conditions such as radiodermatitis.
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                    Fig. 1: miR-31 upregulation is an early event in both HFSC aging and wound response.[image: ]


Fig. 2: miR-31 upregulation in skin epithelium induces HFSC transepidermal differentiation and aging-like phenotypes.[image: ]


Fig. 3: Conditional miR-31 ablation inhibits stress-induced HFSC transepidermal differentiation and premature aging.[image: ]


Fig. 4: Conditional miR-31 ablation suppresses physiological skin aging.[image: ]


Fig. 5: miR-31 promotes HFSC transepidermal differentiation and aging by activating MAPK/ERK.[image: ]


Fig. 6: Pharmaceutical inhibition of MAPK/ERK suppresses IR-induced skin aging.[image: ]


Fig. 7: Clock is a key miR-31 target in regulating ERK activation and HFSC fate.[image: ]
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Extended data

Extended Data Fig. 1 miR-31 upregulation is an early event in both HFSC aging and wound response.
a, Whole-mount IF staining of mouse backskin epithelium isolated by EDTA digestion. VIM: vimentin. Scale bars, 50μm. b, In situ hybridization of young (8 weeks)/old (22 months) backskin sections. Brackets: HF Bulge. Scale bars: 50μm. c, FACS sorting profiles of young (8 weeks)/middle (12 months)/old (22 months) HFSCs (CD34 + CD49fhi, boxed). d, In situ hybridization of young/old backskin sections, samples were collected at 10 days post depilation. Brackets: HF Bulge. Arrow heads: HF matrix. Scale bars: 50μm. e, Oil red staining of same animal Rad/noRad backskin sections at A2. Scale bars: 50 μm. Arrows: SG. f, Left panel: photos of backskin full-thickness wound healing of LIR or Ctrl mice at A1 time. d0-9: days post wounding. Scale bar: 5 mm. Right panel: Quantification of the left healing process. Vertical axis: % of wound healed. P values are for Rad vs noRad, n = 3 biologically independent mice. g, Left panel: white-field images of A1 time backskin exoplant cultures at day 6. Dash lines: borders of migrating keratinocyte sheet (MK sheet). #:originalexoplants. Scale bars: 100μm. Right panel: Quantification of the MK sheet area. Vertical axis: relative % of MK sheet area vs Ctrl-L. n = 6 exoplants separated from 3 mice. h, Left: representative FACS profiles of same animal noRad/Rad skin at A1 time. Box and %: CD49fhiCD34 + HFSCs and its % among CD49f + cells. Right: quantification of relative HFSC % vs noRad. **: p < 0.01, two-tail t-test, n = 4 biologically independent mice. i, Left panel: Skin surface images of same animal noRad/Rad areas at different days (d) after Wax2. Scale bars: 500 μm. Right panel: Quantification of relative hair density in same animal noRad/Rad backskin regions at A2. **: p < 0.01, two-tail t-test, n = 9 samples separated from 3 mice. j, Whole-mount IF staining and HF size quantification of same animal Rad/noRad backskin epithelium at A2. n = 5 HFs. Scale bars: 50 μm. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 2 miR-31 up-regulation is an early event in both HFSC aging and wound response.
a, Schematic of the Sox9-CreER;mTmG mouse line and its usage for lineage tracing of HFSC progenies. Tam: Tamoxifen. b, Fluorescent microscope images of Tam-labeled or unlabeled Sox9-CreER;mTmG mice backskin sections at 2 days post labeling, as indicated in the left diagram. Dashed lines outline basement membrane. Scale bars, 50μm. c, GFP fluorescent skin surface images of same animal Rad/noRad skin of Tam-labeled Sox9-CreER;mTmG mice at day 8 post LIR without waxing. The mice were Tam pulse labeled 2 days before LIR. Scale bar, 2 mm. d, Fluorescent microscope images of labeled Sox9-CreER;mTmG mice backskin sections at day 0 (d0), day 1 (d1) or day 2 (d2) post wax in LIR procedure. Scale bars, 50μm. Arrow heads: GFP + HF progenies in IFE. e, Fluorescent microscope images of Sox9-CreER;mTmG mice backskin sections without Tam-labeled at day 28 post wax in LIR procedure. Scale bars, 50μm. f, miRNA qRT-PCR of cultured MKs or backskin epithelium (Epi) 24 hours after 0mJ/40mJ/60mJ UVB pulse. n = 4 biologically independent samples each. g, In situ hybridization images of backskin sections of WT mice at ages indicated. Scale bars: 50μm. Scr/31 indicate scramble/miR-31 in situ probes used. Brackets: HFSC region (bulge). h, IF staining of Wax (W) or Rub(R) backskin sections at different days (d) post treatment. Staining antibodies were used as indicated. Scale bars, 50μm. i, Fluorescent microscope images of labeled Sox9-CreER;mTmG mice backskin sections at day 0 (d0) or day 8 (d8) post Rub, as illustrated in the top diagram. Scale bars, 50μm. Arrow heads: GFP + HF progenies in IFE. j, IF staining images of age 21 female human eyelid skin section (human) and 7 weeks age mouse backskin section (mouse). Scale bars:100μm. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 3 miR-31 up-regulation in skin epithelium induces HFSC transepidermal differentiation and aging-like phenotypes.
a, miR-31 qRT-PCR of young/old/WT/DTG backskin epidermis. n = 3 biologically independent mice each. WT/DTG mice were induced by Dox at P48 and samples collected 2 days later. b, Backskin photographs of WT/DTG littermates at age P48 and P62 without Dox induction. Scale bars: 1 cm. c, IF staining images of the above DTG and WT backskin sections. DAPI is in blue. Scale bars: 50 μm. d, IF staining images of backskin sections of P55 WT/DTG littermates (+Dox since P21). Arrow heads: K10 and LOR signals in HF. Scale bars: 50 μm. CD49f is in Red. DAPI is in blue. e, Left diagram: Schematic of full-thickness wound healing assay procedures in Dox induced WT/DTG mice. The mice were Dox induced at P48 and wounded at P50. Middle: Photographs of the wound healing process. Scale bars: 5 mm. Right: Quantification of the wound healing process in E Figure. Vertical axis: % wound healed. n = 6 biologically independent mice. f, Left panel: white-field images of day 4 exoplant cultures of backskin samples from DTG/WT littermates (+Dox since P48). Dashed lines: borders of MK sheet migration. #: original exoplant. Scale bars: 100 μm. Right panel: Quantification of the MK sheet area. n = 6 exoplants separated from 3 mice. g, IF staining images of full-thickness wound d7 backskin sections of P55 WT/DTG littermates (+Dox since P21). Scale bars: 200 μm. Brackets indicates open wound area. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 4 miR-31 up-regulation in skin epithelium induces HFSC transepidermal differentiation and aging-like phenotypes.
a, IF staining images of backskin sections of no Wax/post Wax 48 hr WT/DTG littermates. Scale bars: 50μm. b, Backskin surface images of Tam-labeled WT/DTG Sox9-CreER;mTmG littermates after Dox induction and Wax. The mice were waxed at P50 ( + Dox and Tam since P48) and photographed at day 3 post waxing. Scale bars: 2 mm. c, IF staining images of backskin sections of post Wax day0 and day 3 WT/DTG littermates. They were waxed at P50 ( + Dox since P48). Scale bars: 50μm. All above error bars represent standard errors. d, Merged white-field/GFP/tdTomato images of day 4 exoplant cultures of backskin samples from the above Fig. 2j mice at P50 before Wax, and quantification (n = 6 exoplants separated from 3 mice) of GFP + % among tdTomato+ cells in the MK sheets. Scale bars: 100 μm. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 5 Conditional miR-31 ablation inhibits stress-induced HFSC transepidermal differentiation and premature aging.
a, Fluorescent images of backskin sections of P50 Tam-labeled Sox9-CreER;mTmG WT/cKO littermates at day 2 post Tam injection. Scale bars: 50μm. GFP is in green, tdTomato is in red. b, IF staining of backskin sections of P50 Tam-labeled Sox9-CreER;mTmG WT littermates at day 2 post Tam injection. Arrow head indicate c-Kit+ melonocytes. Scale bar: 50μm. c, Representative FACS sorting profiles of CD49f+GFP+(G+) and CD49f+GFP- (G-) cells from backskin epithelium of Tam-labeled Sox9-CreER;mTmG WT/cKO littermates at day 2 post Tam injection. d, DNA gel electrophoresis of genomic DNA PCR products of Mir31 surrounding regions. G-/G+: FACS sorted CD49f + GFP + and CD49f + GFP- cells described in B. Left labels: DNA size marker in bp, Right labels: expected PCR band positions and bp size of the indicated alleles. e, Upper panel: schematic of mouse genomic region around Mir31 gene and positions of the PCR primers used above (arrows). No other coding genes are present in vicinity of Mir31. Lower panel: DNA sequencing results of the indicated genomic region in the FACS sorted CD49f + GFP + backskin epithelium cells from Tam-labeled Sox9-CreER;mTmG WT/cKO littermates. f, Backskin photographs of WT/cKO littermates at indicated ages. The mice were Tam injected at P19. Scale bars: 1 cm. g, Backskin photographs of a pair of WT/cKO littermates at their day 0 (d0, P50), day 8 (d8) and day 10 (d10) post Waxing. The mice were Tam injected 2 days before waxing at P48. Scale bars, 1 cm. h, IF staining of the above g mice backskin sections at day 14 post wax. Scale bars: 50μm.


Extended Data Fig. 6 Conditional miR-31 ablation inhibits stress-induced HFSC transepidermal differentiation and premature aging.
a, Representative FACS profiles of CD49fhiCD34 + HFSCs from Rad/noRad skin regions of LIR treated WT/cKO littermates at A2 point. Box and % indicate CD49fhiCD34 + HFSCs and their relative abundance among CD49f + skin epithelia cells respectively. b, IF staining images of the LIR WT/cKO littermates at A2 analysis point. Scale bars: 50μm. Arrow heads: HFSC position. c, Backskin surface images and hair length quantification (n = 20 samples separated from 4 mice) of LIR WT/cKO littermates at days(d) post Wax2. Scale bars: 500μm. d, Quantification of white hair percentage in the above WT Rad and cKO-Rad skin regions at A2 point. n = 4 biologically independent mice. e, Quantification of relative GFP migration area (vs WT-noRad) in Fig. 3j. All above error bars represent standard errors. n = 6 exoplants separated from 3 mice. f, g, Comet analysis of epidermal cells (HF + IFE) from LIR WT/cKO littermates at different time points after 5-Gy LIR irradiation. f: Representative tail moments staining images, scale bar: 200 μm. g: Quantification of the tail moments, n = 30 cells for each. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 7 miR-31 promotes HFSCs transepidermal differentiation and aging by activating MAPK/ERK.
a, Representative FACS sorting profiles of CD49fhiCD34 + HFSCs (box) from P52 WT/DTG littermates (+Dox since P48 and waxed at P50 as indicated in the top diagram). % numbers indicate percentage of the HFSCs among the CD49f + epithelial cells. b, Volcano plot of gene expression changes between backskin HFSCs from WT/DTG littermates based on RNA-seq analysis. Each data point represents a gene. Red points indicate significantly changed genes (Padj < 0.01, Padj values were two-side and multiple comparison adjusted P values calculated by Deseq2). c, Western blots of cultured MK or NHEK cells stably expressing miR-31 or scrambled control miRNA (Scr) as indicated in Fig. 5b. Left labels: primary antibody used. Numbers indicate relative quantification (vs MK Scr for left, vs NHEK Scr for right). Green signals were first normalized to reference protein β-actin (ACT). d, Left: Western-blots of EDTA isolated backskin epithelium from young (8 weeks)/old (22 months) mice. Numbers indicate relative quantification of their above green bands. Right: Quantification of the left pERK bands. n = 3 replicated wells. e, Western blots of ERK/pERK in backskin epithelium of WT/DTG littermates treated with Trametinib (+T) or solvent control (+S). Numbers indicate relative quantification (vs WT + S). f, Western blots of ERK/pERK in Scr or miR-31 overexpressing MK cells treated with Trametinib (+T) or solvent control (+S). Numbers indicate relative quantification (vs Scr+S). g, Representative FACS profiles for backskin epithelium HFSC abundance quantification in Fig. 5g. h, Representative backskin photographs of Dox induced, waxed, and sch772984 (+sch) or solvent control (+S) treated WT/DTG littermates at d15 post waxing. Top diagram: treatment procedures. Scale bars=1 cm. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.

                          Source data
                        


Extended Data Fig. 8 Pharmaceutical inhibition of MAPK/ERK suppresses IR induced premature skin aging.
a, Left diagram: Experimental design for pharmaceutical intervention of LIR phenotypes using sch772984 (+sch) or Solvent control (+S) by Oral Gavage. Right panel: Backskin photographs of WT C57BL/6 mice at A2 analysis point that were LIR treated (LIR) or untreated (Ctrl), and were +sch or +S intervened. Scale bar: 1 cm. b,FACS profiles of HFSC abundance of +S/+ T LIR treated mice at A1 time. c, Comparative Pharmacological kinetics (PK) analysis of plasma drug concentration after one time same dosage Trametinib administration by Oral or Topical method. Horizon axis: hours post administration. n = 3 mice. d, Day 6 backskin exoplant cultures from A1 time backskins of mice in Fig. 6i and MK area quantification (n = 5 exoplants separated from 3 mice). Scale bars: 100 μm. e, SG size quantification in Fig. 6f. n = 5 HFs. f, Photos and quantification (n = 5) of backskin full-thickness wound healing of mice in Fig. 6i at A1 time. Scale bars: 5 mm. P values are for Rad+T vs Rad+S, n = 3 mice. g, FACS profiles and quantification (n = 3 mice) of HFSC abundance in Fig. 6i at A1 time. h, IF images of backskin sections of the Fig. 6j mice after +T or +S administration for 3 times without waxing and radiation. DAPI is in blue. Scale bars: 50μm. For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.


Extended Data Fig. 9 Clock is a key miR-31 target in regulating ERK activation and HFSC fate.
a, FACS sorting profiles of the CD49fhiCD34+ HFSCs (box) from backskin epithelium of P48 DTG and WT mice after 8hrs’ of Dox induction as indicated in the top diagram.b, Volcano plot of gene expression changes in RNA-seq datasets. Left: backskin HFSCs sorted from WT/DTG littermate 8 hours post Dox induction. Right: MK transfected by miR-31 mimic (Mim-31) or scramble mimic (Mim-Scr) (right) 8 hours post the transfection. Each data point represents a gene. Red points indicated significantly changed genes (Padj < 0.01, Padj values were two-side and multiple comparison adjusted P vaules calculated by Deseq2). c, GSEA analysis results of the b datasets as indicated using Targetscan predicted conserved miR-31 targets. Horizon axis: Log2 Fold of gene expression changes. Left side is positive. NES: normalized enrichment score; FDR: false discovery rate-adjusted P value of enrichment. d, Volcano plot of several reported miR-31 target genes expression changes in b RNA-seq datasets. HFSC-8hr: backskin HFSCs sorted from WT/DTG littermate 8 hours post Dox induction. MK-6hr: MK transfected by miR-31 mimic (Mim-31) or scramble mimic (Mim-Scr) (right) 8 hours post the transfection. e, GSEA analysis results using following Gene sets. Clock sig: genes that were enriched for >1.5 fold in Clock+ HFSCs vs Clock- HFSCs)35; KRAS sig: genes that were enriched for >1.5 fold in KrasG12D mutanxt HFSCs v.s. control littermate HFSCs30. Gene expression change datasets used: DTG/WT-4d-dataset: DTG/WT HFSCs in the 4d-dataset described in Fig. 5a; Clock+/Clock–: gene expression changes of Clock+ HFSCs vs Clock- HFSCs35.f, Diagram of predicted miR-31 binding sites on Clock 3’ UTR (upper panel) and its mutated version used for luciferase reporter assays (lower panel). g, Western blots of CLOCK expression in NHEK cells stably overexpressing miR-31 or scramble control (Scr) as indicated. h, Western blots of ERK/pERK and CLOCK in NHEKs stably expressing two different shRNAs against human CLOCK (shCLK1 and shCLK2) or scramble control shRNA (shScr). Numbers indicate relative quantification (vs shScr). i, Upper: Schematic of Teton-GFP transgenic skin graft generation by chamber transplantation. Middle: Photographs of transgenic skin grafts generated before and after Dox. Scale bars: 1 cm. Lower: Fluorescence microscope images of sections of Teton-GFP transgenic skin grafts with or without Dox induction as indicated in top diagram. GFP is in green. DAPI is in blue. Scale bars: 50μm. Dashed line indicates basement membrane. Scale bars, 50μm. j,qRT-PCR analysis of miRNA expressions in NHEK 24 hours after different dosages (0mJ/40mJ/60mJ) of one time UVB treatment. miR-31: miR-31-5p, miR-205: miR-205-5p. Vertical axis: relative expression % vs 0mJ. n = 3 biologically independent samples. k, Western blots of NHEKs after different dosages (0mJ/40mJ/60mJ) of one time UVB treatment. Numbers indicate relative quantification (vs 0mJ).For all relevant figures, data are represented as mean ± SEM. P values were calculated with two tail t-test.
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