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            Abstract
Large cutaneous ulcers are, in severe cases, life threatening1,2. As the global population ages, non-healing ulcers are becoming increasingly common1,2. Treatment currently requires the transplantation of pre-existing epithelial components, such as skin grafts, or therapy using cultured cells2. Here we develop alternative supplies of epidermal coverage for the treatment of these kinds of wounds. We generated expandable epithelial tissues using in vivo reprogramming of wound-resident mesenchymal cells. Transduction of four transcription factors that specify the skin-cell lineage enabled efficient and rapid de novo epithelialization from the surface of cutaneous ulcers in mice. Our findings may provide a new therapeutic avenue for treating skin wounds and could be extended to other disease situations in which tissue homeostasis and repair are impaired.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: DGTM factors generate epithelial tissues through in vivo reprogramming.[image: ]


Fig. 2: DGTM factors work collaboratively to generate epithelial tissues.[image: ]


Fig. 3: Generated epithelial tissue enables wound healing.[image: ]


Fig. 4: Histological characterization and functional barrier properties of generated epithelia.[image: ]
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                Data availability

              
              Data from the microarray, RNA-seq and miRNA microarray analyses have been deposited in the Gene Expression Omnibus (GEO) and ArrayExpress under accession numbers GSE85803, GSE106419 and E-MTAB-5055, respectively. All other relevant data that support the findings of this study are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Selection of factors for reprogramming of human mesenchymal cells into iSEPs.
a, Gene-expression analyses from DNA microarrays of human primary keratinocytes and primary hDFs. Pink or red indicates higher expression levels, green indicates lower expression levels. b, MicroRNA microarray analyses from three pairs of primary human keratinocytes and primary hDFs obtained from different tissues of a single subject. c, Reversal participation analysis of a candidate gene set (19 genes) for keratinocyte specification. d, Changes in the expression levels of candidate transcription factors after calcium-induced terminal differentiation of keratinocytes. e, Changes in the expression levels of keratinocyte markers after transduction of each candidate gene as assessed by quantitative PCR (qPCR). f, Schematic of the experimental design for the generation of iSEPs from primary hDFs. g, Morphological analysis of primary hDFs and human primary keratinocytes. Arrows indicate keratinocyte colonies on feeder cells. Scale bars, 200 μm. Similar results were observed five times for both cell types. h, Representative bright field images showing the morphology of colonies obtained during the selection of factors for the generation of iSEPs. Combinations of factors were optimized on the basis of colony morphology. Scale bars, 200 μm. i, Representative bright field images (left and middle) showing the morphology of colonies at passage 0 (P0) and passage 3 (P3) obtained after the transduction of 28 factors. The KRT14-RFP vector was transduced with the 28 factors (right). Red scale bars, 500 μm; yellow scale bars, 200 μm. j, RT–PCR analyses of keratinocyte markers. h, i, j, Images are from one experiment. k, Growth curve of primary keratinocytes and 28TF-iSEPs on feeder cells. Data are mean of technical triplicates. l, Representative images showing H&E staining of human skin and 3D organotypic culture of 28TF-iSEPs-hDF. Scale bars, 100 μm. Similar results were observed in two organotypic cultures. m, Transgene-specific PCR analyses of genomic DNA of 28TF-iSEPs. Each plasmid was used for comparative controls. Images are from one experiment. n, Schematic of the experiment for comparative assessment of transduction efficiency and cytotoxicity between concentrated enhanced GFP (eGFP)-expressing retroviruses and lentiviruses. o, Higher eGFP expression could be obtained with lower cytotoxicity with retroviruses than lentiviruses. Consistent findings were observed in three technical replicates for microscopic findings and flow cytometric analyses. Results of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay represent the mean of three technical replicates. Overlaid dot plots indicate the distribution of the data. p, Schematic of the experiment for generation of iSEPs-ADSCs. q, Representative bright field images showing colony morphologies during factor reduction. Scale bars, 200 μm. r, Transgene-specific PCR analyses of genomic DNA. Plasmids were used as controls. Integration of plasmid-derived sequences is described. q, r, Images are from one experiment. s, Representative images showing the morphological analysis and H&E staining of 3D organotypic culture of iSEPs-ADSCs generated by the transduction of DNP63A and GRHL2. White scale bars, 200 μm; black scale bar, 100 μm. Similar results were confirmed in two independent experiments. j, m, r, For gel source data, see Supplementary Fig. 1. o, For gating strategy example, see Supplementary Fig. 2.

                          Source data
                        


Extended Data Fig. 2 Optimization of factors for reprogramming of hADSCs into iSEPs.
a, Bright field images showing the representative morphology of colonies that emerged during generation of iSEPs after transduction of 67 combinations of factors tested in addition to the minimum factors DNP63A and GRHL2. Scale bars, 1,000 μm. b, Representative H&E staining images of 3D organotypic cultures of iSEPs induced with 35 combinations of factors. Scale bars, 100 μm. c, Rhodanile staining of cells generated with selected combinations of factors 14 days after transduction. d, Schematic representation of the experiment for testing the combinations of DG and non-MYC factors. e, Representative bright field images showing cell morphologies of generated iSEPs. Yellow scale bars, 1,000 μm; red scale bars, 500 μm. f, Quantification of iSEPs generated with different combinations of factors on day 22. Values represent the mean of three technical replicates. Overlaid dot plots indicate the distribution of the data. g, Growth curves of iSEPs and human primary keratinocytes. Cells with GRHL1 could not be isolated. Data are average of triplicates. h, H&E staining and immunohistochemical analysis of 3D organotypic cultures. Scale bars, 100 μm. i, Schematic representation of the experiment for testing the combinations of DGM+1 factors. j, Representative bright field images showing cell morphologies of generated iSEPs. Yellow scale bars, 1,000 μm; red scale bars, 500 μm. k, Quantification of iSEPs generated with different combinations of factors on day 19. Values represent mean of three technical replicates. Overlaid dot plots indicate the distribution of the data. l, Growth curves of iSEPs and human primary keratinocytes (hPK1 and hPK4), and the cumulative population doublings of iSEPs on day 60. Data are the mean of triplicates. m, H&E staining and immunohistochemical analysis of 3D organotypic cultures. Scale bars, 100 μm. a, b, h, m, Findings were confirmed in two technical replicates. c, e, j, Findings were confirmed in two independent experiments.

                          Source data
                        


Extended Data Fig. 3 Defining the procedure of in vivo experiments.
a, Lineage tracing using Krt14cre;LSLtdTomato mice. b, H&E staining and immunohistochemical analysis of ear biopsies from Krt14cre;LSLtdTomato mice. c, Exterior and stereoscopic view of Krt14cre;LSLtdTomato mice. d, Appearance and stereoscopic view of Krt14cre;LSLtdTomato mice after resection of skin. White arrows indicate signals from glands such as the thyroid and mammary glands. e, Appearance and stereoscopic view of resected mammary gland. f, Appearance and H&E staining of resected axillary skin and subcutaneous tissues including the mammary gland. g, Stereoscopic and immunohistochemical analysis of resected skin and subcutaneous tissues including the mammary gland. h, Appearance and stereoscopic analysis after chamber attachment. tdTomato signals were not detected inside the chamber when attached at the interscapular area and lateral thoracic area, whereas signals were detected when attached close to the axilla. The procedure was optimized not to include the mammary gland within the wound chamber. i, Schematic representation of the subcutaneous injection of AAVs into the back skin of mice. Eighteen serotypes of AAVs expressing eGFP under the CAG promoter were tested. j, Fluorescence images showing GFP signals of the injected skin and subcutaneous tissue 1 week after the injection of eGFP-expressing AAVs of different serotypes. AAVDJ resulted in the highest levels of GFP fluorescence. Scale bar, 200 μm. k, Schematic representation of the inoculation of AAVs in a skin chamber on the back of a mouse. Tested AAVs included: (1) AAVDJ with or without the addition of surfactant, (2) AAVs previously identified as optimal for skin and wounds (AAV2 and AAV5), and (3) new AAV serotypes (AAV9 and AAV10). Highly concentrated retroviruses were used as a control. l, H&E and fluorescence analyses of ulcers 1 week after the inoculation of eGFP-expressing viruses. AAVDJ without surfactant yielded by far the highest gene transduction efficiency. Scale bar, 200 μm. m, In vivo luminescent images 1 week after the administration of luciferase-expressing AAVs through tail vein injection, interscapular subcutaneous injection or inoculation into a chamber on the back. Systemic directivity of AAVDJ is mainly focused to the liver. B, brain; Ce, caecum; Co, colon; Es + St, oesophagus and stomach; Ey, eye; F, fat; H, heart; K + Ad, kidney and adrenal gland; L, liver; Lu, lung; Ov + U, ovary and uterus; Pa, pancreas; SI, small intestine; Sk, skin; Sp, spleen. Similar findings were obtained in five (b), three (c–g, l) and two (h, j, m) independent experiments.


Extended Data Fig. 4 Generation of epithelial tissue after DGTM-AAV administration in vivo.
a, H&E analysis of epithelial tissue 18 days after DGTM-AAV administration. Both high magnification (left) and low magnification images (right) are shown. Viral titres are indicated on the left (×1010 GC/animal). Black scale bars, 500 μm; red scale bars, 2 mm. Data from 14 out of 25 animals treated with different titres of DGTM-AAV as shown (summarized data is shown in Fig. 1d). b, Lineage tracing using Pdgfracre;R26Rconfetti mice. c, A representative image showing GFP, YFP, RFP fluorescence and Pdgfra staining of the subcutaneous tissue isolated from the back skin of a Pdgfracre;R26Rconfetti mouse. Mesenchymal cells were differentially labelled with GFP, YFP, RFP or not labelled. Similar findings were confirmed in five animals. c, Representative visual, stereoscopic and histological images showing single-cell-derived epithelial cell clusters 14 days after DGTM-AAVs administration. Similar findings were confirmed in two animals (out of three animals treated with the same procedure). d, e, Representative visual, stereoscopic, and histological images showing participation of YFP-labelled and non-labelled epithelial cell clusters to a single epithelial tissue on day 14 (d) and day 18 (e). Similar findings were confirmed in all three animals treated with the same procedure for each day. f, Representative visual and stereoscopic images of three mice (left) showing that multicolour-labelled cell clusters contribute to epithelial tissues covering the ulcer surface inside the chamber. Histological images (right) of one animal showing the participation of GFP, YFP, RFP and unlabelled cells to generated epithelial tissue. Similar findings were confirmed in all three animals. g, For the estimation of cell number in deep fascia at the time of surgery, deep fascia was dissected out just after the attachment of the chamber. h, Stereoscopic images showing a horizontal image of the deep fascia after DAPI staining (left). Imaging analysis for the counting of nucleated cells (right). g, h, All three samples were processed with similar findings. i, Estimated cell numbers in the deep fascia just after the attachment of chamber for three animals. Data represents mean ± s.d. of from ten stereoscopic images. Overlaid dot plots indicate the distribution of the data. c–h, White scale bar, 5 mm; black scale bars, 1 mm; red scale bars, 200 μm; yellow and magenta scale bars, 100 μm. External diameter of the chamber, 12.5 mm.

                          Source data
                        


Extended Data Fig. 5 Reprogramming of mouse mesenchymal cells with different combinations of DGTM-AAVs.
a, Mesenchymal cells were sorted out from mouse adipose-derived stromal cell fractions by PdgfracreER-driven tdTomato signals with the proportion of 63.2 ± 16.0% (n = 12, established from different animals). For gating strategy example, see Supplementary Fig. 2. Scale bar, 200 μm. b, Fluorescence images of the cells 3 days after addition of GFPNLS-AAV with indicated titre in vitro. GFPNLS expression increases with increase of titre. Scale bars, 200 μm. Similar findings were confirmed in two experiments. c, Results of MTT cell-viability assay of the cells 3 days after the addition of GFPNLS-AAV at the indicated titre in vitro. Overlaid dot plots indicate the distribution of the data (n = 6, technical replicates). d, Schematic of the experimental design. e, Time course stereoscopic and fluoroscopic analysis of the emergence of an iSEPs colony. Yellow scale bar, 5 mm; red scale bar, 1 mm; white scale bar, 200 μm. f, Immunocytochemical analysis of the iSEPs colony in e. e, f, Similar findings were confirmed in two sets of eight wells of samples. g, Time course immunocytochemical analysis of iSEPs colony emergence. iSEPs colonies are strongly positive for Krt14 and Pdgfra on initial emergence. With time, Pdgfra signal intensity decreases. Scale bars, 200 μm. Similar findings were confirmed in a set of eight wells of samples. h, Appearance (left) and stereoscopic analysis (right) of transplanted cell sheet. tdTomato signals indicates the area of cell sheet survival. Yellow scale bars, 1.0 cm. i, Findings of H&E and immunohistological analysis of transplanted cell sheet. Arrows indicate the position of magnified findings in j. Orange scale bars, 2 mm. j, H&E and immunohistological analysis of transplanted cell sheet. White scale bars, 100 μm. h, i, j, Similar findings were confirmed in five animals in two sets of experiments. k, Schematic representation of the experimental design at the lower titre of virus. l, DGTM-AAVs transduced wells. Arrows indicates epithelial shaped colonies. The dotted outline is shown magnified on the right. White scale bar, 5 mm; yellow scale bars, 1 mm. m, Immunocytochemical analysis of epithelial shaped colonies. White scale bars, 1 mm. l, m, Similar findings were confirmed in two sets of three wells (six-well plate). n, Time course numbers of epithelial colonies in eight wells (24-well plate) treated with DGTM-AAVs. Similar findings were confirmed in two series of experiments. o, Immunocytochemical analysis of epithelial cells obtained after transduction of different combinations of factors into Pdgfra+ mADSCs. Scale bar, 50 μm. Images are representative of one experiment. p, Proliferation of epithelial cells obtained after transduction of different combinations of factors into Pdgfra+ mADSCs. Data are mean of triplicates. q, Schematic representation of clonogenicity assessment by expansion of single-cell-derived clones. r, Analysis of ulcers 28 days after administration of nine combinations of AAV and no virus control (ten animals for each group, including samples shown in Fig. 1b, e). Green arrows indicate epithelial tissues confirmed by histological analysis. External diameter of chamber, 12.5 mm. Data are summarized in Fig. 2c–e. Findings were confirmed in a set of experiment. s, Epithelial tissue generated with DTM-, DGM-, DGT-, and DM-AAVs in vivo. Arrows indicate generated epithelial tissue. Black and white scale bars, 2 mm; yellow scale bars, 200 μm. Similar findings were confirmed in three (DTM), six (DGM), two (DGT) or one (DM) animals (out of ten animals for each group).
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Extended Data Fig. 6 DGTM-AAVs enable generation of epithelium with the ability to cover ulcers.
a, Appearance (top left) and immunohistochemical analysis (top middle) of ulcers, 28 days after the administration of DGTM-AAV in PdgfracreER;LSLtdTomato mice, analysed for KRT14 and tdTomato expression. Yellow arrows indicate the periphery of the generated epithelium. The white dotted line indicates the approximate position of the histological section. The white dotted outline indicates position of the magnified panels (bottom). The solid white box indicates the position of the magnified panels of epidermis and generated epithelium (right). White scale bars, 3 mm; black scale bar, 100 μm. Similar findings were confirmed in three animals. b, Appearance of the ulcer before (top left) and after (bottom left) biopsy of generated epithelium 28 days after administration of DGTM-AAV in PdgfracreER;LSLtdTomato mice and immunohistochemical analysis (top middle) of biopsied generated epithelium. Intensity of the tdTomato signal in the biopsied sample is higher than in the chamber (see a) because fixation without the chamber allowed the sample to contract. Yellow arrows indicate the position of the biopsy. The white dotted outline indicates the position of the magnified panels (lower middle). The white solid outline indicates the position of the magnified panels of generated epithelium (far right). White scale bars, 3 mm; black scale bar, 100 μm. Similar findings were confirmed in five biopsies. c, Experimental design of flow cytometric analysis of generated epithelium. d, Representative appearance of an ulcer 18 days after the administration of DGTM-AAV in PdgfracreER;LSLtdTomato mice (left) and primary cultured cells on feeder (middle) and no feeder condition (right). Yellow arrows indicate generated epithelium subjected to flow cytometric analysis. White scale bar, 3 mm; yellow scale bars, 200 μm. Similar findings were confirmed in three animals. e, Flow cytometric analysis of three primary cultured cells from the surface of an ulcer 18 days after administration of DGTM-AAV in PdgfracreER;LSLtdTomato mice (day 18 iSEPs). Primary keratinocytes from the back skin of Krt14cre;LSLtdTomato mice (top) and wild-type mice (bottom) were prepared for positive and negative controls, respectively. For gating strategy example, see Supplementary Fig. 2. f, Schematic of stepwise operations performed with representative images. A wound was created and treated with DGTM-AAVs. After the generation of epithelial tissue, the initial skin chamber was removed and replaced with a larger one (twice the area of the small chamber). After the large chamber was removed, early contraction of the generated epithelium was prevented by a rubber ring. White scale bars, 5 mm. g, Chronological changes in surface area of generated epithelia in the large chamber. Coloured lines represent animals treated with DGTM-AAV (n = 10). The black line represents animals without AAV (n = 5). h, Representative images showing the gross appearance of ulcers in large chambers at different time points. White scale bars, 5 mm. Similar findings were confirmed in ten animals for DGTM-AAV+ group and five animals for the no-virus group. i, Appearance (top left), stereoscopic analysis (bottom left), H&E staining (top right) and immunohistochemical analysis (bottom right) of skin and subcutaneous tissue including generated epithelium on day 93. Yellow arrows indicate the periphery of the generated epithelium. Dotted lines in the left panels indicate the approximate position of the histological sections shown on the right. Stereoscopic analysis revealed areas of generated tissues that are not clear by appearance. Dotted outlines indicate position of magnified panels. Scale bars, 5 mm. Similar findings were confirmed in all animals monitored over days 90–110 (n = 10). j, A representative H&E staining of liver tissue 3 months after the administration of DGTM-AAVs for induction of lineage conversion. Scale bar, 1.0 cm. Similar findings were confirmed in five animals. k, Complete blood count analysis after administration of AAV-DGTM (n = 4 for experimental and control groups). l, Blood chemistry analysis after administration of DGTM-AAVs (n = 3 for experimental and control groups). k, l, Data are mean ± s.d.; statistical differences are analysed with a two-sided Student’s t-test. m, Schematic of the skin island in chamber assay performed with representative images (intact skin group). n, Schematic of wounding, epithelialization and the skin island in chamber assay performed with representative images (epithelialized skin group). o, Schematic of skin biopsy, primary culture, cell-sheet transplantation and the skin island in chamber assay performed with representative images (cell sheet group). p, Schematic of chamber attachment and DGTM-AAV administration, chamber detachment, and the skin island in chamber assay performed with representative images (generated epithelium group). q, Appearances of skin island in chamber assay performed for pure cell sheet transplanted areas. Skin, purely composed of a cell sheet disappeared with time within the ulcer. Similar findings were confirmed in two animals. With these findings, we allowed the transplants to contract for another 1–2 weeks before subjecting the cell sheets to the skin island assay in the cell sheet group. r, Chronological changes in surface area of epithelial tissues after skin island creation and chamber attachment. Mean of four groups (left top), mean (thick line) with respective animals (thin line) for intact skin (top middle, n = 8), epithelialized skin (top right, n = 8), cell sheet (bottom left, n = 6), and generated epithelium (bottom right, n = 8) groups. s, Appearances of skin island in animals with maximum and minimum epithelialized areas for each group on day 14 of the skin island in chamber assay. The abilities of generated epithelium to laterally expand within an ulcer were more variable than seen with controls. m–q, s, External diameter of chamber, 14.3 mm. t, H&E staining and immunohistochemical analyses (K10 and K13) of generated tissues by DGTM-AAV at different time points (day 18, n = 18; days 28–30, n = 20; days 90–11, n = 10). Samples collected from the same generated epithelial tissues by partial biopsy (days 28–30) and thorough histological investigation (days 90–110) are indicated with asterisks (bottom two rows of the middle and left columns). In these two animals, K13 expression was confirmed in a biopsied sample at day 28, but after 3 months, K13 expression had been extinguished. Results are summarized in Fig. 4b. u, H&E staining and immunohistochemical analysis of mouse fetal skin at different gestational ages. Mouse fetal skin was transiently positive for K13. Similar findings were confirmed in three embryos from two different mothers for each gestational age.
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Extended Data Fig. 7 In vivo reprogramming in a clinically relevant context.
a, Schematic of investigation of influences of DGTM-AAVs administration on the vascularity of the wound bed. b, Appearance (top left) and immunohistochemical analysis of microvessel densities (right top and bottom) of an ulcer 7 days after the administration of DGTM-AAVs for CD31. Black and white boxes indicate the position of the magnified panels (lower). Yellow and red dotted lines indicate tissues above and below the deep fascia, respectively. Microvessel density was histologically evaluated for tissues above and below deep fascia. Scale bar, 1 mm. c, d, Analysis of microvessel densities for tissues above (c) and below (d) deep fascia in five animals for each group. Between six and eight sections were analysed for each animal. Mean microvessel densities are presented. Overlaid dot plots indicate the distribution of the data. Differences between groups were analysed with one-way ANOVA with a Tukey’s multiple comparison test. DGTM-AAVs showed no influences on vascularity. e, Schematic of the experimental design for the investigation of the efficiency of in vivo reprogramming during the generation of epithelial tissues in old wounds (7 days after the creation of the ulcer). f, Representative appearances of an ulcer at each time point (on day of ulcer creation (day 0), upon administration of DGTM-AAVs (day 7) and 18 days after administration of DGTM-AAVs (day 25)). Scale bar, 3 mm. g, Appearances of ulcers 18 days after administration of DGTM-AAVs in ten animals (including one shown in f) and histological images of small generated epithelial tissues that are unidentifiable by appearance. Yellow arrows indicate visible generated epithelial tissues. Red arrows indicate the position of generated tissues in magnified panels. Red scale bars, 200 μm. h, Schematic of the experimental design for the investigation of efficiency of GFPNLS-AAV administration with or without collagen gel on ulcer. i, Stereoscopic analysis of the centre of an ulcer and the surface of the liver. Different exposure times were used for imaging of ulcer and liver (fluorescence of the ulcer is far stronger than that of the liver surface). Similar findings were confirmed in four animals for each group. j, qPCR analysis of gross AAV genomic copies in ulcer tissues (left) and AAV genomic copies per mouse diploid genome (right) in animals 3 days after administration of GFPNLS-AAV with or without collagen gel (four animals for each group). The displayed values are the minimum (bottom range), mean (holizontal line), and maximum (top range). Overlaid dot plots indicate the distribution of the data. k, qPCR analysis of AAV genome copies per mouse diploid genome in liver in animals 3 days after administration of GFPNLS-AAV with or without collagen gel (four animals for each group). Three different lobes of liver tissues were analysed for each animal. The displayed values are the minimum (bottom range), mean (holizontal line), and maximum (top range) for each animal. Overlaid dot plots indicate the distribution of the data. j, k, Differences between groups were analysed with two-sided Student’s t-test. l, Schematic of the experimental design for epithelialization of ulcer in large chamber. m, Representative appearances of an ulcer treated by DGTM-AAVs and collagen gel administration (protocol I, n = 2, similar findings in both), an ulcer treated by DGTM-AAVs and collagen gel administration with application of Rock inhibitor (protocol II, n = 2, similar findings in both), an ulcer treated by DGTM-AAVs and collagen gel administration with application of FGF2 (protocol III, n = 3, similar findings in all), and an ulcer treated by DGTM-AAVs and collagen gel administration with application of Rock inhibitor and FGF2 (protocol IV, n = 3, similar findings in all). Yellow arrows indicate the initial emergence of visually identifiable epithelial tissues. External diameter of chamber, 14.3 mm.
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Extended Data Fig. 8 in vivo iSEPs have high clonogenic ability and tumorigenic potential compatible with non-malignant epithelial cells.
a, Schematic representation of clonogenicity assessment by expansion of single-cell-derived clones performed for neonatal primary keratinocytes (NPKs), primary keratinocytes from adult mice and in vivo iSEPs. b, Representative images of large (left), medium (middle), and small (right) single-cell-derived colonies of primary keratinocytes and iSEPs in 96-well plate. Similar findings were obtained from 122 (from three NPKs and five primary keratinocytes) and 169 (five 3M iSEPs and five 6M iSEPs) clones. c, Representative images of plates stained with Rhodanile blue staining. Similar differences between primary keratinocyte and 3M iSEPs were confirmed in five sets of primary keratinocytes and iSEPs isolated from the same animal. d, Occupied areas of single-cell-derived colonies in 12-well plates. iSEPs (n = 10) constantly show higher clonogenic ability than primary keratinocytes (n = 8). The displayed values are the minimum (bottom whisker), 25th percentile (bottom of box), median (line in box), 75th percentile (top of box), and maximum (top whisker). Overlaid dot plots indicate the distribution of the data (n = 12 for NPK1–3 and 6M iSEPs 1–5, n = 15 for PK1, n = 21 for PK2, n = 18 for PK3–4, n = 14 for PK5, n = 18 for 3M iSEPs 1, n = 16 for 3M iSEPs 2, n = 29 for 3M iSEPs 3, n = 24 for 3M iSEPs 4, and n = 22 for 3M iSEPs 5). e, Representative images of soft-agar assay. In vivo iSEPs showed no colony formation in DMEM (DMEM + 10% FBS), KFM and CKFM. Scale bar, 200 μm. Similar findings were confirmed in one HeLa, five primary keratinocytes, five 3M iSEPs, and five 6M iSEPs. f, Number of colonies (>30 μm) in one well (six-well plate) (n = 3, technical replicates). Averages of triplicates are shown. Overlaid dot plots indicate the distribution of the data. g, Bright field and fluorescence images showing the representative morphology of mES cells from C57BL/6-TfN(act-EGFP) mice, fixed HeLa cells, primary keratinocytes from Krt14cre;LSLtdTomato mice, and in vivo iSEPs from PdgfracreER;LSLtdTomato mice after in vivo reprogramming with DGTM-AAV. hMito, human mitochondria. Scale bar, 200 μm. Similar findings were confirmed once for mES and HeLa, five times for primary keratinocytes, and ten times for in vivo iSEPs. h, Schematic representation of the tumorigenic/teratogenic assay by subcutaneous injection of the cells to immunodeficient mice. i, Volume of the nodules 28 days after injection. Top, volume of mES-cell-derived nodules. Asterisks indicate the day on which nodules were collected (*, day 24; **, day 16) owing to animal-welfare concerns about the size or properties of the nodule. j, Appearances of the largest nodules for HeLa, primary keratinocytes, and iSEPs. Similar findings were confirmed in three animals for each. Scale bars, 5 mm. k–n, H&E staining and fluorescence analysis of the largest nodule of 3M iSEPs 1 (k), primary keratinocytes (l), mES cells (m), and HeLa cells (n). For mES cells and HeLa cells teratogenicity and transfacial invasion were confirmed, respectively. Dotted outlines indicate the position of magnified panels (bottom). Similar findings were observed in other samples for each cells (n = 9 for iSEPs, n = 3 for primary keratinocytes, mES, and Hela cells). Red scale bar, 5 mm; blue scale bar, 2 mm; black scale bar, 500 μm; yellow scale bar, 200 μm. o, Schematic representation of biodistribution assessment of iSEPs. luciferase-expressing iSEPs were prepared using retroviral transduction. p, In vivo luminescent images 56 days after the subcutaneous injection of luciferase-expressing iSEPs. q, Luminescent images of dissected organs and tissues. Luciferase expression was confined to site of injection. M, muscle beneath the transplants; Sk + N, nodule and overlaid skin. p, q, Similar findings were confirmed in three animals for each iSEP group.
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Extended Data Fig. 9 Exogenous gene expression and transcriptional profiles of iSEPs.
a, Integration analysis of TP63, GRHL2, TFAP2A and MYC. RNA-seq reads were mapped simultaneously to human and mouse transcriptomes and the sum of the normalized transcript counts for all variants of TP63, GRHL2, TFAP2A, and MYC is shown for Pdgfra+ ADSCs, in vitro iSEPs, 1M in vivo iSEPs, 3M in vivo iSEPs, 6M in vivo iSEPs and primary keratinocytes. Human transcripts are derived from the AAV genome. Data from three Pdgfra+ ADSCs, three in vitro iSEPs, three 1M in vivo iSEPs, five 3M in vivo iSEPs, six 6M in vivo iSEPs and three primary keratinocytes. b, Clustered heat map showing the normalized expression of the top expressed genes across all conditions. c, Clustered keratinocyte marker gene expression represented as a heat map. d, Differentially expressed genes were found between primary keratinocytes and Pdgfra+ ADSCs (red), in vivo iSEPs (blue) and in vitro iSEPs (green). Overlap of genes that are significantly up- (top) or downregulated (bottom) in primary keratinocytes are shown. e, f, Top five Gene Ontology (GO) enrichment terms overrepresented for genes upregulated in primary keratinocytes (e) or genes upregulated in in vivo iSEPs (f). g, h, Top five enriched transcription factors known to bind to promoters of genes upregulated in primary keratinocytes (g) or genes upregulated in in vivo iSEPs (h). e–h, Bar plots show −log(adjusted P value) significance of overrepresentation. Enrichment testing was carried out using HOMER for Gene Ontology enrichment testing (hypergeometric test with Benjamini and Yekutieli general multiple testing correction), and WebGestalt for transcription-factor enrichment testing (hypergeometic test with Benjamini–Hochberg multiple testing correction) on genes upregulated in primary keratinocytes (n = 399), or upregulated in in vivo iSEPs (n = 632). b–h, Data for Pdgfra+ mADSCs, in vitro iSEPs, 6M and 3M in vivo iSEPs were from three experiments. i, Normalized expression values were k-means clustered to reveal the top five patterns of gene expression. Cluster A, Mesench (mesenchymal); cluster B, late; cluster C, sustained; cluster D, early; cluster E, transient. j, Heat map showing relative normalized expression of keratinocyte marker genes. k, Analysis of the enrichment of the top Gene Ontology terms are shown for each cluster of genes. General terms with >100 genes were filtered out to remove overly general terms. l, Top five transcription factors enriched in promoters of clustered genes. k, l, Bar plots show –log(adjusted P value) significance of overrepresentation. Enrichment testing was carried out using HOMER for Gene Ontology enrichment testing (hypergeometric test with Benjamini and Yekutieli general multiple testing correction), and WebGestalt for transcription factor enrichment testing (hypergeometic test with Benjamini–Hochberg multiple testing correction) on genes in clusters A (n = 1,966), B (n = 396), C (n = 2,501), D (n = 400), and E (n = 1,386). i–l, Data are from three Pdgfra+ mADSCs, three 1M in vivo iSEPs, two 3M in vivo iSEPs, three 6M in vivo iSEPs.
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Extended Data Fig. 10 Description of wound healing with in vivo reprogramming.
During physiological wound healing, epidermal defects are repaired from the other epidermis. On the other hand, in vivo reprogramming allows de novo epithelialization and greatly enhances the capacity for the regeneration of cutaneous defects.
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