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            Abstract
Tissue stem cells are generated from a population of embryonic progenitors through organ-specific morphogenetic events1,2. Although tissue stem cells are central to organ homeostasis and regeneration, it remains unclear how they are induced during development, mainly because of the lack of markers that exclusively label prospective stem cells. Here we combine marker-independent long-term 3D live imaging and single-cell transcriptomics to capture a dynamic lineage progression and transcriptome changes in the entire epithelium of the mouse hair follicle as it develops. We found that the precursors of different epithelial lineages were aligned in a 2D concentric manner in the basal layer of the hair placode. Each concentric ring acquired unique transcriptomes and extended to form longitudinally aligned, 3D cylindrical compartments. Prospective bulge stem cells were derived from the peripheral ring of the placodeÂ basal layer, but not from suprabasal cells (as was previously suggested3). The fate of placode cells is determined by the cell position, rather than by the orientation of cell division.Â We also identified 13Â gene clusters: the ensemble expression dynamics of these clusters drew the entire transcriptional landscape of epithelial lineage diversification, consistent with cell lineage data. Combining these findings with previous work on the development of appendages in insects4,5, we describe the â€˜telescope modelâ€™, a generalized model for the development of ectodermal organs in which 2D concentric zones in the placode telescope out to form 3D longitudinally aligned cylindrical compartments.
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                    Fig. 1: Bulge stem cells are derived from the periphery of theÂ placode basal layer.[image: ]


Fig. 2: Cell fate determination relies on cell position.[image: ]


Fig. 3: Two-dimensional concentric transcriptional landscape characterizes stem cell origin.[image: ]


Fig. 4: Transcriptional landscape that underlies coordinated diversification of epithelial lineages and stem cell induction in the developing hair follicle.[image: ]
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                Data availability

              
              Live imaging data in this study have been deposited in the SSBD repository at https://doi.org/10.24631/ssbd.repos.2020.06.002 and http://ssbd.qbic.riken.jp/set/20200602/. The scRNA-seq data in this study have been deposited in the Gene Expression Omnibus under accession code GSE147372. The mouse genome (mm10) used in this study is available at https://genome.ucsc.edu/. The web-based tool Enrichr is available at https://maayanlab.cloud/Enrichr/. The KEGG PATHWAY database is available at https://www.genome.jp/kegg/. Any other relevant data are available from the corresponding author upon reasonable request.Â Source data are provided with this paper.

            

Code availability

              
              Scripts used for scRNA-seq analysis are available at https://github.com/FujiwaraLab/Morita_et_al_2021 and source code for analysis of the cell division orientation in live imaging data is available at https://github.com/RIKEN-PHB/Morita-Paper-Spindle-Analysis.
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Extended data figures and tables

Extended Data Fig. 1 Origin and early lineage of bulge stem cells cannot be traced by expression of known adult stem cell markers.
aâ€“g, Immunohistochemistry of developing whisker hair follicles (HFs) for known stem cell (SC) markers at E12.0 (a, early hair placode), E12.5 (b, late hair placode), E13.0 (c, hair germ), E14.0 (d), E15.0 (e), E17.0 (f) and post-natal day (P)5 (g). LHX2 was expressed in the basal cells of the placode, while K15 and SOX9 were detected in suprabasal and peripheral basal cells of the placode (a). At the late placode stage (E12.5), SOX9 was strongly expressed in the flat suprabasal cells of the placode (arrows in b) and also in some basal cells located near the placode periphery (arrowheads in b). NFATc1 was undetectable throughout these stages (a, b). Thus, at the onset of HF morphogenesis, the expression patterns of adult SC markers vary and there is no clear region in which all SC markers overlap. From the hair germ stage (E13.0) onward, NFATc1 appeared in whisker HFs, and its expression was always restricted to the upper region of the HF (câ€“g). NFATc1-positive epithelial cells formed a compartment with pseudo-stratified (seeÂ h) and bulge-like morphology (dâ€“g) with gradual loss of the expression of mitotic marker Ki67 during follicle development (aâ€“g), which are typical characteristics of adult bulge HFSCs. SOX9 and LHX2 expression also became restricted to the middle to upper part of the HF after E14.0 (dâ€“g). The expression patterns of SC markers in E17.0 follicles were almost equivalent to those seen in the upper half of P5 mature follicles, in which a large bulge-like epithelial structure was evident (brackets in f, g). Taken together, these results indicate that basal epithelial cells acquire compartmentalized SC marker expression patterns of the mature bulge by E17.0 in whisker HFs. The origin and early lineage of bulge SCs cannot be traced by following the expression of known adult SC markers because of their wide variation in expression patterns of the hair placode, hair germ and bulbous peg stages. Thus, at present, there is no marker that can exclusively label the origin and early lineage of prospective SCs from the placode stage. Scale bars, 100 Î¼m. h, Three-dimensional-reconstructed z-stack images from whisker HFs derived from KRT5-cre;R26R-Lyn-Venus;R26-H2B-mCherry at E14.0. Cell membranes were sparsely labelled by Venus. Arrowheads indicate the pseudo-stratified epithelium. Scale bar, 50 Î¼m. i, Summary of known SC marker expressions in the developing whisker HF. jâ€“n, Immunohistochemistry of developing dorsal HFs for known SC markers at E14.5 (j, hair placode), E15.5 (k, hair germ), E16.5 (l), E17.5 (m) and E19.5 (n). SOX9-positive cells were localized in the suprabasal layer (arrows in j) and in the basal layer near the placode periphery (arrowheads in j) in the dorsal HF placode as observed in the whisker HF placode. Morphogenetic events and marker expression patterns closely resemble those of whisker HFs. Scale bars, 50 Î¼m.


Extended Data Fig. 2 Ex vivo culture system of developing whisker HFs.
a, Strategy to identify the origin and lineage dynamics of HF epithelial cells. b, Photographs of ex vivo cultured whisker pad derived from E11.5 K14-rtTA;TetO-H2B-eGFP;Fucci-G1 mice on day 0 and day 7. Scale bars, 100 Î¼m. c, Immunostaining of whisker HFs derived from E11.5 embryos on day 6 of ex vivo culture. Antibodies detected upper (NFATc1+SOX9+LHX2+) and lower (KRT15+SOX9+LHX2+) stem cell compartments, proliferative cells (Ki67+), sebaceous glands (SCD1+), hair matrix (CDH3+), dermal sheaths (SMA+) and dermal papilla cells (SOX2+). Scale bars, 50 Î¼m. d, Immunostaining of day-6 ex vivo cultured whisker HFs derived from E11.5 embryos for hair cell layer markers shown in the left panel. Ex vivo developing whisker HFs had unique cellular layers characteristic of HFs, except for the medulla, which is formed in mature HFs. HS, hair shaft; IRS, inner root sheath; ORS, outer root sheath. Scale bars, 50 Î¼m.


Extended Data Fig. 3 Identification of the origin and lineage dynamics of HF epithelial cells by long-term live imaging.
a, Schema of epithelial cell subpopulations at the hair germ stage, which we defined for cell tracking. Magenta, IFE basal cells; red, basal cells located in the upper half of the HF; yellow, basal cells located in the lower half of the HF; blue, cells adjacent to the dermal papilla; green, suprabasal cells in the IFE or HF. b, Lineage tree reconstructed from tracking of a hair germ cell and its progeny. The x axis shows the duration of imaging. Lineage is colour-coded based on cell fate, and cell fate was identified based on the cell position in tissue. Scale bars, 50 Î¼m. c, Examples of lineage trees of tracked upper, lower and hair germ cells in Fig. 1a. d, e, HF development is accomplished by enlarging each earlier compartment longitudinally aligned in the follicle epithelium. Data of replicate whisker HFs related to Fig. 1a, b are shown. d, Snapshot images (top panels) and lineage tracking data (bottom panels) of long-term continuous imaging of whisker HF development from the hair germ to bulbous peg stage. Different epithelial lineages were longitudinally aligned as 3D cylindrical compartments in HFs, and prospective bulge SCs were located in the upper part of the HF as shown in Fig. 1a (replicate no. 1, represented in the main figure). Scale bars, 100 Î¼m. e, Cell fates of epithelial cells in the IFE, upper, lower, hair germ and inner regions of the hair germ stage. Cell fates at the bulbous peg stage are shown. f, Bar plot converted from stacked bar plot of Fig. 1b. Statistical analysis was performed by one-way ANOVA followed by Tukeyâ€™s test. gâ€“i, Different epithelial lineages are aligned in a concentric manner in the placode. Replicate whisker HFs related to Fig. 1câ€“e are shown in gâ€“i. g, Snapshot images (top panels) and lineage tracking data (bottom panels) of long-term continuous imaging of whisker HF development from the placode stage to hair germ stage. Origin of prospective bulge SCs (red) was located at the periphery of the hair placode as shown in Fig. 1c (replicate no. 1, represented in the main figure). Scale bars, 50 Î¼m. h, Bee swarm plot showing the distances of cells from the placode centre. Different epithelial lineages were aligned in a concentric manner in the placode. Statistical analysis was performed by two-sided unpaired t-test. i, Fate of basal and suprabasal cells of the hair placode stage. Cell fates at the hair germ stage are shown. j, Summary of the developmental origins and lineage dynamics of HF epithelial cells. The embryonic stage at which imaging started is indicated in each figure. Each value in the graph is the meanÂ Â±Â s.d. from three independent experiments, one HF each. Numbers of analysed cell lineages are summarized in Supplementary Table 1. See also â€˜Statistical analysis and reproducibilityâ€™ in Methods and Source Data.


Extended Data Fig. 4 Measurement of cell division angles in the developing epithelium.
In 3D live imaging data, morphology of the developing epithelium was changing constantly. Accordingly, the basement membrane zone was also bending, but not flat. Therefore, we calculated the cell division orientation relative to the basement membrane zone in the developing epithelium three-dimensionally as shown here. a, We first marked the dividing cells in the placode and surrounding IFE in live imaging data, based on chromosome condensation. Examples of a perpendicular (left panels) and horizontal division (middle panels) relative to the basement membrane zone, which were pseudo-coloured in blue; the mitotic spindle axis is indicated by a cyan line connecting the daughter-cell nuclei. The top panels are a planar view images of the epithelium, and the bottom panels are sagittal view images of the epithelium. The placode region in the epithelium was distinguished by accumulation of Fucci-G1 signals accompanied by condensation and cell cycle arrest of the underlying dermal cells, as shown by the dashed circle in the right panel. Scale bars, 20 Î¼m. b, To extract positional information of the basement membrane zone, we next obtained the surface of the developing epithelium based on expression of K14-H2B-eGFP using the surface rendering function in Imaris. A surface object in Imaris was constructed as a mesh object consisting of triangles and vertex normal vectors. Then, based on the direction of the normal vectors, we cut the surface of the opposite side of the basement membrane zone (outer surface of the epithelium) and substituted the remaining dermis-side surface for the basement membrane zone. c, We calculated the 3D orientation of cell division to the basement membrane zone using xâ€“yâ€“z axis coordinates of the mitotic spindle axis and basement membrane zone. In brief, we first found the closest vertex and its associated normal unit vector on the dermis-side surface by calculating the distance between the centre of a mitotic spindle and each vertex. The cell division angle to the basement membrane zone was then calculated from an inner product of the closest vertex normal unit vector and the unit vector corresponding to a mitotic spindle.


Extended Data Fig. 5 Placode cell fate is determined by cell position but not cell division orientation.
a, b, Bar plots were converted from the stacked bar plot in Fig. 2a, b, respectively. Statistical analysis was performed by one-way ANOVA followed by Tukeyâ€™s test. c, Upper and lower daughter cells after perpendicular division in late placode basal layer are marked by LHX2, while the SOX9+ suprabasal nuclei are not labelled with LHX2. This suggests that upper daughter cells hold transcriptional similarity to the basal layer and remain in the pseudo-stratified basal layer. E14.5 dorsal HFs in embryonic skin tissue (not explants) were immunostained for SOX9 and LHX2. Cell division was identified by chromosome condensation. Dashed box shows magnified region (right panels). BM, basement membrane; DP, dermal papilla; U, upper daughter cell; L, lower daughter cell. Scale bars, 50 Î¼m. d, e, Localization of SOX9+ cells in HF placodes in vivo. E14.5 dorsal HFs (d) and E12.0 whisker HFs (e) in embryonic skin tissues (not explants) were immunostained for SOX9 and CDH3. Hair placodes were detected with CDH3 expression or Fucci-G1 probe fluorescence signals. SOX9 expressions were detected not only in flat suprabasal cells (cyan arrowheads) but also in basal cells (yellow arrowheads) located at the periphery of the hair placode. Scale bars, 50 Î¼m. f, Photographs of ex vivo cultured dorsal skin of E12.5 K14-rtTA;TetO-H2B-eGFP;Fucci-G1 mice on days 0, 2, 3 and 10. Yellow open arrowheads and filled arrowheads indicate first-wave and second-wave hair placodes, respectively. Dashed box shows magnified region (right). Scale bars, 100 Î¼m. g, Immunostaining of dorsal HFs in day-9 ex vivo culture of E12.5 dorsal skin. The following tissue compartments were detected: bulge stem cells (NFATc1+SOX9+NPNT+KRT15+), sebaceous glands (LipidTOX+), hair matrix (CDH3+), dermal sheaths (SMA+), dermal papilla cells (SOX2+) and melanocyte (TRP2+). Scale bars, 50 Î¼m. h, Immunostaining of day-9 ex vivo cultured dorsal HFs derived from E12.5 embryos for hair cell layer markers shown in Extended Data Fig. 2d. Ex vivo developing dorsal HFs had distinct cellular layers characteristic of HFs except for the medulla, which is formed in mature HFs. Scale bars, 50 Î¼m. i, Lineage tracking data of long-term continuous imaging of dorsal HF development from the placode stage to the hair germ stage, which correspond to the bottom panels in Fig. 2c. Origin of prospective bulge SCs (red) was located at the periphery of the hair placode as observed in the whisker HF placode. Scale bars, 50 Î¼m. j, Bee swarm plot of the distances of dorsal hair placode cells from the placode centre. HFs used for measurement were from cultured dorsal HFs of K14-rtTA;TetO-H2B-eGFP;Fucci-G1 and Sox9IRES-eGFP/+;R26-H2B-mCherry â€‰mice. Values were scaled based on the diameter of each placode. Different epithelial lineages were aligned in a concentric manner in the placode. Two-sided nested t-test was used. k, Fate of basal and suprabasal cells in the dorsal HF placode analysed in i. Cell fates at the hair germ stage are shown. Summarized data are shown in the left panel, and the data for corresponding replicate HFs are shown in the right panels. Two-sided Fisherâ€™s exact test was used. l, Stacked bar plots showing the lineage distribution of placode basal cells in the dorsal HF at the hair germ stage. Cells grouped in the black bar in k were examined. Summarized data are shown in the left panel, and the data for corresponding replicate HFs are shown in the right panel. mâ€“o, Replicate HFs related to Fig. 2dâ€“f are shown in mâ€“o. m, Fate of basal and suprabasal cells in pre-placodes of Sox9-IRES-eGFP reporter derived dorsal skin explants. Fate of GFP+ cells at hair placode stage are shown. GFP+ cell lineages were determined at hair germ stage. n, Fate of basal and suprabasal cells in placodes of Sox9-IRES-eGFP reporter-derived dorsal skin explants. Fate of GFP+ cells at the hair germ stage are shown. o, Lineage distribution of GFP+ basal cells at hair germ stage. Cells grouped in the black bar in n were examined. p, Lineage-tracing strategy of Sox9+ cells in ex vivo cultured dorsal skin derived from E12.5 Sox9creERt2/+;R26R-H2B-mCherryfl/+;K14-H2B-eGFP (top panel) and snapshot images of the culture (bottom panels). Yellow spots, one of tracked basal cell lineages; Cyan spots, one of tracked suprabasal cell lineages. 4-OHT, 4-hydroxytamoxifen. Scale bars, 50 Î¼m. q, Fate of basal and suprabasal cells in the dorsal HF placode analysed by lineage-tracing with Sox9-creER. Fates of H2Bâ€“mCherry+ cells at the hair germ stage are shown. Summarized data are shown in the left panel, and the data for corresponding replicate HFs are shown in the right panels. Two-sided Fisherâ€™s exact test was used. r, Lineage distribution of H2Bâ€“mCherry+ basal cells at hair germ stage. Cells grouped in the black bar in q were examined. Summarized data are shown in the left panel, and the data for corresponding replicate HFs are shown in the right panels. Each value in the graph is the meanÂ Â±Â s.d. from three independent experiments, one or two HF each. Numbers of analysed cell lineages are summarized in Supplementary Table 2. See also â€˜Statistical analysis and reproducibilityâ€™ in Methods and Source Data.
Source data


Extended Data Fig. 6 Cell sorting of photo-converted developing whisker HF epithelial cells.
a, Photo-labelling of whisker HF epithelial cells in nKikGR mice at each embryonic stage. Scale bars, 50 Î¼m. b, Single plane of E15.0 whisker HF showing the nKikGR signal intensities before and after the photo-conversion (Supplementary VideoÂ 9). Expression level of nKikGR varies between cells. There are two possible reasons for this: (1) the expression level of nKikGR varies for different cell types, and (2) the different mesenchymal tissue thickness of the explants around the whisker HFs affects the efficiency of detecting the fluorescent signals from the inside of the tissue. Despite this, the variation of nKikGR-green signal levels within the HF before photo-conversion closely correlates with the variation of nKikGR-red signal levels after photo-conversion, suggesting that the nKikGR signal was completely converted from green to red throughout the HF tissues (Supplementary VideoÂ 9). Scale bars, 50 Î¼m. c, Experimental design for scRNA-seq of the developing whisker HF epithelium. d, Immunofluorescence staining of E14.0 whisker HF showed that the basal epithelial layer was marked by ITGA6+CD31âˆ’ and that blood vessels in the mesenchyme were labelled by ITGA6+CD31+ (arrowhead). Box shows magnified region (right). Scale bars, 50 Î¼m. eâ€“g, Isolation of photo-labelled whisker HF epithelial cells (E12.0â€“E17.0, DAPIâˆ’CD31âˆ’ITGA6+KikGR-red+ cells; E11.5, DAPIâˆ’CD31âˆ’ITGA6+ cells) by flow cytometry. hâ€“l, Immunolocalization of ITGA6 in developing whisker HFs. Whisker HFs at E12.0 (h), E13.0 (i), E14.0 (j), E15.0 (k) and E17.0 (l) were stained with an antibody against ITGA6, and sections were counterstained with DAPI. ITGA6 was detected in all basal epithelial cells of developing whisker HFs. Blood vessels in the dermis also were positive for ITGA6. Scale bars, 100 Î¼m.


Extended Data Fig. 7 Spatial and temporal reconstruction of scRNA-seq data of the developing whisker HF epithelium.
a, b, t-SNE plot visualizing scRNA-seq data for 1,614 single cells from developing whisker HFs (E11.5, 94 cells; E12.0, 276 cells; E13.0, 267 cells; E13.5, 181 cells; E14.0, 177 cells; E15.0, 350 cells; and E17.0, 269 cells). Cell populations were categorized by embryonic stage (a) and cell type (b). c, Violin plot showing the expression patterns of known lineage markers in each cluster. Colours refer to t-SNE clusters in b. d, Subclustering of whisker HF epithelial cells identified in aâ€“c. t-SNE plot of 962 epithelial cells is coloured by embryonic stage. e, Low batch effects and high reproducibility of scRNA-seq data; scRNA-seq samples in this study consisted of cells from multiple batches: a plurality of plates and different dates and places of sampling, library preparation and sequencing. To investigate the batch effect caused by this technical handling, transcriptomes were divided into stages and projected onto the t-SNE plot corresponding to d. Grey spots in the t-SNE plot indicate all transcriptomes derived from E11.5â€“E17.0 epithelial cells. Cells derived from each stage were highlighted with different colours according to the batch of experiments. Cells from different batches were mixed stage-by-stage on the t-SNE plot and not clustered by batch. This suggests the low batch effects and high reproducibility of our scRNA-seq analysis. f, t-SNE plot in d is coloured by cluster annotations. g, Percentage cell cluster distribution per individual plate. Each plate derived from the same embryonic stage showed a similar distribution of the clusters. h, Heat map of the heterogeneity within and between clusters. i, Dot plot showing differentially expressed genes in each cluster identified in f. j, Expression of cell-type-specific marker genes projected onto the t-SNE plot in d. k, Expression of the marker genes projected onto the t-SNE plot are shown in the top panels, and the corresponding RNA ISH results are shown in the bottom panels. Grey spots in the t-SNE plot indicate all transcriptomes derived from E11.5â€“E17.0 epithelial cells. Only cells derived from E17.0 are highlighted and coloured according to relative expression levels of the markers. Brackets indicate the intended localization of ISH signals. Scale bars, 100 Î¼m.
Source data


Extended Data Fig. 8 In vivo expression patterns of representative genes in each cell cluster of E13.0â€“E17.0 whisker HFs.
Feature plots of characteristic differentially expressed genes in each cluster identified in Extended Data Fig. 7f are shown in the left panels. Feature plots divided by developmental stages of the whisker HFs (E13.0â€“E17.0) and the corresponding RNA ISH images are shown on the top and bottom right panels, respectively. Grey spots in the t-SNE plot indicate all transcriptomes derived from E11.5â€“E17.0 epithelial cells. Only cells derived from the indicated stage are highlighted and coloured according to relative expression levels of the indicated markers. Arrowheads indicate the intended localization of ISH signals. A cell cluster located at the lower part of the t-SNE plot (clusters 5 and 6) corresponded to the upper part of the HF, such as the infundibulum and junctional zone. A bulge SC marker (Nfatc1) was strongly expressed in cell clusters 7â€“12 located in the centre of the t-SNE plot. These clusters were divided into the upper and lower bulge regions, based on the expression pattern of each region marker (such as Adamts20 and Shisa2). Vdr expression confirmed that clusters 7, 11 and 13 contained cells derived from the stalk region, the lower part of the HF. Shh-positive cells in cluster 14 were in the hair germ in vivo. These data indicated that cells were aligned from the bottom left to the top right on the t-SNE plot, reflecting the tissue architecture of the whisker HF. Scale bars, 100 Î¼m.


Extended Data Fig. 9 Pseudospace analysis of scRNA-seq data derived from E12.0 placode cells.
a, In vivo expression patterns of representative genes in the pseudospace of E12.0 whisker HFs. Expression of the indicated marker genes projected onto the pseudospace are shown in the left panels, and the corresponding whole-mount RNA ISH results are shown in the right panels. Arrowheads indicate the intended localization of ISH signals. Scale bars, 100 Î¼m. bâ€“e, Expressions of indicated genes in an E14.5 primary dorsal HF placode were detected with whole-mount RNAscope fluorescent ISH. A merged image (left) and individual images are shown. Scale bars, 50 Î¼m. fâ€“j, Expression of genes related to signalling pathways in pseudospace of the hair placode. Genes involved in WNT (f), TGF, BMP and activin (g), Hedgehog (h), FGF (i) and Notch signalling (j) were selected from the KEGG database and the expression of the genes is represented in a heat map. Direct target genes of WNT and Î²-catenin signalling, including Axin2 and Tcf4, showed high expression at the placode centre but suppression towards the IFE. However, the expression of Notch, FGF and TGF and BMP target genes, including Heyl, Etv genes and Id3, was more broadly elevated from the placode centre to the periphery. SHH target genes Igf2 and Ccnd2 were highly expressed from the periphery to the IFE regions. Thus, the placode basal epithelium forms gradients of signalling activities from the placode centre to the periphery, and the placode periphery is characterized, in part, as a WNTlowBMPhigh state, the characteristics of adult bulge SCs.


Extended Data Fig. 10 Reconstruction of epithelial lineage diversification and SC induction.
a, Timing of epithelial lineage divergence. Three-dimensional diffusion map showing pseudotemporally ordered whisker HF epithelial basal cells, related to Fig. 4c. Grey spots in the diffusion map indicate all transcriptomes derived from E11.5â€“E17.0 whisker HF epithelial basal cells. Cells derived from each stage are highlighted with different colours according to their embryonic stage. The arrow in the E12.0 diffusion map indicates the branching point of the hair germ lineage (branch 5). The open arrowhead in the E13.5 diffusion map indicates the branching point of infundibulum (branch 1), upper SCs (branch 2), lower SCs (branch 3) and stalk cells (branch 4). b, Cell clusters belonging to each trajectory are highlighted on the diffusion map (top panels) and t-SNE plot (bottom panels). Arrow and open arrowheads represent branching points. c, Expression of each lineage marker gene projected onto the diffusion map. d, RNA velocity field projected onto the t-SNE plot of epithelial cells (arrows represent the average RNA velocity). e, Selected terms of enrichment analysis associated with the gene categories identified in Fig. 4d. Only the gene list of gene clusterÂ 6 raised no valid GO terms (P value < 0.03). f, HFSC signature genes and pSMAD1 targets in gene clustersÂ 6, 9 and 10.
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Video 1 Time-lapse video of whisker HF development from the hair germ to bulbous peg stages with cell tracking data
Single plane time-lapse video of whisker HF development from the hair germ to bulbous peg stages with cell tracking data corresponding to Fig. 1a (replicate No. 1). Epithelial nuclei were visualised by K14-rtTA;TetO-H2B-eGFP and all nuclei were visualised by R26-H2B-mCherry.


Video 2 Another time-lapse video of whisker HF development from the hair placode to bulbous peg stages
Another single plane time-lapse video of whisker HF development from the hair placode to bulbous peg stages, related to Fig. 1a and corresponding to replicate No. 3 in Extended Data Fig. 3d and replicate No. 2 in Extended Data Fig. 3g. Epithelial nuclei were visualised by K14-rtTA;TetO-H2B-eGFP and G0/G1 phase nuclei were visualised by a Fucci-G1 probe (mKO2-hCdt1).


Video 3 Time-lapse video of whisker HF development from the hair placode to hair germ stages
Single plane time-lapse video of whisker HF development from the hair placode to hair germ stages, corresponding to Fig. 1c (replicate No. 1). Epithelial nuclei were visualised by K14-rtTA;TetO-H2B-eGFP and G0/G1 phase nuclei were visualised by Fucci-G1 probe (mKO2-hCdt1).


Video 4 Video 3 with cell tracking data
Supplementary Video 3 with cell tracking data, corresponding to Fig. 1c. Epithelial nuclei were visualised by K14-rtTA;TetO-H2B-eGFP and G0/G1 phase nuclei were visualised by Fucci-G1 probe (mKO2-hCdt1).


Video 5 Time-lapse video showing cell tracking results of suprabasal cells at the placode stage
Time-lapse video containing four representative clips showing cell tracking results of suprabasal cells at the placode stage. Tracked suprabasal cells, equivalent to SOX9+ suprabasal cells, did not contribute to the basal layer or HF formation. Tracked cells are marked by spots.


Video 6 Time-lapse video showing cell tracking results of an upper daughter cell that remained in the basal layer after perpendicular cell division
Time-lapse video containing four representative clips showing cell tracking results of an upper daughter cell that remained in the basal layer after perpendicular cell division. Tracked cells are marked by spots.


Video 7 Time-lapse video of dorsal HF development from the hair placode to hair peg stages
Single plane time-lapse video of dorsal HF development from the hair placode to hair peg stages, related to Extended Data Fig. 5iâ€“l. Epithelial nuclei were visualised by K14-rtTA;TetO-H2B-eGFP.


Video 8 Another time-lapse video of dorsal HF development from the hair placode to hair peg stages
Single plane time-lapse video of dorsal HF development from the hair placode to hair peg stages, corresponding to Fig. 2c. Sox9 expression was visualised by Sox9-IRES-eGFP reporter, and all nuclei were visualised by R26-H2B-mCherry.


Video 9 nKikGR signal intensities in E15.0 whisker HF before and after photo-conversion
Representative 3D video showing nKikGR signal intensities in an E15.0 whisker HF before and after photo-conversion. The photo-conversion occurs throughout the tissue.
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