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Tracing the origin of hair follicle stem cells

Ritsuko Morita1, Noriko Sanzen1, Hiroko Sasaki1, Tetsutaro Hayashi2, Mana Umeda2, 
Mika Yoshimura2, Takaki Yamamoto3,4, Tatsuo Shibata4, Takaya Abe5, Hiroshi Kiyonari5, 
Yasuhide Furuta5,6, Itoshi Nikaido2,7,8 & Hironobu Fujiwara1 ✉

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 placode 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. We also identified 13 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 ‘telescope model’, 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.

Most ectodermal appendages, including hair follicles, form from 
the placode6. The hair placode elongates towards the dermis and 
develops into a cylindrical structure with longitudinally aligned 
compartments, one of which is the SOX9+ bulge stem cell compart-
ment7,8. Previous studies have shown that SOX9+ suprabasal cells 
generated by the asymmetric division of basal epithelial cells of the 
placode become bulge stem cells1,3,9, which suggests that stem cells 
are first specified by asymmetric cell division. However, it remains 
unclear how the immature placode cells develop into the mature 
hair follicle structure and how organ-wide lineage diversification, 
including that of stem cells, is orchestrated at the cellular and tran-
scriptional levels.

One major obstacle to studying the developmental origins of epi-
thelial lineages is the lack of specific markers to enable the prospec-
tive identification and tracking of each cell lineage. Although basal 
epithelial cells in the whisker hair follicles of mice acquired the expres-
sion pattern of compartmentalized stem cell markers characteristic 
of mature hair follicles by embryonic day (E)17.0, the origin and early 
induction process of bulge stem cells could not be traced by the known 
adult stem cell markers SOX9, NFATc1, LHX2 or KRT15 because of wide 
spatiotemporal variation in expression of these markers9–13 (Extended 
Data Fig. 1).

 
Stem cells are derived from placode outer ring
To investigate the developmental origin and lineage dynamics of hair 
follicle stem cells without relying on molecular markers, we developed 
a long-term ex vivo culture and imaging system of whisker hair fol-
licles that enables the observation of organ-wide progression of cell 
lineages14 (Extended Data Fig. 2a). Our cultured explants reflect in vivo 
hair follicle morphogenesis and lineage specification well (Extended 
Data Fig. 2b–d). Using embryonic whisker explants from transgenic 
mice expressing enhanced GFP-labelled histone 2B (H2B–eGFP) in 
the epithelium, we continuously imaged and tracked epithelial cells 
from the hair germ stage (E13.0) to the bulbous peg stage (E13.0 + 60 h) 
(Fig. 1a, Extended Data Fig. 3a–c). We colour-coded the reconstructed 
3D cell trajectories according to their positions at the hair germ stage 
(Fig. 1a, Extended Data Fig. 3a, Supplementary Video 1). After 60 h of 
culture, most of the basal cells in the upper region of hair-germ-stage 
hair follicles (shown in red in Fig. 1a) generated basal cells in the upper 
region of bulbous-peg-stage hair follicles (that is, the SOX9+NFATc1+ 
low-proliferative prebulge region) (Extended Data Fig. 1), whereas the 
lower part (shown in yellow in Fig. 1a) contributed mainly to the lower 
region of bulbous-peg-stage hair follicles (Fig. 1a, b, Extended Data 
Fig. 3d–f, Supplementary Videos 1, 2). Cells adjacent to the dermal 
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papilla (shown in blue in Fig. 1a) (hair germ cells or matrix precursors) 
remained at the interface between the epithelium and the dermal 
papilla, or detached from the basement membrane and differentiated. 
Our data indicate that each longitudinally aligned compartment of the 
basal epithelium in the early-to-middle stages of hair follicle morpho-
genesis is induced by enlarging each of the early compartments, rather 
than being sequentially added by the cell supply from the leading hair 
germ (shown in blue in Fig. 1a) or other regions. Thus, prospective bulge 
stem cells are located in the upper region of hair-germ-stage hair fol-
licles and mostly form the prebulge compartment, but do not substan-
tially contribute to other basal compartments during morphogenesis.

To identify the origin and earlier lineage dynamics of hair follicle 
epithelial cells, we obtained live imaging data from the hair placode 
stage using KRT14-rtTA (hereafter K14-rtTA);TetO-H2B-eGFP;Fucci-
G1 mice (Supplementary Videos 2, 3). We performed retrospective 
cell tracking from the hair germ stage to the placode stage, which 
revealed that epithelial cells located adjacent to the dermal papilla 
(shown in blue in Fig. 1c) were originally located at the centre of the 
basal layer of the placode (Fig. 1c, d, Extended Data Fig. 3g, h, Sup-
plementary Video 4). Cells in the lower region (shown in yellow in 
Fig. 1c) were derived from immediately outside the centre region of 
the placode shown in blue in Fig. 1c. Cells in the upper region (shown 
in red in Fig. 1c) (putative prospective bulge stem cells) were derived 
from the peripheral ring of the basal layer of the placode. Suprabasal 
cells located inside of the hair follicles (shown in green in Fig. 1c) were 
derived from both suprabasal and basal cells that abut the dermal 
condensate at the placode stage. Suprabasal cells with a flat nucleus 

at the placode stage (shown in cyan in Fig. 1c, e) (equivalent to SOX9+ 
suprabasal cells in Extended Data Figs. 1a, b, 5e) did not contribute 
to the basal layer or hair follicle formation (Fig. 1c, e, Extended Data 
Fig. 3i, Supplementary Video 5).

Our results demonstrate that (1) the origin of the longitudinally 
aligned cylindrical compartments of the epithelium of the whisker 
hair follicle in three dimensions are mapped as 2D concentric rings 
in the basal layer of the placode, (2) only cells in the basal layer of the 
epithelium contribute to follicle formation, (3) prospective bulge stem 
cells are derived from epithelial basal cells in the placode periphery,  
(4) 3D epithelial cylindrical compartments are formed by enlarging 
each 2D concentric zone in the placode and (5) prospective bulge stem 
cells do not substantially contribute to forming other basal compart-
ments during hair follicle morphogenesis (Extended Data Fig. 3j).

Position governs placode cell fate
It has previously been reported that the hair follicle stem cells of dor-
sal hair follicles are derived from SOX9+WNTlow suprabasal cells that 
are generated by perpendicular and asymmetric cell divisions of pla-
code basal cells3. To assess the relationship between the cell division 
orientation and later cell fate in the early development of whisker 
hair follicles, we measured the orientation of cell division against 
the basement membrane zone three-dimensionally in the basal layer 
of the epithelium across the placode and interfollicular epidermis 
(IFE) in our live imaging data (Extended Data Fig. 4). We categorized 
cells into horizontally and perpendicularly divided cell groups in each 
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Fig. 1 | Bulge stem cells are derived from the periphery of the placode basal 
layer. a, Snapshots of the 3D time-lapse movie (top) and cell tracking data 
(bottom) of a developing whisker hair follicle from the hair germ to bulbous 
peg stages. Cells in the wire frames are colour-coded on the basis of their 
original positions at the hair germ stage. Scale bars, 100 μm. b, Fate of epithelial 
cells of the IFE, upper, lower, hair germ and inner regions of the whisker hair 
follicle at the hair germ stage. Cell fates at the bulbous peg stage are shown.  
c, Snapshot images (top) and lineage tracking data (bottom) of live imaging of 
the development of a whisker hair follicle from the hair placode to hair germ 
stages. SC, stem cell. Scale bars, 50 μm. d, Bee swarm plot showing the 
distances of cells from the placode centre. Different epithelial lineages are 

aligned in a concentric manner in the placode. Values were scaled on the basis 
of the diameter of each placode. Two-sided nested t-test was used. e, Fate of 
basal and suprabasal cells of the hair placode. Cell fates at the hair germ stage 
are shown. Two-sided Fisher’s exact test was used. Black spots, tracked basal 
cells. Cyan spots, tracked suprabasal cells. Scale bar, 50 μm. The embryonic 
stage at which imaging started is indicated in each figure. Each value in the 
graph is mean ± s.d. from three independent experiments (one hair follicle 
each.) Extended Data Figure 3 contains further details and statistical tests.  
The numbers of analysed cell lineages are summarized in Supplementary 
Table 1; see Source Data and ‘Statistical analysis and reproducibility’ in 
Methods for further information on statistics.
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tissue region, and tracked the fates of their daughter cells up to the 
hair germ stage (Fig. 2a, b, Extended Data Fig. 5a, b). Irrespective of 
the angle of cell division, most daughter cells from the basal layer of 
the placode of prospective upper, lower and hair germ regions con-
tributed to basal cells in upper, lower and hair germ regions of the hair 
germ stage, respectively (Fig. 2a). Moreover, both upper and lower 
daughter cells of perpendicular division in the prospective upper 
region contributed significantly (Extended Data Fig. 5b) to forming 
the prospective stem cell region as compared to other regions (shown 
in red in Fig. 2b). Throughout development, upper daughter cells 
produced by perpendicular division often remained in the basal layer 
and acquired a cell fate according to their position (Supplementary 
Video 6). Furthermore, upper daughter cells in the basal layer of the 
placode remained positive for LHX2, whereas SOX9+ suprabasal cells 
were negative for LHX2 (Extended Data Fig. 5c). These observations 
suggest that upper daughter cells retain some—if not all—of the proper-
ties of basal cells immediately after cell division and are distinct from 
SOX9+ suprabasal cells. Together, these results indicate that the fate of 
epithelial cells in the whisker placode is determined by the cell posi-
tion within the placode, regardless of the orientation of cell division.

We next asked whether prospective bulge stem cells were derived 
from Sox9-expressing or SOX9+ suprabasal cells in the placode. We 
first confirmed that there are two distinct SOX9+ cell populations 
in the placodes of whisker and dorsal hair follicles (Extended Data 
Fig. 5d, e). As has previously been reported3,9, suprabasal cells showed 
a high expression of SOX9. However, basal cells at the placode periph-
ery also exhibited moderate expression of SOX9. We established a 

long-term explant ex vivo culture system using embryonic dorsal 
skin that recapitulates the formation of first- and second-wave hair 
follicles in vivo (Extended Data Fig. 5f–h, Supplementary Video 7, 8). 
We performed 4D tracking, which revealed that different lineages of 
hair follicle epithelial cells were mapped as 2D concentric rings in the 
basal layer of the placode—as we observed in whisker hair follicles 
(Extended Data Fig. 5i–l). We subsequently investigated the fate of 
Sox9-expressing cells using live imaging data of dorsal skin explants 
from Sox9-IRES-eGFP;Rosa26 (hereafter R26)-H2B-mCherry mice. 
We detected eGFP signals first in the suprabasal layer of placodes, 
which was followed by expression at the periphery of the basal layer 
of the placode (Fig. 2c, Supplementary Video 8), consistent with the 
expression strength and pattern of SOX9 immunostaining results 
(Extended Data Fig. 5d). Our retrospective tracking of these Sox9- 
and eGFP-expressing cells confirmed that only cells initially located 
in the basal layer of pre-placodes and placodes contributed to the 
basal layer at the hair germ stage. These cells mainly gave rise to the 
upper cells at the hair germ stage (prospective bulge stem cells), 
whereas Sox9- and eGFP-expressing suprabasal cells did not contrib-
ute to the basal layer of the hair germ stage, including the upper cells 
(Fig. 2d–f, Extended Data Fig. 5m–o, Supplementary Video 5). We also 
performed live imaging with skin explants from Sox9-creERt2;R26R-H
2B-mCherry;K14-H2B-eGFP mice. We induced Sox9-creERt2-mediated 
recombination at the hair placode stage, and retrospectively traced 
H2B–mCherry+ cells from the hair germ stage to the placode stage 
(Extended Data Fig. 5p). As we observed in the Sox9-IRES-eGFP mouse 
experiments, H2B–mCherry+ suprabasal cells did not contribute to the 
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Fig. 2 | Cell fate determination relies on cell position. a, Fate of daughter 
cells generated by horizontal or perpendicular cell divisions in each region of 
the whisker hair placode. Cell fates at the hair germ stage are shown. H, 
daughter cells produced by horizontal division (<45° angle); P, daughter cells 
produced by perpendicular division (>45° angle). b, Fate of upper (U) and lower 
(L) daughter cells produced by perpendicular divisions in each region of the 
whisker hair placode. Cell fates at the hair germ stage are shown. c, Strategy for 
live imaging (top) and snapshot images (bottom) of ex-vivo-cultured dorsal 
hair follicles derived from E12.5 Sox9IRES-eGFP/+;R26-H2B-mCherry mice 
(Sox9-IRES-eGFP reporter mice). GFP expression was detected in suprabasal 
cells (cyan arrowheads) and basal cells (yellow arrowheads). Scale bars, 50 μm. 
d, Fate of basal and suprabasal cells in pre-placodes of Sox9-IRES-eGFP- 

reporter-derived dorsal skin explants. Fates of GFP+ cells at hair placode stage 
are shown. GFP+ cell lineages were determined at hair germ stage. Two-sided 
Fisher’s exact test was used. e, Fate of basal and suprabasal cells in placodes of 
Sox9-IRES-eGFP-reporter-derived dorsal skin explants. Fates of GFP+ cells at the 
hair germ stage are shown. Two-sided Fisher’s exact test was used. f, Lineage 
distribution of GFP+ basal cells at hair germ stage. Cells grouped in the black bar 
in e were examined. The embryonic stage at which imaging started is indicated 
in each figure. Each value in the graph is mean ± s.d. from three independent 
experiments (one hair follicle each). Extended Data Figure 5 contains further 
details and statistical tests. The numbers of analysed cell lineages are 
summarized in Supplementary Table 2; see Source Data and ‘Statistical analysis 
and reproducibility’ in Methods for further information on statistics.
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basal layer of the hair germ stage, whereas H2B–mCherry+ basal cells 
gave rise to prospective bulge stem cells (Extended Data Fig. 5q, r).  
Therefore, our findings suggest that the discrepancy in the origin of 
bulge stem cells is due to the presence of two functionally distinct 
subpopulations of SOX9+ cells in the placode.

Accurate time-course single-cell RNA sequencing
We examined how epithelial cells changed their cellular states pro-
gressively to generate diverse epithelial cells, including prospective 
bulge stem cells. Embryonic skin tissues contain various types of hair 
follicle at different developmental stages, which makes the separation 
and transcriptional profiling of hair follicles at specific developmental 
stages difficult. We thus developed a ROSA26 reporter line expressing 
photo-convertible fluorescent protein (nuclear Kikume Green–Red 
(nKikGR))15, which enabled us to photo-label target hair follicles under 
the microscope. Hereafter, all RNA tissue-staining and sequencing data 
were obtained from embryo skin rather than from explants. Entire 
single-whisker hair follicles from E12.0, E13.0, E13.5, E14.0, E15.0 and 
E17.0 embryos were photo-converted (Extended Data Fig. 6a, b, Sup-
plementary Video 9). Photo-converted single cells of the basal epithe-
lium were isolated by fluorescence-activated cell sorting (Extended 
Data Fig. 6c–l), and then subjected to a sensitive and accurate total 
single-cell RNA-sequencing (scRNA-seq) technique known as random 
displacement amplification sequencing (RamDA-seq)16.

Among sequenced libraries, we identified 962 single-cell transcrip-
tomes of epithelial subpopulations (Extended Data Fig. 7a–c) and 
assigned them linked embryonic stages in a t-distributed stochastic 
neighbour embedding (t-SNE) plot (Extended Data Fig. 7d, e). The tran-
scriptomes appeared to be arranged by stage, and shifted their position 
gradually from the top left to the bottom right according to embryonic 
stage. We then identified 16 cell clusters using unbiased clustering 
(Extended Data Fig. 7f, g). We assigned the in vivo spatial locations of 
these clusters using in situ hybridization with their cluster marker genes 
and linked stage information (Extended Data Figs. 7f, h–k, 8). Lmo1 and 

BC100530 (also known as Cstdc5) (which mark clusters 5 and 6), Nfatc1 
and Tgfb2 (which mark clusters 7–12), Smtn and Vdr (which mark clus-
ters 7, 11 and 13), and Shh and Wnt10b (which mark clusters 2, 7 and 14) 
labelled the IFE and infundibulum, upper and lower bulge stem cells, 
stalk cells and hair germ, respectively. This analysis revealed distinct 
compartmentalized expression patterns along the longitudinal axis of 
hair follicles throughout development (Extended Data Fig. 8). When we 
traced E17.0-derived cell populations from the lower to the upper part of 
the t-SNE plot, the in vivo spatial position of each cell population shifted 
gradually from the upper to the lower part of the hair follicle (Extended 
Data Fig. 7k). These data suggest that our scRNA-seq libraries contain a 
variety of cell types in the epithelia of developing whisker hair follicles 
with accurate stage and spatial mapping information, which makes 
these libraries suitable for delineating the spatiotemporal dynamics of 
cellular-state transitions during hair follicle morphogenesis.

Placode concentric transcriptional zones
To examine whether the 2D concentric lineage zones had already 
acquired distinct cellular states, we first reconstructed a pseudospace 
trajectory with E12.0-derived transcriptomes17,18 (Fig. 3a). Using epi-
thelial lineage markers, we confirmed that cells were 2D-aligned 
according to their in vivo locations from the placode centre to the 
IFE (Fig. 3b, c). We used these pseudospace scRNA-seq data to iden-
tify 4,342 genes with significant variations of expression across the 
pseudospace, and sorted them into 20 clusters (Fig. 3d). Many of 
these genes peaked in the placode centre or IFE regions; however, 
substantial numbers of genes—including the stem cell markers Nfatc1 
and Sox9—showed peaks between these regions. In vivo, the spatially 
restricted genes showed ring-like expression patterns of different 
diameters and widths (Fig. 3e, Extended Data Fig. 9a–e), which indi-
cates the presence of concentric zones with gradual gene-expression 
changes from the placode centre to the IFE (Fig. 3f). This observation 
is consistent with previous studies that have shown ring-like gene 
expression around the placode19,20.
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and genes with non-zero relevance values were classified by k-means (k = 20) in 
rows. Selected genes are shown on the right. e, Whole-mount RNA in situ 
hybridization (ISH) of selected genes in d. Arrowheads indicate the intended 
localization of ISH signals. Scale bars, 100 μm. f, Concentric gene-expression 
zone in the placode, summarizing results of whole-mount RNA ISH. 
Pseudospace scRNA-seq analysis reveals a 2D concentric transcriptional 
landscape associated with the fates of placode cells.
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We further examined the expression patterns of genes related to 
particular signalling pathways and found that the basal epithelium 
of the placode forms gradients of signalling pathway activities from 
the placode centre to the periphery. The placode periphery is in part 
characterized by a WNTlowBMPhigh state (the characteristics of adult 
bulge stem cells21) (Extended Data Fig. 9f–j). Consequently, our two 
marker-independent single-cell omics experiments revealed similar 
concentric patterns in the basal placode—the lineage concentric zone 
and the gene-expression concentric zone. Because presumptive bulge 
stem cells were derived from the border between the placode and the 
IFE, the outer ring with stem cell marker expression in Fig. 3e, f is highly 
likely to represent the stem cell origin and its cellular state.

Tissue-wide transcriptional coordination
To analyse how different epithelial populations diversified in devel-
oping hair follicles, we reconstructed developmental trajectories of 
basal epithelial cells with diffusion maps after removing terminally 
differentiated cells from transcriptomes (Fig. 4a–c, Extended Data 
Fig. 10a–c). We obtained five-way paths that led to the infundibulum, 
upper bulge stem cells, lower bulge stem cells, stalk cells and hair germ 

cells. Even if there was a concentric gene-expression pattern in the 
E12.0 placode, E11.5- and E12.0-derived cells would tightly cluster at 
the centre of diffusion maps (owing to the smaller difference in their 
gene expression compared to mature cells). Despite this, the diffusion 
map showed that the hair germ lineage first branched at E12.0 (arrows 
in Fig. 4c, Extended Data Fig. 10a, b), whereas the other lineages diversi-
fied from E13.5 (open arrowheads in Fig. 4c, Extended Data Fig. 10a, b). 
On the basis of information about the reconstructed hair germ lineage 
and the strong and continuous expression of hair germ lineage mark-
ers (Shh and Wnt10b) in this lineage (Extended Data Figs. 7j, 8, 9a–e), 
the hair germ lineage developed from hair placode cells through clus-
ter 2 at E12.0, as a part of cluster 7 at E13.0 and then as cluster 14 from 
E13.5 onward (Extended Data Fig. 10b). Because cells expressing Shh 
and Wnt10b appear at E12.0 and remain in the same cluster after E13.5 
(Extended Data Figs. 7d, f, 8), we suggest that hair germ cells and their 
precursors are specified early in the development of hair follicles. On 
the other hand, we observed strong expression of lineage markers for 
infundibular cells (BC100530), bulge stem cells (Nfatc1) and stalk cells 
(Vdr) from E13.0 (Extended Data Fig. 8). From E13.0 to E17.0, these line-
ages gradually diversified and shifted their location on the t-SNE plot 
(Extended Data Figs. 7d, f, 10b), which suggests that specification and 
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Fig. 4 | Transcriptional landscape that underlies coordinated 
diversification of epithelial lineages and stem cell induction in the 
developing hair follicle. a, Epithelial basal cells of the whisker hair follicle are 
highlighted on the t-SNE plot. Cells are coloured according to cell clusters 
identified in Extended Data Fig. 7f. b, c, Pseudotemporal ordering of epithelial 
basal cells of the whisker hair follicle (n = 862) on the diffusion map with 
Slingshot. Black lines represent the estimated trajectories of five lineages. 
Cells are coloured according to cell clusters (b) and embryonic stage (c). Closed 
arrowheads show the root of trajectories (E11.5). Arrow and open arrowhead 
represent branching points. Branch 1, infundibulum; branch 2, upper stem 
cells; branch 3, lower stem cells; branch 4, stalk cells; branch 5, hair germ.  

DC, diffusion component. d, Multiway heat map of changes of pseudotemporal 
gene expression for each of the five branches. The heat map separately 
describes the gene-expression pattern along each of the developmental 
branches, as presented at the top of each panel. Cells were ordered by 
pseudotemporal values in columns, and genes with non-zero relevance values 
were classified by k-means (k = 13) in rows. Selected genes and gene ontology 
(GO) terms are shown on the right. Gene list of gene cluster (GC) 6 raised no 
valid GO terms (P value < 0.03). ECM, extracellular matrix. e, Summary of the 
transcriptional landscape that underlies epithelial lineage specification during 
hair follicle development. HFSC, hair follicle stem cell.
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maturation of non-hair-germ lineages occurred progressively along 
with hair follicle elongation. The inferred developmental trajectories 
of upper stem cells (clusters 8, 9 and 10), lower stem cells (clusters 8, 
11 and 12) and stalk cells (clusters 11 and 13) were supported by RNA 
velocity analysis (Extended Data Fig. 10d).

To characterize transcriptional dynamics during hair follicle 
development, we detected temporally up- and downregulated 
genes in each lineage progression. We identified 13 gene clusters, 
which established the ensemble dynamics of gene expression in 
whole epithelia of developing hair follicles (Fig. 4d, e). Four gene 
clusters (1, 2, 3 and 7) showed similar changes in gene expression 
across the five cell lineages, which upregulated at distinct times. Gene 
cluster 1 was related to interactions between the cell and extracel-
lular matrix, as well as WNT signalling, whereas gene cluster 7 was 
related to cell proliferation (Fig. 4d, Extended Data Fig. 10e). Con-
versely, gene clusters 5, 6 and 8–13 represent groups of genes that 
are coordinately regulated as the infundibulum, upper and lower 
stem cells, stalk cells and hair germ are induced. Gene clusters 6, 
9 and 10 showed genes that are upregulated in late pseudotime of 
stem cell lineages, and contained many markers and BMP-signalling 
target genes for adult bulge stem cells (including Nfatc1, Sox9 and 
Lhx2)22,23 (Extended Data Fig. 10f). Together with the data from the 
placode stage (Extended Data Fig. 9f–j), our transcriptome analy-
ses suggest that the prospective bulge stem cell lineage acquires a  
WNTlowBMPhigh state at the placode stage and maintains this cellular 
state throughout hair follicle development. The induction of upper 
stem cells was marked by successive waves of gene activation of gene 
clusters 1–7, 9 and 10, indicating gradual induction through dynamic 
transcriptional changes (Fig. 4d). Collectively, our single-cell tran-
scriptional analysis identified dynamic waves of 13 transcriptional 
programmes associated with the diversification of cell lineages 
(Fig. 4e). These reconstructed cell lineages and their spatial organiza-
tion were consistent with those that we obtained in direct cell-lineage 
tracking from live imaging data, which leads us to the conclusion 
that prospective bulge stem cells are derived from the periphery of 
2D concentric zones and develop into the mature, cylindrical stem 
cell compartments.

Discussion
We built a dynamic atlas of developing hair follicles, which revealed a 
telescope-like mode of morphogenesis in which each 2D concentric 
lineage and gene-expression zone in the placode extends to form the 
longitudinally aligned 3D cylindrical compartments. We propose that 
this model, which is common to different types of hair follicle, be known 
as the ‘telescope model’ for coordinated hair follicle morphogenesis 
and stem cell induction. Our proposed model resembles the develop-
ment of the Drosophila appendages4,5, and it might therefore be a gen-
eral developmental model that underlies the formation of cylindrical 
structures from the flat placode and the 3D transformation of positional 
information during ectodermal organ development.

Our findings indicate that the determination of the fate of cells in 
the placode depends on the position of the cells in the tissue. Several 
bulge stem cell markers (including Sox9 and Nfatc1) were upregulated 
at the peripheral zone of the basal layer of the placode in a WNTlow 
BMPhigh state, which suggests the formation of a primitive niche for the 
induction of bulge stem cells. Consistent with this notion, a previous 
study in which Smad1 and Smad5 were deleted in the embryonic epi-
dermis resulted in a reduction of the expression of SOX9 and NFATc1 
and a lack of prebulge formation24. Moreover, small patched activation 
of β-catenin signalling in the early embryonic epidermis has previ-
ously been shown to induce SOX9 expression in the surrounding cells, 
forming a ring-like zone of SOX9 expression3. Thus, WNT or β-catenin 
signal-active basal epithelial cells at the centre of the placode may 
induce a WNTlowBMPhigh state in the juxtaposed region. This cellular and 

extracellular state could serve as a niche for the origin of stem cells, 
probably under the reaction–diffusion system formed by interplay with 
the underlying mesenchymal dermal condensate25,26. This could be a 
mechanism to induce the concentric pattern in the placode along with 
the migration of epithelial and mesenchymal cells towards the centre 
of the pre-placode27,28. Our study provides a foundation for future work 
to investigate the mechanisms that couple skin organogenesis with 
signal and cellular compartmentalization, leading to the emergence 
of stem cells and their niche.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized, and investigators were not blinded 
to allocation during experiments and outcome assessment.

Mice
All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of RIKEN Kobe branch. The care and 
handling of mice complied with the ethical guidelines of the RIKEN 
Kobe branch. Mice were housed in a 12h-light/12h-dark cycle and 
temperatures of 18–23 °C with 40–60% humidity. To visualize epithe-
lial cell nuclei, we generated transgenic mice expressing H2B–eGFP 
under regulation of the enhancer element of the epithelial keratin 
KRT1429,30. H2B–eGFP was subcloned into the BamHI site of the vec-
tor containing the KRT14 promoter. The transgene was injected 
into zygotes, and then zygotes were transferred into the oviducts of 
pseudo-pregnant CD1 female mice. Transgenic mice were screened 
by PCR with forward primer 5′-TGAACCGCATCGAGCTGAAGGG-3′ and 
reverse primer 5′-TCCAGCAGGACCATGTGATCGC-3′ to detect eGFP. 
Two lines (K14-H2B-eGFP no. 67, accession number CDB0544T-1 and 
no. 406, accession number CDB0544T-2 (http://www2.clst.riken.jp/
arg/TG%20mutant%20mice%20list.html)) were selected from founder 
mice. Both lines displayed high expression of H2B–eGFP in skin epi-
thelia. However, the line no. 67 expressed H2B–eGFP in the epithe-
lium ubiquitously, and line no. 406 expressed it sparsely. We used line 
no. 406 for live imaging of whisker hair follicles (HFs) to simplify cell 
tracking and line no. 67 for live imaging of dorsal HFs to visualize epi-
thelial cells. To isolate cells from the specific types of HFs at specific 
stages, R26-CAG-nKikGR mice (accession number CDB0318K) were 
generated from conditional R26R-CAG-nKikGR mice (accession number 
CDB0312K) using a previously described strategy29. The other mice 
used in this study are shown in Supplementary Table 4. All mice were 
bred with albino FVB/NJcl mice (CLEA Japan) or B6(Cg)-Tyrc-2J/J mice 
(The Jackson Laboratories, JAX stock no. 000058) to avoid imaging 
interference from melanin deposition.

Histochemical analysis and immunohistochemistry
For fluorescence immunohistochemistry, tissues were embedded in 
OCT, frozen and cryosectioned (10 μm). The sections were fixed with 4% 
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 5 min at 
4 °C. After the blocking, the sections were incubated with the primary 
antibodies followed by detection using fluorescence-labelled second-
ary antibodies. All fluorescence microscopy images were captured 
using Zen (version 2.3) under LSM880 (Carl Zeiss) or LAS X (version 
3.5.5) under TCS SP8X (Leica) confocal microscopes.

For whole-mount immunostaining, tissues were fixed with 4% PFA 
in PBS for 5–60 min at 4 °C. Fixed tissues were washed with PBT (0.1% 
(v/v) Tween-20 in PBS, pH 7.4) for 30 min three times, stored in PBT at 
4 °C, or dehydrated though a series of solutions of methanol in PBT 
(25%, 50%, 75% and 100% methanol), and then stored at −20 °C. The 
rehydrated tissues were incubated with the primary antibodies and 
then incubated with the fluorescence-labelled secondary antibodies. 
Antibodies used in this study are shown in Supplementary Table 4.

Ex vivo culture of the embryonic whisker pad
Whisker pads were dissected from E11.5–E13.5 mice with needles. The 
tissue explants were embedded in a drop of collagen type I-A (Nitta 
gelatin) on a 35-mm lumox-bottomed plastic dish (Sarstedt) or 35-mm 
glass-bottomed plastic dish (Iwaki) coated with collagen type I-P (Nitta 
gelatin) and then immersed in Dulbecco’s modified Eagle’s medium 
and F-12 nutrient mixture supplemented with 20% fetal bovine serum 
(GIBCO), 1% penicillin–streptomycin (Sigma), 2 mM GlutaMAX-I sup-
plement (GIBCO), and 100 μg ml−1 ascorbic acid (Sigma). The explants 
were cultured at 37 °C in a humidified atmosphere with 5% CO2 for up to 

7 days. The culture medium was changed at 2-day intervals. Time-course 
images were captured using AxioVision (version 3.1.2.1) under Axiovert 
200M (Carl Zeiss).

Ex vivo culture of the embryonic dorsal skin
Dorsal skin was dissected from E12.5 mice with needles. Skin pieces 
were embedded in a drop of collagen type I-A (Nitta gelatin) on a 35-mm 
lumox-bottomed plastic dish (Sarstedt) with the mesenchymal side 
up. The culture medium was the same as that used for the whisker pad 
culture. The skin explants were cultured at 37 °C in a humidified atmos-
phere with 5% CO2 for up to 11 days. The culture medium was changed 
at 2-day intervals. Time-course images were captured using AxioVision 
(version 3.1.2.1) under Axiovert 200M (Carl Zeiss).

Four-dimensional live imaging of embryonic whisker HFs
Live imaging was performed as previously described, with some modifi-
cations14. In this study, an inverted multiphoton microscope (Olympus, 
FVMPE-RS or FV1000-MPE) combined with a CO2 incubator (TOKAI HIT, 
INUBH-ONICS-F1) was used for the deep imaging of live tissue. Stacks of 
optical section images (512 × 512 to 800 × 800 pixels for x–y plane and  
1 μm for z-axis step, 60–100 slices) were acquired at 10–20-min intervals 
for 3–5 days using a 25× water-immersion objective lens (Olympus, 
XLPlanN25XWMP, NA = 1.05, working distance = 2.0 μm) and FV30S-SW 
(version 1.3.2.86) or FV10-ASW (version 04.02). eGFP was excited at 
920 nm using a MAITAI DSHP-OL (Spectra-Physics), and mCherry was 
excited at 1,100 nm using an InSight DS Dual-OL (Spectra-Physics).

Four-dimensional live imaging of embryonic dorsal HFs
Live imaging of dorsal HFs was done under LSM780 (Carl Zeiss) confo-
cal microscope with Zen software (version 2.3), a CO2 incubator and a  
25× multi-immersion objective lens (Carl Zeiss, LD LCI Plan-Apochromat 
25x/0.8 Imm autocorr DIC M27), or under TCS SP8X (Leica) confocal 
microscope with LAS X software (version 3.5.5), a CO2 incubator and a 
20× multi-immersion objective lens (Leica, HC PL APO 20×/0.75 IMM 
CORR CS2). Imaging conditions were equivalent to those used for live 
imaging of whisker HFs with two-photon microscopy. For genetic line-
age tracing in live imaging, 4-hydroxytamoxifen (4-OHT) was added to 
the culture medium (final concentration, 5 μM) to activate Cre recom-
binase before starting live imaging. After 24 h, the culture medium 
was replaced with the fresh medium three times to remove 4-OHT by 
replacement.

Four-dimensional cell tracking analysis
For long-term live imaging of growing HFs, the images were often 
divided into multiple files to adjust the field of view. To analyse cell 
behaviour, raw image stacks were processed, concatenated and aligned 
with ImageJ (version 1.51n), Python (version 3.7.4), Jupyter notebook 
(version 6.0.1), AutoAligner (version 6.0.1, Bitplane) and Imaris  
(version 9.2.1 and 8.4.2, Bitplane). The cells were tracked manually 
using the Imaris Track module with eGFP-labelled H2B expressed under 
the keratin 14 promoter or mCherry-labelled H2B expressed under 
the endogenous ROSA26 promoter. Because histones are extremely 
long-lived, H2B–eGFP is present in the nuclei of keratin-14-positive 
cells and also retained in their daughter cells including suprabasal 
cells, enabling observation of epithelial cell division through the 
development of HFs. Three-dimensional epithelial tissue contours 
were constructed by 3D rendering using Imaris software based on 
expression of H2B–eGFP under control of the keratin 14 promoter. 
In our live imaging data, placodes were identified by condensation of 
the underlying dermis and following cell cycle arrest detected by the 
expression of FUCCI probes27,31,32. In Fig. 1, forward and retrospective 
tracking was performed from the hair germ stage. For the analysis in 
Fig. 2a, b, tracked cells of the placode stage were reassigned into four 
groups (prospective IFE, and upper, lower and hair germ region) based 
on Fig. 1d, and we then investigated their cell fate at the hair germ stage. 

http://www2.clst.riken.jp/arg/TG%20mutant%20mice%20list.html
http://www2.clst.riken.jp/arg/TG%20mutant%20mice%20list.html
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Cell fates were determined on the basis of the position of the cells in 
tissue. The threshold for eGFP positivity in Fig. 2d, e was determined 
on the basis of the intensity of eGFP-negative cells in each time point 
(Supplementary Table 2).

Analysis of the cell division orientation in live imaging data
Methods to measure the cell division orientation are described 
step-by-step in Extended Data Fig. 4. In brief, mitotic spindles and base-
ment membrane zones in the developing epithelium were marked in 
the series of z-stack images by the Imaris MeasurementPro module 
and Imaris Contour Surface, respectively. Three-dimensional x–y–z 
axis coordinates of daughter cell nuclei and the basement membranes 
zone were extracted from IMS files, and then the cell division angles 
against the basement membrane zone were calculated using inverse 
trigonometric functions. These steps were processed by a custom 
Python program.

Photo-conversion assay
Embryonic whisker HFs expressing nKikGR (E12.0–E17.0) were dis-
sected, placed on a 35-mm glass-bottomed plastic dish (Iwaki), and 
visualized with a 488-nm laser under the LSM880 confocal micro-
scope equipped with a 20× Plan-Apochromat objective lens (NA 0.75). 
Photo-conversion of nKikGR in the area of interest was performed with 
a 405-nm laser set at 10% power with 1 × 50 iterations. Photo-converted 
nKikGR was imaged using a 543-nm laser for red fluorescence excitation.

Preparation of single-cell suspensions and fluorescence- 
activated cell sorting
Photo-converted whisker HFs at each developmental stage (E12.0–
E17.0) were dissociated into a single-cell suspension. The dissected 
tissues were washed in ice-cold PBS and then immersed in a 0.25% 
trypsin solution (Nacalai) for 5 h at 4 °C. Subsequently, the tissues were 
treated twice at 37 °C for 5–30 min with 0.25% trypsin and 100 U ml−1  
DNaseI (Sigma) and then dissociated into single cells by gentle pipet-
ting. The dissociated cells were centrifuged, resuspended in PBS con-
taining 0.5% bovine serum albumin (BSA), and filtered through a 40-μm 
mesh. The cells were adjusted to 1 × 106 cells per ml and stained with 
eFluor450-labelled anti-mouse CD31 (1:100, 48-0311-82, eBioscience), 
PE–Cy7-labelled anti-human/mouse CD49f (ITGA6; 1:100, 25-0495-
82, eBioscience), and DAPI (1:2,000). DAPI- and CD31-negative, 
ITGA6-positive and photo-converted nKikGR-expressing single cells 
(DAPI−CD31−ITGA6+KikGR-red+ cells) were directly sorted in 1 μl cell 
lysis buffer in a 96-well PCR plate (BIOplastics) using a SH800 cell 
sorter and SH800 software (version 2.1.5, Sony). The cell lysis buffer 
was prepared as previously described16. To isolate epithelial cells 
immediately before placode formation, the maxillary prominences of 
E11.5 embryos were dissected, directly treated with trypsin and stained 
with the above antibodies without photo-labelling (DAPI−CD31−ITGA6+ 
cells) because there is no distinguishable structure leading to hair 
placode formation. We also collected photo-labelled cells from E13.0 
and E15.0 follicles without antibody staining (DAPI−KikGR-red+ cells), 
and we constructed scRNA-seq libraries. Although these libraries 
contained many mesenchymal-cell-derived libraries, we also used 
them for the following single-cell transcriptome analysis (Extended 
Data Fig. 7a–c).

scRNA-seq
scRNA-seq libraries were prepared on the basis of RamDA-seq, a sensi-
tive single-cell full-length total RNA-sequencing method16. In particular, 
we carried out the experiments with reference to the advanced method 
of RamDA-seq16. Fifteen cycles of PCR were applied for library DNA 
enrichment using a Nextera XT DNA Library Preparation Kit (Illumina). 
RamDA-seq libraries were quantified and evaluated using a MultiNA 
DNA-12000 kit (Shimadzu). Subsequently, except for low-quality sam-
ples (construction failed or low yield), libraries were pooled at equimolar 

amounts of 100 fmol. The pooled DNA libraries were sequenced with 
single-end reads on an Illumina HiSeq 1500/2500 (50 cycles) or NextSeq 
500 (75 cycles). The number of input samples was adjusted to obtain  
2 million reads per cell. We finally sequenced 1,666 single cell samples.

Analyses of scRNA-seq data
Adaptor trimming and quality assessment of FASTQ files were per-
formed using Fastq-mcf (version 1.04.807) and FastQC (version 0.11.5). 
The trimmed reads were mapped to the mouse genome (mm10) using 
HISAT2 (version 2.0.4), and they were categorized as exonic, intronic 
or intergenic using RseQC (version 2.6.4). Transcript levels were quan-
tified as transcripts per kilobase million (TPM) with Sailfish (version 
0.10.0) using the GENCODE v.M14 annotation file. In addition, we used 
various quality controls to detect poorly performing samples using 
a combination of Sailfish, RseQC and the featureCounts function of 
Subread (version 1.5.0). Fifty-two low-quality samples were removed 
according to the following criteria: the number of mapped reads to a 
sailfish index (Sailfish) was less than the mean minus three s.d. or the 
number of assigned reads to gene regions (featureCounts) was less 
than the mean minus three s.d.; more than 10% of reads were assigned 
to mitochondrial RNA (featureCounts); showing abnormal gene body 
coverage of sequencing reads (RseOC). Finally, 1,614 cells (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) remained for further analysis (Sup-
plementary Table 3).

Further bioinformatics analysis, quantification, statistics and data 
visualization were mainly performed using R (version 3.4.3) and Python 
(version 3.7.4) with Jupyter notebook (version 6.0.1). In brief, using the 
Seurat R package (version 2.3.4 and 3.1.0), we performed data normali-
zation and scaling with the cell cycle regression. We then performed 
t-SNE clustering with the first 20 principal components, identified 
clusters using the FindClusters function on the basis of a shared nearest 
neighbour modularity optimization-based clustering algorithm, and 
detected highly variable genes in each cluster using the FindAllMarkers 
function33. Cell types in each cluster were determined using a combi-
nation of marker genes identified from literature, GO detected by a 
web-based tool (Enrichr) and gene-expression profiles obtained by ISH. 
No significant plate-to-plate variations (batch effects between plates) 
were confirmed by visualizing the distribution of each plate-derived 
library on the dimensional reduction plot without correction of batch 
effects (Extended Data Fig. 7e).

RNA velocities in single cells were calculated with a Python program, 
velocyto version 0.17.15 (http://velocyto.org)34, and the vectors that 
predicted the future state of individual cells were overlaid on the t-SNE 
plot obtained by Seurat.

The pseudospace in Fig.  3a was reconstructed by applying a 
semi-supervised approach implemented in Monocle2 (version 2.6.4)17,18 
using E12.0 epithelial libraries derived from three plates: the two plates 
used in Extended Data Fig. 7d plus one plate for which library prepara-
tion was performed after storage at −80 °C for 2 years. Because one 
added plate showed some batch effect, the residualModelFormulaStr 
function in Monocle2 was used to regress out the batch effect and cell 
cycle effect. We defined Shh and Bmp2 as markers for the centre of 
placode, Lmo1 and Wnt4 as IFE markers, and Nfatc1 as a stem cell (SC) 
marker on the basis of our whole-mount ISH results. Then, we selected 
the top 1,000 genes that covaried with the lineage markers and used 
them to order cells in pseudospace. DDRTree was used for dimension-
ality reduction, and the reconstructed trajectory was plotted in two 
dimensions. The differentially expressed genes in pseudospace were 
detected by Monocle functions. Genes related to signalling pathways in 
pseudospace of the hair placode were selected from the differentially 
expressed genes in pseudospace on the basis of the gene lists of the 
KEGG PATHWAY database.

To reconstruct the developmental trajectory of epithelial basal 
cells derived from E11.5–17.0 whisker HFs in Fig. 4, we first removed 

http://velocyto.org


non-basal epithelial cells, such as keratinized cells and Merkel cells. 
Then, we reanalysed the remaining datasets with destiny package 
(version 2.12.0) for Diffusion map35, and we detected cell trajectories 
using the Slingshot package (version 1.0.0)36 with cluster information 
determined by Seurat. The pseudotime was constructed by setting 
E11.5-derived cells as the root. We manually split the CellDataSet into 
five distinct CellDataSets, each of which contained the common pro-
genitor cells and one of the five differentiated lineage branches. Then, 
we detected temporally expressed genes through each lineage branch 
using Monocle BEAM functions. Heat maps and expression plots were 
generated using the ComplexHeatmap (version 2.2.0) and ggplot2 
package (version 3.1.0). Gene set enrichment analysis was carried out 
in the clusterProfiler package (version 3.14.3)37. A custom R script was 
used to output the figures.

Probe synthesis for ISH
Templates for probe synthesis were produced by PCR using cDNA 
derived from E12.0 and E17.0 mouse embryos. The sequences of each 
primer pair are shown in Supplementary Table 4. RNA probes were 
synthesized and labelled with DIG RNA Labelling Mix and T7 RNA Poly-
merase (Roche).

ISH
ISH was performed using 10-μm-thick frozen sections as previously 
described38. Stained sections were washed with PBS, stored in Ultra-
mount Permanent Mounting Medium (DAKO), and photographed using 
cellSens (version 1.18) under an Olympus BX53 microscope with a DP73 
camera.

Whole-mount ISH
Mouse embryos were fixed overnight at 4 °C in fresh 4% PFA, dehydrated 
though a series of solutions of methanol in PBT (25%, 50%, 75% and 100% 
methanol), and then stored at −20 °C. The dehydrated fixed embryos 
were rehydrated, rinsed twice in PBT, and then digested with proteinase 
K (10 μg ml−1 in PBT) for 25 min at room temperature. After washing 
once with 2 mg ml−1 glycine in PBT and twice with PBT, the embryos 
were post-fixed in 4% PFA and 0.2% glutaraldehyde in PBT for 20 min 
at room temperature. All embryos were bleached with 6% hydrogen 
peroxide in PBT for 1 h, washed 3 times with PBT and transferred to 
the hybridization solution (50% formamide, 10 mM Tris-HCl (pH 7.5), 
5% (w/v) dextran sulfate, 1× Denhardt’s solution, 600 mM NaCl, 0.25% 
(w/v) SDS, 1 mM EDTA and 200 μg ml−1 Escherichia coli tRNA). One-hour 
prehybridization and overnight hybridization were carried out at 65 °C. 
Then, the embryos were washed with a solution (50% formamide,  
1× SSC (pH 4.5) and 0.1% (v/v) Tween-20) at 65 °C for 1 h. After washing 
with MABT (300 mM NaCl, 100 mM maleic acid and 0.1% (v/v) Tween-
20) and blocking, the hybridized probe was detected using an alkaline 
phosphatase-conjugated anti-digoxigenin antibody (Roche). Colour 
development was carried out with BCIP and NBT substrate solution. 
Stained embryos were washed with PBT, stored in a solution of glyc-
erol in PBT, and photographed using LAS (version 4.13) under a Leica 
MZ165FC stereomicroscope.

Whole-mount RNAscope ISH
Mouse embryos were collected and stored at −20 °C as described in 
‘Whole-mount ISH’. After rehydrating the embryos and washing them in 
PBT, dorsal skin samples were dissected from them. The samples were 
treated with RNAscope hydrogen peroxide (Advanced Cell Diagnostics) 
for 1 h at room temperature, washed 3 times with PBT then incubated 
in the target probe mixture at 40 °C overnight. RNA detection was 
performed according to RNAscope Multiplex Fluorescent Reagent Kit 
v.2 using tyramide dye fluorophores (The Opal 4-Colour Manual IHC 
Kit, AKOYA biosciences) diluted in RNAscope TSA dilution buffer. All 
incubations were performed at 40 °C, and after each reaction step, 
the samples were washed 3 times with the RNAscope wash buffer for 

5 min. The samples were then stained with DAPI solution overnight at 
4 °C with slow agitation. Before imaging, samples were rinsed in PBT, 
mounted in ProLong Gold Antifade Mountant (Thermofisher). The 
probes used are shown in Supplementary Table 4.

Figure preparation
Images in figures were processed using IMARIS (version 9.2.1 and 8.4.2, 
Bitplane), ImageJ (version 1.51n) and assembled into the panel using 
Adobe Photoshop (version 21.2.6) and Adobe Illustrator (version 25.2.1).

Study design
The experiments were not randomized. Experimental groups were 
determined by genotype of mice. Both male and female embryos 
were used in experiments. In most of the experiments, no blinding 
method was possible as only one experimenter was performing 
the analysis.

Statistical analysis and reproducibility
No statistical method was used to predetermine sample size. In this 
study, we analysed a total of 14 HFs; two whisker HFs for the analysis 
from the placode stage to hair germ stage, two whisker HFs for the 
analysis from the hair germ stage to bulbous peg stage, one whisker 
HF for the analysis from the placode stage to bulbous peg stage and 
nine dorsal HFs for the analysis from the placode stage to hair germ 
stage. These samples were derived from several different reporter 
mouse lines. Although each quantitative analysis of cell tracking was 
performed on three or four HFs (sometimes from different reporter 
mouse lines), each replicate (HF) derived data contained a large amount 
of cell lineage information that showed a low variation between HFs and 
low P values. They provided essentially the same multicellular dynamics 
regardless of HF type or reporter mouse line (Figs. 1, 2, Extended Data 
Figs. 3, 5 and their Source Data). This indicated high data reproducibility 
between HFs both for whisker and dorsal HFs. The detailed sample size 
information, including analysed cell lineage numbers, is summarized 
at Supplementary Tables 1, 2. The detail of biological replicates in each 
panel is summarized as below.

In Fig. 1b and Extended Data Fig. 3e, f, the cell tracking experiments 
were performed with the data from three independent experiments, 
one HF each, and each tracking experiment showed similar results. In 
Fig. 1d, e and Extended Data Fig. 3h, i, the cell tracking experiments 
were performed with the data from three independent experiments, 
one HF each, and each tracking experiment showed similar results. In 
Fig. 2a, b and Extended Data Fig. 5a, b, the cell tracking experiments 
were performed with the data from three independent experiments, 
one HF each, and each tracking experiment showed similar results. In 
Fig. 2d, e, f, Extended Data Fig. 5m–o, the cell tracking experiments 
were performed with the data from three independent experiments, 
one HF each, and each tracking experiment showed similar results. In 
Extended Data Fig. 5j–l, the cell tracking experiments were performed 
with the data from three independent experiments, one HF each, and 
each tracking experiment showed similar results. In Extended Data 
Fig. 5q, r, the cell tracking experiments were performed with the data 
from three independent experiments, one or two HF each, and each 
tracking experiment showed similar results.

The following statistical analyses were used to determine the signifi-
cance in experiments. In Extended Data Figs. 3f, 5a, b, one-way analysis 
of variance (ANOVA) followed by Tukey’s test; in Fig. 1d and Extended 
Data Fig. 5j, two-sided nested t-test; in Figs. 1e, 2d,e and Extended Data 
Fig. 5k, q, two-sided Fisher’s exact test; and in Extended Data Fig. 3h, 
two-sided unpaired t-test. Statistical analyses were performed using 
GraphPad Prism (version 9.0.2), and R (version 3.4.3). Statistically sig-
nificant differences are indicated in each figure (*P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001). Graphs were generated by GraphPad 
Prism and R. We show representative micrographs that came from at 
least two biological replicates.
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Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Live imaging data in this study have been deposited in the SSBD reposi-
tory 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 acces-
sion 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 rel-
evant data are available from the corresponding author upon reason-
able request. 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 Fig. 1 | See next page for caption.



Article
Extended Data Fig. 1 | Origin and early lineage of bulge stem cells  
cannot be traced by expression of known adult stem cell markers.  
a–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 (c–g). NFATc1-positive epithelial cells formed a compartment 
with pseudo-stratified (see h) and bulge-like morphology (d–g) with gradual 
loss of the expression of mitotic marker Ki67 during follicle development (a–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 (d–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 
μm. 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 μm. i, Summary of known SC marker 
expressions in the developing whisker HF. j–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 μm.



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 μm.  
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 μm. 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 μm.
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Extended Data Fig. 3 | See next page for caption.



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 μm.  
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 μm. 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 Tukey’s test. g–i, Different 
epithelial lineages are aligned in a concentric manner in the placode. Replicate 
whisker HFs related to Fig. 1c–e are shown in g–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 μm. 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 
mean ± s.d. from three independent experiments, one HF each. Numbers of 
analysed cell lineages are summarized in Supplementary Table 1. See also 
‘Statistical analysis and reproducibility’ in Methods and Source Data.
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Extended Data Fig. 4 | See next page for caption.



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 μm. 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 x–y–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.
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Extended Data Fig. 5 | See next page for caption.



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 Tukey’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 μm. 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 μm. 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 μm. 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 μm. 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 μm. 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 μm. 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  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 Fisher’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.  
m–o, Replicate HFs related to Fig. 2d–f are shown in m–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 μm. q, Fate of basal and suprabasal cells in 
the dorsal HF placode analysed by lineage-tracing with Sox9-creER. Fates of 
H2B–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 Fisher’s exact test was used. r, Lineage 
distribution of H2B–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 mean ± s.d. from three independent experiments, 
one or two HF each. Numbers of analysed cell lineages are summarized in 
Supplementary Table 2. See also ‘Statistical analysis and reproducibility’ in 
Methods and Source Data.
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Extended Data Fig. 6 | See next page for caption.



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 μm. b, Single plane of E15.0 
whisker HF showing the nKikGR signal intensities before and after the photo-
conversion (Supplementary Video 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 Video 9). Scale bars,  

50 μm. 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+CD31− and that blood vessels in 
the mesenchyme were labelled by ITGA6+CD31+ (arrowhead). Box shows 
magnified region (right). Scale bars, 50 μm. e–g, Isolation of photo-labelled 
whisker HF epithelial cells (E12.0–E17.0, DAPI−CD31−ITGA6+KikGR-red+ cells; 
E11.5, DAPI−CD31−ITGA6+ cells) by flow cytometry. h–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 μm.
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Extended Data Fig. 7 | See next page for caption.



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 a–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  
E11.5–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 
E11.5–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 μm.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | In vivo expression patterns of representative genes 
in each cell cluster of E13.0–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 (E13.0–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  
E11.5–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 7–12 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 μm.
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Extended Data Fig. 9 | See next page for caption.



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 μm. b–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 μm.  
f–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 β-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 Ig f2 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.
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Extended Data Fig. 10 | See next page for caption.



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 E11.5–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 cluster 6 raised no valid GO terms (P value < 0.03).  
f, HFSC signature genes and pSMAD1 targets in gene clusters 6, 9 and 10.
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