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A
ging is defined as functional decline of tissues and organ-
isms and contributes to many human diseases including 
cancer and neurodegenerative diseases1,2. Although it is 

widely recognized that SC exhaustion is a hallmark of aging2, cellu-
lar activities of tissue SCs during aging have rarely been observed in 
their intact microenvironment3,4. It remains largely unknown how 
tissue SCs divide, migrate and perish during aging. Without a clear 
picture of these fundamental cellular behaviors, current knowledge 
of tissue SC aging has been acquired through indirect measurement 
of SC numbers and functions5–10. As a result, our understanding 
of SC exhaustion is largely limited to the deficiency of cell divi-
sion and self-renewal, usually caused by DNA damage and cellular 
senescence8,11–13.

Among fundamental properties of tissue SCs, quiescence is 
known to play an important role in SC maintenance by restrict-
ing the number of SC divisions and reducing cellular stress14–17. 
Although the loss of quiescence was shown to cause the lost prolif-
erative potential of SCs in a cell-intrinsic manner18,19, SC activities 
have not been visualized when they lose quiescence. Furthermore, 
it is unclear whether the loss of SC quiescence affects integrity of the 
SC compartment independently of cell-division control. Finally, SC 
division rates generally decrease during aging20; it remains an open 
question how prolonged SC quiescence affects aging.

The HF of mammalian skin is an excellent experimental system 
to examine cellular activities and molecular networks of largely qui-
escent SC populations during aging. HF loss and graying have been 
widely recognized as macroscopic signs of aging both scientifically 
and culturally. At the cellular level, HF miniaturization was reported 
to associate with hair loss during aging8 and alopecia caused by pre-
mature hair loss21,22. In these studies, cell apoptosis as a result of 
accumulated DNA damage or altered signaling pathways, which are 
critical for hair growth, are identified as underlying mechanisms of 
SC exhaustion or compromised hair growth, respectively. However, 

HF-SCs and their activities have not been examined in live animals 
during aging.

In this study, we use noninvasive intravital imaging and single-cell 
genomic tools to measure multiple modalities of HF-SCs including 
cellular activities, the transcriptome and open-chromatin landscape 
in aged HFs. Surprisingly, we observe that numerous epithelial cells, 
many of them located near the bulge SC compartment, escape to 
the dermis during aging. We characterize the reduced expression 
of cell adhesion and extracellular matrix (ECM) genes as a promi-
nent feature of aged HF-SCs and identify FOXC1 and NFATC1 as 
key regulators of HF-SC-specific cell adhesion. Deletion of the two 
corresponding genes recapitulates epithelial cell escape and leads to 
rapid HF miniaturization and hair loss. Our study reveals SC escape 
as a new mechanism for SC reduction and tissue degeneration.

Results
Escaped epithelial cells in aged HFs. To visualize the HF-SC com-
partment in live animals during aging, we used two-photon intra-
vital imaging to observe histone H2B–green fluorescent protein 
(H2BGFP)-labeled (Krt14-H2BGFP) epithelial cells in HFs23,24 in 
both young (~6–8-month (mo)-old) and old (>20-mo-old) mice. 
In young mice, the HF-SC compartment was readily distinguished 
by the convex morphology of the bulge region, which is located 
below the morphologically distinct sebaceous gland (SG), and epi-
thelial cells were restricted within the cylinder of HFs regardless of 
hair cycle stages (Fig. 1a and Extended Data Fig. 1a). By contrast, 
miniaturized HFs, which are characterized by reduced cellularity, 
a shrinking bulge compartment and the upward movement of the 
HF-SC compartment toward SGs, were frequently observed in old 
mice (Fig. 1a). In some of these HFs, individual H2BGFP+ epithelial 
cells were located outside of the typical HF cylinder but in close 
proximity to the HF (Fig. 1a and Extended Data Fig. 1b). We also 
used second-harmonic-generation imaging of dermal collagen fiber 
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and confirmed the localization of these H2BGFP+ epithelial cells 
in the dermis (Fig. 1b). We therefore refer to these cells as escaped 
epithelial cells.

We next quantified the size of the HF-SC compartment of telo-
gen HFs in young and old mice. We observed a gradual but statisti-
cally significant reduction in the size of the HF-SC compartment 
in old mice (Fig. 1c). Overall, ~14.5% of the HF-SC compartment 
was miniaturized (defined by a size smaller than the smallest HF-SC 
compartment in young mice) in ~20-mo-old animals (Fig. 1c and 
Extended Data Fig. 1c). Furthermore, ~5.8% of aged HFs contained 
escaped H2BGFP+ epithelial cells near the HF-SC compartment 
(Fig. 1d). HFs with escaped epithelial cells were also significantly 
smaller than HFs without escaped cells (Fig. 1e). We have also 
examined apoptotic cells within the HF-SC compartment, which 
were previously shown to contribute to HF miniaturization8. On 
average, we observed that ~4.8% of aged HFs contained apoptotic 
HF-SCs marked by activated caspase 3 within the bulge region and 

~4.8% within hair germs (HGs). We also observed that ~3.8% of 
young HFs contained apoptotic HF-SCs within the bulge region and 
~5.8% within HGs (Extended Data Fig. 1d–f). These data suggest 
that the number of apoptotic cells, as detected by activated caspase 
3, does not differ drastically in young and old mice.

To examine the relationship between epithelial cell escape and 
HF miniaturization, we longitudinally tracked the same HFs, which 
usually rested in the quiescent telogen phase, in live animals. In 
most frequently observed cases, we first observed signs of loosely 
organized epithelial cells in the bulge region, in contrast to the ste-
reotypical morphology of the tightly packed HF-SC compartment 
in normal HFs. In ~10 d, these HFs lost some loosely organized epi-
thelial cells and became smaller (Fig. 1f). In some rare but more 
rapidly progressing cases, we observed numerous H2BGFP+ epithe-
lial cells scattering around miniaturizing HFs. Within a few days, 
these H2BGFP+ cells spread from the HF to neighboring regions or 
reached deeper regions of the dermis (Fig. 1g and Extended Data 
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Fig. 1 | aging HFs are characterized by escaped epithelial cells. a,b, Two-photon intravital imaging of young (P42) and old (20-mo) HFs. White 

arrows point to cells outside of the HF-SC compartment. Red dashed lines outline the SG. White lines outline the HF-SC compartment. Red 

signals in b are second-harmonic generation from collagen fiber in the dermis. Scale bar, 20 μm. c, Box plot of the size of the HF bulge region 

(mean ± s.d. = 10,423.62 ± 2,514.43 (young), 7,736.71 ± 2,913.99 (old); n = 205 HFs, five young mice; n = 327 HFs, three old mice). d, Box plot 

of the percentage (per.) of HFs containing escaped epithelial cells (mean ± s.d. = 0.25 ± 1.3 (young), 5.6 ± 8.9 (old); n = 205 HFs, five young 

mice; n = 327 HFs, three old mice). e, Box plot of the size of the HF bulge region, classified based on whether HFs contained escaped cells or not 

(mean ± s.d. = 4,933.35 ± 1,864.29 (escape), 7,883.78 ± 2,886.42 (no escape); n = 327 HFs, three old mice). Boxes span the first to the third quartile, with 

the line inside the box representing the median value. Whiskers show minimum and maximum values or values up to 1.5 times the interquartile range 

below or above the first or third quartile if outliers are present. Data are plotted as individual points and considered outliers beyond whiskers. Two-sided 

t-tests were performed for c–e. f, Longitudinal tracking of the same HFs in old mice (20 mo). Red arrowheads point to epithelial cells in the bulge region, 

which disappear during tracking. Yellow arrowheads point to escaped cells outside of the HF-SC compartment. White lines outline the bulge region. Scale 

bar, 20 μm. g, Longitudinal tracking of a rapidly miniaturized HF in an old mouse (20 mo). White arrows point to escaped epithelial cells in the dermis; 

red arrows point to the miniaturized HF. Scale bar, 50 μm. h, IF signals from an old HF (24 mo). The arrowhead points to a KRT5+ (K5) epithelial cell near 

the bulge region in the dermis. Scale bar, 20 μm. i, IF signals from an old HF (24 mo). The arrowhead points to KRT5+SOX9+ epithelial cells near the bulge 

region in the dermis. Scale bar, 20 μm. j, Illustration of HF aging accompanied by escaped cells.
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Fig. 1g). In about 2 weeks, however, most of these scattered cells 
were no longer visible, and the miniaturizing HF was rapidly degen-
erated (Fig. 1g). We further confirmed the epithelial identity of 
these scattered cells in the dermis as KRT5+VIM− and KRT5+SOX9+ 
cells in aged mice (Fig. 1h,i and Supplementary Video 1). Escape 
of epithelial cells from the bulge to the dermis suggests compro-
mised basement membrane (BM). Indeed, we observed HF-SCs 
in the bulge region protruding toward the dermis with immuno-
fluorescence (IF) staining for β4 integrin, a BM marker, in old mice 
(Extended Data Fig. 1h). These data reveal an unexpected activity 
of epithelial cells escaping to the dermis in aged HFs and establish 
a correlation between epithelial cell escape and HF miniaturization 
during aging (Fig. 1j).

Reduced cell adhesion in aged HF-SCs. We next applied single-cell 
RNA-seq (scRNA-seq) to examine cellular states of skin epithelial 
cells isolated from young and old mice. HFs experience an increas-
ingly long telogen phase and much less frequent anagen growth 
in old mice, and, by 18–24 mo, most HFs enter extended telogen, 
often lasting more than 100 d25. Therefore, we profiled the telogen 
phase as the representative hair cycle stage in young mice at post-
natal day (P)53, the middle of the second telogen, and in old mice 
at 24 mo, which showed typical signs of aging such as hair thinning 
and occasionally gray hair. After quality control, we detected 3,524 
epithelial cells in the P53 sample and 2,881 epithelial cells in the 
24-mo sample (Extended Data Fig. 2a). We aggregated both young 
and old samples together and applied uniform manifold approxi-
mation and projection (UMAP) for dimension reduction to detect 
cell lineage dynamics and changes in the transcriptome26. Overall, 
three well-characterized, spatially distinct epithelial cell lineages, 

including interfollicular epidermal (IFE) lineages, infundibular 
and SG lineages, and HF lineages were identified in both samples 
(Fig. 2a and Extended Data Fig. 2b,c). The projection of each lin-
eage and individual cell clusters from young and old samples largely 
overlapped. To gain deeper insights into different cellular states at a 
higher resolution, we reclustered IFE and HF cells from young and 
old samples. Notably, epithelial cells in the HF-SC compartment 
from young mice were readily resolved into two distinct popula-
tions corresponding to outer-bulge HF-SCs and inner-bulge niche 
cells, marked by keratin (KRT)24 and fibroblast growth factor 
(FGF)18, respectively (Fig. 2b,c). By contrast, the demarcation of 
these two distinct populations was greatly reduced in the old sam-
ple (Fig. 2b,c), a trend similar to altered cellular states of fibroblasts 
during aging27. Interestingly, although basal cells of the IFE lineage 
showed different cellular states in young and old samples, differenti-
ated suprabasal cells from young and old samples clustered together 
(Extended Data Fig. 3a–d).

We next performed differential gene expression analysis for 
HF-SCs and IFE basal cells between young and old samples. The 
most significantly downregulated genes in old HF-SCs were 
enriched for gene ontology (GO) terms such as regulation of cell 
adhesion, response to wounding, cell junction assembly and the 
ECM (Fig. 2d and Supplementary Table 1). Upregulated genes in 
old HF-SCs were enriched for the transcription factor (TF) AP1 
complex and the apoptotic signaling pathway (Extended Data Fig. 
3e and Supplementary Table 2). The most enriched GO categories 
in downregulated genes from old basal IFE progenitors were the 
major histocompatibility complex class I peptide-loading complex, 
response to wounding and negative regulation of cell differentia-
tion (Extended Data Fig. 3f). The specificity of downregulated cell 
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adhesion and ECM genes in old HF-SCs was further supported 
by examining individual genes. For example, Actg1 and Itgb6 are 
widely expressed genes in both HF-SCs and IFE basal cells but were 
only downregulated in old HF-SCs and not in IFE cells (Fig. 2e and 
Extended Data Fig. 3g). Npnt (nephronectin (NPTN)), an HF-SC-
specific ECM gene28, was only detectable in HF-SCs and down-
regulated in old samples (Fig. 2e and Extended Data Fig. 3g). By 
contrast, Jun and Junb, both encoding AP1 TFs, were upregulated in 
both HF-SCs and IFE cells from old mice.

We performed pseudotime analysis using Monocle 3 (ref. 29) to 
examine lineage progression. It recapitulated the differentiation 
trajectory of distinct HF lineages in both young and old samples 
(Extended Data Fig. 3h). Interestingly, we observed a differential 
distribution of young and old HF-SCs along the pseudotime tra-
jectory (Extended Data Fig. 3i). Young HF-SCs clustered in a more 
ground state, which was characterized by elevated gene expression 
in the adherens junction, tissue morphogenesis and regulation of 
cell adhesion. By contrast, many more old HF-SCs clustered in a 
more differentiated state, which was characterized by less cell adhe-
sion (Extended Data Fig. 3j). These data reveal the reduction of cell 
adhesion and ECM gene expression specifically in aged HF-SCs.

Downregulation of Foxc1 and Nfatc1 in aged HF-SCs. To probe the 
transcriptional mechanism that underlies reduced gene expression 
during aging, we identified several enriched TF motifs in HF-SC-
specific open-chromatin regions, determined by ATAC-seq, that sur-
round downregulated genes in aged HF-SCs (Fig. 3a). Because aged 
HFs largely rest in extended telogen25, the enrichment of ETS–RUNX 
motifs, which are generally associated with activated HF-SCs30,31, was 
consistent with the lack of anagen HF growth. However, it was para-
doxical that TFs promoting quiescence, including NFATC1, FOXC1 
and TCF7L2 (refs. 7,10,32–34), were associated with downregulated 
genes in largely quiescent HF-SC populations in aged mice. To exam-
ine this issue, we monitored the transcriptional activity of the Foxc1 
locus by using Foxc1-LacZ knock-in middle-aged mice (~15 mo 
old). In these mice, most HFs rested in telogen, but some HFs were 
still infrequently cycling and in anagen. We observed an absence of 
LacZ signals in quiescent HF-SCs located within the telogen bulge 
but robust LacZ signals in bulge regions of anagen HFs (Extended 
Data Fig. 4a–c). Furthermore, IF staining and quantification con-
firmed reduced expression of FOXC1 in aged HF-SCs located within 
the telogen bulge (Fig. 3b). Of note, Foxc1 expression in the upper 
HF and SGs, determined by both Foxc1-LacZ and IF signals, was 
not changed (Fig. 3b and Extended Data Fig. 4), reflecting HF-SC-
specific Foxc1 downregulation. In addition, NFATC1 expression was 
also slightly downregulated in aged HF-SCs (Fig. 3c). We previously 
showed that Foxc1 is induced in dividing HF-SCs during the anagen 
phase, and FOXC1 promotes the expression of Nfatc1 and Bmp2/610. 
Thus, the prolonged telogen diminishes expression of Foxc1 in aged 
HF-SCs, likely due to the lack of anagen activation.

We next performed bulk RNA-seq to identify genes that are down-
regulated in Foxc1-conditional knockout (cKO) (Krt14-Cre/Foxc1fl/fl)  

and Nfatc1-cKO (Krt14-Cre/Nfatc1fl/fl) HF-SCs, respectively. Interest-
ingly, cell adhesion, the ECM and BM genes were top enriched GO 
categories for each cKO, in addition to well-appreciated regulation 
of signaling pathways such as BMP and FGF and the regulation 
of proliferation (Fig. 3d,e and Supplementary Tables 3 and 4). We 
further compared these downregulated genes to a published bulk 
RNA-seq dataset from aged HF-SCs6 and identified a number of 
cell adhesion and ECM genes, such as Ltbp1, Ccn2, Itgb6 and Vwa2, 
that were commonly downregulated in HF-SCs between aged mice 
and Foxc1- or Nfatc1-cKOs (Fig. 3f). Interestingly, we also identi-
fied genes prominently associated with HF-SC quiescence, such as 
Peg3, Cd34, Fgf18, Nog and Tle4 (refs. 7,10,34–37), that were commonly 
downregulated in aged and cKO HF-SCs (Supplementary Table 5). 
These downregulated cell adhesion and ECM genes harbored many 
open-chromatin regions containing FOXC1 and NFATC1 motifs 
within or near their loci (Fig. 3g). These data lend further support to 
a link between reduced Foxc1 and Nfatc1 expression and the aging 
of HF-SCs. Our analysis also reveals that extended quiescence of 
aged HF-SCs diminishes the expression of Foxc1.

Loss of Foxc1 and Nfatc1 causes premature aging. To test the 
function of Foxc1 and Nfatc1 during aging, we deleted both TFs in 
the skin using Krt14-Cre (Krt14-Cre/Foxc1fl/fl;Krt14-Cre/Nfatc1fl/fl),  
hereafter termed double knockout (dKO) mice (Fig. 4a). In young 
mice, we observed strongly compromised HF-SC quiescence as indi-
cated by widespread Ki67 signals in HF-SCs in anagen I (P22), ana-
gen III (P25) and the second telogen (P42) (Fig. 4b,c and Extended 
Data Fig. 5a). By contrast, HF-SCs in control animals were only in 
the active cell cycle transiently, mostly in early to middle anagen 
(Extended Data Fig. 5a), consistent with the notion that HF-SCs 
are largely quiescent and infrequently divide for self-renewal38,39. 
Furthermore, strong Ki67 signals were observed in the HF-SCs of 
dKO mice but not in those of Foxc1- or Nfatc1-single cKO mice by 
late anagen (Extended Data Fig. 5b), indicating a synergistic effect 
of deleting Foxc1 and Nfatc1 in quiescence control. At the tissue 
scale, young dKO mice rapidly regenerated their hair coat in less 
than 2 weeks after shaving, in sharp contrast to controls (Extended 
Data Fig. 5c).

Despite robust hair regeneration in young mice, dKO animals 
began to show signs of hair loss by ~5 mo of age (Fig. 4d). By 12–16 
mo, dKO animals largely lost their hair coat, and the remaining hair 
turned gray, while they were otherwise healthy and had a normal 
lifespan (Fig. 4e and Extended Data Fig. 5d). We first examined 
whether compromised HF-SC quiescence led to loss of the pro-
liferative potential of HF-SCs in dKO mice, as one may predict. 
However, we observed numerous Ki67+ proliferative cells in the 
HF-SC compartment of both growing and resting HFs in 16-mo-
old dKO mice when hair loss was widespread (Fig. 4f). We then 
used intravital imaging to directly monitor dynamics of hair growth 
and loss in dKO animals. Strikingly, we observed many growing 
anagen HFs, which reflect robust HF growth, despite widespread 
hair loss. However, we also observed numerous miniaturized HFs 

Fig. 3 | Downregulation of Foxc1 and Nfatc1 in aged HF-SCs. a, Top enriched TF motifs in HF-SC-specific open-chromatin regions surrounding 

downregulated genes in aged HF-SCs. Hypergeometric tests were performed. b,c, IF signals and quantification of FOXC1 and NFATC1 in CD34+ HF-SCs 

in young (P42) and 24-mo-old (24m) HFs. Scale bar, 20 μm. Representative images are from n = 5 young mice and n = 3 old mice. For FOXC1 signal 

intensity, mean ± s.d. = 1,957.39 ± 902.23 (young) and 1,312.08 ± 512.08 (old). For NFATC1 signal intensity, mean ± s.d. = 2,198.63 ± 845.53 (young) and 

1,770.26 ± 718.86 (old). Boxes span the first to the third quartile, with the line inside the box representing the median value. Whiskers show minimum 

and maximum values or values up to 1.5 times the interquartile range below or above the first or third quartile if outliers are present. Data are plotted 

as individual points and considered outliers beyond whiskers. Two-sided t-tests were performed. d,e, Highly enriched GO terms of downregulated 

genes in Foxc1-cKO HF-SCs (d) and Nfatc1-cKO HF-SCs (e). Results from hypergeometric tests with Benjamini–Hochberg P values are shown. Differe., 

differentiation; neg., negative; reg., regulation. f, HF-SC-enriched cell adhesion and ECM genes and their expression change in each cKO strain and old 

mice. N cKO, Nfatc1 cKO; F cKO, Foxc1 cKO; n.c., no change. Wald tests were performed; statistical values are shown in Supplementary Table 5. g, ATAC-

seq tracks of Ccn2, Npnt and Itgb6 loci in IFE cells and HF-SCs, annotated with FOXC1 (green marks) and NFATC1 (red marks) motifs. ATAC-seq data are 

normalized and displayed at the same scale across all samples.
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concurrently in the same dKO animals. Some HFs were reduced to 
a few remaining cells and progressed toward complete degeneration 
(Fig. 4g and Extended Data Fig. 5e). Unlike control HFs that typi-
cally clustered together with 2–4 HFs, which were usually in telo-
gen, dKO HFs had irregular spacing, indicative of widespread but 
random HF loss as observed at the macroscopic level.

By examining the morphology of miniaturizing HFs, we found 
that many H2BGFP+ epithelial cells were located in the vicinity of 
the HF-SC compartment but were clearly outside of the HF cylinder 
(Fig. 4g and Extended Data Fig. 5e), recapitulating escaping epithe-
lial cells as observed in aged HFs (Fig. 1). We next quantified the 
size of the telogen HF-SC compartment, the percentage of minia-
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turized HFs and the percentage of HFs containing escaped epithelial 
cells in dKO mice and compared to these data to those from young 
and aged mice (Fig. 4h,i and Extended Data Fig. 5f). On average, 
12-mo-old dKO mice had 4.3-fold more (77.3% versus 14.5%) min-
iaturized HFs than 20–24-mo-old mice. The percentage of HFs con-
taining escaped epithelial cells was 10.5% in dKO mice and 5.8% in 
aged mice. These results were consistent with the rapid progression 
of hair loss and premature HF aging observed in dKO mice.

To monitor the process of HF degeneration in live animals, we 
longitudinally tracked the same HFs in dKO mice for multiple 
weeks. We observed that HF miniaturization and degeneration 
occurred invariably after the catagen-to-telogen transition. Notably, 
rather than forming the anatomically distinct bulge, miniaturizing 
HFs in dKO mice first showed signs of abnormal cell egress in the 
bulge region (day 3 in Fig. 4j and Supplementary Video 2). These 
escaping cells were transient and were not observed at day 1 or 5 
or any time points other than day 3. The HF then regressed to a 
loosely packed epithelial strand, which lacked convex morphology 
(day 9 in Fig. 4j), mimicking many miniaturized HFs observed in 
aged skin. In ~3 weeks, these dKO HFs became further miniatur-
ized until complete degeneration with less than five cells left in the 
HF (day 26 in Fig. 4j). To determine the correlation between HF 
miniaturization and the number of HF-SCs, we quantified the num-
ber of HF-SCs in telogen HFs directly in live animals. The number 
of HF-SCs per HF was significantly reduced in old mice and even 
more so in dKO mice (Extended Data Fig. 5g,h).

In addition to these rapidly dying HFs, however, we also observed 
many HFs that went through the hair cycle and continuously regen-
erated in the same animals (Extended Data Fig. 5i). Notably, these 
HFs did not shown signs of epithelial cell escape and continued 
to cycle within our observation window. Thus, the appearance of 
escaping epithelial cells from the bulge region distinguished minia-
turizing HFs from continuously cycling HFs in dKO mice. Overall, 
we have tracked 78 individual HFs over the span of at least 16 d. We 
found that 62.8% of HFs underwent regeneration, 26.9% underwent 
miniaturization and degeneration and 9.0% remained quiescence 
(Extended Data Fig. 5j).

These live imaging data reveal the dynamics of HF-SC loss 
accompanying by HF miniaturization. They suggest that the loss of 
HF-SCs through cell escape rather than enhanced HF-SC prolifera-
tion or compromised proliferative potential is correlated with SC 
exhaustion in dKO mice.

Reduced expression of cell adhesion and ECM genes. We next 
performed scRNA-seq to examine changes in gene expression in 
control and dKO samples at P38, when HFs are in late anagen and 
HF-SCs return to quiescence10. Similar to aged skin, cell clusters of 
epithelial cell populations did not change drastically, judging by the 
UMAP projection (Fig. 5a and Extended Data Fig. 6a–c). Notably, 

genes involved in the regulation of cell adhesion and negative regu-
lation of cell proliferation were among the most enriched among 
downregulated genes in dKO HF-SCs (Fig. 5b and Supplementary 
Table 6). Among these genes, many are commonly downregulated 
in aged HF-SCs such as Actg1, Cd34, Itgb6 and Npnt.

To examine the specificity of Foxc1- and Nfatc1-mediated regu-
lation in HF-SCs, we used Krt15-CrePR to delete Foxc1 and Nfatc1 
only in the HF-SC compartment starting at P22 (Extended Data 
Fig. 7a) and purified dKO HF-SCs for bulk RNA-seq at P30. In sup-
port of the notion that these two TFs govern HF-SC gene expres-
sion in a cell-intrinsic manner, a large number of genes, which were 
downregulated in Foxc1- and Nfatc1-single cKO mice, were also 
downregulated in induced dKO mice (Fig. 5c,d and Supplementary 
Table 7). Because both TFs were only deleted in induced dKO mice 
shortly before sample collection, nearly all of these genes were more 
mildly downregulated in induced dKO mice than those in either 
single cKO strain, in which each TF was deleted at the beginning 
of skin development with Krt14-Cre (Fig. 5d). Consistent with 
scRNA-seq data, the most highly enriched gene categories that were 
downregulated in induced dKO HF-SCs were cell adhesion, nega-
tive regulation of cell proliferation and ECM genes (Fig. 5e). Among 
cell adhesion and ECM genes that were downregulated, Igfbp5, 
Ccn2, Postn, Ltbp2, Col6a1, Npnt and Egfl6 are highly enriched in 
HF-SCs28. Among upregulated genes, the strongest elevation of gene 
expression was associated with mitotic cell cycle and cytokinesis in 
dKO HF-SCs (Extended Data Fig. 7b).

We next examined the expression of several cell adhesion and 
ECM genes including Npnt, Cd34 and Egfl6 in dKO and aged ani-
mals. At P42, when dKO HFs were morphologically in the telogen 
phase, NPNT, CD34 and epidermal growth factor-like domain 
(EGFL)6 signals were all significantly reduced. In particular, CD34 
was not detectable (Fig. 5f). In 24-mo-old samples, NPNT and 
CD34 signals but not EGFL6 signals were also reduced (Fig. 5f,g). 
Interestingly, the expression of NPNT, an ECM protein that is 
localized to the BM of the bulge and HGs28, was lost specifically in 
bulge HF-SCs but not in HGs of both dKO and old samples (Fig. 
5f), further supporting HF-SC-specific control of Npnt by FOXC1 
and NFATC1. We next confirmed that CD34 was absent in Krt14-
Cre/Foxc1fl/fl;Krt14-Cre/Nfatc1fl/fl dKO HF-SCs at P30 by using flow 
cytometry (Extended Data Fig. 7c,d). By comparison, CD34 was 
expressed at a lower but still detectable level in both Foxc1- and 
Nfatc1-single cKO HF-SCs (Extended Data Fig. 7e). Furthermore, 
in Krt15-CrePR-induced dKO mice, CD34 levels were also down-
regulated but not completely lost 8 d after induction of deletion 
(Extended Data Fig. 7f). These data suggest that Cd34, encoding 
one of the most specific HF-SC surface markers and a cell adhesion  
gene40–42, requires the combinatorial control of these two TFs (also 
see below). Despite the complete loss of CD34, however, dKO HF- 
SCs still maintained their fate as indicated by the robust expression 

Fig. 4 | genetic deletion of Foxc1 and Nfatc1 causes premature hair loss. a, IF signals of FOXC1 and NFATC1 expression in the HF-SC compartment at 

late anagen (left, marked by CD34) and early telogen (middle, marked by KRT15) and in dKO mice (right, marked by KRT15). Scale bar, 20 μm. Ctrl, 

control. b,c, Staining and quantification of Ki67+ cells in the HF-SC compartment in early anagen (b) and early telogen (c). White arrowheads indicate 

Ki67+ HF-SCs (n = 30 HFs each from three pairs of mice). Scale bar, 20 μm. d,e, Premature hair loss and graying in dKO mice by 5 mo of age (d) and 16 

mo of age (e) (n ≥ 5 pairs of mice for each time point). f, KRT5 and Ki67 staining in control (telogen, telo) and dKO (telogen and anagen (ana)) HFs in 

16-mo-old mice (n = 30 HFs each from three pairs of mice). White arrowheads indicate Ki67+ HF-SCs. White dashed lines indicate the bulge region. 

Red lines indicate dermal papillae. Scale bar, 20 μm. g, Two-photon intravital imaging of HFs in control and dKO mice (8 mo); white arrowheads denote 

miniaturized HFs, and red arrowheads mark escaping epithelial cells (n > 5 pairs of mice). Scale bar, 70 μm. h, Box plot of the size of the HF bulge region 

(mean ± s.d. = 10,423.62 ± 2,514.43 (young), 7,736.71 ± 2,913.99 (old), 3,705.76 ± 2,420.97 (dKO); n = 205 HFs, five young mice; n = 327 HFs, three old 

mice; n = 153 HFs, five dKO mice). i, Box plot of the percentage of HFs containing escaped epithelial cells (mean ± s.d. = 0.25 ± 1.3 (young), 5.6 ± 8.9 (old), 

12.57 ± 17.20 (dKO); n = 205 HFs, five young mice; n = 327 HFs, three old mice; n = 153, five dKO mice). Boxes span the first to the third quartile, with the 

line inside the box representing the median value. Whiskers show minimum and maximum values or values up to 1.5 times the interquartile range below or 

above the first or third quartile if outliers are present. Data are plotted as individual points and considered outliers beyond whiskers. j, Longitudinal tracking 

of the same HFs in dKO mice. Red arrowhead points to the same miniaturizing HF. The red dashed line in the image from day 3 marks escaping epithelial 

cells near the HF-SC compartment. Only three cells are left in the HF at day 26. Scale bar, 70 μm. Data in b,c,f,h,i were assessed with two-sided t-tests.
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of SOX9, a master TF governing the HF-SC fate43–45 (Fig. 5h). In 
addition, dKO HFs continued to grow and cycle when they retained 
HF-SCs within the bulge (Extended Data Fig. 5i). In sum, these 

analyses reveal that HF-SCs, in the absence of Foxc1 and Nfatc1, 
have severely compromised cell adhesion and ECM gene expression, 
which resembles the downregulation of these genes during aging.
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Enhancer–promoter loops mediated by FOXC1 and NFATC1. 
To investigate how Foxc1 and Nfatc1 regulate HF-SC-specific cell 
adhesion and ECM gene expression, we next performed single-
cell ATAC-seq (scATAC-seq) on control and dKO animals at P28. 
We detected a median of 19,512 fragments per cell in controls and 
17,392 fragments per cell in dKO mice. We clustered total epithe-
lial cells using a t-distributed stochastic neighbor embedding (t-
SNE) technique based on open-chromatin signatures determined 
by ATAC-seq46,47 (Extended Data Fig. 8a). To validate whether 
scATAC-seq can correctly distinguish IFE and HF-SC lineages, we 
generated total open-chromatin landscapes of control IFE cells and 
HF-SCs and compared them with bulk ATAC-seq datasets gener-
ated from flow cytometry-purified IFE48 and HF-SC populations. 

Indeed, open-chromatin profiles of IFE and HF-SC populations 
detected in scATAC-seq and bulk ATAC-seq data matched closely 
(Fig. 6a). We next examined enriched TF motifs in IFE- and HF-SC-
specific open-chromatin regions. We found that GATA3–GATA6, 
GRHL2–GRHL3, p63 and KLF motifs were highly enriched in IFE-
specific regions, and LHX2, SOX9 and FOXC1 motifs were highly 
enriched in HF-SC-specific regions (Fig. 6b), consistent with previ-
ous studies documenting functions of these TFs in these epithelial 
lineages7,10,45,49–53.

Next, we examined how the loss of Foxc1 and Nfatc1 affected 
open-chromatin landscape by using aggregated scATAC-seq data. 
In support of the notion that Foxc1 and Nfatc1 are specific to the 
HF but are not expressed in IFE cells, cellular states determined by 
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open-chromatin signatures revealed largely overlapping and similar 
populations of control and dKO IFE cells. Notably, cellular states 
of HF-SCs determined by open-chromatin signatures were dif-
ferent between control and dKO mice (Fig. 6c), in contrast to our 
scRNA-seq results (Fig. 5a). These data indicate that scATAC-seq is 
more sensitive to cellular state changes than scRNA-seq, likely due 
to the much higher number of uniquely identified open-chroma-
tin regions as compared to the number of genes detected in single 
cells. Indeed, we identified 3,980 open-chromatin regions that were 
significantly reduced in dKO HF-SCs (Extended Data Fig. 8b). 
When we searched for enrichment of TF motifs in these regions, we 
identified FOXC1 and NFATC1 motifs as the top two most highly 
enriched TFs (Extended Data Fig. 8c). Interestingly, we also found 
that the KLF4 motif was the third most highly enriched motif.

We next examined how FOXC1 and NFATC1 coregulate HF-SC-
enriched cell adhesion and ECM genes. CD34 is one of the most spe-
cific markers for HF-SCs40–42, and its expression was reduced in aged 
HF-SCs8, in each of Foxc1- and Nfatc1-single cKO strains, and com-
pletely abolished in dKO mice (Fig. 5f and Extended Data Fig. 7d–f). 
Multiple FOXC1- and NFATC1-motif-containing open-chromatin 
regions were identified at the Cd34 locus (Fig. 6d). Interestingly, the 
transcription start site (TSS) and several enhancers of Cd34 were 
uniquely open in HF-SCs but not in IFE cells, mirroring the gene 
expression pattern in these two lineages. In dKO mice, a FOXC1-
motif-containing site lost open-chromatin signals, and the TSS and 
an NFATC1-motif-containing site also showed strongly reduced 
open-chromatin signatures (Fig. 6d). Given the complete loss of 
CD34 expression in dKO mice, these data suggest that the open state 
of these FOXC1- and NFATC1-dependent enhancers is required 
for Cd34 expression in HF-SCs. Similarly, Actg1, Npnt, Col6a1 
and Col6a2 loci also contain FOXC1- and NFATC1-dependent, 
HF-SC-specific open-chromatin regions (Extended Data Fig. 8d–f). 
Notably, Actg1 is widely expressed in both IFE cells and HF-SCs 
(Extended Data Fig. 3g). However, a FOXC1-motif-containing 
open-chromatin region was robustly detected in control HF-SCs but 
not in dKO HF-SCs or IFE samples (Extended Data Fig. 8d). In sup-
port of the regulation of Actg1 by FOXC1, Actg1 was downregulated 
in old, Foxc1-cKO and dKO HF-SCs but not in Nfatc1-cKO HF-SCs 
or in old IFE cells. These data highlight HF-SC-specific regulation 
for a widely expressed cell adhesion gene.

Recent studies demonstrate that scATAC-seq can provide 
insights into enhancer–promoter interactions by computing the 
co-accessibility of open-chromatin regions in single cells46,54. We 
next examined the effect of FOXC1 and NFATC1 on local genome 
organization and enhancer–promoter interactions by computing 
Cicero co-accessibility54. Because cell adhesion and ECM genes 
such as Actg1, Cd34, Col6a1, Itgb6 and Npnt and signaling genes 
such as Bmp2 and Fgf18 harbored FOXC1- and NFATC1-motif-
containing enhancers and were strongly downregulated in dKO 
and aged HF-SCs, we examined enhancer–promoter interactions 
in their genomic loci. Enhancer–promoter interactions were gen-
erally sparse or absent for these genes in IFE cells, consistent with 
their HF-SC-specific expression. By contrast, many strong inter-
actions were detected for these genes in control HF-SCs (Fig. 6e,f 

and Extended Data Fig. 9). The majority of these HF-SC-specific 
interactions, however, were compromised, and aggregated Cicero 
co-accessibility scores were reduced in dKO HF-SCs, correlating 
with their reduced gene expression. As a control, aggregated Cicero 
scores remained unchanged for Krt14, a highly expressed gene that 
is not affected by dKO of Nfatc1 and Foxc1 (Extended Data Fig. 9c). 
However, the score was different for Krt14 in IFE cells and HF-SCs, 
perhaps reflecting different transcriptional controls of Krt14 in 
these cell lineages. To determine TFs underlying reduced enhancer–
promoter interactions in dKO mice, we searched open-chromatin 
regions with reduced Cicero scores. The KLF4 motif was the most 
highly enriched, followed by NFATC1 and FOXC1 motifs (Fig. 6g). 
These data reveal that FOXC1 and NFATC1 control cell adhesion, 
ECM and signaling genes by promoting enhancer–promoter inter-
actions specifically in HF-SCs.

Disintegration of the HF-SC compartment in Foxc1;Nfatc1 dKO 
mice. To visualize cellular activities underlying HF miniaturiza-
tion and hair loss, we next examined HF-SCs using time-lapse 
imaging in dKO animals. In control skin, HFs mostly rested in the 
telogen phase, and HF-SCs were usually quiescent with minimum 
cellular activities within the imaging window of 4–6 h (Fig. 7a and 
Supplementary Video 3). Less frequently did we observe growing 
HFs in the anagen phase. In these HFs, we observed limited cell 
migration, mostly downward movement in the outer root sheath 
(ORS) compartment and upward movement in the inner root sheath 
(IRS) (Supplementary Video 4). HF-SCs were mostly immobile, 
and we occasionally observed HF-SC migration, but generally no 
cell division was observed within the window of 4–6 h (Fig. 7b and 
Supplementary Video 4). In dKO skin, however, we routinely found 
numerous growing HFs. ORS progenitors in dKO mice rapidly 
migrated, mostly moving along the outer surface of HFs laterally 
or downward (Supplementary Video 5). We also observed strong 
activities of cells migrating away from the HF-SC compartment. In 
a 4-h imaging session, we observed an HF-SC that detached from 
neighboring cells and crawled along the HF. In the same HF, two 
HF-SCs escaped from the bulge region to the dermis. Strikingly, we 
observed that these two cells simultaneously changed the shape of 
their nuclei (24–108-min images in Fig. 7c) and squeezed through 
(likely) a small orifice on the BM before migrating away separately 
(Fig. 7c and Supplementary Video 6). Most notably, one of these two 
escaping cells ‘jumped’ more than 16 μm away from the HF in less 
than 30 min after the initial escape, further ruling out the possibility 
that it remained within the HF (Fig. 7c). These data documented the 
rapid escape of individual epithelial cells from the HF-SC compart-
ment to the dermis, likely as a result of compromised cell adhesion 
and defective BM. In support of this, we detected individual dKO 
HF-SCs with strongly reduced β4 integrin signals by IF staining 
(Fig. 7d). These time-lapse movies thus provided direct evidence 
that dKO HF-SCs are a source of H2BGFP+ epithelial cells that have 
escaped from dKO HFs (Figs. 4g,j and 7c). Although it appeared to 
be random when an HF lost cells from the SC compartment into the 
dermis, their occurrence was generally associated with subsequent 
HF miniaturization and hair loss as documented in Fig. 4j.

Fig. 6 | Single-cell open-chromatin analysis of HF-SCs reveals the role of FOXC1 and NFaTC1. a, k-means clustering comparison of open-chromatin 

landscapes of purified bulk IFE cells (IFE1, IFE2), aggregated single-cell IFE cells (scIFE), purified bulk HF-SCs (HF-SC1, HF-SC2) and aggregated single-cell 

HF-SCs (scHF-SC). b, Top enriched TF motifs in clusters 7–10 as classified in a. N.E., not enriched. c, t-SNE projection of control (light brown) and dKO 

(blue) epithelial cell lineages based on scATAC-seq data. Circled populations are validated as in a and cell lineage-specific open-chromatin regions.  

d, Aggregated (aggre.) scATAC-seq tracks of the Cd34 locus annotated with FOXC1 and NFATC1 motifs. Locations of FOXC1 (green marks) and NFATC1 

(red marks) motifs are indicated. Arrows point to HF-SC-specific open-chromatin regions that are lost in dKO mice, and the dashed rectangle marks 

the TSS of Cd34. e,f, Enhancer–promoter interactions of Cd34 (e) and Npnt (f) are illustrated in control IFE cells, control HF-SCs and dKO HF-SCs. The 

aggregated Cicero score is calculated by summing Cicero scores of all enhancer–promoter interactions to the TSS region of each gene. Vertical lines mark 

the TSS, and the dashed line indicates the Cicero-score cutoff (0.2) used for calculation. g, Top enriched TF motifs in open-chromatin regions that have 

reduced Cicero scores in dKO mice, compared to controls.
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To monitor the degeneration of the HF-SC compartment, we 
visualized miniaturized HFs before complete HF loss. Although cell 
migration and division were relatively infrequent, we still observed 

cell-division activities in these miniaturized HFs. In a miniatur-
ized HF, we simultaneously observed a cell-division event, three 
nearby cells disintegrating and being released into the dermis and 
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one escaped cell migrating in the dermis within the span of 2.5 h 
(Fig. 7e and Supplementary Video 7). In another miniaturized HF 
that contained less than 20 cells, one epithelial cell moved down-
ward and was poised to escape from the HF (Supplementary Video 
8). These data suggest that miniaturized HFs are still capable of 
cell division but continue to lose epithelial cells due to cell escape. 

Although we were unable to image the fate of these escaped cells 
due to limitations of the imaging protocol in live animals, they usu-
ally scattered around dying HFs, while other HFs continued to shed 
epithelial cells (Fig. 7f and Supplementary Video 9). These cellular 
activities recapitulated escaped HF-SCs observed from aged HFs 
(Fig. 1a,b,f,g), indicating that cell escape is a common mechanism.
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Fig. 7 | Time-lapse imaging captures HF-SCs escaping from the niche in live animals. a, Images from a 5-h movie of telogen HFs in a control reveal no cell 

division and migration in the HF-SC compartment. Scale bar, 30 μm. b, Images from a 6-h movie of anagen HFs in a control detect migrating HF-SCs and 

IRS cells. Red arrowheads indicate a downward-migrating HF-SC, and yellow arrowheads indicate an upward-migrating IRS cell. Scale bar, 30 μm. c, Images 

from a 4-h movie of catagen HFs in dKO mice detect HF-SCs escaping from the bulge. Blue arrowheads indicate an HF-SC detaching from the bulge; 

red and green arrowheads indicate two HF-SCs squeezing through the BM and escaping from the bulge region. Note the changed shape of nuclei during 

escape. Scale bar, 10 μm. d, β4 integrin IF signals in dKO HFs. Arrowheads point to disrupted BM with loss of integrin staining. Scale bar, 20 μm. e, Images 

from a 3.5-h movie of a miniaturized HF in dKO mice reveal disintegration of HF-SCs, a cell-division event and an escaped cell migrating in the dermis. 

Green arrowheads indicate two disintegrating cells in the miniaturized HF; red dashed circles indicate a dividing cell; and yellow arrowheads indicate a 

migrating cell in the dermis. Scale bar, 20 μm. f, Images from a 3.2-h movie of a dying HF and a miniaturizing HF in dKO mice. Red arrowheads point to 

escaped epithelial cells with minimum activities in the dermis. Green arrowheads point to rapidly escaping cells from a miniaturizing HF. Scale bar, 50 μm. 

g, A model illustrates HF-SC escape and HF miniaturization during aging and in the dKO HF-SC compartment.
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To test whether the loss of individual cell adhesion and ECM 
genes may recapitulate cell escape and premature aging, we geneti-
cally deleted Itgb6, which is commonly downregulated in both aged 
and dKO HF-SCs and controlled by FOXC1 and NFATC1. Although 
genetic deletion of Itgb6 was reported to result in juvenile baldness55, 
Itgb6-KO animals largely recovered their normal hair coat as adults 
(Extended Data Fig. 10a). By 9 months, Itgb6-KO animals did not 
show any defects in hair growth or in the bulge (Extended Data Fig. 
10b). Similarly, Cd34 and Npnt have also been individually deleted 
without affecting the maintenance of HF-SCs or resulting in prema-
ture aging phenotypes28,56. Thus, we concluded that genetic deletion 
of individual cell adhesion and ECM genes may not be sufficient to 
recapitulate HF aging.

Collectively, our data provide evidence for a new model of SC 
exhaustion and HF miniaturization: dKO and aged HF-SCs fail 
to maintain expression of many HF-SC-specific cell adhesion and 
ECM genes, at least in part as a result of reduced Foxc1 and Nfatc1 
expression. In turn, the compromised niche and reduced cell adhe-
sion allow epithelial cells to escape from the HF-SC compartment 
into the dermis, resulting in SC exhaustion and eventual degenera-
tion of HFs (Fig. 7g).

Discussion
SC escape as a mechanism of cell loss and aging. In this study, we 
imaged HF-SC activities during aging and in a Foxc1;Nfatc1 dKO 
model in live animals. Leveraging the ability to noninvasively moni-
tor the HF-SC compartment at a time scale ranging from hours to 
weeks, we observed a hitherto unreported activity of epithelial cells 
escaping to the dermis. Although many of these escaping cells in both 
aging and dKO mice are from the bulge region, it is possible that not 
all escaped cells are SCs. During aging, the process of cell escape is 
relatively slow, and we could only monitor cellular activities of single 
HFs at the resolution of days. We documented the disintegration of 
HFs accompanied by shedding epithelial cells to the dermis (Fig. 1f,g). 
In dKO mice, cell adhesion and ECM gene expression was strongly 
compromised, and this was correlated with more rapid epithelial cell 
escape and accelerated HF miniaturization. We captured the process 
of HF-SCs migrating away from the epithelial niche and into the der-
mis in the time span of a few hours (Supplementary Videos 6–9). 
Although we were unable to label the BM, the most parsimonious 
explanation for the profound changes of nuclear shape and the dis-
tance that these escaping cells traveled during escape (Supplementary 
Video 6) is that these epithelial cells squeeze through a small orifice in 
the defective BM and migrate into the dermis. These striking results 
provide direct evidence that live epithelial cells transverse the BM 
and reach the dermis. These unexpected observations raise a number 
of questions for future investigation such as how these epithelial cells 
remodel cell adhesion and detach from each other, gain motility and 
change their shape during escape.

We were unable to identify a single-cell adhesion or ECM gene, 
the loss of which recapitulates cell escape or the premature aging 
phenotype. This is perhaps not surprising because aging and tis-
sue deterioration are generally caused by functional decline of 
many rather than singular contributing factors1,2. Indeed, the altered 
HF-SC microenvironment was also shown to drive HF aging6. 
Thus, HF aging is likely controlled by many different regulators. 
Interestingly, deletion of E-cadherin in the HF-SC compartment 
causes HF-SC proliferation without triggering HF-SC depletion or 
premature aging57. Furthermore, increased HF-SC proliferation is 
caused by loss of E-cadherin in the inner-bulge niche layer but not 
by the defects on the BM of the outer bulge7,57. Thus, the mecha-
nism underlying cell escape and subsequent SC depletion is distinct 
from the defective adherens junction. Finally, this new mechanism 
mediated by epithelial cell escape likely functions in parallel with 
well-studied cell-exhaustion mechanisms such as cell death and 
senescence and adds a new layer of biology to tissue degeneration.

Homeless epithelial cells in aged skin. Using live imaging, we 
uncovered the presence of escaped, homeless epithelial cells in the 
dermis of aged and dKO skin. Judging by their Krt14-H2BGFP 
transgene label and their rapid escape through the BM, it is likely 
that these cells do not undergo profound cell fate changes such as 
epithelial-to-mesenchymal transition before their escape. These epi-
thelial cells also persist in the dermis rather than immediately initi-
ating programmed cell death such as anoikis upon escape (Fig. 1f,g  
and Supplementary Video 9). These observations raise important 
questions such as whether these escaped cells can self-renew or 
divide in the dermis, how they interact with the foreign environ-
ment including dermal fibroblast cells, adipocytes and immune cells 
and whether these escaped cells play any role in tumorigenesis dur-
ing aging. These questions warrant future investigation of the fate of 
escaped cells in normal and pathological conditions.

Mechanisms governing SC quiescence and the niche. Our data 
suggest that HF-SC quiescence and their niche integrity are coupled 
through the function of FOXC1 and NFATC1. Our previous study 
suggests that HF-SC activation promotes the expression of Foxc1, 
and, in turn, FOXC1 reinforces quiescence by inducing Nfatc1 and 
Bmp2/6 expression in activated HF-SCs10. Furthermore, Foxc1-
mediated HF-SC depletion has been linked to defective adherens 
junctions, although deletion of E-cadherin does not cause HF-SC 
depletion or premature aging7,57. Now, by examining transcriptomes 
that are controlled by Foxc1 and Nfatc1, we find that these two TFs 
coregulate a large number of HF-SC-specific cell adhesion and 
ECM genes, including Cd34, Npnt and Itgb6. Importantly, we show 
that the lack of HF-SC division in prolonged telogen during aging 
also reduces Foxc1 expression and, to a lesser extent, Nfatc1 expres-
sion. Thus, HF-SC division may serve as a mechanism to rejuvenate 
cell adhesion of HF-SCs through the upregulation of Foxc1.

Our study has further revealed that the loss of SC quiescence per 
se does not directly cause SC exhaustion. Indeed, increased HF-SC 
proliferation does not deplete HF-SCs57. Furthermore, we observed 
numerous rapidly growing HFs when macroscopic hair loss was 
already widespread (Fig. 4g). Instead, dKO HF-SCs downregulated 
cell adhesion and ECM genes and escaped from the defective niche, 
resulting in excessive cell loss and hair degeneration. In support of 
this view, we still observed cell-division and escape events concur-
rently in miniaturized HFs (Supplementary Video 7). This model 
of SC exhaustion provides a new framework for studying SC quies-
cence and integrity of the SC niche.

Methods
Mice. All experiments were carried out following IACUC-approved protocols and 
guidelines at CU Boulder and Northwestern, respectively. Mice were bred and 
housed according to guidelines of the IACUC at a pathogen-free facility at the 
University of Colorado at Boulder and at Northwestern University Feinberg School 
of Medicine. The following mouse lines were used: K14-Cre (E. Fuchs, Rockefeller 
University), K14-H2BGFP (E. Fuchs, Rockefeller University), Foxc1fl/fl, Foxc1-
LacZ, Nfatc1fl/fl, Itgb6−/− (D. Sheppard, University of California, San Francisco), 
K15-CrePR (Jackson Laboratory, 005249) and Rosa26-LSL-tdTomato (Jackson 
Laboratory, 021876).

K15-CrePR induction was performed by topical application of 4% RU486 
(dissolved in ethanol) from P22 to P28 for 7 consecutive days. Samples were 
collected 2 or 3 d later, at P30 or P31. Sex- and age-matched mice were used for 
flow cytometry and histology. For quantification, at least 30 HFs from at least three 
pairs of animals were counted. Male and female mice showed similar phenotypes, 
and final results were reported by combining all data.

Horizontal whole-mount staining. Back skins were embedded in optimum 
cutting temperature (OCT, Tissue-Tek) compound. Sections (100 μm) were 
prepared and incubated in PBS to remove the OCT compound. Horizontal whole-
mount staining was performed as previously described58 with minor modifications. 
Briefly, sections were fixed in 4% PFA for 10 min at room temperature, blocked 
with a mixture of 0.5% Triton X-100, 0.25% fish skin gelatin and 0.5% skim milk 
powder in PBS (blocking solution) for 1 h at room temperature and incubated 
overnight with primary antibodies at 4 °C. Antibodies were diluted in blocking 
solution. After incubation, sections were washed three times with 1× PBS for 
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2–3 h. Secondary antibodies were added at a dilution of 1:1,000 together with 
5 μg ml−1 Hoechst 33342 (Invitrogen) for 1 h at room temperature, followed by 
washing three times with 1× PBS for 30 min. Sections were then placed on slides 
in VECTASHIELD antifade mounting medium (Vector Laboratories, H-1000) 
under a dissection microscope to ensure correct orientation and then covered 
with coverslips for imaging. Confocal imaging of whole-mount staining was 
performed on a Nikon A1 laser scanning confocal microscope with either a 20×, 
0.75-numerical aperture (NA) or a 100×;, 1.49-NA objective lens, and images 
were acquired with NLS Elements (Nikon) software in the Light Microscopy Core 
Facility of the University of Colorado, Boulder.

Cryosectioning and immunostaining. OCT-embedded tissues were sectioned 
to 20–30 µm and fixed with 4% PFA for 10 min at room temperature. Sections 
were permeabilized for 10 min at room temperature with 0.1% Triton X-100 in 
1× PBS. When staining with mouse monoclonal antibodies, we used the mouse-
on-mouse basic kit (BMK-2202, Vector Laboratories). Otherwise, blocking was 
performed with 5% normal serum of the same species that the secondary antibody 
was raised in. Sections were incubated with primary antibody overnight at 4 °C. 
After incubation with primary antibodies, sections were washed three times in 1× 
PBS and incubated for 1 h at room temperature with Alexa Fluor 594-, Alexa Fluor 
488- or Alexa Fluor 647-conjugated secondary antibodies (1:2,000, Invitrogen–
Molecular Probes). Nuclei were stained with Hoechst 33342 (1:5,000, Invitrogen).

Flow cytometry cell sorting. Sex- and hair cycle-matched mice were euthanized 
and collected for dissection. We first shaved the hair coat and applied nair hair 
removal lotion (Amazon, 22339) for around 3 min. After wiping off the lotion 
and washing away leftover hair shafts, back skin was dissected, and subcutaneous 
fat was removed using a blade. A small part of the skin sample was embedded 
in OCT, and the remaining skin sample was minced and incubated with 0.25% 
collagenase (Worthington, LS004188) in 4–6 ml 1× HBSS buffer at 37 °C for 2 h 
with rotation. A 5-ml serological pipet was used to further separate the epidermis 
from the dermis at the 1-h incubation time. After collagen treatment, we added 
10 ml cold PBS and centrifuged the sample at 400g for 10 min at 4 °C. The pellet 
was resuspended with prewarmed 0.25% trypsin–EDTA (Gibco) for 8 min at 
37 °C, and the digestion was immediately blocked by adding 10 ml cold 1× PBS 
with 3% chelated FBS. The suspension was extensively triturated with a 10-ml 
pipette and passed over a 40-µm cell strainer, followed by centrifugation at 400g 
for 5 min at 4 °C. Pelleted cells were resuspended in cold 1× PBS with 3% chelated 
FBS. Cells were incubated with appropriate antibodies for 1 h on ice. DAPI 
was used to exclude dead cells. HF-SCs from K14-Cre-based experiments were 
isolated by enriching for DAPI−K14-H2BGFPhiSCA1loα6hiCD34hi cells. HF-SCs 
from K15-CrePR-based experiments were isolated by enriching for DAPI−K14-
H2BGFPhitdTomatohiSCA1loCD34hi cells. The following antibodies were used: anti-
integrin α6 (CD49f, 1:75; eBioscience, PE conjugated, 12-0495; APC conjugated, 
17-0495), anti-CD34 (1:50; eBioscience, eFluor 660 conjugated, 50-0341), anti-
SCA1 (Ly-6A/E, 1:500; eBioscience, PerCP-Cy5.5 conjugated, 45-5981). Flow 
cytometry was performed on the MoFlo XDP machine (Beckman Coulter). Flow 
cytometry data were analyzed with FlowJo.

RNA-seq assay. Total RNA from flow cytometry-purified cells was isolated 
using TRIzol (Invitrogen), and RNA quality was assessed with the Agilent 2100 
bioanalyzer. RNA with integrity numbers >8 was used to perform RNA-seq assays. 
Libraries were prepared following the manufacturer’s protocol (NEBNext Ultra 
Directional RNA Library Prep kit). cDNA libraries were checked for quality with the 
bioanalyzer before being sent out for sequencing to the Genomics and Microarray 
Core Facility at the University of Colorado Denver on the Illumina NovaSeq 6000.

Omni-ATAC-seq assay. ATAC-seq was performed as previously described59 with 
the following modifications: an average of 50,000 flow cytometry-sorted HF-SCs 
were collected in PBS containing 3% chelated FBS and pelleted by centrifugation 
for 5 min at 500g and 4 °C. Cell pellets were resuspended in 50 µl lysis buffer 
containing 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Igepal CA-
630, 0.1% Tween-20 and 0.01% digitonin and incubated on ice for 3 min. After 
the incubation, we added 1 ml wash buffer containing 10 mM Tris-HCl, pH 7.4, 
10 mM NaCl, 3 mM MgCl2 and 0.1% Tween-20 and inverted the tube three times to 
mix. Nuclei were then pelleted by centrifugation for 15 min at 500g and 4 °C. The 
supernatant was carefully discarded, and nuclei were resuspended in 50 µl reaction 
buffer containing 5 µl Tn5 transposase and 25 µl TD buffer (Nextera DNA Sample 
Preparation kit, Illumina), 16.5 µl PBS, 0.5 µl 1% digitonin, 0.5 µl 10% Tween-20  
and 5 µl H2O. The reaction was incubated at 37 °C for 30 min with rotation, 
terminated by adding 10 µl clean-up buffer (900 mM NaCl, 300 mM EDTA) and 
immediately purified using the MinElute PCR Purification kit (Qiagen). After 
purification, DNA samples were quantified using a NanoDrop, and 50 ng DNA was 
used for library construction. Library amplification was performed for 13 cycles 
following the manufacturer’s protocol (Nextera DNA Sample Preparation kit, 
Illumina) except that we used 2.5 µl of each primer and a 2-min extension time in 
the PCR reaction. Libraries were size selected to enrich for inserts of150–1,000 bp 
in size, checked for quality with the bioanalyzer and paired-end sequenced for at 
least 40 million reads per sample.

Single-cell ATAC-seq assay. Cells from both wild-type and dKO animals were 
collected from a flow cytometry-sorting machine with cell surface proteins and 
H2BGFP signals such that epidermal cells and HF cells were at a 1:3 ratio. In 
total, 10,000 cells were used for preparation of both WT and dKO samples for 
scATAC-seq. Libraries were prepared using the 10x Chromium Single Cell ATAC 
Library & Gel Bead kit (PN-1000110). In brief, cell nuclei were isolated, and 
nuclear suspensions were incubated in a transposition mix to fragment DNA and 
add adaptor sequence to the end of DNA fragments. Single-nucleus resolution 
was achieved using 10x barcoded gel beads, partitioning oil and a master mix on a 
Chromium Chip E. Libraries were constructed using a 10x sample index plate and 
double size selected from 150 bp to 1,000 bp.

Intravital live imaging. Intravital live imaging was performed as previously 
described23,24 with modifications. Mice used for imaging was sedated using 2% 
oxygen and ~1–2% isoflurane. Once the mouse was fully sedated (~5 min), it was 
put on a warm pad at 37 °C. Oxygen and isoflurane levels were maintained during 
the course of imaging. Night-time ointment (Genteal, NDC 0078-0473-97) was 
applied to keep the eyes moisturized. A 30-gauge needle and tattoo ink were used 
to mark the region (it is best to mark the region at least 1 d before imaging to allow 
for healing). A custom-manufactured spatula was used to stretch and flatten the 
region of interest (near the tattoo ink) and was maintained at an adjustable height. 
Double-sided tape was used to adhere the lower side of ear onto the spatula. After 
applying long-lasting Genteal gel (0078-0429-47) to the region of interest, a second 
adjustable spatula, glued to a coverglass on one end, was gently pressed down on 
the ear so that the coverglass was directly on top of the region. A second round of 
long-lasting Genteal was applied to the coverglass (the Genteal gel should cover 
a region large enough for the objective to move around, and a sufficiently large 
amount should be used to keep the tip of objective immersed during imaging). We 
used the Olympus FVMPE-RS multiphoton imaging system to acquire images. 
The lasers we used were the InSight X3 with wavelength set to 920 nm for GFP 
signals and the Mai Tai HP with wavelength set to 860 nm for second-harmonic-
generation signals. Emission wavelengths were 510 nm and 430 nm, respectively. 
We used 10× and 25× objectives for images. During the imaging session, the light 
should be turned off, and the stages and scope should be covered with a black 
curtain to avoid exposure to light. After the imaging session is complete, the  
mouse was kept in oxygen for around 10 min to recover before sending it back  
to the cage.

Two-photon image processing and quantification. Two-photon images were 
acquired using FluoView software from Olympus. Images were opened using Fiji 
(ImageJ) and converted to TIF format using ‘Fiji > plugins > bio-formats > bio-
formats-exporter’. Time-lapse images were aligned using ‘plugins > registration > 
descriptor-based series registration (2d/3d +t)’ before being exported. Exported 
TIF files were further converted to Imaris files using the Imaris File Converter. 
Imaris x64 9.2.1 was used to open files for further analysis. Images were adjusted 
on the x, y or z plane and smoothed with a Gaussian filter for better visualization. 
Movies were also adjusted and generated with Imaris. For HF quantification, 3D 
pictures were opened in Imaris, and then the epidermis and upper HF regions were 
cropped out. Next, 3D rendering was applied to leftover bulge regions to model the 
surface area. The surface area output was used for quantification and plotting. For 
HF miniaturization, we used the smallest HF in young samples as the cutoff; any 
HF smaller than the cutoff was counted as miniaturized. To quantify the number of 
HF-SCs, we used 3D two-photon images to select one sagittal plane and count all 
HF-SCs in the outer layer.

To quantify the HF fate, we tracked 78 HFs in total for at least 16 d and 
monitored HF morphological changes. We defined regeneration as HFs that are 
cycling with no signs of shrinkage while in telogen, degeneration as noncycling 
HFs undergoing miniaturization or cycling HFs becoming smaller in telogen and 
quiescence as noncycling HFs with no significant size change during tracking.

To quantify FOXC1 and NFATC1 immune-staining signals in HF-SCs, we 
co-stained with CD34 to label the bulge region and HF-SCs. Images were then 
converted to Imaris format for further quantification. Briefly, we used the Imaris 
Surface module to manually select a circle of fixed size in the nucleus of HF-SCs. 
The mean and/or median intensity of each channel in the selected region was 
obtained from the statistical tab.

RNA-seq analysis. RNA-seq reads (150 nt, paired end) were aligned to the mouse 
genome (NCBI37/mm10) using HISAT2 (version 2.1.0)60. The resulting SAM 
files were converted to BAM files using SAMtools (version 1.3.1)61. Expression 
of each gene was calculated from the resulting BAM alignment file by HTSeq62. 
Differentially expressed genes were determined using DESeq2 (ref. 63) with an 
adjusted P-value cutoff of 0.05. GO analysis was performed using Metascape64. 
Selected GO terms were from Metascape results along with the gene lists.

Single-cell RNA-seq analysis. The Cell Ranger Single-Cell Software Suite was 
used to perform barcode processing and single-cell 3′ gene counting (http://
software.10xgenomics.com/single-cell/overview/welcome). Barcodes, features and 
matrix files were loaded into Seurat 3.0 (ref. 26) for downstream analysis (https://
satijalab.org/seurat/vignettes.html). For each sample, the analysis pipeline followed 
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instructions in the guided tutorial. Cells were filtered using nFeature_RNA 
(>200 and <5,000) and the mitochondrial percentage (<10%). In addition, cell 
cycle regression was used to regress out addition variation from cell cycle genes. 
After clustering and UMAP dimension reduction, cluster markers were used to 
identify distinct cell populations. For comparison between different samples, all 
samples were integrated to promote identification of common cell types and enable 
comparative analysis65. All differential analyses were based on the nonparametric 
Wilcoxon rank-sum test. Average log (FC) values were converted to log2 (FC) 
values for consistency with bulk RNA-seq data. Genes with adjusted P values less 
than 0.05 were used for GO term analysis.

To recluster specific cell populations, we first subset the cells of interest and 
then re-ran the analysis pipeline with modifications for UMAP resolution.

For differential gene plots, we used both default Seurat options and SCANPY66. 
Note that we used cell cycle regression for initial clustering of total populations; 
but, for pseudotime analysis, we did not regress out cell cycle genes to capture 
differentiation information. After clustering, we were able to resolve LGR6+ 
HF-SCs, which we thus named the upHFSC population. Next, we kept only HF 
lineages including HF-SCs, UpHFs, infundibular cells, niche cells, HGs, UpHFSCs 
and SGs based on Seurat clustering. Finally, we converted the Seurat object to a 
single-cell experiment for standard downstream Monocle 3 pseudotime analysis29. 
After obtaining pseudotime scores for each cell, we first filtered out all cells without 
scores (which are mostly SGs) and then added the information back to the Seurat 
object for further plotting.

ATAC-seq and motif analysis. ATAC-seq reads (paired end) were aligned to 
the mouse genome (NCBI37/mm10) using Bowtie 2 (version 2.2.3)67. Duplicate 
reads were removed with Picard tools (http://broadinstitute.github.io/picard/). 
Mitochondrial reads were removed, and peaks were called on each individual 
sample by MACS (version 2.0.9)68. Peaks from different ATAC-seq samples were 
merged for downstream analysis. De novo motif discovery was performed using 
HOMER69. Motif scanning was performed with MEME (5.0.3)70. BED files were 
converted to FASTA files by bedtools getfasta71, and motifs discovered by HOMER 
were used to scan for instances in open-chromatin regions. HOMER motifs 
were also converted to MEME format with the R package from GitHub (https://
gist.github.com/rtraborn/e395776b965398c54c4d). For IGV visualization72, we 
first concatenated all peaks from samples of interest and converted them into a 
GTF file, counted the number of reads mapped in peaks and then normalized 
all samples using ‘bedtools genomecov -scale’ to obtain bedGraph files. Igvtools 
toTDF was used to obtain TDF files for final visualization.

Single-cell ATAC-seq analysis. FASTQ files were collected from the sequencing 
facility and concatenated together. We used cellranger-atac (version 3.0.1) counts 
with the reference downloaded from the 10x Genomics website. Loupe Cell 
Browser (version 3.1.0) was used to generate a t-SNE plot of wild-type and  
dKO samples. We used graph-based clustering for P28 control samples and 
k-means-based clustering for P28 dKO samples for better identification of 
subpopulations.

IFE and HF-SC populations were first extracted from the BAM file of the 
cellranger-atac output file. First, we extracted cluster IDs of each population and 
used suggested methods from 10x Genomics (https://kb.10xgenomics.com/hc/
en-us/articles/360022448251-Is-there-way-to-filter-the-BAM-file-produced-
by-10x-pipelines-with-a-list-of-barcodes-) to subset BAM files specific for each 
population. To predict the cis-regulatory landscape from scATAC-seq data, we 
used the R package Cicero54 to infer enhancer and promoter interactions. The 
pipeline was performed according to instructions in the tutorial. Cicero connection 
lists were exported from R and saved for further analysis. For connection scores 
at TSSs, we first downloaded the mouse gene coordinate GFF file from the UCSC 
genome browser and then we extracted gene TSS sites based on gene coordinates 
and strand information. Cicero peaks were imported to Python, and we used 
pandas to covert to the BED file format. Formatted Cicero BED files were used 
to intersect with TSS BED files to extract peaks connected to TSS sites and 
corresponding connection scores. For each individual gene, connection scores 
were first filtered with 0.2 as the cutoff, and then all connections were summed 
up as the total score. For global reduced enhancer–promoter interactions, we first 
used all connection scores greater than and equal to 0.16 to reduce noise and then 
organized and formatted all peaks from control and dKO samples for comparison. 
We considered any interactions with greater than or equal to 0.2 as changed 
interactions and those with less than or equal to 0.1 as background interactions. All 
peaks with corresponding interactions were pooled, peaks with TSSs were filtered 
out, and then we used HOMER69 for de novo motif discovery.

k-means clustering of ATAC peaks. To compare open-chromatin signals across 
multiple samples, k-means clustering was performed using seqMINER (version 
1.3.4)73. BAM files were first converted to BED files using bedtools bamtobed. To 
normalize across samples for depth of sequencing, we downsampled each BED file 
to 20 million reads for input. Peaks were called by MACS2 from all bulk ATAC-
seq data. Next, peaks called from bulk data were concatenated, sorted, merged 
and then used as genome coordinates. Signals were calculated in a 1.5-kb region 
(±750 bp) surrounding the center of the peak with 50-nt bins.

Statistics and study design. In general, all sequencing experiments (RNA-seq, 
ATAC-seq) were repeated on at least two pairs of control and cKO or dKO samples 
per experiment. scATAC-seq was performed with one pair of control and dKO 
samples at the same time on the same chip to avoid batch effects. All experiments 
were designed such that there were always littermate controls. All statistical tests 
were performed as indicated in figure legends. No statistical methods were used 
to predetermine sample size. Experiments were not randomized, and investigators 
were not blinded to allocation during experiments or outcome assessment, except 
when stated.

Statistics and reproducibility. Results in Fig. 1a,b,f–i were repeated with at 
least three different animals. Results in Fig. 4a,j were repeated with at least three 
different animals. Results in Fig. 5h were repeated with at least three different 
animals. Results in Fig. 7a,b,d–f were repeated with at least three different animals. 
Results in Fig. 7c were observed in two different animals. Results in Extended Data 
Figs. 1a,b,d,h, 4a–c, 5b,e,g,i, 7a and 10b were repeated with at least three animals.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All sequencing data were deposited to NCBI–GEO SuperSeries under accession 
number GSE133648.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Live imaging of escaped cells in aging hair follicles. a, Two-photon longitudinal tracking of hair follicles in young mice during the 

anagen to telogen hair cycle. Red numbers designate the same hair follicle in each image. Red dotted lines annotate the bulge region. Scale bar, 50μm.  

b, Two-photon intravital imaging of hair follicles from young (left panel) and old (middle and right panels) mice. White arrowheads point to miniaturized 

hair follicles and cells located outside of the HF-SC compartments. Red dotted lines outline miniaturized hair follicles. Scale bar, 50μm. c, Boxplot of the 

percentage of miniaturized hair follicles, quantified from 3-D scan of live animals. (mean ± s.d.= 0 ± 0 (young), 14 ± 17 (old); n=205 HFs from 5 young 

mice; n=327 HFs from 3 old mice). d, Representative images of hair follicles with KRT5 and activated caspase 3 (acCas3) signals in young (6~8mo) and 

old (20mo) mice. (n=50 hair follicles from young mice; n=62 hair follicles from old mice, 3 pairs of mice). Scale bar, 20μm. e-f, Boxplot of number of 

acCas3+ HFSCs(e) and HG(f) per hair follicle (HFSCs: mean ± s.d.= 0.058 ± 0.31 (young), 0.048 ± 0.22 (old); HG: mean ± s.d.= 0.077 ± 0.33 (young), 

0.065 ± 0.31 (old); n=50 hair follicles from young mice; n=62 hair follicles from old mice, 3 pairs of mice). g, 3-D view of hair follicles in 24mo old mice. 

White arrowheads point to numerous escaped epithelial cells scattering in the dermis. Scale bar, 50μm. h, 3-D view of β4 integrin immunofluorescence 

signals in 24mo old mice. White arrowheads point to HF-SCs with protruding integrin signals in the new bulge side. Scale bar, 20μm. Data in c, e, f are  

two-sided t-test.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Quality control and clustering of single-cell RNa-seq data from young and old mice. a, Quality control and filtering of single cells 

from old and young samples. Cells were filtered with detected genes numbers (200<nFeature_RNA<5000), transcripts numbers (nCount_RNA) and 

mitochondrial percentage (percent.mt < 10). b, Track plot of marker genes for each cluster. c, Table shows cluster names, cell numbers and percentage of 

cells for each cluster after filtering of old and young scRNAseq data.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Single-cell transcriptomic analysis of old and young skin samples. a-b, UMAP re-clustering and projection of IFE cells, color coded 

by sample identity (a) and cluster identity (b). c-d, Feature plots of marker genes for basal progenitor cells (Krt14, Krt5) and suprabasal cells (Krt1, Krt10). 

e-f, Highly enriched GO terms for upregulated genes in old HFSCs (e) and downregulated genes in old IFE (f). g, Violin plots of selected gens in young 

and old HF-SC and IFE cell clusters. h, Feature plot of monocle3 pseudotime score of hair follicle cells from old and young mice. i, Violin plot of HFSCs 

pseudotime score in young and old samples. j, Highly enriched GO terms for HFSCs in the ground state with lower pseudotime score (<5.5).
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Extended Data Fig. 4 | Transcriptional activity of Foxc1 locus in 15mo old mouse skin. a, Transcriptional activity of Foxc1 locus (Foxc1-LacZ knockin) is 

detected in anagen bulge but not detected in telogen bulge. Scale bar, 20μm. b, Transcriptional activity of Foxc1 locus (Foxc1-LacZ knockin) is not detected 

in telogen bulge. Scale bar, 20μm. c, Robust transcriptional activity of Foxc1 locus (Foxc1-LacZ knockin) is detected in both bulge and IRS regions of anagen 

hair follicles. Scale bar, 20μm.

NaTuRE agiNg | www.nature.com/nataging

http://www.nature.com/nataging


ARTICLESNATURE AGING ARTICLESNATURE AGING

Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Hair follicle miniaturization and loss in dKO mice. a, Krt5 and Ki67 staining of hair follicles at early anagen (anagen III, P25) in 

control and dKO mice, arrowheads indicate Ki67+ HF-SCs, Right panel, quantification of Ki67+ HF-SCs per hair follicle (n=30 hair follicles from 3 pairs of 

mice). Scale bar, 20μm. b, Ki67 staining of hair follicles at late anagen (anagen V-VI) in control, Foxc1 cKO, Nfatc1 cKO, and dKO mice, arrowheads indicate 

Ki67+ HF-SCs. Scale bar, 20μm. c, Images of hair coat in the same control and dKO mice on P41 (left panel) and P64 (right panel), the right half of back 

skin was shaved on P41 and imaged again on P64. d, Images of hair coat of control and dKO mice at ~16mo old. e, Two-photon images of hair follicles 

in control and dKO mice at 12mo old, red arrowheads point to escaped cells outside of hair follicles. Scale bar, 70μm. f, Boxplot of the percentage of 

miniaturized hair follicles in young, old and dKO mice. (mean ± s.d.= 0 ± 0 (young), 14 ± 17 (old), 77 ± 25 (dKO); 5 young mice; 3 old mice; 5 dKO mice). 

g, Representative Two-Photon images for the quantification of HFSCs, red asterisks mark HFSCs(g). h, Boxplot of the number of HFSCs per HF in different 

samples. (mean ± s.d.= 19.33 ± 2.44 (young), 15.33 ± 4.04 (old), 10.95 ± 3.97 (dKO);91HFs, 5 young mice; 122 HFs, 3 old mice; 58 HFs, 5 dKO mice).  

i, Longitudinal tracking of dKO hair follicles over 26 days. Red numbers indicate the identical hair follicles in each image. Scale bar, 70μm. j, Boxplot of the 

percentage of HFs undergo regeneration, degeneration and quiescence in dKO samples (mean ± s.d.= 70 ± 24 (regeneration), 25.23 ± 25 (degeneration), 

4.12 ± 7.49 (quiescence); 78 HFs from more than 3 mice were tracked for at least 16 days). Data in a, f, h are two-sided t-test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Quality control and clustering of single-cell RNa-seq data from control and dKO. a, Quality control and filtering of single cells 

from both control and dKO samples at P38. Cells were filtered with detected genes numbers (200<nFeature_RNA<5000), transcripts numbers (nCount_

RNA) and mitochondrial percentage (percent.mt < 10). b, Track plot of marker genes for each cluster. c, Table shows cluster names, cell numbers and 

percentage of cells for each cluster after filtering of both control and dKO single-cell RNA-seq data.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | isolation and transcriptomic analysis of Foxc1 and Nfatc1 single KO and induced dKO HF-SCs. a, Immunofluorescence staining 

of Foxc1 and Nfatc1 in Krt15-CrePR induced dKO hair follicles. tdT is tdTomato signals from ROSA26-LSL-tdT allele, indicating Cre+ dKO HF-SCs. Red 

arrowheads indicate HFSCs without Foxc1 and Nfatc1 signals, white arrowheads indicate inner bulge region, which is negative for tdT. Scale bar, 20μm. 

b, Highly enriched GO terms of upregulated genes and selected differentially expressed in induced dKO HF-SCs. c, Gating strategy for flow cytometry 

analysis. d-f, Flow cytometry analysis and quantification of HF-SCs during the first anagen (P28-P31) in control, Krt14-Cre-mediated dKO hair follicles (d), 

Foxc1 cKO and Nfatc1 cKO hair follicles (e). The rectangle regions are CD34-APChi and Cd49f-PE hi HF-SC populations. Representative plots for 3~5 sets of 

experiments are shown. f, Flow cytometry analysis of Krt15-CrePR-mediated dKO hair follicles with ROSA26-LSL-tdT allele to mark Cre+ dKO cells. The 

rectangle regions are CD34-APChi and tdTomatohi populations. Representative plots for 5 sets of experiments are shown.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Single-cell aTaC analysis of Foxc1 and Nfatc1 controlled open chromatin in HF-SCs. a, tSNE plots of control and dKO total 

epithelial cells (Krt14-H2bGFP+). The HF-SC populations in each sample are highlighted in blue color and circled. The selected populations show the 

strongest open chromatin signatures of Cd34, the marker for HF-SC, and the weakest signatures of Gata6, a differentiation marker. b, K-means clustering 

of control and dKO open chromatin regions from aggregated scATAC-seq data from the HF-SC populations. Cluster 8 is reduced in dKO and cluster 10 

is enhanced in dKO. c, Top 3 most highly enriched transcription factor motifs in cluster 8. d-f, Aggregated scATAC-seq tracks of Actg1 (d), Npnt (e) and 

Col6a1/2 (f) loci annotated with FOXC1 and NFATC1 motifs. Location of FOXC1 (green marks) and NFATC1 (red marks) motifs are indicated. Arrows point 

to HF-SC-specific open chromatin regions that are lost in dKO and the dashed rectangles mark the TSS of Actg1, Npnt and Col6a1/2, respectively.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Enhancer-promoter interactions are inferred by using aggregated Cicero scores computed from scaTaC-seq. a-f, Enhancer-

promoter interactions of Actg1 (a), Bmp2 (b), Krt14 (c), Col6a1 (d), Fgf18 (e) and Itgb6 (f) are illustrated in ctrl IFE, dKO IFE, ctrl HF-SC and dKO HF-SC. The 

aggregated Cicero score is calculated by the summation of Cicero scores of all enhancer-promoter interactions to the TSS region of each gene. The vertical 

lines mark the TSS and the dashed line indicates the cutoff of Cicero score (0.2) used for calculation.
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Extended Data Fig. 10 | Deletion of itgb6 does not lead to premature hair loss. a, Hair coat is normal in both control and Itgb6 KO animals at ~9-mo old. 

b, HF-SC compartment is normal in both control and Itgb6 KO animals at ~9-mo old. Scale bar, 20μm.
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