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C E L L  B I O L O G Y

Vasculature-driven stem cell population coordinates 
tissue scaling in dynamic organs
Ryo Ichijo1, Mio Kabata2, Hiroyasu Kidoya3, Fumitaka Muramatsu3, Riki Ishibashi1, Kota Abe1,4,  
Ko Tsutsui5, Hirokazu Kubo1,4, Yui Iizuka1,4, Satsuki Kitano1, Hitoshi Miyachi1, Yoshiaki Kubota6,  
Hironobu Fujiwara5, Aiko Sada7,8, Takuya Yamamoto2,9,10,11, Fumiko Toyoshima1,4*

Stem cell (SC) proliferation and differentiation organize tissue homeostasis. However, how SCs regulate coordi-
nate tissue scaling in dynamic organs remain unknown. Here, we delineate SC regulations in dynamic skin. We 
found that interfollicular epidermal SCs (IFESCs) shape basal epidermal proliferating clusters (EPCs) in expanding 
abdominal epidermis of pregnant mice and proliferating plantar epidermis. EPCs consist of IFESC-derived 
Tbx3+–basal cells (Tbx3+-BCs) and their neighboring cells where Adam8–extracellular signal–regulated kinase 
signaling is activated. Clonal lineage tracing revealed that Tbx3+-BC clones emerge in the abdominal epidermis 
during pregnancy, followed by differentiation after parturition. In the plantar epidermis, Tbx3+-BCs are sustained as 
long-lived SCs to maintain EPCs invariably. We showed that Tbx3+-BCs are vasculature- dependent IFESCs and 
identified mechanical stretch as an external cue for the vasculature-driven EPC formation. Our results uncover 
vasculature-mediated IFESC regulations, which explain how the epidermis adjusts its size in orchestration with 
dermal constituents in dynamic skin.

INTRODUCTION
Skin, an essential barrier, is a dynamic organ that expands and 
shrinks flexibly in response to physiological changes in body shape. 
Skin consists of stratified epidermis and underlying dermis where 
blood and lymphatic vessels, peripheral nerves, and skin appendages 
form complex networks (1, 2). Skin epidermis is compartmental-
ized into two main areas: hair follicles (HFs) and their surrounding 
interfollicular epidermal (IFE) (3). To replenish IFE for homeosta-
sis, IFE stem cells (IFESCs) residing in the basal layer balance 
self-renewal and differentiation (4). Extensive studies using clonal 
lineage-tracing techniques and mathematical modeling have pro-
posed models that explain the IFESC composition and dynamics in 
homeostasis and wound repair. They include the single type of stem 
cell/progenitor model, in which IFESCs/progenitors undergo self- 
renewal and differentiation stochastically (4–6), and the stem cell–to– 
committed progenitor hierarchical model (7, 8) and multiple IFESC 
lineages model (9–11) in which each cell lineage can be distin-
guished by individual markers or their differential proliferation ca-
pacities. In addition, recent studies of single-cell transcriptomes in 
both murine and human epidermis have revealed multiple IFE basal 

cell (BC) clusters on the basis of their transcriptional heterogeneity 
(12–15). Beyond homeostasis and wound repair, we have shown that 
the epidermal basal layer of rapidly expanding abdominal skin of 
pregnant mice harbors highly proliferating IFESC progeny that ex-
presses T-box3 (Tbx3) necessary for their proliferation and skin 
expansion (16).

Here, we investigated functions and cell fate of Tbx3+-BCs in 
epidermal remodeling. We showed that Tbx3+-BCs shape the dis-
tinct epidermal proliferating clusters (EPCs) to populate expanding 
epidermis, including abdominal skin of pregnant mice, planter 
skin, and stretched skin. In addition, we found that Tbx3+-BCs are 
vasculature-induced IFESCs, which undergo differentiation after 
vascular regression.

RESULTS
Tbx3+-BCs shape EPCs in abdominal epidermis of  
pregnant mice
To assess the function of Tbx3+-BCs in epidermal expansion during 
pregnancy, we used a histone 2B (H2B)–green fluorescent protein 
(GFP) pulse-chase assay using K5-tTA (tet-off);pTREH2B-GFP mice in 
which doxycycline administration turns off the H2B-GFP gene 
transcription, leading to dilution of the GFP fluorescence intensity 
at each cell division (17). Skin sections from doxycycline-treated 
pregnant mice showed that non–label-retaining cells (non-LRCs) 
were enriched and forming clusters in the abdominal skin (fig. S1A). 
Non-LRCs were either Tbx3+ cells or their neighboring Tbx3− cells 
(fig. S1B). This raised the possibility that Tbx3+-BCs not only prolif-
erate themselves but also promote proliferation of neighboring cells. 
To examine this possibility, we explored the Tbx3-dependent tran-
scriptomes in abdominal IFEBCs of pregnant mice by RNA sequenc-
ing (RNA-seq) of fluorescence-activated cell sorting (FACS)–isolated 
IFEBCs from the abdominal skin of wild-type (WT) nonpreg-
nant (NP) mice, pregnant mice at days post-coitum (dpc16), and 
K14creERT2;Tbx3flox/flox (Tbx3 cKO) pregnant mice at dpc16 (Fig. 1A 
and fig. S1C). We detected 356 differentially expressed genes 

1Department of Biosystems Science, Institute for Frontier Life and Medical Science, 
Kyoto University, Sakyo-ku, Kyoto 606-8507, Japan. 2Department of Life Science 
Frontiers, Center for iPS Cell Research and Application (CiRA), Kyoto University, Sakyo-ku, 
Kyoto 606-8507, Japan. 3Department of Signal Transduction, Research Institute for 
Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan. 
4Department of Mammalian Regulatory Network, Graduate School of Biostudies, 
Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan. 5Laboratory for Tissue Micro-
environment, RIKEN Center for Biosystems Dynamics Research (BDR), Kobe 650-0047, 
Japan. 6Department of Anatomy, Keio University School of Medicine, Shinjuku-ku, 
Tokyo 160-8582, Japan. 7Life Science Center for Survival Dynamics, Tsukuba Advanced 
Research Alliance (TARA), University of Tsukuba, Tsukuba, Ibaraki 305-8577, Japan. 
8International Research Center for Medical Sciences (IRCMS), Kumamoto University, 
Kumamoto 860-0811, Japan. 9Institute for the Advanced Study of Human Biology 
(WPI-ASHBi), Kyoto University, Yoshida-Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan. 
10AMED-CREST, AMED 1-7-1 Otemachi, Chiyoda-ku, Tokyo 100-0004, Japan. 11Medical- 
risk Avoidance based on iPS Cells Team, RIKEN Center for Advanced Intelligence 
Project (AIP), Kyoto 606-8507, Japan.
*Corresponding author. Email: ftoyoshi@infront.kyoto-u.ac.jp

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org at K
yoto U

niversity on January 05, 2022

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

mailto:ftoyoshi@infront.kyoto-u.ac.jp


Ichijo et al., Sci. Adv. 2021; 7 : eabd2575     10 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 13

with 170 up-regulated and 186 down-regulated in dpc16 mice ver-
sus NP mice, whereas there were 765 differentially expressed genes 
with 460 up-regulated and 305 down-regulated in Tbx3 cKO preg-
nant mice versus WT pregnant mice at dpc16 (>1.5-fold changes) 
(fig. S1D). Among pregnancy signature genes (356 genes), 113 genes 
(31%) were Tbx3 signature genes (Fig. 1B, P < 2.2 × 10−16, and table S1), 
demonstrating a crucial role of Tbx3 in regulating the pregnancy- 
associated transcriptome. Gene ontology (GO) analysis of the 113 
dual signature genes revealed that they were associated with tissue 
morphology, organ development, and hair and skin development 
and function, reflecting their potential roles in epidermal remodeling 
during pregnancy (Fig. 1C). Next, we performed network analysis 
of the 113 dual signature genes and found that mitogen-activated 
protein kinase interactomes were linked to Tbx3 interactomes (fig. 
S1E). Consistently, IFEBCs with the activated form of extracellular 

signal–regulated kinase (ERK) (p-ERK+–IFEBCs) were increased sig-
nificantly at dpc16, which was attenuated in Tbx3 cKO pregnant 
mice (Fig. 1, D to F, and fig. S1F), indicating that Tbx3 induces ERK 
activation to promote IFEBC proliferation. To further explore the 
Tbx3-ERK axis, we focused on one of the dual signature genes, A 
disintegrin and metalloproteinase domain-containing protein 8 
(Adam8), a member of the ADAM cell-surface metalloproteinase 
family that is known to be up-regulated in various tumors and acti-
vates ERK signaling (18–21). Consistent with RNA expression pat-
terns (fig. S1G), ADAM8+- IFEBCs were increased at dpc16, which 
was attenuated in Tbx3 cKO pregnant mice (Fig. 1, G and H). In 
addition, ADAM8 knockout (KO) mice manifested attenuated ERK 
activation (Fig. 1, D and E) and reduced IFEBC division (Fig. 1, 
I and J) at dpc16 without affecting the Tbx3+-BC population (fig. 
S1, H and I). Heparin-binding epidermal growth factor–like growth 
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Fig. 1. Tbx3+-BCs shape EPCs in expanding abdominal epidermis of pregnant mice. (A) Experimental design for RNA-seq. (B) Venn diagram of pregnancy and Tbx3 
signature genes. *P < 2.2 × 10−16 analyzed by Fisher’s exact test. (C) GO analysis of dual signature genes (113 genes). (D and E) Staining and quantification of p-ERK+–BCs 
in abdominal epidermis (n > 150 cells, three mice). (F) Quantification of p-ERK+–BCs (n > 150 cells, three mice). (G and H) Staining and quantification of Adam8+-BCs 
(n > 140 cells, three mice). (I and J) Staining and quantification of PH3+-BCs (n > 190 cells, three mice). (K and L) Staining and quantification of PH3+-BCs (n > 100 cells, three 
mice). (M) Tbx3/Adam8 staining in abdominal epidermis. Arrows indicate Tbx3+-BCs. Arrowheads indicate ADAM8+-BCs. (E, F, H, J, and L) Error bars show SEM. *P < 0.05, 
**P < 0.01, and ***P < 0.001 by Dunnett’s multiple comparison test (E, H, and J) and the two-tailed Student’s t test (F and L). (D, G, I, K, and M) White dashed lines indicate 
basement membranes (BMs).
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factor (HB-EGF), a member of the EGF family whose membrane- 
anchored form is cleaved by ADAM-mediated ectodomain shedding 
to release the soluble form (22–24), was included in the pregnancy–
up-regulated signature genes (Fig. 1B and fig. S1G). Furthermore, 
conditional deletion of Hbegf in epidermis decreased IFEBC prolif-
eration at dpc16 (Fig. 1, K and L), implying that ADAM8–HB-
EGF–ERK signaling occurs in EPCs. Notably, ADAM8 was ex-
pressed in not only Tbx3+-BCs but also their neighboring cells 
(Fig. 1M), indicating that Tbx3+-BCs promote ADAM8 expression 
in their surroundings. These results demonstrate that Tbx3+-
BCs shape EPCs in their vicinity by activating ADAM8-EGF-ERK 
signaling in neighboring cells.

Tbx3+-BCs are differentiated and eliminated from epidermis 
after parturition
Tbx3+-BCs and proliferating IFEBCs were increased at dpc16, fol-
lowed by decreases after parturition at day postpartum (dpp) 40 
(fig. S2, A to D), indicating that EPCs were induced transiently 
during pregnancy. To explore this dynamicity, we determined the 
cell fate of Tbx3+-BCs after parturition. To this end, we label-traced 
Tbx3+-BC clones by generating Tbx3creERT2 mouse lines (fig. S3, 
A and B) that were further crossed with R26H2B-EGFP mice (fig. S3, C 
to F). The obtained mice (Tbx3creERT2;R26H2B-EGFP) were treated 
with tamoxifen at dpc14 to dpc16, and the abdominal skin was har-
vested at dpc18, dpp14, dpp30, and dpp180 (Fig. 2A). We con-
firmed that Tbx3cre-EGFP labeled Tbx3+-BCs in the abdominal 
skin of pregnant mice (fig. S3G). For the control, enhanced GFP 
(EGFP)–labeled cells were traced in K14creERT2;R26H2B-EGFP mice 
(K14cre-labeled clones) (Fig. 2A). Then, the number of surviving 
clone fractions and their basal clone size were measured. Consis-
tent with previous studies (7, 25), K14cre-labeled clones survived 
in the basal layer at dpp180 with a growing divergence in clone size 
(Fig. 2, B, D, and F). In contrast, Tbx3cre-labeled clones, which sur-
vived in the basal layer up to dpp30, were no longer detected in the 
epidermis at dpp180, (Fig. 2, C, E, and G), indicating that Tbx3+-
BCs emerge during pregnancy and their clones are eliminated from 
the epidermis after parturition. To resolve the cell fate of Tbx3+-
BCs by transcription levels at the single-cell resolution, we per-
formed single-cell RNA-seq (scRNA-seq) of epidermal cells isolated 
from the abdominal skin of Tbx3creERT2;R26H2B-EGFP mice treated 
with tamoxifen during pregnancy. Then, the abdominal skin epi-
dermis was harvested at dpc16, dpp6, and dpp40 (Fig. 2H). For the 
control, abdominal skin epidermis was harvested from NP mice 
treated with tamoxifen for 3 days. After dissociation of the epider-
mis into single cells, we performed scRNA-seq using the chromium 
system. We profiled 36,912 cells (NP, 6485 cells; dpc16, 12,846 cells; 
dpp6, 9029 cells; dpp40, 8,552 cells) with a range of 20,000 to 40,000 
mean reads per cell in each sample, whereby approximately 1400 
to 1600 median genes per cell were detected in each sample. Unsu-
pervised evaluation of clustering- based cell identities of total sam-
ples from whole epidermis classified the cells into 14 clusters (fig. 
S4A) based on the differentially expressed gene signatures (table S2) 
and marker genes projected onto t-distributed Stochastic Neighbor 
Embedding (t-SNE) plots (fig. S4B). Next, we selected all EGFP- 
expressing cells from IFE clusters and reconstructed pseudo-time 
differentiation trajectories. The resultant trajectory displayed a single 
linear pattern of the cell lineage along which cells in each cluster 
were plotted in order according to their differentiation state (Fig. 2I). 
In addition, the proportion of the IFE1 undifferentiated cluster was 

increased at dpc16 and decreased at dpp6 and dpp40 with a concom-
itant increase in the granular cell cluster IFE5 (Fig. 2J). These results 
indicate that the Tbx3+-BC clones undergo differentiation after parturi-
tion. Consistently, apoptotic cells were barely detected in abdominal 
epidermal basal layers in NP, pregnant, or postpartum mice (NP, 
0 of 4821 cells; dpc16, 0 of 6972 cells; dpp6, 0 of 4292 cells; dpp40, 0 
of 5119 cells), supporting the conclusion that Tbx3+-BCs undergo 
differentiation rather than apoptosis after parturition.

To further explore the function of Tbx3+-BCs, we separated the 
cells from IFEBC clusters (IFE1, IFE2, and IFE3) into Tbx3+-BC 
and Tbx3−-BC populations and compared their gene expression 
profiles. We found that epidermal differentiation genes [Keratin10 
(Krt10), Keratinocyte differentiation associated protein (Krtdap), Krt1, 
Suprabasin (Sbsn), and Krt77] were up-regulated in the Tbx3+-BC 
population (>1.5-fold changes), which suggested that Tbx3+-BCs 
harbored the property of primed stem cells that are prone to differ-
entiation (Fig. 2K and fig. S4C). Peptide YY (PYY), a member of the 
neuropeptide family of hormones (26), which was included in preg-
nancy and Tbx3 dual signature genes (Fig. 1B, fig. S1G, and table 
S1), was up-regulated in Tbx3+-BCs (Fig. 2K and fig. S4C). Consis-
tently, PYY+-IFEBCs were increased at dpc16 (Fig. 2L). Furthermore, 
intradermal injection of PYY1–36 peptides into the abdominal skin 
induced phospho-histone h3 (PH3)+-BCs, Adam8+-BCs, and p-ERK+–
BCs in NP mice (Fig. 2, M to R). These results demonstrate that 
Tbx3+-BCs secrete PYY that functions as a paracrine signal to 
neighboring cells to shape EPCs in their vicinity during pregnancy 
(Fig. 2S).

Tbx3+-BCs and EPCs are maintained in plantar  
epidermis invariably
There is regional variability in the epidermis throughout the body 
(14). Because Tbx3+-BCs and EPCs emerge in highly proliferating 
abdominal epidermis of pregnant mice but are barely present in 
slowly proliferating dorsal epidermis (16), we determined whether 
they constitutively exist in the anatomical area where a high rate of 
IFEBC proliferation occurs for homeostasis. We focused on the 
plantar skin that exhibits a thickened epidermis attributed to prom-
inent cell proliferation (27) (Fig. 3, A and B) and a high rate of basal-to- 
suprabasal transition (Fig. 3, C and D). Notably, EPC components 
(Tbx3+-BCs, Adam8+-BCs, and p-ERK+-BCs) and PYY+-BCs were 
enriched significantly in the plantar skin (Fig. 3, E to K). In addi-
tion, Tbx3 cKO mice (Fig. 3, L and M) and Hbegf cKO mice 
(Fig. 3, N and O) manifested attenuated cell proliferation, indicat-
ing that Tbx3+-BCs and EPCs are constitutively maintained in the 
plantar skin. Next, we investigated the stemness properties of 
Tbx3+-BCs in the plantar skin. Unlike abdominal skin, Tbx3cre- 
labeled clones persisted in the epidermis for up to a year with grow-
ing divergence in the basal clone size (Fig. 3, P to S), which generated 
clones over multiple IFE layers (Fig. 3T), indicating that Tbx3cre- 
labeled clones maintain stemness in the plantar skin for homeosta-
sis. Together, Tbx3+-BCs are latent IFESCs that generate EPCs in a 
distinct anatomical area with a high rate of epidermal proliferation.

Tbx3+-BCs are induced by vasculatures
Next, we explored the cue that induces or maintains Tbx3+-BCs. 
Our previous study had shown that dermal signals are involved in 
the induction of Tbx3+-BCs during pregnancy (16). Therefore, we 
explored dermal dynamics by scRNA-seq of whole dermis isolated 
from the abdominal skin of NP mice, pregnant mice at dpc16, and 
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Fig. 2. Tbx3+-BCs undergo differentiation to be eliminated from the epidermis after parturition. (A) Tracing K14cre- and Tbx3cre-labeled clones. (B and C) Whole-
mount images of K14cre- and Tbx3cre-labeled clones in abdominal epidermis in tamoxifen-treated K14creERT2;R26H2B-EGFP and Tbx3creERT2;R26H2B-EGFP mice. (D and 
E) Quantification of clone survivability. (F and G) Distribution of the basal clone size. n.d., not detected. (H) Experimental design for scRNA-seq. (I) Pseudo-time reconstruc-
tion of differentiation of EGFP+ cells in IFE clusters. (J) Pie charts of the IFE clusters. (K) Heatmap of the Tbx3+ cell–enriched genes in IFE1 to IFE3 clusters. (L) Pyy staining 
in abdominal epidermis. Arrowheads indicate Pyy+-BCs. (M and N) Staining and quantification of PH3+-BCs in abdominal epidermis of control and Pyy-injected NP mice 
(n > 140 cells, three mice). (O and P) Staining and quantification of Adam8+-BCs (n > 170 cells, three mice). (Q and R) Staining and quantification of p-ERK+–BCs (n > 130 cells, 
three mice). (S) Schematic of EPCs. (D to G, N, P, and R) Error bars indicate SEM. (N, P, and R) *P < 0.05 and **P < 0.01, by two-tailed Student’s t test. (L, M, O, and Q) White 
dashed lines indicate BMs.
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postpartum mice at dpp42 using the chromium system. A total of 
6020 cells (NP, 1289 cells; dpc16, 3650 cells; dpp42, 1081 cells) were 
profiled with a range of 4500 to 5400 mean reads per cell in each 
sample, whereby approximately 1200 to 1500 median genes per cell 
were detected in each sample. Unsupervised evaluation for clustering- 
based cell identities of total samples from whole dermis classified 
the cells into 13 clusters (fig. S5A) based on the differentially ex-
pressed gene signatures (table S3) and marker genes projected onto 
t-SNE plots (fig. S5B). Among them, the vascular cell cluster (CL-7; 
Pecam1high and Flt1high) was further subjected to a second round of 

unsupervised clustering, which resulted in classification of the cells 
into four subclusters (endothelial cell clusters 1 to 3 and a vascular 
smooth muscle cell cluster) (Fig. 4A) on the basis of differentially 
expressed gene signatures (table S4) and marker genes projected 
onto t-SNE plots (fig. S5C). We found that the vascular cell cluster 
exhibited an altered cluster proportion at dpc16, where the ratio of 
endothelial cluster 3 was increased at dpc16 and decreased at dpp42 
(Fig. 4, A and B). GO analysis showed that genes related to vascula-
ture development, morphogenesis, and angiogenesis were enriched 
in endothelial cluster 3 signature genes (Fig.  4C), suggesting that 
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Fig. 3. Tbx3+-BCs and EPCs are maintained in proliferating plantar epidermis for homeostasis. (A and B) Staining and quantification of PH3+-BCs in abdominal and 
plantar epidermis (n > 300 cells, three mice). (C) Tracing K14cre-labeled BCs. (D) Quantification of basal-to-suprabasal transition of K14cre-labeled BCs (n > 110 cells, three 
mice). (E and F) Staining and quantification of Tbx3+-BCs (n > 330 cells, three mice). (G and H) Staining and quantification of Adam8+-BCs (n > 100 cells, three mice). (I and 
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Fig. 4. Vasculatures induce Tbx3+-BCs. (A) t-SNE plots for vascular cluster cells (NP, n = 43; dpc16, n = 154; dpp42, n = 95). (B) Pie charts of the vascular subclusters. 
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vascular remodeling occurs in the abdominal skin during pregnancy. 
Whole-mount immunofluorescence and three-dimensional recon-
struction of dermal blood vessels, which were positive for panendo-
thelial marker CD31 and negative for lymphatic vessel endothelial 
hyaluronan receptor-1, showed that the blood vessel density (total 
vessel volume and length per field) was larger in the abdominal skin 
of pregnant mice at dpc16 than that of NP mice and postpartum 
mice at dpp180 (Fig. 4, D to F, and fig. S6A). In addition, blood vessel 
branching points and endothelial tip cells, the leading cells of vascu-
lar sprouts during angiogenesis and positive for endothelial cell–
specific molecule-1 (Esm1) (28), were increased at dpc16 (Fig. 4, G to I). 
Furthermore, the expression of VEGF-A mRNA was increased in 
the dermis at dpc16 (Fig. 4, J and K). Thus, angiogenesis occurs in the 
abdominal skin during pregnancy. The blood vessel density in 
the plantar skin of male mice was as large as that in the abdominal 
skin of pregnant mice (Fig. 4, D to F), indicating that the blood ves-
sel density was correlated to the appearance of Tbx3+-BCs and 
EPCs. To assess the functional relevance of vasculature in Tbx3+-BC 
emergence, we injected a blocking antibody against vascular en-
dothelial growth factor receptor 2 (VEGFR2) (29) intradermally 
into the abdominal skin of pregnant mice. We found that both 
Tbx3+-BCs and IFEBC cell proliferation were decreased significantly 
by the antibody injection (Fig. 4, L to O). Note that Kdr (VEGFR2) 
was expressed specifically in vasculature and lymphatic cell clusters 
and showed no or low level of expression in epidermal cells during 
pregnancy (fig. S5F), indicating that VEGFR2 signaling acts mainly 
in vasculatures. In addition, Tbx3+-BCs emerged during wound 
healing in WT mice (16), which were significantly decreased in 
angiogenesis-defective VE-cadherin-creERT2;VEGFR2flox/flox (VEGFR2 cKO) 
mice (Fig. 4, P and Q, and fig. S6C), indicating that vasculatures are 
necessary for Tbx3+-BC induction. Furthermore, ectopic induction of 
angiogenesis in skin tissue using K14 promoter–driven VEGF-A trans-
genic mice (30) (fig. S6D) increased Tbx3+-BCs compared with WT mice 
(Fig. 4, R and S), indicating that angiogenesis evokes Tbx3+-BCs. Thus, 
blood vessels play a pivotal role in the emergence of Tbx3+-BCs, which 
leads to the generation of EPCs to populate expanding epidermis.

Mechanical stretch induces vasculature-driven  
EPC formation
Next, we examined whether mechanical stretch is relevant to the 
vasculature-EPC axis. To this end, we stretched the abdominal skin 
of male mice by sandwiching the abdominal skin with clips that 
were fastened on the back (Fig. 5A). Exposing the skin to 50% uni-
axial static stretch for four consecutive days increased the blood vessel 
density (Fig. 5, B to D, and fig. S6B), blood vessel branching points 
(Fig. 5E), Esm1+ endothelial tip cell populations (Fig. 5, F and G), and 
VEGF-A mRNA expression (Fig. 5, H and I) in the dermis. In addition, 
EPC components [Tbx3+-BCs (Fig. 5, J and K), Adam8+-BCs (Fig. 5, L 
and M), and p-ERK+–BCs (Fig. 5, N and O)] and IFEBC proliferation 
(Fig. 5, P and Q) were increased under stretched conditions. Moreover, 
PYY+-BCs were increased under the stretched condition (fig. S6E). 
Stretch-induced EPCs (Fig. 5, R to W) and dermal angiogenesis (Fig. 5, 
X and Y) were attenuated in VEGFR2 cKO mice, indicating a pivotal 
role of blood vessels in EPC induction. Together, mechanical stretch 
recapitulates pregnancy- associated skin remodeling by inducing 
dermal angiogenesis that mediates the generation of EPCs to drive 
epidermal expansion.

Last, we investigated how blood vessels induced EPCs. Dermal 
angiogenesis occurred in Tbx3 cKO mice as the control during 

pregnancy (fig. S6, F and G), which excluded the possibility that 
Tbx3+-BCs induced angiogenesis. Our previous study had shown 
that –smooth muscle actin–positive (SMA+)/vimentin+ cells in 
the dermis, which are either myofibroblasts or vascular smooth mus-
cle cells, were increased during pregnancy and Secreted frizzled- 
related protein 1 (Sfrp1) and Insulin like growth factor binding 
protein 2 (Igfbp2) that induce Tbx3+-BCs (16). We found that 
SMA+/vimentin+ cells were also enriched in the dermis of both 
stretched and plantar skin (Fig. 6, A to D). In addition, inhibition 
of angiogenesis decreased dermal SMA+/vimentin+ cells in both 
abdominal skin of pregnant mice (Fig. 6, E and F) and stretched 
skin (Fig. 6, G and H). Next, using the scRNA-seq data of vascular 
clusters, we examined genes up-regulated and down-regulated in 
the endothelial cell clusters and the vascular smooth muscle cell 
cluster during pregnancy (fig. S5D). We found that expression of 
Fstl1, a secreted protein that induces myofibroblasts (31), was in-
creased at dpc16 in both endothelial cell clusters and the vascular 
smooth muscle cell cluster (fig. S5E). In addition, Igfbp2 was in-
creased at dpc16 in the vascular smooth muscle cell cluster (fig. S5E). 
Furthermore, stretched skin had increased expression of Igfbp2 in 
the dermis (Fig. 6, I and J), which was attenuated in VEGFR2 cKO 
mice (Fig. 6, K and L). These results demonstrated that blood ves-
sels induced Tbx3+-BCs and EPCs by secreting Igfbp2 from vascu-
lar smooth muscle cells or by activating myofibroblasts.

DISCUSSION
Our results uncovered the vasculature-mediated IFESC adaptation 
mechanisms for epidermal expansion in the dynamic skin. Upon an 
increase in the blood vessel density, IFESCs transit their cell state 
from a homeostatic stem cell state to a Tbx3+-primed stem cell state 
to generate EPCs in their vicinity, but no longer maintain their 
stemness when vasculature regression occurs (Fig. 6M).

We found that Tbx3+-BCs induced ADAM8 expression in neigh-
boring cells. ADAM8 expression is highly relevant to tumorigenesis 
and cancer progression in which ADAM8 cleaves various tumor- 
associated molecules including extracellular matrix proteins, cytokine 
receptors, and adhesion molecules (19–21). ADAM8 may shape the 
microenvironment for epidermal cell proliferation of EPCs through 
ectodomain shedding of these substrates in addition to HB-EGF. 
The expression of ADAM8 in IFEBCs was induced by PYY. PYY is 
a well-known anorectic hormone that is mainly secreted from neu-
roendocrine L cells in the lower intestinal tract into circulating plas-
ma in response to food intake (32). PYY has been reported to be 
expressed in the epidermal skin of humans (33), although its func-
tion in the skin has not been explored so far. There are two active 
forms of PYY, the full-length protein PYY1–36 and truncated form 
PYY3–36. The latter is abundant in circulating plasma and functions 
as an anorectic hormone. In this study, we injected PYY1–36 into the 
skin to induce EPCs, which suggested that PYY1–36 functioned as a 
paracrine signaling molecule in tissues that induced epidermal re-
modeling in the dynamic skin.

Vasculatures are induced by mechanical stretch and play a pivotal 
role in the generation of Tbx3+-BCs. This would explain the tran-
sient appearance of Tbx3+-BCs during pregnancy. The increase in 
mechanical tension on the abdominal skin during pregnancy in-
duces angiogenesis to drive Tbx3+-BCs emergence, followed by vas-
culature regression and Tbx3+-BC differentiation with reduced tension 
after parturition. In a skin squamous cell carcinoma mouse model, 
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interplay between tumors and vasculature creates a perivascular 
niche for cancer stem cells and regulates their stemness and patho-
genesis (34, 35). In expanding abdominal skin of pregnant mice and 
plantar skin, it is unlikely that the vasculature itself is a niche for 
Tbx3+-BCs, because no vasculatures are located next to Tbx3+-BCs. 
The scRNA-seq analysis showed an increase in Igfbp2 and Fstl1 in 
vascular cells during pregnancy, suggesting that vasculatures secrete 

the signal to epidermis in a paracrine manner or affect dermal cell 
dynamics by inducing myofibroblasts, which mediate the Tbx3+-BC 
induction. Skin vasculatures, including lymphatic vessels, have been 
identified as an HFSC niche to maintain HFSC quiescence (36, 37). 
As HFSCs enter quiescence during pregnancy (38), vasculatures 
may regulate epidermal dynamics in a dual manner: (i) directly act-
ing on HFSCs to delay the hair cycle and (i) indirectly on IFESCs to 
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enhance IFEBC proliferation. This dual opposite regulation of dis-
tinct stem cells by dermal vasculatures in different tissue compart-
ments would ensure orchestrating skin remodeling throughout a 
tissue. Molecular interplay between vasculatures and dermal cells will 
need to be determined in the future, as is the nature of mechano-
sensory machineries that induce vascularization.

MATERIALS AND METHODS
Mice
Mice were maintained on a C57BL/6 genetic background. Eight- to 
12-week-old male mice were used for plantar skin experiments and 
skin stretch assays. All other experiments were performed using 
8- to 12-week-old female mice. The Tbx3creERT2 strain was gener-
ated as described below. RosatdTomato (39), K5-tTA (40), pTRE-H2B-GFP 
(17), K14creERT2 (25), K14–VEGF-A (30), and VEGFR2flox/flox (41) 
strains were obtained from the Jackson laboratories. The R26H2B-EGFP 
strain (42) (CDB0203K; www2.clst.riken.jp/arg/reporter_mice.html) 
was obtained from RIKEN Center for Developmental Biology. 
The Hbegf flox/flox (43) (RBRC01308) strain was provided by RIKEN 
BioResource Research Center through the National Bio-Resource 
Project of Ministry of Education, Culture, Sports, Science and 
Technology, Japan. VE-cadherin-CreER strain was generated pre-
viously (44). Adam8 KO (18) and Tbx3flox/flox (45) strains were pro-
vided by J. W. Bartsch (Philipps University Marburg) and A. Moon 
(University of Utah), respectively. All experiments were performed 
in accordance with the guidelines of the Kyoto University Regula-
tion on Animal Experimentation. The animal experiments were 
approved by the Committee for Animal Experiments of the Insti-
tute for Frontier Life and Medical Sciences, Kyoto University. The 
sample size was chosen by experimental consideration and not a 
statistical method. The experiments were not randomized. Investi-
gators were not blinded to allocation during experiments and out-
come assessment.

Generation of Tbx3creERT2 mice
To construct the donor plasmid, we amplified the chromosome se-
quence flanking the stop codon of the Tbx3 locus as homology 
arms. The 5′- and 3′-homologous arms were amplified using the 
following primer pairs: 5′-homologous arm, atcgataagcttgattcaagtg-
cctcagtatcctg and ccctccggtgagccactgcaagacctgtctggcttgg; 3′-homologous 
arm, aaacaagaaaaacaaaatcgccc and ctgcaggaattcgatacaattcaataaat-
taaagtt. We introduced silent mutations to remove the CRISPR- 
targeting site within the 5′-homologous arm. The 2A-CreERT2 
sequence was amplified using pCAG-CreERT2 (Addgene plasmid 
no. 14797) as a template with the following primers: tggctcaccggag-
ggcagaggaagtcttctaacatgcggtgacgtggaggagaatcccggccctatgtc-
caatttactgacc and ttgtttttcttgttttcaagctgtggcagggaaac. We ligated these 
three fragments into the Eco RV site of the pBluescriptII SK(−) 
vector using an In-Fusion HD Cloning kit (Clontech). The plasmid 
expressing hCas9 and single guide RNA (sgRNA) was prepared by 
ligating an oligonucleotide (46) into the Bbs I site of px330 (Addgene 
plasmid no. 42230). All plasmids were purified using a PureLink HiPure 
Plasmid Midiprep kit (Invitrogen). Donor plasmids were digested by 
Spe I and Sal I and purified using a Gel Extraction kit (QIAGEN) to 
remove the vector backbone. The donor cassette and px330-Tbx3 
sgRNA plasmid were injected into pronuclear stage eggs that were then 
transferred into the oviducts of pseudo-pregnant Institute of Cancer 
Research (ICR) female mice.

Southern blotting
Genomic DNA was digested by Stu I and separated on an agarose 
gel, followed by denaturation and neutralization of the gel. DNA 
was transferred to a hybond membrane (GE Healthcare) and hybrid-
ized with the probe amplified from the donor plasmid using the PCR 
DIG Labeling Mix (Roche) with the following primers: tggaaga-
tactaagatactgtgtgc and tcagtgtccttgtcacccaa. The hybridized DNA 
bands were visualized using anti-digoxigenin–Alkaline phospha-
tase (AP) Fab fragments and CDP-Star chemiluminescence sub-
strate (Roche), followed by image acquisition with an ImageQuant 
LAS 4000 mini (GE Healthcare).

H2B-EGFP pulse chasing and lineage tracing
For the H2B-EGFP pulse-chase assay, K5-tTA (tet-off);pTREH2B-GFP preg-
nant mice were fed with doxycycline-containing chow (1 g of doxy/1 kg) 
from dpc2 to dpc16. For lineage tracing, Tbx3creERT2;R26H2B-EGFP 
and K14creERT2;R26H2B-EGFP mice were treated with 3 and 0.2 mg of 
tamoxifen (Sigma-Aldrich)/25-g body weight, respectively. Tamoxifen was 
injected intraperitoneally into mice, and then skin pieces were prepared 
at the indicated time points. To measure the surviving clone fraction, the 
number of labeled clones in the basal layer was counted in an area 
of 0.34 mm2. The data were normalized to the initial clone density.

Whole-mount immunofluorescence
Pieces of abdominal and plantar skin were incubated in 20 mM 
EDTA at 37°C for 3 hours to peel the epidermis from the dermis. 
The epidermal sheets were fixed in 4% paraformaldehyde overnight. 
For immunofluorescence staining, epidermal pieces were blocked 
by incubation in 0.5% dry skim milk and 0.5% Triton X-100 on a 
shaker for 1 hour. The samples were incubated with primary anti-
bodies at 4°C overnight. After washing the samples in phosphate- 
buffered saline (PBS), secondary antibodies and Hoechst were added. 
Images were acquired using an SP8 confocal microscope (Leica).

Immunofluorescence staining
Skin tissues were cryoprotected in 20% sucrose/PBS and frozen in 
optimal cutting temperature compound. The samples were sec-
tioned and subjected to immunostaining. Tissue samples were fixed 
with 4% paraformaldehyde, followed by permeabilization with 0.5% 
Triton X-100  in tris-buffered saline for 10 min at room tempera-
ture. The sections were blocked with 5% bovine serum albumin at 
room temperature for 1 hour, incubated with primary antibodies at 
4°C overnight, washed, and then incubated for 1 hour with second-
ary antibodies (Alexa Fluor 488– or cy3-conjugated goat anti-rabbit 
and anti-rat anti-chicken; Jackson ImmunoResearch). The follow-
ing primary antibodies were used: anti-Tbx3 (rabbit, 1:200; Abcam, 
ab99302), anti-GFP (chicken, 1:1000; Abcam, ab13970), anti–keratin 
5 (rabbit, 1:1000; BioLegend, 905504), anti–keratin 10 (mouse, 1:500; 
Santa Cruz Biotechnology, sc-23877), anti-vimentin (rabbit, 1:500; 
MBL, JM-3634-100), anti-SMA (mouse, 1:500; Dako, M0851), anti- 
Adam8 (rabbit, 1:100; Biorbyt, orb389340), anti–4 integrin [rat, 
1:500; Becton, Dickinson and Company (BD), 553745], anti-CD31 
(rat, 1:500; BD, 553370), anti-Lyve1 (rabbit, 1:500; Abcam, ab14917), 
anti-Ki67 (rabbit, 1:500; Novus, NB600-1209), anti-Esm1 (goat, 
1:200; R&D Systems, AF1999), anti-PYY (rabbit, 1:1000; Abcam, 
ab22663), anti–p-ERK (rabbit, 1:500; Cell Signaling Technology, 
9101), and anti–phospho-histone H3 (rabbit, 1:1000; Cell Signaling 
Technology, 9701). All images were acquired under the SP8 confo-
cal microscope.
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Administration of synthetic PYY peptides
NP mice were injected intradermally in the abdominal skin with a syn-
thetic PYY1–36 peptide (0.8 g/g of body weight) (Bachem, 4031137) 
or PBS for four consecutive days. The mice were analyzed the day 
after the injection.

Quantification of the blood vessel volume and length
Whole-mount immunofluorescence images of CD31 and Lyve1 in 
abdominal and plantar skin pieces were obtained. CD31+ Lyve1+ 
signals were removed from the images to exclude lymphatic vascu-
latures. CD31+ Lyve1− signals, autofluorescence of HFs, and the 
compensated volume and length of blood vessels were quantified by 
Volocity (PerkinElmer). The volume of blood vessels was calculated by 
the following formula: (CD31+ Lyve1− signals) − (autofluorescence 
of HFs) + (compensated volume of blood vessels) in a volume of 
1100 m by 1100 m by 100 m.

Quantification of blood vessel branching points
The numbers of blood vessel branching points were counted in the 
whole-mount images of skin blood vessels (CD31+ Lyve1−) in a 
volume of 1162.5 m by 1162.5 m by 100 m obtained under the 
SP8 confocal microscope.

Administration of an anti-VEGFR2 antibody and wounding
Pregnant mice were injected intradermally in the abdominal skin 
with an anti-VEGFR2 antibody (25 g/g of body weight) (Bio X 
Cell) (29) or PBS from dpc11 to dpc15. Wounding was induced by 
punching a round hole (5 mm in diameter) in the surface of back 
skin with a Biopsy Punch (Kai Medical). Isoflurane was used to 
anesthetize mice. Control (VEGFR2flox/flox) and VEGFR2 cKO mice 
were treated with tamoxifen for four consecutive days. Wounds 
were introduced on the back skin at 13 days after tamoxifen treat-
ment and analyzed at 20 days.

Skin stretching experiment
The abdominal skin was sandwiched by clips that were fastened on 
the back, so that the abdominal skin was exposed to 50% uniaxial 
static stretch for 4 days. In control mice, the back skin was sand-
wiched by clips without stretching. VEGFR2 cKO mice were treated 
with tamoxifen every day for four consecutive days. A stretch assay 
was applied to the skin at 7 days after tamoxifen treatment.

Fluorescence in situ hybridization
Fresh embedded skin sections (15 m) were processed for RNA in 
situ detection using the RNAscope Multiplex Fluorescent Reagent 
Kit v2 (Advanced Cell Diagnostics), according to the manufacturer’s 
instructions. The RNAscope probes used were VEGF-A (436961) 
and Igfbp2 (405951).

RNA extraction from dermis and quantitative reverse 
transcription polymerase chain reaction
Subcutaneous fat was removed from skin with a scalpel, and the 
whole skin was incubated for 30 min in 0.25% trypsin (Nacalai) to 
remove the epidermis. Total RNA was purified from dermis pieces with 
the RNeasy Micro Kit (QIAGEN), according to the manufacturer’s 
instructions. RNA (1 g) was reverse transcribed with random primers, 
and the obtained complementary DNA was subjected to quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR) anal-
ysis using the KAPA SYBR FAST Universal qPCR Kit. The primer 

sequences were as follows: VEGF-A, 5′-TGGGCTCTTCTCGCTC-
CGTAGTAG-3′ (forward) and 5′-GCCGCCTCACCCGTCCAT-3′ 
(reverse); -actin, 5′-CCAGCCTTCCTTCTTGGGTAT-3′ (forward) 
and 5′-TGTTGGCATAGAGGTCTTTACGG-3′ (reverse).

RNA-seq of IFEBCs
Subcutaneous fat was removed from the skin with a scalpel, and the 
whole skin was trypsinized at 37°C for 1 hour to remove the dermis. 
The cell suspensions were filtered through strainers (70 m; BD Falcon), 
collected by centrifugation (300g for 5 min), and resuspended in 
Dulbecco’s modified Eagle’s medium (Ca−). Cell suspensions were 
incubated with Pacific Blue anti-human/mouse CD49f (eBioscience) 
and eFluor660 anti-mouse CD34 antibodies (BioLegend) for 30 min 
on ice, washed twice with PBS, and then subjected to flow cytomet-
ric analysis. Cell isolation was performed on a FACSAria III sorter. 
RNA was extracted from CD49f+ and CD34− cells using the RNeasy 
Micro Kit. Quality RNA samples were selected (RNA integrity 
number, >7). RNA-seq libraries were generated using a TruSeq 
Stranded mRNA library prep kit (Illumina). The libraries were se-
quenced on a NextSeq 500 (Illumina), according to the manufactur-
er’s instructions. The sequenced reads were mapped to the mm10 
mouse reference genome using TopHat2 (version 2.2.1) (47) with 
the GENCODE M15 annotation gene feature format (GTF) file after 
trimming adaptor sequences and low-quality bases by cutadapt-1.14 
(48). Mapped reads with high mapping quality (MAPQ, ≥20) 
were used for further analyses. Fragments per kilobase of transcript 
per million mapped read values, fold changes, and q values were cal-
culated using Cuffdiff (49) within the Cufflinks version 2.2.1 pack-
age and GENCODE M15 annotation file.

scRNA-seq of abdominal epidermis and dermis
Subcutaneous fat was removed from the skin with a scalpel, and the 
whole skin was incubated for 30 min in 0.25% trypsin to separate 
into the epidermis and dermis. The dermal tissue was cut into small 
pieces and treated with 0.2% collagenase type I (Gibco) at 37°C for 
2 hours (50). Epidermal and dermal cells were dissociated into 
single cells by pipetting and passing through 40-m (Falcon) and 
20-m [pluriSelect (PLS)] strainers. Single-cell suspensions were 
resuspended in 1% bovine serum albumin/PBS at 1000 cells/l and 
barcoded with a 10× Chromium Controller (10× Genomics). RNA 
from the barcoded cells of each sample was subsequently reverse 
transcribed, and sequencing libraries were constructed with reagents 
from a Chromium Single Cell v2 reagent kit (10× Genomics), ac-
cording to the manufacturer’s instructions. Sequencing was performed 
with the NextSeq 500, according to the manufacturer’s instructions. 
The 10× Genomics Cell Ranger pipeline (version 2.2.0) was used 
to perform sample demultiplexing, alignment to the mm10 refer-
ence genome and GFP sequence, barcode/Unique Molecular Iden-
tifier (UMI) processing, and gene counting for each cell. The Seurat 
package (v.2.3.4) (51, 52) and R-3.5.1 were used for quality check-
ing, filtering, normalization, clustering analyses, and visualization. 
The slingshot package (v.1.0.0) (53) was used for pseudo-time 
analysis.

GO analysis
GO analyses for scRNA-seq and RNA-seq were performed using 
the DAVID web tool (54) and Ingenuity Pathway Analysis (IPA)/
Metascape (55), respectively. Statistically significant enrichments 
corresponded to P values of less than 0.05.
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Statistics and reproducibility
All experiments with or without quantification were independently 
performed at least three times with different mice. The statistical 
analysis used for each quantification is indicated in figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabd2575/DC1

View/request a protocol for this paper from Bio-protocol.
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