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The transition between the mesenchyme and epithelium contributes to the development of various tissues.
During skin development, epithelial-mesenchymal transition in the ectodermal epithelia is involved in the
development of the dermal mesenchyme in early embryos. However, the precise roles and functions of epithelial-
mesenchymal/mesenchymal-epithelial transition in cutaneous development have not been fully elucidated. In
this study, we aimed to elucidate these roles and functions in the neonatal mouse skin. We conducted single-cell
RNA sequencing and immunohistochemical analyses to search for Pdgfra-expressing (Pa™) fibroblasts with
transition activities to/from Krt5-expressing keratinocytes. We determined that the Pa™/Krt5-lineage (K5'"")
fibroblasts significantly contributed to developing hair follicle dermal stem cells to generate lower dermal papilla
cells and lower dermal sheath cells. In the developing mouse skin, K5'™* fibroblasts appeared concurrently with
hair follicle development and formed outer edge cells in the early dermal papilla on embryonic day 16.5. K5t
hair follicle mesenchymal cells were also maintained in aged mouse skin. These results provide insights into the
role and function of the transition between the mesenchyme and epithelium in hair follicle development and
maintenance.

1. Introduction

Transitions between epithelia and mesenchyme (EMT) and vice
versa (MET) are critical biological mechanisms for the development and
regeneration of cutaneous tissues. During the regenerative process, EMT
occurs at the edge of the epidermal wound to re-distribute epidermal
stem/progenitor cells by transitioning them to migrating mesenchymal
cells on the wound bed [1]. In early embryos, EMT in the single-layer
ectoderm epithelium at the neural fold and neural tube forms the
ectomesenchyme/neural crest, which then generates fibroblasts [2],
dermal papilla cells (DPCs) [3], melanocytes, Schwann cells, and pe-
ripheral nerve cells [4] in the skin. Facial and head dermal fibroblasts
derived from the neural crest are representative fibroblasts generated by
EMT during development, and murine vibrissal papillae are
neural-crest-derived cells [5]. In addition, the dermal papillae of fetuses

and adults temporally express Snail and Snai2, which are involved in
EMT, implying the EMT supplies mesenchymal cells to hair follicles,
where epidermal cells and mesenchymal cells are closely linked [6,7].
These findings illustrate the contribution of the dynamic transition be-
tween the mesenchyme and epithelia in the development and mainte-
nance of cutaneous structures and functions, particularly in dermal
papillae. However, the existence and characteristics of fibroblasts that
show the lineage of epidermal cell markers in dermis, including the
dermal papilla, remain unclear.

In this study, through single-cell RNA sequencing (scRNA-seq) and
immunohistochemistry, we investigated the transition between platelet-
derived growth factor alpha (Pdgfra)-expressing (Pat) mesenchymal
cells and keratin 5 (Krt5)-expressing epithelial cells in the developing
neonatal and fetal skin of mice. Our primary aim was to elucidate the
characters of mesenchymal cells which showed the epithelial cell
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lineage during cutaneous development. We identified the contribution
of the Krt5-lineage+ (K5"™") fibroblasts to the development of hair
follicle dermal stem cells (hfDSCs).

2. Results

2.1. Transcriptomic identification of K5 fibroblasts in the follicular
mesenchyme

To identify Pa™ fibroblast populations transitioning from/to Krt5"
epithelial cells, we used Pdgfra-H2B-EGFP;Krt5-Cre; ROSA-CAG-loxP-
stop-loxP-tdTomato (Pa-EGFP/KS““-thomato) mice, in which Pa'/
K5 fibroblasts could be traced using eGFP/tdTomato fluorescence.
Full-thickness skin was harvested from the head, back, and abdomen of
the three neonatal mice, and obtained cell suspensions were pooled,
then the K5 and K5'""~ fibroblasts were FACS-sorted as eGFP*/
tdTomato™ and eGFP*/tdTomato ™ cells, respectively (Fig. 1a, Supple-
mentary Fig. 1). We identified K5™* fibroblasts, which accounted for
2.4 % of the total skin cells and 4.7 % within the total fibroblasts
(Fig. 1b).

We then subjected the FACS-sorted K5"™" and K5~ fibroblasts to
scRNA-seq analyses. Unsupervised clustering of fibroblasts identified 10
clusters, including arrector pili muscle cells and adipocytes (Fig. 1c¢ and
d). As Fig. 1le shows, the proportion of K5 fibroblasts of the whole
fibroblasts were relatively higher in Fibl (1.70 %) and Fib7 (1.23 %)
clusters than in other clusters (up to 0.5 %), such as Fib3 (0.14 %). The
Fibl cluster was characterized as DPCs by gene signatures, including
Alx4 and Proml, and the Fib7 cluster dominated only in the head skin
based on genes specific to the deep dermis, such as DIkl and Mgp
(Fig. 1f), while the Fib3 cluster was identified as superficial dermal fi-
broblasts expressing Dpp4 and Lrigl. These results highlighted that
K5 fibroblasts uniquely form a part of dermal papilla and deep
dermis. Subsequently, we focused on Fibl cluster, as K5'™" fibroblasts
were distributed to the whole body. To analyze differences between
K5+ and K5~ fibroblasts in the Fibl cluster, we analyzed the dif-
ferential expression of genes between them in the Fibl cluster of the
dorsal skin. We found that the K5""* fibroblasts predominantly
expressed Colllal, Acta2, and Tagln genes, as well as Ednrb and Cd200,
which are specifically expressed in dermal sheath cells (DSCs) (Fig. 1g
and h, Supplementary Table 1), suggesting a preferential contribution of
K5 fibroblasts to the follicular mesenchyme, such as DPCs and DSCs.
K5 fibroblasts dominantly expressed smooth muscle-related genes,
such as Acta2, Tagln, and Tpml, which was consistent with the con-
tractile characteristics of DSCs, while upregulated genes of K5~ fi-
broblasts were involved in the BMP signaling pathway (Bmp3, Bmp4,
and Bmp7), which is essential for hair follicle generation and mainte-
nance of epithelial progenitors [8,9]. Additionally, K5 fibroblasts
shared approximately 50 % of the fibroblasts expressing both Sox2 and
Acta2, representative marker genes for hfDSCs, which are the exclusive
population of DSCs showing multipotency [10] (Fig. 1h).

2.2. Histological distribution of Kstint fibroblasts in lower dermal papilla
and lower dermal sheath

To explore the localization of K5'™* fibroblasts in the skin, we his-
tologically analyzed the dorsal skin of Pa-EGFP/K5™-tdTomato
neonatal mice. As shown in the scRNA-seq analyses, eGFP and tdTomato
double-positive K5 fibroblasts were observed in the DPCs and DSCs
of hair follicles, which were characterized by the expression of SOX2 and
CD200 proteins, respectively (Fig. 2a). The K5 fibroblasts were also
located at the lowest edge of hair follicles (dermal sheath cup) and were
characterized by the expression of both SOX2 and aSMA, consistent with
the hfDSCs providing lower DPCs and DSGs. Notably, none of the k5"
cells expressed KRT5 protein, confirming that they were indeed fibro-
blasts and not keratinocytes. To evaluate the proportion of K5'" fi-
broblasts in the dermal papilla, randomly selected 45 hair follicles in the
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dorsal skin of three neonatal mice were analyzed. The percentage of
K5 cells in dermal papillae was 34.8 % (95 % CI: 28.8-40.9 %), and
the proportion of K5'™* cells among SOX2-positive dermal papilla cells
was 52.0 % (95 % CI: 42.0-62.1 %). The K5 fibroblasts were also
maintained as DPCs and DSCs in the dorsal skin of aged mice (49 -weeks
-old), suggesting a homeostatic function of the K5 hfDSCs to
continually generate DPCs and DSCs throughout life (Fig. 2b).

2.3, K5+ fibroblasts form the lower edge cells in dermal papilla at
embryonic day 16.5

To investigate the emergence of K5"" fibroblasts in developing hair
follicles, we searched the fetal Pa-EGFP/K5'"™tdTomato mouse skin for
eGFP and tdTomato double-positive cells. On embryonic day 14.5
(E14.5), tdTomato fluorescence was expressed in the superficial layers
of the skin and accumulated in the hair follicles of the whiskers (Fig. 3a).
As hair follicles appeared throughout the body around E16.5, clusters of
tdTomato-positive cells aligned with the developing hair follicles. Im-
munostaining of the dorsal skin at E14.5 showed that tdTomato fluo-
rescence was fully detected in the epidermal monolayer (Fig. 3b). At
E15.5, the fetal skin revealed clear formation of placodes and dermal
condensates that consisted of the tdTomato-negative fibroblasts. At
E16.5, K5'™* fibroblasts expressing relatively weak tdTomato fluores-
cence were detected at the lower edge of the primitive dermal papilla in
elongating hair follicles, suggesting that fluctuating fibroblasts with a
minor Krt5 transcript are K5 cells. At E18.5, K5'"* fibroblasts were
clearly identified in the dermal sheath cup where the hfDSCs had been
shown to reside. Taken together with the scRNA-seq analysis, these
observations suggest that K5 fibroblasts function as hfDSCs to form
lower DPCs and DSCs during the development of hair follicles.

3. Discussion

In this study, we demonstrated the emergence of K5 fibroblasts in
the fetal skin to develop hair follicle mesenchyme, which function as
Sox2*/Acta2t hfDSCs to generate lower DPCs and DSCs. The molecular
and cellular mechanisms underlying the development of K5t hair
follicle mesenchyme remain unknown. To elucidate the mechanism
underlying the generation the K51t population in early DPCs at E16.5,
it is necessary to determine whether they were generated through EMT
from Krt5" keratinocytes or through genetic fluctuation to transiently
open the Krt5 chromatin locus in fibroblasts.

As Krt5 is a marker of undifferentiated keratinocytes in the surface
ectoderm, but not of mesodermal fibroblasts, K5 fibroblasts in the
fetal skin seem to develop from ectodermal tissues. Immunohisto-
chemical analysis of fetal skin indicated that the K5 fibroblasts
appeared concurrently with hair follicle development in the upper
dermis. Some dermal fibroblasts develop from neural crest cells, which
are generated by the delamination of ectodermal epithelia in the neural
fold and neural crest at E8.5, and E9.5, respectively [11,12]. Neural
fold-derived neural crest cells develop from the non-neural surface
ectoderm, which eventually forms an epidermis consisting of Krt5"
epidermal keratinocytes. The non-neural surface ectoderm-derived
neural crest cells then develop into ectodermal fibroblasts, which may
be the origin of K5'™" fibroblasts in the fetal skin, to develop and
maintain the hair follicle mesenchyme. Performing time-series
scRNA-seq analyses of embryos for tracking the cell fate of K5 fi-
broblasts during fetal development might be helpful.

K5 fibroblasts in the hair follicle functioned as hfDSCs for
generating lower DPCs and DSCs [13]. Shin et al. reported that DPCs
consist of two distinct populations: upper (definitive) and lower (sup-
plementary) DPCs [14]. Lower DPCs, as well as hfDSCs, have the po-
tential to repair damaged DPCs, including upper DPCs, by reproducing
new DPCs. Our results suggest that K5 fibroblasts are the major, if not
exclusive, developmental origins of lower DPCs, however, the precise
localization of K5 fibroblasts in dermal papillae should be
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Fig. 1. Transcriptomic characters of K5 fibroblasts in the follicular mesenchyme

a The skin of the head, back, and abdomen from Pdgfra-H2B-EGFP; Krt5-Cre; ROSA-CAG-loxP-stop-loxP-tdTomato neonatal mice were harvested. The skin samples
were dissociated into single cells, and eGFP+ and tdTomato=+ cells were sorted by FACS to perform single-cell RNA sequencing. Cells from three mice were pooled. b
Quantitative analysis using flow cytometry presents the percentages of eGFP+ and tdTomato+ cells in total live cells (2.45 % vs. 49.32 %). ¢ Transcriptomes of
fibroblasts were visualized with Uniform Manifold Approximation and Projection (UMAP) and colored according to 10 annotated clusters. d Bubble plots show the
representative markers of clusters in (c¢). The circle color and size show average gene expression and percentage of expressing cells in each cluster, respectively. e
Percentages of tdTomato=+ cells by cluster in eGFP+ cells are shown. Fib1(1.70 %) and Fib7 (1.23 %) account for relatively higher proportions than other clusters. f
Percentages of tdTomato+ cells in eGFP+ cells are sorted by samples from the head, back, and abdomen. g The analysis of differentially expressed genes between
tdTomato-positive and -negative fibroblasts in the Fib1 cluster shows that tdTomato-+ cells dominantly expressed representative genes of dermal sheath cells, such as
Acta2, Colllal, and Tagln. h Proportion of tdTomato+ cells expressing each representative gene for fibroblast subpopulations in dorsal skin fibroblasts are shown.
The tdTomato+ cells shared approximately 50 % of the fibroblasts expressing both Sox2and Acta2.
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Fig. 2. Immunostaining of dorsal skin from Pdgfra-H2B-EGFP; Krt5-Cre; ROSA-CAG-loxP-stop-loxP-tdTomato neonatal and aged mice.

a Immunostaining of neonatal dorsal skin shows that both tdTomato- and eGFP- positive cells were observed in dermal papilla, expressing SOX2 (white arrowhead),
and dermal sheath, expressing «SMA and CD200 (white arrow). Cells at dermal sheath cup, the edge of dermal papilla, were tdTomato-positive with expressing both
SOX2 and aSMA (yellow arrowhead). Krt5 was not currently expressed in tdTomato- and eGFP- double positive cells. Scale bar = 50 pm b TdTomato expressing
fibroblasts were located in dermal papilla, dermal sheath, and interstitial dermis (arrow) in aged (49-week-old) mice. Scale bar = 50 pm.
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Fig. 3. Localization of tdTomato-positive fibroblasts in the hair follicle during fetal development.

a Images of whole mount embryo of Pdgfra-H2B-EGFP; Krt5-Cre; ROSA-CAG-loxP-stop-loxP-tdTomato mice at E14.5 and E16.5. Hair follicle structures were observed
in the dorsal skin. Scale bar = 1500 pm. Expanded images of back are shown on the right. Scale bar = 200 pm b Time-series images of dorsal skin at E14.5, E15.5,
E16.5, and E18.5. The eGFP-positive cells expressed tdTomato fluorescence weakly at E16.5 (arrow) and clearly at E18.5 in dermal sheath cup. Scale bar = 50 pm.

determined, for example by acquiring three-dimensional images. Pre-
dicting the differentiation pathway of K5'"* fibroblasts as the one of the
origins of lower DPCs using trajectory analysis of scRNA-seq data should
also be considered.

In terms of human DSCs, a previous report shows that DSCs are
involved in de novo hair follicle formation [15]. Moreover, when DSCs
from the occipital region were autologously transplanted to the head of

patients with male/female pattern hair loss, hair density increased
significantly [16]. In addition, human DSCs have the properties of
mesenchymal stromal cells and promoted skin wound regeneration in
diabetic model mice [17]. Therefore, the possibility that DSCs can be
induced from epidermal cells is considerably advantageous in the
regeneration of cutaneous wounds. In addition, whether DSC abnor-
malities are involved in human hair follicle diseases remains unclear,
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and further research is needed to determine the association of DSCs,
particularly the human counterpart of Krt5 lineage DSCs, with hair
follicle malformations.

As the limitation of this study, we did not validate the functions of
K5 fibroblasts in vivo and molecular mechanisms of EMT during hair
morphogenesis. To estimate the function of K5 fibroblasts, we
consider the transplantation of K5'™" fibroblasts from neonatal mice
into other mice to observe the histological distribution. In addition, it is
necessary to examine whether keratinocytes can be induced to differ-
entiate into hfDSCs in vitro and in vivo under the condition of regulating
EMT related transcription factors, such as Snail and Snai2 and signaling
pathways which promote EMT process like TGF-p signaling pathway
[18]. The alternative explanation of the appearance of K5+ fibroblasts
may be immature MET to develop DPCs, although the expression of
Snail and Snai2 in DPCs supports EMT from epidermal cells.

To our knowledge, this is the first study to describe the presence of
K5 fibroblasts in the skin and to highlight their function in the
development and maintenance of the hair follicle mesenchyme. Our
findings will provide a theoretical foundation for further research on the
role and function of the K5* mesenchyme not only in cutaneous
development, but also in cutaneous pathogenesis, and hopefully in
cutaneous regeneration.

4. Materials and methods
4.1. Animals

B6.129S4-Pdgfra™ 1 ECFPSr /5 (JAX stock 007669) [19], and B6.
Cg-Gt(ROSA)26Sor™?(CAG-tdTomato)Hize ;5 (JAX stock 007909) [20] mice
were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Tg
(KRT5-cre)1Tak mice were kindly provided by Junji Takeda of Osaka
University, Osaka, Japan [21]. As nonspecific expression of Cre protein
has been reported in female Krt5-cre transgenic mice, we crossed male
Krt5-cre transgenic mice with female B6.129S4-Pdgfra™!!EGFPISor /5 14
obtain Krt5-cre; B6.129S4-Pdgfra™ 1 ECFISr/5 male mice. Then,
Krt5-cre; B6.129S4-Pdgfra™ 1 ECFPSr /5 male mice were crossed with
ROSA-CAG-loxP-stop-loxP-tdTomato female mice and confirmed no
ubiquitous expression of tdTomato fluorescence [22]. All animals were
housed in a specific pathogen-free environment under a normal
light-dark cycle (12/12h). All mice were handled in accordance with the
guidelines approved by the Animal Committee of the Osaka University
Graduate School of Medicine (approval number 04-065-009, Approval
Date:20240213). The study was conducted following the ARRIVE
guidelines.

4.2. Cell isolation

The  Pdgfra-H2B-EGFP;  Krt5-Cre; ROSA-CAG-loxP-stop-loxP-
tdTomato neonatal mice were euthanized by decapitation after anes-
thesia with isoflurane (Viatris, Canonsburg, PA, USA), and full-thickness
skins from the head, back and abdomen were excised. The collected skin
was minced using scissors. Tissue pieces were dissociated enzymatically
in 3 mL of RPMI (Nacalai Tesque, Kyoto, Japan) containing 5 % fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) and
0.3 % Liberase™ (Merck, Darmstadt, Germany) at 37 °C for 30 min.
Subsequently, the obtained cell suspensions were collected and the
remaining tissues that were not dissociated were treated with RPMI
containing Liberase once again. Then, the residual tissues were treated
with 2 mL of TrypLE™ Select Enzyme (Thermo Fisher Scientific) at 37 °C
for 15 min. The obtained cell suspensions were filtered through a 70-ym
cell strainer and washed in minimum essential medium alpha (Thermo
Fisher Scientific) with 2 % FBS. Samples from three mice were pooled
and cell suspensions from the head, back, and abdomen were obtained.
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4.3. Single-cell RNA sequencing

Isolated cells from the head, back, and abdomen were individually
labelled using the 3 CellPlex Kit Set A (10x Genomics, Pleasanton, CA,
USA). Labelling was performed according to the CG000391 “Cell Mul-
tiplexing Oligo Labelling for Single Cell RNA Sequencing Protocol” from
10x Genomics. SYTOX Blue dead cell stain (Thermo Fisher Scientific)
was added to the labelled cell suspension. SYTOX-negative, eGFP-posi-
tive, and tdTomato-positive or -negative cells were sorted using the BD
FACS Aria III system (BD Biosciences, Franklin Lakes, NJ, USA). The
gating strategies are detailed in Supplementary Fig. 1. The sorted cells
were washed with phosphate-buffered saline (PBS) containing 0.04 %
bovine serum albumin and resuspended. Libraries were prepared ac-
cording to the CG000388 “Chromium Next GEM Single Cell 3° Reagent
Kits v3.1 (Dual Index) with Feature Barcode technology for Cell Multi-
plexing” protocol from 10x Genomics. The prepared libraries were
sequenced using a NovaSeq 6000 platform (Illumina, San Diego, CA,
USA).

4.4. Bioinformatics

Sequencing outputs were demultiplexed using CellRanger mkfastq
[23] with default options. The demultiplexed fastq files were aligned to
the mouse reference genome (mm10), and counts were conducted using
Cell Ranger Multi with the default options. Data analysis was performed
using the R package Seurat (version 5.0.3) [24]. CellRanger outputs
were filtered using the number of transcripts and genes and the per-
centages of mitochondrial genes. Data in each cell were normalized
using the LogNormalize method, and principal component analysis was
performed to visualize single-cell clustering by Uniform Manifold
Approximation and Projection (UMAP). The sub-cluster which
expressed representative fibroblast marker genes (Pdgfra, Collal, Vim,
and Dpt) was extracted to focus on the transcriptomic analysis of the
fibroblast population. The cell clusters were determined using the
FindClusters function, and similar clusters were grouped manually.
Differential gene expression analysis was performed using Seurat with
the test.use = ‘MAST’ option.

4.5. Histology and immunohistochemistry

The collected skin tissues were soaked in 4 % paraformaldehyde for
12-18 h followed by 30 % sucrose in phosphate-buffered saline (PBS),
embedded in Tissue-Tec OCT compound (Sakura Finetek Japan, Tokyo,
Japan), and frozen at —20 °C. Frozen tissues were sectioned at 8 or 14
pm thickness. The samples were blocked with 3 % bovine serum albumin
(BSA), 0.3 % TritonTMX-100 (Merck), and 0.3 % Polyoxyethylene Sor-
bitan Monolaurate (Nacalai Tesque) in PBS at 20-25 °C for 1 h. Then, the
sections were incubated with rabbit polyclonal anti-mouse keratin 5
(905503, 1:500; BioLegend, San Diego, CA, USA), goat monoclonal anti-
mouse SOX2 (AF2018, 5 pg/mL; R&D Systems, Minneapolis, MN, USA),
and rabbit monoclonal anti-mouse smooth muscle actin (ab5694, 1:100;
Abcam, Cambridge, UK) at 20-25 °C for 18 h. The sections were washed
with PBS three times and incubated with Hoechest33342 (1:500;
Thermo Fisher Scientific) and Alexa Fluor 647-conjugated goat anti-
rabbit IgG (A21245, 1:200; Thermo Fisher Scientific) or Alexa Fluor
647-conjugated donkey anti-goat 1gG (A21447, 1:200; Thermo Fisher
Scientific) secondary antibodies at 20-25 °C for 4 h. The samples were
washed with PBS three times and mounted in ProLong Gold antifade
mountant (Thermo Fisher Scientific). The skin sections were observed
using an Airyscan confocal laser-scanning microscope (LSM980; Carl
Zeiss, Oberkochen, Germany).

4.6. Animal tissue clearing

The whole body of embryo at E14.5 and E16.5 were fixed with 4 %
paraformaldehyde at 20-25 °C for 6 h, and then tissue clearing was
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conducted using CUBIC-L (Tokyo Chemical Industry, Tokyo, Japan) and
CUBIC-R+(M) (Tokyo Chemical Industry) reagents as previously
described [25,26]. First, fixed samples were immersed in 50 % CUBIC-L
diluted with distilled water at 20-25 °C for 24 h followed by in 100 %
CUBIC-L for 24 h. Subsequently, the specimens were washed with PBS
for three times and immersed in 50 % CUBIC-R+(M) diluted with
distilled water at 20-25 °C for 24 h, then in 100 % CUBIC-R+(M) for 24
h. Finally, the samples were set on the glass bottom dish (MATSUNAMI
GLASS, Osaka, Japan) immersed in 100 % CUBIC-R+(M). Images were
acquired using a Ti2-E confocal microscope (Nikon, Tokyo, Japan).

4.7. Statistics

We did not apply a specific statistical method to determine the
sample size. No blinding or randomization was used for data analysis.
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