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Editorial on the Research Topic

Hair Follicle Stem Cell Regeneration in Aging

With stem cells that can be activated and silenced cyclically, hair follicle experiences multiple
rounds of growth phase (anagen), regression phase (catagen), and resting phase (telogen) during
lifespan. Hair cycling is initiated by cyclic renewal or physiological cyclic regeneration of stem
cells. However, tissues and organs undergo structural and functional declines in the aging process,
with physiological and pathological changes regulated by intrinsic and extrinsic factors that
dictate the cell fate (Lei and Chuong, 2016) (Figure 1). As one of the important appendages of the
skin, the hair follicle is a complex mini-organ with visible signs, such as decreased regenerative
ability that leads to alopecia, and hair graying due to less melanin production by melanocyte stem
cells during aging (Qiu et al., 2019). Hair regenerative ability is gradually decreased because hair
follicle stem cells enter a long quiescent state (Chen et al., 2014), or differentiate into other skin
epithelial lineages (Matsumura et al., 2016), or escape from the hair follicle niche during aging
(Zhang C. et al., 2021). These features promote hair follicle to become a widely used model for
studying regeneration. As over 30% of the population all over the world suffer from partial or
complete hair loss, particularly most people undergo alopecia during aging, understanding the
mechanism by which hair follicle changes during aging is of great interest in regenerative biology
and is essential for regenerative medicine.

The field of hair follicle biology has expanded tremendously with broader scales and diverse
approaches that aim to elucidate the mechanisms of hair follicle regeneration, as well as to devise
potential therapeutic strategies to delay the aging processes or restore the regenerative ability. Here
we organize this Research Topic with a collection of original research and review articles that explore
aging-related hair follicle stem cell regeneration. Although not fully covering the comprehensive hair
follicle stem cell field, this issue provides new insight into hair regeneration from different
perspectives, mainly at the physiological, wound healing, and in vitro cultivation levels.

Skin which covers the surface of our human body is constantly subjected to environmental insults.
Ultraviolet (UV) radiation is the major cause of skin aging that is called photoaging, which provokes
oxidative stress, inflammatory responses, and DNA damage. Three papers in this Research Topic
focus on studying the role of UVA in skin aging (Wang et al., 2020; Bai et al., 2021; Karisma et al.,
2021). Bai et al. investigated rapamycin as a macrolide immunosuppressant that protects skin
fibroblasts from UVA-induced photoaging (Bai et al., 2021). They found that rapamycin-treated
human dermal fibroblasts have a decreased expression of p53 and phosphorylated HSP27, as well as
reduced genotoxic and oxidative stress levels. Wang et al. identified purified vitexin compound 1 as a
novel lignanoid that attenuates UVA-induced senescence in human dermal fibroblasts in vitro and
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mouse skin in vivo, through repressing UVA-induced
phosphorylation of MAPK1 (Wang et al., 2020). Although
UVA has a harmful effect to cause skin photoaging, it is a
double-edged sword that can be used as a stimulus to switch
the photo-controlled drug release upon a “switch on-switch off”
procedure, which can be developed for clinical use. A review
comprehensively summarized how UVA-triggered drug release
as a promising potential for skin photoprotection and
phototherapy (Karisma et al., 2021). In addition to UVA-
induced photoaging, recent advancements suggest that tissue
mechanics is largely involved in regulating skin aging. Another
review by Harn et al. described the manifestations of the aging
skin, and fully summarized how tissue mechanics influences
extracellular matrix dysregulation, wrinkling, and wound
healing during skin aging (Harn et al., 2021). They also
proposed how perturbed tensional homeostasis impacts
physiological functioning of the skin, including how skin
tension influences hair regeneration and wound healing. Then,
they enumerated several potential chemical and mechanical
approaches that may be used for developing new drugs against
skin aging.

Hair follicle is one of the skin appendages that is mostly
influenced by aging. Hairs are gradually lost during the aging
process, which is largely controlled by intrinsic epigenetic/genetic
status and extrinsic environmental stimuli that regulate the hair
follicle stem cell behavior during hair cycling. Decreased
expression of activators and increased expression of inhibitors
lead to decreased or failed hair regeneration in aged skin, which
may cause alopecia eventually. The telogen phase of the hair
follicle, particularly the refractory telogen phase becomes longer
and longer, compared to the competent telogen phase during
aging. In this Research Topic, Suo et al. identified that different
levels of Vitamin A have different roles in regulating hair cycling.
High-level of dietary retinyl esters results in a greater percentage
of hair follicles in refractory telogen, and vice versa (Suo et al.,
2021). They showed that Vitamin A regulates hair follicle stem
cell activity through BMP and Wnt signaling pathways. This
study identified a new intrinsic factor that regulates hair follicle
stem cell activity. Two reviews summarized the recent progress
on how intrinsic and extrinsic factors modulate hair follicle stem
cells activities. Daszczuk et al. discussed the current views on the
intrinsic molecular mechanisms that regulate cyclic hair
regeneration (Daszczuk et al., 2020). They proposed an
intrinsic oscillation of gene networks model in control of hair
cycling, which has potential instruction for translational
regenerative medicine. Morgun and Vorotelyak reviewed how
inflammation as one of the extrinsic factors that regulates hair
cycling, re-epithelialization, and wound-induced hair neogenesis
(Morgun and Vorotelyak, 2020). They also discussed how
inflammation influences hair follicle stem cell activation
during wound healing at the cellular and molecular levels.
These two reviews developed further the concept that
synergistic action of intrinsic and extrinsic factors is essential
for proper hair regeneration.

Dermal papilla (DP) is the signaling center for regulating hair
growth and regeneration. In this Research Topic, comparative
transcriptome analyses by Weber et al. identified a Wnt agonist,

R-spondin-1, is significantly decreased in the DP of adult human
hair follicles compared to that of the fetal scalp hair follicles
(Weber et al., 2020). Adult cells which lose the regenerative ability
can be partially restored to regenerate hair follicles with addition
of R-spondin-1 recombinant protein. Another research by Yu
et al. showed that Twist1 functions on regulating hair follicle
induction ability in the DP by forming a ternary complex with
Tcf4 and b-catenin, which delays the aging process of the DP cells
by Tcf4-mediated Wnt/b-catenin signaling pathway (Yu et al.,
2020). Under pathological conditions such as androgenetic
alopecia (AGA) which is occurring in more than half of men
aged over 50 years old, hair follicles are attacked by
dihydrotestosterone and then become miniaturized. Liu et al.
identified that Zyxin, an actin-interacting protein, is increased in
the DP of AGA-affected frontal hair follicles compared to that of
the unaffected occipital hair follicles (Liu et al., 2020). Knockout
of Zyxin leads to enhanced hair growth and anagen reentry,
indicating that Zyxin is an inhibitor for hair regeneration. This
offers a potential therapeutic target for treating AGA.

As skin is located at the outmost of our body, it is vulnerable to
be injured by mechanical, chemical, or biological insults.
Research conducted by Yang et al. used a promising new
method called photodynamic therapy to treat mouse skin
wounds infected with Pseudomonas aeruginosa (Yang et al.,
2020). They showed that 5-aminolevulinic acid photodynamic
therapy is beneficial for eliminating Pseudomonas aeruginosa and
accelerating skin wound healing in mice, by modulating the
expression of inflammatory factors (TNF-a and IL-1b) and
growth factors (TGF-b1 and VEGF). Since the establishment
of the wound-induced hair neogenesis model by Ito et al., in 2007
(Chuong, 2007; Ito et al., 2007), a number of following studies
aimed to study the molecular mechanisms by which de novo hairs
regenerate at the center of the wound bed during healing of large
cutaneous wounds. Bhoopalam in this Research Topic reviewed
the recent progress in digging the underpinnings of wound-
induced hair neogenesis, at the cellular (hair follicle stem cells,
fibroblasts, inflammatory cells) and molecular (Wnt/b-catenin,
Hedgehog, dsRNA/IL-6/STAT3/Retinoic Acid, Hippo signaling
pathways) levels (Bhoopalam et al., 2020). They also proposed
several wonderful interesting questions that remain to be further
investigated in this field. Besides, this issue also included one
research paper which identified IL-36a as a new factor
modulating the outcome of wound-induced hair neogenesis
(Gong et al., 2020). They show that IL-36a is increased during
wound healing, and application of recombinant murine IL-36a
protein into large skin wound promotes wound-induced hair
neogenesis, probably through regulating the IL-6/STAT3
pathway.

Scientists also have been trying to restore hair regeneration
using in vitro culture models, with focuses on modulating hair
follicle stem cells and DP cells. Bak et al. in this Research Topic
transplanted the cultured human outer root sheath (ORS) cells
along with freshly isolated neonatal mouse dermal cells to the
nude mice, and observed that the long-term (42 days) cultured
ORS cells have a decreased trichogenicity compared to the short-
term (20 days) cultured ORS cells (Bak et al., 2020). They
identified that FOXA2 in ORS cells functions in regulating the
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trichogenicity of human ORS cells. Wen et al. revealed that
inhibition of Rho-Associated Protein Kinase by a specific
inhibitor Y-27632 can increase the adhesion, proliferation, and
stemness of the primary cultured human hair follicle stem cells
through the ERK/MAPK pathway (Wen et al., 2021). As two-
dimensional (2D) cultured cells quickly lose their regenerative
ability, most researches turned to modulate hair regeneration
under 3D culture conditions. Zhang et al. compared the gene
expression in 2D and 3D cultured DP cells treated with
dihydrotestosterone, which can inhibit proliferation but induce
apoptosis in DP cells co-cultured with ORS cells (Zhang Y. et al.,
2021). Without dihydrotestosterone treatment, the ORS cells

showed significant proliferation when co-cultured with DP
cells. They used RNA-sequencing to identify that extracellular
matrix synthesis is increased in 3D culture DP cells, and set up a
transcription factor–miRNA coregulatory network in this co-
culture system, which may be beneficial for future AGA studies at
the molecular level. In addition to the extracellular matrix, the
same group also identified that miR-140-5p in small extracellular
vesicles secreted by DP cells suppresses Bmp2 expression to
promote proliferation of ORS and hair matrix cells in a co-
culture model (Chen et al., 2020). Tissue engineering models have
been established to promote hair follicle neogenesis. One research
article by Fukuyama et al. set up a reconstitution assay, in which

FIGURE 1 | Hair follicle stem cell regeneration in aging. Hair follicle undergoes cyclic renewal, which is regulated by cyclic activation of quiescent stem cells
controlled by a core circuit involving beta-catenin. This core molecular circuit involves interactions between hair follicle stem cell (HFSC) and dermal papilla within the hair
follicle. Adjacent to the follicles, blood vessels, nerves, arrector pili muscle, intradermal adipose tissues, etc. form a larger niche that also can affect HFSC activation.
Further, outside environment can alsomodulate the cyclic renewal behavior of hair follicles. The effects of thesemodulators change during aging. The telogen phase
of the hair cycle becomes dominant during aging, leading to decreased hair regeneration. Aged cells can be reactivated to regenerate hair follicles under wound-induced
hair neogenesis condition or using several 2D or 3D culture models. APM, arrector pili muscle; DP, dermal papilla; HFSC, hair follicle stem cells; HG, hair germ; SG,
sebaceous gland; SN, sympathetic nerve.
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human-induced pluripotent stem cell-derived DP cell aggregates
were co-cultured with human keratinocytes in a 3D cylindrical
structure inserted with a fragment of guide nylon fiber (a mimic
hair fiber). They observed morphologically resembled hair follicle
structure that expresses hair follicle-related genes in the 2-week
culture (Fukuyama et al., 2021). This study adds a new tissue
engineering model for hair regeneration, based on the principle of
epithelial-mesenchymal interaction.

In vitro culture models have been established for drug
screening. Jang et al. set up a 3D co-culture system, in which
human DP cells and ORS cells were cultured in an ultra-low
attachment plate, and formed a “two-cell assemblage” structure
that can be used as a model to test the hair growth-promoting
effect of library molecules (Jang et al., 2020). Epithelial-
mesenchymal interaction also leads to the formation of a skin
cyst when mouse epidermal and dermal cells were mixed and 3-
dimensionally cultured on a transwell insert, namely organoid
culture (Lei et al., 2017). The dissociated single cells can self-
organize and undergo a series of morphological transitions,
forming a planar hair-bearing skin through aggregation,
polarization, coalescence, and planarization stages. Compared
to the clinically diagnosed skin cyst, we proposed that the skin
cyst forming during skin organoid culture is not a pathological
dead-end, but harbors the potential to regenerate skin
appendages such as hair follicle and sebaceous gland (Qiu
et al., 2020).

In conclusion, recent understanding of aging includes stem
cell exhaustion, cellular senescence, altered intercellular
communication, epigenetic alterations, genomic instability,
telomere attrition, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, environmental stresses,
etc. These changes lead to obvious features in the skin such as
hair loss and graying, skin wrinkling, age spots, loss of elasticity,

laxity, sagging, and rough-textured appearance (Harn et al.,
2021). The experimental discoveries and perspectives
presented in this Research Topic add new layers for
understanding hair follicle stem cell regeneration during aging.
With cutting-edge experimental methodologies and ever-
increasing cross-discipline approaches employed in this
Research Topic, we witness the robust progress in this field.
We hope this Research Topic will pave new ways for elucidating
new mechanisms of aging-related hair follicle stem cell
regeneration, and also inspire the development of new
therapeutic strategies for treating aging-related hair disorders
with this momentum.
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Purified vitexin compound 1 (VB1), a novel lignanoid isolated from the seeds of the
Chinese herb Vitex negundo, has strong antioxidant abilities and broad antitumor
activities. However, little is known about its anti-photoaging effect on the skin and
the underlying mechanism. Here, we demonstrated that VB1 significantly attenuates
ultraviolet A (UVA)-induced senescence in human dermal fibroblasts (HDFs), as
evidenced by senescence-associated β-gal staining, MTT assays, and western blot
analysis of the expression of p16 and matrix metalloproteinase-1 (MMP-1). Furthermore,
mass spectrometry revealed that VB1 could directly bind to Mitogen-Activated Protein
Kinase 1 (MAPK1). Molecular docking and molecular dynamics simulation methods
confirmed the mass spectroscopy results and predicted six possible binding amino
acids of MAPK1 that most likely interacted with VB1. Subsequent immunoprecipitation
analysis, including different MAPK1 mutants, revealed that VB1 directly interacted
with the residues, glutamic acid 58 (E58) and arginine 65 (R65) of MAPK1, leading
to the partial reversal of UVA-induced senescence in HEK293T cells. Finally, we
demonstrated that the topical application of VB1 to the skin of mice significantly
reduced photoaging phenotypes in vivo. Collectively, these data demonstrated that VB1
reduces UVA-induced senescence by targeting MAPK1 and alleviates skin photoaging
in mice, suggesting that VB1 may be applicable for the prevention and treatment of
skin photoaging.

Keywords: purified vitexin compound 1, VB1, senescence, skin photoaging, MAPK1

Abbreviations: ATRA, all-trans-retinoic acid; ERK1/2, Extracellular signal-regulated protein kinases1/2; FDA, Food and
Drug Administration; HDFs, human dermal fibroblasts; JNK, c-Jun NH2-terminal kinase; MAPK1, Mitogen Activated
Protein Kinase 1; MMP1, matrix metalloproteinase-1; p-MAPK1, Phosphorylated MAPK1; UVA, ultraviolet A; VB1, Purified
vitexin compound 1.
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INTRODUCTION

Chronic exposure to ultraviolet (UV) irradiation is the major
cause of skin damage leading to premature aging of the skin,
a condition called photoaging (Kruglikov and Scherer, 2016).
Clinical changes in the course of skin photoaging include the
formation of fine and coarse wrinkles, increased skin thickness,
dryness, laxity, and pigmentation (Lei et al., 2018). Solar UV
radiation is divided into three categories according to their
wavelength. UV radiation can penetrate the skin to different
extents and interact with skin cells (Bravo et al., 2017). UVA (320–
400 nm) is more abundant in sunlight and penetrates the skin
deeper than UVB (280–315 nm). Previous studies have revealed
that UVA plays an important role in skin photoaging (Kammeyer
and Luiten, 2015; Lei et al., 2018).

To date, the mechanisms of skin photoaging is still
unknown, however, it is mainly associated with oxidative stress,
inflammatory responses, and DNA damage (Shin et al., 2019).
Oxidative stress can increase the secretion of proteases and
produce a large number of oxidative intermediates due to an
imbalance between the production of oxidants and antioxidants.
Accumulation of reactive oxygen species (ROS) induced by
oxidative stress can affect skin cells in both epidermis and dermis,
promoting cellular senescence (Stellavato et al., 2018). Oxidative
stress, one of the most important mechanisms underlying skin
photoaging, activates the Mitogen Activated Protein Kinase
(MAPK) family, including extracellular signal-regulated protein
kinases1/2 (ERK 1/2), c-Jun NH2-terminal kinase (JNK or
SAPK), and p38 MAPK, and their downstream pathways to
promote cellular senescence (Sun et al., 2015). MAPK1, also
called ERK2, is one of the key molecules in signal transduction
pathways associated with cellular senescence and only functional
when phosphorylated. Recent studies revealed that MAPK1
plays a major role in the unbalanced growth of human
cells (Kobayashi et al., 2012). Vitamin D protects endothelial
cells from irradiation-induced senescence and apoptosis by
modulating the MAPK/Sirtuin 1 (SirT1) axis (Marampon et al.,
2016). Naringenin exerts potent anti-photoaging effects by
suppressing UVB-induced phosphorylated MAPK1 activity in
JB6 P + cells, indicating that MAPK1 plays an important role
in the cellular senescence (Jung et al., 2016). In addition, some
other well-studied genes act as aging markers that are often
studied: Meis1 is a putative regulators of neurotransmission
and neurogenesis during aging (Chang-Panesso et al., 2018).
Rb1, another aging marker, induces senescence in human skin
fibroblasts by regulating by DNA methyltransferase 1 (DNMT1)
(Wang et al., 2017).

Purified vitexin compound 1 (VB1), a novel lignanoid
isolated from the seeds of the Chinese herb, Vitex negundo,
has strong antioxidant abilities and broad antitumor activities
in many cancer cell lines and xenograft models (Liu et al.,
2018). VB1 suppresses the growth of melanoma cells and
induces apoptosis in breast cancer cells by increasing the ROS
level (Liu et al., 2014). However, VB1 failed to induce ROS
generation in the immortalized non-cancerous breast cell line,
indicating that it has different effects on oxidative stress processes
depending on cellular conditions. In addition, VB-1 can exert

hair growth-promoting effects by augmenting Wnt/β-catenin
signaling in human dermal papilla cells and protect PC12
cells from hypoxia/reoxygenation-induced injury via NADPH
oxidase inhibition (Yang et al., 2014; Luo et al., 2018). However,
little is known about the role of VB1 in skin photoaging.
Considering that oxidative stress is an important mechanism of
skin photoaging, and VB1 an antioxidative agent, we speculated
that VB1 may play an important role in skin photoaging.

In this study, we found that VB1 significantly inhibited UVA-
induced senescence in human dermal fibroblasts (HDFs). Using
mass spectrometry, we also revealed that VB1 could directly bind
to MAPK1. Computer-aided methods and immunoprecipitation
demonstrated that VB1 binds to MAPK1 in 293T cells by
interacting with the residues E58 and R65. We further verified
that VB1 partially reverses UVA-induced senescence by the
above-mentioned binding to MAPK1. Finally, topical VB1 gel
remarkably reduced the phenotype of skin photoaging in mice.
For the first time, we demonstrate that VB1 reduces UVA-
induced senescence in HDFs by targeting the residues E58
and R65 in MAPK1 and alleviates skin photoaging in mice.
Our results indicate that VB1 is a potential new drug for the
prevention and treatment of skin photoaging in the future.

MATERIALS AND METHODS

Reagents
VB1 [vitexin compound-1, 6-hydroxy-4-(4-hydroxy-3-
methoxyphenyl)-3-hydroxymethyl-7-methoxy-3,4-dihydro-2-na
phthaldehyde] was a kind gift from the School of Pharmacy at
Central South University (Changsha, Hunan, China). The gel
containing 2% VB1 or the vehicle gel lacking VB1 were also
given from the School of Pharmacy at Central South University.
Primary antibodies specific for human against MMP-1, p16,
MAPK1, and p-MAPK1 were purchased from Cell Signaling
Technology (Boston, MA, United States).

Cell Culture
Primary HDFs were isolated from circumcised foreskins of
healthy human donors aged from 5 to 12 years. Primary HDFs
were cultured at 37◦C and 5% CO2 in a humidified incubator in
Dulbecco’s modified Eagle media (DMEM; Gibco, Grand Island,
NY, United States), supplemented with penicillin (100 U/mL),
streptomycin (100 ng/mL), and 10% fetal bovine serum (FBS;
Gibco). Primary HDFs were obtained with written consent from
voluntary, informed donors, following a protocol approved by the
Clinical Research Ethics Committee at the Xiangya Hospital of
Central South University in Changsha, China.

UVA Irradiation
Before UVA irradiation, HDFs cells were rinsed and submerged
under a thin layer of PBS to prevent UVA absorption
by components of the medium, such as VB1. Cells were
then irradiated using a Philips UVA lamp with an emission
spectrum between 320 and 400 nm. Mock-irradiated cells were
manipulated identically, except that they were not exposed to
UVA. The dose of UVA irradiation was 10 J/cm2 per day, as
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verified with a UV light meter (Sigma, Shanghai, China) for
3 days. Following each UVA irradiation, cells were incubated in
complete medium, supplemented with indicated compounds.

Western Blotting
Thirty micrograms of protein from each cell lysate was
resolved by 10% SDS-PAGE, followed by electrotransfer to
PVDF membranes (Millipore, MA, United States). Blots were
probed with primary antibodies at 4◦C overnight, followed by
incubation with an HRP-conjugated secondary antibody for 1 h
at room temperature. Bands of interest in western blots were
visualized with a western blot HRP substrate (Millipore, Billerica,
MA, United States).

SA β-Gal Staining
Senescence-associated β-galactosidase (SA-β-gal) activity was
measured with a β-galactosidase staining kit (Cell Signaling
Technology Boston, MA, United States) according to the
manufacturer’s instructions. Briefly, cells were washed in PBS,
fixed at room temperature for 15 min in fixing solution, and
incubated overnight at 37◦C in staining solution. Relative SA-
β-gal activities under each studied condition were determined
by calculating the percentages of cells with SA-β-gal activity
out of all cells counted in four continuous visual fields under a
microscope (200x).

MTT Assays
Cell viabilities were determined by performing 3-(4,5-
dimethylthiazol-2-yl)-2,5 -diphenyltetrazoliumbromide (MTT)
assays. Briefly, cells were seeded into 96-well plates at a density
of 2,000 cells/well. After adhesion, cells were exposed to UVA
irradiation and grown in complete medium containing VB1
(0.6 µM). At 1, 3, or 5 days post-irradiation, the medium
was aspirated, and cells were incubated for 4 h in fresh
medium containing 0.5 mg/mL of MTT (Sigma, St. Louis, MO,
United States). Subsequently, the medium was removed and
purple formazan crystals were dissolved in DMSO (150 µl/well)
with a brief vortexing step. Absorbance at 570 nm was measured
using a Synergy 2 Multi-Mode Microplate Reader (BioTek,
Seattle, United States). All experiments were performed in
triplicate, and the data presented represent the means of 3
independent experiments± SD.

Molecular Docking and Molecular
Dynamics Simulation
The crystal structure of the wild type MAPK1 protein was
obtained from Protein Data Bank (PDB code: 5BVF) (Bagdanoff
et al., 2015). The missing residues and atoms were repaired
by software Discovery Studio 2.5 (BIOVIA, CA, United States).
The MAPK1-VB1 binding site was predicted by Discovery
Studio 2.5 and Autodock Vina (Trott and Olson, 2010). The
molecular docking study was performed employing the program
Autodock Vina. And the Molecular dynamics (MD) simulations
were performed to explore the binding details base the docking
results. The partial atomic charge of VB1 was assigned by
AM1-BCC method (Wang et al., 2006) and the topology files

of VB1 were generated by AMBER force field (GAFF) (Wang
et al., 2004). The protonation states of ionizable residues
were determined at pH = 7.0 using H++ server (Gordon
et al., 2005). The MD simulations were carried out using the
AMBER 16 software package (Alma Rosa Agorilla, University
of California, San Francisco, United States). First, 10,000 steps
minimization (4,000 steps of steepest decent followed by 6,000
steps of conjugate gradient) was carried out with protein and
inhibitor constrained (100 kcal mol-1 Å-2). Subsequently, the
minimization was repeated with no constrain. Then, the system
was gradually heated from 0 to 310 K over a period of 300 ps
with 5.0 kcal mol-1 Å-2 restrain on the solute. Thereafter, another
1 ns equilibrium simulation was followed at 310 K with 2.0 kcal
mol-1 Å-2 restrain on the solute. Finally, 100 ns MD simulation
was performed for each system under NPT condition to produce
trajectory. The time step was set to 2 fs.

Synthesis and Modification of Gold
Nanoparticles
Gold nanoparticles were synthesized according to following
procedures. Briefly, 3 mL sodium citrate (w/v, 2%) was
added to 100 mL boiling HAuCl4 (0.01%) solution and kept
heated for 10 min. With continuous stirring until cooled to
room temperature, the gold nanoparticles were synthesized.
To conjugate lignin onto gold nanoparticles, cysteamine was
first linked onto gold nanoparticles through the thiol group
on the cysteamine to introduce amino group onto gold
nanoparticles. Cysteamine was added into gold nanoparticles
(final concentration of cysteamine is 10 M) and reacted for
2 h. After centrifuge, the gold nanoparticles were reacted with
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC, 100 mM) and N-hydroxysuccinimide (NHS, 100 mM)
for 30 min. Then, lignin was added into the solution to reach
a concentration of 10 g/mL. After another 2 h of reaction, the
gold nanoparticles were centrifuged and re-dispersed into water
for further use.

HPLC – Mass Spectrometry Analysis
Each sample of enriched nanogold-VB1 compound was
reconstituted in 7 µl of HPLC buffer A (0.1%(v/v) formic
acid in water), and 5 µl was injected into a Nano-LC system
(EASY-nLC 1000, Thermo Fisher Scientific, Waltham, MA,
United States). Each sample was separated by a C18 column
(50 µm inner-diameter × 15 cm, 2 µm C18) with a 125 min
HPLC-gradient. The mass spectrometric analysis was carried out
in a data-dependent mode with an automatic switch between a
full MS scan and an MS/MS scan in the orbitrap. The resulting
MS/MS data were searched against UniProt P. mirabilis ATCC
29906 database using MaxQuant software (v1.5.2.8).

Generation of MAPK1 Mutants
The plasmid MAPK1-pENTER was purchased from vigenebio
(Shandong, China). Mutants of MAPK1 were generated with
a QuickChange II XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Palo Alto, CA, United States) according to the
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FIGURE 1 | VB1 protects HDFs from UVA-induced senescence. (A) HDFs senescence was evaluated by measuring the number of SA-β-gal-positive cells (left panel)
[a, Ctrl; b, UVA; c, VB1 (0.2 µmol/l) + UVA; d, VB1 (0.4 µmol/l) + UVA; e, VB1 (0.6 µmol/l) + UVA; f, VB1 (0.6 µmol/l)]. Percentages of SA-β-gal-positive cells were
determined by counting stained cells and total cells in four continuous visual fields under a microscope (200x). The SA-β-gal-positive rate was obviously enhanced in
UVA-induced HDFs, while VB1 inhibited UVA-induced SA-β-gal activity in a dose-dependent manner. The analysis data was shown in right panel. Data are presented
as mean HDFs ± SD (n = 3; + vs. ctrl, p < 0.05, * vs UVA, p < 0.05). (B) p16 levels were detected by western blot analysis. Cells were irradiated as described and
harvested 24 h after the final UVA exposure. Blots were probed to detect p16, stripped, and then reprobed for β-actin. VB1 inhibited UVA-induced p16 expression in
a dose-dependent manner. Images are representative of 3 independent experiments. (C) MMP1 levels were detected by western blot analysis. VB1 inhibited
UVA-induced MMP1 expression in a dose-dependent manner. Images are representative of 3 independent experiments. (D) The HDFs growth rate was determined
by performing MTT assays. The growth rate of UVA-exposed HDFs was significantly decreased compared with control HSFs, while VB1 could reverse the decrease
(n = 3 for each time point).

manufacturer’s instructions. The primers used for the Mutants
were used were shown in Supplementary Table 1.

Immunoprecipitation
HEK293 cells were transfected with MAPK1 or mut-MAPK1.
The cells were collected and washed with ice-cold PBS and
lysed in buffer, and the VB1 modified by gold nanoparticles was
added and incubation continued overnight at 4◦C. Precipitates
were washed three times with ice-cold lysis buffer at 400 g

for 10 min. Bound proteins were separated on an SDS –
polyacrylamide gel and analyzed by western blotting using the
anti-MAPK1 antibodies.

Animals and UVA Radiation
Eight-week-old female FVB mice were obtained from the
National Key Laboratory of Genetics (Changsha, Hunan, China).
Animals were housed at 23± 1◦C and 50± 10% relative humidity
in a specific pathogen-free environment. Animal experiments
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were approved by the Animal Research Committee at the Xiang
Ya Hospital of Central South University. The dorsal skin area
of mice was shaved before and during experiments. Mice were
divided into control, UVA,vehicle gel and VB1 groups, with 10
mice in each group. All Mice except control group were irradiated
3 times/week for 12 weeks with 20 J/cm2 doses under a Philips
UVA lamp placed 20 cm away (emission spectrum: 320–400 nm).
The dorsal skin of mice was washed with 75% ethanol before each
irradiation exposure to avoid blocking or absorption of UVA rays
by previous applications of the VB1 gel. UVA doses were verified
with a UV light meter. A Carbomer substrate gel containing 2%
VB1 or vehicle gel lacking VB1 was applied dorsally to the mice
accordingly every day. No topical application or irradiation was
performed in the control group.

Histological Analysis
Mice were sacrificed by cervical dislocation under chloral
hydrate anesthesia at the end of experiments. For histological
analyses, central dorsum skin specimens were fixed in 4%
paraformaldehyde and sectioned after paraffin embedding.
Hematoxylin-eosin staining and Masson-trichrome staining was
then performed. Photographs of 5 randomly-chosen fields in
each section were taken under a microscope (200x). Epidermal
thicknesses were measured as the distance from the basement
membrane to the bottom of the stratum corneum.

Statistical Analysis
All data presented are representative of at least 3 independent
experiments and are expressed as means ± SD. Statistical
significances were determined by a one-way analysis of variance,
followed by further analysis by the LSD (least significant
difference) test. P < 0.05 was considered statistically significant.

RESULTS

VB1 Protects HDFs From UVA-Induced
Senescence
SA-β-gal activity was measured in HDFs to investigate the
effects of VB1 on cellular senescence induced by UVA. Our
results showed that the percentage of senescent cells (SA-β-gal-
positive cells) was significantly increased in UVA-irradiated
HDFs compared with that in non-irradiated control cells. VB1
inhibited UVA-induced SA-β-gal activity in a dose-dependent
manner (Figure 1A). Additionally, we found that the expression
of p16, a hallmark of cellular senescence, was significantly
increased after UVA irradiation and that VB1 showed dose-
dependent inhibition of p16 expression (Figure 1B). Previous
studies have shown that UVA irradiation causes photoaging
through MMP-1 induction, and MMP1 was also considered
as an indicator of senescence-Associated Secretory Phenotype
(Gorgoulis et al., 2019). Thus, MMP-1 expression was analyzed
by western blotting to examine whether VB1 regulates its
expression following UVA exposure. The results confirmed that
UVA irradiation increased MMP-1 protein expression in HDFs,
however, the UVA-induced induction of MMP-1 expression was

TABLE 1 | The 26 possible target proteins of VB1.

The
abbreviation
of proteins

Proteins full names

MPRIP Myosin phosphatase Rho-interacting protein

FLII Flightless-1 homolog

ANPEP Alanyl aminopeptidase

FLOT2 Flotillin 2

SERPINH1 Serpin family H member 1

ARHGAP23 Rho GTPase-activating protein 23

EIF2S1 Eukaryotic translation initiation factor 2 subunit 1

TWF1 Twinfilin actin binding protein 1

NPM1 Nucleophosmin 1

EEF1A Elongation factor 1-alpha

ATP6V0D1 ATPase H+ transporting V0 subunit d1

HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3

TPM1 Tropomyosin 1

NEFH Neurofilament heavy polypeptide

MAPK1 Mitogen-activated protein kinase 1

CAPZB Capping actin protein of muscle Z-line subunit beta

YWHAQ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein theta

YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta

ZNF366 Zinc finger protein 366

SLC25A1 Solute carrier family 25 member 1

DPM1 Dolichol-phosphate mannosyltransferase1

SLC25A5 Solute carrier family 25 member 5

DEDD Death effector domain-containing protein

DECR1 2,4-dienoyl-CoA reductase 1

ZYG11B Zyg-11 family member B

THY1 Thy-1 membrane glycoprotein

inhibited by VB1 in a dose-dependent manner (Figure 1C). By
MTT assays, we showed that UVA irradiation decreased the cell
proliferation of HDFs and that VB1 treatment partially reversed
this UVA-induced effect (Figure 1D). These data indicated that
VB1 partially protected HDFs from UVA-induced senescence.

Potential Target Proteins and Target
Sites of VB1 for MAPK1
To screen the potential binding target proteins of VB1, we used
mass spectrometry. For this purpose, VB1 was linked to modified
gold nanoparticles (Figure 2). Table 1 shows the potential target
proteins of VB1 identified by mass spectrometry. Based on
previous research on senescence, we chose MAPK1 as the target
protein of VB1 for further experiments. To accurately predict the
possible target sites of VB1 for MAPK1, we employed computer-
aided methods, including molecular docking and molecular
dynamics simulation were employed. The in silico results showed
that VB1 could directly bind MAPK1 (Figure 3A), and we finally
predicted that five likely interacting amino acid residues (G32,
Y34, K46, E58, and R65) of MAPK1 (Figure 3B), and K338 was
another possible key residue.
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FIGURE 2 | VB1 is linked with modified gold nanoparticles for further HPLC and immunoprecipitation. (A) The chemical structure diagram of VB1. (B) The gold
nanoparticles were synthesized and shown in the transmission electron microscope (TEM) image. (C) Gold nanoparticles was modified by lignin via reacting with
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 100 mM) and N-hydroxysuccinimide (NHS, 100 mM).

FIGURE 3 | The possible target sites of MAPK1 binding VB1 are predicted by computer-aided methods including molecular docking and molecular dynamics
simulation. The MAPK1-VB1 binding site was predicted by Discovery Studio 2.5 and Autodock Vina. The molecular docking study and the Molecular dynamics (MD)
simulations were performed to explore the binding details base the docking results. (A) The molecular docking and molecular dynamics simulation results showed
VB1 could directly bind MAPK1 protein. (B) The five amino acid residues (G32, Y34, K46, E58, and R65) of MAPK1 were predicted and K338 residue was another
possible key residue through computer-aid calculation (data not shown).

VB1 Binds to MAPK1 by Interacting With
the Residues E58 and R65
We performed endogenous immunoprecipitation assays to
confirm whether VB1 directly binds to MAPK1. HEK293T
cells transfected with unlinked (control) or VB1-linked
nanogold particles were used for immunoprecipitation, and
MAPK1 was then detected by western blotting. The results
showed that MAPK1 was detectable in the nanogold-VB1-
immunoprecipitated complexes but not in the control nanogold
immunocomplexes (Figure 4A), revealing that MAPK1 directly

bound to VB1. To precisely identify the interaction sites
of VB1 with MAPK1, we established wild-type and mutant
MAPK1 vectors and used them to transfect HEK293T cells,
together with nanogold-VB1 particles. Then, we determined the
interactions between VB1 and wild-type/mutant MAPK1 using
immunoprecipitation. MAPK1 was not detected in HEK293T
cells transfected with the E58- and R65-mutants of MAPK1,
while it was detectable in cells transfected with wild-type MAPK1
and the other four MAPK1 mutants (Figure 4A). Then, we
modeled the complex between VB1 and MAPK1, considering
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the interacting residues E58 and R65, by in silico method
(Figure 4B). These findings indicated that VB1 bound to MAPK1
by interacting with the residues E58 and R65.

VB1 Can Partially Reverses UVA-Induced
Phosphorylation of MAPK1
Only phosphorylated MAPK1 (p-MAPK1), which is the
active form of MAPK1, can activate the activity of a series
of downstream transcription factors, thereby regulating cell
function. To clarify the effect of VB1 on the MAPK1 pathway,
p-MAPK1 was detected in HDFs by western blotting in HDFs.
The results revealed that p-MAPK1 expression was significantly
increased after UVA irradiation, however, VB1 could significantly
reverse this UVA-mediated effect (Figure 4C).

VB1 Protects HEK293T Cells From
UVA-Induced Senescence via Binding to
MAPK1
To examine whether VB1 reduces UVA-induced senescence
through MAPK1 binding, we co-transfected HEK293T cells, with
down-regulated endogenous MAPK1, with VB1 and wild-type or
mutant MAPK1 (E58- or R65-mutants) and irradiated the cells
with UVA rays. We found that the UVA-induced expression of
p16 and MMP1 was significantly decreased in HEK293T cells
transfected with wild-type MAPK1 and VB1. In contrast, the
UVA-induced expression of these proteins was partially reversed
in cells co-transfected with both MAPK1 mutants and VB1
(Figures 4D–F). These data revealed that VB1 could protect
HEK293T cells from UVA-induced senescence by binding the
E58 and R65 residues of MAPK1.

Topical VB1 Gel Alleviates the Skin
Photoaging Phenotype in Mice
To further evaluate the anti-photoaging ability of VB1, we applied
a gel containing 2% VB1 or a vehicle gel lacking VB1 topically on
the UVA-irradiated dorsal skin of mice. In the vehicle group, the
dorsal skin of the animals was rough and scaly, showing increased
thickness and deep wrinkles after 12 weeks of UVA-irradiation
compared with the corresponding parameters in the non-
irradiated control group. In contrast, the skin conditions of VB1-
treated mice were visibly improved, and the formation of skin
wrinkles was significantly reduced (Figure 5A). Mouse dorsal
skin from each group was harvested for hematoxylin and eosin
(HE) staining. The epidermal thickness was markedly higher
in the vehicle group than in the non-irradiated control group
(Figure 5B). Daily topical application of VB1 gel significantly
reduced the thickening of the epidermal layers. These data
demonstrated that VB1 could alleviates UVA-induced skin
photoaging in vivo.

DISCUSSION

Skin photoaging, an essential aspect of skin aging, is
mainly characterized by skin relaxation, wrinkle formation,
pigmentation, and telangiectasia, etc. Recent evidence has shown

that UVA irradiation produces ROS and induces cell senescence,
ultimately leading to skin photoaging (Wlaschek et al., 2001; Yi
et al., 2018). Thus, finding the ideal antioxidants that can act as
anti-aging drugs is very promising.

Previous studies have demonstrated that VB1 acts as a novel
antitumor agent by regulating the cell cycle arrest and apoptosis
induction in various cancers. Some studies have shown that
VB1 has a strong antioxidant effect and can inhibit multiple
protein kinases and signal transduction pathways (Liu et al.,
2014, 2018; Yang et al., 2014; Luo et al., 2018). However, the role
of VB1 in skin photoaging has never been reported. Here, we
showed that VB1 protects HDFs from UVA-induced senescence.
Thus, for the first time, the role of VB1 in the skin cellular
senescence was explored.

How does VB1 protect HDFs from UVA-induced senescence?
To answer this question, we explored potential target
proteins of VB1 via mass spectrometry and nanogold-
based immunoprecipitation. Nanogold particles, also called
gold nanoparticles (AuNPs), have been widely used for the
identification of both biological and chemical materials (Lee
et al., 2018). When it is combined with recognition proteins,
such as antibodies or receptors, this nanomaterial can act as
a biosensor molecule (Egea et al., 2019). To date, nanogold
particles have been used as a biological tool in many studies,
especially in cancer-related studies (Shen et al., 2018). In the
present study, nanogold particles were used to pull down
VB1 micromolecules for subsequent mass spectrometry and
immunoprecipitation analyses. Through mass spectrometry,
we identified 26 proteins that potentially bind VB1. Among
those 26 proteins, some proteins were tumor-related, such as
YWHAQ and eEF1A1, and others were proteins were involved
in various biological processes, such as DEDD and MAPK1.
The MAPK pathway is one of the most important pathways
in aging. It mainly triggers a series of downstream biological
effects through MAPK family molecules, including ERK1,
ERK2, ERK5, JNK, and p38 MAPK, thereby regulating cell
proliferation, differentiation, and development. Some reports
suggest that the activation of the MAPK pathway is the central
event in UV-induced intracellular signaling, causing nuclear and
DNA damage-originated cellular responses (Bode and Dong,
2003). MAPK1, also called ERK2, plays an indispensable role
in the MAPK pathway. Only phosphorylated (active) MAPK1
can trigger the activation a series of downstream transcription
factors, such as Sata1/3 and FoxO3 to regulate cellular processes,
however, it also plays an important regulatory role in aging
(Gkotinakou et al., 2019; Zhu et al., 2019). Due to its important
role in photoaging, we chose MAPK1 for in silico experiments to
identify potential VB1-binding sites.

A new computer-aided method, including molecular docking
and molecular dynamics simulation, which was widely used
to find the “best” matching between two molecules and also
can predict their “correct” binding (Akbarabadi et al., 2019;
Sakr et al., 2019), was also applied to predict potential binding
sites of VB1 in MAPK1. Based on the in silico results, we
concluded that VB1 could directly target MAPK1 by interacting
with several amino acid residues (G32, Y34, K46, E58, R65,
and K338). Then, through transfection of HEK293T cells with
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FIGURE 4 | VB1 binds to MAPK1 through E58 and R65 residues of MAPK1 and VB1 protects 293T cells from UVA-induced senescence via binding the two
residues. (A) VB1 linked with gold nanoparticles was used for the immunoprecipitation in 293T cells. In the gold nanoparticles (AuNPs) immunocomplexes, MAPK1
was not detectable by western blot analysis, while MAPK1 was detectable by western blot analysis in nanogold-VB1-immunoprecipitated complexes. In the 293T
cells transfected with E58-mutant MAPK1 and R65-mutant MAPK1, MAPK1 was not detected, while MAPK1 was detectable in cells transfected with other four
mutant MAPK1. (B) The combination form between VB1 and MAPK1 via E58 and R65 residues using computer-aided methods. (C) p-MAPK1 expression was
detected by western blot analysis. p-MAPK1 was significantly increased after UVA irradiation and that VB1 could significantly decrease UVA-induced p-MAPK1
expression in a dose-dependent manner. (D,E) 293T cells was used in further co-transfected experiments because of difficulty in HDFs. Endogenous MAPK1 in
293T cells was knockdown by MAPK1 siRNA. Then UVA-irradiated 293T cells were co-transfected with VB1 and wild-type or mutant MAPK1 (E58-mutant or
R65-mutant), and p16 and MMP1 expression was detected by western blot analysis. UVA-induced p16 and MMP1 were significantly decreased in 293T cells
tranfected with wild-type MAPK1 and VB1, while p16 and MMP1 were partially reversed in 293T cells transfected with E58-mutant or R65-mutant MAPK1 and VB1.
(F) MAPK1 siRNA could significantly knockdown the endogenous MAPK1 expression in 293T cells.

MAPK1 vectors containing mutant residues and subsequent
immunoprecipitation, we discovered that VB1 delayed UVA-
induced cellular senescence by binding to the residues E58
and R65. Thus, we hypothesized that VB1 reduced cellular
senescence by regulating the expression of phosphorylated
MAPK1 expression through direct interaction with MAPK1.
Previous studies have shown that TGF-β alone induced Ras-Raf-
MEK1 and phosphorylated MAPK1 to increase the expression of
MMP1, so we speculate that VB1 could decrease MMP1 and p16
by reducing p-MAPK1 (Amatangelo et al., 2012).

The demand for products that diminish wrinkles and maintain
a youthful appearance of the skin is increasing. Currently,
all-trans-retinoic acid (ATRA) is the only topical drug that
is approved by the Food and Drug Administration (FDA)

for the treatment of photoaged skin (Behairi et al., 2016).
However, the topical use of ATRA might induce local skin
side effects, including irritation, erythema, burning, pruritus,
and scaling. Therefore, there is a need for safe and efficacious
agents for the prevention and treatment of photoaging. To
analyze whether VB1-containing preparations can effectively
delay skin photoaging, we prepared a VB-1 gel and demonstrated
that the gel exhibited a good permeate rate and low lag time
(Li et al., 2016). In addition, topical administration of the VB1 gel
to mice remarkably reduced skin photoaging phenotypes caused
by long-term UVA irradiation.

In summary, we demonstrated that VB1 significantly inhibits
UVA-induced senescence in HDFs by targeting the E58
and R65 residues of MAPK1 and effectively reduces skin
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FIGURE 5 | Topical VB1 gel palliates skin photoaging phenotype induced by UVA irradiation in mice. Mice were irradiated with UVA 3 times per week at doses of 20
J/cm2 for 12 weeks. A gel containing 2% VB1 or a vehicle gel lacking VB1 (negative control) was applied topically to the dorsal skin areas of mice at 1 h after each
irradiation. The control group consisted of untreated mice at the same age. (A) Representative photographs of mice dorsal skin in mice from control group,
UVA-irradiated group, the experimental group receiving VB1 gel and the vehicle only group. (B) Representative photographs of hematoxylin-eosin (HE)-stained dorsal
skin sections obtained at the end of the experiment from (a) control group, (b) UVA-irradiated group, (c) the experimental group receiving VB1 gel and (d) the vehicle
only group (left panel, magnification 200x). Epidermal thicknesses were estimated at 5 different random sites with each mouse from digital images of HE-stained
sections and are depicted as means ± SEM (n = 10 per group). The right panel showed the analysis data (+ vs. ctrl, p < 0.05, * vs. UVA, p < 0.05).

photoaging in UVA-irradiated mice, indicating that VB1 could
serve as a novel agent for the prevention and the potential
treatment of photoaging.
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Objective: During hair follicle regeneration, hair follicle stem cells (HFSCs) are regulated
by signals from dermal papilla cells (DPCs). Previously we found that Tcf4 could promote
the proliferation of DPCs. In this study, we focused on whether and how the biological
properties of Tcf4-induced DPCs were regulated by Twist1.

Methods: Twist1 was overexpressed or knocked down in DPCs following different
adenovirus or lentivirus infection. Phase-contrast microscopy was used to observe the
agglutinative growth of DPCs. The CCK-8 assay was used to test the proliferation of
DPCs. Western blot and qPCR experiments were used to determine the expression of
HGF, IGF-1, VEGF, c-myc, survivin, and CyclinD1 in DPCs. ELISAs were used to test the
growth factors secreted by DPCs. Conditional medium culture was used to detect the
inductive ability of DPCs. Co-immunoprecipitation and immunofluorescence were used
to test the binding of Twist1, Tcf4, and β-catenin in DPCs. Immunofluorescence was
also used to test the expression of Twist1, Tcf4, and KRT15 in hair follicles.

Results: Twist1 induced DPC agglutinative growth and proliferation. Twist1 upregulated
the expression of downstream target genes downstream of Tcf4, c-myc, survivin, in
Tcf4-induced DPCs, as well as the expression and secretion of growth factors HGF,
IGF-1, VEGF, which had the ability to induce hair follicle growth. The conditional medium
from Twist1-treated DPCs increased the expression of KRT40 and MSX2 in HaCaT cells.
Twist1 and Tcf4 co-localized in DPCs both in vitro and in vivo. Anti-Twist1 precipitated
Tcf4 and β-catenin.

Conclusion: These results indicate that Tcf4 and Twist1 play a synergistic role in
regulating the hair follicle induction ability of DPCs. Twist1 functions by forming a ternary
complex with Tcf4 and β-catenin. Thus, we report new data that elucidate whether and
how Twist1 regulates some biological properties of DPCs.
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INTRODUCTION

Hair loss is one of the most common dermatological diseases.
Alopecia, represented by androgentic alopecia or alopecia areata,
may last for a long time, or easily relapse. It causes great mental
strain for patients (Williamson et al., 2001; Hunt and McHale,
2005). At the same time, the hair itself also has physiological
functions such as temperature regulation or skin protection, as
well as roles in information interaction and beauty. It has been
reported that some patients with alopecia problems, such as
baldness, can even experience devastating physical and mental
disorders such as anxiety and depression (Van Der Donk et al.,
1994; Williamson et al., 2001; Fabbrocini et al., 2013; Yu et al.,
2016). At present, the treatment methods for hair loss include
drug treatments to promote hair growth and hair transplantation,
which require hair follicles from the patients themselves (Miao
et al., 2014). The hair follicle is an appendage of the skin,
the structure of which is composed of epidermis and dermis,
further, the follicle experiences the periodic stages of growth,
degeneration, and quiescence (Al-Nuaimi et al., 2010). Dermal
papilla cells (DPCs) are mesenchymal cells located at the hair
follicle bulb. DPCs not only play a regulatory role in the hair
follicle cycle but also play a maintenance and induction role,
which is characterized by agglutinative growth behavior in vitro
and the ability to induce the formation of new hair follicles during
the embryonic and postnatal periods (Driskell et al., 2011). DPCs
promote the formation and development of hair follicles through
the interaction of various signaling pathways. For example, the
BMP signaling pathway and Wnt/β-catenin signaling pathway
are considered to be key signaling pathways in the activation of
hair follicle stem cells (HFSCs) and regeneration of hair follicles
(Wu et al., 2019). BMP signaling has an inhibitory effect on the
activation of HFSCs. TGF-β signaling from DPCs can inhibit
the inhibitory effect of BMP signal in HFSCs (Oshimori and
Fuchs, 2012; Amberg et al., 2016). When the Wnt signal is
activated, the cytoplasmic signal molecule β-catenin cannot be
phosphorylated and it becomes enriched in the cytoplasm before
being transferred into the nucleus, where it forms a complex
with Lef/Tcf. Once there, β-catenin plays a role in transcription
activation, thus transcribing the molecules that activate HFSCs
and hair follicle regeneration (Li et al., 2013; Bejaoui et al., 2019).

In our previous study, we found that Tcf4, a family member
of Lef/Tcf encoded by the Tcf7L2 gene, was upregulated in DPCs
in the anagen (Xiong et al., 2014). Tcf4 and β-catenin form
a complex in the nucleus, which leads to the transcriptional
activation of genes downstream of the Wnt/β-catenin signaling
pathway. In addition, Tcf4 was highly expressed in low passage
number DPCs in vitro. However, the ability of hair follicle
induction and the mode of agglutinative growth are often lost in
the course of the passage of DPCs, as well as the expression of
Tcf4, which shows that Tcf4 is closely related to the activation of
HFSCs and hair follicle regeneration. Moreover, another previous
study also found that mitotic arrest defective protein MAD2B,
can bind with Tcf4 and reduce Tcf4-mediated Wnt/β-catenin
signaling activity, thus inhibiting the proliferation of DPCs.
However, it is interesting that the knockdown of MAD2B did not
affect the secretion function of DPCs induced by Tcf4. In contrast,

it further promoted the proliferation of Tcf4-induced DPCs (Yu
et al., 2017). Based on these reports, we propose that the cytokine-
mediated effects of MAD2B knockdown may be counteracted
by other factors.

Twist1 is a transcription factor with a basic helix loop helix
(bHLH). The Twist1 and Wnt/β-catenin signaling pathways play
important roles in the development of osteosarcoma, in which
Twist1 promotes the expression of specific cell surface receptors
in osteosarcoma cells via activating Tcf4-mediated Wnt/β-catenin
signaling pathway (Wu et al., 2014). Thus, we hypothesize that
Twist1/Tcf4 interaction can promote the proliferation of Tcf4-
induced DPCs. Through in vitro and in vivo experiments, we
found that Twist1 may be an important factor that regulates
the aging of DPCs, and can delay the disappearance of some
biological properties of DPCs during passage. In addition, we
found that Twist1 performed these activities by forming a
complex with Tcf4 and β-catenin.

MATERIALS AND METHODS

Cell Culture
This study was approved by the Ethics Committee of The First
Affiliated Hospital of the Third Military Medical University
(ethics approval No. ky201977). All experiments were carried out
in accordance with the relevant guidelines and regulations. The
patients/participants provided their written informed consent
to participate in this study. The scalp samples containing hair
follicles were collected in the Department of Dermatology of The
First Affiliated Hospital of the Third Military Medical University
from patients with a pigmented nevus and sebaceous nevus,
whose size was 0.5 × 0.5 cm ∼ 0.5 ×1 cm. After collection,
they were immediately stored in 4◦C sterile saline, and primary
cells were extracted by a two-step enzyme digestion. Primary
DPCs were cultured with DMEM containing 10% FBS and 100
U/L penicillin-streptomycin in a 37◦C, 5% CO2 incubator. The
medium was changed every 3 days until the primary cells stopped
growing, and then the cells were passaged and cultured at a ratio
of 1:2. Primary human fibroblasts were obtained and cultured as
previously described Chen et al. (2017), and were kindly provided
by Chunmeng Shi in the Third Military Medical University.

Virus Construction and Infection
An adenoviral vector mediating overexpression of Tcf4 was
generated previously (Yu et al., 2017). The empty vector
pAdeno-MCMV-3Flag-T2A-mCherry was used to construct
an adenovirus-mediated Twist1 (NM_000474) overexpression
vector. The construction and amplification of the Twist1
overexpression vector was performed by OBIO Technology
Corp., Ltd. The empty vector pLKD-CMV-mCherry-2A-Puro-
U6-shRNA was used to construct the lentiviral vector mediating
siTwist1 knockdown. The construction and amplification of the
siTwist1 vector was performed by OBIO Technology Corp., Ltd.
The target sequence is: 5′-gcaagattcagaccctcaa-3′.

Before virus infection, DPCs were seeded into 6-well plates at
a density of 3 × 105 cells per well. When DPCs grew to ∼70%,
virus-mediated GFP, Twist1, siTwist1, Tcf4, Tcf4 and Twist1,
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Tcf4, and siTwist1 were added into the culture medium. Cell
morphology was monitored under a microscope.

Cell Proliferation Assay
DPCs were seeded into 96-well plates at a density of 1 × 103

cells per well. After overnight culture, cells were divided into 6
groups and were separately infected with viral vectors expressing
GFP, Twist1, siTwist1, Tcf4, Tcf4 and Twist1, Tcf4, and siTwist1.
Twenty-four hours later, a 10 µL cell counting kit-8 (CCK-8)
solution (Beyotime, Shanghai, China) was added to the culture.
After incubation in the dark for 1.5 h, the absorbance optical
density (OD) value was measured at a wavelength of 450 nm.

Western Blot Analysis
DPCs were seeded into 60 mm dishes at a density of 1 ×
106 cells per dish. Forty-eight hours after viral infection, the
cells were washed twice with cold PBS and then lysed with
RIPA buffer (Beyotime, Shanghai, China). Cell lysates were
collected and the protein concentration was measured with a
BCA protein assay (Beyotime, Shanghai, China). Subsequently,
the protein was separated by SDS-PAGE and transferred to a
PVDF membrane. The membrane was then blocked with 5%
non-fat milk in TBS, and incubated overnight at 4◦C with diluted
primary antibodies. The primary antibodies were as follows:
GAPDH, c-myc, survivin, CyclinD1, IGF-1, HGF, VEGF (R&D
Systems, Minneapolis, MN, United States), Twist1 (Santa Cruz,
CA, United States), KRT40 (Santa Cruz, CA, United States),
MSX2 (Santa Cruz, CA, United States), KRT5 (Sangon, Shanghai,
China), KRT15 (Sangon, Shanghai, China), and FGF7 (Boster,
Wuhan, China). After washing, the membrane was incubated
with HRP-labeled secondary antibodies. A Bio-Rad imaging
system was used to collect and quantify images.

Quantitative Polymerase Chain Reaction
(qPCR)
Total RNA was extracted from DPCs with an RNA extraction
kit (Takara, Dalian, China) and cDNA was synthesized by
reverse transcription (Toyobo, Osaka, Japan). Quantitative
polymerase chain reactions (qPCRs) were carried out with
the following primers: 5′-ccgggatgctttacgttg-3′ (forward) and
5′-aattcaaaaagatgcagctta-3′ (reverse) for c-myc, 5′-ctttacgtggac
tccagtct-3′ (forward) and 5′-acaagacctcaactgtggctcga-3′ (reverse)
for survivin, 5′-agatgcagctttacgtggaagactcga-3′ (forward) and
5′-tacgtggaagactcgagtcttgtaa-3′ (reverse) for cyclin D1, 5′-cag
cagtcttccaacccaat-3′ (forward) and 5′-cacgaactgaagagcatcca-3′
(reverse) for IGF-1, 5′-cagagggacaaaggaaaagaag-3′ (forward)
and 5′-atgctattgaaggggaaccag-3′ (reverse) for HGF, 5′-gtcca
acttctgggctgtct-3′ (forward) and 5′-ccctctcctcttccttctcttc-3′
(reverse) for VEGF.

ELISA
The concentrations of IGF-1, HGF, and VEGF in the medium
were determined by ELISA kits (Boster, Wuhan, China)
according to the manufacturer’s instructions. The optical density
(OD) was measured at 450 nm by a Varioskan Flash reader
(Thermo Fisher Scientific, MA, United States).

Conditional Medium Culture
DPCs were infected with viruses as mentioned before. At 24, 48,
and 72 h after infection, the culture medium was changed. The
medium at 48 and 72 h later was collected, mixed, and stored
in a 4◦C refrigerator. HaCaT cells were cultured in 1,640 culture
medium with 10% FBS. At 24 and 48 h after seeding the cells,
the culture medium was changed to conditional medium from
the DPC culture. At 72 h after seeding, the total protein and total
RNA of the HaCaT cells were extracted as mentioned before, and
they were analyzed by Western blot or qPCR.

Immunofluorescence
DPCs were cultured overnight in 35 mm glass dishes at a
density of 1 × 105 cells per dish. The next day, the DPCs
were fixed with 4% paraformaldehyde. For paraffin-embedded
scalps, the samples were sectioned into 5 µm sections and
gradually hydrated. Then the sections were microwaved in citrate
buffer (pH 6) for antigen retrieval and rinsed in PBS. Then, the
DPCs or sections were treated with 0.1% Triton X-100, blocked
with 5% BSA, and incubated overnight at 4◦C with anti-KRT15
(Sangon, Shanghai, China), anti-Tcf4 (Proteintech, Shanghai,
China), and anti-Twist (Santa Cruz, CA, United States). After
washing, the DPCs or sections were incubated with Alexa Fluor
488-labeled donkey anti-rabbit and cy3-labeled goat anti-mouse
secondary antibodies, then, they were counterstained with DAPI
and observed under a fluorescence microscope.

Co-immunoprecipitation (Co-IP)
Cultured DPCs were lysed with RIPA buffer (Beyotime, Shanghai,
China), the protein concentration was measured with BCA, and
a small part of the lysate was prepared as input. The rest of
the lysate was incubated with immunoglobulin G (IgG; negative
control), anti-Twist1 (Santa Cruz, CA, United States), or anti-
Tcf4 (Proteintech, Shanghai, China) overnight. Then protein
A/G agarose was added to couple to the antibody. Finally, the
immunoprecipitate was eluted and analyzed by Western blot.

RESULTS

Twist1 Promotes the Growth of DPCs
Agglutinative growth is one of the characteristics of intact
DPCs. To determine whether Twist1 affects the agglutinative
growth of DPCs, an adenovirus mediating overexpression of
Twist1 was added to cultured DPCs. At 48 and 72 h after
overexpression of Twist1, the agglutinative growth behavior
of DPCs increased significantly. In contrast, the DPCs in the
control group maintained aggregation behavior but did not
have the characteristics of agglutinative growth (Figures 1A,B).
However, the traditional aggregative behavior of DPCs has been
demonstrated by self-aggregation of cultured DPC to form
three-dimensional cell aggregates (Kiratipaiboon et al., 2015;
Topouzi et al., 2017). We did not observe any three-dimensional
cell aggregates in our two-dimensional culture system. The
agglutinative growth of DPCs in this manuscript is defined
as DPCs gather in clusters when growing. The DPC clusters
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FIGURE 1 | Continued
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FIGURE 1 | The impact of Twist1 on the growth of DPCs. (A,B) Changes in the morphology of Twist1 overexpressing DPCs. Dashed lines depict the DPC clusters.
Scale bar = 50 µm. (B) Statistical analysis of (A). (C,D) The overexpression and knockdown efficiency of Twist1 vectors. The expression of Twist1 was detected by
Western blot. (D) Statistical analysis of (C). The expression of Twist1 was normalized to that of GAPDH. (E) The expression of Twist1 detected by
immunofluorescence in Twist1 overexpressed DPCs. DAPI was used to counterstain the nucleus. Scale bar = 20 µm (F) The growth curve of DPCs. (G) The growth
curve of human fibroblast cells. Equal amounts of DPCs or human fibroblast cells were treated with virus vectors expressing GFP, Twist1, siTwist1, Tcf4, Tcf4, and
Twist1, as well as Tcf4 and siTwist1. The proliferation of cells was detected by CCK-8 assay every day from 1 day after treatments. OD, optical density. N = 3. ###P <
0.001 when compared with the Tcf4-treated group. *P < 0.05 when compared with the control group. **P < 0.01 when compared with the control group. ***P<
0.001 when compared with the control group.

were depicted out with dashed lines in Figure 1A. These data
indicate that Twist1 plays a specific role in promoting the
agglutinative growth of DPCs.

Adenovirus-mediated Twist1 expression or lentivirus-
mediated siTwist1 expression effectively overexpressed or
knocked down the expression level of Twist1, respectively
(Figures 1C,D). Immunofluorescence assay demonstrated that
the cells in the Twist1-overexpressing conditions maintain
high Twist1 expression until 72 h after treatments (Figure 1E).
Because our previous studies showed that Tcf4 can promote the
proliferation of DPCs in vitro, we next tried to determine whether
Twist1 played a role in the proliferation of DPCs induced by
Tcf4. The proliferation rate of DPCs infected with adenovirus-
mediated Tcf4 alone increased significantly compared with the
control. Interestingly, the proliferation rate of DPCs infected
with the virus expressing Tcf4 and siTwist1 was significantly
lower than that of DPCs infected with the Tcf4 virus alone,
which indicated that the knockdown of Twist1 could inhibit the
proliferation of DPCs induced by Tcf4. The proliferation rate
of the group co-infected with virus expressing Tcf4 and Twist1
was significantly higher than that of the other groups, which
indicated that overexpression of Twist1 could further enhance
Tcf4-induced DPC proliferation (Figure 1F). The above results
imply that Twist1 may interact with Tcf4 in regulating DPC
proliferation. We also tested the proliferation of human dermal
fibroblast by CCK-8. The dermal fibroblast grew too fast, so we
only tested it for 3 days. The effect of Twist1 on dermal fibroblast
was different from its effect on DPCs (Figure 1G).

Twist1 Promotes the Expression of
Tcf4-Induced Target Genes in DPCs
To further research the functional interaction between Twist1
and Tcf4, the effect of Twist1 overexpression on the expression
of target genes downstream of Tcf4 (including proto-oncogene
c-myc, apoptotic protein survivin, cell cycle protein cyclinD1)
was detected in Tcf4 overexpressing DPCs. Both overexpression
of Tcf4 and Twist1 promoted the mRNA and protein expression
of these downstream target genes in DPCs. Overexpression of
Tcf4 and Twist1 together effectively promotes the mRNA and
protein expression of c-myc and survivin. The overexpression of
Twist1 did not significantly increase the expression of cyclinD1
when compared with Tcf4 overexpressing group. These results
indicate that Twist1 is positively correlated with Tcf4-mediated
activation of downstream target genes. However, knockdown of
Twist1 in DPCs or Tcf4 overexpressing DPCs did not significantly
change the expression of these target genes (Figure 2).

Twist1 Promotes the Expression and
Secretion of Tcf4-Induced Growth
Factors in DPCs
DPCs usually regulate hair follicle regeneration by secreting
growth factors. To investigate the effect of Twist1 on hair
follicle regeneration, the expression and release of hair
growth-related growth factors (VEGF, HGF, and IGF-1)
were detected after Twist1 was overexpressed in DPCs.
Consistent with the role of Tcf4 in DPC proliferation, both
overexpression of Tcf4 and Twist1 promoted the mRNA
and protein expression of these growth factors in DPCs.
Overexpression of Tcf4 and Twist1 together promoted the
mRNA and protein expression of these growth factors more
effectively than either factor by itself. On the other hand,
knockdown of Twist1 in Tcf4-treated DPCs had a lower
expression level of these growth factors than that of control
cells. However, compared with the control, siTwist1 alone did
not significantly change the expression of these growth factors
(Figures 3A–I). The trends of the expression of these growth
factors in the supernatant were the same as they were in DPCs
(Figures 3J–L). These results indicate that Twist1 is positively
related to the production and secretion of growth factors
regulated by Tcf4.

Twist1 Maintains Some Biological
Properties of DPCs
DPCs were treated with adenoviral vectors expressing Tcf4
and Twist1 or lentiviral vector expressing siTwist1 together
or separately. After treatments, the DPCs still maintained
expression of intact DPC markers (Figure 4A). HaCaT cells
are from the basal layer of the skin, and can be induced to
differentiate into cells resembling various types of skin cells. The
conditioned medium from Twist1-treated DPCs induced HaCaT
cells to express higher levels of KRT40, MSX2, KRT5, and KRT15
(Figures 4B–F). These results suggest that Twist1 can maintain
the ability of DPCs to induce the differentiation of epidermal cells
in vitro.

Twist1 Physically Interacts With Tcf4 in
DPCs
The above data show that there is a functional interaction
between Twist1 and Tcf4. Therefore, we next attempted to
detect whether there was a physical interaction between
Twist1 and Tcf4. Immunofluorescence showed that both
Twist1 and Tcf4 were mainly distributed in the nucleus
of DPCs. Interestingly, Tcf4 co-localized with a subset of
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FIGURE 2 | The expression of Tcf4 target genes in DPCs treated with Twist1, Tcf4, and siTwist1. (A–C) Western blot results of c-myc, survivin, and cyclinD1. (D–F)
Quantitative analysis of (A–C). The expression levels of target genes were standardized to that of GAPDH. (G–I) qPCR results of c-myc, survivin, and cyclinD1, the
expression level of target genes was standardized to that of GAPDH. N = 3. #P < 0.05, ##P < 0.01 when compared with the Tcf4-treated group. *P < 0.05, **P <
0.01 when compared with the control group.

Twist1 in the nucleus of DPCs (Figures 5A,B). Western blot
analysis of total protein and nuclear extracts also showed
that Twist1 was mainly expressed in the nucleus of DPCs
(Figure 5C). In co-immunoprecipitation experiments, both Tcf4
and β-catenin were found to be precipitated by anti-Twist1,
and both Twist1 and β-catenin were precipitated by anti-Tcf4
(Figures 5D,E).

To investigate the role of Twist1 in HFSCs and hair follicle
regeneration, the expression of Twist1, Tcf4, and KRT15 was
determined by immunofluorescent double labeling. In the hair
follicle, KRT15 and Twist1 did not exhibit any kind of co-
localization (Figures 6A,B). Whereas Tcf4 was colocalized with a
subset of Twist1 in the nucleus of some Twist1 expressing DPCs
in vivo (Figures 6C,D). These results demonstrate that Twist1
may physically interact with Tcf4 and β-catenin in DPCs.

DISCUSSION

Tcf4 is encoded by the Tcf7L2 gene, and it is an important
member of the Lef/Tcf protein family. In the process of
tissue development and differentiation, Tcf4 responds to the
β-catenin signal and initiates the downstream Wnt signaling
pathway, thus promoting cell proliferation and differentiation
(Cadigan, 2012). Disruption of Tcf4 or β-catenin can block
the Wnt signaling pathway and lead to complete loss of cell
proliferation (Ma et al., 2020). Our previous studies have shown
that Tcf4 was highly expressed in growing hair follicles and in
DPCs cultured in vitro when its morphological features were
still in the agglutinative growth mode (Xiong et al., 2014).
The Wnt signaling pathway mediated by the Tcf4/β-catenin
complex plays an important role in hair follicle morphogenesis.
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FIGURE 3 | The expression and secretion of hair follicle inductive molecules in DPCs. (A–C) Western blot results of VEGF, HGF, and IGF-1. (D–F) Quantitative
analysis of (A–C). The expression levels of target genes were standardized to that of GAPDH. (G–I) qPCR result of VEGF, HGF, and IGF-1. The expression level of
target genes was standardized to that of GAPDH. (J–L) Expression of VEGF, HGF, and IGF-1 detected by ELISA in the culture supernatant of DPCs. N = 3. #P <
0.05, ##P < 0.01 when compared with the Tcf4-treated group, ###P < 0.001 when compared with the Tcf-treated group. *P< 0.05, **P < 0.01 when compared with
the control group.
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FIGURE 4 | The inductive ability of DPCs. (A) The intact DPC markers ALP, BMP2, and FGF7 were detected by Western blot. (B–F) HaCaT cells were cultured with
conditioned medium from DPCs treated with virus expressing Tcf4, Twist1, and siTwist1. Differentiation markers KRT40, MSX2, KRT5, and KRT15 were detected by
Western blot. (C–F) Quantitative analysis of (B). The expression levels of target genes were standardized to that of GAPDH. *P < 0.05 when compared with the
control group. **P < 0.01 when compared with the control group. ***P < 0.001 when compared with the control group.

However, it is not clear how Tcf4/β-catenin participates in
the process of hair follicle induction and growth. In this
study, we found that Twist1 could promote the proliferation
of DPCs (Figure 1), and the overexpression of Twist1 could
promote the expression of downstream target genes of Tcf4
and the secretion and release of growth factors in DPCs

(Figures 2, 3). The function of Twist1 was consistent with that
in a previous report (Shen et al., 2019). Therefore, Twist1 may be
a positive regulatory partner of Tcf4. However, the knockdown
of Twist1 did not affect the target gene expression, growth
factors secretion or release of DPCs. One possible explanation for
this difference is that the effects of downstream gene activation
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FIGURE 5 | The interaction of Tcf4 and Twist1 in DPCs. (A,B) The expression of Tcf4 and Twist1 were detected by immunofluorescence in cultured DPCs. (A) Scale
bar = 20 µm. (B) Scale bar = 5 µm. (C) The expression of Twist1 was determined by Western blot in nuclear extract and total extract from cultured DPCs. (D) The
expression of Tcf4 and β-catenin in the anti-Twist1 precipitated complex in cultured DPCs. (E) The expression of Twist1 and β-catenin in the anti-Tcf4 precipitated
complex in cultured DPCs.

and transcription may be compensated for or replaced by
other molecules.

DPCs located at the bottom of hair follicles can induce hair
follicle regeneration and control the periodic growth of hair
follicles. These characteristics of DPCs have been used to develop
treatments for alopecia, including hair follicle autografts. It has
been proven that DPCs cultured in vitro have the ability to
induce hair growth only when they have the characteristics of
agglutinative growth. At the same time, this agglutinative growth
mode gradually disappears with an increase in the number
of passages (Lei et al., 2017). Higgins et al. found that the
transcription profiles of intact dermal papilla can be partially
restored by culturing DPCs in 3D spheroid cultures (Higgins
et al., 2013). Due to the decreased expression level of Tcf4 in
DPCs during passages, there may be a correlation between Tcf4
expression and the agglutinative growth mode of DPCs. In this
study, we first proved that Twist1 could promote the agglutinative
growth behavior of DPCs in vitro, which shows that Tcf4 and
Twist1 have a similar effect on the agglutinative growth behavior
of DPCs. It is well known that downstream target genes of Tcf4 in
Wnt signaling, c-myc, survivin and cyclinD1, are involved in cell

growth and cell cycle regulation, and growth factors HGF, VEGF,
and IGF-1 promote hair growth. C-myc was required to maintain
the stem cell-like phenotypes of DPCs (Muchkaeva et al., 2014),
which was a critical biological process that kept the high rate of
hair growth (Kiratipaiboon et al., 2015). The expression level of
survivin in DPCs is related to hair growth (Zhang et al., 2016).
CyclinD1 is one of the main factors that regulates DPCs’ entry
into the S phase (Kang et al., 2017). Our data demonstrated that
Twist1 and Tcf4 co-overexpression increased the expression of
c-myc and survivin, but did not increase the expression of cyclin
D1 distinguishably, when compared with Tcf4 overexpressing
group. Maybe cyclin D1 is very sensitive to Tcf4 and Twist1
in this case, so that the overexpression of Twist1 or Tcf4 alone
had already increased the expression of cyclin D1 to the highest
level of the cell needed. HGF was first found to be a polypeptide
factor that promotes cell mitosis in plasma and platelets and has
been reported to activate hair follicle morphogenesis during the
growth period (Fujie et al., 2001). IGF-1 is a structural homolog of
insulin, which is expressed in mesenchymal cells of the hair bulb
and dermis. It has a significant impact on the hair follicle cycle
and plays an active role in regulating hair follicle development
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FIGURE 6 | The expression of KRT15, Twist1, and Tcf4 in the scalp. The right panel is a merged image of the left three panels. Dashed lines depict the structure of
the dermal papilla. (B) The enlarged picture of the framed area in (A). Arrowhead denotes the positive expression of Twist1 in the nucleus. (D) Is the enlarged picture
of the framed area in (C). Arrowhead denotes the co-expression of Tcf4 and Twist1 in the nucleus. Scale bar = 20 µm.

(Ben Amitai et al., 2006). VEGF is a vascular endothelial factor
that can promote hair growth by inducing capillary formation
around hair follicles (Zhang et al., 2019). Consistent with these
results, Tcf4 and Twist1 increased the mRNA and protein levels of
c-myc, survivin, and cyclin-D1 and the secretion of HGF, VEGF,
and IGF-1 (Figures 2, 3). In addition, conditioned medium from
Twist1-treated DPCs induced HaCaT cells to express differential
markers (Figure 4). These effects were enhanced when Tcf4
and Twist1 were overexpressed together, indicating that Twist1
had a positive effect on the maintenance of some biological
properties of DPCs.

Twist1 is an autosomal bHLH transcription factor. Its
structure includes an N-terminal, a C-terminal, and a highly
conserved bHLH domain. The domain with DNA binding
sites is the main domain required for Twist1 to function as a
transcription factor. Epithelial-mesenchymal transition (EMT) is
very important for the development of metastatic diseases. Twist1
is considered to be an inducer of EMT and a basic regulator of
some metastatic diseases (Shen et al., 2019). It has been reported

that skin formed by the interaction of epithelial and mesenchymal
components. The hair follicle has become one of the main models
to research this special regeneration structure. Hair follicle
epithelium and HFSCs respond to signals from DPCs (Lei et al.,
2017). Because Twist1 is a positive regulator of TCF4, Twist1
may play a key role in regulating the Wnt signaling pathway as
it relates to DPC growth and hair follicle induction. However,
from our data, we found that only a subset of Twist1 expressing
cells expressed Tcf4, and only a sunset of Twist1 expressing foci
also expressed Tcf4 in the cell nucleus. All Tcf4 expressing cells or
foci expressed Twist1. These expression patterns suggested that
Twist1 might have other functions in the cell.

CONCLUSION

In conclusion, we reported that Twist1 promoted the
agglutinative growth of DPCs, promoted the proliferation
of DPCs induced by Tcf4 and promoted the expression of target
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genes of Tcf4 and the secretion of growth factors that regulate
HFSC activation and hair follicle regeneration. We also reported
that Twist1 functioned by forming a ternary complex with
Tcf4 and β-catenin. Thus, we report new data that elucidate
whether and how Twist1 regulates some biological properties of
DPCs in vitro. Targeting the Twist1/Tcf4 complex is a potential
treatment strategy for hair loss.
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Background: Wound-induced hair follicle neogenesis (WIHN) is a phenomenon of hair
neogenesis that occurs at the center of a scar when the wound area is sufficiently large.
Neogenic hair follicles are separated from the pre-existing follicles at the wound edge
by a hairless circular region. This WIHN study provides a unique model for developing
treatments for hair loss and deciphering the mechanisms underlying organogenesis in
adult mammals.

Methods: The skin of a mouse was wounded by excising a 1.5 × 1.5 cm2 square of
full-thickness dorsal skin. iTRAQ technology was used to screen proteins differentially
expressed between the inner and outer scar areas in a mouse model of WIHN, on
post-wounding day 15, to identify the regulators of WIHN. Owing to the overexpression
of interleukin-36α (IL-36α) in the de novo hair follicle growth area, the regulating effect
of IL-36α overexpression in WIHN was investigated. Hair follicle stem/progenitor cells
were counted by flow cytometry while the expression of hair follicle stem/progenitor cell
markers (Lgr5, Lgr6, Lrig1, K15, and CD34) and that of Wnt/β-catenin and IL-6/STAT3
pathway intermediaries was detected by qPCR and western blotting.

Results: We found that wounding induced IL-36α expression. Incorporation of
recombinant murine IL-36α (mrIL-36α) into murine skin wounds resulted in a greater
number of regenerated hair follicles (p< 0.005) and a faster healing rate. The expression
of hair follicle stem/progenitor cell markers was upregulated in the mrIL-36α-injected site
(p < 0.05). Additionally, mrIL-36α upregulated the IL-6/STAT3 pathway intermediaries.

Conclusion: IL-36α is upregulated in de novo hair follicle growth areas and can promote
wound epithelialization and WIHN.

Keywords: hair follicle, wound epithelialization, IL-36α, stem cell, IL-6/STAT3 pathway

INTRODUCTION

Wound-induced hair follicle neogenesis (WIHN) is a phenomenon in which the skin, sebaceous
glands, and hair follicles regenerate following the occurrence of large, full-thickness wound in
adult mice. WIHN has also been observed in rabbits, sheep, and spiny mice (Billingham and
Russell, 1956; Brook et al., 1960; Seifert et al., 2012), while there are conflicting reports about
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WIHN in rats (Guerrero-Juarez et al., 2018). Studying WIHN
in different species is helpful for deciphering mechanisms
underlying the regeneration in mammals and may provide
insights into novel approaches for hair loss treatments.

In addition to the canonical Wnt/β-catenin pathway (Ito
et al., 2007), inflammation-related factors are also believed to
play important roles in WIHN. Macrophages regulate WIHN
through the AKT/β-catenin pathway by secreting a cytokine
known as tumor necrosis factor (TNF) (Wang et al., 2017).
Activated γδT cells secrete FGF9 (fibroblast growth factor 9),
which promotes WIHN (Gay et al., 2013). Further, interleukin
1 (IL-1), along with IL-7 can activate the T cells to promote
the proliferation of hair follicle stem cells (Lee et al., 2017). The
IL-6/STAT3 (signal transducers and activators of transcription
3) axis, which is induced in response to tissue damage
and double-stranded RNA production, also promotes WIHN
(Nelson et al., 2015).

Interleukin-36α is a pro-inflammatory cytokine of the IL-
1 family. It acts on both epithelial cells and specific immune
cells, by inducing cellular activation and secretion of cytokines
and chemokines, leading to the recruitment and activation of
a variety of immune cells (Bassoy et al., 2018). Using iTRAQ
(isobaric tags for relative and absolute quantitation) technology,
we analyzed the differential protein expression in the inner
and outer scar regions in a WIHN mouse model. We found
that IL-36α was upregulated in the center of the scar, which
is the main area for de novo hair follicle growth. Previous
studies demonstrated that inflammation-related factors, such
as IL-1, IL-6, and TNF, could promote WIHN. IL-36α has
been proven to induce the secretion of these inflammation-
related factors (Dietrich et al., 2016). Accordingly, we evaluated
the effects of IL-36α with respect to promoting WIHN and
investigated the underlying pathways responsible for regulating
the hair growth.

MATERIALS AND METHODS

Animal Model
Mice with a C57BL/6 background were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. (Benxi, China). Female mice
(7–10 weeks old) were used in all in vivo experiments. All animal
procedures were performed ethically in accordance with the
institutional guidelines for animal experiments and was approved
by the Institutional Animal Care and Use Committee at China
Medical University, China.

WIHN Surgical Procedure
Mice were anesthetized via isoflurane inhalation (RWD Life
Science Co., Shenzhen, China) and had their dorsal hair shaved
off. Skin wounds were introduced by excising a 1.5 × 1.5 cm2

square of full-thickness dorsal skin (used for investigating wound
healing and related hair neogenesis as indicated). Subsequently,
either 1 ng/µL recombinant murine IL-36α (mrIL-36α; R&D
systems, Minneapolis, MN, United States) – dissolved in 50 µL
phosphate-buffered-saline (PBS) – or PBS alone (Solarbio,
Beijing, China) was injected into the healing wound (beneath the

scab into the granulation tissue) once a day for post-wound day
(PWD) 7–14. Full-thickness healed skin was harvested at PWD
15 and divided into two groups – the de novo hair follicle area
(inner area) and no hair follicle area (outer area) – and used
for proteomic analysis, real time quantitative PCR (qPCR), and
western blotting for IL-36α expression detection. Full-thickness
healed skin from wounded mice was harvested at PWD 7, 10, 12,
15, and 20, and normal skin from non-wounded mice was used
for immunohistochemistry, qPCR, and western blotting to detect
the spatiotemporal expression of IL-36α .

In addition, 50 µL of 1 ng/µL mrIL-36α – dissolved in
PBS – or PBS only was injected intradermally into two separate
dorsal skin regions of 7-week-old mice once a day. Full-thickness
injected skin was harvested for qPCR and western blotting at day
3- and flow cytometry at day 4-post injection.

Hair Follicle Quantification
Healed skin was collected at PWD 28 and incubated in 5% dispase
(Gibco, Carlsbad, CA, United States) overnight at 25 ± 1◦C.
The epidermis was removed under a stereoscopic microscope
(ZSA302,COIC, Chongqing, China) and the remaining dermis
was fixed in 10% buffered formalin for 10 min, rinsed thrice
with PBS and incubated with BCIP/NBT (BCIP/NBT Alkaline
Phosphatase Color Development Kit, Jiangsu, China) for 30 min.
Lastly, the dermal preparation was rinsed twice with distilled
water to stop the reaction. Hair follicle quantification was
performed under a dissecting microscope.

Proteomic Analysis
In order to meet the minimum sample size and to minimize
potential confounding factors in iTRAQ experiments, we pooled
15 mice for our proteomic analyses. Experiments were performed
in triplicate, and only proteins with confirmed identification in
all three experiments have been reported here. The proteins were
extracted, resolved by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10% gel, and visualized using
Coomassie Blue staining to check for protein quality. The protein
samples (200 µg) were mixed with dl-dithiothreitol (DTT) and
alkylated with iodoacetamide (IAA). Subsequently, samples were
subjected to repeated ultrafiltration by UA (urea, Tris–HCl, pH
8) twice, tetraethyl-ammonium bromide (TEAB) thrice, and
treated with trypsin overnight at a trypsin-to-protein ratio of 1:50
at 37◦C.

Peptides (100 µg) from each group were labeled using an
iTRAQ reagent-8 plex multiplex kit (AB SCIEX, Framingham,
MA, United States). One microliter sample was tested from
each group to analyze labeling and extraction efficiency. All
samples were pooled and vacuum-dried. Next, the mixed
lyophilized peptides were resuspended in solution A (20 mM
ammonium formate, pH 10) and supernatants were collected
after centrifugation at 12,000 × g for 20 min. Subsequently,
the samples were loaded onto C18 reversed-phase columns
(Michrom Bioresources, Inc., Auburn, CA, United States) and
eluted with a non-linear gradient ramped from 0 to 90% mobile
phase B (phase A: 20 mM ammonium formate, pH 10, phase B:
20 mM ammonium formate in ACN, pH 10) at a 0.7 µL/min
flow rate for 53 min. After 5 min, the eluates were collected
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at 1.5 min intervals. A total of 60 fractions were collected and
subsequently combined into six fractions according to peak
intensities. Supernatants were collected after centrifuging the
collected fractions at 14,000× g for 10 min for analysis.

Peptides were analyzed using an ultra-performance liquid
chromatography–mass spectrometry/mass spectrometry (LC-
MS/MS) platform. The LC separation was performed on an
Easy nLC 1000 (Thermo Fisher Scientific, Waltham, MA,
United States) with an in-house packed capillary column
(150 µm I.D. × 12 cm) with 1.9 µm C18 reverse-phase fused-
silica (Michrom Bioresources). The sample was eluted with a
non-linear gradient ramped from 8 to 95% mobile phase B (phase
A: 0.1% formic acid in water, phase B: 0.1% FA in ACN) at a
0.6 µL/min flow rate for 78 min.

The raw mass data for the peptide data analysis were
processed using the Proteome Discoverer Software with a false
discovery rate (FDR) ≤ 0.01 whilst searching the Uniprot-
mouse_170221.fasta database. Protein with at least two unique
peptides were identified. The upregulated or downregulated
proteins in both replicates with relative quantification p < 0.05
and 1.5-fold changes (FC) were selected to be the differentially
expressed proteins (DEPs).

Real Time Quantitative PCR (qPCR)
Total RNA from the full-thickness murine skin was extracted
using a miRNeasy mini kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. cDNA was synthesized from
RNA using a GoScript Reverse Transcription System (Promega,
Madison, WI, United States). qPCR was performed in 96-well
plates using a 7900HT Fast qPCR system (Applied Biosystems,
Foster City, CA, United States); GAPDH expression was used
as the internal control to normalize the expression of the target
genes; fold change in expression was calculated using the 11Ct
method. Primer sequences used to amplify the murine genes are
listed in Supplementary Table S1.

Total Skin Epithelial Cell Isolation and
Flow Cytometry Analysis
Subcutaneous fat was mechanically removed, and the dorsal
skins were incubated in dispase (2 mg/mL) for 40 min at
37◦C. Epidermis was harvested by mechanical scraping with a
scalpel and incubated in digestive fluid [0.05% Trypsin (Gibco),
100 µg/mL DNase (Lablead, Beijing, China)] for 40 min at 37◦C.
An equivalent volume of complete medium was then added to
stop the digestion. Cells were strained through a 70 µm cell filter
(Solarbio), and the resulting solution was centrifuged at 1000× g
for 8 min. The supernatant was discarded and the remaining
adult mouse-derived primary skin epithelial cells (MPSECs) were
washed twice with PBS (containing 1% fetal calf serum).

Single cell suspensions of MPSECs in PBS were incubated with
anti-mCD49f-FITC (BioLegend, United States), anti-mCD34-PE
(BD Pharmingen, Franklin Lakes, NJ, United States), and anti-
mP-cadherin-APC (R&D systems) for 25 min at 4◦C. After
washing twice, the cells were resuspended in PBS. FACS analyses
were performed using a Flow Cytometer (BD LSRFortessa, BD
Biosciences, Franklin Lakes, NJ, United States).

Western Blotting
Total protein was extracted in RIPA lysis buffer (Beyotime
Biotechnology, Haimen, China) supplemented with protease
inhibitors and phosphatase inhibitors (Beyotime Biotechnology).
Protein concentration was determined using the BCA assay
(Thermo Fisher Scientific). Protein samples of 30 µg were
separated by SDS-PAGE (Thermo Fisher Scientific) and
transferred to polyvinylidene difluoride (PVDF) membranes
(Beyotime Biotechnology). The membranes were incubated with
anti-mIL-36α (1:1000, R&D systems), anti-mpSTAT3 (1:2000,
Cell Signaling Technology, Danvers, MA, United States) and
anti-mSTAT3 (1:2000, Cell Signaling Technology) overnight at
4◦C, then incubated with horseradish peroxidase-conjugated
secondary antibodies for 2 h at 25 ± 1◦C. The protein bands
were visualized using BeyoECL Plus (Beyotime Biotechnology).

Immunohistochemistry
Full-thickness skin tissue was fixed using 10% formaldehyde,
embedded in paraffin, and cut into 4-µm-thick sections. The
sections were deparaffinized in xylene and then rehydrated using
an alcohol series. Following which, the sections were incubated
with the anti-IL-36α antibody (1:500; Abcam, Cambridge,
United Kingdom) overnight at 4◦C. The sections were then
incubated with a secondary antibody at 25 ± 1◦C for 30 min,
followed by incubation with a diaminobenzidine tetrachloride
solution at 25 ± 1◦C for 1 min and counterstained with Mayer’s
hematoxylin. Images were captured using an optical microscope
(Olympus, Tokyo, Japan).

Statistical Analysis
All statistical analyses were performed using SPSS 18.0 (IBM,
Armonk, NY, United States). Differential RNA expression levels
were compared using a Wilcoxon matched pair test and the
Student’s t-test was used to analyze the differences between
groups. A two-sided p < 0.05 was considered statistically
significant in all analyses.

RESULTS

Proteins Differentially Expressed
Between de novo Hair Follicles Areas
and No Hair Follicle Areas Within the
Scar Region
We replicated the WIHN model as described by Ito et al.,
2007, and observed that all de novo hair follicles grew in the
center of the scar. In the WIHN mouse model, neogenic hair
follicles appeared within a fairly narrow time window of between
PWD 14–21 (Ito et al., 2007; Fan et al., 2011). In order to
identify the factors that promote hair follicle growth at the scar
center, we analyzed DEPs between the inner and outer areas of
the scar at PWD 15 using iTRAQ technology (Supplementary
Figure S1). A total of 4,378 proteins were identified and 129
DEPs were detected among the inner and outer scar areas with
46 upregulated and 83 downregulated proteins in outer area
vs. inner area (Supplementary Table S2). Data are available via
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FIGURE 1 | Proteins differentially expressed between de novo hair follicle areas and no hair follicle areas within the scar region with upregulation of IL-36α in the inner
area of the wound. (A) Heat map representing 129 differentially expressed proteins between de novo hair follicle areas (inner) and no hair follicle areas (outer) within
the scar region. (B) Principal Component Analysis (PCA) reveals distinct separation between tissue types (inner and outer scar areas). Real-time quantitative PCR
(qPCR) (C) and western blot (D) analyzed the difference of IL-36α expression between inner (H = de novo hair follicle area) and outer (NH = no hair follicle area) scar
areas at post-wound day (PWD) 15 (n = 3; *p < 0.05).

ProteomeXchange with identifier PXD012868 (Figures 1A,B).
We performed a gene ontology (GO1) bioinformatics analysis
on the DEPs and observed that 28 proteins upregulated in the
inner area were involved in biological regulation. Among these,
10 proteins were involved in signaling, eight in developmental
processes, and three in inflammatory responses (Table 1).

IL-36α Is Upregulated in Inner Area of
Wound
Considering that inflammatory factors play an important role
in WIHN (Gay et al., 2013; Nelson et al., 2015; Wang et al.,
2017), we focused on the activity of IL-36α (also called IL-1F6).
The results of the proteomic analysis showed that IL-36α was
upregulated in the inner scar area with FC = 1.799. As predicted,
our data showed that IL-36α expression at the mRNA and protein

1http://www.geneontology.org

levels was significantly increased in the inner scar area at PWD
15 (Figures 1C,D). Furthermore, the spatiotemporal expression
pattern of IL-36α was analyzed. qPCR (Figure 2A) and western
blotting (Figures 2B,C) revealed an increase in the IL-36α

expression in the wound area during wound healing until PWD
12, before it gradually declined. Immunohistochemistry showed
that the expression of IL-36α followed a specific spatiotemporal
pattern during epithelialization. Low expression of IL-36α was
observed in the normal epidermis, but higher levels of IL-36α

were noted at edge of the wound at PWD 7. In addition, the
expression of IL-36α was increased in the de novo epidermis
along with wound healing. Following re-epithelialization, IL-
36α was predominantly localized in the inner wounded area
(compared to the outer wounded area) at PWD 15. At PWD
20, the expression of IL-36α was decreased to a normal level in
the center of the wounded area where de novo hair follicles were
present (Figures 2D–I).
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TABLE 1 | Proteomic analysis showing 28 upregulated proteins in the inner area (de novo hair follicle growth area) that are involved in biological regulation.

Genes Fold change (inner vs. outer) P -value Biological process

Signaling Developmental process Inflammatory response

Tnn 2.262 0.000 X

Grb10 2.147 0.004 X

Krt19 2.035 0.007 X X

Pawr 1.880 0.028 X X

Txndc9 1.821 0.026

IL-36α 1.800 0.009 X

Gsto1 1.795 0.001

Krt6a 1.789 0.000 X X

Yod1 1.783 0.003 X

Rhoc 1.740 0.043 X X

Sptlc1 1.708 0.037

Prkd3 1.675 0.015 X

Eps8l2 1.669 0.033

Klk7 1.648 0.004

Tab1 1.642 0.028 X X

Hist1h3b 1.633 0.007

Aif1 1.624 0.012 X X

Dek 1.599 0.001

Hnrnpa0 1.598 0.002 X

Stfa1 1.596 0.001

Arg1 1.589 0.006 X

Edf1 1.589 0.008 X

Crabp1 1.578 0.003

Taf5l 1.571 0.001

Glrx 1.571 0.025

Igf2bp2 1.530 0.018

Ferritin 1.513 0.038

Eif1 1.502 0.012

IL-36α Promotes Wound Epithelialization
and Wound Induced Hair Follicle
Neogenesis
To explore the function of IL-36α in WIHN, we injected
50 ng mrIL-36α (dissolved in PBS) or PBS into the wound
area (beneath the scab) from PWD 7–14. In the mrIL-36α-
treated group, the scab sloughed off at around PWD 10, which
remained present in the control group until around PWD 12–
14 (Figure 3A and Supplementary Figure S2). Moreover, the
addition of mrIL-36α into murine skin wounds led to a greater
number of regenerated hair follicles (average 29 hair follicles)
compared to the control group (average seven hair follicles)
(Figures 3B,C).

IL-36α Causes an Increase in the
Expression of Hair Follicle
Stem/Progenitor Cell Markers
Quantitative PCR analyses showed increased expression of
Lgr5, Lgr6, Lrig1, K15, and CD34 in the mrIL-36α-injected
group. Among these, the increase in Lgr6, Lrig1, and CD34
were statistically significant, when compared to the controls

(Figure 4A). Flow cytometry results showed an increased number
of CD49f+CD34+ cells were observed in the mrIL-36α-injected
region compared to the vehicle-injected region (Figures 4B,C).
Although the difference in hair germ cells between the two
groups was not statistically significant, a higher number of
CD34−CD49f+Pcadhi cells was observed in the IL-36α-treated
group (Figures 4D,E).

IL-36α Upregulates β-Catenin and
IL-6/STAT3 Pathway Intermediaries
Wnt/β-catenin pathway was thought to play a vital role in
hair growth and development. Although our qPCR analysis
showed that IL-36α failed to regulate the expression of the
key factors in Wnt pathway, β-catenin was highly expressed
in the IL-36α-injected regions (Figure 5A). A previous work
has demonstrated that the IL-6/STAT3 signaling pathway
promotes WIHN (Nelson et al., 2015). Our qPCR analysis
showed increased mRNA levels of IL-6 in the mrIL-36α-
injected regions compared to the controls (Figure 5B). Western
blot analysis showed increased phosphorylated levels of STAT3
in IL-36α-treated regions when compared to the control
regions (Figure 5C).
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FIGURE 2 | Wound-induced spatiotemporal expression of IL-36α. qPCR (A) and western blotting (B,C) for IL-36α expression at the wound area from PWD 7–20
and normal mouse skin (control). (D–I) Immunohistochemistry of wounded and unwounded mouse skin paraffin sections to detect IL-36α in the wound area and
wound edge at PWD 0 (D), 7 (E), 10 (F), 12 (G), 15 (H), and 20 (I) (n = 5, **p < 0.005, N, normal skin; PWD, post-wound day).
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FIGURE 3 | IL-36α promotes wound epithelialization and wound induced hair follicle neogenesis. A full-thickness wound of 1.5 × 1.5 cm2 square was made. A total
of 50 µL of 1 ng/µL mrIL-36α dissolved in PBS or PBS only was injected into the healing wound (beneath the scab into the granulation tissue) from post-wound day
(PWD) 7–14. (A) Wound model photographs of murine recombinant IL-36α (mrIL-36α)-injected group (n = 10) and control group (n = 10). (B) De novo hair follicles in
skin stained for alkaline phosphatase activity at PWD 28. (C) De novo hair follicle counting in wild type mice after single dose of mrIL-36α (50 ng) compared to PBS
control (**p < 0.005, n = 20).

DISCUSSION

Although inflammation plays an important role in hair
growth and regeneration, its exact effect on hair growth and
regeneration remains unclear. Inhibiting inflammation facilitates
the treatment of alopecia areata (Strazzulla et al., 2018).
Many studies have shown that inflammatory immune cells,
such as CD4+ and CD8+ T cells, lead to dystrophic hair
follicle cycling with premature entry into the telogen phase in
alopecia areata-affected mice or human models (Strazzulla et al.,
2018). There is no existing evidence to show that inhibiting
inflammation can treat androgenic alopecia, although more
inflammatory molecules were found in skin regions affected
by androgenic alopecia areas than the unaffected areas (Bao
et al., 2017). However, previous WIHN studies have shown
that inflammation-related factors are capable of promoting de
novo hair follicle growth (Gay et al., 2013; Nelson et al., 2015;
Wang et al., 2017). In the present study, we identified many
inflammation-related factors upregulated in new hair growth
scar areas, including IL-36α (Il1f6), Aif1 (Wang et al., 2013),
Pawr, Yod1 (Sehrawat et al., 2013), Stk11ip, and Nlrp10 (Damm
et al., 2016), with the fold change in IL-36α being the highest.
According to Wang et al. (2015) full re-epithelialization coincides
with the onset of HF neogenesis and on PWD 13–14 (Wang et al.,
2015). IL-36α upregulation was initiated at the edge of the wound
and gradually progressed to the inner wounded area. Following
re-epithelialization, upregulation of IL-36α in the inner wounded
area was higher than that in the outer wounded area. Our
study demonstrated that wound induced IL-36α expression,
which in turn gradually increased the expression of IL-36α

with reepithelization. Further experiments demonstrated that
IL-36α enhanced the IL-6/STAT3 pathway and the expression

of hair follicle stem/progenitor cell markers, and significantly
impacted WIHN and wound healing. Therefore, we predicted
that inflammation was crucial for organ neogenesis, and different
inflammation-related factors may have different effects on hair
growth, development and regeneration.

Interleukin-36α is highly expressed in psoriatic lesions (Boutet
et al., 2016), and it plays a significant role in driving the
imiquimod-associated psoriatic skin pathology (Milora et al.,
2015). Although population studies have revealed that patients
with psoriasis have an odds ratio (OR) of 2.5 for developing
alopecia areata (Wu et al., 2012), there is no evidence showing
that psoriasis directly causes alopecia as the hair of patients
with scalp psoriasis may be normal. Imiquimod can induce
psoriasis-like skin lesions and is therefore commonly used to
establish mouse psoriasis models. Amberg et al. (2016) found
that imiquimod treatment during late telogen can induce hair
follicle stem cell activation and premature hair cycle entry.
STAT3 is also highly phosphorylated in the psoriasis lesions
(Calautti et al., 2018). Activation of STAT3 can promote
wound healing, keratinocytes migration, hair follicle growth
and participate in tumor occurrence (Sano et al., 2008). STAT3
phosphorylation has been shown to promote the proliferation
of hair follicle stem/progenitor cells (Rao et al., 2015) and
WIHN (Nelson et al., 2015). Our results show that IL-36α

can upregulate the IL-6/STAT3 pathway, further induce hair
follicle stem/progenitor cell activation and WIHN. Together
with previous studies, these data suggest that increased IL-36α

in patients with psoriasis does not directly induce alopecia.
Although IL-36α upregulated β-catenin it failed to regulate the
expression of the key genes in the Wnt pathway. A previous
study had demonstrated that AKT/β-catenin signaling but
not Wnt/β-catenin pathway was crucial for TNF-induced hair
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FIGURE 4 | IL-36α causes an increase in the expression of hair follicle stem/progenitor cell markers in mice skin. A total of 50 µL of 1 ng/µL mrIL-36α dissolved in
PBS or PBS only was injected intradermally into two separate dorsal regions of skin of 7-week-old mice for 3 days. (A) The relative mRNA expression levels of hair
follicle stem/progenitor cell markers (Lgr5, Lgr6, Lrig1, K15, and CD34) in mrIL-36α-injected region and control region were evaluated using real time quantitative
PCR (n = 4). Total epithelial cells were subjected to flow cytometry analysis after staining for CD34, CD49f and Pcad. Flow cytometry analysis of hair follicle
stem/progenitor cells marked by CD34+CD49f+ (B,C) and CD34-CD49f+Pcadhi (D,E) (*p < 0.05, **p < 0.005, n = 4).
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FIGURE 5 | mrIL-36α causes increased expression level of β-catenin and IL-6 and activates STAT3. A total of 50 µL of 1 ng/µL mrIL-36α dissolved in PBS or PBS
only was injected intradermally into two separate dorsal regions of skin of 7-week-old mice for 3 days. (A,B) Total mRNA was isolated from mrIL-36α-injected region
and control region, and mRNA levels of LEF1, Wnt5a, DKK1, LRP5, β-catenin (key genes in Wnt/β-catenin pathway) and IL-6 were analyzed by qPCR (n = 4).
(C) The phosphorylation level of STAT3 in the IL-36α-treated region and the control region analyzed by western blot (*p < 0.05, n = 3).

follicle neogenesis. Although our study does not address the
mechanism of IL-36α-driven β-catenin regulation, it will be
interesting to obtain further insight into how IL-36α induces
β-catenin and IL-6/STAT3 signaling and how the negative
feedback is regulated.

Stem cell activation is essential for wound epithelialization
and hair follicle growth. Ito et al. (2007) pointed out that
stem cells in the epidermis and upper portion of the follicle
(infundibulum) are mainly involved in de novo hair follicles
formation after wounding (Ito et al., 2007). However, a recent
study by Wang et al. (2017) reported the crucial role of
Lgr5+ hair follicle stem cells in WIHN (Wang et al., 2017).
Hair follicle stem cells in the bulge region can be identified
by many proteins, such as K15, Lgr5, and CD34 (Cotsarelis
et al., 1990; Ito et al., 2005; Plikus et al., 2012). Lgr6 is
one of the earliest placode markers and its stem cells located
in the hair follicle isthmus are thought to give rise to
hair follicle, sebaceous gland, and inter-follicular epidermal
lineage, and have been verified to promote WIHN (Snippert
et al., 2010; Lough et al., 2016). Lrig1+ stem cells tend to
contribute predominantly to infundibulum and sebaceous gland
lineages and only occasionally to the inter-follicular epidermis

(Jensen et al., 2009). CD34+CD49f+ stem cells are the most
studied as hair follicle stem/progenitor cells in mice (Ouji
et al., 2010). In addition, hair germ cells can be identified
as CD34−CD49f+Pcadhi (Greco et al., 2009), which is the
principal source of the rapidly proliferating cells that contribute
to the initial stages of hair follicle regeneration. From our data,
we learnt that IL-36α promotes hair follicle stem/progenitor
cell proliferation.

Hair follicles are the smallest, complete anatomical organs that
have the ability to regenerate. Following a full-thickness wound,
the hair follicle in the wound area was thought to be lost entirely.
However, hair follicle neogenesis occurred after reepithelization
at around PWD 14–15. Therefore, we chose the time point of
PWD 15 to assay DEPs between the hair-growth area and non-
hair-growth area, in order to identify the regulators of hair follicle
neogenesis. We collected the skin to count the number of de
novo hair follicles at PWD 28, as mature anagen de novo hair
follicles were present and entered the first telogen phase at around
PWD 35 (Wang et al., 2015). In our study, the WIHN model
presents a phenomenon of de novo hair follicle growth without
pigmentation at the center of scar, irrespective of whether it is
treated with mrIL-36α or PBS. Similar to previous studies, wound
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can induce an embryonic-like hair follicle regeneration (Gong
et al., 2018). As we know, the survival rate of hair transplantation
in scars are lower than that of the normal skin. Future studies
can focus on the microenvironment and growth situation
of the de novo hair follicles induced by wound, which
could provide aid to improving the survival rate of hair
transplantation.

In conclusion, inflammation appears to play an important role
in hair follicle neogenesis. In particular, IL-36α is upregulated
in scar areas with de novo hair follicular growth, and can
promote WIHN, which may induce hair follicle stem/progenitor
cell proliferation and secretion of inflammation-related factors.
Further research on WIHN will contribute to a better
understanding of hair neogenesis and new insights into the
treatment of hair-related disorders.
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Reciprocal interactions between hair-inductive dermal cells and epidermal cells are
essential for de novo genesis of hair follicles. Recent studies have shown that outer root
sheath (ORS) follicular keratinocytes can be expanded in vitro, but the cultured cells
often lose receptivity to hair-inducing dermal signals. In this study, we first investigated
whether the hair-inductive activity (trichogenicity) of cultured human ORS follicular
keratinocytes was correlated with the cultivation period. ORS follicular keratinocytes
from the scalp were cultured for 3, 4, 5, or 6 weeks and were then implanted into nude
mice along with freshly isolated neonatal mouse dermal cells. We observed that the
trichogenicity of the implanted ORS cells was inversely correlated with their cultivation
period. These initial findings prompted us to investigate the differentially expressed
genes between the short-term (20 days) and long-term (42 days) cultured ORS cells,
trichogenic and non-trichogenic, respectively, by microarray analysis. We found that
forkhead box protein A2 (FOXA2) was the most up-regulated transcription factor in
the trichogenic ORS cells. Thus, we investigated whether the trichogenicity of the cells
was affected by FOXA2 expression. We found a significant decrease in the number of
induced hair follicles when the ORS cells were transfected with a FOXA2 small interfering
RNA versus control small interfering RNA. Taken together, our data strongly suggest that
FOXA2 significantly influences the trichogenicity of human ORS cells.

Keywords: forkhead box protein A2, hair induction, outer root sheath, transcription factor, trichogenicity

INTRODUCTION

Reciprocal interactive events between the dermal mesenchyme and the overlying epithelium are
essential for hair follicle (HF) morphogenesis (Paus and Cotsarelis, 1999; Millar, 2002). Likewise,
reciprocal interactions between hair-inductive dermal cells and epithelial cells are needed for de
novo genesis or neogenesis of HFs (Yang and Cotsarelis, 2010). However, these cells often lose
hair-inductive potency (trichogenicity) after conventional in vitro culture (Ohyama et al., 2010;
Yang and Cotsarelis, 2010). Therefore, to generate HFs by implantation of cells in recipient skin,

Abbreviations: DP, dermal papilla; FOXA2, forkhead box protein A2; HF, hair follicle; ORS, outer root sheath; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction; siRNA, small interfering RNA.
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restoration or maintenance of the trichogenicity of those cells
together with expansion of cell numbers is required.

Several strategies have been attempted to restore the
trichogenicity of cultured follicular dermal cells, especially
dermal papilla (DP) cells, and at least partial restoration
was achieved, particularly by spheroid formation and
complementation of activators of DP signature pathways (Kang
et al., 2012; Ohyama et al., 2012; Higgins et al., 2013; Ohyama
and Veraitch, 2013). Regarding epithelial cells for neogenesis of
HFs, follicular outer root sheath (ORS) keratinocytes containing
hair follicle stem cells (HFSCs) are considered the optimal cells.
However, thus far, reports on the restoration of trichogenicity
of cultured ORS cells are rare. Chan et al. from Lin’s laboratory
have shown that coculture of high-passage rat ORS cells with
rat vibrissae DP cells restores trichogenicity (Chan et al., 2015).
More recently, we have also shown that the trichogenicity
of human ORS cells from occipital scalp can be restored by
coculturing with human DP cells (Bak et al., 2018).

In this study, we observed that forkhead box protein
A2 (FOXA2), a member of the forkhead/winged-helix family
of transcription factors, is the most differentially expressed
transcription factor between the short-term and long-term
cultured ORS cells by microarray analysis. This, along with
inverse correlation of hair-inducing capacity of ORS cells with
their cultivation period, led us to investigate whether the
trichogenicity of the cells was affected by FOXA2 expression.
Using a hair reconstitution assay in combination with a FOXA2
small interfering RNA (siRNA)-mediated knockdown of ORS
cells, we show that FOXA2 augments the trichogenicity of
cultured human follicular keratinocytes.

MATERIALS AND METHODS

Isolation of Hair Follicles
Biopsy specimens were obtained from non-balding (occipital)
scalp of male patients undergoing hair transplantation surgery
for androgenetic alopecia. The medical ethical committee of the
Kyungpook National University Hospital (Daegu, South Korea)
approved all described studies. Written informed consent was
obtained from study participants. HFs were isolated using a
previously described method with minor modifications (Philpott
et al., 1994; Magerl et al., 2002). Briefly, the subcutaneous fat
portion of the scalp skin, including the lower HFs, was dissected
from the epidermis and dermis. HFs were then isolated under a
binocular microscope by forceps.

Cultivation of Outer Root Sheath Cells
The hair shaft and hair bulb regions of the HFs were cut
off to prevent contamination with other cells. The ORS
cells were cultured as described before (Kwack et al., 2008).
Trimmed hair follicles were immersed in Dulbecco’s modified
eagle medium supplemented with 20% fetal bovine serum in
Biocoat collagen type I-coated tissue culture dishes (Corning,
Kennebunk, ME, United States). On the third day of culture, the
medium was changed to EpiLife (Gibco-BRL, Gaithersburg, MD,
United States) containing 1% antibiotic-antimycotic solution

and 1% EpiLife defined growth supplement. Once subconfluent,
the cells were harvested with 0.25% trypsin/10 mM EDTA
in phosphate-buffered saline (PBS), split at a 1:5 ratio, and
maintained in EpiLife medium. ORS cells in passages 1–4 were
used in this study.

Knockdown of FOXA2 in ORS Cells
The siRNAs used in this study were purchased from Bioneer
(Daejeon, South Korea). Cultured human ORS cells were
transfected with a control siRNA or a FOXA2 siRNA (Bioneer)
at a final concentration of 10 nM in the presence of RNAiMAX
reagent (Invitrogen, Carlsbad, CA, United States) for 24 h.
Transfected cells (104) were harvested 48 h after transfection and
were used for a hair reconstitution assay after the confirmation
of a significant knockdown of the genes by real-time polymerase
chain reaction (PCR) analysis.

In vivo Patch Hair Reconstitution Assay
Patch hair reconstitution assays were used in this study (Zheng
et al., 2005). Dorsal skin from C57BL/6 neonates was collected
and incubated overnight with 1 mg/ml collagenase/dispase
(Roche, Mannheim, Germany). The dermis and epidermis were
separated by incubating the skin with 0.25% trypsin/10 mM
EDTA in PBS at 37◦C for 15 min. Dermal cells were filtered
through 100 µm cell strainers (Becton Dickinson, Franklin, NJ,
United States), and then centrifuged at 1,500 rpm for 5 min.
Cultured human ORS cells (1 × 106 cells) were combined with
freshly isolated neonatal mouse dermal cells (1 × 106 cells) and
then subcutaneously implanted into the skin on the backs of 7-
week-old female nude mice. After 2 weeks, photos were taken of
excised skin samples under a stereoscope, and the reconstituted
HFs were quantified. All animal procedures were approved by
the Animal Care and Use Committee at Kyungpook National
University (Daegu, South Korea).

Microarrays and Data Analysis
Five micrograms of total RNA from short-term (20 days) and
long-term (42 days) ORS cell cultures was used for labeling. Probe
synthesis, hybridization, detection, and scanning were performed
as described previously (Bak et al., 2018) according to standard
protocols from Affymetrix, Inc (Santa Clara, CA, United States).
Microarray data were analyzed as we conducted in previous
studies (Choi et al., 2017; Wang et al., 2017). Briefly, a bubble
chart was used to present biological processes revealed by gene
ontology (GO) analysis. The size of circle is dependent on total
number of the associated differentially expressed genes (DEGs),
while the rank of the circle is set according to P-value of analysis.
Genes that were significantly associated with these processes were
used to compare DEGs with gene set enrichment analysis (GSEA)
information related to the skin-associated gene sets as well. Kyoto
Encyclopedia of Genes and Genomes (KEGG) 2019 was used for
pathway analysis.

Real-Time PCR
Total RNA was isolated using RNeasy Mini Kit (Qiagen,
Austin, TX, United States) according to the manufacturer’s
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FIGURE 1 | Diagram of human outer root sheath (ORS) follicular keratinocytes cultivation. (A) Human ORS cells were cultured as described in the Materials and
Methods section. Representative images from a patient (male, age 37 years) are shown. (B) Cells in various culture periods (3, 4, 5, and 6 weeks) from a patient
(male, age 28 years) were immunostained with cytokeratin 8 antibody.

protocol. The purity and integrity of the RNA was measured
using a NanoDrop (NanoDrop Technologies, Wilmington,
DE, United States). Complementary DNA (cDNA) was
synthesized from 3 µg total RNA using a cDNA synthesis
kit containing Improm-II reverse transcriptase and oligo-dT
primers according to the manufacturer’s instructions (Promega,
Madison, WI, United States). Real-time PCR was performed
using a StepOnePlus Real-time PCR System (Applied Biosystems,
Foster City, CA, United States). All reactions were performed
using Power SYBR Green premix (Applied Biosystems), 10 ng
cDNA, and 10 µM primers. Amplification was performed
under the following cycling conditions: 95◦C for 10 min,
followed by 40 cycles of 95◦C for 15 s and 60◦C for 60 s.
Primer sequences used were as follows: FOXA2, forward
primer 5′-CCCCACAAAATGGACCTCAAG-3′ and reverse
primer 5′-GAGTACACCCCCTGGTAGTAG-3′; and GAPDH,
forward primer 5′-TGGAAATCCCATCACCATCTTC-3′ and
reverse primer 5′-CGCCCCACTTGATTTTGG-3′. Differences
between samples and controls were calculated using StepOnePlus
Real-Time PCR analysis software (Applied Biosystems).

Immunocytochemistry
Cultured human ORS cells were plated in each eight-chamber
slide (Nunc, Rosklide, Denmark) at a density of 100,000 cells
per well. After cultivation in EpiLife medium for 24 h, the
chamber slides were fixed with methanol for 20 min at −20◦C
and equilibrated in PBS for 10 min at 25◦C. After blocking with
4% bovine serum albumin (Jackson) for 1 h at 25◦C, the slides
were incubated with a rabbit polyclonal antibody to SOX9 (1:100

dilution; Abcam) at 4◦C overnight, washed four times with PBS,
and incubated with donkey anti-rabbit horseradish peroxidase-
conjugated antibody (1:100 dilution; Jackson ImmunoResearch,
West Grove, PA, United States) for 1 h at 25◦C. AEC substrate
chromogen (DAKO, Glostrup, Denmark) was used as a color
formation reagent for horseradish peroxidase. Finally, slides were
counterstained with hematoxylin for 2 min. We used normal
rabbit IgG (R&D Systems, Minneapolis, CA, United States) for
immunostaining negative controls.

Statistical Analysis
Data are expressed as mean ± standard deviation (SD).
Differences between pairs of groups were analyzed by
Student’s t-test. A P-value of less than 0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Trimmed HFs (25–30 HFs/10 cm2 dish) were immersed in
Dulbecco’s modified eagle medium supplemented with fetal
bovine serum in collagen type I-coated tissue culture dishes.
Culture medium was then changed to EpiLife medium on the
third day of culture (Figure 1A). Once subconfluent, ORS cells
were harvested and split at a 1:5 ratio, and maintained in EpiLife
medium. Cells were cultured up to 6 weeks and immunostained
with cytokeratin 8 antibodies (Figure 1B).

To investigate whether the hair-inductive activity
(trichogenicity) of ORS cells was correlated with the cultivation
period, cells in various cultivation periods (3, 4, 5, and
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FIGURE 2 | Inverse correlation of hair-inductive activity of ORS cells with their cultivation period. (A) Diagram of a “patch” hair reconstitution assay used in this study.
Cultured human ORS cells (1 × 106 cells) were combined with freshly isolated neonatal mouse dermal cells (1 × 106 cells) and then subcutaneously implanted into
the skin on the backs of 7-week-old female nude mice. (B) Hair follicle (HF) formation was examined from the back skin of the mice after 2 weeks and representative
pictures are shown. High power images of boxed regions are shown in Supplementary Figure S2. (C) Total induced HFs were quantified and the data are the
means ± standard deviation of four determinations using same batch ORS cells from a patient (male, age 26 years). *P < 0.05, **P < 0.01.

6 weeks) were implanted into nude mice along with freshly
isolated neonatal mouse dermal cells (Figure 2A). When
quantified, induced hairs were inversely correlated with the
cultivation period, and no HF induction was observed in
co-implants containing 6-week-old ORS cells and mouse
dermal cells (Figures 2B,C and Supplementary Figure S1).
The human origin of epithelial cells of reconstituted hair
follicles and the mouse origin of mesenchymal part of follicles
remains to be proved.

Next, we compared the gene expression profiles between the
short-term (20 days) and long-term (42 days) cultured ORS
cells from two individuals (#1 and #2) by microarray analysis.
A number of genes were found to be differentially expressed
(Figure 3). Among the 144 genes with a more than twofold
increase in short-term cultured ORS cells (Supplementary
Table S1), we found 6 transcription factors, including FOXA2,

BARX2, and BHLHA15. Also, among the 278 genes with
a more than twofold decrease in short-term cultured ORS
cells (Supplementary Table S2), we found four transcription
factors, including ZNF257and TBX3. Next, we visualized
the expression value of DEGs to compare the up-regulated
genes and down-regulated genes using Heatmap (Figure 3B)
to show the global patterns of the DEGs dynamics between
short-term and long-term culture. Then, we used GSEA
information to look for the genes that are related to the
potential skin associated pathway. Among our findings, FOXA2
is associated with the Hedgehog (HH) signaling pathway,
while the other specific genes are related to each pathway
(FGF, VEFG, Notch, BMP, TGF-b) (Figure 3C). Intriguingly,
FGF5 is highly down-regulated in the short-term culture. At
the same time, several genes related to the TGF-b signaling
pathway are significantly down-regulated in the short-term
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FIGURE 3 | Comparison of the gene expression profiles between the short-term and long-term cultured ORS cells. (A) Diagram of twofold up- and down-regulated
genes in short-term cultured ORS cells. Two independent cell lines (#1 and #2) from two male patients (ages 50 and 64 years) were cultured for 20 days and
42 days, and microarray analysis was performed with transcripts derived from those cells. The number of genes with a more than twofold increase and decrease in
the short-term cultured ORS cells are shown on the left and right, respectively. A total of 144 genes had a more than twofold increase in both short-term cultured
ORS cells (listed in Supplementary Table S1), and 278 genes had a more than twofold decrease in both short-term cultured ORS cells (listed in Supplementary
Table S2). (B) Heat map of differentially expressed genes (DEGs). The up-regulated genes were shown in red color and down-regulated genes in green color.
(C) List of genes related to the skin signaling pathways from twofold up-regulated (2.0×) and down-regulated (0.5×) genes. Genes were selected based on gene-set
enrichment analysis (GSEA) information in each pathway (HH, FGF, VEGF, Notch, BMP, and TGF-b). (C’) List of up-regulated Wnts and their receptor (FZD) among
WNT signaling pathway. (D) Relative fold changes of six up-regulated transcription factors. (E) Relative fold changes of four down-regulated transcription factors.
(F) Relative levels of FOXA2 expression of ORS cells in various cultivation periods (3, 4, 5, and 6 weeks). Data are expressed as means ± standard deviation of three
different ORS cell lines from three male patients (ages 33, 38, and 67 years).
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FIGURE 4 | Impairment of hair-inductive activity of ORS cells by knockdown of FOXA2. (A) A schematic illustration of the experimental procedure. (B) The relative
expression of FOXA2 in ORS cells transfected with control siRNA or FOXA2 siRNA was measured by qPCR. (C) Representative pictures of induced hair follicles from
nude mice skin are shown. (D) The total number of induced hair follicles was counted at each injection site. Data are expressed as means ± standard deviation of
eight determinations using three different ORS cell lines from three male patients (ages 38, 50, and 58 years). *P < 0.05.

culture as well. We also speculated the WNT-related genes
between two groups. Total eight genes including WNT7b,
WNT9a, WNT3, WNT5a, WNT6, FZD6, FZD1, and FZD10
were identified to be up-regulated, although they are not
statistically significant, in WNT signaling pathway (Figure 3C’).
To further analysis to find the potential mechanism, the DEGs
were used to investigate GO biological process and KEGG
pathway (Supplementary Figure S3 and Supplementary
Tables S3–S6). The up-regulated genes were enriched in
regulation of stem cell proliferation, positive regulation
of endothelial cell proliferation, regulation of embryonic
development, and negative regulation of cell death. The
down-regulated genes were enriched in epidermal cell
differentiation, keratinocyte differentiation, and epidermis
development (Supplementary Figure S3 and Supplementary
Tables S3–S6). The statistically enriched list is summarized
in Supplementary Tables S3–S6.

Relative fold changes of the transcription factors, averaged
between two individual samples, are shown in Figures 3D,E. We
next focused on FOXA2, the most up-regulated transcription
factor in the short-term cultured ORS cells compared with
long-term cultured ORS cells. In line with microarray data,
quantitative reverse transcription-PCR showed that the FOXA2
expression levels gradually decreased as the cultivation period
increased (Figure 3F).

We then investigated whether the trichogenicity of ORS
cells was affected by the expression level of FOXA2. We

adopted a siRNA-mediated knockdown of FOXA2 in ORS
cells in combination with a patch hair reconstitution assay
(Figure 4A). Short-term cultured ORS cells were plated for
transfection with a FOXA2 siRNA. After transfection for 2 days,
the decreased expression of a FOXA2 was confirmed by real-
time PCR (Figure 4B). As expected, freshly isolated newborn
mouse dermal cells (106 cells) induced HFs when co-transplanted
with negative control siRNA-transfected ORS cells (106 cells)
(Figure 4C). However, we found a significantly decreased
number of induced HFs using FOXA2 siRNA-transfected ORS
cells (Figure 4D).

Our data in this study suggest that FOXA2, a transcription
factor, may regulate downstream target genes which, in turn,
enhance the trichogenicity of ORS cells. Considering that
FOXA2 binds to the promoter of WNT7b (Weidenfeld et al.,
2002), we propose that FOXA2 might function through
WNT7b. Consistent with this hypothesis, we found that
the relative fold changes of WNT7b were 1.393 and 1.257
in two individual samples exhibiting 8.840- and 7.506-fold
increases of FOXA2, respectively. We speculate that secreted
WNT7b from follicular keratinocytes activates inductive
dermal cells or makes follicular keratinocytes more susceptible
to dermal signals. In this regard, it is interesting to note
that loss of WNT7b results in perturbed HF development
and differentiation with aberrant hair shaft production
(Kandyba and Kobielak, 2014). Overexpression of FOXA2
in cultured ORS cells may help to determine whether
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this factor can enhance or restore trichogenicity of the cells; these
experiments might yield intriguing results and are worthy of
further consideration.

CONCLUSION

Our data strongly suggest that FOXA2 significantly influences
the trichogenicity of human ORS cells. Our findings will provide
a rationale for a new strategy for preparing competent human
epidermal cells.
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Hair follicles are the signature dermal appendage of mammals. They can be thought
of as mini-organs with defined polarity, distinct constituent cell types, dedicated
neurovascular supply, and specific stem cell compartments. Strikingly, some mammals
show a capacity for adult hair follicle regeneration in a phenomenon known as wound-
induced hair neogenesis (WIHN). In WIHN functional hair follicles reemerge during
healing of large cutaneous wounds, and they can be counted to provide an index of
regeneration. While age-related decline in hair follicle number and cycling are widely
appreciated in normal physiology, it is less clear whether hair follicle regeneration also
diminishes with age. WIHN provides an extraordinary quantitative system to address
questions of mammalian regeneration and aging. Here we review cellular and molecular
underpinnings of WIHN, explore known age-related changes to these elements, and
present unanswered questions for future exploration.

Keywords: wound-induced hair follicle neogenesis, aging, hair follicle stem cells, hair follicle neogenesis, Wnt,
STAT3, regeneration

INTRODUCTION

Regeneration in mammalian systems is limited when compared to those of other phyla. In making
this comparison, we distinguish between renewal and regeneration. Many mammalian tissues are
capable of renewal in response to physiological need or limited damage. Epithelia of skin, lung,
and gastrointestinal tract for example, turn over regularly to replace cells at the surface. However,
regeneration of complex tissue or organ architectures in mammals is rare. Urodele salamanders
can famously regenerate missing limbs, zebrafish can replace cardiac muscle, and planarians can
reconstitute most of the body plan from small vestiges. Notwithstanding exceptions like significant
skin regeneration in African spiny mouse and limited liver regeneration, such complex organ
regeneration is not evident in mammals (Seifert et al., 2012).

A recently characterized process of hair follicle regeneration – wound induced hair neogenesis
(WIHN) – offers an additional window into mammalian regeneration. WIHN is characterized by
the emergence of hair follicles in the center of large full-thickness cutaneous wounds in mice,
rats, and rabbits (Wier and Garza, 2020). While cutaneous wounds in many mammals including
humans heal by fibrotic contracture and scarring, WIHN can produce healthy bilaminar skin, hair
follicles, and subdermal supports including adipocytes (Plikus et al., 2017). The regeneration of
hair follicles during WIHN is particularly striking, as these key dermal appendages were thought to
arise only in embryonic development. In their seminal cellular and molecular characterization of
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WIHN, Ito et al. (2007) showed that these hair follicles truly
arise de novo in adults in a process that recapitulates key steps
in embryonic hair follicle development.

Hair follicles can be thought of as organs in miniature with
their defined polarity, distinct cell types, dedicated neurovascular
supply, and stem cell compartments that support continued
renewal. True regeneration of such complex structures is rare
in mammals, establishing the WIHN system as an important
tool to uncover principles of mammalian regeneration. A further
advantage of studying WIHN is the ability to easily count novel
hair follicles. This provides a quantitative index of regeneration
by which to test perturbations that may inhibit or stimulate
the process. The WIHN system may be particularly good at
addressing an enduring mystery in mammalian regeneration –
the extent to which regenerative capacity declines with age. Below
we review critical cellular and molecular processes underlying
WIHN and explore age-dependent changes in those processes.

OVERVIEW OF WIHN AND AGING

The healing of wounds with hair follicle regeneration in rodents
and rabbits was first uncovered in the 1950s (Lacassagne and
Latarjet, 1946; Breedis, 1954; Billingham and Russell, 1956;
Chuong, 2007). The process was rediscovered and characterized
in cellular and molecular terms in 2007 in a publication by Ito
et al. that termed it wound induced hair neogenesis (WIHN). This
group discovered that hair follicles emerge 2–3 weeks after full-
thickness cutaneous wounds are created on common laboratory
mouse strains (Mus musculus). Intriguingly, only large wounds
(>1 cm2) exhibited WIHN, whereas smaller wounds contracted
in a fashion similar to larger ones but with the absence of
hair follicle generation. Furthermore, hair follicles were only
found in the center of these large wounds, not in the periphery.
Morphologically, de novo hair follicles exhibited nearly all
features of neighboring follicles in unwounded skin. The WIHN
follicles were similarly polarized, associated with blood vessels,
nerves, and sebaceous glands, and were embedded in dermis with
subdermal adipocytes. The bulge region of the de novo follicles
was populated by stem cells capable of supporting subsequent
cycling. Differences from follicles generated during embryonic
development were few, including an absence of melanocytes and
erector pili muscles (Ito et al., 2007). Interestingly, African spiny
mice (Acomys cahirinus) show even more robust WIHN and can
regenerate erector pili muscles as well.

In Ito’s original description of WIHN no significant
differences were found in de novo hair forming capacity of
young (3 week or 7–8 week) or middle-aged (10 month) mice
when initial wound size was adjusted to achieve a similarly sized
final healed area. It was noted in these original studies that
efficient WIHN did not occur in wounds smaller than 1 cm2. By
contrast, in examining smaller initial wounds much earlier in life,
Rognoni et al. (2016) uncovered a major difference in the ability
of neonatal mice to undergo WIHN compared to even slightly
older counterparts. Specifically, P2 mice exhibited significant
hair follicle neogenesis in response to small (2 mm) wounds,
whereas this decreased in age-dependent manner plateauing

at P21 (Rognoni et al., 2016). Thus, in the immediate post-
natal period, WIHN appears more robust than it does in even
young animals. This enhanced perinatal wound healing in mice
comports with our understanding of fetal wound healing in
other systems, which occurs in a scarless fashion with more
robust regeneration (Gurtner et al., 2008). Combining the results
of these two studies, it appears that very young mice have an
enhanced capacity for regeneration that is attenuated shortly
thereafter. Yet, the capacity for regeneration in extremely aged
animals remains unaddressed by these experiments.

There are reasons to believe WIHN may be less robust
in animals at the end of their lifespan. First, wound healing
responses in very old mice (∼2 years) differ markedly from their
young counterparts, recapitulating the dermal fragility and poor
wound healing observed in elderly humans (Keyes et al., 2016).
When compared to young mice (2–4 month), elderly mice (22–
24 months) showed decreased kinetics of wound closure and
decreased capacity for keratinocyte proliferation. Skin thickness
in these older mice was also attenuated. As discussed below,
major cytokine pathways driving this decline in cutaneous wound
healing are also implicated in WIHN. Further, this same group
examined the response of young (2 month) and old (2 year) mice
to partial thickness cutaneous wounds (Ge et al., 2020). Skin was
removed to the depth of epidermis and partial dermis but with
hair follicle bulges left intact. Interestingly, while hair follicle stem
cells (HFSCs) were found to be present in near normal numbers
in the old mice and had retained their identity, they engaged in
aberrant cycles of hair follicle renewal in response to wounding.
As discussed below, since some of these same HFSCs are involved
in hair follicle neogenesis, it will be interesting to examine
whether similar abortive regeneration occurs in response to full
thickness wounds that normally produce WIHN.

CELLULAR PROCESSES IN WIHN

Disparate cellular elements coordinate the regeneration of
epidermis, dermis, and hair follicles during WIHN. These include
keratinocytes and hair follicle stem cells (HFSCs) concentrated
in different areas of the interfollicular epidermis and hair follicle
(HF). Here we consider what is known about the age-related
dynamics of these cells in homeostasis and wound repair. Distinct
lineages of HFSCs have a particular niche both during the
normal HF cycle and upon wounding. The ability of HFSCs
to effectively maintain this niche can be affected by age-related
factors such as changing gene expression programs, stem cell
location, DNA and oxidative damage, and extrinsic factors in the
tissue microenvironment.

Hair Follicle Stem Cells
Hair follicle stem cells are clustered in specific regions of
the hair follicle and surrounding skin including the bulge
(Krt15+, CD34+, Lgr5+, Sox9, Tcf3), isthmus (Lgr6+, Plet1+),
infundibulum (Lrig1+) interfollicular epidermis (Lgr6+), and
sebaceous gland (Lgr6+, Blimp1+, Gata6 lineage) (Dekoninck
and Blanpain, 2019; Wier and Garza, 2020). The bulge is the area
of the hair follicle that contains long-lived HFSCs responsible
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for hair renewal throughout life – cycles of anagen (growth),
catagen (degeneration), and telogen (resting stage) (Cotsarelis
et al., 1990; Blanpain and Fuchs, 2006). Given their key early
role in healing of the intrafollicular epidermis, it was surprising
that Krt15+ bulge stem cells from adjacent HFs were shown
to be insignificant contributors to hair follicle regeneration in
WIHN (Ito et al., 2005, 2007). As these cells are critical for
normal hair follicle cycling, their lack of contribution to WIHN
reveals an important difference between physiologic renewal and
damage-induced regeneration. It was later shown that certain
bulge stem cells were not essential for WIHN as long as there
remained a functional interaction between the epithelium and
mesenchymal dermal papilla (Ito et al., 2007; Rompolas et al.,
2013). The latter study showed that following laser ablation of
the bulge, distant epithelial cells above the bulge (infundibulum)
contributed to creating the missing bulge compartment and
subsequent hair growth (Rompolas et al., 2013), consistent with
a role for stem cells of the isthmus in contributing to neogenic
follicles (Snippert et al., 2010). This suggests that non-bulge stem
cells have greater lineage plasticity following wounding and are
primary contributors to WIHN.

Stem cells characterized by other marks in the bulge
and isthmus have been shown to be important contributors
to WIHN. Leucine-rich-repeat-containing-G-protein-coupled-
receptor (Lgr) cells are critical for physiologic renewal of stratified
epithelia and for regeneration in WIHN. Lgr6+ cells are the
most primitive epidermal stem cell lineage, capable of generating
many if not all epidermal structures during development
and contributing to maintenance of the IFE in homeostatic
conditions. Lineage tracing experiments showed that descendants
of these cells contribute to newly generated hair follicles and IFE
during WIHN (Snippert et al., 2010). Lgr5+ SCs are derived from
the Lgr6+ pool early in the life and become independent soon
thereafter. Lgr5+ cells contribute to all hair lineages but not to
sweat glands or interfollicular epidermis (Snippert et al., 2010).
Wang et al. (2017) showed through lineage tracing during WIHN
that descendants of Lgr5+ epithelial stem cells were present in
40% of the regenerated HFs and that Lgr5+ cell depletion reduced
WIHN by over 50%.

Recent studies using high throughput lineage tracing of Lgr5+
and Lgr6+ SCs and transcriptomic analysis capture the molecular
adaptation of SC progeny from different niches during wound
healing. The results demonstrate remarkable plasticity in HFSCs
whereby wounds productive of WIHN displayed downregulation
of bulge stem cell gene expression and induction of an IFE-like
signature in Lgr5+ HF progeny (Joost et al., 2018). This IFE-
like signature and improved regenerative ability largely resulted
from an increase in surface receptors that could interact with
the wound environment. Lgr6+ progeny possessed that ability
even before wounding (Joost et al., 2018). This increase in
regenerative capacity with improved crosstalk between HFSCs
and the wound environment underscores the importance of
the microenvironment on the plasticity of HFSCs. Interestingly,
similar lineage infidelity is also evident in HFSCs mobilized
in both young and old animals during the healing response
to partial thickness wounds (Ge et al., 2020). In aged animals,
these HFSCs migrate from the bulge and express both IFE and

HF markers. However, these cells fail to complete hair follicle
renewal resulting in smaller, morphologically variant follicles. It
is important to note that the partial thickness wounding utilized
in these experiments does not completely destroy hair follicles
so the failure here is one of hair follicle renewal rather than a
failure of de novo hair follicle regeneration. Therefore, it will
be interesting to see whether the same blurring of IFE and
HFSC transcriptional programs is maintained in aging animals
during WIHN and whether there are functional consequences for
number and morphology of neogenic follicles.

Insights gleaned from non-hair follicle systems are also
shedding light on changes in the function of Lgr5+ and
Lgr6+ stem cells with aging. In the hyponychium – the
portion of the nail bed responsible for nail renewal – absolute
numbers of Lgr6+ cells do not seem to vary in young and
aged human samples (Shi et al., 2018). However, the younger
Lgr6+ cells demonstrated a greater proliferative capacity than
older cells, and the younger nails had higher growth rates.
It is in the intestinal system that Lgr + epithelial stem
cells first came to prominence due to their roles in mucosal
turnover and intestinal organoid formation. In studies comparing
Lgr5+ intestinal stem cells in young mice (2 month) and
old mice (22–24 month) there was no significant change in
the number of intestinal crypts with Lgr5+ cells nor in their
relative percentage compared to other cell types (Nalapareddy
et al., 2017). However, there was a decline in Lgr5+ SC
function – migratory capacity and ability to contribute to crypt
morphology and viability – and turnover in the old mice.
Similarly, in both mouse and human samples, the numbers
of Lgr5+ intestinal stem cells and their proliferative capacity
were undiminished with age (Pentinmikko et al., 2019). Yet
the regenerative capacity of these cells as judged by organoid
formation was markedly decreased. Strikingly, this change was
due to the production of a soluble Wnt inhibitor – notum – by
adjacent Paneth cells in the crypt. The observations of Lgr5+
and Lgr6+ SCs in these systems suggest that we can expect
greater age-related changes in the response of these cells to
regenerative stimuli during WIHN rather than changes in their
absolute number.

Changes in HFSC microenvironment can result in significant
attenuation of hair follicle cycling with aging. Ge et al. (2020)
used scRNAseq to compare the transcriptomic identities of
bulge, hair germ, isthmus, infundibular, sebaceous gland, basal
epidermal, and supra-basal epidermal stem cells of 2-mo-
old (young) and 2-y-old (aged) mice during telogen. There
was little noticeable difference between the cellular pattern of
young and aged epithelia, suggesting no age-related blurring
of cellular states. Specifically, aged bulge HFSCs did not show
signs of lineage infidelity marked by induction of epidermal
genes or loss of key HF identity transcripts. However, and in
agreement with their earlier studies, transcriptomic analysis of
young and aged cells showed that aged HFSCs had significant
changes in expression profiles of ECM, ECM-remodeling genes,
basement membrane, and secreted signaling factors (Keyes et al.,
2013; Ge et al., 2020). Strikingly, modulating the stem cell
environment by commingling these cells with cells from neonatal
dermis allowed even aged HFSCs to regenerate hair follicles
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when transplanted onto nude mice. This suggests that certain
secreted factors or ECM components in the neonatal dermis can
rejuvenate aged HFSCs.

Fibroblasts
The importance of fibroblasts to regeneration of follicles and
subdermal tissues has been demonstrated in several studies.
Emerging evidence points to a role for fibroblasts in the age-
related attenuation of WIHN (Gay et al., 2013; Rognoni et al.,
2016). Two primary lineages of fibroblasts include upper dermal
(papillary) fibroblasts marked by Lrig1+ and responsible for
regulation of hair growth and the arrector pili muscle, and
lower dermal (reticular) fibroblasts that secrete fibrillar ECM
(Driskell et al., 2013). Upon wounding, lower dermal fibroblasts
proliferate first, and start producing collagen. After this and
only following re-epithelialization, the upper dermal fibroblasts
migrate to regenerate the papillary dermis that is important
for HF formation and growth (Driskell et al., 2013). Rognoni
et al. (2016) found that following 2 mm circular full-thickness
wounds on the back of P2 and P21 mice, P21 mice formed
far fewer HFs than did P2 mice. Interestingly between P2 and
P50, fibroblast density was lower in the dermis, but the rate of
proliferation was the same. This was observed even in wound
beds that have a lower ability to support HF neogenesis such as in
the tail. Interestingly, the post-natal decline in WIHN correlated
with a dramatic reduction in Lrig1+ papillary fibroblasts around
P10 suggesting that the balance between the two lineages of
fibroblast is more critical for regeneration than absolute numbers.
This increase in recruitment of lower lineage fibroblasts at
the expense of papillary fibroblasts occurs in a Wnt-dependent
fashion (Rognoni et al., 2016).

While the data from Rognoni et al. (2016) compare
regeneration in neonatal and young adult mice, their
observations of fibroblast dynamics comport with those
seen in older mice. In a study comparing the relative thickness
of papillary dermis and reticular dermis of young (2 month),
middle-aged (9 month), and old (18 month) mice, the old
mice had a decrease in the thickness and density of the papillary
dermis, but a significant increase in thickness of the reticular layer
(Salzer et al., 2018). These changes were already visible albeit not
as pronounced in the middle-aged mice. Transcriptomic analysis
of fibroblasts from these animals revealed that CD26 + old
papillary fibroblasts differentially expressed genes involved in
promoting cytoskeletal extensions, cell contacts, and cell-cell
repulsion signals (Salzer et al., 2018). These data support a
mechanism in which aged dermal fibroblasts prefer to fill the
empty dermal space created by surrounding dying fibroblasts
with membrane protrusion rather than through proliferation
(Salzer et al., 2018), a conclusion supported by tracking
fibroblasts over time with intravital imaging (Marsh et al., 2018).
Interestingly, membrane extension rather than proliferation is
also utilized by these aged fibroblasts in response to wounding.
Taken together, these data suggest that the decreased density of
papillary fibroblasts that occurs post-natally continues into old
age with likely attendant consequences for diminished WIHN.
Augmenting this fibroblast population could lead to more robust
regeneration in aging animals.

Inflammatory Cells
Inflammatory cells including dermal γ-δ T-cells, dendritic
epidermal T-cells (DETCs), and macrophages have emerged as
important regulators of WIHN. In mice, γ-δ T-cells (named for
the two chains that make up their T-cell receptor) are present
in substantial numbers in epidermis and play a key role in
triggering WIHN (Gay et al., 2013). Specifically, dermal γ-δ
T-cells secrete fibroblast growth factor 9 (Fgf9) which induces
hair follicle neogenesis after wounding in a Wnt-dependent
fashion (Gay et al., 2013). Reducing Fgf9 expression by using
mice lacking γ-δ T-cells or mice with Fgf9-deleted T cells led
to a dramatic reduction in WIHN with 60% fewer regenerated
hair follicles (Gay et al., 2013). By contrast, overexpression of
FGF9 resulted in a two- to threefold increase in the number
of neogenic hair follicles. In a different study, after making
full-thickness dorsal skin wounds in mice, the absolute copy
numbers of mRNAs encoding various fibroblast growth factors
were quantified in young adult mice (2 month) and old mice
(9 month) (Komi-Kuramochi et al., 2005). In young mice, Fgf9
mRNA copy numbers were fivefold higher than in the aged
animals. It is interesting to note that the proportion of γ-δ
T-cells amongst CD45+ T-cells in the wound site did not change
after full-thickness wounding in young (2–4 month) versus aged
(22–24 month) mice (Keyes et al., 2016). These data raise the
intriguing possibility that downregulation of Fgf9 secretion by
aging γ-δ T-cells rather than a reduction in cell numbers may
attenuate WIHN in aging animals.

SIGNALING PATHWAYS

Wnt/β-Catenin Signaling
Since its characterization by Ito et al. (2007), WIHN has
been shown to be driven by a number of signaling pathways
including Wnt/β-catenin, Fgf9, Shh, IL-6/STAT3, and retinoic
acid pathways. The canonical Wnt/β-catenin pathway was the
first and most extensively characterized pathway to be implicated
in WIHN (Ito et al., 2007). Given the key role of Wnt signaling
in establishing hair follicles during embryonic development,
it is not surprising that this pathway is reactivated during
neogenic follicle development in adults. Ito originally found that
expression of Wnt inhibitors in healing epidermis abrogated
WIHN, while upregulation of Wnt/β-catenin signaling in the
same system led to an increase in neogenic follicle numbers (Ito
et al., 2007). In subsequent work, Wnt/β-catenin activation has
emerged as a key node integrating roles of disparate cellular
and signaling events to promote follicle neogenesis in response
to wounding. Gay et al. (2013) found that dermal γ-δ T-cells
secrete Fgf9 which triggers Wnt2a secretion and subsequent
activation of myofibroblasts. This results in a positive feedback
loop by which activated fibroblasts express more Fgf9 and
further upregulate dermal Wnts (Gay et al., 2013). Since the γ-
δ T-cells of aged mice secrete considerably less Fgf9 than their
young counterparts, the decrease in subsequent dermal Wnt
activation may account for a decline in WIHN with aging (Komi-
Kuramochi et al., 2005). Surprisingly, given the pro-regenerative
role of Wnt/β-catenin signaling in the epidermis, increasing
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Wnt/β-catenin signaling in dermal fibroblasts of young adult
mice led to attenuation of WIHN as compared with neonates
(Rognoni et al., 2016). The increased activation of β-catenin
in the adult mice resulted in increased recruitment of lower
dermal fibroblasts, which are unable to induce HF formation,
at the expense of papillary dermal fibroblast as discussed
above (Rognoni et al., 2016). Given the complex interplay
between epithelia and fibroblasts in formation of the dermal
papilla and subsequent events in hair follicle morphogenesis,
restriction of Wnt morphogens to particular geographies may
be needed to promote regeneration. In addition to these spatial
dynamics, temporal dynamics in Wnt/β-catenin signaling within
the epidermal compartment also come into play. Castilho et al.
(2009) found that prolonged Wnt1 expression induced rapid
growth of HFs but subsequently led to the exhaustion of HFSCs
as seen through the diminution of CD34+ cells in the HFSC niche
and activation of cell senescence pathways. Indeed, the silencing
of this stem cell population upon prolonged Wnt exposure in
older animals that have seen numerous hair cycles seems to
serve a protective role by preventing these cells from nucleating
follicular cancers. Therefore, far from being an on/off switch
for promoting regeneration, Wnt/β-catenin signaling must be
carefully governed in time and space to generate optimal WIHN.

Hedgehog Signaling
Sonic hedgehog (Shh) is a critical signaling molecule in the
hair cycle and in WIHN. Knocking out Musashi 2 (Msi2), an
evolutionarily conserved RNA binding protein that represses
Shh signaling, in tissue-specific stem cells resulted in a dramatic
reduction of de novo hair follicle regeneration (Sugiyama-
Nakagiri et al., 2006; Ma et al., 2017). Lim et al. (2018) showed that
Shh signaling is essential for WIHN and that Shh activation shifts
dermal fibroblast fate toward the dermal papilla. This suggests
that reticular dermal fibroblasts that promote scarring can be
redirected to a regenerative phenotype, similar to the fate switch
that embryonic fibroblasts must undergo when encountering
epidermal hair follicle placodes to generate hair follicles in
development. Further underscoring the importance of hedgehog
(Hh) signaling in adult hair follicle regeneration, Sun et al.
(2020) demonstrated that exogenous activation of the pathway
in cutaneous epithelia and stroma can lead to de novo hair
follicle formation. This was observed even in normally non-
hair-bearing areas of the mouse such as the paw and occurred
in the absence of wounding. While the Hh pathway is critical
for follicular morphogenesis in embryonic development and
adult regeneration, there have been no studies comparing Shh
expression in young and old mice during WIHN. However,
age-related decrease Shh expression has been observed in other
systems including endometrium where decreased Shh levels lead
to impaired endometrial stem cell activity and poor endometrial
renewal (Cho et al., 2019). Interestingly, in HFSCs isolated from
hair follicle bulges in young and old human scalp biopsies, Hh
pathway genes were expressed at similar levels (Rittie et al.,
2009). Whether this similarity in gene expression occurs during
normal homeostasis only or whether it also obtains in the context
of wounding remains to be seen. Further, given the interplay
between Shh and other signaling systems in skin that demonstrate

age-related changes such as Wnts, deconvoluting the role of Shh
in regeneration and aging will be an important area for future
investigation (Ouspenskaia et al., 2016).

dsRNA/IL-6/STAT3/RA
The innate immune receptor Toll-Like Receptor 3 (TLR3) is an
important driver of WIHN (Nelson et al., 2015). Activation of
TLR3 signaling in keratinocytes promotes expression of stem cell
markers and leads to induction of key hair follicle morphogenic
programs. TLR3 responds to dsRNA species which are released
by damaged or dying cells, thereby serving as a direct link
between damage sensing and regeneration. Downstream effectors
of TLR3 in WIHN include interleukin 6 (IL-6) and signal
transducer and activator 3 (STAT3) (Nelson et al., 2015). Nelson
et al. found that HF generation after full-thickness wounding in
TLR3 null mice was dramatically reduced compared to controls.
Comparing gene expression signatures from healed wound beds
of mice with robust HF regeneration to those of mice with poor
regeneration, they found that IL-6 was significantly upregulated
in the prolific regenerators. They further showed that this IL-
6 induction was TLR3 dependent with TLR3-null mice having
far less IL-6 mRNA post-wounding than strain-matched controls.
Activation of the IL-6 receptor results in the phosphorylation of
STAT3 (pSTAT3), which leads to its nuclear translocation and
transcriptional activation (Heinrich et al., 2003). When mice were
treated with cucurbitacin I, a highly selective pharmacological
inhibitor of STAT3, they had a more than threefold decrease in
the number of regenerated HFs following wounding showing
that STAT3 is functionally required for WIHN (Nelson et al.,
2015). In summary, TLR activation in response to wounding
leads to IL-6 production and STAT3 phosphorylation, activating a
STAT3-dependent gene expression program to promote WIHN.
This conclusion agrees with recent studies that have characterized
other IL-6 type molecules such as IL-36α that activate STAT3 and
induce WIHN (Gong et al., 2020).

Strikingly, the same IL-6/STAT3 pathway that governs WIHN
is implicated in impaired cutaneous wound healing in aged
mice. In comparison to young mice (2–4 month), aged mice
(22–24 month) had significantly slowed wound healing and
diminished capacity for keratinocyte proliferation and migration.
This correlated with a 4.5-fold reduction in IL-6 transcription
in keratinocytes of aged mice (Keyes et al., 2016). Exogenous
application of IL-6 rescued the poor wound healing kinetics in
aged mice, reminiscent of its ability to augment WIHN (Nelson
et al. and Figure 1). Additionally, the age-related attenuation in
wound healing observed by Keyes et al. (2016) is mediated largely
through STAT3 signaling in dendritic epithelial T cells (DETCs),
a major resident subtype of cutaneous γ-δ T-cells. Keyes et al.
(2016) found that in the unwounded state, DETC numbers
were unaffected by STAT3 loss. However, after wounding, DETC
number declined dramatically in the skin of STAT3 cKO mice.
Thus, the epithelial-DTEC crosstalk examined here is critical
for normal wound healing, converges on IL-6/STAT3 signaling,
and is attenuated in aged animals with impaired wound healing.
While this study did not directly assess hair follicle regeneration
in young and old mice, it is interesting to speculate that this
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FIGURE 1 | Major signal transduction pathways involved in WIHN. Circles indicate mediators known to have age-related changes. Young adult mice with high
wnt/β-catenin levels in the dermis had fewer pro-regenerative fibroblasts and impaired WIHN (Rognoni et al., 2016). IL-6 levels are lower in aged mouse skin with
impaired wound healing (Keyes et al., 2016), and low IL-6/STAT-3 is also observed in mice with low WIHN (Nelson et al., 2015). Shh signaling is a major driver of
developmental and regenerative hair follicle morphogenesis. Age-related changes in Shh during WIHN have not been demonstrated.

too will be reduced given its common dependence on IL-
6 and STAT3.

Retinoic acid (RA), was recently discovered to induce WIHN
following TLR3 activation by dsRNA (Kim et al., 2019). Kim et al.
(2019) found that TLR3 signaling induces RA accumulation, and
that exogenous RA can rescue deficient hair follicle regeneration
in TLR3 deleted mice. It is interesting to note that the TLR3/RA
pathway is connected to the STAT3 pathway. STAT3 stimulates
aldehyde dehydrogenase1a3 which converts retinaldehyde to RA
(Canino et al., 2015). Furthermore, laser treatment of skin,
which can be done for facial rejuvenation, results in elevation
of RA synthesis (Kim et al., 2019). This suggests that the
rejuvenation of aged human skin likely works by a similar
mechanism involving dsRNA/damage-induced RA synthesis.
RA-based compounds known as retinoids have also been used
clinically for decades to rejuvenate aging skin and function by
both increasing collagen production by stimulating fibroblasts
and inhibiting ECM degradation by matrix metallopeptidases
(MMPs) (Lateef et al., 2004; Mukherjee et al., 2006). Aged
skin has been shown to have an upregulation of MMPs as
well as decreased collagen production due to the age-dependent
alteration of fibroblast function (Varani et al., 2006). Thus,
an interesting avenue of investigation would be to see if the
TLR3/RA pathway is downregulated or compromised during
WIHN in aged mice.

Hippo Signaling
The ECM may modulate WIHN via mechanotransduction
activation of the transcriptional cofactor Yes-associate protein
(YAP). YAP is a key effector of the Hippo signaling pathway that
is involved in organ size control (Pan, 2010). Physico-mechanical
stresses applied to ECM can result in changes in substrate
stiffness. These forces can in turn alter cytoskeletal dynamics on
attached cells leading to activation and nuclear translocation of
YAP (Dupont et al., 2011). In uninjured skin, YAP is activated
in HFs and epidermal cells but not in surrounding dermal
cells (Lee et al., 2014). Upon wounding, YAP localized to
the nucleus in dermal skin cells in 2 days with expression

throughout the wound area by 7 days (Lee et al., 2014). This
is likely due not only to the inhibition of the Hippo pathway
due to decreased cell-crowding but also to mechanical cues
that act independently from the Hippo pathway (Dupont et al.,
2011). Wound closure has been shown to be delayed following
downregulation of YAP by siRNA treatment and is likely
a result of decreased activity and production of TGF-ß1, a
downstream factor activated by YAP (Lee et al., 2014). During
HF development, transgenic activation of YAP leads to increased
proliferation of basal epidermal SCs at the expense of terminal
differentiation (Zhang et al., 2011). Furthermore, the study also
found that nuclear YAP progressively declines with age and
correlates with the proliferative potential of epidermal SCs.
Given the known role of these cells in regeneration of HFs
and IFE in WIHN, it will be interesting to see if this age-
related dysregulation of YAP activation leads to impaired WIHN
in older animals.

REMAINING QUESTIONS AND
CONCLUSION

Impaired capacity for renewal and regeneration – seen notably
in cutaneous wound healing (Keyes et al., 2016) – is an
important source of age-related morbidity. As one of the few truly
regenerative phenomena in adult mammals, WIHN represents
a powerful lens with which to investigate this decline and
offer solutions for its reversal. We have described a number of
cellular – HFSC and epidermal stem cell, fibroblast, T cell –
and molecular – Wnt, IL-6/STAT3, Hippo pathway – players in
WIHN that show alterations with age (Figure 1). The production
of neogenic follicles itself declines from the neonatal period
through youth in mice, paralleling a later decline in the capacity
for wound-induced hair follicle renewal (Ge et al., 2020) and
for cutaneous wound healing (Keyes et al., 2016). This raises
the tantalizing possibility that WIHN may continue to decline
throughout age, though no rigorous studies have been performed
to test this. Quantitative investigation of WIHN in middle aged
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and extremely aged animals may better elucidate regenerative
decline and define its mechanisms.

Such mechanisms fall into three broad categories. First, older
animals may be less sensitive to damage-induced molecular cues
that initiate the regeneration cascade. Second, such animals may
fail to mobilize precursor cells to rebuild missing structures.
Given the number of cells that seem to contribute to regenerated
hair follicles – keratinocytes, epidermal stem cells, and HFSCs
that constitute the new follicles, and immune cells that coordinate
their response – there are many places where regeneration
could break down. Finally, precursors even when appropriately
mobilized may fail to reconstitute de novo follicles resulting
in frustrated, incomplete morphogenesis. Indeed, the failure
of otherwise present and genetically stable HFSCs to create
new hair follicles is evident in aged mice subjected to partial
thickness wounding, suggesting that a similar situation may
obtain in WIHN (Ge et al., 2020). Discriminating between these
three possibilities or combinations of them will provide a rich
ground for future studies and may afford insights into improving
regenerative capacity with age.
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There are many studies devoted to the role of hair follicle stem cells in wound healing as
well as in follicle self-restoration. At the same time, the influence of the inflammatory
cells on the hair follicle cycling in both injured and intact skin is well established.
Immune cells of all wound healing stages, including macrophages, γδT cells, and Tregs,

may activate epidermal stem cells to provide re-epithelization and wound-induced hair
follicle neogenesis. In addition to the ability of epidermal cells to maintain epidermal
morphogenesis through differentiation program, they can undergo de-differentiation and
acquire stem features under the influence of inflammatory milieu. Simultaneously, a stem
cell compartment may undergo re-programming to adopt another fate. The proportion
of skin resident immune cells and wound-attracted inflammatory cells (e.g., neutrophils
and macrophages) in wound-induced hair follicle anagen and plucking-induced anagen
is still under discussion to date. Experimental data suggesting the role of reactive
oxygen species and prostaglandins, which are uncharacteristic of the intact skin, in
the hair follicle cycling indicates the role of neutrophils in injury-induced conditions. In
this review, we discuss some of the hair follicles stem cell activities, such as wound-
induced hair follicle neogenesis, hair follicle cycling, and re-epithelization, through the
prism of inflammation. The plasticity of epidermal stem cells under the influence of
inflammatory microenvironment is considered. The relationship between inflammation,
scarring, and follicle neogenesis as an indicator of complete wound healing is also
highlighted. Taking into consideration the available data, we also conclude that there
may exist a presumptive interlink between the stem cell activation, inflammation and the
components of programmed cell death pathways.

Keywords: hair follicle, stem cells, regeneration, wound, skin, inflammation

INTRODUCTION

As an outmost barrier of the organism, the skin has multiple functions, including a vitally important
protective mission. Being exposed to an aggressive environment, it has developed a complex system
of mutually dependent stem cell populations as well as immune response. Stem cells replenish
regular tissue losses and are ready to upregulate their activity in case of injury. Immune system
supports regenerative processes via direct interactions with invaders and clearance of wound debris.
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Also, it has the ability to intensify stem cell activity for
production of differentiated progeny and restoration of lesions
(Rahmani et al., 2020).

Epidermal homeostasis is maintained by stem cells that
either self-renew or undergo differentiation forming the spinous,
granular and cornified layers of the interfollicular epidermis
(IFE) or multiple types of keratinocytes in the hair follicle (HF)
generating the hair shaft (Gonzales and Fuchs, 2017).

The concept of epidermal stem cells (EpiSC) evolved from the
assumption of equipotent basal cells of IFE toward the scheme of
complicated hierarchy, kinetics, and behavior. Several approaches
were proposed to determine stem cells in IFE and epithelial part
of appendages. Among the most prominent characteristics is
their ability to retain DNA label (for review see: Terskikh et al.,
2012). Another widely accepted property of EpiSC is to form
large clones (holoclones) in vitro in contrast to small abortive
clones produced by their progeny as it was shown by pioneering
experiments performed by Barrandon and Green (Barrandon
and Green, 1987). Potten proposed the concept of proliferating
epidermal unit containing slow-cycling stem cell in the center
(Potten, 1974) for murine IFE where columnar structures could
be observed at certain sites (Mackenzie, 1970). Labeling of EpiSC
progeny in mouse epidermis confirmed the clonal organization
of IFE (Ghazizadeh and Taichman, 2001). At the same time,
the hypothesis of a single population of progenitor cells in
homeostatic IFE of mouse tail with no role for stem cells was
proposed (Clayton et al., 2007). The authors pointed out that
the stem cell population undetectable in steady-state conditions
might be recruited in wound healing. To identify interfollicular
EpiSC, β1- and A6-integrins as well as keratin 15 (Krt15), LRIG1,
and MCSP were utilized as markers (Solanas and Benitah, 2013).

The most potent EpiSC reside in a specialized niche of
HF named the bulge, where label-retaining cells were found
by landmark paper of Cotsarelis with colleagues (Cotsarelis
et al., 1990). They provide continuous cycling of HF and its
regeneration (Jahoda et al., 1996) as well as the source of epithelial
cells in the course of skin regeneration. The bulge zone of HF
contains several subsets of EpiSC with diverse functions and
regenerative potential. Pioneering experiments by Cotsarelis and
his group revealed Krt15 as a putative marker of bulge cells (Lyle
et al., 1998; Liu et al., 2003). In vitro lineage tracing showed that
the progeny of Krt15 + cells contribute to all HF epithelial cell
lines (Morris et al., 2004). Later on, the list of bulge markers
was supplemented with CD34, Keratin 19, Lgr5, Gli1, Hopx,
Lhx2, Nfatc1, Sox9, Tcf3/4, integrin α6, and Lhx2 (Rompolas and
Greco, 2014; Gonzales and Fuchs, 2017). Another region of HF,
the isthmus, contains cells with stem-like properties. They are
expressing Lrig1, Gli1, MTS24, and Lgr6. Lrig1 + cells of the
isthmus are involved in the infundibulum regeneration, at the top
of which there is a population of cells expressing Sca-1 (Rompolas
and Greco, 2014). The secondary germ is believed to be another
source of HF renewal (Panteleyev et al., 2001).

Healthy human and mouse skin is populated by several
types of immune cells such as dendritic cells, innate lymphoid
cells (ILCs), T lymphocytes and macrophages (Mansfield and
Naik, 2020), as well as mast cells and neutrophils (Nakamizo
et al., 2020). Immune cells that are located above the

basement membrane include CD8 + resident memory T cells
(TRM), Langerhans cells, ILCs, and dendritic epidermal DT
cells (DETCs). The dermal immune cells are represented by
macrophages located near blood vessels, and T cells, which
include near-follicular effector and regulatory CD4 + T cells
(Tregs), and γδT cells. Thus, each type of immune cell is situated
in a specific compartment of the skin, and this is achieved by
the homing to the corresponding microenvironment – different
fractions of the HF and IFE keratinocytes have diverse chemokine
signatures (Mansfield and Naik, 2020). It was shown in vivo and
in vitro experiments that Tregs, which express CCR6 on their
surface, migrate to CCL20 ligand, derived from infundibulum
cells (Scharschmidt et al., 2017). A similar mechanism of homing
is implemented in the case of ILCs migration toward the upper
part of HF. However, in addition to the CCR6-CCL20 interaction,
ILCs are attracted to the epidermis by cytokines IL-7 and TSLP
(Kobayashi et al., 2019). CD10-expressing DETCs, as well as
TRM are recruited to IFE cells due to the expression of CCL27
(Morales et al., 1999; Jin et al., 2010). Thus, the steady skin
state is immunologically active, and there is an interplay between
keratinocytes and inflammatory cells. Subsequently, EpiSC is in
close interaction with cells of the immune system and are able to
recruit them when the tissue is damaged (Naik et al., 2018).

Wound healing begins with an inflammatory phase involving
cells of the immune system. Macrophages and neutrophils are
the first and foremost, which secrete inflammatory mediators
and phagocytize debris disinfecting the wound bed and enabling
its further successful closure (Eming et al., 2007). Wound
regeneration is incomplete without wound resurfacing, i.e., re-
epithelization (Santoro and Gaudino, 2005). Dermal part of
the skin is subjected to active regeneration and reorganization
during wound healing and affects its outcome (Rippa et al.,
2019). Blood and lymphatic vessels which supply the skin
with nutrients and replenish immune cell pool in steady-state
are extensively reorganized during wound healing providing
proper regulation and structural reconstruction of damaged
tissue. The effectiveness of wound healing correlates with the
phase of HF cycle. It was found that skin containing anagen
HF regenerates more effectively than that with HF in telogen.
Wounds of mice anagen skin showed improved angiogenesis,
increased proliferation of keratinocytes, accelerated transition
to terminal differentiation, and ameliorated matrix synthesis,
while telogen skin demonstrated an increase in the number of
neutrophils and macrophages in the granulation tissue, as well
as a high expression of macrophage migration inhibitory factor
(Ansell et al., 2011).

During wound healing, epithelial HF stem cells (HFSCs)
provide both HF neogenesis and wound re-epithelialization
(Rompolas and Greco, 2014). HF regeneration in the middle
of a full-thickness wound in mice is similar to embryonic
hair morphogenesis. It is called wound-induced hair neogenesis
(WIHN) (Wang et al., 2017; Gong et al., 2018). Formation of
new HFs in adult skin may also be induced in experimental
conditions by ectopic activation of specific signaling pathways
(Sun et al., 2020). However, WIHN is appropriate only for mouse
wound healing, while most mammals, including humans, do not
regenerate skin appendages (Lim et al., 2018).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 November 2020 | Volume 8 | Article 58169761

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-581697 November 3, 2020 Time: 18:6 # 3

Morgun and Vorotelyak HFSC and Wound Healing

Activation of EpiSC is important condition for restoration
of the structure and functions of the skin after injury. We
will overview the characteristics of EpiSC, immune cells and
inflammatory-related agents in the context of their interactions
and functioning during wound healing and HF morphogenesis.
As wound healing and inflammation are tightly connected with
cell death, we tried to make brief references to possible interlinks
with stem cell activation, where data are available.

EPISC PLASTICITY DURING WOUND
HEALING UNDER THE INFLUENCE OF
IMMUNE REACTION

Since the skin delimits the body with the environment, it often
undergoes damage and healing, and keratinocytes meet a first
thrust (Proksch et al., 2008). The inflammatory milieu in the
wound gets cells ready for re-epithelialization affecting their
migratory and proliferation activities. Inflammation-induced cell
dedifferentiation and can modulate cell stemness. However, the
details of cellular behavior in the course of re-epithelization
are not known at the moment. There is experimental evidence
in favor of at least two models. According to the first, the
cells of the basal layer migrate to the wound bed and then
differentiate into suprabasal, and according to the second,
suprabasal cells move from wound edges to the wound bed due
to “leapfrog” mechanism and become basal (Rognoni and Watt,
2018). Thereby, epidermal cells possess certain plasticity: they
can undergo de-differentiation as well as differentiation under
the influence of accompanying wound healing inflammatory
agents (Haensel et al., 2020). Noteworthy, similar transitions
are known in inflammatory diseases. For example, exposure to
IL-17 and IL-22, interleukins, which are elevated in psoriasis
(Kim and Krueger, 2015), caused the expression of stem markers
p63, CD44, CD29, and CD49f in keratinocytes in vitro due to
activation of the RAC1/MEC/ERK/NF-κB pathway (Ekman et al.,
2019). Nelson and colleagues found that activation of TLR3 by
polyriboinosinic-polyribocytidylic acid (polyI: C), simulating the
viral dsRNA in keratinocyte cell culture (Takada et al., 2017),
causes a loss of Keratin1 and filaggrin (markers of differentiated
keratinocytes) and an increase in the expression of Lgr5 and
Lgr6 HF progenitor markers as well as Krt15 (Nelson et al.,
2015). Besides, the participation of IL-6/STAT3 pathway in the
acquisition of stem status is indirectly confirmed by the fact
that STAT3 phosphorylation under the influence of IL-6 family
members IL-11 and Oncostatin M (OSM) contributes to WIHN
(Nelson et al., 2016b_B). There is experimental evidence that
TA isoforms of stem/progenitor marker p63, which expression
is affected by IL-6/STAT3, are involved both in the inhibition
of keratinocytes ability to differentiate and in the stimulation of
WIHN (Nelson et al., 2016a_A).

In addition to the acquisition of a stem marker profile by
mature keratinocytes, other data are confirming the ability of
epidermal cells to de-differentiate under the influence of the
wound environment. Haensel and colleagues using RNA velocity
analysis showed a significant proportion of col17a1Hi basal cells
and spinous cells of the SP1 population of wounded mice

to demonstrate faster RNA dynamics than those from non-
wounded skin. This indicated increased plasticity of cell fate in
the skin sample of wounded mice with bidirectional transitions
in several cell states between basal and spinous cells, which was
not observed in the non-wounded animals. Thus, the wound
inflammatory milieu stimulates epidermal cell plasticity and
enfeebles restrictions on cell differentiation compared to their
non-wounded counterparts (Haensel et al., 2020).

The implication of bulge HFSCs in re-epithelization has been
established for a long time. However, different strategies for
HFSCs labeling and a variety of markers employed led to a
conclusion about different inputs of HFSCs subpopulations into
the process (Garcin and Ansell, 2017). Some HF cells have been
shown to play a dual role. In mice, Lgr6 + cells of the isthmus area
provide ongoing skin restoration, including WIHN (Snippert
et al., 2010). However, it seems now that both Lgr6 + and
Lgr5 + stem cells are involved in IFE regeneration. Infundibulum
Sca-1 + cells and Gli + stem cells are also involved (Brownell
et al., 2011; Rompolas and Greco, 2014). HFSCs move downward
for the regeneration and neogenesis of HF, while their upward
migration contributes to re-epithelization. In spite of intuitive
imagination of EpiSC as attached tightly to the niche, they
probably may be highly motile making input into morphogenesis
far from their original location. Nanba and co-authors showed
in vitro that human EpiSC could be identified by their motility:
the faster the cells move, the higher “stemness” they possess
(Nanba et al., 2015). Another activity of HFSCs is linked to the
barrier maintenance directly in the bulge niche where they are
interacting with recruited immune cells to overcome telogen cell
cycle inhibitory signals (Lay et al., 2018).

To accomplish regeneration, EpiSC can undergo
reprogramming. Experimental data of Joost et al. suggest that
inflammatory environment affects the expression of “follicular”
(Lgr5, Cd34, Cxcl14, and Sparc) and “interfollicular” (Krt14,
Ifitm3, Eef1b2, Ly6e) markers. Wound healing experiment with
subsequent single-cell analysis showed that after wounding, the
Lgr5 + progeny, while still in the bulge, begin to express both
interfollicular and HF markers. However, interfollicular markers
are upregulated; meanwhile, bulge markers are downregulated.
Besides, Lgr6 + progeny in the intact skin expresses numerous
receptors for interaction with wound ligands, and when the
skin is damaged, their number slightly changes. Lgr5 + progeny
expresses a few such receptors; however, when wounded, their
number increases. This suggests that Lgr5 + progeny may become
competent to interact with the wound environment at the level of
Lgr6 + descendants. Moreover, this early upregulation of genes
makes Lgr5 + progeny motile, as the number of genes (Cd44, Cd9,
Itgb1, Itga3, and Itga6) that begin to be expressed are associated
with cell migration (Joost et al., 2018), which indicates acquisition
of the ability to re-epithelization. Thus, epidermal cells, beyond
classical differentiation of basal cells to suprabasal ones, may
change their status by loss of their maturity or reprogramming.
from follicular to interfollicular state. Whether interfollicular
cells can be reprogrammed into follicular cells under the
influence of inflammation and what conditions determine the
direction of differentiation/dedifferentiation/reprogramming,
remains unknown and requires further research. Intriguingly,
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cells stemness was induced by inflammatory pathways, which
intersected with programmed cell death pathways to some
extent. It was mentioned above that de-differentiation of mature
keratinocytes, and their acquisition of stem features may be
associated with the influence of such an inflammatory agent as
dsRNA, as well as upregulation of cytokines IL-17 and IL-22,
which occurs during wound healing (Sasaki et al., 2011; Zhu
et al., 2017). At the same time, the effect of dsRNA on TLR3 is
a proven trigger of apoptosis and necroptosis (Seya et al., 2012)
and upregulation of IL-17 and IL-22 in the psoriasis model
is associated with a decrease in the expression of a RIPK-1,
traditionally considered as a necroptosis component (Saito et al.,
2018). Therefore, the stem status of epidermal cells may be
affected not only by inflammation but also by the components of
programmed cell death occurring during wound healing.

However, the relationship of epidermal cells with the immune
system is two-component. On the one hand, inflammatory agents
can affect epidermal cell activity; on the other hand, keratinocytes
possess their own intrinsic immune activity. The basis of this
phenomenon is the necessity to respond adequately to the
inflammatory milieu that occurs as a result of injury or infection
and to transmit a signal to surrounding cells. Epidermal cells
are able to release IL-1, IL-6, IL -7, IL -8, IL -10, IL -12, IL
-15, IL -18, IL -20, and tumor necrosis factor-alpha (TNF-α),
which causes proliferation and differentiation of keratinocytes,
production of cytokines by them, and migration of immune cells
into the wound (Gröne, 2002). Innate immunity is a well-known
characteristic of epidermal keratinocytes, presumably including
those located in the basal layer. It was shown that interfolicular
EpiSC could “remember” episodes of acute inflammation.
Wound healing in mice previously exposed to imiquimod, which
induced skin inflammation via TLR7-NALP3 axis, was more
effective than in the control group. Moreover, this process was
experimentally proven not to depend on macrophages or T cells.
“Inflammatory memory” was based both on a transcription of
the inflammasome pathway component Aim2 in interfollicular
EpiSC and the expression of its downstream effector caspase-
1 in post-inflamed skin. Caspase-1, in turn, is involved in the
maturation and secretion of IL-18 and IL-1β, which were also
increased in skin of the experimental animals (Naik et al., 2017).
Therefore, previous “inflammation experience” could augment
cutaneous wound healing due to EpiSC activity. Interestingly,
all of the above agents are participants of the pyroptosis, the
type of programmed cell death with morphological signs of
necrosis (Vande Walle and Lamkanfi, 2016). However, Naik
with colleagues did not show cell death in the experiment
(Naik et al., 2017).

To summarize, immunocompetence of stem cells and changes
in their stem status under the influence of inflammation are the
two facets of the interaction of immunity and stem cells providing
re-epithelialization after skin damage. As we can see, these
processes involve various members of the TLR family. Activation
of TLR7 is responsible for the “inflammatory memory” of
interfollicular EpiSC, the influence of dsRNA on TLR3 causes
the loss of differentiation markers by mature keratinocytes
and the expression of stem cell markers Lgr5 and Lgr6 and
Krt15. Therefore, immunoreactivity and the mechanism of

dedifferentiation can also be interlinked. Furthermore, activation
of pyroptosis and necroptosis also occurs through the TLR
receptors. Consequently, various members of TLR family may be
the “hubs” through which the pathways of immunity activation,
stemness, and cell death can intersect.

Facets of EpiSC plastsicity under the influence of
inflammatory agents is summarized in Figure 1.

THE HF CYCLE AND IMMUNITY IN
PHYSIOLOGICAL AND
INJURY-INDUCED CONDITIONS

Cyclic changes in HF, namely, a continuity of successive phases
of telogen, anagen, and catagen, partly occur owing to HFSC
activity. Immune cell dynamics is associated with the transition
of HF through the cycle and, in some degree, provides regulatory
keys for it. We will discuss some striking features of this
interconnection (for review see: Wang and Higgins, 2020) along
with specific stage characteristics.

After the regression, HF passes into telogen, the phase of
relative rest in terms of proliferation and biochemical activity
(Paus and Cotsarelis, 1999; Krause and Foitzik, 2006). HF
stays dormant until it is reactivated by intrafollicular and
extrafollicular signals (Paus and Cotsarelis, 1999). Inactivity of
HFSCs at this stage is provided mainly by bulge expression of
BMP6 and FGF18 (Hsu et al., 2014). At the same time, telogen is
supposed to be a stage of “progressive molecular activity”. In late
telogen, the activity aimed at inhibiting quiescence predominates,
whereas, in early and middle telogen, inhibition of cellular
activity prevails. Also, there is a proliferative activity of several cell
types: while bulge and secondary hair germ HFSCs are quiescent,
keratinocytes from upper HF proliferate (Geyfman et al., 2015).

Anagen begins with the proliferation of Lgr5 + HFSCs, which
are activated in late telogen. Hair germ HFSCs give rise to transit-
amplifying cells that populate the germinative layer of the matrix.
Outer root sheath (ORS) is formed by cells of the lower bulge
(Welle and Wiener, 2016). It is well known that the key factors
that induce anagen are the Wnt proteins, while the level of BMP
signaling is downregulated by expression of its antagonist noggin
(Botchkarev and Sharov, 2004). Sonic hedgehog, HGF, and FGF7,
among others, support this process and stimulate the subsequent
HF entry into anagen (Krause and Foitzik, 2006). In mice, anagen
induction in response to exogenous stimuli and entry into the
second anagen differ by underlying mechanisms, at least in terms
of STAT3 signaling (Sano et al., 2000).

Upon completion of anagen, a controlled involution of
HF occurs denoting onset of catagen, when most follicular
keratinocytes undergo apoptosis (Paus and Cotsarelis, 1999;
Krause and Foitzik, 2006; Welle and Wiener, 2016). At this stage,
poorly dividing ORS cells create a new bulge, while slightly faster
dividing cells form the secondary hair germ (Welle and Wiener,
2016). Unlike ORS and the hair matrix, the cells of DP do not die,
though they express the suppressor of apoptosis bcl-2 (Krause
and Foitzik, 2006). Toward the end of catagen, DP condenses and
moves upward transiting into a resting stage to reside under the
bulge (Paus and Cotsarelis, 1999).
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Spontaneous HF cycle is mediated by different types of
skin resident immune cells, which were listed above. Among
multiple signals and niche components, stay of HF in telogen
is regulated by FoxP3-expressing CD4 + T cells (also known
as regulatory T cells, Tregs) (Ali et al., 2017) and macrophages
(Castellana et al., 2014). Tregs are associated with telogen.
The abundance of these cells in telogen is threefold higher
as compared to anagen. Moreover, their proliferative index
correlates with the phase of the HF cycle: they are more
active in telogen. Ali and colleagues found the bulge-associated

subpopulation of Tregs (Ali et al., 2017). Disruption of adherence
of the cell-cell junctions in bulge HFSC niche by E-cadherin
removal activated proliferation program in telogen bulge HFSC
repurposing new daughters to restore the breached integrity of
the niche. In addition to cell cycle genes activation necessary
during normal anagen, this proliferation activity needed elevation
of the immune-signaling transcriptome. Notably, no transition
to anagen was observed. Thus, proliferating stem cells were
activated to restore the niche rather than to launch a new hair
cycle. Proliferating HFSCs attracted immune cells, including

FIGURE 1 | Continued

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 November 2020 | Volume 8 | Article 58169764

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-581697 November 3, 2020 Time: 18:6 # 6

Morgun and Vorotelyak HFSC and Wound Healing

FIGURE 1 | Facets of EpiSC plasticity under the influence of inflammatory agents.

Tregs, increasing their numbers as compared to the resident skin
population in a steady state.

Interestingly, this effect was independent of microbial
presence. Moreover, immune cells, in turn, were necessary
for activation of HFSC proliferation as the regular telogen
proliferation-inhibitory cues were still active in the disrupted

niche (Lay et al., 2018). Thus, telogen bulge cells are capable
of proliferation independent of HF activation, and immune
cells regulate this activity. The role of macrophages in telogen
regulation is controversial. Not only they activate anagen but also
prolong telogen: TREM2 + macrophages maintain the dormancy
of HFSCs through OSM (Wang et al., 2019). Castellana and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 November 2020 | Volume 8 | Article 58169765

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-581697 November 3, 2020 Time: 18:6 # 7

Morgun and Vorotelyak HFSC and Wound Healing

the colleagues showed that macrophage apoptosis promoted the
entry of HFSCs into the anagen phase. As soon as the number of
macrophages decreased due to liposome-induced apoptosis, HF
of the experimental mice entered anagen, while the control group
remained in telogen (Castellana et al., 2014).

As mentioned above, the telogen-to-anagen transition (TAT)
is associated with macrophage apoptosis. Expression of Wnt7b
and Wnt10a responsible for HFSC activation was elevated in
skin resident macrophages during TAT. Moreover, experiments
in the culture of mouse macrophages showed that their apoptosis
occurs in parallel with the release of Wnts and that apoptotic
macrophages stimulate the expression of Wnts by neighboring
macrophages (Castellana et al., 2014). Interestingly, macrophages
seem to produce extracellular vesicles containing Wnt3a and
Wnt7b (Rajendran et al., 2020). Thus, the apoptotic reduction
of macrophages during TAT is associated with the activation of
the Wnt/β-catenin cascade (Castellana et al., 2014). Therefore,
TAT and the Wnt/β-catenin cascade are related both to the
activity of inflammatory cells and their apoptosis. Consequently,
the activation mechanisms of HFSCs can be coupled with the
pathways of programmed cell death.

Tissue-resident Tregs localized in close contact with HF sustain
the bulge stem cells functions. Ali and colleagues demonstrated
the role of Tregs in the activation of bulge HFSCs (Ali et al.,
2017). In mice with Tregs depletion, a proliferative defect of the
HFSC bulge zone during depilation-induced TAT was observed.
In addition, lineage tracing showed a decrease in genes associated
with the proliferation and differentiation of HFSCs (e.g., Bgn,
Bnc1, Cks2, Hmgn3, Gdf10, and Sox4) in CD34 + integrin α6
(ITGA6)high basal bulge HFSCs from depilated mice lacking Tregs.
When comparing the transcriptome of skin Tregs with those
of skin draining lymph nodes (SDLN), it was shown that skin
Tregs express Notch signaling ligand Jagged 1 (Jag1) 150 times
higher than SDLN Tregs do (Ali et al., 2017). During anagen,
the switching on Notch cascade activates Kit signaling and
suppresses TGF-β establishing an optimal environment for the
proliferation of matrix cells (Rishikaysh et al., 2014). Exogenous
administration of Jag1 restores the proliferative function of stem
cells in mice lacking Tregs. Deletion of Jag1 in Tregs reduces the
expression of epidermal differentiation genes Bgn, Ccnd1, Gdf10,
Sox4, Sox7, and Timp3 as well as provokes anagen deterioration
(Ali et al., 2017).

At the end of anagen, some significant changes occur in HF,
in particular, downregulation of IGF1 (Krause and Foitzik, 2006).
This growth factor is well known for its anagen-stimulating effect,
as it decreases the expression of the negative regulator of anagen
TGF-β1 and also promotes the proliferation of HF keratinocytes
(Li et al., 2014). One of the sources of IGF1 is DETCs, the
subpopulation of γδT cells that prevented epidermal apoptosis
in a model in vitro (Sharp et al., 2005). Presumably, DETCs
support anagen through secretion of IGF1 in three ways: through
inhibition of TGF-β1, stimulation of keratinocytes proliferation,
and downregulation of apoptosis, which is a key catagen pathway.
Anagen ends with downregulation not only of IGF1 but also
of other factors (including HGF, and FGF5) supporting anagen
phase and with upregulation of hair growth inhibitors, such as
TGF-β1, TGF-β2, FGF5 (Krause and Foitzik, 2006).

Catagen is induced by growth factors and cytokines, including
FGF5 secreted by perifollicular macrophages and IFN-γ (Wang
and Higgins, 2020). Fgf5 mutations cause catagen retention in
humans (Higgins et al., 2014). In certain pathological conditions,
for example, in case of stress, mast cells were also shown to
stimulate the onset of catagen in mice. In this situation, mast cell-
deficient mice demonstrated catagen delay, as did knockout mice,
which were not able to respond to the substance P produced by
nerve fibers in stress conditions (Arck et al., 2005). Mature mast
cells release a lot of significant inflammatory mediators and are
involved in wound healing (Komi et al., 2020).

Interestingly, mouse vibrissal HF contains precursors capable
of differentiation into competent mast cells in vitro and probably
provide a niche for their differentiation in vivo (Kumamoto et al.,
2003). Inflammation and HF cells in catagen are interconnected
through cell death processes: apoptotic keratinocytes are cleared
by macrophages in the mouse, whereas in humans, the
macrophages themselves undergo apoptosis. In the experiment
by Hardman with colleagues, a cyclic change in the number of
perifollicular macrophages in a freshly isolated HF was shown
with a minimal rate in late catagen (Hardman et al., 2019).
The close interdependence between inflammatory cytokine TNF-
α, Keratin 17 and apoptosis in keratinocytes was shown in
the next study (Tong and Coulombe, 2006). In Krt17 −/−

mice, alopecia developed in the first week after birth due to
increased apoptosis. Tnf ablation led to catagen delay. It is
thought that apoptosis in Krt17 −/− keratinocytes occurs due to
accelerated sensitivity to TNF-α. In turn, apoptosis in Krt17-null
keratinocytes led to premature onset of catagen. Consequently,
cytoskeletal protein Keratin 17 is responsible for HF detention
in anagen, meanwhile TNF-α leads to anagen-catagen transition.
Tong and Coulombe suggest that Keratin 17 interacts with the
TRADD adapter necessary to transmit a signal from TNFR1
(Tong and Coulombe, 2006).

Thus, HF stays in a specific phase is regulated by various
types of skin resident inflammatory cells. Macrophages and Tregs
play a significant role in telogen and anagen and by mast cells
and macrophages in catagen. It is believed that during TAT, the
induction of Wnt/β-catenin is associated with the apoptosis of
macrophages, and activation of bulge HFSCs is associated with
their induction by the Treg cluster. However, it is possible that in
certain conditions, inflammatory cells that are absent in normal
skin contribute to the HF cycling.

In addition to the physiological conditions, TAT may be
induced by injury. In the case of hair plucking, CCL2 is released,
which leads to the recruitment of inflammatory macrophages
and, as a result, the stimulation of anagen by TNF-α (Chen
et al., 2015). Macrophages are also involved in another type
of injury-induced TAT, which is called wound-induced hair
anagen re-entry/growth (WIH-A), when, under the influence of
a wound milieu, HF located at the edges of the wound switch
to anagen (Abbasi and Biernaskie, 2019). It was shown that
macrophage production of TNF-α invoked an activation of HF
Lgr5 + stem cells being important for WIH-A. Suppression
of these inflammatory cell infiltration resulted in the loss of
WIH-A ability in HFs. To assess the role of macrophages
in WIH-A, Wang, and co-authors eliminated these cells with
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clodronate liposomes (Wang et al., 2017). It led to an inability
of the HF to proceed to WIH-A. Furthermore, an in vivo
experiment performed to assess the role of TNF-α in these
processes showed that Tnf−/− mice did not develop HF anagen
on post wound day (PWD) 15. In this study, Lysmcre/:Tnf flox/flox

mice with macrophages and neutrophils unable to express Tnfa
were used. Skin regeneration in these mice occurred with a
significantly reduced number of anagen HF, but an injection
of lipopolysaccharide stimulated macrophages induced anagen.
There is experimental evidence that activation of RAC-alpha
serine/threonine-protein kinase (AKT) in Lgr5 + cells plays an
essential role in the induction of TAT of HF. Knockdown of Tnfr1
in Lgr5 + cells caused a decrease in TNF-induced p-AKT activity
in cell culture. It is assumed that TNF-α activates β-catenin
through the PI3K/AKT/mTOR cascade, and phosphorylation of
β-catenin, in turn, is induced by AKT in Lgr5 + HFSC (Wang
et al., 2017). There is also another way in which macrophages
could cause anagen during skin damage. These cells secrete
growth factors (Werner and Grose, 2003) that lead to activation
of the PI3K-Akt-mTOR pathway involved in cell growth and
survival (Fang et al., 2013) in epithelial cells during wound
healing (Squarize et al., 2010). Activation of the mammalian
target of rapamycin complex 1 (mTORC1) was observed in the
bulge and hair germ cells in a growth phase-dependent manner
suggesting its role in anagen activation (Kellenberger and Tauchi,
2013). Thus, macrophages are involved in both physiological
TAT, plucking-induced anagen, and WIH-A in the described
experiment; therefore, the contribution ratio of skin resident
macrophages and those arrived at the wound bed is unknown
(Rahmani et al., 2020).

However, there are indirect signs that, in addition to
skin resident immune cells, wound cells that are completely
unusual for intact skin can be involved in WIH-A. It can be
supposed that the persistence of HFSC in anagen is regulated
by polymorphonuclear leukocytes, as they can secrete reactive
oxygen species (ROS) (Dunnill et al., 2017), and prostaglandins
(PG) (Higgs et al., 1975), which are also involved in HF cycling
(Valente Duarte de Sousa and Tosti, 2013; Zhao et al., 2015).
PGE2, acting synergistically with PGF2, prolongs anagen and
induces hair growth (Valente Duarte de Sousa and Tosti, 2013).
PGE2 does not induce TAT but has a stimulating effect on early
anagen HF manifested by increased hair length. PGF2a promotes
protein kinase C (PKC) activation via phosphorylase C-associated
receptors. Furthermore, PKC is upregulated in anagen, which
indicates its significance for HF activity (Sasaki et al., 2005). ROS
is an important mediator of inflammation being secreted during
wound healing and contributing to wound disinfection (Dunnill
et al., 2017). It was shown that adipose-derived stem cells are
also able to secrete ROS this way promoting DP-induced hair
growth and thus, may cause TAT (Choi et al., 2019). However,
in an in vivo study during the transition from anagen to catagen,
Zhao and colleagues showed elevation of ROS level by the Foxp1
protein via suppression of ROS scavenger Thioredoxin-1. This is
also supported by the fact that administration of NAC antioxidant
to Foxp1 cKO mice led to the arrest of the HF cycle in anagen
and increased HFSCs proliferation (Zhao et al., 2015). Thus, it
is possible that in certain conditions, not only skin resident but

wound-specific immune cells are also involved in the regulation
of the HF cycle and morphogenesis. The relationship of the
activation mechanisms of EpiSC with molecular cascades of
wound healing will be considered in the next section.

HF NEOGENESIS AND
RE-EPITHELIALIZATION IN THE
COURSE OF WOUND HEALING

Widely recognized course of wound regeneration includes phases
of inflammation, proliferation, and remodeling (Gurtner et al.,
2008). Below we will consider these phases with critical elements
of inflammatory reactions affecting epidermal cell activity,
regeneration, and morphogenesis. Surprisingly, some of these
elements demonstrate delayed effects in this respect. For example,
macrophages acting in the inflammation phase (Eming et al.,
2007) contribute to WIHN, which occurs during the time of the
scar remodeling phase (Gay et al., 2020), and re-epithelialization
begins in the proliferation phase under the influence of Tregs.

Inflammation Phase
TNF alpha. Platelets, leukocytes, macrophages, and mast cells
are involved in the inflammation phase replacing each other.
First of all, after a wound, platelets and polymorphonuclear
leukocytes create a blood clot, and thus the tissue reaches
hemostasis (Eming et al., 2007). Platelets form a clot interacting
by GpIIb-IIIa receptors and adhering to the collagen of the
disrupted subendothelium. Fibrin polymerization promotes the
formation of a mature clot, which serves as a scaffold for
infiltrating leukocytes and fibroblasts playing a sequential role
in healing. Platelets also contribute to the subsequent stages of
healing, for example, secreting catecholamines and serotonin,
which act through receptors on the endothelium and cause
vasoconstriction surrounding the wound (Gantwerker and Hom,
2011). In addition, platelets and polymorphonuclear leukocytes
secrete TNF-α and IL-1 (Werner and Grose, 2003; Mussano et al.,
2016) activating capillary endothelial cells and contributing to
leukocyte transmigration (Bevilacqua et al., 1987). Neutrophils
disinfect the wound eliminating debris and bacteria and provide
antimicrobial protection by releasing H2O2, which produce ROS
into the surrounding space.

Meanwhile, ROS not only protect the wound from
infection, but they are also engaged in normal wound
healing. ROS are involved in the proliferation of fibroblasts
and vascular endothelial cells, promote proliferation and
migration of keratinocytes, stimulate angiogenesis, and act as
a chemoattractant for neutrophils, mononuclear phagocytes,
eosinophils, basophils, and lymphocytes by stimulating the
production of macrophage inflammatory protein (MIP)-1α

(Dunnill et al., 2017). The importance of ROS for wound healing
was confirmed in a study by Carrasco and colleagues, who
showed the beneficial effects of ROS on wound healing and
on HFSCs. The researchers induced transient ROS generation
via the photodynamic effect as a result of the application of
a photosensitizer (5-aminolevulinic acid (ALA) or its methyl
derivative (mALA) cream) to mice in combination with red rays.
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This effect is used in clinical practice for induction of cell death
in tumors. Generation of transient ROS in such a way led to the
proliferation of bulge HFSC, as well as epidermal and dermal skin
layers (Carrasco et al., 2015). ROS can also affect HF neogenesis
through DP. Zheng et al. showed proliferation of DP cells
and increased mRNA expression levels of vascular endothelial
growth factor (VEGF)-A and glial cell line-derived neurotrophic
factor (GDNF), leading to WIHN under ROS-induced hypoxia
(Zheng et al., 2019). Also, one of the most critical cellular
events mediated by ROS is mitochondrial apoptosis. When
the mitochondrial membrane is permeabilized with ROS,
apoptosis agents (cytochrome c, AIF, or Smac/Diablo) enter
the cytosol (Circu and Aw, 2010), implementing relationship
between HFSCs activity and wound healing through ROS as an
inflammatory mediator and an apoptotic agent.

However, the role of neutrophils, ROS, and other
inflammatory mediators produced by them is controversial.
Dysregulation of neutrophils can lead to skin lesions. Abundant
neutrophil infiltration into the wound bed is a key factor in the
development of chronic inflammation, which underlies non-
healing wounds. Excess of neutrophils causes overproduction
of ROS, which provokes cell membrane and extracellular
matrix (ECM) damage with subsequent premature cell aging
(Zhao et al., 2016).

Neutrophils are also capable of recruiting macrophages
leading to a transition from the neutrophilic stage of
wound healing to the stage of macrophage infiltration
(Eming et al., 2007).

Macrophages appear in the wounded skin after neutrophils
and phagocytize them (Gurtner et al., 2008; Greenlee-Wacker,
2016). Macrophage infiltration is regulated by fibrin clot
platelets, fibroblasts, leukocytes, a gradient of growth factors,
pro-inflammatory cytokines and chemokines released by
hyperproliferative keratinocytes along the margins of the wound
(Werner and Grose, 2003). Macrophages express many receptors
on their surface, for example, the TLRs of different types (Karin
et al., 2006). In addition to phagocytic and antigen-presenting
functions, they produce various growth factors, such as TGF-β,
TGF-α, and VEGF, which regulate fibroplasia and angiogenesis
(Werner and Grose, 2003). Macrophage ablation during the
inflammatory phase in an experimental model of wound
regeneration in mice was shown to delay wound healing.

In addition, macrophages are known to play an essential role
in angiogenesis. There is a hypothesis, that they form "tunnels"
in the ECM which are colonized by capillary sprouts, circulating
progenitor endothelial cells or transdifferentiated endothelial
cells during later stages of wound healing (Moldovan, 2002). Also,
there are experimental data in favor of the fact that macrophages
can also participate in lymphangiogenesis during wound healing:
the number of macrophages reaches a peak during the period
of migration and organization of lymphatic endothelial cells
(Rutkowski et al., 2006).

It is well known that macrophages are polarized into two
subtypes, M1 and M2, with different phenotypes (Xu et al.,
2013) though continuum of intermediate states exists. M1
macrophages are CCR2 + cells (Fadini et al., 2013). They
secrete pro-inflammatory cytokines and phagocyte dead cells and

pathogens. They can acquire this phenotype under the influence
of bacterial metabolites, IFN-γ, and a granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Xu et al., 2013). Anti-
inflammatory M2 macrophages, which activation is regulated by
IL-13 and/or IL-4 (Qing, 2017), secrete angiogenic factors and
anti-inflammatory cytokines and stimulate wound closure (Xu
et al., 2013). They express CX3CR1 (Fadini et al., 2013). In M2-
deficient mice, a delay in healing is observed, which is most
prominent in the late stages of regeneration (Minutti et al., 2017).

Macrophage ablation using diphtheria toxin (DT) leads to
WIHN inhibition in mouse experiments. M2 macrophages
produce follicle-stimulating growth factors, such as FGF2 and
IGF1. These factors are thought to take part in WIHN, since
they participate in the Wnt pathway (Kasuya et al., 2018). The
study of Wang and colleagues, which was mentioned in the
previous section, in contrast, showed the valuable role of M1
macrophages in WIHN. It was found that in Lgr5 + HFSCs,
TNF-α released by M1 macrophages induced not only TAT and
WIH-A but also WIHN through activation of AKT/β-catenin
(Wang et al., 2017).

TNF-α is a critical player in the inflammatory response
(Efimov et al., 2009). It is upregulated during the inflammatory
phase of wound healing (Barrientos et al., 2008). In response
to skin damage, TNF-α is secreted by polymorphonuclear
leukocytes, then by macrophages over a period from 12 to
24 hours after skin injury (Xu et al., 2013). In keratinocyte
culture, TNF-α and IFN-γ stimulate the secretion of growth
factors (e.g., TGF- α), HLA-DR, interleukins (IL-1, IL-6 and IL-
8), ICAM-1, and monocyte chemotactic and activating factor
(MCAF) (Barker et al., 1991). During regeneration, TNF-α is
expressed in proliferating keratinocytes along the wound margins
(Xu et al., 2013). Exposure of a culture of keratinocytes to
TNF-α led to the expression of chemokines, cytokines, growth
factors, and cell surface receptors, which can in vivo attract
hematopoietic cells, monocytes, macrophages, and neutrophils,
as well as memory T-cells that provide an innate immune
response (Banno et al., 2004).

Íîwever, the upregulation of TNF-α is a noticeable factor in
the transition of the acute wound to non-healing status, including
diabetic wound development (Siqueira et al., 2010; Xu et al., 2013;
Zhang et al., 2017). In in vivo and in vitro experiments, TNF-α
exhibits a pro-inflammatory and pro-apoptotic effect, as well as
prevents scar formation, fibroblast migration, re-epithelialization
and, as a result, prolongs the period of wound closure.

Overexpression of TNF-α leads to an increase in the number
of neutrophils and macrophages in the wound bed through NF-
κB signaling. Anti-TNF-α therapy helps to reduce the activity
of NF-κB, to normalize the number of inflammatory cells, and
to decrease the size of the wound bed. Experiments with mice
knockout for the gene of TNF-α inhibitor, a secretory leukocyte
protease inhibitor (SLPI), showed that upregulation of TNF-
α induces matrix metalloprotease 9 (MMP9), which leads to
collagen destruction and, as a result, abnormal healing (Ashcroft
et al., 2012). In an in vivo experiment, application of recombinant
TNF-α to a wound reduced the expression of genes associated
with collagen synthesis (Salomon et al., 1991), while TNF-α
induced the expression of collagenase in dermal fibroblast culture
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in several studies (Dayer et al., 1985; Brenner et al., 1989). In
human keratinocyte culture, TNF-α induces the expression of
gelatinase capable of degrading type IV collagen (Banno et al.,
2004). Secretion of TNF-α in high doses for a long period harms
healing because it suppresses the expression of TIMPs and ECM
proteins and induces the expression of MMP-1, -2, -3, -9, -13 and
MT1-MMP, thus leading to the degradation of ECM, the decline
of cell migration, and collagen deposition. TNF-α contributes
to non-healing wounds by increasing gelatinases, collagenases,
and stromelysins levels (Barrientos et al., 2008). The result of
therapy aimed at inhibiting TNF- α is not only a decrease in
the inflammatory response but also the normalization of ECM
synthesis (Ashcroft et al., 2012).

There is some evidence that TNF-α inhibits normal scar
formation not only due to enzyme activity. It was shown in
an in vitro contacting wound model that TNF-α suppresses
TGF-β-induced expression of myofibroblast genes, such as α-
SMA, fibronectin type 1A, and collagen. The authors confirmed
that the effect of TNF-α is in the inhibition of TGF-β1-
induced differentiation of myofibroblasts, which leads to the
formation of a more fragile matrix with reduced contractile
properties. It is thought that the high level of TNF-α in a non-
healing wound prevents the differentiation of myofibroblasts
and changes in the cytoskeleton configuration, which leads to
the impairment in normal matrix contraction during wound
healing (Goldberg et al., 2007). TNF-α also suppresses re-
epithelialization during wound healing (Barrientos et al., 2008).
The in vitro study showed that administration of TNF-α led to an
elevation of the mRNA expression of IL-8, ICAM-1, and MCP-
1 in HaCaT through PKCζ; however, TNF-α-induced decline
in the proliferative and migratory activity of HaCaT cells did
not depend on PKCζ (Zhang et al., 2017). In another study,
exposure of human keratinocyte culture to TNF-α stimulated
the expression of pro-apoptotic genes BIK, BID, and TNFSF10
(Banno et al., 2004).

As one can see, TNF-α is not just an activator of the
pro-survival and inflammatory pathways as well as the trigger
of apoptosis and necroptosis, itis also involved in wound
healing, stem cell activation, and in the HF cycling. Multiple
complementary data are indicating that delicate balance of TNF-
α expression and related signaling is required for proper skin
restoration, including WIHN.

In addition to TNF-α, important mediators of inflammation
during wound healing are PG secreted by damaged tissues
under the influence of leukocytes and other immune cells
(Higgs et al., 1975). The role of PG in wound healing is
controversial. They activate apoptotic cascades and thus prevent
excessive scarring because impaired apoptosis does not give
fibroblasts and myofibroblasts disappear during the later stages
of skin regeneration (Su et al., 2010). Dysregulation of PG levels
causes both WIHN and wound healing abnormalities. Thus,
in a model of a non-healing diabetic wound in ob/ob mice, a
decrease in PGE2/PGD2 levels was shown, and leptin injections
retained normal wound healing and proper levels of PGE2/PGD2
(Kampfer et al., 2005). However, not only their abnormal decrease
but also increase can lead to aberrations in wound healing
and HFSCs activation. It was shown that the expression levels

of the prostaglandin D2 synthase enzyme (PTGDS) and its
product PGD2 correlated with WIHN: high levels of PTGDS
and PGD2 were interlinked with impaired neogenesis of HFs
(Nelson et al., 2013). Despite the harmful effect of PGD2 on
WIHN, there is a suggestion that another type of prostaglandin,
PGE2, may induce WIHN through Wnt activation, as it was
demonstrated in hematopoietic stem cells (Goessling et al., 2009;
Gong et al., 2018).

Besides neutrophils and macrophages mast cells also take part
in an inflammatory phase. They are a source of pro-inflammatory
mediators and cytokines and modulate the number of neutrophils
in the wound bed. The number of mast cells in the wound
bed returns to its standard value within the first 48 hours after
injury and then increases in the course of regeneration (Eming
et al., 2007; Gurtner et al., 2008). As mentioned above, mast cells
contribute to the regulation of the HF activity, namely, its entry
into catagen (Arck et al., 2005).

To summarize, the inflammatory cells, which take part
in wound healing, are mainly polymorphonuclear leukocytes
(namely, neutrophil compartment) and macrophages. They and
their mediators (TNF-α, ROS and PG) are involved not only
in the regulation of the HF cycling but also in other activities
of EpiSC including WIHN. Excessive inflammation alters HF
homeostasis and wound healing process. It is expected that
WIHN failure in this respect makes an additional indirect
contribution to wound chronicity because of the importance of
HF neogenesis in skin regeneration.

Proliferation Phase
Tregs. This stage of wound healing is characterized by
proliferation and migration of cells, mainly keratinocytes
and fibroblasts (Gurtner et al., 2008). The transition from
the phase of inflammation to the stages of proliferation and
remodeling is controlled by immunomegulatory mechanisms.
In particular, Tregs are accumulated at inflammatory sites and
are involved in modulating the immune response. These cells
secrete Amphiregulin, an epidermal growth factor-like growth
factor that is associated with maintaining tissue homeostasis,
inflammation, and immunity. Amphiregulin via PCLγ induces
“inside-out” activation of the integrin-αν-containing complex,
which causes the transition of TGF-β from an inactive form to an
active one. Active TGF-β has a dual role: it suppresses excessive
inflammation and makes mesenchymal vascular progenitor cells,
pericytes, differentiate into myofibroblasts, thus contributing
to angiogenesis (Zaiss et al., 2019). Also, during angiogenesis,
endothelial progenitor cells arrive from the bone marrow to the
healing tissue to form new vessels (Gurtner et al., 2008). Xu et al.
(2013) and Qing (2017).

Tregs contribute to re-epithelialization, which occurs due
to differentiation of HFSCs into IFE keratinocytes, their
proliferation, migration to the center of the wound, and synthesis
of a new basement membrane (Gurtner et al., 2008; Gantwerker
and Hom, 2011; Mathur et al., 2019). Re-epithelialization is
activated by growth factors of the HGF, FGF, and EGF families
(Martin and Nunan, 2015).

Mathur and co-authors showed in in vivo experiments that
Tregs stimulated differentiation of HFSCs into IFE through
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the control of the IL-17-CXCL5-neutrophil inflammatory
cascade. In a model of subacute skin injury inflicted by
tape stripping, Treg depleted mice demonstrated thinner
epidermis upon regeneration and downregulation of genes
related to keratinocyte differentiation and stratum corneum
formation. Tregs suppress the keratinocyte expression
of Cxcl5, which is induced by the neutrophil regulator
IL-17A. In the Treg-cell-lacking mice, neutralization of
CXCL5 by antibodies restored differentiation, while IL-
17A neutralization or co-depletion of neutrophils saved
the migratory defect of Lgr5-derived cells in IFE during
healing (Mathur et al., 2019). Thus, Tregs contribute to
wound healing affecting a wide range of cells. In addition
to initiating re-epithelialization, the fibrin matrix is replaced
by granulation tissue consisting of fibroblasts, germinating
vessels, and immature type III collagen in the proliferation
phase (Gantwerker and Hom, 2011). Either Tregs can stimulate
bulge cells and cause HF cycle changes in normal conditions
or promote re-epithelization during wound healing due to
immunomodulating properties.

Fibroblasts are the key players in this phase of wound healing.
It is well-known that fibroblasts and myofibroblasts secrete
procollagen molecules, as well as fibronectin, thus providing
ECM development. Fibroblasts migrating from the edges of
the wound under the influence of TGF-β, cell fibronectin,
and endothelin-1 differentiate into myofibroblasts contributing
to wound contraction (Xu et al., 2013). Nevertheless, there
is another surprising way, in which fibroblasts contribute
to wound healing: they can produce nitric oxide (NO),
an inflammatory mediator, which is also involved in skin
regeneration. Several facts are indicating that NO is associated
with collagen production. First, in vitro wound fibroblasts
produce NO, and inhibition of NO synthases (NOS) leads
to a decrease in collagen production (Schaffer et al., 1997).
Second, transfection of tissues of wounded rats with a plasmid
containing murine inducible NOS (iNOS) increased collagen
deposition (Thornton et al., 1998). Third, ablation of endothelial
NOS (eNOS) in mice leads to prolonged wound healing
(Lee et al., 1999). Besides, there is some evidence that
NO can affect EpiSC activation. Zhu and colleagues treated
burn wounds in rats with NO-gel with sodium nitrite and
showed that this treatment improved both wound healing
and follicular neogenesis. Application of the gel contributed
to re-epithelialization of the wound, caused an increase in
the number of procollagen-expressing fibroblasts by 40%.
Also, blood vessels number augmentation and neutrophils
and monocytes infiltration was observed in the wound bed.
In the wound bed of the treated group, more HFs and
CD34 + stem cells were observed (Zhu et al., 2008). Wolf
et al. in an in vitro experiment showed basal production
of NO by human DP cells. The authors suggest that NO
secretion promotes hair growth by mediating the proliferation
and differentiation of matrix keratinocytes surrounding the DP
(Wolf et al., 2003).

However, we should note that excessive exposure of the wound
to NO can have the opposite outcome. There are some data on
the harmful effect of NO on wound healing, for example, the

delay in wound healing under its influence in an aged rat model
(Bauer et al., 1998).

Scar Remodeling and
Re-epithelialization Phase
During this stage, most endothelial cells, macrophages, and
myofibroblasts undergo apoptosis or migrate from the wound
bed, which consists of collagen and other ECM proteins. Type
III collagen is replaced by type I collagen with the assistance
of MMPs secreted by fibroblasts, macrophages, and endothelial
cells (Gurtner et al., 2008). In this phase, HF neogenesis begins
(Gay et al., 2020).

The mechanism of apoptosis that inflammatory cells
undergo during healing remains under discussion. There
is some evidence that the death receptor pathway mediates
it due to TNFR activation, but some data indicate that the
mitochondrial pathway via the anti-proliferative protein p53
is also possible. Fibroblasts die after they have synthesized a
sufficient amount of fibers. And then, excessive endothelial
cells are discarded (Greenhalgh, 1998). Thus, an involution of
granulation tissue and retraction of blood vessels are observed
(Gantwerker and Hom, 2011).

At the stage of remodeling, T cells are acting (Eming et al.,
2007). Lee et al. showed that γδT cells are activated by IL-
1α and IL-7, which are secreted by keratinocytes after injury
(Lee P. et al., 2017_A). DETCs play diverse roles in wound
healing. They contribute to the proliferation of keratinocytes by
secretion of IGF1. In the mouse wound healing model, IGF1
secreted by DETCs caused a proliferation of keratin 14 + mouse
epidermal cells and inhibited their terminal differentiation. IL-
17A secreted by another subtype of γδT cells, Vγ4 T cells,
can promote proliferation and terminal differentiation of mouse
keratin 14 + epidermal cells (Zhu et al., 2019). There is also
evidence of a stimulatory effect of KGF secreted by activated
DETCs on keratinocyte proliferation. In addition to participating
in the survival and proliferation of keratinocytes, activated
DETCs affect inflammatory cells. They produce CCL3 and CCL4,
which regulate the recruitment of inflammatory cells. DETC-
derived KGF stimulates hyaluronan deposition by keratinocytes
attracting macrophages (Ramirez et al., 2015).

γδT cells are the source of FGF9, which is involved in
neofolliculogenesis in wounds (Gay et al., 2013). Gay with
colleagues showed that Fgf9 was upregulated in the dermis,
just before the development of the hair placode during wound
healing begins. The administration of antibodies against FGF9
into wound dermis decreased the number of newly formed HF.
The number of γδT cells in the wound increased just before
the raise of FGF9. The researchers showed that on PWD 12
Vγ4 + γδT population was the predominant source of FGF9,
while DETCs was inactive in this respect. The study on Tcrd−/−

mice lacking γδT cells showed a significant decrease in the
number of newly formed HF in the wound bed compared with
control. An analysis of the timeline of Fgf9 expression and in situ
hybridization of wound skin at different time points allowed the
authors to conclude that γδT cells are the primary source of
FGF9 at PWD 10–12, which caused the expression of Wnt2a
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in dermal fibroblasts and thus led to the activation of Wnt
pathway as well as to the expression of FGF9 in fibroblasts later
on, and, consequently, increased Wnt activation in the dermis.
Researchers found a small number of resident γδT cells in the
human dermis with low density per area compared with the
mouse dermis. Also, there were differences in the localization of
γδT cells. In mice, cells were scattered throughout the dermis,
usually at a distance from αβT cells and blood vessels. Human
cells formed clusters with αβ T cells in vascularized dermal
“pockets,” indicating that they rarely migrate between skin and
blood. A small number of γδT cells in the human skin, as
compared to mice, may explain the lower regeneration ability of
human skin when injured (Gay et al., 2013).

The Wnt pathway makes an important contribution to de
novo HF formation (Gong et al., 2018). Myung and co-authors
used K14-CreER;Wlsfl/fl (WlsK14cKO) mice with knockout of
Wintless, the gene, corresponding to Wnt secretion in the basal
cells of IFE and HF. In the mouse model of wound healing, the
absence of DP formation in the dermis of mutant animals was
shown using alkaline phosphatase (AP) whole-mount staining
(Myung et al., 2013). Transfection of human HFDP cells by
negative Wnt regulator CXXC5 led to downregulation of β-
catenin, AP and PCNA, and knockdown of CXXC5 had the
opposite effect. Lee and colleagues assume that Wnt3a activates
CXXC5. Exposure of human DP cells to Wnt3a increased
CXXC5 via a negative feedback mechanism. It is suggested
that interruption of Wnt inhibitory signaling may stimulate
WIHN, especially in humans (Lee S.H. et al., 2017_B). As it was
mentioned above, in addition to γδT cells, the Wnt pathway can
be activated by macrophages.

Lee and colleagues showed that γδT cells affect HFSCs not
only indirectly through Wnt-mediated contributions to WIHN.
These cells are an excellent example of the direct relationship
between wound healing and HFSCs activation, as they stimulate
the proliferation of bulge CD34 + HFSCs. The authors used the
conditional knockout model for the caspase-8 gene in epidermal
cells for simulating wound healing to investigate the role of
IL-1 in EpiSC activation during this process (Lee P. et al.,
2017_A). Previously it was shown that caspase-8 loss led to
upregulation of IL-1α secretion because of an influence on
caspase-1, which take part in the conversion of IL-1 precursor
into an active form (Lee et al., 2009). Caspase-8 is widely known
for its participation in the process of death receptor apoptosis,
but besides, it has other functions. For example, it is involved
in the processing of IL-1β, which contributes to inflammation
(Gurung and Kanneganti, 2015).

Furthermore, IL-1β can indirectly influence HF:
transplantation of IL-1β-stimulated bone marrow-derived
macrophages into mice induced hair growth (Osaka et al., 2007).
Lee and colleagues proposed the following HFSCs activation
scheme: after wounding, the expression of caspase-8 decreases
and, as a result, IL-1α is released from keratinocytes, which,
together with IL-7, increases the population of γδT-cells (Lee
P. et al., 2017_A). The latter stimulates the proliferation of
bulge stem cells and mobilize them for wound healing. In
inflammatory conditions keratinocytes also secrete CCL2
(Behfar et al., 2018), which attracts macrophages secreting

IL-1β inducing hair growth. This mechanism potentiates
the effect of IL-1 and IL-7/γδT cells on HFSCs proliferation
(Lee P. et al., 2017_A). The above data once again proves
the complicated interconnections between HFSCs activation
pathways, inflammation participants, and cell death.

The scarring, which accomplishes the regeneration, much
depends on the inflammatory process features, as well as
on the expression of the cytokine profile (Liechty et al.,
2000). However, scar development precludes restoration of
the structure and functions of the wounded skin amply,
not to mention severe complications such as keloids (Lim
et al., 2018). Therefore, studies focusing on the possibility of
regulating scar development via modulating the inflammation
are of great practical importance. For example, in mice lacking
T-lymphocytes, wounds heal without scars; however, in mice that
do not develop both T- and B-lymphocytes, skin regeneration
ends with scarring (Gawronska-Kozak et al., 2006). In the
fetus, the skin regenerates without scars, since fetal wound
healing occurs with a reduced inflammatory reaction, in part
because macrophages, neutrophils, and mast cells of the fetus
differ in size and maturity from those in adult tissues (Takeo
et al., 2015). Martin et al. (2003) argue that inflammation
is not prerequisite for effective wound healing if antibiotics
stop the development of a bacterial infection. In the pu.1 −/−

mouse model, which does not develop functioning neutrophils
and macrophages, skin regeneration is similar to fetal healing
without the development of an inflammatory response and, as
a result, under conditions of lower levels of TGF-β and IL-6.
Thus, at the moment, information about the possibility of a
direct influence on the scar through inflammation modulation
is contradictory.

Nevertheless, studies are pointing out the possibility of
indirect eliminating the effects of excess inflammation manifested
by fibrotic scarring via agents produced by dermal cells. Lim and
colleagues showed in their work that activation of Sonic hedgehog
pathway leads to the formation of DP, which is a necessary
condition for follicular neogenesis, which, in turn, leads to the
restoration of skin functions at the site of injury and prevents the
formation of scars (Lim et al., 2018).

Consequently, inflammation, scarring, and WIHN are
interlinked. This is confirmed by fibrotic healing in WIHN−
mice wounds. In this type of wounds, unlike WIHN+ ones, late
macrophages phagocytized a Wnt inhibitor SFRP4. In the late
stages of wound healing, Wnt ligands paradoxically induced
fibrotic healing, and these ligands are decreased in WIHN+
wounds. A similar process occurs in humans (Gay et al., 2020),
where wounds lack WIHN and commonly heal with a cosmetic
defect. Thereby, the role of Wnt ligands in wound healing is
controversial: on the one hand, they can promote WIHN, which
prevents scar formation and causes skin restoration; on the
other hand, chronic expression of such ligands can cause wound
fibrosis. Since macrophages phagocytize Wnt-inhibitor, it can be
assumed that the chronic presence of Wnt ligands in the wound
may be a consequence of prolonged inflammation, causing
impaired regeneration and abnormal scarring.

At the moment, the involvement of different types of stem
cells in HF neogenesis is under discussion (Plikus et al., 2015).
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There is evidence that first telogen Lgr6 + stem cells transplanted
onto the backs of nude mice are capable of reconstructing HF
(Snippert et al., 2010). Another study gives a key role in follicular
neogenesis to bulge Lgr5 + stem cells. Depletion of Lgr5 + cells
in Lgr5-Cre:R26DTR/ + mice resulted in WIH-A arrest on PWD
15 as well as a decrease in the number of neogenic HF by
PWD 21-23 (Wang et al., 2017). However, another type of bulge
stem cells, Krt15-expressing cells, are not involved in WIHN
(Plikus et al., 2015).

Proper WIHN requires dermal papilla (DP) formation
likely occurring by condensation of dermal fibroblasts or
pre-existing progenitors. Experiments on Blimp-1 knock-
out mice demonstrated a violation of WIHN, suggesting
an essential function of fibroblasts expressing Blimp-1 in
DP neogenesis (Telerman et al., 2017). On the other hand,
DP cells themselves take part in wound healing. Being one
of the main components of the wound environment, TGF-
β1 upregulates the expression of fibroblast-specific protein
1 (FSP1) and vimentin in DP cells and downregulated α-
SMA expression suggesting that DP cells can differentiate
into fibroblasts during wound healing (Bin et al., 2013).
DP can also contribute to wound healing by secreting
the anagen-inducing hormone leptin (Jimenez et al.,
2015), which was shown to improve the migration and
proliferation of keratinocytes as well as to accelerate angiogenesis
(Tadokoro et al., 2015).

Thus, to sum up, inflammation during wound healing
is like a double-edged sword. On the one hand, excessive
inflammation leads to the establishment of long-term non-
healing wounds. The optionality of inflammation for wound
healing was shown by a series of experiments, for example,
with the ablation of functioning neutrophils and macrophages.
On the other hand, the release of the inflammatory cytokine
TNF-α is a significant factor in WIHN, which is a prerequisite
for scar formation without a cosmetic defect. Also, we can
make one more conclusion about the potential intersection
of wound healing and activation of HFSCs not only through
wound healing cascades but also in other ways, for example,
through programmed cell death. These considerations are
prompted by data on the role of the upstream activator
of apoptosis and necroptosis TNF-α and the downstream
participant of apoptosis Caspase-8 (Varfolomeev and Vucic,
2018) in the activation of HFSCs as well as in normal and
pathological wound healing.

DISCUSSION

Undoubtedly, there is a close interplay between the activation
of EpiSC, specifically, HFSCs, as a whole and WIHN as its
particular manifestation with the participation of wound healing
via inflammatory cells, mediators, and dsRNA. Inflammation
is involved in the regulation of HF cycling in intact skin and
into the activation of HFSCs during wound healing. However,
there is a reason to believe that the relationship between HFSCs
functioning and wound healing has a much more complex
regulation. We want to take a chance here and suppose that

this regulation may comprise not only inflammatory agents
but also components of the signaling pathways of cell death,
including apoptosis and necroptosis. As it was discussed above,
ROS, activators of pro-apoptotic and inflammatory cascades,
together with the “external” apoptosis and necroptosis activators
TNF-α and dsRNA, and the downstream mediator of apoptosis
caspase-8 influence wound healing and HFSC activation. These
findings are particularly interesting since apoptosis is classically
considered to be a non-inflammatory way of cell death (Nagata,
2018). There are also new data suggesting that apoptotic cells
are not inert: they may trigger genes associated with wound
healing, proliferation, and a decrease in inflammation in adjacent
cells (Medina et al., 2020). It is known that the signaling
pathways of inflammation and cell death are interconnected
through RIPK-1 and RIPK-3, including the situation of wound
healing, as shown in several studies (Takahashi et al., 2014;
Godwin et al., 2015; Moriwaki et al., 2015; Gupta et al., 2018).
Such intersections can also occur in the HF. Moreover, it can
be speculated that RIPK-1 and RIPK-3 play an unexpected
role in HF dynamics. We found the cycle-related expression
of RIPK-1 and RIPK-3 in mouse and human HF cells: It was
found in the anagen HFs and absent in telogen ones (Morgun
et al., 2020). As it was described above, hair growth may be
promoted via dsRNA/TLR3/IL-6/STAT3 pathway (Nelson et al.,
2015, 2016a_A; Nelson et al., 2016b_B). Based on Moriwaki
data obtained in a mouse model of colitis, as well as in an
experiment on bone-marrow-derived dendritic cells, it can be
concluded that after LPS-induced stimulation of TLR4, RIPK-
3 participates in the activation of the NF-κβ pathway, which
leads to interleukin expression and STAT3 phosphorylation
(Moriwaki et al., 2014). It may be speculated that RIPK-
3-induced activation of NF-κβ is an additional intermediate
link between the stimulation of the TLR3 and IL-6/STAT3-
induced hair growth.

The regulation of inflammation and other processes that occur
during wound healing is very complex and multidirectional.
Excessive scarring can cause a cosmetic defect, while a delay
in the formation of a scar (like in a non-healing wound) can
cause severe complications during the wound healing process.
The functions of HF in wound healing are also a two-way street: it
is a source of stem cells both for re-epithelialization and for self-
regeneration, while its neogenesis in the wound bed is essential
for the functional recovery of the skin after injury. However,
humans are unable to accomplish WIHN. Likewise, there is no
adequate model for studying the damaged human HF. There are
several in vivo and in vitro models admitting studies of human HF
life activities. For example, researchers offer a humanized scalp
model (Yamao et al., 2015), a SCID mouse xenotransplantation
model (Oh et al., 2016), and in vitro culture model of a single
human HF (Ma et al., 2016), and DP organoid model (Gupta
et al., 2018). It is believed that the use of HF or their cellular
components can significantly affect the course of wound healing,
while in situ induction of hair growth during wound healing
can stimulate epimorphic regeneration instead of scarring (Rippa
et al., 2019). Attempts to transplant or “grow” HF in the
wound bed have a long history. There is a classic work of the
Jahoda with co-authors, where the induction of hair growth by
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transplantation of cultured DP cells in the lower part-amputated
HF, was shown (Jahoda et al., 1984). Kageyama and colleagues
showed HF development after the transplantation of bead-
based HF germs, which were prepared with mouse embryonic
mesenchymal cells or human DP cells and epithelial cells, into
the back of nude mice (Kageyama et al., 2019). Lei and co-
workers accomplish in vivo hair growth after transplantation
of organoids, which were developed from mice neonatal
epidermal and dermal cells (Lei et al., 2017). Lee and co-authors
generated the artificial HF using mouse pluripotent stem cells
in an in vitro study (Lee et al., 2018). Using skin epidermal
keratinocytes and human DP cells we fabricated an artificial
hair germ-like structures expressing a number markers, such
as Lef1, EpCAM, and P cadherin attributed to folliculogenesis
(Kalabusheva et al., 2017). Abaci and colleagues managed to
compose a factitious human HF inside bioengineered skin
constructs (HSCs) using 3D-printed molds. Transfection of DP
cells with Lef-1 restored the intact transcription signature of
the DP and significantly increased expression of markers of
the inner and outer root sheath, as well as the medulla, which
indicated the efficiency of cell differentiation within the HSCs
toward the HF. Moreover, human umbilical vein endothelial
cells (HUVECs) were encapsulated into HSCs, and this resulted
in HF vascularization and in the hair growth stimulation
in immunodeficient mice (Abaci et al., 2018). Returning to
the subject of our review, we suggest that engagement of
inflammatory cells during HF-like structure fabrication may
improve the outcome of transplantation. Notably, there could be
used not only distinctive for skin in steady state immune cells,
such as Tregs or γδT cells but also polymorphonuclear leukocytes
(in particular, neutrophils) and macrophages. Thus, partial
simulation of wound milieu may be helpful to reproduce WIH-
A and WIHN microenvironment during hair transplantation
into the scar, which is a promising method of its amelioration
(Jung et al., 2013), or into the balding scalp. It may be
proposed, that macrophages within the hair-bearing graft could
improve hair growth by three ways: trough AKT/β-catenin
activation (Wang et al., 2017); via induction of Wnt-signaling
by dint of growth factors release (Kasuya et al., 2018), or
production of Wnt-ligands upon their apoptosis activation
(Castellana et al., 2014). Neutrophils, releasing ROS, could
stimulate secretion of growth factors by DP cells and, thus, cause
hair growth, maintain DP identity and support correct epithelial-
mesenchymal interactions through the restoration of native DP
signature (Zheng et al., 2019).

Thereby, the study of the components of inflammatory
cascades as general targets for the treatment of wound healing
and pathologies assumes a new significance. According to
EpiSC plasticity, it may be proposed, that inflammation milieu
can promote HF development from cultured cells transplanted
into the wound. However, inflammation- induced effect on
stemness can not only ameliorate wound healing but also
cause diseases associated with pathological cell proliferation
and differentiation failure, for example, psoriasis. Likewise,
several germinative epidermal cells have an “inflammatory
memory”, which in the experiment leads to better healing,
though the long-term outcome of this approach in humans
is unknown. In addition, it is known, that skin pathologies
characterized by excessive inflammation such as epidermolysis
bullosa (Mallipeddi, 2002) and burns (Koh et al., 2014) improve
the risk of squamous cell carcinoma. It can be assumed that
inflammation so radically affects the homeostasis of the epidermis
that differentiated epidermal cells acquire stem features, and
epidermal SC overreact, resulting in malignant skin degeneration.
This is another indirect evidence of the ambiguity of the effect
of inflammation on the differentiation status of epidermal cells.
Consequently, using TNF-α, ROS, and NO, as well as cells, which
release these inflammatory agents, can be problematic, as they can
cause quite severe skin pathologies. Thus, it is necessary to find a
delicate regulation of inflammatory cascades.
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Alopecia arises due to inadequate hair follicle (HF) stem cell activation or proliferation,
resulting in prolongation of the telogen phase of the hair cycle. Increasing therapeutic
and cosmetic demand for alleviating alopecia has driven research toward the discovery
or synthesis of novel compounds that can promote hair growth by inducing HF
stem cell activation or proliferation and initiating the anagen phase. Although several
methods for evaluating the hair growth-promoting effects of candidate compounds are
being used, most of these methods are difficult to use for large scale simultaneous
screening of various compounds. Herein, we introduce a simple and reliable in vitro
assay for the simultaneous screening of the hair growth-promoting effects of candidate
compounds on a large scale. In this study, we first established a 3D co-culture system
of human dermal papilla (hDP) cells and human outer root sheath (hORS) cells in
an ultra-low attachment 96-well plate, where the two cell types constituted a polar
elongated structure, named “two-cell assemblage (TCA).” We observed that the long
axis length of the TCA gradually increased for 5 days, maintaining biological functional
integrity as reflected by the increased expression levels of hair growth-associated
genes after treatment with hair growth-promoting molecules. Interestingly, the elongation
of the TCA was more prominent following treatment with the hair growth-promoting
molecules (which occurred in a dose-dependent manner), compared to the control
group (p < 0.05). Accordingly, we set the long axis length of the TCA as an endpoint
of this assay, using a micro confocal high-content imaging system to measure the
length, which can provide reproducible and reliable results in an adequate timescale.
The advantages of this assay are: (i) it is physiologically and practically advantageous as
it uses 3D cultured two-type human cells which are easily available; (ii) it is simple as it
uses length as the only endpoint; and (iii) it is a high throughput system, which screens
various compounds simultaneously. In conclusion, the “TCA” assay could serve as an
easy and reliable method to validate the hair growth-promoting effect of a large volume
of library molecules.

Keywords: alopecia, hair follicle, in vitro assay, outer root sheath cell, screening assay, dermal papilla cell
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INTRODUCTION

Each mammalian hair follicle (HF) is a mini organ that undergoes
regenerative cycling, consisting of the following phases: telogen
(quiescence), anagen (regeneration), and catagen (degeneration)
(Lei and Chuong, 2016). Inadequate HF stem cell activation or
proliferation with telogen phase prolongation causes alopecia
(Lei and Chuong, 2016). This condition can present in numerous
pathologies, such as premature aging, overt hormonal effects, or
drug side effects (Price, 1999). In terms of quality of life, alopecia
is a distressing event affecting millions of people worldwide
(Hunt and Mchale, 2005), potentially causing severe negative
psychological effects (Cash, 1992).

To date, two FDA approved drugs, finasteride and minoxidil
(MNX), are used to treat patients with certain types of
alopecia in respect of modulating the HF regeneration cycle
and promoting hair growth (Rittmaster, 1994; Messenger and
Rundegren, 2004). However, new molecules that can effectively
treat alopecia are needed, considering the limited usage range
and/or ineffectiveness of finasteride and MNX in a proportion of
patients. The increasing therapeutic and cosmetic demand for the
alleviation of alopecia has driven research toward the discovery or
synthesis of novel compounds that can promote hair growth by
mirroring HF stem cell activation or proliferation and initiating
the anagen phase.

To date, several methods for evaluating the hair growth-
promoting effects of candidate compounds have been used:
in vitro human dermal papilla (hDP) and human outer root
sheath (hORS) cell assays, ex vivo human HF (hHF) organ
culture, and animal models (Ohn et al., 2019). However,
most of these methods are difficult to use for large scale
simultaneous screening of various compounds, because of
the limited availability of hHFs (Havlickova et al., 2009).
In order to screen the hair growth-promoting efficacy of
candidate substances in a large molecular library scale, an
easily obtainable and accessible platform is essential. Herein,
we introduce a simple and reliable in vitro assay, named the
“two-cell assemblage (TCA)” assay, using two types of hHF-
constituting cells, hDP and hORS, for the simultaneous screening
of the hair growth-promoting effects of candidate compounds
on a large scale.

MATERIALS AND METHODS

Ethics Statement
This study protocol was approved by the Institutional Review
Board of Seoul National University (2005-067-1124), adhering
to Helsinki guidelines. All subjects provided written informed
consent before scalp skin tissues were taken.

hDP and hORS Cells Preparation
Healthy young Koreans, with no obvious scalp diseases, provided
occipital scalp skin tissue for this study. From the tissue, hHFs
were isolated and dissected into single follicular units with a
No. 20 blade under a stereomicroscope (Olympus). The micro-
dissected hHFs were used for primary hDP and hORS cell

cultures. The hDP cells were cultured as described previously
(Magerl et al., 2002). In short, candlelight-shaped dermal papilla
(DP) of HFs were dissociated in Dulbecco’s Modified Eagle’s
Medium (Welgene) supplemented with 10% fetal bovine serum
(Welgene) and antibiotic/antimycotic solution (penicillin and
streptomycin; Gibco). For hORS cells, the hair shaft and bulb
region of the dissected hHF were cut off and immersed in
DMEM supplemented with 20% FBS, as described by Choi
et al. (2019). On the third day, the medium was changed to
Epilife medium (Gibco) supplemented with human keratinocyte
growth supplement (Gibco) and antibiotics/antimycotics. We
used a fluorochrome (Cell Tracker CM-DiI Dye or Qtracker
525 Cell Labeling Kit, Invitrogen), in accordance with the
manufacturer’s instruction, to label the cultured hORS or hDP
cells, respectively. All cells were kept in a humidified 5% CO2
atmosphere at 37◦C.

TCA Structure Preparation and
Treatment With Hair Growth-Promoting
Molecules
The TCA assay employed herein is a simple in vitro method
for screening hair growth-promoting compounds. Each TCA
structure was prepared in an ultra-low attachment 96-well plate
(Figure 1A), in which the two kinds of human cells (3D
co-cultured hDP and hORS) constituted a unipolar elongated
structure (Figure 1B). In detail, the cultured hDP cells (passage
2 or 3; 5 × 103 cells/well) were combined in a single cell
suspension and seeded in each well of the 96-well plate in
Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal bovine serum and an antibiotic/antimycotic solution. The
seeded hDP cells amassed and aggregated into a spherical
structure in each well on day 0. On day 1, we added
cultured hORS cells (passage 2 or 3; 5 × 103 cells/well)
into each well, replacing the media with William’s E medium
(Gibco) supplemented with 2 mM L-glutamine, 10 ng/mL
hydrocortisone, and 10 µg/mL insulin. From days 1 to 5,
culture media supplemented with each hair growth-promoting
molecule at the designated concentration was used for the
TCA culture and changed every other day (Figure 1B).
All procedures were undertaken at 37◦C in a 5% CO2
atmosphere.

Hematoxylin/Eosin (H&E) and
Immunofluorescence Staining
Two-cell assemblage structures were mounted in Tissue-Tek
cryo-OCT compound (Thermo Fisher) and frozen on dry ice.
The frozen blocks were sectioned at a thickness of 8 µm at
−25◦C and were stained with hematoxylin/eosin (H&E). For
immunofluorescence staining, the cryosections were incubated
at 4◦C overnight in a primary mouse antibody against human
alkaline phosphatase (ALP) or Keratin 14 (K14), diluted in
diluent reagent (Invitrogen). The nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). The
stained slides were observed and photographed under a Nikon
Eclipse Ci-L microscope or a Nikon Eclipse Ni-E fluorescence
microscope (Nikon).
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FIGURE 1 | Schematic work flow for preparing the “two-cell assemblage (TCA)” structure and screening hair growth-promoting compounds. (A) Each TCA was
loaded into each well of the ultra-low attachment 96-well plate, in which candidate compounds were treated for 5 days. The long axis length of the TCAs was
acquired using a high content imaging system. The data for each candidate compound-treated group were compared to reveal the most effective compound, which
would then require further evaluation. (B) Preparation of the TCA consisting of human dermal papilla (hDP) and human outer root sheath (hORS) cells, which was
elongated for 5 days. The long axis length was measured without any treatment and compared with the culture day time points (right upper panel, data are presented
as mean ± SEM and were evaluated using one-way analysis of variance with Tukey’s multiple comparisons test. *p < 0.05 or ***p < 0.001, compared to day 1).

Quantitative Real-Time Polymerase
Chain Reaction (qPCR)
Experiments were performed by pooling 48 TCA structures for
each quantitative real-time polymerase chain reaction (qPCR)
experiment. Total RNA was isolated from the collected TCA
structures 24 h after each hair growth-promoting molecule
was used, using RNA iso Plus (TaKaRa Bio) and DNase I
(Roche Pharmaceuticals). We used 1 µg of total RNA for
the cDNA synthesis using a First Strand cDNA Synthesis Kit
(Fermentas), according to the manufacturer’s instructions. The
qPCR was performed in a 7500 Real-Time PCR System (Applied
Biosystems) using SYBR Premix Ex Taq (TaKaRa Bio), according
to the manufacturer’s instructions. The primer sequences are
shown in Table 1. All experiments were performed in triplicate

and were independently repeated three or four times. Data are
presented as fold change relative to a control group, which was
normalized to GAPDH expression.

Image Acquisition for TCA and Statistical
Analysis
A high content screening system (ImageXpress Micro Confocal
High-Content Imaging System, Molecular Devices) was used
for TCA image acquisition from day 1 to 5, every other day
(Figure 1). Quantification of the long axis length of the TCA
structures was performed automatically, based on the statistical
analysis being employed. All statistical analyses were performed
in the Prism 8 software package (GraphPad Software), using the
Kruskal–Wallis test with a post hoc test, one-way analysis of
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TABLE 1 | Primer sequence for real-time polymerase chain reaction.

Human VEGFA

Sense ACT TCT GGG CTG TTC TCG

Antisense TCC TCT TCC TTC TCT TCT TC

Human HGF

Sense CGC AGC TAC AAG GGA ACA GT

Antisense TCC TGT AGG TCT TTA CCC CGA

Human IGF-1

Sense TTC AAC AAG CCC ACA GGG

Antisense GGT GCG CAA TAC ATC TCC

Human FGF-7

Sense TTG TGG CAA TCA AAG GGG TG

Antisense CCT CCG TTG TGT GTC CAT TT

Human FGF-10

Sense TTC AAG GAG ATG TCC GCT

Antisense GAT GCT GTA CGG GCA GTT

Human PDGFA

Sense GCC CAT TCG GAG GAA GAG

Antisense TTG GCC ACC TTG ACG CTG CG

Human PDGFB

Sense GAA GGA GCC TGG GTT CCC

Antisense TTT CTC ACC TGG ACA GGT

variance with a post hoc test, or two-way analysis of variance
with a post hoc test. All tests were two-tailed, and p < 0.05 was
considered statistically significant.

RESULTS

TCA Structures Configured
Spontaneously and Elongated in a
Unipolar Manner Over 5 Days
The hDP cells seeded in the ultra-low attachment 96-well plate
spontaneously aggregated into a 3D spherical structure within
24 h. The spheroidal hDP cellular mass was surrounded by
hORS cells, which were subsequently seeded, resulting in a TCA
structure (Figure 1B). The TCA became elongated in a unipolar
manner over the 5 days of the study, with a statistically significant
difference in the long axis length on day 5 compared to day
1 (Figure 1B, upper right panel). The hORS cells in the TCA
constituted the elongated portion of the structure (Figure 1B).

The Microstructure of the TCA in vitro
Microscopic observation of the H&E stained TCA revealed
spatial segregation in the inner cell mass and the outer shell
cell layer (Figure 2). To check whether the inner cell mass was
composed of hDP cells, we performed immunohistochemical
staining for ALP, a signature marker of DP cells (Yang and
Cotsarelis, 2010). Indeed, ALP was detected in the inner cellular
mass, indicating that the amassed cells were hDP cells, as they
mimicked the DP structure of an intact hHF organ (Figure 2).
Immunofluorescent staining for K14 confirmed that the cells in
the outer shell cell layer and the elongated portion of the TCA
were hORS cells (Stark et al., 1987) (Figure 2). Furthermore, we

FIGURE 2 | Histological characterizations of the “two-cell assemblage (TCA)”
structure. Microscopic images of the TCA were visualized at days 1, 3, and 5
of culture, using hematoxylin and eosin stain, immunohistochemical stain
(alkaline phosphatase, ALP), or immunofluorescence stain (keratin 14, K14;
cell-labeling dye, CM-Dil). Bar: 100 µm.

used a cell tracking method to check the origin of the inner cell
mass and outer shell cell layer. Green and red fluorescent colors
were detected in the inner mass and the outer layer, respectively,
confirming that our cultured hDP and hORS cells constituted the
TCA structure (Figures 1B, 2).

Hair Growth-Associated Gene
Expression in the TCA Increased After
Treatment With Hair Growth-Promoting
Molecules
To evaluate the biological integrity of the TCA structure
consisting of hDP and hORS cells, we measured the expression
of hair growth-associated genes using real-time PCR, after
treatment with well-established hair growth-promoting
molecules, namely, MNX (Messenger and Rundegren, 2004),
valproic acid (Jo et al., 2014), purmophamine (Paladini et al.,
2005), and tofacitinib (Harel et al., 2015). If treatment of the
established HF growth promotors on the TCA induced notable
changes in the expression of genes associated with regulating
HF growth or cycling, it could be inferred that the TCA would
function as a suitable model for a HF mimetic. Among the hair
growth-associated genes, we checked the mRNA expression levels
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of vascular endothelial growth factor (VEGF) (Yano et al., 2001),
hepatocyte growth factor (HGF) (Shimaoka et al., 1995), insulin-
like growth factor 1 (IGF1) (Philpott et al., 1994), fibroblast
growth factor (FGF) 7 (Iino et al., 2007), FGF10 (Jang, 2005),
and platelet-derived growth factor (alpha and beta; PDGFA and
PDGFB) (Tomita et al., 2006) in the TCA (Figure 3). Indeed,
most of the investigated genes showed increased expression
levels with statistical significance after treatment with the hair
growth-promoting molecules (Figure 3). Thus, we confirmed
that the TCA maintained biological functional integrity when
reacting to hair growth-promoting molecules.

The Phenotypic Feature of the TCA as an
Indicator of Hair Growth-Promoting
Potential
Based on the findings that the TCA was elongated in the in vitro
culture environment and had intact biological functionality,
we observed its phenotypic features every other day during
treatment with the hair growth-promoting molecules, paying

particular attention to the long axis length. We used a micro
confocal high-content imaging system, which could provide
reproducible and reliable results in a timely manner when
carrying out statistical analyses. Interestingly, we observed
that the degree of TCA elongation increased with increasing
treatment of the hair growth-promoting molecules (Figure 4A).
On the fifth day of culture, for all molecules, we observed
a statistically significant difference in the length of the TCA
compared to each control group, revealing that the TCAs in
groups treated with hair growth-promoting molecules were
elongated prominently in a dose-dependent manner, compared
to those in the control group (Figure 4A). The long axis length of
the TCA on day 5 (Figure 4B) serves as an indication of the hair
growth-promoting potential of the candidate molecule.

DISCUSSION

To date, several methods for evaluating the hair growth-
promoting effects of candidate compounds have been used,

FIGURE 3 | Characterizations of biological functionality in the “two-cell assemblage (TCA)” structure. Quantitative analysis of changes in the expression of hair
growth-associated genes of the TCA after treatment with minoxidil (MNX), valproic acid (VP), purmophamine (PURMO), or tofacitinib (TOFA). The expression levels of
genes were normalized to levels of the reference gene, GAPDH. Data are presented as mean ± SEM and were evaluated using the Kruskal–Wallis test with Dunn’s
multiple comparison test.*p < 0.05 or **p < 0.01, compared to each control group (0 µM). Three or four independent experiments were carried out for each
condition.
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FIGURE 4 | Comparison of the long axis length of the “two-cell assemblage (TCA)” structure. (A) The long axis length of the TCA was compared after treatment with
each molecule, with designated concentrations on the TCA structures, across three time points. Data are presented as mean ± SEM and were evaluated using
one-way analysis of variance with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, or ***p < 0.001, compared to each control group on day 1. (B) The long
axis length of the TCA was compared on day 5 among the different concentrations of each molecule. Data are presented as mean ± SEM and were evaluated using
one-way analysis of variance with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, or ***p < 0.001, compared to each control group (0 µM).

mainly based on hHF cells or the hHF organ (Yoo et al., 2010).
Additionally, a human epidermal keratinocytes-based system
measuring TGF-β1 promoter activity has been proposed (Huh
et al., 2009). Although the hHF organ culture method has the
advantage of being reliable (Philpott et al., 1996), its limited
availability makes it difficult to screen many compounds. In order
to evaluate and compare the hair growth-promoting efficacy of
candidate substances in a large molecular library at once, an easily
obtainable and accessible platform is necessary.

We established, herein, an hDP cellular mass structure as a
backbone of the TCA assay. hDP cells are commercially available
and can be easily cultured and mass produced. Indeed, in vitro
assays using hDP cells have been widely used as validating
models for hair growth-promoting molecules (Madaan et al.,
2018), based on the fact that DP play crucial roles in hair
growth and HF regeneration by regulating HF cells (Yang and
Cotsarelis, 2010; Lei et al., 2017b). In this assay, hDP cells
were observed to have spontaneously aggregated into a spherical
structure within 24 h, which is consistent with previous studies
(Higgins et al., 2010; Huang et al., 2013; Topouzi et al., 2017).
The cellular properties of 3D spheroid cultured hDP cells were
different from those observed for cultured cells in a 2D culture
environment (Higgins et al., 2010). These differences include
enhanced expression profiles of key DP signature genes (Gupta
et al., 2018; Tan et al., 2019), and HF inductive ability (Kang
et al., 2012; Higgins et al., 2013), suggesting that 3D cultured hDP
cells are more similar, having exhibited physiologic intact DP
status in vivo. Consequently, 3D cultured hDP spheroid-based
drug assay systems that employ direct quantitation of DP cell

proliferation or enhanced gene expression of growth factors and
extracellular matrix proteins as efficacy indicators after treatment
with hair growth-modulating molecules have been suggested
(Lim et al., 2013; Gupta et al., 2018).

However, hDP cells alone cannot fully reflect the HF growth-
promoting effect of candidate molecules, as HF is a mini-
organ consisting of epithelial and mesenchymal components
that interact reciprocally (Rendl et al., 2005; Chan et al., 2015;
Huang et al., 2017). Accordingly, we grafted hORS cells into the
3D spheroid hDP cell mass structures to mimic the epithelial
part of the HF, maintaining the spatial separation of two kinds
of cells, thus resembling HF in vivo. We observed that the
dissociated hORS cells encapsulated the hDP cell mass without
any manipulation. Indeed, it has previously been found that
dissociated skin cells have the potential to undergo a self-
organization process (Lei et al., 2017a; Weber et al., 2019).
The inner core–outer shell micro structures with unipolar
orientation were not limited to our hORS and DP cell co-
culture model. A recent study found that a keratinocyte and
hDP cell co-culture system formed a similar structure with
migratory polarization conserving central hDP cell aggregation
(Tan et al., 2019). In another study attempting to establish an
in vitro 3D organoid model, DP spheroids with a silk-gelatin were
encapsulated by HF epithelial cells in a co-culture system (Gupta
et al., 2018). Furthermore, hDP cell aggregates cultured with
epithelial cells more prominently expressed DP-specific signature
genes than those without epithelial cells (Gupta et al., 2018;
Kageyama et al., 2019). Collectively, using a 3D aggregation of
hDP cells co-cultured with hORS cells would be a reasonable
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methodology mimicking a physiologic HF organ in vivo, as
inaugurated in our TCA assay for screening the hair growth-
promoting effects of candidate compounds.

Previously, Havlickova et al. (2009) proposed a simplified
HF-like 3D in vitro system for discovering hair growth-
promoting drugs, consisting of hDP and hORS cells within
an extracellular matrix. Their system used immunofluorescent
staining-based findings for Ki67+ or TUNEL+ cells in the
folliculoid microsphere structure as endpoints for determining
the HF growth potential of candidate compounds. While this
is a reasonably well implemented system, an additional step
for staining each microsphere structure is needed to quantify
the immunofluorescent signals. Herein, we obtained screening
results based only on the length of the polar elongated TCA
structures, without any further evaluation. Using length as an
indicator for screening the hair growth-promoting effects can
be optimized by complementing it with a high-throughput
automated confocal microscopy platform, which is widely used
for rapid large scale drug discovery (Dorval et al., 2018). In
this way, we further cut down the labor and time demands
required to measure the statistics, relative to the manual
quantifying process (Figure 1A). Our phenotypic screening
system would provide researchers with a high-throughput system
with automated analytic processing of raw datasets, enabling the
identification of the most promising molecule among a group of
candidate molecules.

In this TCA assay, we used two types of hHF-constituting
cells: hDP and hORS. However, the hair growth cycle is affected
by the in vivo microenvironment around the hHFs, considering
that each in vivo hHF organ interacts with neighboring cells,
such as fibroblasts, endothelia, immunocytes, melanocytes, nerve
cells, and adipocyte, as well as the extracellular matrix (Chen
et al., 2016; Fan et al., 2018; Chen et al., 2020). Hence, using two
kinds of hHF constituent cells, as done in this method, would not
be enough to fully reflect the in vivo microenvironment (Abaci
et al., 2017). Indeed, a combination of an outer adipose-derived
stem cell shell and an inner DP core has been shown to exhibit
superior DP signatures compared to DP cells alone (Huang et al.,
2016). It is therefore necessary to develop an in vitro assay system
integrating other types of cells and extracellular structures to
simulate the in vivo hHF in the future.

Nevertheless, the advantages of this assay are: (i) it is
physiologically and practically advantageous as it uses 3D
cultured two-type human cells, which are easily available; (ii) it
is simple as it uses length as the only endpoint; (iii) the presence
of a high throughput system, which screens various compounds
simultaneously. In conclusion, the “TCA” assay could serve as a
method to validate the hair growth-promoting effect of a large
volume of library molecules, although this assay needs to be
validated further.
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Much remains unknown about the regulatory networks which govern the dermal
papilla’s (DP) ability to induce hair follicle neogenesis, a capacity which decreases
greatly with age. To further define the core genes which characterize the DP cell
and to identify pathways prominent in DP cells with greater hair inductive capacity,
comparative transcriptome analyses of human fetal and adult dermal follicular cells were
performed. 121 genes were significantly upregulated in fetal DP cells in comparison to
both fetal dermal sheath cup (DSC) cells and interfollicular dermal (IFD) populations.
Comparison of the set of enriched human fetal DP genes with human adult DP,
newborn mouse DP, and embryonic mouse dermal condensation (DC) cells revealed
differences in the expression of Wnt/β-catenin, Shh, FGF, BMP, and Notch signaling
pathways. We chose R-spondin-1, a Wnt agonist, for functional verification and show
that exogenous administration restores hair follicle neogenesis from adult mouse cells in
skin reconstitution assays. To explore upstream regulators of fetal DP gene expression,
we identified twenty-nine transcription factors which are upregulated in human fetal DP
cells compared to adult DP cells. Of these, seven transcription factor binding motifs were
significantly enriched in the candidate promoter regions of genes differentially expressed
between fetal and adult DP cells, suggesting a potential role in the regulatory network
which confers the fetal DP phenotype and a possible relationship to the induction of
follicle neogenesis.

Keywords: hair induction, follicle neogenesis, skin reconstitution, dermal papilla, human

Abbreviations: DC, dermal condensate; DP, dermal papilla; DS, dermal sheath; DSC, dermal sheath cup; IFD,
interfollicular dermis.
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INTRODUCTION

The DP, though distinctly different from the DC and primarily
responsible for cyclical regeneration of the mature follicle, retains
the follicle-inducing property of its DC progenitor. Many studies
have demonstrated the capacity of the whole DP or cultured DP
cells to induce new hair follicle formation in hairless epidermis
(Jahoda, 1992; Jahoda et al., 1993). However, the efficiency
of follicle neogenesis varies greatly by organism, follicle type,
and age, with rat vibrissae and newborn mouse pelage DPs
exhibiting much higher rates of follicle neogenesis than adult
mouse or human DPs (Jahoda et al., 2001; Higgins et al., 2013;
Thangapazham et al., 2013). Clinically, the efficiency of human
adult DP inductivity is ineffectively low to be useful for the
treatment of alopecia and requires the harvest of functional
follicles, making it no less invasive or limiting than the current
gold standard of follicular transplantation. If existing adult
DP cells could be expanded in culture and reprogrammed to
possess higher inductive capacity akin to the fetal DC or DP,
transplantation of such cells may offer a new treatment for
androgenetic alopecia or skin injury (Chueh et al., 2013; Higgins
and Christiano, 2014).

With this in mind, we investigated the gene expression
profile of the human fetal DP, a structure which is more
anatomically distinct than the DC, and, through comparative
transcriptomics, determined differences in gene expression
between fetal and adult DP cells. We identified 121 enriched
human fetal DP genes and a subset of transcription factors
upregulated in fetal DP cells compared to adult DP cells which
may regulate the developmentally active fetal DP. Our previous
work on the differences between murine neonatal and adult hair
follicle neogenesis identified important signaling pathways and
described robust in vitro and in vivo hair reconstitution assays for
the examination of key factors in follicle development (Lei et al.,
2017a). In this analysis of human fetal DP cells, the R-spondins, a
family of Wnt agonists, were differentially upregulated and the
exogenous administration of R-spondin-1 rescued hair follicle
neogenesis in adult mouse reconstitution assays.

MATERIALS AND METHODS

Human Tissue
Two adult, non-balding scalp specimens were obtained through
the National Disease Research Interchange (Philadelphia) from
deceased 36- and 54-year old males. Two fetal scalp specimens
were obtained through Novogenix, Inc. (Los Angeles) from
second trimester fetuses electively aborted at developmental ages
16 and 17 weeks. Procurement protocols for both organizations
involved appropriate informed consent for donated tissues.

Isolation of Cell Populations
Frozen sections were stained with the Arcturus Histogene
Kit. IFD regions and DP and DSC cells from anagen-phase
follicles were dissected using pulled glass capillary tubes under
magnification (Figure 1A). RNA was extracted with the Arcturus
PicoPure RNA Isolation Kit. cDNA was amplified from 500

pg of RNA per sample using the Nugen Ovation RNA-Seq
System V2 and fragmented into 300bp segments using a Covaris
sonicator. RNA-Seq libraries were constructed from 80 to
100 ng of cDNA with the Nugen Ovation Ultralow System
V2. Sample concentration and quality was assessed with the
Agilent Bioanalyzer.

RNA-Seq Analysis
More than 100 million 75-bp single-end reads were generated
for each RNA-Seq sample using an Illumina NextSeq 500
sequencer. QualiMap2 was used to measure RNA degradation
and genomic DNA contamination (Okonechnikov et al., 2015).
For secondary RNA-Seq analysis, the human hg19 assembly,
including unplaced and unlocalized scaffolds and RefGene
annotation, was downloaded from the UCSC Genome Browser
on 2016.2.6 (Speir et al., 2016). Low quality bases were trimmed
based on the Phred quality score (>20) from both the 5′-
and 3′-ends. After trimming, reads <50bp or with ambiguous
bases were discarded. Alignment, quantification, normalization,
and differential expression analysis were performed by STAR
2.4.1d (Dobin et al., 2013) through Partek Flow (Partek Inc.),
htseq-count 0.6.0 (Anders et al., 2014), TMM (Robinson and
Oshlack, 2010), and edgeR 3.10.5 (Robinson and Smyth, 2008),
respectively. Genes with count-per-million values >1 in at least
two samples were retained. The false discovery rate (FDR) was
set at <0.05. Principal component analysis, Ward’s hierarchical
method (Ward, 1963), and Venn diagrams were performed with
Partek Genomics Suite 6.16 (Partek Inc.). Pathway enrichment
analysis using Fisher’s exact test and Upstream Regulator Analysis
were performed with QIAGEN’s Ingenuity R© Pathway Analysis.
IPA was also used to build a regulatory network for hair
follicle regenerative potential between fetal and adult DP cells.
Transcription factor binding sites (TFBSs) within candidate
promoter regions were predicted by FMatch (Kel et al., 2003)
based on the TRANSFAC database (Matys et al., 2006). Candidate
promoter sequences were defined as 1,000bp upstream and
100bp downstream of transcription start sites. The 882 non-
differentially expressed genes with the largest FDR values were
used as the background set. The specified cut-offs were selected
as the minimum of the sum of both error rates (minSUM) for the
matrix similarity score and p-value <0.01 for TFBSs enrichment.

Murine Hair Reconstitution Assay
Dorsal skin from 2 month old K14-H2B-GFP transgenic mice
was incubated in 0.25% trypsin solution at 4◦C overnight.
The epidermis was dissociated into a single-cell suspension by
repeated pipette titration and passage through a 70 µm filter.
A single-cell dermal suspension was achieved by incubation
in 0.35% collagenase I solution (Worthington) for 30 min at
37◦C, followed by the addition of DNAse I (Qiagen) and 5 min
incubation at room temperature. Medium containing 10% fetal
bovine serum (FBS) was added and the dermal cells were
dissociated by repeated pipette titration and filtration through
a 40 µm filter. Epidermal and dermal cells were recombined
in a 1:9 ratio in DMEM/F12 culture medium (1:1, Gibco) with
10% FBS (Gibco) and plated drop-wise on a 6-well culture insert
submerged in culture medium. Cultures were incubated at 37◦C
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FIGURE 1 | Low-input RNA-Seq analysis of human scalp. (A) DP, DSC, and IFD cells were manually harvested from frozen sections of human scalp tissue.
(B) Hierarchical clustering of RNA-Seq samples demonstrated clustering of similar cell types despite intersample variation. (C) 121 enriched fetal DP genes were
identified from comparison of the fetal DP transcriptome with fetal DSC and IFD transcriptomes.

and 5% CO2. The following factors were added to the culture
medium: 5 µM protein kinase C inhibitor (Bisindolyl maleimide
I, Cayman Chemical, day 0–6), 25 ng/ml R-spondin-1 (R&D
Systems, day 0–2), 10 ng/ml Wnt3a (R&D Systems, day 1–4), and
10 ng/ml MMP14 (R&D Systems, day 3–6). On day 6, cell culture
inserts were sutured droplet-side down to full-thickness dermal
wounds on nude mice. Hair growth was observed over 6 weeks.
Culture droplets and skin biopsies were stained with propidium
iodide and imaged with a confocal microscope. Epidermal cells
from transgenic mice were detected by GFP fluorescence.

RESULTS

Hair follicle DP cells from different body regions or
developmental ages display varying patterns of gene expression
(Chen et al., 2015). We employed the following strategy to
identify important human fetal scalp DP genes. To identify
genes unique to the fetal DP, we dissected DP cells from
mature, anagen-phase, fetal follicles and compared them with

adjacent DSC cells, known to be transcriptionally distinct but
developmentally related to DP cells, and IFD cells, comprised
of a heterogeneous mixture of non-follicular fibroblasts.
To identify core genes shared by DP cells across different
organisms, ages, and follicle types, we compared the fetal
scalp DP transcriptome with human adult DP, newborn
mouse DP, and embryonic mouse DC datasets. To elucidate
signaling pathways which may confer fetal DP cells with a
greater ability to induce follicle neogenesis, we compared
transcriptomes from human fetal and adult anagen-phase
DP cells. We identified key transcription factor binding
motifs in promoter regions upstream of genes differentially
expressed in fetal compared to adult DP cells to determine
potential upstream regulators and a foundation for multiple
downstream signaling networks. Finally, we employed skin
reconstitution assays using adult murine skin cells, which
inefficiently induce follicle neogenesis, to demonstrate
that R-spondin-1, a member of one of the gene families
upregulated in human fetal DP cells, can restore the ability to
form new follicles.
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Identification of Human Fetal Dermal
Papilla Enriched Genes
Cluster analysis of 16,623 expressed genes demonstrated
appropriate grouping of biological replicates, with adult and fetal
DP cells clustering distinctly from DSC and IFD cells (Figure 1B).
We must note that, due to the necessary protocols surrounding
ethical acquisition of human tissue, all libraries were derived from
moderately degraded, low quantity samples amplified by random
primers. Consequently, biological variation within replicates
was apparent (Figure 1B). The 3′ enrichment of sequencing
reads reflected RNA degradation (Supplementary Figure 1
and Supplementary Table 1) and an increased proportion
of intergenic and intronic reads indicated genomic DNA
contamination detected by random primers (Supplementary
Figure 1 and Supplementary Table 1). Nonetheless, due to the
lack of better human tissue acquisition methods, the RNA-Seq
libraries were acceptable for further comparative analysis.

1,035 differentially expressed genes (383 upregulated, 652
downregulated) were identified between fetal DP and IFD cells
and 564 differentially expressed genes (202 upregulated, 362
downregulated) were identified between fetal DP and DSC cells.
The DP expression profile differed more markedly from IFD
cells than DSC (DP vs. IFD: r = 0.42 ± 0.02, DP vs. DSC:
r = 0.66 ± 0.04, p < 0.001). 121 genes were upregulated
in fetal DP cells compared to DSC and IFD cells and were
designated enriched human fetal DP genes (Figures 1C, 2A and
Supplementary Table 2). Compared with published datasets,
the enriched human fetal DP genes identified in this study
significantly overlapped with human adult DP signature genes
identified by Ohyama et al. (2012) (11/108, p = 5.3 × 10−11),
neonatal mouse DP signature genes identified by Rendl et al.
(2005) (16/228, p = 6.0 × 10−13) and Rezza et al. (2016) (12/202,
p = 3.6 × 10−9), and embryonic mouse DC genes identified
by Sennett et al., 2015 (17/395, p = 2.6 × 10−10) and Mok
et al., 2019 (15/315, p = 7.8 × 10−10) (Figure 2B). Edn3 was
present in all six datasets; Bmp4, Fgf10, and Trps1 were present
in five; and Col23a1, Igfbp3, Inhba, Rspo3, Spon1, and Sox2 were
present in four, suggesting that expression may play an important
role in the DP during hair follicle neogenesis, development, or
cycling. Gene ontology analysis of the enriched human fetal DP
genes confirmed multiple pathways known to be important for
hair follicle development, including BMP, Wnt, and epithelial-
mesenchymal signaling (Figure 2C).

Differential Gene Expression Between
Human Fetal and Adult Dermal Papillae
822 differentially expressed genes (356 upregulated, 466
downregulated) were identified between fetal and adult DP cells
(Supplementary Table 3). Validation of fetal RNAseq data was
performed through immunofluorescent staining of fetal and
adult scalp with genes present in the enriched fetal DP dataset,
upregulated in fetal versus adult DP, and minimally expressed
in DSC and IFD cells (Supplementary Figure 2). Hair follicle-
associated pathways were significantly enriched, including
Wnt/β-catenin (p = 0.004), sonic hedgehog (p = 0.0006), FGF
(p = 0.01), Notch (p = 0.002), and BMP signaling (p = 0.02)

(Figure 3A). Twenty-nine transcription factors were upregulated
in fetal compared to adult DP cells (Figure 3B). Enrichment
analysis of TFBSs within candidate promoter regions of genes
differentially expressed between fetal and adult DP identified
seven significantly enriched transcription factors, suggesting a
role as important upstream regulators for the fetal DP phenotype
(Figure 3C). Using the IPA database, we constructed a working
hypothesis of a regulatory network with 110 genes differentially
expressed between fetal and adult DP cells (Figure 3D). Within
this model, SOX2 and GLI1, two of the seven enriched TFBSs,
interact with a high proportion of the enriched fetal DP genes
and are promising hubs for regulation of downstream differential
gene expression. SOX2 was predicted as the top transcriptional
regulator (p = 2.88× 10−15).

R-Spondin-1 Is Important for the
Restoration of Hair Follicle Neogenesis
From Adult Mouse Skin Cells
Wnt signaling is critical for both developmental hair follicle
neogenesis and temporal hair cycling. The nuances of such
signaling, which distinguish the two types of hair regeneration,
are less clear. R-spondins are Wnt agonists which are important
for the development of numerous organs, as well as the
maintenance of stem cells and epithelial regeneration in the
intestine (De Lau et al., 2012; Neufeld et al., 2012; Cambler et al.,
2014; Harnack et al., 2019). R-spondin-3 (Rspo3) and R-spondin-
4 (Rspo4) were present in the human fetal DP enriched gene
set while R-spondin-1 (Rspo1) and Rspo3 were upregulated in
fetal, compared to adult, DP cells. Rspo2 and Rspo4 were more
highly expressed in adult DP cells. Rspo3 has been identified as a
signature gene in some transcriptional analyses of embryonic and
newborn mouse DP (Sennett et al., 2015; Rezza et al., 2016) but
there are no reports of defects in follicular development or hair
cycling associated with Rspo3 mutation. Rspo1 is upregulated in
mice in late telogen and early anagen and intradermal injection
into telogen skin induces early transition into the anagen phase
through activation of epidermal follicle stem cells (Li et al., 2016).

Rspo1 is expressed in both epithelial and DP cells of the murine
hair follicle (Harshuk-Shabso et al., 2020). By immunofluorescent
staining, we also observed that Rspo1 is expressed in the epithelial
and DP cells of both mouse and human hair follicles. Rspo1
expression is decreased in the DP of adult mouse and human
hair follicles, compared to newborn mouse and fetal scalp hair
follicles (Figure 4A). Rspo1 is also expressed in the newborn
mouse epidermal and dermal cells subjected to skin organoid
culture. In particular, Rspo1 is more highly expressed in dermal
cells adjacent to epidermal aggregates in day 6 cultures.

Without a robust human hair induction or hair cycling assay
at hand, we used a murine skin organoid culture system to test
the function of R-spondins during human follicle neogenesis, as
it permits the study of dissociated epidermal and dermal cells
as they undergo morphological transitions through early skin
and appendage development (Figures 4B,D; Lei et al., 2017a).
After six days in three-dimensional (3D) culture, newborn mouse
epidermal and dermal cells form mature, hair-producing follicles
upon grafting to a nude mouse (Figures 4B,E). Adult mouse skin
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FIGURE 2 | Molecular enrichment for the human fetal DP. (A) Enriched human fetal DP genes. (B) Comparison of the human fetal DP enriched gene profile with
previously published human adult DP, newborn mouse DP, and embryonic mouse DC signature gene sets demonstrated significant overlap. Genes listed in red were
present in 6 datasets, genes in blue in 5, genes in bold black in 4, and genes in green in 3. (C) Gene ontology analysis of the human fetal DP enriched genes
confirmed the prevalence of pathways known to be important for hair follicle development.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 November 2020 | Volume 8 | Article 58343490

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-583434 November 21, 2020 Time: 13:25 # 6

Weber et al. Human Fetal DP Enriched Genes

FIGURE 3 | Differential gene expression in human fetal DP compared to adult DP cells. (A) Significantly enriched pathways of differentially expressed genes between
fetal DP and adult DP. The red and blue highlighted genes indicate upregulation and downregulation, respectively, in fetal DP cells compared to adult DP cells.
(B) Candidate upstream transcriptional regulators upregulated in fetal versus adult DP. (C) Significantly enriched transcription factor binding motifs in the promoter
sequences of differentially expressed genes between fetal and adult DP. (D) Predicated regulatory network of fetal DP gene expression. Red and green highlighting
denotes upregulation and downregulation, respectively, in fetal DP compared to adult DP cells.

cells, however, have lost the ability to self-organize during skin
organoid culture and do not generate hair follicles after grafting
(Figures 4D,E). Our previous work defined a combination of
exogenous growth factors which, when added to the 3D culture
medium, stimulated adult cells to progress through aggregation
steps similar to newborn mouse cells (Figure 4C; Lei et al., 2017a).

To avoid bias introduced by species-specific variation, we
chose to investigate the role of Rspo1 in murine hair follicle
neogenesis, as a role in the hair cycling is known (Neufeld
et al., 2012; Li et al., 2016). The addition of RSPO1 from day
0–2 resulted in larger cell aggregates at day 2. The aggregates
progressed to form larger cysts at day 4 and, consistent with
our previous findings, the cysts further coalesced to form planar
skin at day 6, after the addition of WNT3A and MMP14
(Figures 4C,D). Significantly more hair-bearing follicles were
generated after the RSPO1/WNT3A/MMP14/iPKC treated cells
were grafted onto the backs of nude mice, compared to adult
controls in the absence of growth factors (Figures 4E,F). GFP
fluorescence confirmed that the newly regenerated hair follicles
were derived from donor cells (Figure 4G).

DISCUSSION

The human fetal DP, like the newborn mouse, can induce new
hair follicle formation. Much effort has focused on identification
of the transcriptional profile of the newborn mouse DP and
embryonic mouse DC. As the human hair follicle differs
anatomically and functionally from the mouse follicle, an
assessment of the transcriptional profile of the human fetal DP
has the potential to reveal new genes or pathways important for
human follicle neogenesis (Cotsarelis, 2006; Panteleyev, 2016).
Here, we identified a set of 121 genes significantly upregulated
in human fetal DP cells, compared to fetal DSC and IFD cells.
Fourteen genes (Apcdd1, Bmp4, Bmp7, Fgf10, Fst, Gfra1, Inhba,
Prlr, Shh, Sox2, Spint1, Tgf β2, Tnfrsf19, and Trps1) are known to
be important for hair follicle morphology and development (St-
Jacques et al., 1998; Foitzik et al., 1999; Botchkareva et al., 2000;
Brown et al., 2000; Ohuchi et al., 2000; Botchkarev et al., 2001;
Craven et al., 2001; Malik et al., 2002; Nakamura et al., 2003;
Szabo et al., 2007; Pispa et al., 2008; Driskell et al., 2009; Zouvelou
et al., 2009; Shimomura et al., 2010). Comparison with published
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FIGURE 4 | Recovery of follicle neogenesis from adult mouse epidermal and dermal cells through environmental reprogramming. (A) Characterization of RSPO1
expression in mouse and human samples. (B) Experimental design of the murine skin organoid culture, followed by grafting of cells to dermal wounds on nude mice.
(C) Environmental reprogramming through the sequential administration of exogenous factors to culture medium from days 0 – 6 (D0 – D6). (D,E) Adult epidermal
and dermal cells treated with RSPO1, iPKC, WNT3A, and MMP14 demonstrate keratinocyte aggregation (day 2), cyst formation (day 4), planar epidermis formation
(day 6), and mature hair follicle formation with hair shafts (D42) compared to untreated (control) adult cells which are unable to organize. Green immunofluorescence
reflects K14 positive cells, nuclei are labeled with propidium iodide in red. Clusters of nuclei appear as larger red areas. (F) Quantification of hair regeneration,
p < 0.05. (G) K14-H2BGFP immunofluorescence demonstrates derivation of hair follicle epidermal cells from donor adult cells.

signature gene datasets for human adult DP, newborn mouse DP,
and embryonic mouse DC demonstrated 5–10% shared genes
(Rendl et al., 2005; Sennett et al., 2015; Rezza et al., 2016; Mok
et al., 2019). While low, this degree of overlap is statistically
significant. Transcriptomic differences may arise from differences
in species, age, or body region. Only deeply shared genes will be
selected in common. Genes which are present in the majority
of signature gene datasets are likely to be of fundamental
importance for specification of the DP cell.

Edn3 was present in our human fetal DP enriched dataset
as well as the human adult DP, newborn mouse DP, and

embryonic mouse DC transcriptomes. EDN3 is upregulated
in the DP following epilation but has no known role in
follicle neogenesis (Rahmani et al., 2014; Li et al., 2017).
Endothelins are most well-known for producing vasoconstriction
of smooth muscle cells but also cause contraction of other
cell types (Davenport et al., 2016). Recently, Heitman et al.
(2020) demonstrated that dermal sheath (DS) cells express
many genes characteristic of smooth muscle and DS contraction
is responsible for movement of the DP into the superficial
dermis during telogen. It is possible that the DP signals DS
contraction through Edn3 expression, facilitating DP relocation
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during hair germ to peg transitions during development. Given
the widespread presence in DP transcriptomes, despite variation
in species, age, and developmental stage, the role of Edn3 deserves
further investigation.

Bmp4 and Trps1 were present in our human fetal DP
transcriptome as well as adult human DP, newborn mouse DP,
and embryonic mouse DC datasets. Bmp4 is expressed in the
DC and DP of the developing murine follicle and supports
DP gene expression in culture (Jang et al., 2010; Chen et al.,
2012). BMP expression is downstream of the Wnt/β-catenin
pathway and the transcription of many DP genes is predicated
upon the expression of BMPs (Rendl et al., 2008; Chen et al.,
2012). Redundancy of BMP ligands is likely, as loss of individual
BMPs, including BMP4, does not affect follicle neogenesis (Rendl
et al., 2008; Nakamura et al., 2013). BMP signaling is believed
to play a role in follicular patterning by inhibiting follicle fate
in adjacent cells and is required for hair follicle induction by
DP cells, through unclear mechanisms (Botchkarev et al., 2001;
Rendl et al., 2008; Li et al., 2015). Trps1 is expressed in the DC
and DP of developing mouse follicles and is believed to function
as both a transcriptional repressor and activator, increasing the
expression of Wnt inhibitors (Fantauzzo et al., 2008, 2012).
Though the absence of DP Trps1 expression does not ablate hair
follicle development, mutant mice lack vibrissae and exhibit a
50% reduction in pelage follicles (Nakamura et al., 2013).

Comparison of the human fetal DP transcriptome with
other published transcriptomes demonstrated a subset of genes,
including Col23a1, Fgf10, Igfbp3, Inhba, Rspo3, and Sox2, which
were present in neonatal and embryonic, but not adult, DP
cells, proposing importance for a stem cell-like state capable of
inducing follicle formation. The Wnt/β-catenin pathway plays
a critical role in hair follicle neogenesis from the earliest stages
and may mediate the first dermal signal for placode formation
(Saxena et al., 2019). Thus, a signaling molecule expressed by the
DP which stimulates the Wnt pathway could be a critical signal
for hair follicle induction. R-spondins are Wnt activators which
function through both the canonical and non-canonical Wnt/β-
catenin pathways. All four R-spondins are expressed in the mouse
anagen DP and injection of Rspo1, Rspo2, and Rspo3 into adult
mouse dermis induces rapid telogen to anagen transition and
activation of epidermal follicular stem cells (Li et al., 2016;
Smith et al., 2016; Hagner et al., 2020; Harshuk-Shabso et al.,
2020). Much less is known about the role of R-spondins in
hair follicle development. Rspo3 can activate the Wnt/planar cell
polarity (PCP) pathway, known to play a role in hair follicle
cell differentiation during development (Ohkawara et al., 2011;
Chen and Chuong, 2012). In mice lacking expression of Fuz, a
PCP gene, hair follicles failed to develop into mature structures
(Dai et al., 2011). The absence of Rspo3 is lethal and conditional
knockout yields shorter limbs but no discernible effect on follicle
neogenesis (Neufeld et al., 2012). Rspo1 was also upregulated
in human fetal, compared to adult, DP cells but a clear role
of Rspo1 in hair cycling or neogenesis has not been identified
to date. For lack of a robust assay using human cells and the
inability to conduct cycling or neogenesis assays in humans,
we employed murine skin morphogenesis assays to study the
effect of R-spondins on follicle development. The addition of

Rspo1 to dissociated adult mouse epidermal and dermal cells,
in combination with inhibitors of the PKC pathway, induced
epidermal aggregation in culture. With the further addition
of WNT and MMP following keratinocyte aggregation, adult
mouse epidermal and dermal cells formed functional, mature hair
follicles (Lei et al., 2017a). In the absence of these four factors,
adult mouse cells are unable to self-organize into any structure
resembling a hair follicle. As there is known redundancy in the
function of R-spondin genes (Neufeld et al., 2012; Hagner et al.,
2020) and Rspo1 rescues adult hair follicle neogenesis, Rspo3 is
also a promising candidate for the recovery of inductivity in
human adult DP cells. In in vitro colony-forming assays with
human dermal progenitor cells, addition of RSPO2/3 increased
proliferation and the number and size of progenitor cell colonies
(Hagner et al., 2020).

The functional capacity of hair follicle stem cells depends on
the sum of activating and inhibitory signals (Li et al., 2015).
While there are core activators and inhibitors shared by all
DP cells, DPs of different species, ages, or follicle types may
be subjected to alterations in the balance of signals and, thus,
possess differing functional capacities, such as the specification
of hair filament diameter, temporal and region-specific hair
types, or anagen/telogen duration, which affects hair length (Lei
et al., 2017b). Here, we sought to identify genes differentially
upregulated in fetal DP, compared to adult DP, with the
hope of finding transcriptional regulators responsible for fetal
DP phenotype and function. Seven transcription factors were
enriched in the promoter regions of genes upregulated in the
fetal DP. Of these, SOX2 and GLI1 were predicted to be principal
regulators of the fetal DP transcriptome. Similarly, Shh and Wnt
pathways are known to be necessary for hair follicle development
and both SOX2 and GLI1 are predicted upstream regulators of
numerous Wnt-related genes. Sox2 expression correlates with
the trajectory of differentiation from dermal fibroblast to dermal
condensate cell fate and is a well-known pluripotency marker
(Gupta et al., 2019; Mok et al., 2019). Mutation of Sox2, however,
does not abolish hair follicle formation but alters the ratio of
hair follicle type in mice, suggesting that SOX2 is not the single
predominant factor which specifies the fetal DP (Driskell et al.,
2009; Nakamura et al., 2013). The downregulation of GLI1, a
downstream effector of Shh signaling, in dermal condensates of
Shh knockout mice is associated with a block in hair follicle
development at the DC to DP transition (Chiang et al., 1999).
Further evaluation is needed to determine the role of these
upstream regulators in the initiation or maintenance of Shh and
Wnt pathways during follicle development.

Limitations of this study include the use of non-clonal human
tissue, leading to intersample variation. The acquisition of human
tissue is appropriately protected through regulatory procedures,
delaying the time from harvest to study and resulting in more
sample degradation than murine samples. We extracted RNA
from uncultured samples to avoid bias introduced by culturing,
which can rapidly affect transcription (Higgins et al., 2013). The
trade-off is low quantity RNA samples of lesser quality. However,
the transcriptomes of similar tissues clustered together and
reflected a hierarchy of similarities consistent with the trajectory
of differentiation from fibroblast to DP (Gupta et al., 2019;
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Mok et al., 2019). The transcriptome of the fetal DP was more
similar to the DSC than IFD, contained signaling factors and
transcriptional regulators known to play important roles in
hair follicle development, and was similar to published murine
DP and DC transcriptomes. This work creates a platform for
the further study of candidate factors in human hair follicle
development. The ability to understand the human signaling
and regulatory milieu offers direct avenues for the treatment of
alopecia and severe skin injury (Chueh et al., 2013).
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Photodynamic therapy (PDT) is a promising new method to eliminate microbial infection
and promote wound healing. Its effectiveness has been confirmed by some studies;
however, the mechanisms of PDT in wound healing remain obscure. We used mouse
skin wounds infected with Pseudomonas aeruginosa as a research object to explore
the therapeutic effects and mechanisms of 5-aminolevulinic acid photodynamic therapy
(ALA-PDT). ALA-PDT treatment significantly reduced the load of P. aeruginosa in
the wound and surrounding tissues and promoted the healing of skin wounds in
mice. Hematoxylin-eosin (HE) and Sirius red staining showed that ALA-PDT promoted
granulation tissue formation, angiogenesis, and collagen regeneration and remodeling.
After ALA-PDT treatment, the expression of inflammatory factors (TNF-α and IL-1β)
first increased and then decreased, while the secretion of growth factors (TGF-β-1
and VEGF) increased gradually after treatment. Furthermore, ALA-PDT affected the
polarization state of macrophages, activating and promoting macrophages from an
M1 to an M2 phenotype. In conclusion, ALA-PDT can not only kill bacteria but
also promote wound healing by regulating inflammatory factors, collagen remodeling
and macrophages. This study further clarifies the mechanism of PDT in the healing
of infectious skin wounds and provides further experimental evidence for its clinical
treatment of skin wounds infected by P. aeruginosa.

Keywords: photodynamic therapy, wound healing, Pseudomonas aeruginosa, macrophagocyte,
inflammatory factor

INTRODUCTION

Skin wounds are a common refractory disease in dermatology and occur in conjunction with
microbial infection. The treatment of skin wounds usually includes systemic antibiotics, localized
treatment with conventional clinical dressings, irrigation, negative pressure drainage, and surgical
operation. However, these treatments used to address skin wounds are always time-consuming
and expensive. Currently, there have been increasing reports of Pseudomonas aeruginosa infections
resulting from skin wounds. P. aeruginosa is both highly resistant and naturally unsusceptible to
many antibiotics and tends to form biofilms on infected surfaces.

Photodynamic therapy (PDT) has been shown to be a very successful therapy in clinical practice
and is widely used in the treatment of certain skin diseases, such as acne, viral warts, and skin
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cancers (St. Denis et al., 2014). Currently, PDT is a promising
new method used to eliminate microbial infections because it
can produce photochemical reactions using photosensitizers and
light, producing singlet oxygen, which is toxic and inactivates
target microorganisms. Some studies have confirmed that PDT is
very effective against bacterial and fungal infections (Jori et al.,
2006; Wardlaw et al., 2012; Sobotta et al., 2019). Additionally,
PDT is considered an important innovative alternative treatment
for the healing of skin wounds (Nesi-Reis et al., 2018) that
can reduce treatment time and promote healing. However, the
mechanisms of PDT in wound healing remain obscure.

In this study, we used mouse skin wounds infected with
P. aeruginosa as a research model of infected skin wounds. The
results showed that aminolevulinic acid photodynamic therapy
(ALA-PDT) can not only kill bacteria but also promote wound
healing by regulating inflammatory factors, collagen remodeling
and macrophages.

MATERIALS AND METHODS

Establishment of Infected Skin Wounds
on Model Animals
Sixty healthy Kunming mice weighing 30–40 g and aged 4–
5 weeks were provided by the Animal Center of Daping
Hospital (Army Military Medical University). One week before
the experiment, the mice were house in the experimental
environment at a room temperature of 20–25◦C.

Pseudomonas aeruginosa (ATCC 27853) was stored at −80◦C,
and the cultures were maintained on Luria Bertani (LB) plates
at 37◦C with agitation (200 rpm). The bacterial suspensions
were diluted to an optical density of 0.5 (approximately
2 × 108 CFU/mL bacteria) in normal saline, as shown by
measurement with a turbidimetric instrument.

A model of acute bacterial infection was established after
full-thickness skin excision. The mice were anesthetized by
intraperitoneal injection of 10% chloral hydrate at a dose of
300 mg/kg. An area of the back (3 cm × 4 cm) was shaved.
After disinfection with iodophor, two round symmetrical marks
with a diameter of 10 mm were made in the skin along both
sides of the spine, and each circle had an area of 0.79 cm2. Full-
thickness skin defects were made along the indentation with
aseptic curved surgical scissors without damaging the fascial
layer or muscle. A 100-µL suspension of P. aeruginosa (1 × 108

strains) was dripped into each wound. The wound was fixed
with gauze, and the mice were divided into four groups housed
in individual cages. The duration from inoculation to successful
modeling is 24 h. After successful modeling, a green purulent
secretion was found on the surface of the wounds on the mice,
the temperature of the skin around the wound was increased,
the behavior of the mice was depressed, the mice showed a
poor appetite, and some mice had loose stools. After 7 days
of treatment, these symptoms of mice in each group were
significantly recovered, and there was no significant difference
between the groups.

All the animal care and experimental protocols were reviewed
and approved by the Laboratory Animal Welfare and Ethics

Committee of Third Military Medical University. All the
experiments were performed in accordance with the relevant
guidelines for the care and use of laboratory animals.

ALA-PDT Treatment
5-Aminolevulinic acid (ALA) (Fudan Zhangjiang Company,
Shanghai, China) was used as the photosensitizer with an
incubation of 30 min. A stock solution was prepared by dissolving
ALA powder in normal saline to a final concentration of
1.408 mol/L. A 630-nm LED (Omnibus, United Kingdom) light
source was used to activate the ALA, and the output power
density was 54 J/cm2 (the laser power used was 90 MW/cm2, and
the treatment time was 10 min.). There were four experimental
groups: the control group (without ALA or light irradiation),
the red light group (light dose of 54 J/cm2 without ALA), the
ALA group (1.408 mol/L ALA with no light irradiation), and the
ALA-PDT group (1.408 mol/L ALA with a light dose of 54 J/cm2).

The mice were anesthetized and fixed for 24 h after
infection. The mice in each group were bandaged, fed regularly
and observed until the end of the corresponding time point
of the experiment.

Counting of Bacteria on Wounds
The number of bacteria on the wound surface before treatment
(day 0) and on the 1st, 3rd, 7th, and 14th days after treatment
was measured. At each time point, the tissue at the wound
edge for each group was cut, weighed, added to normal saline
at a concentration of 0.01 g/ml and homogenized in a sterile
homogenizer. For detection, the sample was diluted sixfold in
normal saline, and 10 µl of homogenate from each dilution was
evenly spread on two ordinary broth agar plates. The colony
morphology was observed, and the colonies were counted.

Wound Healing Assay
A digital camera was used to take pictures before treatment (day
0) and on the 1st, 3rd, 7th, and 14th days after treatment, and
the wound area and wound healing rate were calculated with
standard grid paper as follows: wound healing rate (%) = (wound
area before treatment−wound area after treatment)/wound area
before treatment.

HE Staining
Before treatment (day 0) and on the 1st, 3rd, 7th, and 14th
days after treatment, granulation tissue under the new epithelium
was taken from the infected wounds of the mice under sterile
conditions, immediately cut into 0.5 cm × 0.5 cm tissue blocks,
and fixed in a 4% polycarboxylic acid solution. After conventional
dehydration and clearing, the blocks were embedded in paraffin.
The slices were 3–5-µm thick. A general optical microscope
was used to observe inflammation, fibroblasts, the number
of capillaries, and the degree of wound contraction and re-
epithelialization after hematoxylin-eosin (HE) staining.

Sirius Red Polarized Light Assay
Before treatment (day 0) and on the 1st, 3rd, 7th, and 14th
days after treatment, granulation tissue under the new epithelium
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was taken from the infected wounds of the mice under sterile
conditions, immediately cut into 0.5 cm × 0.5 cm tissue blocks,
and fixed in a 4% polycarboxylic acid solution. After conventional
dehydration and clearing, the blocks were embedded in paraffin.
The slices were 3–5-µm thick. Then, polarized light microscopy
was used to observe collagen remodeling after picric acid/Sirius
red staining. Under a polarized light microscope, type I collagen
fibers showed strong birefringence and were red or orange-
yellow. Type III collagen fibers showed weak birefringence and
were green and thin.

Western Blot Analysis
On the 3rd, 7th, and 14th days after treatment, granulation
tissue under the new epithelium was taken from the infected
wounds of the mice under sterile conditions. Nuclear and
cytoplasmic protein lysates were prepared. The protein
concentrations were measured with a BCA Protein Assay
Kit (Beyotime, Nanjing, China). Equal amounts of protein
(30 µg) were loaded into each lane of a 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel
and separated. After the proteins had been transferred onto
polyvinylidene difluoride membranes, the membranes were
blocked and incubated with primary antibodies at 4◦C overnight.
The following primary antibodies were used: anti-TNF-α,
anti-IL-1β, anti-TGFβ-1, and anti-VEGF antibodies from
Abcam (United States) and anti-β-actin antibody from Bioworld
(United States). After incubation with secondary antibody (goat
anti-rabbit), the membranes were treated with an enhanced
chemiluminescence reagent mixture (Thermo Fisher Scientific,
United States) for 5 min and imaged on a Vilber Lourmat Fusion
FX5 system (China).

Immunofluorescence Staining
M1 and M2 macrophage polarization was observed by
immunofluorescence staining. The marker of M1 and M2
macrophages are iNOS and CD163, respectively. The primary
antibodies anti-iNOS (rabbit polyclonal antibody, 1:100) and
anti-CD163 (goat polyclonal antibody, 1:100) from Servicebio
(China) and the fluorescent second antibodies goat anti-
rabbit (1:300) and rabbit anti-goat (1:300) from Servicebio
(China) and DAPI from Abcam (United States) were used.
After immunofluorescence staining, the paraffin sections were
observed under a fluorescence microscope, and images were
collected (DAPI emits blue light at 330–380 and 420 nm; FITC
emits green light at 465–495 and 515–555 nm; Cy3 emits red
light at 510–560 and 590 nm.). Eight visual fields were randomly
selected from each slide, and three separate repeated experiments
were conducted. All cells in the visual field were included in the
statistical analysis.

Statistical Analyses
All experiments were independently performed with three
replicates. The results are presented as the mean ± SD. Statistical
differences were analyzed by one-way ANOVA with SPSS
Statistics 20.0 (IBM, United States). P-values less than 0.05 were
considered to indicate statistically significant differences.

RESULTS

Effects of ALA-PDT on P. aeruginosa
Growth on the Wounds
To investigate the antibacterial effect of ALA-PDT, we detected
the amount of P. aeruginosa on the wounds before treatment
and on the 1st, 3rd, 7th, and 14th days after different treatments.
The results are shown in Table 1. No significant differences in
bacterial growth were observed in the control, light and ALA
groups. The ALA-PDT group showed a significant antibacterial
effect and significantly less bacteria relative to that in the
control group (P < 0.05), indicating that ALA-PDT inhibited
P. aeruginosa growth (Figure 1).

Effects of ALA-PDT on the Wounds
Healing Rate
To investigate the effect of ALA-PDT on wound healing, we
observed the wound healing rates on the 1st, 3rd, 7th, and 14th
days after different treatments. The results are shown in Table 1.
No significant differences in wound healing rate were observed
in the control, light and ALA groups. Furthermore, there were no
significant differences in wound healing among the groups on 1st
day after treatment. The ALA-PDT group showed significantly
increased wound healing relative to that in the control group
(P < 0.05) on the 3rd, 7th, and 14th days (Figure 2).

TABLE 1 | Results of P. aeruginosa growth on the wounds (units: 106CFU/g).

Control ALA Red light ALA-PDT

Day 0 21.5 ± 2.5 22.0 ± 2.4 19.7 ± 2.8 21.0 ± 2.5

Day 1 18.3 ± 2.0 17.5 ± 2.2 15.9 ± 1.3 2.1 ± 0.1*

Day 3 15.7 ± 1.6 14.6 ± 1.2 12.5 ± 1.6 1.0 ± 0.1*

Day 7 12.0 ± 1.5 10.5 ± 0.6 11.2 ± 1.2 0.3 ± 0.1*

Day 14 7.2 ± 1.3 5.3 ± 0.4 6.2 ± 1.7 0.0 ± 0.0*

*P < 0.05 versus the other groups.

FIGURE 1 | Bacterial counting on wounds. The amounts of P. aeruginosa
were counted on wounds before treatment (D0) and on the 1st (D1), 3rd (D3),
7th (D7), 14th (D14) day after different treatments. ∗P < 0.05 versus the
other groups.
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FIGURE 2 | Effects of ALA-PDT for the healing rate on wounds. (A) The wound pictures of healing process. Scale bar indicate 1 cm. (B) The healing rate was
counted before treatment (D0) and on the 1st (D1), 3rd (D3), 7th (D7), 14th (D14) day after different treatments. ∗P < 0.05 versus the other groups.

Observation of the Effects of ALA-PDT
on Wounds by HE Staining
The HE staining results on the 1st and 3rd days after treatment
did not significantly differ among the groups. On the 7th day
after treatment, obvious ulcer formation was found in the control
group, light group and ALA group, there was no epithelioid
hyperplasia, and a large number of inflammatory cells had

accumulated in the periwound tissues. In the ALA-PDT group,
more granulation tissue and neovascularization were observed,
and only the superficial dermis contained inflammatory cells;
on the 14th day after treatment, some skin defects remained
in the control group, light group and ALA group, which
contained blisters, blood, scabs, remaining inflammatory cells
and granulation tissue formation. In the ALA-PDT group,
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FIGURE 3 | HE staining assay. The HE staining results of each group before treatment (D0) and on the 1st (D1), 3rd (D3), 7th (D7), 14th (D14) day after different
treatments. The blue arrows indicate the structure of the new epithelium. The yellow arrows indicate relatively thickened and increased collagen fibers. The red
arrows indicate new capillaries. Scale bar indicate 100 µm.

epithelial cells, and fibrous tissue proliferation were clearly
observed, and only some inflammatory cells had infiltrated the
tissue around blood vessels (Figure 3).

Sirius Red Polarized Light Observation of
the Effects of ALA-PDT on Wounds
Before treatment (day 0) and on the 1st day after treatment,
collagen in each group was short and orderly arranged. On the
3rd day after treatment, the collagen fibers distributed in groups
were thickened and increased in varying degrees in each group.
Compared with control group, ALA group and red light group,
the collagen distribution in ALA-PDT group was more dense. On
the 7th day after treatment, compared with that in the control
group, ALA group and light group, the collagen in the ALA-PDT
group was thicker and denser, and unlike the other groups, the

ALA-PDT exhibited collagen distributed in bundles. On the 14th
day after treatment, compared with that in the control group,
ALA group, and light group, the morphology of the collagen
in the ALA-PDT group was coarser, and the collagen was more
uniform (Figure 4).

Western Blot Analysis of TNF-α, IL-1β,
TGFβ-1, and VEGF Levels in Wounds
To determine the mechanism by which ALA-PDT promotes
wound healing, we further investigated the levels of TNF-α, IL-
1β, TGFβ-1, and VEGF in wounds. Compared to the control
group, red light group, and ALA group, the levels of TNF-α and
IL-1β in the ALA-PDT group were higher on the 3rd day after
treatment (P < 0.05) and lower on the 7th and 14th days after
treatment (P < 0.05). Compared to the control group, red light
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FIGURE 4 | Sirius red polarized light method assay. The picric acid Sirius red staining results of each group before treatment (D0) and on the 1st (D1), 3rd (D3), 7th
(D7), 14th (D14) day after different treatments. Scale bar indicate 50 µm.

group, and ALA group, the levels of TGFβ-1 and VEGF in the
ALA-PDT group were higher than those in the control group on
the 3rd, 7th, and 14th days after treatment (P < 0.05) (Figure 5).

Effects of ALA-PDT on M1 and M2
Macrophages in Wounds
To gain further insight into the pro-healing effect of ALA-PDT on
wounds, we determined the numbers of M1 and M2 macrophages
in wounds. Cells stained red were considered M1 macrophages,
and cells stained green were considered M2 macrophages.

Immunofluorescence staining showed that the number of
M1 macrophages in ALA-PDT group was significantly increased
compared with the control group on the 1st day, while on the
7th and 14th day, the number of M1 macrophages in ALA-PDT
group was significantly lower than that in control group. On

1st, 3rd, 7th, and 14th day, the number of M2 macrophages in
ALA-PDT group was significantly higher than that in control
group (Figure 6).

DISCUSSION

Photodynamic therapy is a promising new method used to
eliminate microbial infection and an important innovative
alternative treatment for healing skin wounds. The treatment of
infected skin wounds, including skin ulcers, skin abscesses, and
skin sinus tracts, has advanced, but the mechanism by which PDT
induces healing remains unclear.

Skin-infected wounds are a common refractory disease in
dermatology that seriously affects patient quality of life and is
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FIGURE 5 | Effects of ALA-PDT on TNF-α, IL-1β, TGFβ-1, and VEGF. (A) Western blot assay of TNF-α, IL-1β, TGFβ-1, and VEGF proteins on the 3rd (D3), 7th (D7),
14th (D14) day after different treatments in wounds. (B) Western blot analysis of IL-1β. ∗P < 0.05 versus the other groups. (C) Western blot analysis of TNF-α.
∗P < 0.05 versus the other groups. (D) Western blot analysis of TGFβ-1. ∗P < 0.05 versus the other groups. (E) Western blot analysis of VEGF. ∗P < 0.05 versus the
other groups.
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FIGURE 6 | Effects of ALA-PDT on M1 and M2 macrophages in wounds. (A) Immunofluorescence staining of M1 and M2 macrophages before treatment (D0) and
on the 1st (D1), 3rd (D3), 7th (D7), 14th (D14) day after treatment in wounds. The primary antibodies anti-iNOS (rabbit polyclonal antibody, 1:100) and anti-CD163
(goat polyclonal antibody, 1:100) from Servicebio (China) and the fluorescent second antibodies goat anti-rabbit (1:300) and rabbit anti-goat (1:300) from Servicebio
(China) and DAPI from Abcam (United States) were used. The marker of M1 and M2 macrophages are iNOS and CD163, respectively. Cells stained red were
considered M1 macrophages, and cells stained green were considered M2 macrophages. (B,C) Immunofluorescence staining analysis of M1 and M2 macrophages.
∗P < 0.05 versus the control groups. Scale bar indicate 20 µm.

costly. Infections with P. aeruginosa, a Gram-negative bacterium,
are difficult to treat. P. aeruginosa is a common pathogen in
serious skin wounds and infections of the urinary and respiratory
systems. Tan et al. (2018) reported that ALA-PDT can kill

planktonic and viable biofilm-associated P. aeruginosa cells,
destroy biofilm structures, reduce virulence factor secretion, and
affect QS system gene expression. Additionally, the incidence of
P. aeruginosa infection resulting from skin wounds is increasing.
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Therefore, in this study, we used skin wounds in mice infected
with P. aeruginosa as a research model of infected skin wounds.

The principle of PDT is in the administration of a
photosensitiser (PS), followed by irradiation of the lesion with
visible light in the presence of molecular oxygen, which generates
a variety of ROS. The mechanisms by which ROS induce
direct cell death through different pathways, including apoptosis,
necrosis and/or autophagy, depend on the type of cell treated,
dose of light supplied, concentration of PS used and intracellular
location of the PS (Agostinis et al., 2011). PDT has been widely
used in dermatology to treat certain skin cancers, viral warts,
vascular diseases, and acne. With further in-depth research,
an increasing number of studies have found that PDT is very
effective against microbial infection and can promote the healing
of infected skin wounds, especially skin wounds or skin ulcers
infected by resistant or rare bacteria. Lei et al. (2015) reported
that when half of 26 lower limb ulcers infected with P. aeruginosa
were treated by PDT, PDT had significant antibacterial and pro-
healing effects on the infected ulcers. Brown (2012) reported
the potential of PDT to accelerate wound healing and prevent
clinical infection. Morley et al. (2013) reported a randomized
controlled trial of PDT for the treatment of chronic ulcers, the
results of which suggested that PDT significantly reduced the
wound bacterial load and clearly tended to promote healing
in the PDT group.

The basic physiological process of cutaneous healing is
dynamic and complex, involving a diverse set of molecular,
cellular, and biochemical events that culminate in the
reconstruction of damaged tissue. Wound healing involves
a variety of cells, including inflammatory cells, fibroblasts,
keratinocytes, and endothelial cells, which produce numerous
inflammatory cytokines such as IL-1β and TNF-α (Werner
and Grose, 2003). The ability of PDT to effectively eradicate
microorganisms contributes significantly to the wound healing
process. In this study, the load of P. aeruginosa was rapidly
reduced after PDT treatment. PDT can also directly affect
the process of wound healing. Inflammation is one of the
steps involved in the mechanism of PDT in wound healing.
Inflammation is divided into acute inflammation and chronic
inflammation. Acute inflammation plays a beneficial role against
infection and lesions (Kundu and Surh, 2012), contributing to
wound healing, while chronic inflammation inhibits the healing
process. The inflammatory process is a crucial part of healing
since some inflammatory mediators at low-concentrations are
related to cell proliferation and migration and also to the host
defense against pathogens (Li et al., 2007; Liu et al., 2013). It
has been reported that high TNF-α level inhibit angiogenesis
(Fajardo et al., 1992) and wound repair is promoted due to
inhibition of TNF-α (Mori et al., 2002). PDT can intervene by
stimulating acute inflammation, contributing to changes in the
physiological processes in chronic wounds, regardless of whether
they are infected, promoting healing (Devirgiliis et al., 2011;
Cappugi et al., 2014; Lei et al., 2015). Recent studies indicate that
PDT induces a localized acute inflammatory response, leading
to activation of the immune system (Anzengruber et al., 2015).
Neutrophils are the first immune cells to arrive at a lesion, which
is facilitated by the generation of TNF-α (Gollnick and Brackett,

2010; Cappugi et al., 2014). Other studies have also shown that
PDT has a significant impact on neutrophil activation (Brackett
and Gollnick, 2011; Gollnick, 2012), which can contribute to the
increase in pro-inflammatory cytokines after PDT (Domínguez
et al., 2010; Mroz and Hamblin, 2011). Chronic and persistent
inflammation is a hallmark of most chronic wounds, but the
relationships between chronic inflammation and PDT have
scarcely been reported in the literature. The results of this study
indicated increased acute inflammation in the early stage of
wound healing and decreased chronic inflammation in the
middle and later stages of wound healing in the PDT treatment
group compared with the other groups. Through a comparative
study of HE staining in the wound tissues in each group at
different time points after treatment, it was found that the
acute inflammatory reaction was more pronounced in the PDT
treatment group than the other groups, accompanied by tissue
edema in the early stage of treatment (1–3 days), while the
chronic inflammatory reaction was significantly decreased in the
PDT treatment group compared with the other groups in the
middle and later stages of the healing process (7–14 days). The
number of new capillaries increased sharply, and the collagen
fibers were also bulkier and more obvious in the PDT treatment
group compared to the other groups in the middle and later
stages of the healing process. In this study, the expression
of TNF-α and IL-1β in first increased and then decreased in
the PDT treatment group; that is, the expression of TNF-α
and IL-1β was higher in the acute inflammatory stage, while
their expression was lower in the chronic stage in the PDT
treatment group compared to the other groups. Therefore, PDT
can promote wound healing in both the acute and chronic
inflammatory stages.

Lesions release mediators (leukocytes and platelet migration)
that start the repair process by first stimulating the inflammatory
process. In sequence, the proliferative stage, in which re-
epithelization, angiogenesis and an increase in fibroblast
numbers occur, is first observed. The early onset of wound
re-epithelialization after PDT, with the presence of young
fibroblasts, fibrin, and granulation tissue, has been described
by studies in animal models (Garcia et al., 2010; Sperandio
et al., 2010). Garcia et al. (2010) described the positive effects of
PDT on collagen deposition, proliferation, and angiogenesis in
3rd degree burns. In this study, the number of new capillaries
increased rapidly, and the collagen fibers were thicker, denser,
and distributed in bundles after PDT treatment. These results
suggested that ALA-PDT can stimulate collagen proliferation and
angiogenesis, promoting wound healing.

In the process of proper wound remodeling, balance between
the synthesis and degradation of extracellular matrix is required,
and it is evident that PDT modulates the production of TGF-β
(Faffar et al., 2011). Studies of excisional wounds in human skin
revealed an increase in TGF-β1 and β3, promoting the ordered
deposition in collagen fibers (Mills et al., 2014). In this study, the
expression levels of TGF β-1 and VEGF in the PDT treatment
group and other groups tended to be increased in the healing
process, while their expression levels were significantly higher in
the PDT treatment groups than in the other groups at the same
time. Compared with VEGF expression, TGF β-1 expression was
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most obviously increased in the 20% ALA-PDT group, suggesting
that PDT regulates and activates cell growth factors, which would
more deeply affect the wound tissue repair process.

The roles of inflammatory cytokines and the inflammatory
response in the mechanism of bacterial infection after wound
formation cannot be ignored. These inflammatory factors are
partly produced by macrophages, which can be activated by
monocytes. Macrophage activation is a continuous process. At
the early stage of injury, macrophages can be activated by
cytokines to adopt a pro-inflammatory M1 phenotype, while in
the middle and later stages of injury, they can be activated to
adopt an anti-inflammatory M2 phenotype. M1 macrophages
have strong phagocytic and killing abilities, allowing them to
phagocytize, ingest and kill pathogenic microorganisms, and
other antigens through receptors on the membrane surface and
participate in the innate immune response of the body. M1
macrophages are also important antigen-presenting cells that can
ingest and process pathogens, present antigens, and stimulate
the adaptive immune response. Activated M2 macrophages can
secrete a variety of bioactive substances, including cytokines
and other complement components, to regulate the immune
response and participate in the processes of inflammation,
tissue repair and tissue regeneration. When normal tissues are
stimulated or damaged by pathogens, growth factors such as
TGF-β1 and chemokines can decompose the tissues, promote
the translocation of monocytes in the peripheral circulatory
system to damaged sites, and stimulate monocytes to further their
differentiate into new macrophages. Then, macrophages mediate
the immune response, kill pathogens, stimulate angiogenesis,
and influence tissue repair (Lingen, 2001). In this study, by
double immunofluorescence staining, we observed more M1
macrophages in wound tissues in the PDT treatment groups in
the acute inflammatory stage, which indicated that ALA-PDT
could promote the activation of macrophages in the early stage of
treatment and increase their phagocytic ability. Seven to fourteen
days after PDT, the number of M2 macrophages increased
significantly, and the M1 macrophages decreased significantly,
which was consistent with the proportion of inflammatory factor
(IL-1β, TNF-α)/growth factor (TGFβ-1, VEGF) expression.
These results suggest that PDT can promote the release of
anti-inflammatory factors to weaken the damaging effect of the
immune inflammatory response on tissue cells, thus promoting
cell proliferation and tissue regeneration.

CONCLUSION

In summary, PDT acts in several stages of the healing process
and tends to accelerate tissue repair. Our results demonstrate that
ALA-PDT can not only kill bacteria but also promote wound
healing by regulating inflammatory factors, collagen remodeling
and macrophages. This study further clarifies the mechanism
of PDT on infectious skin wound healing and provides further
experimental evidence for its clinical treatment of skin wounds
infected by P. aeruginosa. In addition, these results will be of
great benefit to expand research on the mechanism by which PDT
affects wound healing.
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This article explores and summarizes recent progress in and the characterization of main
players in the regulation and cyclic regeneration of hair follicles. The review discusses
current views and discoveries on the molecular mechanisms that allow hair follicle stem
cells (hfSCs) to synergistically integrate homeostasis during quiescence and activation.
Discussion elaborates on a model that shows how different populations of skin stem
cells coalesce intrinsic and extrinsic mechanisms, resulting in the maintenance of
stemness and hair regenerative potential during an organism’s lifespan. Primarily, we
focus on the question of how the intrinsic oscillation of gene networks in hfSCs sense
and respond to the surrounding niche environment. The review also investigates the
existence of a cell-autonomous mechanism and the reciprocal interactions between
molecular signaling axes in hfSCs and niche components, which demonstrates its
critical driving force in either the activation of whole mini-organ regeneration or quiescent
homeostasis maintenance. These exciting novel discoveries in skin stem cells and the
surrounding niche components propose a model of the intrinsic stem cell oscillator
which is potentially instructive for translational regenerative medicine. Further studies,
deciphering of the distribution of molecular signals coupled with the nature of their
oscillation within the stem cells and niche environments, may impact the speed and
efficiency of various approaches that could stimulate the development of self-renewal
and cell-based therapies for hair follicle stem cell regeneration.

Keywords: hair follicle stem cells (hfSCs), dermal papilla, niche, BMP signaling, WNT signaling

INTRODUCTION

Skin is the largest organ, covering the entire human body and extending up to an area of
approximately two square meters. Skin is built up of two main layers, the epidermis and the
underlying dermis which are formed during embryonic development from the ectoderm and
mesoderm, respectively (Figure 1A). The top part of the ectodermal skin creates the epidermis
which, during morphogenesis, delves into the dermis and develops skin appendages to produce
visible skin hair fibers (from hair follicles) with sebum (from sebaceous glands) and sweat glands
(Figures 1A,B). Keratinocytes are the main building blocks of the epidermis and skin appendages.
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FIGURE 1 | Skin and appendages. (A) Schematic, illustrating a section through the skin including hair follicle along with the sebaceous gland as well as the sweat
gland protruding into the dermis with fibroblasts and adipocytes and underlying hypodermis. (B) Graphic representation of skin epidermis: basal layer with the
expression of Keratin 5 (K5) and Keratin 14 (K14) above, spinous layer positive for Keratin 1 (K1) and Keratin 10 (K10) and on the top granular and cornified layers
marked accordingly with Filaggrin and Loricrin. (C) Illustration of the junctional connection between keratinocytes of basal layer and fibroblasts of the papillary
dermis, firmed by hemidesmosomes, which are composed of integrin subunits α and β attached to the basement membrane and bridged by plectin to keratin
cytoskeleton filaments. The docking filaments of the basement membrane: laminin, collagen, and elastic fibers form part of the extracellular matrix (ECM) produced
by keratinocytes and dermal fibroblasts. Tight adhesion of keratinocytes in the epidermis is created by tight junctions and the formation of desmosomes. The
papillary dermis is primarily composed of fibroblasts, arranged in loose networks and elastic fibers of the ECM. DP, dermal papillae.

They create an outside barrier with several epidermal layers
(Figure 1B) and possess keratin intermediate filaments inside
their cytoplasm (Figure 1C). Apart from keratinocytes, the
epidermis is immersed with other cell types derived from
the neural crest (melanocytes), bone marrow (Langerhans
cells or dendritic cells), and epithelium (Merkel cells) (Merad
et al., 2002; Mende et al., 2006; Van Keymeulen et al.,
2009; Ernfors, 2010). The dermis is created by fibroblasts
which form an upper and lower layer called the papillary
dermis and the reticular dermis, respectively (Figure 1A).
The epidermis and papillary dermis produce collagen, laminin,
and elastic fibers of the extracellular matrix (ECM) which
provide an anchoring interface for the basement membrane
(Figures 1B,C). The part of the anchoring interface outside
of the basement membrane is produced by integrin complexes
(subunits α and β) present in keratinocytes in the basal or
outer root sheath (ORS), known as hemidesmosomes, which

connect through plectin to the cytoskeleton composed of keratin
filaments (Figure 1C). Apart from fibroblasts, the additional
cells localized in the skin reticular dermis are adipocytes
(fat cells) (Figure 1A), immune cells like macrophages,
lymphocytes, and mast cells.

During early mouse embryonic development, between
embryonic day 9.5 (E9.5) to 12.5 (E12.5), a single layer of the
epidermis begins stratifying into the several layers of cells which
create a protective wall completely impermeable before birth
(Blanpain and Fuchs, 2009). Then, at E13.5, mutual interaction
between secreted clues from mouse epidermis and dermis
initiates the first hair follicle (HF) placode formation, which
begins to delve into the dermis (Figure 2A) (Dhouailly, 1973; Li
et al., 2015). Currently discovered epithelial signals released from
placode, such as fibroblast growth factor 20 (FGF20) guide the
initial condensation of fibroblasts to create the dermal papilla
(DP), a signaling center, which is essential to complete the
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FIGURE 2 | Development and cyclic regeneration of hair follicle. (A) Graphic stages of hair follicle (HF) morphogenesis: hair placode (initiation of HFs pattern
formation), immature hair germ, hair peg, and fully developed and differentiated anagen hair by the end of first postnatal resting phase of telogen. Mature HF is built
of a reservoir of hair follicle Stem Cells (hfSCs) which is connected above to an associated sebaceous gland (SG), located below the responsive hair germ (HG) with
underlying dermal papilla (DP). During the cyclic hair growth, each HF undergoes phases of telogen (quiescence, resting), anagen (activation, regrowth), and catagen
(degeneration). (B) During the growth phase, the hair bulb cells comprise actively proliferative matrix cells which undergo final differentiation creating an inner root
sheath (IRS) and hair shaft (HS, protruding out of the skin surface, visible part of HF) layers of the HF mini-organ. HS, hair shaft is composed of Ch, the cuticle of the
hair shaft; Co, cortex of hair shaft; Me, medulla; DP, dermal papilla; IRS, inner root sheath contains; He, Henle’s layer; Hu, Huxley’s layer; Ci, cuticle; Cp, companion
layer; ORS, outer root sheath.

development of the hair follicle (Figure 2A) (Oliver and Jahoda,
1988; Millar, 2002; Huh et al., 2013).

HFs are very well organized mini-organs with extraordinary
potential to undergo coordinated and spontaneous cycles of
self-activated regeneration. These synchronized cycles of hair
regrowth are characterized by phases of anagen (growth), catagen
(degeneration), and telogen (quiescence) that are controlled
by reciprocal signal interaction between hair follicle Stem Cell
(hfSCs) and predominantly DP (Figure 2A) (Muller-Rover et al.,
2001; Millar, 2002; Schmidt-Ullrich and Paus, 2005; Alonso and
Fuchs, 2006; Rendl et al., 2008). In the growth phase of an
HF’s cycle, there is sequential activation of cell proliferation:
first in the highly responsive region located directly above the
DP known as the hair germ (HG); second, in the hfSCs in
the bulge of ORS (Figure 2A). Subsequently, cells from both

structures generate a hair bulb matrix of transit-amplifying
(TA) cells which differentiate into several layers of the visible
hair shaft (HS) formed by the medulla, cortical layers, and
the cuticle, together with the internal tunnel of the inner root
sheath (IRS) (Figures 2A,B) (Greco et al., 2009). Postnatally,
after morphogenesis of HFs and the epidermis is complete, two
physiological independent pools of keratinocytes, one in the
interfollicular epidermis (IFE) and another in the hair bulge,
are responsible for different cell fates (Figure 2A) (Ito et al.,
2005; Levy et al., 2005; Jaks et al., 2008; Nowak et al., 2008; Lu
et al., 2012; Leung et al., 2013). During emergencies like skin
injury, SCs (Stem Cells) from skin appendages, such as hair
follicles, sweat glands, or nails which under normal conditions
are restricted to that specific regeneration fate are capable
of actively contributing to the regeneration of the epidermis
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(Tumbar et al., 2004; Ito et al., 2005; Levy et al., 2007; Snippert
et al., 2010; Lu et al., 2012; Leung et al., 2013, 2014).

The sebaceous gland is located above the bulge with hfSCs
and produces sebum, which forms together with HF and the
pilosebaceous unit, but is independently preserved by Blimp1+
unipotent progenitor cells (Figure 3A) (Horsley et al., 2006).
However, hfSCs are also capable of participating in sebaceous
gland physiological restoration (Petersson et al., 2011). Similarly,
Lgr6+ positive cells, localized in the ORS above the bulge in
the HFs isthmus, can renew sebaceous glands as well as IFE
(Figure 3A) (Snippert et al., 2010; Joost et al., 2018).

In this review, we present current views on the discoveries
of molecular mechanisms that allow hfSCs to synergistically
integrate homeostasis during quiescence and activation. The
review also explores a model of how different populations
of skin stem cells consolidate their intrinsic and extrinsic
mechanisms, resulting in the maintenance of their stemness
and hair regenerative potential. Primarily, we focus on the
cyclic nature of HF regeneration and on the question of
how the intrinsic oscillation of gene networks in hfSCs sense
and influence the surrounding niche environment. We also
investigate the existence of a cell-autonomous mechanism and
the reciprocal interaction between key niche components and
key molecular axes in hfSCs and the environment, demonstrating
its critical driving force in either activation of whole mini-organ
regeneration or quiescence homeostasis maintenance.

STEMNESS OF HAIR FOLLICLE STEM
CELLS AND REGENERATIVE POTENTIAL

Hair follicle stem cells are a small population of SCs residing
in the outermost layer of the skin, which is referred to as
the HF bulge, below the sebaceous gland (Figure 3A), at
the arrector pili muscle attachment site (Cotsarelis et al.,
1990; Wei et al., 1995; Fujiwara et al., 2011). The putative
location of hfSCs was confirmed by pulse-chase experiments
employing labeled nucleotides (Cotsarelis et al., 1990; Morris
and Potten, 1999; Taylor et al., 2000) and a transgenic mouse
model with doxycycline-inducible expression of a histone H2B-
GFP labeling system (Tumbar et al., 2004) that proved the
existence of quiescent, slow-cycling label-retaining cells (LRCs),
specifically in the bulge region (Figure 3A) (Panteleyev et al.,
2001). Label-retaining slow-cycling cells are already present
in the early stage of HF morphogenesis and are marked
by Sox9 expression (Nowak et al., 2008). This early Sox9
positive population of SCs is forming in the placode in a
Sonic hedgehog (Shh) dependent way by adopting a low WNT
(Wingless-type MMTV integration site family) signaling gradient
as suprabasal placode cells after the asymmetric division of
basal placode cells with high WNT signaling (Ouspenskaia
et al., 2016). This early population of SCs is responsible for
the formation of quiescence bulge SCs and delivers progeny
to all skin lineages, apart from HFs sebaceous glands and IFE
(Nowak et al., 2008).

Hair follicles undergo highly coordinated regenerative cycles
under normal physiological conditions, with repeating phases

of anagen, catagen, and telogen during a lifetime. Most of the
time hfSCs are quiescent but periodically become activated
to start HF regeneration (Figure 2A). In mice, the bulge as
an anatomical structure becomes morphologically established
during the first postnatal telogen (at P18) at the end of HF
morphogenesis, then hfSCs also start to express the mature hfSC
cell surface marker CD34 (Trempus et al., 2003). Together with
α6-integrin, the CD34 marker can be employed to faithfully
isolate basal hfSCs by fluorescence-activated cell sorting (FACS)
(Trempus et al., 2003; Blanpain et al., 2004; Morris et al., 2004)
(Figure 3A). Moreover, LRCs-hfSCs reveal the highest level
of keratin K15 (K15) expression (Figure 3A) (Liu et al., 2003;
Morris et al., 2004).

In the past, K15-GFP or intermittently dividing LRCs reporter
mice and the application of immunofluorescence staining with
α6-integrin+/CD34+ enabled isolation by FACS living hfSCs in
the first microarray-based experiments (Blanpain et al., 2004;
Morris et al., 2004; Tumbar et al., 2004). In addition to CD34,
which labels more than 90% of K15-GFP+ hfSCs (Morris
et al., 2004), there are high levels of other key SCs stemness
markers, such as Lhx2 (LIM homeobox2), Sox9, Tcf3 (T-cell
factor3), Tcf4, Lgr5 (Leu-rich repeat-containing G protein-
coupled receptor5), NFATc1 (the nuclear factor of activated
T-cell cytoplasmic1), and Foxc1 (forkhead box c1) (Figure 3A)
(Merrill et al., 2001; Vidal et al., 2005; Nguyen et al., 2006; Rhee
et al., 2006; Horsley et al., 2008; Nowak et al., 2008; Nguyen
et al., 2009; Kadaja et al., 2014; Adam et al., 2015; Lay et al.,
2016; Wang et al., 2016). Sox9 is crucial to maintain hfSCs
stemness by Activin B/TGFβ/pSmad2 signaling that inhibits
the IFE fate (Kadaja et al., 2014). Importantly, Sox9 directly
regulates another stemness marker Lhx2 (Kadaja et al., 2014).
The special role of Sox9 in orchestrating the formation of
hfSCs has been demonstrated by its ablation with subsequent
inhibition of Lhx2, Tcf3, and Tcf4 expression (Adam et al., 2015).
Thus, Sox9 has been recognized as a pioneer factor coupling
stemness transcription factors Lhh2, Tcf3, Tcf4, NFATc1, Tle,
and Nfib along with Mediator subunit (Med1) and histone
H3 acetylation on lysine 27 (H3K27ac, activation mark), which
localize super-enhancers with their epicenters to maintain hfSCs
(Adam et al., 2015).

In another recent study, the loss of nuclear factor IB (Nfib)
and IX (Nfix) revealed the abolition of the epigenetic landscape
of super-enhancers with the inability to maintain hfSCs stemness
(Adam et al., 2020). In addition, expression of NFATc1 is directly
controlled by canonical BMP/Smad1/5/8 signaling in the hfSCs
quiescence, since the NFATc1 promoter possesses Smad’s binding
sites (Horsley et al., 2008; Kandyba et al., 2013; Genander et al.,
2014). BMP (Bone Morphogenetic Protein) signaling, together
with Calcium/calcineurin (CN) are required to activate NFATc1,
which then suppresses the cyclin dependent kinase 4 gene (Cdk4)
expression, keeping the bulge in a quiescent state (Horsley et al.,
2008). Another recent study discovered an additional molecular
mechanism was discovered where Foxc1 activates NFATc1 and
BMP signaling, as major quiescence organizers, while Foxc1
in activated bulge SCs are required to restore and preserve
quiescence (Lay et al., 2016; Wang et al., 2016). Foxc1 binding
sites were found in promoter or enhancer regions of genes
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FIGURE 3 | Intrinsic signaling oscillation in hair follicle stem cells. (A) Graphic depiction of stemness genes expressed in quiescent telogen including bulge with
hfSCs along with upper bulge and infundibulum of HF, hair germ, suprabasal bulge layer (SBL) layer, and DP. (B) Model of proposed intrinsic oscillation in hfSCs
represents intrinsic dynamic competitive oscillation along BMP signaling axis of activators and inhibitors and its reciprocal interaction between BMP and WNT
pathways in SCs (stem cells) homeostasis regulation.
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involved in hfSCs quiescence, including Bmp2, Foxp1 (forkhead
box p1), NFATc1, and Prlr. Finally, a comparison between
gene expression and correlation with specific motifs for Foxc1,
NFATc1, and Smad indicates cooperation of gene networks in the
regulation of the quiescence state (Wang et al., 2016).

Genome-wide studies depict histone H3 tri-methylation on
lysine 4 (H3K4me3) and lysine 79 (H3K79m2) as an indicator
of promoters of actively transcribed genes of hfSCs, including
all previously reported stemness genes, whereas differentiation
genes in hfSCs are repressed by repressive H3 tri-methylation on
lysine 27 (H3K27me3) (Lien et al., 2011).

One of the most important characteristics of genuine SCs
is the capability to sustain their stem proliferative feature
in vitro with a long-term self-renewing property in culture
(Barrandon and Green, 1987). Indeed, hfSCs demonstrate the
highest efficiency in the colony-forming assay when compared
to all tested populations of keratinocytes isolated from different
parts of the skin in vitro (Rochat et al., 1994; Oshima et al., 2001;
Trempus et al., 2003; Blanpain et al., 2004; Morris et al., 2004).
However, an even more significant test of SCs is their ability
to maintain regenerative characteristics in vivo by performing a
well-established assay of the chamber graft reconstitution (Lichti
et al., 1993; Weinberg et al., 1993; Lichti et al., 2008). In this assay,
different populations of keratinocytes are tested for SC potential
by combining them with DP-enriched fraction of fibroblasts from
neonate mice and then the resulting cell suspension is grafted
onto the backs of immunocompromised mice to regenerate a
full-thickness epidermis with appendages. As expected, hfSCs are
capable of regenerating HFs, the epidermis, and the sebaceous
glands when grafted into the chamber on athymic (NUDE) mice
thereby demonstrating their multipotency (Blanpain et al., 2004;
Morris et al., 2004; Claudinot et al., 2005). Similarly, human
bulge hfSCs have been also labeled by K15 expression (Lyle
et al., 1998, 1999). Using a genetic approach with the reporter
mice with K15 – promoter-driven specific bulge hfSCs labeling
confirmed that their descendent cells are able to build up all layers
of the HF (Liu et al., 2003; Morris et al., 2004). While hfSCs
are crucial to regenerate HF, bulge hfSCs can also contribute
to wound repair but only temporarily and are not involved
in long-term homeostasis of the epidermis (Ito et al., 2005;
Levy et al., 2007).

Recently, it has been shown that the isthmus (a region of the
HF directly above the bulge) is marked by Lgr6 (leucine-rich
repeat-containing G protein-coupled receptor 6) (Figure 3A)
and that these Lgr6+ cells assist in the homeostasis of the skin
epidermis, sebaceous and HFs, they participate in skin epidermis
regeneration after injury, and are long lasting (Joost et al., 2018;
Snippert et al., 2010).

Above the isthmus in the HF, is a junctional zone containing
the upper isthmus and lower infundibulum where the sebaceous
gland opens into a hair follicle to secrete sebum. This structure
also contains the SC populations which can reconstitute the
epidermis, HF, and sebaceous gland in a reconstitution assay,
and is labeled by MTS24 and Lrig1 (Leucine-rich repeats and
immunoglobulin-like domain protein 1) expression (Figure 3A)
(Nijhof et al., 2006; Jensen et al., 2008, 2009). Other research has
shown that the junctional zone also hosts a different population

of unipotent sebaceous gland progenitor cells labeled by Blimp1
(Figure 3A) (Horsley et al., 2006).

HAIR GERM INITIATES CYCLIC HAIR
REGENERATION

It was originally believed that hfSCs occupied the secondary hair
germ, at the bottom of the HF, during the quiescent phase of the
HF cycle (Chase et al., 1951). Later research indicated that hfSCs
in the bulge and HG cells are equivalently based on keratin15
expression as a specific marker to these cells (Lyle et al., 1998).
Although hfSCs constitute the main source of cells in the growing
phase of anagen, the HG is responsible for initiating a new hair
cycle in direct reaction to molecular signals from the dermal
signaling center (DP) at the beginning of anagen (Panteleyev
et al., 2001; Greco et al., 2009). The HG is a transient region
of the HF, that originated repeatedly from the hfSCs population
at the resting phase of the hair cycle. In telogen phase HFs, the
HG is located between the DP and bulge hfSCs (Figure 3A) (Ito
et al., 2004; Greco et al., 2009; Zhang et al., 2009). The precise
time point at which the HG starts to specify is still a topic of
discussion. One hypothesis claims that the HG is formed directly
from the hfSC population during the telogen phase, ignoring
the fact that cells located below the bulge region can survive
catagen (Greco et al., 2009; Zhang et al., 2009; Mesler et al.,
2017; Panteleyev, 2018; Xin et al., 2018). A model reconciling
both these hypotheses is proposed, in which such reconcilement
is possible due to HG heterogeneity, visible through differential
gene and protein expression in the telogen HG cells (Panteleyev,
2018). A different concept suggests that the HG originates from
the hfSCs population present in the upper ORS (ORS-SCs).
This characteristically located stem cell population is formed
during the preceding anagen phase and after catagen survival
and gives rise to the “new” unsymmetrical bulge with adjacent
HG (Hsu et al., 2011). The HG is defined as being molecularly
distinct from hfSCs by lacking hfSC markers such as NFATc1,
S100A6, and CD34, yet it displays Lef-1 with specific expression
of P-cadherin (Figure 3A) (Greco et al., 2009). Moreover, when
comparing these two populations of cells at the transcriptional
level, HG cells very closely resemble activated bulge hfSCs and
function as a closely related, an extended, population of the
bulge hfSCs (Ito et al., 2004; Greco et al., 2009). The hfSC
and HG populations also express the same markers, such as
SCs, K15, Lgr5, Sox9, Tcf3, and Lhx2 (Figure 3A) (Trempus
et al., 2003; Greco et al., 2009). However, in contrast to hfSCs,
isolated and cultured HG keratinocytes generate faster larger
colonies but because of limited proliferative potential, they only
grow effectively in vitro up to 3 passages (Greco et al., 2009).
Interestingly, HG keratinocytes cannot maintain SC-like features
in vitro. Current findings demonstrate that they possess the ability
to functionally restore the bulge hfSCs population after injury,
depilation, or laser ablation in vivo, indicating the reciprocal
balance between both populations (Ito et al., 2004; Rompolas
et al., 2012, 2013).

During telogen to anagen transition, HG cells exhibit faster
activation than hfSC and HGs are a more dynamic population.
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They prepare for the onset of anagen by gradually increasing
the expression level of genes involved in cell-cycle activation
and signal transduction pathways (Greco et al., 2009). The first
sign of HG proliferation is β-catenin stabilization along with
other consequences of canonical WNT signaling activation. The
network of genes involved in cell cycle progression is highly
upregulated including a group of cyclins (Ccnb1, Ccna2, Ccnd2,
and Ccnd1) and cyclin-dependent kinases (Cks2 and Cdc2a)
(Greco et al., 2009). This highly correlates with the activation of
WNT signaling in the 1N-β-catenin mouse model with increased
expression of the genes involved in cell cycle progression (Lowry
et al., 2005). In addition, recent data demonstrates that at
the onset of anagen, HG exchanging Tcf3/Tcf4 for Lef1 at the
super-enhancers, and then Lef1 forms the nuclear complex with
β-catenin after activation of WNT signaling (as a consequence
of BMP inhibition) which drives HG committed progenitors
(Merrill et al., 2001; Kobielak et al., 2007; Adam et al., 2018). The
decreased BMP signaling observed in HG proliferation has also
been promoted by activation of pSmad2 by transforming growth
factor-β2 (TGFβ2) at the anagen onset (Oshimori and Fuchs,
2012). Recently, a two-step mechanism of early hair activation
has been dissected further by showing the important role of DP
in this process by restraining the bulge dependent inhibitors of
WNT (such as Wif1, Frzb, Sost, Mest, Shisa3, and Igfbp4), which
indirectly activate canonical WNT and Shh expression in HG
progenitor cells to maintain a short period of proliferation in the
lower part of hfSCs (Avigad Laron et al., 2018).

INTRINSIC SIGNALING OSCILLATION IN
hfSCs

The HF oscillation is the repetitive fluctuation between activation
and quiescence phases of this mini-organ, leading to visible
changes during regenerative hair cycles. Here, we explore how
this biological fluctuation is orchestrated on a molecular level,
leading to a periodic pattern of hair regeneration.

The recent discovery that BMP signaling maintains hfSCs
in a dormant telogen, predominantly by inhibition of the
canonical WNT signaling pathway, suggests a new model of
intrinsic homeostasis regulation of these stem cells (Figure 3B)
(Kandyba et al., 2013). Thus, any circumstances that reduce
BMP signaling activity result in the upregulation of WNT
canonical signaling with subsequent temporal hfSCs activation.
Consequently, temporal stochastic activation of hfSCs tips the
balance in favor of the dormant phase with high inner bulge BMP
activity, thereby creating a cyclical molecular network (Kandyba
et al., 2013; Li et al., 2015). Indeed, upon BMP inhibition,
which leads to intrinsic hfSCs activation, Bmp6, and Gremlin1
(Grem1) are up- and down- regulated, respectively (Kandyba
et al., 2013; Li et al., 2015). Endogenous Grem1 expression
in feather buds is controlled by BMP signaling (Bardot et al.,
2004), suggesting that activating and inhibiting components of
this signaling axis are already reciprocally dependent and drive
internal oscillation of gene networks in hfSCs (Figure 3B). In
addition, a similar inverse relation was described between BMP
signaling and the function of another inhibitor, Bambi, in hfSCs

regulation (Kandyba et al., 2013). It was also reported that Bambi
is antagonized by microRNA-31, which promotes a new hair
regeneration cycle (Mardaryev et al., 2010), demonstrating the
complexity of the main BMP signaling axis oscillation.

This intrinsic oscillation along the activator and inhibitor
axis is consistent with the previous Turing model (Turing,
1990) which was expanded by Gierer and Meinhardt (1972).
This concept describes a constant periodic pattern formation
of opposing signals where one of the morphogens acts as an
activator and the second one as an inhibitor, antagonizing
the generation of the former to restrict the range of its
activation spikes (Gierer and Meinhardt, 1972; Meinhardt and
Gierer, 2000). The activator-inhibitor model proposes that the
production of the agonist might promote the induction of
its neutralizer – antagonist (Gierer and Meinhardt, 1972),
which was also observed in hfSCs oscillation that stimulated
opposed, yet synchronized, effects on the whole gene network
(Kandyba et al., 2013).

This canonical BMP pathway suppression demonstrated that
the intrinsic oscillation of the BMP signaling axis rearranges
the WNT signaling pathway in a ligand-dependent fashion.
As the result, the hfSCs molecular profile switched to mimic
an HG destiny with canonical WNT activation (Kandyba
et al., 2013). Consequently, BMP inhibition overcomes self-
autonomous regulation with nuclear β-catenin stabilization in
hfSCs, preceded by the upregulation of ligands: Wnt7a, Wnt7b,
and Wnt16, followed by WNT inhibitor, Dkk3 downregulation
(Figure 3B) (Kandyba et al., 2013). At the same time, hfSCs
sense and respond to inhibition of BMP signaling resulting in
a rearrangement of WNT receptors, called Frizzled (Fzd). In
this arrangement, Fzd2 and Fzd3 must first be downregulated,
simultaneously activating Fzd10, to prepare for canonical WNT
activation (Figures 3B, 4B) (Kandyba et al., 2013). Recently, it has
been confirmed that the regulatory element of the Fzd10 gene was
closed during the quiescence of hfSCs and becomes more open
and accessible, as demonstrated by the overlapping of ATAC-
seq and Chip-seq data at the early stages of hfSCs activation
(Adam et al., 2018).

Furthermore, a functional analysis confirmed that the
subcutaneous introduction of the Wnt7a recombinant protein
was capable of initiating a new cycle of HF regeneration
with hfSCs activation (Ito et al., 2007; Kandyba et al., 2013;
Kobielak et al., 2015). Conversely, when the Wnt7b gene was
removed from hfSCs it postponed hfSC activation with a shorter
anagen (Kandyba and Kobielak, 2014). The direct interaction of
canonical BMP pathway effectors, phospho-Smads (pSmad1/5/8)
has also been confirmed in the regulatory regions of Wnt7b
and Wnt7a genes from in vivo isolated hfSCs (Kandyba et al.,
2013; Genander et al., 2014; Kandyba and Kobielak, 2014). When
the canonical Wnt pathway was inhibited by β-catenin ablation
in hfSCs, it led to the upregulation of several BMP inhibitors
including Grem1, Bambi, and Noggin, suggesting that WNT
signaling suppresses BMP antagonist expression, permitting an
increase in BMP signaling (Lim et al., 2016). This is consistent
with the intrinsic oscillation model, which demonstrates that
regulatory feedback loops are present between canonical BMP-
WNT signaling axes and that a network of gene dependency

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 December 2020 | Volume 8 | Article 595178114

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-595178 December 4, 2020 Time: 18:51 # 8

Daszczuk et al. Intrinsic Signaling Oscillation in hfSCs

FIGURE 4 | Intrinsic oscillator in hfSCs consolidates with extrinsic signaling in niche environment during hair cycle regeneration. (A) Proposed model of the molecular
oscillation in hfSCs and its cross-talk during the quiescent-telogen and onset of HF activation during early anagen. The model also depicts intrinsic dynamic
oscillation in hfSCs through observed rearrangements in ligand-receptor dependency and cross-talk between the main players of BMP and WNT signaling in SCs,
and niche synchronized regulation. (B) Model of intrinsic oscillation in hfSCs between BMP and WNT signaling pathways, which sense and respond in an autocrine
way to intra bulge hfSCs and in a paracrine way to the surrounding niche environment, including signaling center DP (intrinsic synergistic oscillation vs. intrinsic
competitive oscillation with an accumulation of activators and/or inhibitors). (C) Model of internal feedback regulatory loop in DP between BMP and WNT signaling
pathways, which sense and reciprocally respond to the hfSCs and the surrounding niche environment, especially bulge hfSCs in a paracrine way (synergistic vs.
competitive accumulation of activators and/or inhibitors). (D) Model of wave interference in opposed phases between either hfSCs with repressive BMP and DP with
stimulating WNT or in the reverse situation of hfSCs with activation of WNT and DP with inhibitory BMP signaling. The model of wave interference in opposed phases
proposes attenuation with the inhibitory (OFF) effect of signals coming from either the intrinsic hfSCs oscillator or from the internal feedback regulatory loop of DP
regardless of whether they are predominantly in BMP or WNT signaling. It results in reducing and flattening the wave amplitude, of BMP or WNT signaling either in
hfSCs or DP (a dotted black sinusoid lines), creating a weaker resultant wave than individual waves before, and the mutual influence of these waves causes
destructive interference. (E) Model of constructive interference with wave interference in the same stages (or in the same phases) of the repeating pattern waves
between hfSCs and DP, with either repressive BMP resulting in quiescence (OFF) effect or stimulatory WNT leading to activation (ON) effect. The model of waves
interference in the same phases proposes either inhibitory (OFF, a dotted red sinusoid line) effect or activatory (ON, a dotted green sinusoid line) effect of signals
coming from either intrinsic hfSCs oscillator or internal feedback regulatory loop of DP and the phases depend on whether synchronization happens in BMP or WNT
signaling for both hfSCs and DP. It creates a stronger resultant wave with a higher amplitude of either BMP (stronger inhibition) or WNT (stronger activation) signaling
in both hfSCs and DP. (F) Model of the intrinsic oscillator in hfSCs which consolidates with extrinsic signaling in surrounding niche environment during hair cycle
regeneration. MSCs, melanocyte stem cells.
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maintains constant intrinsic oscillation in hfSCs (Figure 3B)
(Kandyba et al., 2013; Lim et al., 2016).

Another interesting issue is the family of Id genes, which are
highly sensitive to BMP stimulation. In hfSCs Id1, Id2 and Id3 are
direct targets of pSmads in the canonical BMP signaling pathway,
and are also significantly suppressed after Bmpr1a ablation
(Kandyba et al., 2013; Genander et al., 2014). In other types of
SCs Id genes are also involved in the preservation of cell identity
and prevent premature differentiation (Niola et al., 2012).

This indicates that the regulatory feedback loops between
BMP and WNT pathways sense either activation or inhibition
of hfSCs during anagen or telogen. Moreover, they respond
in opposite ways, either inhibiting hfSCs upon excessive
SCs activation or activating hfSCs upon disproportionate
SCs inhibition. This keeps the intrinsic oscillator constantly
operating in stem cells, which introduces a check and balance
mechanism for stem cell homeostasis (Figures 3B, 4B,C)
(Kandyba et al., 2013).

THE OSCILLATION OF hfSCs IS UNDER
ANTAGONISTIC INFLUENCE OF INNER
BULGE LAYER DURING QUIESCENCE

The hypothesis in which multipotent and undifferentiated adult
stem cells are seen in direct association with other cells within
specific localization was first mentioned by Schofield (1978).
This location represents a specialized microenvironment called
a niche, which is maintained by the secretion of specific
components of ECM to anchor in place and support the SCs.
It is well established that niche cells arise from a different cell
lineage than the SCs they regulate. Nonetheless, this concept
is questioned as more recent niche studies in vertebrate and
invertebrate systems consequently identify mechanisms where
SCs progeny play a crucial niche element, providing and relaying
signals that regulate SCs activity itself. This mode of action might
be a substantial program controlling SCs behavior in homeostasis
and wound repair. The HF inner bulge layer, positive for Keratin
6 (K6+), known as K6+ suprabasal bulge layer (SBL) is the
inmost one, located between the telogen bulge hfSCs and the
old HF called club hair (Figure 3A). It is widely believed that
K6+ SBL cells arise from the hfSCs, exiting the bulge upon
anagen onset, and then migrating and proliferating downward
along with the exterior ORS. In the HF cycle progression, in
late anagen, the ORS cells that survive the destructive phase of
catagen atypically differentiate to form the inner bulge layer, SBL,
in the newly established bulge region (Hsu et al., 2011). Although
K6+ SBL maintains some of the hfSCs markers such as Lhx2,
NFATc1, Sox9, Tcf3, and Foxc1 (Figure 3A) (Hsu et al., 2011;
Lay et al., 2016; Wang et al., 2016), they are neither CD34 nor
integrin positive. Regardless of SBL similarities to hfSCs, the
former cannot replace SCs function in homeostasis or after an
injury during wound repair. It seems that SBL’s predominant role
is to maintain an attachment to the old hair shaft, therefore,
preventing the animal’s hair loss when each hair cycle concludes.
Interestingly, SBL extends to the K6 positive companion layer
(Cp) separating ORS and IRS and both structures express

anchoring proteins responsible for old hair club and old hair
shaft hooking to the old bulge (Winter et al., 1998; Hanakawa
et al., 2004; Lay et al., 2016; Wang et al., 2016). The high
expression of Bmp6 and Fgf18 by SBL is sufficient to maintain
hfSCs quiescence (Figure 4A) (Hsu et al., 2011) indicating the
inner bulge layer’s crucial role in regulating hfSCs behavior. The
removal of K6+ SBLs by hair plucking or genetic ablation leads to
premature hfSCs activation and anagen initiation. Additionally,
this precocious HF anagen can be blocked with subcutaneous
injection of either Bmp6 or Fgf18, which is a primary example of
how hfSCs progeny acts as a niche component maintaining hfSCS
homeostasis in vivo – simply by restricting hfSCs activity through
these signaling mechanisms (Blanpain et al., 2004; Greco et al.,
2009). Although bulge cells express secreted WNT inhibitors
such as Dickkopf 3 (Dkk3) and secreted frizzled-related protein 1
(Sfrp1) (Kandyba et al., 2013; Lim et al., 2016), usually associated
with quiescent HF, the former one was found in the WNT-
inactive internal bulge in the growth phase of the hair cycle
(Lim et al., 2016).

hfSCs SENSE SURROUNDING NICHE
COMPONENTS FORMING
MULTIFACETED ENVIRONMENTS

In the case of hfSCs, the signals obtained from the niche
determine their undifferentiated, multipotent state, and cycling
status. The niche contains components of SCs progeny as
well as heterologous cell types. In a niche centric view, the
microenvironment provides signals necessary to maintain their
stemness capacity. Recently, a mechanism indicating that SCs are
born during embryogenesis at a stage that occurs long before
the establishment of the HF bulge niche has been discovered
(Ouspenskaia et al., 2016). The niche acts as an instructive
signaling hub(s) that plays a critical role in maintaining SCs
homeostasis and determines their behavior. Recent studies of hair
follicle niche components have identified a number of additional
layers in hfSCs regulation. For a better understanding of the
reciprocal interactions during HF regeneration between hfSCs
and a niche environment, this review will now discuss the key
mechanisms that regulate the surrounding HF niche.

DERMAL PAPILLA AND DERMAL
SHEATH INTEGRATE WITH THE
INTRINSIC OSCILLATION IN hfSCs AND
HAIR REGENERATION

At the end of the hair cycle, during telogen, HFs re-enter the
quiescent phase and hfSCs remain dormant till the next anagen.
It is generally assumed that during the telogen period, the
activatory DP, attached to HG and indirectly to hfSCs, needs hefty
inhibitory signals like Bmp4 from dermal fibroblasts and Bmp2
from adipocytes forming the neighboring macroenvironment
to sustain hfSCs in the resting phase (Figure 4A). Toward
the end of the telogen phase, the levels of repressive dermal
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BMP cues decline, resulting in increased expression of WNT
proteins (Plikus et al., 2008; Plikus et al., 2011). In principle,
crosstalk between the hfSCs and the neighboring niche at the
local molecular level governs the switch from BMP-high/WNT-
low inhibitory state to the BMP-low/WNT-high condition, which
promotes the transition from telogen to anagen and a new
hair regenerative cycle (Figure 4A). An essential structure that
releases stimulatory factors to activate HFs is DP, a critical
instructive signaling center that is part of the hfSCs niche
attached to HG (Figure 4A). Recently reported lineage tracing
studies have identified the existence of micro-niches alongside
the DP axis. These newly discovered niches corresponded to
the spatially arranged progenitors within the DP compartment,
and are capable of differentiating into different epithelial layers
within the hair follicle. These findings raised the possibility that
by compartmentalization of progeny into distinct micro-niches
where WNT-BMP crosstalk occurs, niches/tissues gain precise
control over morphogenesis and regeneration (Yang et al., 2017).
Several studies have shown, that during the postnatal HF cycle,
DP regulates hfSC activity and promotes hair growth when
grafted into HF, and coordinates with the epidermis in generating
new HFs in vivo (Jahoda et al., 1984, 2001). However, DP cells
without BMP receptor 1a (Bmpr1A) are not able to generate HFs
in hair reconstitution assays (Rendl et al., 2008). A specific genetic
approach with the development of transgenic mice, along with
FACS technology, allowed for the isolation of a pure population
of DP cells (Rendl et al., 2005). Still, the biggest challenge yet to
be resolved, are problems related to the long-term maintenance
of DP culture in vitro, because, after a few passages, DP cells lose
their ability to induce HFs and usually become senescent (Horne
et al., 1986). DP cells express several characteristic markers from
which DP signature genes are selected. For example, secreted
WNT inhibitors contain Wif1, Sfrp2, Frzb, and several BMP
agonists like Bmp4 and Bmp6 along with BMP antagonists such
as Noggin, Sostdc1/Ectodin/Wise, Gdf10, Prdc (protein related
to Dan/Cerberus), and Bambi (Rendl et al., 2005) (Figure 4C).
Importantly, changes in a gene expression pattern were dramatic
only one passage after DP isolation (Rendl et al., 2005). These
characteristic core genes indicate the complex signaling that
controls DP properties, as well as HF inductive activity. One
possible way of improving the culture method is to co-culture
isolated DP cells with epidermal keratinocytes (Inamatsu et al.,
1998) on extracellular matrix substrates (Havlickova et al., 2009)
or with embryonic fibroblasts expressing Wnt3a or Wnt7a
(Kishimoto et al., 2000). Other strategies to preserve the loss
of trichogenicity assume the activation of the BMP signaling
pathway (Rendl et al., 2008). Furthermore, the 3D spheroid
culture of human DP cells preserved their de novo hair-inducing
power for an extended time after combining with hfSCs in
chamber graft regeneration (Higgins et al., 2013). In another,
using 3D-printing technology, Abaci et al. (2018) generated a
three-dimensional growth environment of human dermal papilla
cells and successfully regenerated human HFs within human
skin constructs. Apart from that, DP can repopulate the dermal
sheath (DS) and the HFs surrounding dermal fibroblasts at the
time of the reconstruction test and after injury (Rendl et al.,
2008). Recent studies have characterized particular DP markers

in the skin. Specifically, DP Sox2 expression was necessary for
the formation of guard, awl, and auchene, but not zigzag hair
(Driskell et al., 2009). Indeed, the genetic ablation of dermal
Sox2 decreases the number of awl/auchene follicles with an
increasing amount of zigzag hair, however, the overall number of
HFs have not been affected during morphogenesis (all remained
HFs stayed positive for another DP marker, CD133) (Driskell
et al., 2009; Lesko et al., 2013). Moreover, Sox2 marks dermal
cells sufficient to develop skin-derived precursors (SKPs) and
these cell types are functionally similar and show similar gene
expression profiles (Fernandes et al., 2004; Biernaskie et al., 2009).
Endogenous and clonal, Sox2 positive, dermal cells functionally
contribute to skin homeostasis by inducing hair morphogenesis,
maintaining dermis, participating in wound-healing, and HF
formation during transplantation, by functioning as dermal stem
cells (Biernaskie et al., 2009). When HF is activated during the
telogen-anagen transition, the change in DP gene expression
causes the release of a plethora of stimulatory factors, such
as Noggin and FGF pathway members, FGF7 and FGF10,
collectively inducing hfSCs activation at the onset of anagen
(Figure 4A) (Botchkarev et al., 1999; Kishimoto et al., 2000; Rendl
et al., 2005, 2008; Driskell et al., 2009; Greco et al., 2009). A lack
of β-catenin expression in DP in anagen HFs induced premature
catagen and impaired hair regeneration, by downregulating FGF
and IGF signaling pathways, unveiling coordinated reciprocal
interaction between DP and epithelial progenitors (Enshell-
Seijffers et al., 2010). Recently, the important role of DP in early
anagen activation has been demonstrated by repressing the bulge-
dependent inhibitors of WNT signaling, which induce canonical
WNT and Shh expression in HG progenitor cells and indirectly
promotes proliferation in the lower part of hfSCs (Avigad Laron
et al., 2018). Furthermore, Rompolas et al. (2013) employed
intravital imaging, combined with physical DP ablation to show
that DP absence is sufficient to prevent anagen onset, therefore
demonstrating DP significance during HF activation.

Recent studies that employed single-cell RNA sequencing
(scRNA-seq) have defined a complete skin cell atlas comprising
several different subpopulations, including HFs with the
surrounding environment during the active and resting phases
of the hair cycle (Joost et al., 2020). In the skin, seven fibroblast-
like subpopulations have been recognized and classified as DP,
DS, and skin fibroblasts. Four of those subpopulations experience
prominent remodeling with expansion between the rest and
growth phase of HFs (Joost et al., 2020). Furthermore, fibroblasts
could be separated into four skin fibroblast subpopulations
(FIB1–FIB4), DP into the anagen DP (aDP) and telogen DP
(tDP), and DS appear to possess mature dermal sheath cells
(DS2, predominantly observed in anagen), and one subtype
with a transitional signature between dermal sheath cells
(DS1) and skin fibroblasts (Joost et al., 2020). The results
of single-molecule RNA-FISH demonstrated the existence of
two DP subpopulations by staining for Notum, a deacetylase
that inhibits WNT ligands specific for telogen DP cells, and
Corin, specific for anagen DP cells (Enshell-Seijffers et al.,
2008; Kakugawa et al., 2015; Joost et al., 2020). In terms
of different expression markers, skin fibroblast subpopulations
could be divided into fibroblasts representing the dermis (FIB1
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and FIB2) and the hypodermis (FIB3 and FIB4) (Joost et al.,
2020). This corresponds to previous studies in which lineage
tracing experiments discovered two distinct lineages of skin
fibroblast, representing the upper papillary dermis (CD26+,
Blimp1+, Sca1− in mouse and CD26+, SFRP2+, FAP+, CD90−
in human) and the lower reticular dermis (Dlk1+, in mouse
and SFRP2+, FAP−, CD90+ in human), along with two pro-
adipogenic types of fibroblasts (Sca1+, Dlk1−, and Sca1+,
Dlk1+) (Driskell et al., 2013; Rinkevich et al., 2015; Salzer et al.,
2018; Tabib et al., 2018; Korosec et al., 2019). In a transplantation
assay, the papillary dermis forms DP and the arrector pili
muscle, and reticular fibroblasts create ECM, preadipocytes, and
adipocytes of the hypodermis (Driskell et al., 2013; Korosec et al.,
2019). Evolutionary conservation in the papillary dermis between
mouse and humans have been observed with the upregulation of
components of the WNT signaling pathway such as Wif, Apcdd1,
Rspo1, Axin2, Lef1, Wnt5a (Philippeos et al., 2018). During
wound healing, the reticular and hypodermis fibroblasts respond
first, then re-epithelialization must occur before papillary dermis
regeneration (Driskell et al., 2013). Indeed, the upregulation of
the canonical WNT signaling in the epidermis stimulates the
expansion of the papillary dermis with HFs formation, as well as
remodeling the lower dermis (Driskell et al., 2013). The upper
dermis fibroblasts, labeled specifically by expression of CD26+,
are responsible for scar formation during wound healing, and
therefore, inhibition of CD26 significantly diminishes scaring in
the skin (Rinkevich et al., 2015). However, as described by the
lineage-tracing experiments during adulthood and then aging,
the fibroblasts from the papillary layer contribute to the whole
dermis, including mature adipocytes, and old fibroblasts increase
WNT signaling (Salzer et al., 2018).

Regarding DS, recent discoveries have demonstrated that
follicle-encapsulating DS cells are necessary for DP relocation to
hfSCs/HG during catagen (Heitman et al., 2020). To facilitate
this, DS cells must contract similarly to smooth muscle by
activation of voltage-gated Ca2+ channels through calmodulin
(CaM) → myosin light chain kinase (MLCK) → myosin
heavy chain (MYH) and myosin light chain (MYL) with alpha-
smooth muscle actin (αSMA) pathway allowing HFs regression
movements (Heitman et al., 2020). Thus it seems that this
machinery is crucial to maintaining a close proximity between
hfSCs and DP cells (Heitman et al., 2020). Apart from the role to
sustain mechanical proximity between hfSCs and DP during the
catagen phase, DS cells also expressed genes like Fgf18 and Socs2
(Heitman et al., 2020). Thus, Fgf18 expression from outside of
the bulge by DS adjacent cells adds an extra layer of regulation
to previously described SBL to further integrate signaling and
maintaining hfSCs quiescence (Hsu et al., 2011; Heitman et al.,
2020). On the other hand, Socs2 is expressed in DS and DP and
is known as a suppressor of cytokine signaling which negatively
regulates the STAT5 signaling in DP for which inhibition has
already been shown to delay the anagen phase, demonstrating
yet another layer of signaling integration between different niche
components influencing hfSCs quiescence (Udy et al., 1997;
Legrand et al., 2016; Heitman et al., 2020).

All these discoveries about molecular DP characteristics
suggest that DP might be under the reciprocal influence of

hfSCs and other surrounding niche components (as discussed in
the next part on subcutaneous adipocytes) to adequately sense
and synchronously respond to either inhibiting or promoting
HFs cyclic regeneration (Figures 4A–C). Since the main part
of these molecular pathways mirror the changes observed in
bulge hfSCs, regarding the intrinsic competitive cycling between
BMP inhibitors and WNT activators and BMP activities in DP,
it may suggest that this process is also intrinsic (Figures 4B,C).
If this is a case, our working model considers the presence of
at least one intrinsic oscillator localized in hfSCs and might
predict the existence of a second putative one in DPs during hair
regeneration (Figures 4B,C,F).

SUBCUTANEOUS FAT AND ITS
PRECURSORS INTERPLAY WITH THE
INTRINSIC hfSCs OSCILLATOR

The behavior of hfSCs is controlled by the regulatory factors
provided by DS fibroblasts adjacent to the HG and the hfSCs
(Figure 4A). Additionally, it was shown that dermal white
adipose tissue (DWAT), an important regulator of hfSC activity,
is also in close contact with hfSCs (Zwick et al., 2018).
Waves of inhibitory and activating signals, produced by the
subcutaneous fat cells, facilitate the synchronization of hfSCs,
primarily affecting DS and DP activity (Figure 4A). It has been
revealed that during the hair cycle, the thickness of DWAT
shows parallel and synchronized oscillation to HFs, as they are
thicker in anagen and thinner in telogen (Chase et al., 1953;
Hansen et al., 1984; Festa et al., 2011; Nicu et al., 2019). The
enlargement of DWAT during the early anagen is caused by
the proliferation and differentiation of preadipocytes, as well
as the hypertrophy of adipocytes (Rodeheffer et al., 2008; Festa
et al., 2011). Adipogenesis is regulated by WNT/β-catenin and
Shh signaling from the growing HFs (Donati et al., 2014; Zhang
et al., 2016). In contrast, during the anagen-to-catagen transition,
DWAT shrinks, which is caused by lipolytic change and the
dedifferentiation of mature adipocytes (Nicu et al., 2019; Zhang
et al., 2019). Notably, during the telogen-to-anagen transition,
the amount of DWAT increases (Chase et al., 1953; Plikus et al.,
2008; Festa et al., 2011). Subcutaneous adipocytes periodically
express Bmp2 and Bmp4 to inhibit hfSCs activity and maintain
the quiescence and the refractory telogen state (Plikus et al.,
2008). The activity of hfSCs can also be suppressed by other
dermal inhibitors, such as secreted frizzled-related protein 4
(SFRP-4) and DKK1 (Plikus et al., 2011). DWAT also produces
activators including follistatin, which leads to stimulation of hair
wave propagation during anagen (Chen et al., 2014). Intradermal
immature adipocytes were shown to play a crucial role in
controlling the hfSCs through platelet-derived growth factor
(PGDF) signaling which stimulates DP cells to activate hair cyclic
regeneration (Figure 4A) (Festa et al., 2011).

There are some examples of genetically modified mouse
models, including mice with human fatty acid transport
protein (FATP4) and apolipoprotein C-I overexpression, or
mice deficient for Dgat1 and Dgat2, all developing changes in
the adipocyte layer, HFs, and skin structure (Jong et al., 1998;
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Chen et al., 2002; Herrmann et al., 2003). Other research
demonstrated a surprising discovery that fat cells can be
regenerated from myofibroblasts during wound healing. For
cell lineage reprogramming, neogenic HFs around a wound are
necessary to trigger BMP signaling to activate adipocyte-specific
transcription factors (Plikus et al., 2017).

Reciprocal signaling and interaction between HFs and DWAT
demonstrate the importance of the relationship between hfSCs
and their niche to sustain proper skin homeostasis. Although a
great deal remains unclear about the comprehensive crosstalk
between the HF niche cells, during the various stages of the HF
cycle the behavior of hfSCs are largely controlled by the different
niche components (Plikus et al., 2008, 2011; Festa et al., 2011).

EXTRA PLAYERS INFLUENCING
INTRINSIC hfSCs OSCILLATION AND
HAIR REGENERATION

Although still a lot of things remain undiscovered about the
comprehensive crosstalk between the HF niche cells, more
compound perspectives are appearing in research, showing that
during the various stages of the HF cycle the behavior of hfSCs
is controlled by the different niche components (Jahoda et al.,
1984; Botchkarev et al., 1999; Rendl et al., 2005; Plikus et al.,
2008; Festa et al., 2011; Hsu et al., 2011; Kobielak et al., 2015;
Joost et al., 2020).

Four types of sensory neurons are concentrated on the top
bulge region of the HF to ensure that the sensory responses
coordinate the behavior of SCs within the skin (Abraira and
Ginty, 2013; Li and Ginty, 2014). Recently it has been found
that sensory nerves release Shh to a pool of perineurally located
Shh-sensitive upper bulge SCs (Gli1 positive) that permanently
participate in wound healing. Hence, their lineage can change
into the epidermal SCs, demonstrating the crucial role of the Shh
signal to transform and sustain the upper bulge keratinocytes
into an epidermal fate (Figure 3A) (Brownell et al., 2011).
During development, Shh signaling also plays a critical role
in the arrector pili muscle-sympathetic nerve niche formation,
which in light of recent studies, regulates hair follicle stem cell
activity. In this dual-component niche system, norepinephrine,
a neurotransmitter, is secreted by sympathetic nerves which
activate hfSCs and promote anagen entry. Additionally, the loss
of norepinephrine signaling causes stem cell quiescence by down-
regulation of cell-cycle and metabolic machinery, as well as
up-regulation of two quiescence regulators Fgf18 and Foxp1
(Shwartz et al., 2020).

The HF bulge area is surrounded by blood vessels (part of
dermal vasculature – superficial vascular plexus) that provide the
nutritional and hormonal input into the hfSCs population, which
was confirmed by recent research illustrating the connection
between the bulge SCs and the perivascular niche (Amoh et al.,
2004; Xiao et al., 2013). Additional research has confirmed that
the hair cycle depends on cutaneous angiogenesis and identified
Bmp4 regulation as one of the main inhibitory factors of hfSCs
anagen progression (Mecklenburg et al., 2000; Li et al., 2019).
Furthermore, the K15 negative upper bulge cells located adjacent

to the vascular annulus express a signaling factor EGF-like
domain- multiple 6 (Egfl6), which is involved in angiogenesis and
the recruitment of vascular endothelial cells (Xiao et al., 2013).

A recent study also highlighted that lymphatic remodeling,
driven by hfSCs, coordinates HFs regeneration by controlling the
composition of fluids and cells in the surrounding environment.
HfSCs control the behavior of lymphatic capillaries through
the secretion of molecules Angptl7 and Angptl4, which act as
an on/off switch for drainage. The niche connection between
lymphatic and hfSCs revealed its importance in maintaining the
balance between hfSCs self-renewal and quiescence. This novel
concept represents a potential source of new therapeutic targets
for lymph-related conditions, including hair loss and wound-
healing (Gur-Cohen et al., 2019; Pena-Jimenez et al., 2019).

Hair pigmentation depends on the production of melanocytes
and their melanin-product deposition inside keratinocytes.
Melanocytes come from melanocyte stem cells (MSCs) during
each hair cycle activation. During development, MSCs derive
from the neural crest and are located in the bulge area,
interspersed between hfSCs (Nishimura et al., 2002). The
coordinated mutual interaction between MSCs and hfSCs allows
for sMSCs activation and differentiation into melanocytes which
produce and transfer melanin to the bulb matrix progenitors
during each hair regeneration to produce hair color (Tanimura
et al., 2011). The coordinated activation of canonical WNT
signaling and collaboration between hfSCs and MSCs especially
through Wnt7a and Wnt10b ligand, the first, previously
described in the intrinsic oscillation model, initiates pigmented
hair regeneration. Thus, it suggests that this crosstalk between
SCs in the bulge is necessary to couple their behavior and
coordinate the outcome of hair regeneration and pigmentation
(Figure 4F) (Rabbani et al., 2011; Chang et al., 2013). The skin
pigmentation pattern named “anagen-coupled melanogenesis”
can also serve as a sign of the hfSCs activation, which is
manifested by visible pigment production during each new hair
cycle (Chase and Eaton, 1959).

Immune cells are crucial for proper hair development, not
only during embryogenesis but also to regulate the regeneration
of HFs during physiological hair cycling and after skin injury
by stimulating the proliferation and differentiation of hfSCs
(Paus et al., 1998; Gay et al., 2013; Ali et al., 2017; Lee et al.,
2017; Wang et al., 2017; Rahmani et al., 2018). Although it has
been shown that T cells are associated with the hair follicle
throughout the entire hair growth cycle, they are most abundant
during the rest phase, as they participate in telogen to anagen
transition. Under normal physiological conditions, regulatory
T cells (Tregs), which express skin-resident Foxp3 (forkhead
box p3), are located in the follicular epithelium close to hfSCs.
They evoke differentiation and proliferation of hfSCs through
the Jag1-Notch pathway (Zhang et al., 2019). Research showed
that activation of γδ T cells promotes hair growth and helps the
wound healing process by stimulation of interfollicular epidermal
basal cells (Jameson and Havran, 2007; Lee et al., 2017). The γδ

T cells are necessary for HFs neogenesis by secretion Fgf9 that
subsequently activate WNT in fibroblasts in the wounded area
(Gay et al., 2013). However, immune privilege collapsing may
lead to an immune attack on HFs, resulting in diseases such as
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Alopecia areata, immunity-mediated hair loss (Paus et al., 2003;
Gilhar et al., 2007; Strazzulla et al., 2018). Although the exact
cause of this disease remains unknown, most probably it occurs
due to increased presentation of autoantigens in surveying T
cells which can recognize HF antigen resulting in autoimmune
responses against HFs (Gilhar et al., 2007; Strazzulla et al., 2018).
The described inflammatory response mainly attacks the lower
transient segment of anagen HFs, inhibiting hair growth, and
promoting premature anagen-to-telogen transition (Strazzulla
et al., 2018). In summary, the influx of autoreacting T cells
into the HFSC niche is one of the elements that prevent
normal hair growth.

The other immune cells that are located in the HF niche and
that have been shown to regulate the hair cycle are macrophages
(Paus et al., 1998; Castellana et al., 2014). Macrophages in the
skin exist as a heterogeneous population, therefore they can
have different effects on hfSCs (Castellana et al., 2014). They
occur most abundantly during the telogen state (Castellana
et al., 2014). Reduction in the number of macrophages initiates
premature anagen onset, while apoptotic macrophages can
activate hfSCs via WNT signaling, releasing Wnt7b and Wnt10a
ligands (Castellana et al., 2014). In contrast, other studies on
murine macrophages during telogen, which utilized scRNA-
seq, led to the discovery of TREM2+ dermal macrophages,
which can secrete oncostatin M (OSM), a possible antagonist of
hfSCs cyclic regeneration (Yu et al., 2008; Wang et al., 2019).
OSM activates the JAK-STAT5 signaling pathway, maintaining
the hfSCs in the quiescence state during the telogen state
(Wang et al., 2019). Therefore, the ablation of these particular
macrophages leads to an anagen state (Wang et al., 2019).
Additionally, macrophages also play a role in the hfSCs response
to injury. Hitherto, several ways of activating macrophages that
are caused by wounds to the skin have been already described
(Ito et al., 2002; Osaka et al., 2007; Chen et al., 2015). In
particular, CX3CR1 high CCR2+ macrophages expressing TGF-
β1 and TNF-α play a crucial role in hair growth promoted
by injury (Rahmani et al., 2018). Macrophages secreting TNF-
α lead to hfSCs activation through the TNF-α/p-AKT/p-
β-catenin-Ser552 signaling axis, resulting in anagen onset in
the skin of surrounding wounds (Osaka et al., 2007; Wu
et al., 2015; Rahmani et al., 2018). Taking it all together,
macrophages are potential candidates in promoting hair growth.
The activation of WNT/β-catenin signaling can promote their
proliferation and accumulation, therefore participating in hair
and skin regeneration.

THE INTERPLAY BETWEEN THE
EXTRINSIC NICHE ENVIRONMENT AND
THE INTRINSIC hfSCs OSCILLATOR
DURING HOMEOSTASIS AND HAIR
CYCLE REGENERATION

Stem cell reservoirs are localized in dedicated niches that
serve as de facto macro- and micro- environments that control
SCs homeostasis regulation (Spradling et al., 2001; Lin, 2002;

Fuchs et al., 2004). HfSCs also release self-stimulating agonists
in a self-autonomous way at the initiation of growth while
maintaining dormancy throughout the majority of the adult HFs
cycle, however, the underlying mechanisms of this process are not
well understood (Blanpain et al., 2004; Greco et al., 2009; Zhang
et al., 2009; Oshimori and Fuchs, 2012).

Bone morphogenetic protein signaling is one of the most
important pathways necessary for correct HFs cyclic regeneration
(Botchkarev et al., 2001; Kobielak et al., 2003, 2007; Andl
et al., 2004; Plikus et al., 2004; Zhang et al., 2006). HFs ORS,
along with bulge hfSCs, exclusively express transmembrane
Bmpr1a which is essential to transduce canonical BMP signal
after binding with secreted BMP ligands (Bmp2/4/6) by the
phosphorylation of Smad transcription factors (pSmad1/5/8)
(Andl et al., 2004; Kobielak et al., 2007). After activation of BMP
signaling, pSmad1/5/8 forms a heterodimer with Smad4 to trans-
activate specific target genes in the nucleus during quiescent
telogen (Andl et al., 2004; Massague et al., 2005; Kobielak
et al., 2007). The genetic removal of the Bmpr1a in the HFs
contributes to premature and prolonged stimulation of dormant
hfSCs with perturbed homeostasis (Kobielak et al., 2007), which
results in specific hair tumor formation (Kobielak et al., 2003,
2007; Andl et al., 2004; Zhang et al., 2006). BMP agonists or
antagonists are secreted by either intrinsic hfSCs oscillator or
by external niche during HFs cyclic regeneration. During the
onset of a new anagen, opposing changes in expression occur
with down-regulated Bmp4 and up-regulated Noggin, which is
simultaneously observed in an extrinsic niche (DP) and intrinsic
HG (Figures 4A–D) (Botchkarev et al., 2001). Bmpr1a is also
expressed in the DP transducing canonical BMP pathway to
form HFs (Rendl et al., 2008) and BMP activity fluctuation
in the DP results in the generation of distinctive HFs set
(Driskell et al., 2009).

Despite the prevailing and crucial function of DP in niche
stimulation or suppression of hfSCs, the subcutaneous fat
adjacent to hfSCs and HG was shown to release Bmp2 and Bmp4,
thus demonstrating that it is an important player in the hfSCs
environment (Plikus et al., 2008; Festa et al., 2011). In addition,
intrinsic up-regulation of Bmp6 has been proposed to suppress
hfSCs, keeping them in a dormant state (Figure 4A) (Blanpain
et al., 2004; Kandyba et al., 2013).

Bone morphogenetic protein signaling play a fundamental
role in SCs homeostasis in several organs in the body (Zhang
et al., 2003; Haramis et al., 2004; He et al., 2004; Kobielak et al.,
2007). Interestingly, the crucial role of BmpR1A has also been
confirmed in hematopoietic stem cells (HSCs), in the intestinal
stem cells (ISCs), and more recently in neural stem cells (NSCs) to
maintain quiescence of adult SCs by activation of canonical BMP
signaling (Zhang et al., 2003; Haramis et al., 2004; He et al., 2004;
Mira et al., 2010). In contrast, in embryonic SCs (ESCs) BMP
ligands work together with LIF to preserve stemness and promote
proliferative conditions in cell culture (Sato et al., 2003; Ying et al.,
2003). Similarly, an invertebrate homolog of BMP ligand, dpp is
needed to set a niche to preserve anterior germline SCs in the fly
embryo (Xie and Spradling, 1998).

On the other hand, the WNT signaling with β-catenin nuclear
accumulation had been shown as the first pathway crucial
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to stimulating HFs anagen by promoting dormant hfSCs to
proliferate (Gat et al., 1998; Van Mater et al., 2003; Lo Celso
et al., 2004; Lowry et al., 2005). Indeed, the overexpression
of the stabilized nuclear form of β-catenin in the HFs of
genetically modified mouse models resulted in early hfSCs
stimulation, which later led to the development of HFs derived
tumors, pilomatricomas, and trichofolliculomas (Gat et al., 1998;
DasGupta and Fuchs, 1999). A similar genetic mutation that
stabilized β-catenin was found in approximately three-quarters
of human pilomatricomas (Chan et al., 1999). In contrast,
when β-catenin was genetically removed from hfSCs it caused
hfSCs to lose their ability to stimulate new HFs growth, and to
maintain the fate of HF progenies, preferentially adapting IFE
characteristics (Huelsken et al., 2001; Lowry et al., 2005). After
the inside interaction between BMP signaling and the WNT
pathway was described in ISCs, where suppression of BMP leads
to PTEN inhibition with subsequent β-catenin stabilization (He
et al., 2004), a similar probable link between both pathways was
suggested in hfSCs (Kobielak et al., 2007). HFs tumors resembling
trichofolliculomas were formed after Noggin overexpression that
neutralized the BMP pathway, thus linking it directly to WNT
signaling (Sharov et al., 2009).

One of the well-defined processes of hfSCs stimulation is
the upregulation of WNT pathway after the suppression of the
BMP signaling pathway, with nuclear β-catenin stabilization at
first in HG, then in hfSCs to push HFs cyclic regeneration
(Gat et al., 1998; Botchkarev et al., 1999; Kobielak et al., 2003,
2007; Van Mater et al., 2003; Andl et al., 2004; Lo Celso
et al., 2004; Zhang et al., 2006; Ito et al., 2007; Plikus et al.,
2008; Greco et al., 2009; Plikus et al., 2011). Until recently,
there was a missing link in understanding of how the BMP
pathway controls canonical WNT signaling on the molecular
level to influence a complex gene network that promotes hfSCs
stimulation. A novel machinery that internally integrates a
gene network between BMP and WNT signaling was recently
uncovered precisely in hfSCs, where the suppression of the BMP
pathway boosted the intra-bulge WNT ligands (Figures 3B, 4A)
(Kandyba et al., 2013). HGs and hfSCs cells reach early anagen
activation after the DP release BMP antagonists, such as Noggin
(Figures 4A,C) (Botchkarev et al., 1999; Botchkarev et al., 2001;
Greco et al., 2009). The study assumed that the hfSCs were
randomly activated in the next hair cycle and that they must
be in the right oscillation phase to respond to DP secreted
Noggin by the preceding intrinsic secretion of Grem1 and
Bambi by the hfSCs oscillator during the high BMP refractory
phase of telogen (Figure 4B) (Kandyba et al., 2013). Thus,
BMP inhibition from external and internal sources must further
prepare stochastically selected hfSCs to respond to anagen
activation by upregulation of the canonical WNT receptor,
Fzd10 with simultaneous downregulation Fzd2 and Fzd3 (non-
canonical ones) (Figure 4B) (Kandyba et al., 2013; Adam et al.,
2018). At the same time, there is observed overexpression of
the intra-bulge WNT ligands like Wnt7a, Wnt7b, and Wnt16
after inhibition of BMP/pSmads1/5/8 signaling (Figures 3B, 4A)
(Kandyba et al., 2013; Genander et al., 2014; Kandyba and
Kobielak, 2014). Functionally, the biological consequences of
WNT canonical ligand upregulation were confirmed by the

subcutaneous introduction of the recombinant protein of Wnt7a,
which resulted in hfSCs stimulation, initiating a new regeneration
cycle (Kandyba et al., 2013). Collectively, these findings on
internal antagonistic competition underline the existence of a
previously unknown intrinsic oscillation between the signaling
of BMP and WNT gene networks within hfSCs. This fluctuation
counterbalances SCs action indicating that halted BMP releases
the inhibition of WNT, which forces individual hfSC to the
anagen phase, proportionally to the signal strength changes
between BMP/WNT (Figures 3B, 4A). These findings propose
an additional chain of command to control hfSCs besides the
reciprocal interaction between bulge and DP, as well as HFs
and subcutaneous fat (Kandyba et al., 2013). Thus, canonical
BMP and WNT pathways might serve as one of the common
signaling platforms for the reciprocal communication between
some extrinsic niche components and hfSCs, allowing SCs to
appropriately analyze the surrounding signals to adequately
respond during new hair cycles (Kandyba et al., 2013).

Dermal papilla and Noggin secrete transforming growth
factor-β2 (TGFβ2) simultaneously during anagen onset
(Figure 4A) (Oshimori and Fuchs, 2012). TGFβ2 works
synergistically with Noggin and causes HG to respond with
the upregulation of TMEFF1 (transmembrane protein with
EGF-like and two follistatin-like domains 1), which further
suppresses BMP signaling (Figure 4A) (Oshimori and Fuchs,
2012). Additionally, PDGFα (platelet-derived growth factor-α)
is produced by precursors of intradermal fat and activates the
dermal cells adjacent to hfSCs, promoting anagen (Figure 4A)
(Festa et al., 2011). Thus, hfSCs sense the number of surrounding
niche cues and respond accordingly to them with activation of
HFs anagen, if the niche cues for activation are more prevalent
than inhibitory ones (Figure 4A) (Oshimori and Fuchs, 2012).

The exact molecular mechanism of the WNT pathway in
the activation and proliferation of hfSCs is still unveiling, but
recent studies shed light on these intricate interactions. Based on
microarray and ChIP analyses, Cyclin D1 was identified as one
of the up-regulated cell cycle-promoting factors, upon nuclear
β-catenin stabilization, during the beginning of telogen, when
SCs become activated and start to proliferate (Lowry et al.,
2005). This finding is consistent with previously established
chromatin immunoprecipitation (ChIP) assays, where Cyclin
D1 was identified as one of the WNT target genes (Chamorro
et al., 2005). Moreover, chromatin remodeling factors: Timp3,
and Hmgn3, containing Lef1/Tcf-binding sites, were identified
as direct genes activated by the β-catenin chromatin complex
during telogen- anagen transition (Lowry et al., 2005). Indeed,
it seems that switching Tcf3/Tcf4 for Lef1 and nuclear complex
Lef1/β-catenin formation after activation of WNT signaling is
crucial for anagen onset (Adam et al., 2018).

The length of HF cycle phases is appropriately regulated by
DP and the subcutaneous fat adjacent to hfSCs and the SBL
of HFs, which cooperatively generate signal modulating hubs
by balancing the molecular gene network in SCs (Figure 4A)
(Plikus et al., 2008, 2011; Greco et al., 2009; Festa et al., 2011;
Hsu et al., 2011). Furthermore, the performance of an individual
hfSC is adjusted randomly by periodic and recurring interplays.
These may have various consequences that depend on changes in
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the stimulatory or dormant landscape, influenced by the general
macro- or more regional local micro- environment (Figure 4F)
(Chuong and Widelitz, 2009). There are also two phases of
telogen that are marked by the differential expression of dermal
BMP, known as refractory and competent telogen according to
high or low levels of BMP, which are in opposite phases to
canonical WNT signaling (Plikus et al., 2008).

These discoveries have established a novel reciprocal
dependency where canonical BMP signaling trumps the
canonical WNT pathway in terms of the molecular control of the
intrinsic oscillation of hfSCs homeostasis during dormancy and
activation (Figures 3B, 4A,B), further integrating the signaling
of the surrounding extrinsic niche environment. This model of
the intrinsic oscillator within hfSCs might explain how different
levels of internal and external signals merge, in either compatible
or incompatible phases. This results in either hastened or
deferred hfSCs receptiveness to activation by shortening or
lengthening the refractory and competent telogen (Kandyba
et al., 2013, 2014; Kandyba and Kobielak, 2014; Kobielak et al.,
2015). The presence of the hfSCs oscillator, which is responsive
to either their own repressive BMP signals or to those of the
extrinsic niche environment, resembles the oscillating states
described in pattern formation during morphogenesis (Maini
et al., 2006). Thus, the permanent intra-bulge and mutually
exclusive oscillation between agonists and antagonists are
essential for the preservation of hfSCs homeostasis.

Since the activation with WNT or inhibition with BMP and
the fact that signaling could be represented as respective waves
(Figures 4B,C), we propose that the intrinsic oscillator in hfSCs
(or the second putative independent one in DP) has two phases,
where each of them follows after the other in a constantly
alternating rhythm, with the canonical BMP pathway upstream
of WNT signaling (Figure 4B, intrinsic oscillation for BMP
either in synergistic or competitive phase) (Kandyba et al., 2013).
It is important to note that hfSCs react to the phase of this
rhythm by sensing the level of active pSmads that represent
inhibitory canonical BMP signaling, causing either repression of
the WNT pathway (BMP/pSmads high) or activation of WNT
(BMP/pSmads low) (Figures 4B,C). Despite the BMP axis, the
WNT pathway itself is a second axis that maintains this constant
rhythm, where the canonical nuclear stabilization of β-catenin
forces the activation of Bmp6 as well as their inhibitor Dkk3
and Sfrp1, thus allowing WNT to reactivate Bmp with inhibition
of activated hfSCs (Figure 4B, putative intrinsic oscillation for
WNT) (Kandyba et al., 2013; Lim et al., 2016). By these means,
stem cells possess an intrinsic regulatory network mechanism
that works contrary to the phase of either activation or inhibition,
thus maintaining balance and preventing either overactivation
(with tumor formation) or over inhibition (with suppression of
stem cell homeostasis or stemness).

Taking these findings into account, we, therefore, propose that
the intrinsic oscillator in hfSCs may interact with the extrinsic
surrounding niche environment. To simplify our model, we
performed a comparison with the DP niche, where cells from
these different compartments may meet with either opposite
waves of WNT and BMP signaling, or in the same waves of these
pathways (just for extreme wave interference situations). In the

first model, if the opposing waves of WNT and BMP signaling
interfere in reverse phases, the prediction will be to observe
the attenuation of emerging signals coming from the intrinsic
hfSCs oscillator and DP with inhibitory effects (Figure 4D, OFF).
Consequently, it will reduce the wave amplitude of BMP or WNT
signaling either in hfSCs or DP and creating a weaker (than
each of waves that merged before) and more flat wave, leading
to destructive interference (Figure 4D, a dotted black sinusoid
lines, OFF). On the contrary, the model of wave interference in
concordant phases between hfSCs and DP proposes either an
inhibitory effect when waves synchronize in the same stage of
BMP signaling (Figure 4E, OFF, a dotted red sinusoid line) or
an activating effect if waves merge in the same stage of WNT
signaling (Figure 4E, ON, a dotted green sinusoid line). This
results in a stronger wave with a higher amplitude of either BMP
(stronger inhibition) or WNT (stronger activation) signaling
for both hfSCs and DP, causing a situation of constructive
interference (Figure 4E, OFF and ON).

In the future, these models might be useful in building
a computational design that predicts HFs behavior in terms
of mutual interaction with the external niche environment
during the hair cycle.

DISCUSSION

This model proposes that the intrinsic oscillation of signals
in hfSCs is critical in forming and maintaining a periodic
pattern in the cycle of hair regeneration. If stem cells and the
surrounding environment niche had a predisposition to reach
a constant balance, there would be no spontaneous provoking
cues that initiate another hair regeneration cycle. Therefore, the
presented model assumes a need for a dynamic oscillating gene
network in the stem cell population instead of a static one, which
rhythmically fluctuates. It reaches amplitude in any of the two
divergent hfSCs states by sensing and responding to surrounding
signals (Figures 4B,C). As a result, the oscillation of the intrinsic
signals is crucial for the stochastic initiation of spontaneous hair
cycle activation or its quiescence (Figure 3B). Therefore, the
regenerative system of HFs has at least one stem cell population
intrinsically oscillating and constantly tipping the balance in
the favor of either quiescence or activation. Simultaneously, this
mini-organ maintains a dynamic self-responding gene network
that is primed to be stimulated in an active state or silenced in a
quiescent one (Figure 3B).

Furthermore, the BMP axis might be one of the key
components of the signaling pathway, orchestrating intrinsic
stem cell oscillation in HF in an in vivo model (Kandyba et al.,
2013; Genander et al., 2014). Therefore, this model hypothesizes
that the BMP pathway is upstream of the others and defines a
center axis of the intrinsic hfSCs oscillation. To date, other well-
documented studies have confirmed the existence of canonical
BMP-WNT signaling axes that behave like an intrinsic oscillator,
resulting in an antagonistic competition between BMP and WNT
gene networks in hfSCs (Figures 3B, 4A) (Kandyba et al., 2013;
Genander et al., 2014; Adam et al., 2018). These studies were
recently supported by the discovery of antagonistic competition
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between WNT and BMP gene networks when the canonical
WNT pathway was inhibited by β-catenin ablation in hfSCs,
adding a new gene network dependency to maintain constant
intrinsic oscillation in hfSCs (Figure 3B) (Kandyba et al., 2013;
Lim et al., 2016). Furthermore, this indicates that the regulatory
feedback loops between canonical BMP and WNT pathways
not only sense the change of hfSCs activity but that they can
respond accordingly to regulate hfSCs. This pathway interaction
keeps the intrinsic oscillator of the stem cells constantly active,
introducing a check and balance mechanism to maintain stem
cells homeostasis (Figures 3B, 4B,D) (Kandyba et al., 2013;
Genander et al., 2014; Lim et al., 2016; Adam et al., 2018).

As presented in this review, data suggest that the cyclic
regeneration of hair might depend at least on one intrinsic
oscillator located in hfSCs that maintains the regeneration
rhythm of HF. It would, therefore, be intriguing for future studies
to explore whether other components of the hair mini-organ
discussed here, such as DP (the second putative independent
intrinsic oscillator), also possess such essential oscillation, or
whether they just respond to intrinsic clues from the oscillation
in hfSCs. It could be presumed that some other stem cell-based
regenerative systems might possess a similar system of regulation.
Therefore, it would be interesting to investigate if they could
maintain their rhythm, by either initiating a subsequent cycle of
regeneration or maintaining quiescence.

In conclusion, the model of hfSCs is very instructive
for research on how adult SCs, their descendants, and
the extrinsic niche environment equalize or cooperate to
sustain SCs responsiveness and reactivity during homeostasis.
Within the skin, a highly compartmentalized niche forms the
macroenvironment in which elements are tightly connected with
each other and depend on adipocytes or their precursors, the
immune system with macrophages and cells composed directly
HF, for example, DP or the K6+ Inner Layer.

Although hfSCs release controlling factors in a self-
autonomous way, they stochastically respond to external niche
signals and manage mini-organ regenerative urgency, which

might be a universal SCs controlling mechanism. Ultimately, the
discovery of the mutual interaction and gene networks among
different extrinsic niche elements and hfSCs will contribute very
useful information that might be applicable in stem cell-based
medical therapies. Further understanding of the composition
and the signals within the oscillator and environment of the hair
mini-organ might speed up the development of potent small-
molecule based therapy to safely initiate the regenerative cycle of
the hair follicle.
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The application of dermal papilla cells to hair follicle (HF) regeneration has attracted
a great deal of attention. However, cultured dermal papilla cells (DPCs) tend to
lose their capacity to induce hair growth during passage, restricting their usefulness.
Accumulating evidence indicates that DPCs regulate HF growth mainly through their
unique paracrine properties, raising the possibility of therapies based on extracellular
vesicles (EVs). In this study, we explored the effects of EVs from high- and low-passage
human scalp follicle dermal papilla cells (DP-EVs) on activation of hair growth, and
investigated the underlying mechanism. DP-EVs were isolated by ultracentrifugation
and cultured with human scalp follicles, hair matrix cells (MxCs), and outer root sheath
cells (ORSCs), and we found low-passage DP-EVs accelerated HF elongation and cell
proliferation activation. High-throughput miRNA sequencing and bioinformatics analysis
identified 100 miRNAs that were differentially expressed between low- (P3) and high-
(P8) passage DP-EVs. GO and KEGG pathway analysis of 1803 overlapping target
genes revealed significant enrichment in the BMP/TGF-β signaling pathways. BMP2
was identified as a hub of the overlapping genes. miR-140-5p, which was highly
enriched in low-passage DP-EVs, was identified as a potential regulator of BMP2.
Direct repression of BMP2 by miR-140-5p was confirmed by dual-luciferase reporter
assay. Moreover, overexpression and inhibition of miR-140-5p in DP-EVs suppressed
and increased expression of BMP signaling components, respectively, indicating that
this miRNA plays a critical role in hair growth and cell proliferation. DP-EVs transport
miR-140-5p from DPCs to epithelial cells, where it downregulates BMP2. Therefore,
DPC-derived vesicular miR-140-5p represents a therapeutic target for alopecia.
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INTRODUCTION

Hair loss is a widespread and progressive disorder that plagues
a large number of people. The appearance of alopecia can be
ameliorated by existing treatments, such as minoxidil and hair
transplant surgery. However, the medications are only effective
for mild-to-medium hair loss, and surgery is limited by the
viability of hair follicles (HFs) in the donor scalp (Ho and Zito,
2019; Katzer et al., 2019).

Hair follicles are epidermal appendages that cycle between
an active growth stage (anagen) and a quiescent stage (telogen),
separated by an intermediate remodeling stage (catagen) (Plikus
and Chuong, 2008). HF morphogenesis and cycling are regulated
by complex and intricate interactions between the epithelial and
mesenchymal cells, and require spatiotemporal integration of
multiple stimulatory and inhibitory signals (Kishimoto et al.,
2000; Baker and Murray, 2012; Veraitch et al., 2013; Kandyba
and Kobielak, 2014). In this process, the dermal papilla (DP), a
unique stem cell niche derived from the mesenchyme, serves as
the signaling center that triggers hair cycling through a paracrine
signaling mechanism (Inui and Itami, 2011; Leiros et al., 2012;
Zhang et al., 2014). Extracellular vesicles (EVs) are thought to
play a critical role in this process (Kwack et al., 2019; le Riche
et al., 2019; Chen et al., 2020; Rajendran et al., 2020). These
signal exchanges promote activation of cellular pathways that
are essential for hair epithelial cell growth, differentiation, and
function, such as inhibition and activation of the BMP/TGF-
β and WNT signaling pathways (Jamora et al., 2003; Greco
et al., 2009; Genander et al., 2014). However, cultured DPCs
tend to lose their hair-inducing capacity during passage, and
high-passage DPCs (=P8) fail to trigger HFs when interacting
with epidermal cells in vivo (Matsuzaki, 2008; Lin et al., 2016;
Wang J. et al., 2018). Conditioned medium from low-passage
DPCs, which contains DP-EVs, can stimulate DPC proliferation
in vitro and mouse dorsal hair growth in vivo (Zhang et al., 2014,
2016). EVs secreted from DPCs can accelerate hair growth in vivo
and in vitro (Zhou et al., 2018; Yan et al., 2019; Kwack et al.,
2019; le Riche et al., 2019), but the mechanisms underlying this
growth-promoting effect remain to be fully elucidated.

Extracellular vesicles are nano-vesicles secreted from various
cell types that carry regulatory proteins, mRNAs, and microRNAs
(miRNAs) (Mittelbrunn et al., 2011; Zhou et al., 2014). Several
reports have documented the functional contributions of specific
miRNAs to hair development, including miR-125b (Zhang et al.,
2011), miR-24 (Amelio et al., 2013), miR-205 (Wang et al.,
2013), and miR-31 (Mardaryev et al., 2010). Especially, a recent
research has discovered that dermal exosomes containing miR-
218-5p could promote hair regeneration by regulating β-catenin
signaling in mice (Hu et al., 2020). These studies suggest

Abbreviations: EVs, extracellular vesicles; HF, hair follicle; DP, dermal papilla;
DPC, dermal papilla cell; DP-EV, dermal papilla-derived extracellular vesicle; ORS,
outer root sheath; MxC, hair matrix cell; IRS, inner root sheath; hDPC, human
dermal papilla cell; miRNA, microRNA; MSC, mesenchymal stem cell; ALP,
alkaline phosphatase; NCAM, neural cell adhesion molecule; α-SMA, α-smooth
muscle actin; IF, immunofluorescence; NTA, nanoparticle tracking analysis; P3,
passage 3; P8, passage 8; TGF-β, transforming growth factor-beta; WNT, wingless-
type MMTV integration site family; BMP, bone morphogenetic protein; K15,
keratoprotein 15; 3D, three-dimensional.

that vesicular miRNAs might play an especially important
role in governing cell-to-cell communication (Yu et al., 2016),
silencing or promoting known genes and pathways related to
HF regeneration, and could also serve as biomarkers (Carrasco
et al., 2019; Yan et al., 2019). However, the specific miRNAs
involved in this process are unclear, and very few studies have
sought to identify the miRNAs in human DP-EVs by high-
throughput RNA sequencing. In this study, we used a human
scalp follicle organ culture model to explore the influence of
low- and high-passage DP-EVs on hair growth and activation
of lower outer root sheath cells (ORSCs) and hair matrix cells
(MxCs). Using high-throughput miRNA sequencing, we selected
the top 100 most differentially expressed miRNAs (DEMs)
and analyzed the biological functions and networks of their
predicted target genes. We identified miRNAs in DP-EVs that
may be involved in the process of HF regeneration, providing
insight into DP-EV–regulated HF regeneration at the molecular
level. Quantitative real-time PCR (qRT-PCR), western blot,
and immunofluorescence staining analysis of key target genes
were also performed.

MATERIALS AND METHODS

Isolation and Culture of Human HFs
Occipital scalp skin samples were obtained from discarded
tissue from elective cosmetic operations performed on healthy
adults (five women aged 35–45 years). Ethical approval and an
institutional review board exemption were obtained from the
Medical Ethical Committee of Southern Medical University.

Hair follicles in anagen stage were microdissected from
each sample under an MZ8 dissecting microscope (Leica
Microsystems, Wetzlar, Germany) (Langan et al., 2015). The
basic culture medium (Corning Glassworks, Corning, NY,
United States) containing 300 µl basic culture medium: William’s
E medium supplemented with 10 ng/ml hydrocortisone,
10 µg/ml insulin, 10 U/ml penicillin, and 2 mM l-glutamine (Life
Technologies, Paisley, United Kingdom) was supplemented with
P3-DP-EVs (300 µg DP-EVs in 300 µl medium), P8-DP-EVs, or
PBS (as a negative control). HFs were photographed using the
Leitz Labovert inverted microscope (Leitz Labovert FS, Wetzlar,
Germany), measured for length, and assessed for follicle bulb
morphology every 24 h for 9 days. Unless specified, all materials
were supplied by Sigma-Aldrich (Dorset, United Kingdom).

Preparation of Cells and Isolation of
DP-Derived EVs
Human scalp follicles were separated, and hair bulbs were
cut and collected using microsurgical scissors and microscope
forceps under the microscope. Hair bulbs were incubated with
0.2% collagenase I (Sigma-Aldrich) in PBS for 1 h at 37◦C.
The pellet was cultured in DMEM containing 10% FBS in 5%
CO2 at 37◦C. Media were collected from low (P3) and high
(P8) passage hDPC cultures and stored at −20◦C. EVs were
isolated by ultracentrifugation (SW 32 Ti swinging-bucket rotor
in a Beckman Coulter L8-80M Ultracentrifuge) as described
previously (Rajendran et al., 2020). In brief, 500 ml hDPC
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medium was centrifuged at 300 × g for 10 min and 2000 × g
for 10 min to remove live cells and dead cells, respectively. The
supernatant was then filtered with pressure through 0.22 µm
membrane filters to remove cell debris and vesicles > 220 nm
in diameter. Next, the supernatant was ultracentrifuged at
100,000 × g for 70 min. Finally, the pellet was washed and
resuspended in PBS and stored at −80◦C. The negative control
was an equal volume of 1× PBS, which was prepared in the same
way as the actual EV samples.

Outer root sheath cells from the lower outer root sheath region
were isolated and prepared as described previously (Lü et al.,
2006; Zhou et al., 2018), the single-cell suspension was collected
and cultured in Defined Keratinocyte serum-free medium (DK-
SFM) (Gibco) at 37◦C. Human MxCs were purchased from
ScienCell Research Laboratories (ScienCell, San Diego, CA,
United States; Cat. #2410) as previously described (Chen et al.,
2020). As recommended by the provider, MxCs were cultured in
MSC medium (ScienCell, Cat. #7501) with 5% exosome-free FBS,
1% stem cell growth supplement (ScienCell, Cat. #7562), and 1%
penicillin–streptomycin. Cells were incubated in an atmosphere
containing 5% CO2 at 37◦C.

Verification of DP-EVs
The particle size of DP-EVs was investigated by nanoparticle
tracking analysis (NTA) on a NanoSight NS300 (Malvern
Panalytical, Malvern, United Kingdom). Before acquisition,
the highly concentrated samples were diluted in Milli-
Q water (1:1000). Three individual measurements were
obtained and analyzed using the NTA software version 2.3
(Malvern Panalytical).

Transmission electron microscopy (TEM) was used to
characterize the morphology of DP-EVs. Briefly, DP-EVs were
fixed in 3% glutaraldehyde for 2 h and washed twice with
PBS. Ten micrograms of EV suspension was loaded onto
formvar carbon-coated 200 mesh copper grids for 20 min at
room temperature. Adsorbed DP-EVs were negatively stained
with 1% phosphotungstic acid for 5 min. The grids were
then washed three times with distilled water and examined on
an H-600 transmission electron microscope (Hitachi, Tokyo,
Japan) at 100 kV.

For DP-EV labeling and uptake assay, a 100 µl suspension
of EVs was labeled using the PKH26 Red Fluorescent Cell
Linker Kit for General Cell Membrane Labeling (DiI; Sigma-
Aldrich, St. Louis, MO, United States) with a 20 min incubation
at room temperature. To wash out the dye, the sample was
ultracentrifuged twice at 100,000 × g for 1 h. As a negative
control, an equal volume of PBS supernatant was mixed with
DiI and then prepared in the same way as the actual exosome
samples. The precipitate was resuspended in 100 µl PBS. For
the DPC uptake assay, an appropriate amount of DP-EVs (as
determined by BCA protein assay) was added to the cell culture.
P3 lower ORSCs and MxCs were transfected with GFP and
cultured with DiI-labeled DP-EVs for 24 h. Cells were fixed
with 4% paraformaldehyde for 15 min and washed three times
with PBST, and then the coverslips were mounted on glass
slides using ProLong Diamond Antifade Mountant with DAPI
(Life Technologies/Thermo Fisher Scientific, Waltham, MA,

United States) prior to imaging on a confocal laser scanning
microscope (LSM510; Carl Zeiss, Jena, Germany).

Western Blot Analysis
For identification of vesicular markers, protein extracts were
isolated from EVs using RIPA protein lysis buffer containing
1 mM PMSF. Equal amounts of protein (10 µg/lane) were
subjected to SDS-PAGE under non-reducing conditions, and
the gels were blotted onto nitrocellulose membranes (Pierce,
Waltham, MA, United States) in an electrophoretic transfer
cell (Bio-Rad). The membrane was blocked with 5% non-fat
milk at 4◦C overnight and then probed with anti-CD63 (1:800
dilution; Abcam), anti-CD9 (1:800 dilution; Abcam), and anti-
ALIX (1:800 dilution; Abcam) antibody for 1 h. The membrane
was incubated with sheep anti-mouse IgG conjugated to HRP
(NeoBioscience, Shenzhen, China) for 1 h. Band density was
determined using the Bio-Rad Quality One Software. To detect
the expression of key proteins in ORSCs and MxCs, total protein
was extracted from human HF using RIPA lysis buffer and
subjected to western blot analysis as described above. Antibodies
against the following proteins were obtained from Abcam
(Cambridge, United Kingdom): β-catenin (1:100 dilution), Lef-
1 (1:100 dilution), Shh (1:100 dilution), Gli1 (1:100 dilution),
Cyclin D1 (1:400 dilution), Cyclin E (1:400 dilution), BMP2
(1:800 dilution), and SMAD5 (1:400 dilution). p-SMAD5 was
obtained from Millipore (1:800 dilution).

Histological Examination and
Immunofluorescence Staining
Grafted follicles were taken on days 1, 10, 15, 20, and 30
after transplantation and embedded in paraffin blocks. Five
micron-thick longitudinal sections were prepared, followed
by hematoxylin and eosin (HE) staining. Images were taken
by optical microscope. Follicle specimens were fixed in 4%
paraformaldehyde at 4◦C for 12 h. Following antigen retrieval
using citrate buffer, the sample was blocked with 5% serum.
Images were obtained on an IX61 FL fluorescence microscope
(Olympus) and analyzed using Image-Pro Plus. Images were
also obtained using an Olympus FLUOVIEW FV10i confocal
laser scanning microscope. Eight images were taken of each
sample, and a normalized average-intensity picture of images
was used for analysis. Images were analyzed using the Image-
Pro Plus software.

Processing of RNA-Seq Data, Target
Gene Prediction and Functional
Enrichment
Total miRNAs from DP-EVs (P3 and P8) were extracted and
subjected to miRNA sequencing. RNA quality was verified on
an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara,
CA, United States). Quality control of raw sequence data was
performed using the FastQC tool. RNA expression levels were
expressed as reads per kilobase per million (RPKM) mapped
reads. The DESeq package was used to detect DEMs between
the DP-EVs (P3) and DP-EVs (P8). Genes with RPKM > 1 were
included in the subsequent analyses. The threshold was set to a
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twofold change and an FDR < 0.05. The top 100 differentially
expressed DEMs were visualized on a heatmap. The heatmap
and unsupervised cluster analysis of the top 100 DEMs were
plotted using z-score normalization on OmicShare tools, an
online platform for data analysis1. Target genes of DEMs were
predicted using TargetScan2 and miRDB3 (Agarwal et al., 2015).
Using OmicShare tools, GO analysis was performed to elucidate
the concrete biological functions of specific genes (Ashburner
et al., 2000), and KEGG pathway enrichment was used to identify
the critical signal pathways (Kanehisa et al., 2017). To further
elucidate the molecular mechanisms related to the predicted
genes, TargetScan, miRanda, PicTar, PITA and DIANA-microT
databases (Krek et al., 2005; Paraskevopoulou et al., 2013; Vejnar
et al., 2013; Agarwal et al., 2015; Wong and Wang, 2015) were
used in combination to predict the miRNAs responsible for
regulating the predicted hub genes.

To screen PPIs (protein–protein interaction), the target genes
of DEMs were mapped to the STRING database4 (Franceschini
et al., 2013), and networks were visualized using Cytoscape
(Smoot et al., 2011). The most significant modules were identified
with the plug-in MCODE of Cytoscape with a cutoff MCODE
score of >5 (Bandettini et al., 2012). Hub genes were identified
using the CytoHubba plug-in of Cytoscape, ranked by Maximal
Clique Centrality (Chin et al., 2014). HF-related miR-140-5p
targets were identified using TargetScan and based on their co-
occurrence with the search term “hair follicle signaling” in the
PubMed database (Liu et al., 2008; Rishikaysh et al., 2014; Akilli
et al., 2015; Yi, 2017). Interactions between network genes were
annotated using Cytoscape.

Dual-Luciferase Reporter Assay
For the purpose of verifying the binding relationship between
miR-140-5p and BMP2, and to assess whether BMP2 is a
direct target gene of miR-140-5p, ORSCs were seeded in 6-
well plates (Guangzhou Jet Bio-Filtration Co., Ltd, TCP-010-006)
at a density of 2.5 × 105 cells/well with the complete media.
The artificially synthesized 3′-UTR of BMP2 was inserted into
the pMIR-reporter vector (Yue Yang Biotechnology Co., Ltd.,
Beijing, China). A site-specific mutation was then introduced
into the 3′-UTR fragment. One microgram of BMP2-wild type
(WT) or BMP2-mutant type (MUT) was cotransfected into
ORSCs with 50 nM miR-140-5p mimic or miR-NC. Transfections
were performed using Lipofectamine 2000 (Invitrogen) with
Opti-MEM (Thermo Fisher Scientific). After 48 h, the cells
were lysed and subjected to luciferase assay using the dual-
luciferase reporter assay reagent (GeneCopoeia, Rockville, MD,
United States). Luciferase activity was detected using the
Luciferase Assay kit (K801-200; Biovision, San Francisco, CA,
United States) on a Glomax20/20 luminometer (Promega
Corporation, Madison, WI, United States). The 3′-UTR of BMP2
was obtained from GeneCopoeia.

1www.omicshare.com/tools
2http://www.targetscan.org/
3http://mirdb.org/miRDB/
4https://string-db.org/

RNA Interference
The concentration of transfection units per milliliter (TU/mL)
was calculated using the following formula: (% infected
cells× cells used in the titration/100× 1000 µl/µl virus added to
the well) = TU/mL. The stable overexpression and inhibition of
miR-140-5p in P3-DPCs were established by stable transduction
with lentivirus (1E+ 8 TU/mL) (Sino Biological) at a multiplicity
of infection (MOI) of 10. In brief, DPCs (P3) were transfected
with miRNA oligonucleotides containing an 50 nM miR-140-
5p overexpression sequence and the corresponding negative
control vector (miRNA-NC), or an 50 nM miR-140-5p inhibiting
segment (si-miR-140-5p) and the corresponding negative control
vector (si-miRNA-NC), all purchased from Sino Biological. In
both the SiHa and C33a cell lines, the transfected cells were
designated as miRNA-NC, miR-140-5p, si-miRNA-NC, and si-
miR-140-5p, and DPCs treated with an equal volume of PBS were
used as a blank control. After 12 h of culture, EVs (miRNA-NC-
EV, miR-140-5p-EV, si-miRNA-NC-EV, and si-miR-140-5p-EV)
were isolated from DPCs and used for subsequent experiments.
An equal amount of PBS was used as a blank control.

Animal Model Experiments
All animal experiments were performed using 7-week-old
female C57BL/6 mice. Animals were purchased from the
Experimental Animal Centre at Southern Medical University
(Guangzhou, China). Depilated mice were randomly injected
with miRNA-NC-EVs, miR-140-5p-EVs, si-miRNA-NC-EVs, or
si-miR-140-5p-EV (4 mg/ml dissolved in PBS, 1 ml per mouse)
every 2 days, or PBS without EVs (as a negative control). Ethical
approval for all experimental procedures was obtained from the
Experimental Animal Centre at Southern Medical University.

Quantitative (q)RT-PCR
Total RNA from regenerative HFs was isolated using the
Trizol reagent (Life Technologies), and cDNA was generated
using the PrimeScript RT-PCR Kit (Takara, Dalian, China).
qRT-PCR was performed using the SYBR PrimeScript RT-
PCR Kit (Takara), Power SYBR Green PCR Master Mix (Life
Technologies), and ABI Prism 7900HT Sequence Detection
System (Life Technologies). PCR cycling conditions were as
follows: denaturation for 10 min at 95◦C, followed by 40 cycles
of denaturation (95◦C for 15 s), annealing (60◦C for 20 s),
and extension (72◦C for 10 s). Fold-changes in relative gene
expression were calculated using the 2−1 1 Ct method. For
miRNA quantification, total RNA was reverse-transcribed using
the TaqMan advanced miRNA cDNA synthesis kit (Applied
Biosystems). All specific primers for gene and miRNA expression
were purchased from Applied Biosystems. Primer sequences used
in this study are provided in Supplementary Table S1.

Statistical Analysis
Statistical analysis was performed using SPSS 16.0 software
(SPSS, Inc, Chicago, IL, United States). All values are shown
as means ± SD ANOVA was used for multiple comparisons.
Comparisons between groups were performed using the
Wilcoxon test and t-test. p < 0.05 was considered statistically

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 December 2020 | Volume 8 | Article 593638132

http://www.omicshare.com/tools
http://www.targetscan.org/
http://mirdb.org/miRDB/
https://string-db.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-593638 December 8, 2020 Time: 18:45 # 5

Chen et al. miR-140-5p Stimulates Hair Growth

significant. Each experiment was repeated at least three times.
For statistical assessment of cultured HFs, the mean value per
donor under each treatment was determined before calculation
of the sample mean, data from each experimental condition
were analyzed for normal distribution using the Kolmogorov–
Smirnoff test.

RESULTS

Difference Between Low- and
High-Passage DPCs
To determine the biological difference between low- and high-
passage DPCs, we isolated DPCs from human follicle dermal
fibroblasts for culturing, and collected cells in P3 and P8
for observation. P3-DPCs exhibited the tendency to aggregate,
whereas P8-DPCs lost this property (Supplementary Figure
S1A). To characterize intrinsic properties relevant to HF
inductivity in DPCs, distinct DP markers including alkaline
phosphatase (ALP), neural cell adhesion molecule (NCAM),
and α-smooth muscle actin (α-SMA) were monitored by IF,
western blot, and RT-PCR analysis (Lin et al., 2016; Wang J.
et al., 2018) (Supplementary Figures S1B–E). As illustrated in
Supplementary Figure S1, expression of ALP and NCAM was
higher in P3-DPCs than in P8-DPCs (∗∗p < 0.05), but expression
of α-SMA increased with increasing passage number. The results
indicated that the molecular characteristics of human DPCs
differed between high and low passage.

Preparation and Characterization of
DP-EVs
Extracellular vesicles were isolated from low-passage (P3) and
high-passage (P8) human DPCs by ultracentrifugation. The
morphology of DP-EVs was analyzed by TEM, which revealed
that they had a cup- or round-shaped form (Figure 1A). NTA
revealed that the diameter of DP-EVs ranged from 58.8 to
255.0 nm, with an average diameter of 91.3± 18 nm (Figure 1B).
Western blots showed that DP-EVs expressed EV-specific surface
markers such as CD63, CD9, and ALIX (Figure 1C). To monitor
the uptake of DP-EVs, we applied P3 human MxCs and ORSCs
transfected with GFP, and labeled DP-EVs with DiI (red). Cells
were cultured with DP-EVs for 24 h. Under the fluorescence
microscope, DiI-labeled EVs were observed in the cytoplasm of
MxCs and ORSCs (Figure 1D), whereas ORSCs in the negative
control group had no DiI signaling in the cytoplasm (Figure 1D).
These data suggested that we successfully isolated DP-EVs, which
could be absorbed by MxCs and ORSCs, respectively.

The Therapeutic Effect of DP-EVs on
Human HF Growth in Organ Culture
To determine whether DP-EVs could affect scalp HF growth, we
grew isolated HFs in basic culture medium supplemented with
various concentrations of DP-EVs and collected daily images to
assess their morphology. HFs in basic culture medium produced
hair fiber, inner root sheath (IRS), and ORS, but not the dermal
sheath (Figure 2A). By day 4, some HFs exhibited a catagen-like

morphology: pigmentation had ceased, and the DP was detached
from the hair fiber and hair matrix (Figure 2A). Treatment
with 0.01–1 µg/µl P3-DP-EV enhanced HF growth in a dose-
dependent manner (Supplementary Figure S2). Treatment with
1 µg/µl DP-EVs had a significantly stronger anagen-prolonging
effect than lower concentrations (0.1 and 0.01 µg/µl). Hence,
we chose 1 µg/µl DP-EVs for subsequent experiments. We
previously reported that DiI-labeled DP-EVs were absorbed by
hair matrix (Chen et al., 2020). However, we found that DiI-
labeled DP-EVs were also absorbed and integrated into the lower
ORS region (Figure 2B).

To assess the therapeutic effect of DP-EVs in organ culture,
we added DP-EVs from P3 and P8 DPCs to cultured human
HFs; HFs treated with PBS were used as a negative control
(Figure 2C). EVs from P3 DPCs accelerated human hair growth
and prolonged hair anagen (Figures 2C–F). By day 9, the length
of HFs cultured with DP-EVs (P3) increased by 1.93 ± 0.12 mm,
whereas HFs cultured with DP-EVs (P8) and PBS increased
by only 1.57 ± 016 mm and 1.58 ± 0.18 mm, respectively
(Figure 2D). Following treatment with P3-DP-EVs, about 83.4%
of HFs were in anagen on day 9, about 13% higher than in
samples treated with DP-EVs (P8) or PBS (Figure 2F). We
also assessed cell viability of human HFs on day 5 based on
Ki67 immunofluorescence. The results revealed that HFs treated
with DP-EVs (P3) had the most Ki67-positive cells in lower
ORS and hair matrix (p < 0.01) (Figures 2G,H), indicating
that HFs treated with low-passage DP-EVs significantly activated
hair growth. Combined with the fluorescence staining results
(Figure 2B), these observations indicate that EVs can be absorbed
by HFs in the lower ORS and hair matrix region, and can activate
proliferation of lower ORSCs and MxCs. We then performed
double staining for K15 and Ki67. In the lower ORS region,
K15 is highly expressed (Moll et al., 2008). Immunofluorescence
staining revealed significant widening of the K15+-stained
lower ORS region at day 5 in HFs treated with DP-EVs (P3)
(Figures 2G,H), indicating that low-passage DP-EVs stimulated
ORS cell proliferation in cultured human HFs.

Effect of DP-EVs on Human ORSCs
In a previous study, we showed that low-passage DP-EVs
significantly promoted MxC proliferation (Chen et al.,
2020). After treating lower ORSCs with low- or high-passage
DP-EVs, we assessed their proliferation (Figure 3A). The
results of CCK-8 and Ki67 immunofluorescence staining
revealed that low-passage DP-EVs promoted cell proliferation,
with a higher Ki67+ cell ratio than P8-DP-EV treatment
(Figures 3B,C).

We previously reported the stimulatory effect of MxCs, as
well as inhibition of BMP signaling and promotion of Wnt
signaling by DP-EVs (Chen et al., 2020). To investigate changes
in hair growth regulators of ORSCs, we evaluated the expression
levels of known follicle-regulatory genes in the Wnt, BMP,
and Shh signaling pathways in ORSCs (Watt et al., 2008;
Choi, 2018) by RT-PCR and western blot (Figures 3D–F).
As shown in Figure 3D, at day 5 in cells treated with DP-
EVs (P3), hub genes in the Wnt signaling pathway, including
β-catenin, Lef-1, and Tcf3, were upregulated, whereas BMP2 was
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FIGURE 1 | Characterization of DP-EVs from P3 and P8 DPCs. (A) Transmission electron microscopy morphology of DP-EVs. (B) Vesicular size distribution,
measured by NTA. Scale bar: 50 nm. (C) Western blots of DP-EVs to detect CD63, CD9, and ALIX; n = 8 for each group. (D) DP-EVs were labeled with DiI and
taken up by GFP-transfected MxCs and ORSCs. As a negative control, an equal volume of PBS mixed with DIL was cultured with ORSCs. n = 8 for each group.
Scale bar: 50 µm.

downregulated. Shh and Gli1 in the Shh signaling pathway were
also upregulated (Figure 3D). In accordance with the results
of RT-PCR, levels of components of the Wnt (β-catenin and
Lef-1) and Shh signaling pathways (Shh and Gli1) increased
after 5 days of low-passage DP-EV treatment, whereas the
BMP2 level significantly decreased. These data indicated that
low-passage DP-EVs may promote ORSC proliferation by up-
regulating the Wnt and Shh pathways and down-regulating
the BMP2 pathway.

Identification and Validation of
Differentially Expressed miRNAs in Low-
and High-Passage DP-EVs
Extracellular vesicles deliver various miRNAs to other cells and
affect cellular functions (Witwer et al., 2013; Cobelli et al.,
2017). Several lines of evidence suggest that miRNA might

play a more important role in cell-to-cell communication
(Carrasco et al., 2019; Hu et al., 2020), acting as promoters
or suppressors by silencing or promoting known genes and
pathways related to HF growth. To determine how low-passage
DP-EVs augment hair growth, we deduced that the miRNAs
in DP-EVs may be delivered to hair matrix and lower ORS to
activate them and promote their proliferation. Therefore, we
investigated the miRNA expression profiles of EVs derived from
human DPCs at P3 and P8 by high-throughput sequencing;
the datasets have been deposited in the Gene Expression
Omnibus (GEO) database5. Of the 563 hsa-miRNAs screened
(Supplementary Table S2), we identified the top 100 most DEMs
(i.e., 50 upregulated and 50 downregulated) in P3 vs. P8 DP-
EVs (cutoff: p < 0.05; fold change > 2.0) (Supplementary
Table S3). To highlight differences between the two groups,

5https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136241
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FIGURE 2 | The therapeutic effect of DP-EVs on human scalp HF growth in organ culture. (A) Sequential photomicrographs, taken every 24 h, of individual scalp
follicles in organ culture under the indicated conditions. Scale bars: 1 mm. Some hair follicles exhibited a catagen-like morphology by day 4. Scale bars: 0.5 mm.
(B) DiI-labeled DP-EVs were absorbed by HF lower ORS. Scale bar: 20 µm. (C) Hair follicles were cultured with P3- or P8-DP-EVs (containing 300 µg DP-EVs in
300 µl culture medium) or negative control medium. Scale bars: 1 mm. (D–F) Hair follicles in each group were assessed and measured daily for increase in hair
length (D), accumulated hair length (E), and the percentage of hair follicles remaining in anagen (F). (G) Immunofluorescence staining of Ki67 and K15 in the hair
matrix and lower ORS region. Scale bar: 100 µm. (H) Quantitative analysis of the number of Ki67+, K15+, and Ki67+/K15+ double-staining cells in hair follicle. Data
are expressed as means ± SD. n = 60 from give healthy female individuals (12 samples from each individual). **p < 0.01 vs. PBS-treated group (NC). Statistical
significance determined by one-way ANOVA with Bonferroni comparisons; n = 5 for each group.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 December 2020 | Volume 8 | Article 593638135

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-593638 December 8, 2020 Time: 18:45 # 8

Chen et al. miR-140-5p Stimulates Hair Growth

FIGURE 3 | Effect of DP-EVs on human hair follicle lower outer root sheath cells (ORSCs). (A,B) ORSCs were treated with DP-EVs from P3 and P8 human DPCs,
and cell viability was examined by CCK-8 assay. (C) Immunofluorescence microscopy and quantitative analysis of the percentage of Ki67 + ORSCs treated with
DP-EVs (P3), DP-EVs (P8), or PBS for 48 h. Scale bar: 100 µm. (D) RT-PCR analysis of known follicle-regulatory genes in ORSCs after DP-EV treatment for 5 days.
(E,F) Western blot analysis of known follicle-regulatory proteins in ORSCs after DP-EV treatment for 5 days. Data are expressed as means ± SD. **p < 0.01 vs.
negative control (NC); ##p < 0.01 vs. P8-DP-EV–treated group. Statistical significance was evaluated by one-way ANOVA with Bonferroni comparison; n = 5 for each
group.
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we then performed an unsupervised clustering analysis of the
100 DEMs (Figure 4A). In this analysis, relationships among
genes and samples are represented by trees whose branch
lengths reflect the degree of similarity between the variables.
To validate the profiling data, we performed RT-PCR on the
same RNA samples used for the miRNA-Seq and confirmed the
altered expression of 10 randomly selected miRNAs that were
strongly up- or downregulated. Consistent with the miRNA-
Seq data, the results showed that miR-10b-5p, miR-454-3p,
miR-140-5p, miR-18a-3p, and miR-23a-5p were upregulated and
miR-28-3p, miR-31-5p, miR-342-3p, miR-382-5p, and miR-452-
5p were downregulated in low-passage vs. high-passage DP-
EVs (p < 0.05) (Figure 4B). In P3 DP-EVs, the five most
abundant miRNAs (miR-1246, miR-21-5p, miR-140-5p, miR-
122-5p, and miR-24-3p) accounted for 36.0% of the total
miRNA reads (Figure 4C), and miR-140-5p and miR-24-3p were
upregulated.

Identification of Target Genes and
Functional Analysis
Each microRNA can regulate a large number of target genes,
and several databases based on various algorithms are available
for prediction of miRNA gene targets. We chose TargetScan and
miRDB to predict the targets of the 100 DEMs, resulting in
the identification of 1803 genes (Figure 5A and Supplementary
Table S4). To analyze the biological classifications of the
predicted target genes, we performed functional and pathway
enrichment analyses. Using KEGG pathway analysis to mine
canonical signaling pathways, we found that the predicted
target genes were strongly associated with the TGF-β Signaling
Pathway (Figure 5B and Supplementary Table S5) (BMP
belongs to the TGF-β family). GO analysis revealed that
changes in the biological processes (BP) of the predicted target
genes were significantly associated with GO terms such as
“chondrocyte differentiation,” “BMP signaling pathway,” and
“positive regulation of bone mineralization” (Figure 5C and
Supplementary Table S6). To explore interactions among the
predicted target genes, we constructed a PPI network of the target
genes and screened the most important modules using MCODE.
The significant module with the highest score (7.75) included 9
nodes and 28 edges (Figure 4D). Genes often interact with each
other through hub genes; indeed, CytoHubba identified BMP2
and SMAD5 as the most significant hub genes involved in this
module (Figure 4D). As above, we focused subsequent studies on
the BMP signaling pathway.

miR-140-5p Targets BMP2 and
Negatively Correlates With BMP2
The screen identified BMP2 and its downstream target SMADs
as the hubs of the regulated gene module (Figure 4D), and
BMP2 was downregulated in ORSCs treated with low-passage
DP-EVs, whereas expression of SMADS remained unchanged
(Figures 3D–F). Hence, to explore the molecular mechanisms
accounting for the BMP2-suppressive role of miRNAs in DP-EVs,
we screened for miRNAs that regulate BMP2 using the PITA,
miRmap, microT4, miRanda, PicTar, and TargetScan databases

(Supplementary Table S7). The results (Figure 4E) revealed
that among the 100 DEMs, only miR-140-5p (accounting for
6.96% of the total miRNA reads in passage 3 DP-EVs in
Figure 4C) was scored as a potential regulator of BMP2 in all
databases. The TargetScan website revealed the target binding
sequences of miR-140-5p in the BMP2 mRNA (Figure 4F).
In addition, we constructed an interaction network of miR-
140-5p and its target genes (Supplementary Table S8). To
refine the list of potential target genes downstream of miR-
140-5p that might be specifically involved in HF growth, we
identified targets of miR-140-5p within a HF-related gene
network (Figure 5D). The predicted miR-140-5p network
includes key genes that regulate multiple points in the TGF-
β superfamily (to which BMP belongs), and the sizes of the
nodes represent the binding score of miR-140-5p to target
genes. Regulation of a target mRNA by an miRNA requires
temporal and spatial coexpression. Therefore, we transfected
ORSCs with a plasmid containing a luciferase-BMP2 3′ UTR
construct to test the predicted miR-140-5p-target interactions.
The luciferase reporter assay showed that co-transfection of
miR-140-5p mimic or inhibitor along with the wild-type
BMP2 reporter caused significant down-regulation or up-
regulation, respectively, of luciferase reporter activity (p < 0.01)
(Figures 4G,H). However, co-transfection of miR-140-5p mimic
or inhibitor along with the mutant BMP2 reporter had no effect
on reporter activity (Figures 4G,H). These results indicated
that miR-140-5p in low-passage DP-EVs inhibits the expression
of BMP2 in ORSCs.

DPC-Derived Vesicular miR-140-5p
Promotes ORSC and MxCs Proliferation
in vitro
Based on the bioinformatics analysis findings, we examined the
pro-proliferation effect of DPC-derived vesicular miR-140-5p
in ORSCs. First, we investigated whether EVs transferred miR-
140-5p into ORSCs. To this end, we isolated overexpressing
or inhibiting miR-140-5p DPCs established by lentivirus
transfection. Real-time PCR analysis revealed an elevated miR-
140-5p expression level in miR-140-5p–overexpressing DPCs,
and a reduced miR-140-5p level in miR-140-5p–silenced (si-
miR-140-5p) DPCs, relative to control cells (DPCs transfected
with miR-NC or si-miR-Nc) and parental cells (Figure 6A;
∗∗p < 0.01). A similar tendency was observed in EVs derived
from DPCs (Figure 6A; ∗∗p < 0.01). To confirm the role
of EVs in transporting miR-140-5p to ORSCs, we incubated
ORSCs miR-140-5p–overexpressing or –inhibited DP-EVs, and
harvested the cells for qRT-PCR analysis at various times (0, 12,
24, and 36 h). As shown in Figure 6B, miR-140-5p levels in
ORSCs were markedly upregulated after the cells were treated
with miRNA-NC, miR-140-5p–overexpressing, or si-miRNA-NC
DP-EVs for 12 h, but were most upregulated in miR-140-5p–
overexpressing DP-EVs, indicating that DP-EVs transferred miR-
140-5p into ORSCs. However, this effect was abolished by miR-
140-5p silencing. ORSCs treated with an equal amount of PBS
was used as a negative control. After 12 h of culture, EVs derived
from the transfected DPCs were designated as miRNA-NC-EVs,
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FIGURE 4 | miR-140-5p–enriched DP-EVs decrease the expression of BMP2. (A) Heatmap and unsupervised cluster analysis of DEMs between DP-EVs (P3) and
DP-EVs (P8). RNA expression level is represented by colors: bright red indicates high values, and blue indicates low values. (B) Validation of RNA-Seq data.
(C) Relative proportion of miRNAs in total miRNA reads of DP-EVs (P3). U6 was used as an endogenous control; n = 8 for each group. (D) The most significant
module obtained from the PPI network had 9 nodes and 28 edges. Hub genes (BMP2 and SMAD5) were identified by Cytohubba. (E) Potential miRNAs involved in
regulation of BMP2, predicted using the TargetScan, miRanda, miRmap, PicTar, PITA, and DIANA-microT databases. (F) Schematic diagram of miR-145 binding site
on the 3′UTR of SMAD5 mRNA, according to the TargetScan website. (G,H) Transfection of ORSCs with 50 nM miR-140-5p mimic (G) and inhibitor (H) for 48 h
altered luciferase activity of wild-type and mutant BMP2 3′ UTR construct. Error bars denote the standard error of the means of three experiments. **p < 0.01
(two-tailed Student’s t-test).
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FIGURE 5 | Functional analysis of predicted miRNA target genes. (A) Target genes of miRNAs predicted by TargetScan and miRDB. (B,C) KEGG (B) biological
process and GO pathway enrichment (C) analysis of the predicted target genes of differentially expressed miRNAs. (D) Predicted direct targets of miR-140-5p that
are related to hair follicles.

miR-140-5p-EVs, si-miRNA-NC-EVs, or si-miR-140-5p-EVs and
used for subsequent experiments.

To investigate the function of DPC-derived vesicular miR-
140-5p in ORSCs, we examined the pro-proliferation activity
of DP-EVs by Ki67 and CCK-8 assay in ORSCs (Figures 6C–
E). As illustrated in Figure 6C–E, ORSCs treated with miR-
140-5p–overexpressing EVs had the highest Ki67+ cell ratio
and maximum absorbance at 450 nm at 48 h (Figures 6C–E;
∗∗p < 0.001) (40 µg EVs were added to the medium on day 0
and day 3). The pro-proliferation effect of DP-EVs was eliminated
in the miR-140-5p–silence group. These results indicated that
vesicular miR-140-5p stimulates ORSC proliferation.

By bioinformatics analysis and luciferase activity assay
(Figures 4G,H), we identified BMP2 as the most probable
downstream target gene of miR-140-5p. To further confirm the
regulatory effect of vesicular miR-140-5p on BMP2, we evaluated
the expression of BMP2 and its downstream targets SMAD5 and
p-SMAD5 in ORSCs treated with various DP-EVs. Western blot
revealed that overexpression of miR-140-5p led to a reduction in
the levels of BMP2 and p-SMAD5, but not SMAD5. By contrast,

inhibition of miR-140-5p markedly reversed the DP-EV–induced
reduction of BMP2 and p-SMAD5 in ORSCs (Figures 6F,G).
The result also showed that ORSCs treated with miR-140-5p–
overexpressing EVs on day 5 expressed the highest levels of
Cyclin D1 and Cyclin E, which are key cell cycle-related proteins,
suggesting that miR-140-5p–overexpressing EVs affected ORSC
cell proliferation. By contrast, cells treated with miR-140-5p–
silenced EVs expressed the lowest levels of Cyclin D1 and Cyclin
E (Figures 6F,G).

Similar trends were also found in MxCs treated in the
same way as ORSCs. As shown in Supplementary Figure
S3A, we also observed that DP-EVs transferred miR-140-5p
into MxCs. MxCs treated with miR-140-5p–overexpressing EVs
had the highest Ki67 + cell ratio at 48 h (Supplementary
Figure S3B; ∗∗p < 0.001). These results indicated that vesicular
miR-140-5p stimulates ORSC proliferation. Similar western
blot results indicated that ORSCs treated with miR-140-5p–
overexpressing EVs expressed the lowest levels of BMP2 and
p-SMAD5, and the highest levels of Cyclin D1 and Cyclin E
at day 5 (Supplementary Figures S4A,B). Together, these data
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FIGURE 6 | Effect of DPC vesicular miR-140-5p on ORSCs in vitro. DP-EVs were isolated from DPCs overexpressing (miR-140-5p) or inhibiting miR-140-5p
(si-miR-140-5p) for 48 h (concentration for miRNA mimics or inhibitor: 50 nM). The control group was transfected with an equal volume of control lentiviral vector
(miR-NC, si-miR-NC) or PBS. (A) RT-PCR was performed to analyze the relative expression of miR-140-5p in DPCs and their EVs. (B) ORSCs were treated with
DP-EVs for the indicated lengths of time (0, 12, 24, and 36 h), and then miR-140-5p was detected by RT-PCR. (C,D) Immunofluorescence microscopy and
quantitative analysis of the percentage of Ki67 + ORSCs treated with DP-EVs or PBS for 48 h. Scale bar: 50 µm. (E) CCK-8 assay for cell viability of ORSCs treated
with DP-EVs at the indicated time points. (F,G) Western blot and quantification of BMP regulatory proteins and cyclins in ORSCs after DP-EV treatment for 5 days.
Data represent means ± SD of triplicates (*p < 0.05; **p < 0.01).
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suggest that DP-EVs promote ORSCs and MxCs proliferation by
delivering miR-140-5p, which targets BMP2 and further regulates
phosphorylation of SMAD5. Prior studies have confirmed the
strong relationship between BMP inhibition and epithelial cell
proliferation (Kulessa et al., 2000). These results indicated
that vesicular miR-140-5p stimulates ORSC proliferation by
inhibiting the BMP signaling pathway.

DPC-Derived Vesicular miR-140-5p
Promotes Hair Growth in Culture
Above, we showed that DPC vesicular miR-140-5p promoted
ORSC and MxCs proliferation in vitro. However, the HF
is a complex mini-organ. Hence, we investigated whether
DPC vesicular miR-140-5p was also pro-proliferative in HFs.
Specifically, we used a human scalp follicle culture system to
investigate the function of vesicular miR-140-5p in HFs. In
these experiments, 40 µg EVs (miRNA-NC-EVs, miR-140-5p-
EVs, si-miRNA-NC-EVs, or si-miR-140-5p-EV) was added to the
medium of cultured HFs every 3 days. After incubation for 9 days,
we found that the administration of miR-140-5p-EV significantly
promoted HF growth and prolonged anagen (Supplementary
Figure S5 and Figures 7A,B; ∗∗p < 0.01). The HF length in the
miR-140-5p-EV group increased 2.22 ± 0.21 mm, with about
86.67% of HFs remaining in anagen during EV treatment. By
contrast, when miR-140-5p was silenced in EVs (si-miR-140-5p-
EV), the growth of the HFs and the anagen-prolonging effect were
repressed (Figures 7A,B; ∗p < 0.05).

Cell proliferation in cultured HFs was evaluated at day 5 by
IHC. We performed double staining for K15 (green) and Ki67
(red) to identify proliferative ORSCs and MxCs. Figures 7C–
F shows that miR-140-5p-EVs significantly promoted lower
ORSC proliferation and widened the ORS region relative to
the control and miR-140-5p–silenced group. In hair matrix,
HFs treated with miR-140-5p-EV contained large numbers of
Ki67+ cells (∗∗p < 0.001). These data indicated that vesicular
miR-140-5p stimulated lower ORSC and MxC proliferation in
cultured human HFs.

To confirm the downstream target of miR-140-5p in cultured
HFs, we performed IF to analyze BMP2 and p-SMAD5 on day 5.
Relative to si-miR-140-5p-EV treatment and the control, BMP2
and its downstream target p-SMAD5 expression decreased in
response to miR-140-5p-EV treatment in both the hair matrix
and lower ORS region, as demonstrated by immunofluorescence
staining (Figures 8A–E; ∗∗p < 0.01). However, silencing the
expression of miR-140-5p in DP-EVs restored the expression
of BMP2 and p-SMAD5 (Figures 8A–E; ∗∗p < 0.01). These
data indicated that BMP2 and SMAD5 levels were significantly
downregulated in cultured HFs treated with miR-140-5p–
overexpressing DP-EVs.

DPC-Derived Vesicular miR-140-5p
Accelerate the Telogen-to-Anagen
Transition in C57BL/6 Mice
We also investigated whether DPC vesicular miR-140-5p was
pro-proliferative in vivo. For this purpose, we used C57BL/6 mice
for treatment by depilating a patch of dorsal hair. After treatment

with EVs (miRNA-NC-EVs, miR-140-5p-EVs, si-miRNA-NC-
EVs, or si-miR-140-5p-EV) (4 mg/ml dissolved in PBS, 1 ml
per mouse) or PBS (as a negative control) (Supplementary
Figure S6A), the hair coverage rate at day 18 was ∼84.6% in
the miR-140-5p-EV-treated group, which was about 1.77-fold
higher than PBS-treated group. The results revealed that miR-
140-5p-EVs were the most effective at accelerating the hair
transition from the telogen to anagen phase (Supplementary
Figures S6B,D; ∗∗,##,++p < 0.01). The skin thickness of miR-
140-5p-EV-treated mice significantly increased relative to the
PBS-treated group at day 12 (Supplementary Figures S6C,E).
Moreover, miR-140-5p-EV treatment significantly increased the
number of Ki67-positive cells (P < 0.01) on day 18, whereas
the BMP2 level significantly decreased (Supplementary Figures
S6F–H). These data revealed that miR-140-5p-EVs were the most
effective at accelerating the hair transition from the telogen to
anagen phase in vivo.

DISCUSSION

The HF, a mammalian mini-organ, has an intrinsic stem cell
niche that regulates prominent physiological growth cycling,
making it a valuable model for studying cellular and signaling
mechanisms underlying organ regeneration (Wang et al., 2015),
as well as disorders of stem cells and their niche, as abnormal
secretion from these cells results in hair loss (Ojeh et al., 2015;
Pratt et al., 2017; Katzer et al., 2019). Although this issue affects
millions of people, the available means of treatment remain
limited (Katzer et al., 2019).

The DP are considered to be the signaling center of the
HF, which plays an important role in hair growth, cycling, and
regeneration (Ojeh et al., 2015; Owczarczyk-Saczonek et al.,
2018). It is well established that DPCs induce HF morphogenesis
(Biernaskie et al., 2009; Ojeh et al., 2015; Owczarczyk-Saczonek
et al., 2018): when mixed with infantile keratinocytes in a specific
proportion, implanted DPCs can induce the growth of new HFs
in rodents (Amici et al., 2009), and experiments in immune-
deficient rats have shown that cells derived from the DP can
be incorporated into existing DPs, giving rise to stronger HFs
(Biernaskie et al., 2009). However, the HF induction capacity of
DPCs decreases with passage (Zhang et al., 2014; Lin et al., 2016;
Wang J. et al., 2018); the limited availability of donor hair, ethical
concerns, and the risks of immunological rejection also restrict
the clinical application of this approach (Zhu et al., 2017; Liu
et al., 2018). Recent research has shown that paracrine signaling
strongly contributes to the efficacy of cell-based therapies, and
that changes in the biological information (such as proteins
and miRNAs) carried by EVs may play a critical role in this
phenomenon (Witwer et al., 2013). Although DP-EVs from low-
passage DPCs can promote the catagen-to-anagen transition of
HF and prolong anagen (Chen et al., 2020), we found that DP-
EVs from high-passage DPCs lose their ability promote hair
growth. The cause for this discrepancy remains unclear, and the
underlying mechanism needs to be further investigated.

Hair follicle growth relies on a dermal–epidermal interaction
in the HFs (Wang et al., 2015). In anagen, DPCs secrete various
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FIGURE 7 | Effect of DPC vesicular miR-140-5p on cultured hair follicles. Cultured human follicles were treated with EVs isolated from DPCs overexpressing
(miR-140-5p) or inhibiting miR-140-5p (si-miR-140-5p) for 9 days. The control group was transfected with an equal volume of control Lentiviral vector (miR-NC,
si-miR-NC) or PBS. (A,B) Hair follicles in each group were assessed and measured daily for increase in hair length (A) and the percentage of hair follicles remaining
in anagen (B). (C–F) Immunofluorescence staining of Ki67 and K15 in hair matrix and lower ORS. Scale bar: 100 µm. Quantitative analysis of the number of Ki67+
(C,D), K15+ (C,E) and Ki67+/K15+ double-staining cells (C,F) in hair follicle. Data are expressed as means ± s.d. n = 60 from five healthy female individuals (12
samples from each individual). **p < 0.01 vs. PBS-treated group (NC). Statistical significance was evaluated by one-way ANOVA with Bonferroni comparisons; n = 5
for each group.

activators to the HF epithelium (Yang and Cotsarelis, 2010).
During this period, hair growth activation primarily relies on
the proliferative activity of the hair matrix and hair ORS,

which are located adjacent to DPs (Lee and Tumbar, 2012;
Premanand and Reena, 2018). We previously reported that
after treatment with DP-EVs, MxCs undergo rapid proliferation
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FIGURE 8 | DPC vesicular miR-140-5p downregulated BMP2 and p-SMAD5 in hair follicles. (A) Immunofluorescence staining of BMP2 and p-SMAD5 in hair follicle
after treatment with DP-EVs for 9 days. Scale bar: 100 µm. (B–D) Quantitative analysis of the relative gray intensity level of BMP2 in hair bulb (B) and in lower ORS
(C), and the number of p-SMAD5+ cells in lower ORS (D) and hair bulb (E). Data are expressed as means ± SD. n = 60 from five healthy female individuals (12
samples from each individual). **p < 0.01 vs. PBS-treated group (NC). Statistical significance was evaluated by one-way ANOVA with Bonferroni comparisons; n = 5
for each group.

and then differentiate to form the hair fiber and IRS (Chen
et al., 2020). However, it has not been demonstrated that hair
matrix can affect the growth of ORS, and the reason for the
accelerated growth of ORS has not been clarified. Several cellular
pathways, including BMP/TGF-β, are essential for regulation of
epithelial proliferation and differentiation (Kulessa et al., 2000;
Lee and Tumbar, 2012; Huang et al., 2019). In the canonical
SMAD-dependent BMP signaling pathway, the interactions
between BMP2 and its receptors cause phosphorylation of their

immediate downstream targets (SMAD proteins); BMP2 was
originally defined by its ability to induce ectopic bone and
cartilage formation in vivo (Reddi, 1992). In the hair formation
process, BMP pathway inhibition is a distinguishing feature of the
activation of proliferation by epithelial components (Greco et al.,
2009; Genander et al., 2014) and can promote WNT signaling
(Jamora et al., 2003). Hence, we then focused on whether
biological functions differed between EVs derived from high- and
low-passage DPCs. We successfully isolated DP-EVs, labeled EVs,
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and removed excess dye to an undetectable level as previously
described (Roberts-Dalton et al., 2017; Krause et al., 2018), and
then observed the uptake of DP-EVs in the lower ORS and hair
matrix in cultured HFs (Chen et al., 2020). Cell proliferation was
stimulated in both cell populations by low-passage human DP-
EVs in vivo and in vitro, but remained unchanged after treatment
with high-passage DP-EVs. Hair matrix proliferation is intimately
related to the regulatory function of DP, and determines hair
shaft and IRS growth (Lee and Tumbar, 2012; Huang et al.,
2019). Apart from MxCs, immunofluorescence staining and RT-
PCR revealed that lower ORSCs were also dynamically activated
after treatment with P3-DP-EVs, which explained the accelerated
growth of the hair outer root sheath. We then examined known
follicle-regulatory proteins in the process of EV treatment and
found that Wnt signaling was upregulated, whereas BMP2 was
downregulated, by P3-DP-EV treatment. One possible reason
for this difference is that DPC-derived EVs can carry pro-
proliferative and hair-inductive information from their parent
cells, but this information is gradually lost over the course of serial
passage (Biernaskie et al., 2009; Higgins et al., 2013).

The mRNA, miRNA, and protein composition of EVs differ
from those of their originating cells. Accumulating evidence
shows that miRNAs in EVs play major roles in cell-to-cell

communication (Yu et al., 2016). Not only DP-specific markers,
but also the whole transcriptome characteristics of DPCs change
rapidly over the course of cell passage (Higgins et al., 2013),
which may subsequently change the composition of DP-EVs.
Thus, to identify the stimulatory factors responsible for EV-
regulated HF regeneration that may change over the course of
DP cell passage, we performed miRNA sequencing in DP-EVs
from low- and high-passage DPCs. Analysis of the 100 most
DEMs revealed that the predicted target genes were enriched
in functions related to the BMP signaling pathway, and the
most significant interaction module identified from among the
predicted target genes consisted of BMP signaling components.
BMP2 was identified as the hub regulatory gene of miR-140-
5p, which accounted for 6.96% of the total miRNA reads in
P3-DP-EVs. Although few studies have investigated the role of
miR-140-5p in dermatology, miR-140-5p expression is known to
promote proliferation in dental pulp stem cells (Sun et al., 2017),
neural stem cells (Tseng et al., 2019), and chondrocytes (Tao
et al., 2017; Wang Z. et al., 2018). We showed that overexpression
of miR-140-5p in human HFs was confirmed to stimulate
ORSC and MxCs proliferation by treatment with overexpressed
vesicular miR-140-5p, but was restricted by vesicular miR-140-5p
inhibition. We also got similar results in animal experiments.

SCHEME 1 | Schematic illustration of low-passage DP-EVs inhibiting the BMP signaling pathway in ORSCs and MxCs. In cultured scalp follicles,
miR-140-5p–enriched EVs derived from DPCs were transferred to ORSCs and MxCs. miR-140-5p could suppress the BMP pathway by directly binding to and
repressing BMP2. Down-regulation of endogenous BMP2 resulted in inhibition of SMAD5 serine phosphorylation in ORSCs and MxCs, leading in turn to cell
proliferation and hair growth. ORSC, outer root sheath cell; MxC, hair matrix cell; DSCs, dermal sheath cell; IRSC, inner root sheath cell; DPC, dermal papilla cell;
DP-EV, dermal papilla-derived extracellular vesicle.
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BMP2 is a BMP signal that is crucial for maintaining the
hair cycle during telogen (Kobielak et al., 2007). Upon BMP
inhibition, the HF tilts toward anagen (Greco et al., 2009;
Kandyba et al., 2013). In the beginning of anagen, accumulated
BMP-inhibitory and Wnt-/Shh-activating signals in HFs initiate
a new round of hair growth (Jamora et al., 2003; Shimomura
and Christiano, 2010; Hsu et al., 2014). The BMP pathway
in HFs is largely antagonistic to the Wnt and Shh pathways:
Wnt and Shh signaling are putative BMP targets in epithelial
components. Reduced BMP signaling in ORS and hair matrix
could lead to proliferation of ORSCs and MxCs (Kulessa et al.,
2000; Kobielak et al., 2003), which may help to explain why
both ORSC and MxCs proliferation is activated following DP-EV
treatment. However, when BMP signaling was downregulated in
cultured HFs, changes in the proportion of Wnt/BMP prolong
proliferation and could delay differentiation (Plikus et al., 2008;
Kandyba et al., 2013). As a result, the anagen stage is prolonged
(Plikus et al., 2008). In this study, we demonstrated that BMP2
is a direct target of miR-140-5p, and that overexpression of
miR-140-5p in ORSCs and MxCs downregulates BMP2. We
then identified and validated bona fide downstream targets of
SMAD5, whose phosphorylation is impacted by BMP signaling.
Interestingly, gene expression of SMAD5 remained unchanged,
but the levels of the phosphorylated product p-SMAD5 were
elevated. These data suggested that miR-140-5p directly binds
to and regulates BMP2 mRNA but not SMAD5 mRNA.
Activation of BMP2 leads to phosphorylation of SMAD5, which
ultimately promotes ORSC and MxCs proliferation and prolongs
anagen (Scheme 1).

Recent research has discovered that dermal exosomes
containing miR-218-5p could promote hair regeneration
by regulating β-catenin signaling in mice (Hu et al., 2020).
Consistent with our study, miR-140-5p was upregulated
1.64 ± 0.684 fold in 3D cultured DPCs compared with 2D
cultured high-passage DPCs based on the previously published
sequencing results (Hu et al., 2020). While there was no
significant difference in miR-218-5p content in our sequencing
results, which may because of the species differences in human
and mice HFs, and/or because the miR-218-5p content in
DP-EVs is mainly affected by DPC culture environment (3D or
2D) rather than the number of cell passages. It was previously
reported that miR-218-5p directly targets SFRP2, and thus, it up-
regulates the Wnt/β-catenin pathway in HF in mice (Zhao et al.,
2019; Hu et al., 2020). Wnt signaling can also be upregulated
in the epithelial population following BMP inhibition (Kulessa
et al., 2000; Kandyba et al., 2013). This may help to explain why
Wnt signaling in ORSCs and MxCs were also upregulated after
treatment with low-passage DP-EVs in our study.

Although the mechanism underlying the therapeutic effects
of DP-EVs has not been clarified, our data revealed that low-
passage DP-EVs promote ORSC and MxCs proliferation and
prolong anagen via vesicular miR-140-5p–mediated suppression
of BMP2 signaling pathways. Further investigation is needed to
determine whether vesicular proteins and miRNAs other than
miR-140-5p impact HF growth and hair cycling. Overall, our
findings suggested that DP-EVs could be further exploited as a
therapeutic agent to treat hair loss.
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Androgenetic alopecia (AGA) is themost common progressive form of hair loss, occurring

in more than half of men aged > 50 years. Hair follicle (HF) miniaturization is a feature

of AGA, and dermal papillae (DP) play key roles in hair growth and regeneration by

regulating follicular cell activity. Previous studies have revealed that adhesion signals are

important factors in AGA development. Zyxin (ZYX) is an actin-interacting protein that

is essential for cell adhesion and migration. The aim of this research was to investigate

the expression and potential role of ZYX in AGA. Real-time polymerase chain reaction

(RT-PCR) analysis revealed that ZYX expression was elevated in the affected frontal HF

of individuals with AGA compared to unaffected occipital HF. Moreover, increased ZYX

expression was also observed within DP using immunofluorescence staining. Our in vivo

results revealed that ZYX knockout mice showed enhanced hair growth and anagen

entry compared to wild-type mice. Reducing ZYX expression in ex vivo cultured HFs by

siRNA resulted in the enhanced hair shaft production, delayed hair follicle catagen entry,

increased the proliferation of dermal papilla cells (DPCs), and upregulated expression of

stem cell-related proteins. These results were further validated in cultured DPCs in vitro.

To further reveal themechanism by which ZYX contributes to AGA, RNA-seq analysis was

conducted to identify gene signatures upon ZYX siRNA treatment in cultured hair follicles.

Multiple pathways, including focal adhesion and HIF-1 signaling pathways, were found

to be involved. Collectively, we discovered the elevated expression of ZYX in the affected

frontal hair follicles of AGA patients and revealed the effects of ZYX downregulation on in

vivo mice, ex vivo hair follicles, and in vitro DPC. These findings suggest that ZYX plays

important roles in the pathogenesis of AGA and stem cell properties of DPC and may

potentially be used as a therapeutic target in AGA.
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INTRODUCTION

Androgenic alopecia (AGA) is a common chronic and
progressive alopecia disease that can occur in both men
and women. The incidence of AGA is higher in Caucasians than
in other populations (Otberg et al., 2007). At the same time, the
incidence of AGA has a certain age correlation (Severi et al.,
2003). Although AGA is not life-threatening, it has a major
impact on an individual’s appearance and self-confidence and
indirectly has a negative impact on the patient’s life and social
interactions. The main manifestations of AGA in males include
frontotemporal hairline recession, whereas females mainly
exhibit diffuse hair loss.

The hair cycle mainly consists of anagen, catagen, and telogen
phases. In the normal population, the majority of hair is in the
anagen phase and lasts the longest. However, in individuals with
AGA, the anagen phase is shorter, while the telogen phase is
longer. This change leads to the transformation of hair from
terminal to vellus and hair follicle miniaturization in individuals
with AGA (Lolli et al., 2017). Dermal papilla cells (DPC) exist
in hair bulbs and play an important role in inducing hair follicle
formation, as well as serve as the main site of androgen activity
in hair follicles (Chew et al., 2016; Betriu et al., 2020). DPC can
induce hair regeneration and maintain hair in the growth stage
through its stem cell characteristics (Yang and Cotsarelis, 2010).

It is well-known that AGA is mainly caused by an
increase in androgen levels regulated by genes, particularly
dihydrotestosterone (DHT) in the local scalp, which makes
the hair follicles smaller. A variety of signaling pathways
are involved in the regulation of the hair cycle and hair
follicle miniaturization, including Wnt/β-catenin, BMP, and JAK
(Vasserot et al., 2019). There are differences in the protein
expression level of some markers in the hair frontal parietal
region and occipital region. Some inflammation-related markers
are only expressed in the areas involved in AGA (Vogt et al.,
2017). These differentially expressed genes are involved in several
pathways, such as WNT/ β-catenin, androgen, and estrogen
(Hochfeld et al., 2019). Differences in these pathways and gene
expression levels affect the behavior of hair follicles, including
DPC. DPC showed the characteristic of aggregated growth when
cultured in vitro, which is closely related to the formation of
hair follicles and the hair cycle. Previous studies have revealed
that adhesion signals are important factors in AGA development.
Focal adhesion and cell-to-cell adhesion play major roles in cell
aggregation and the growth of DPC, and some extracellular
matrices can also affect the aggregation and growth of DPC
(Young et al., 2009; Yang et al., 2012).

Zyxin (ZYX), a cytoskeletal protein encoded by ZYX, was
first described by Mary Beckerle in 1986 as an 82-kDa protein
associated with adherent plaques such as focal adhesions (FAs)
and actin filaments in cultured chicken embryo fibroblasts
(Belgardt et al., 2020). Detailed studies have identified that
ZYX is located in FAs and actin stress fibers (Crawford and
Beckerle, 1991), and it is structurally and functionally bound to
the cytoskeleton (Crawford and Beckerle, 1991). Under stable
conditions, ZYX interacts with various integrins, actin-binding,
and signaling molecules to affect cell adhesion, movement,

and signal transduction. ZYX can also shuffle between the
cytoplasm and the nucleus. In the nucleus, ZYX interacts with
transcription factors to enhance gene expression (Wang and
Gilmore, 2003). Moreover, ZYX constitutes a direct signaling
pathway from cytoskeletal-plasma membrane networks to the
nucleus, similar to the Wnt/β-catenin pathway and the AP-
1 co-activator JAB1 (Wang and Gilmore, 2003). Furthermore,
previous studies also revealed that ZYX could mediate the
cooperation between Hippo and TGF-β signaling pathways (Ma
et al., 2016). The Wnt/β-catenin, Hippo and TGF-β signaling
pathways had been implicated in the development of AGA.
Therefore, we hypothesize that ZYX plays an important role
in AGA.

In the present study, we investigated the expression level
and potential role of ZYX on AGA. First, we discovered the
upregulated expression of ZYX in the affected frontal HF of
AGA patients compared to the unaffected occipital HF. Then, we
studied the effect of ZYX downregulation on dorsal hair growth
in C57BL/6 mice, cultured hair follicles, and dermal papilla cells.
Moreover, we conducted a transcriptome study to delineate the
pathways regulated by ZYX. This study provides insights into
the molecular mechanism of AGA and may facilitate in the
development of novel strategies to control hair loss.

MATERIALS AND METHODS

Assessment of Hair Growth in vivo
Wild-type (WT) and ZYX-knockout C57BL/6 mice (6–8 weeks
old) were used in the experiment and maintained according to
the guidelines approved by the Institutional Animal Care and
Use Committee of Fudan University. The dorsal hair of all of the
mice was depilated by applying liquid rosin under anesthesia for
observation and anagen induction. Baseline and subsequent hair
growth were recorded by the same digital camera at a uniform
angle and manner for subsequent comparison.

Human Hair Follicle Organ Dissection and
Culture
The scalp hair follicle units of the bald region and non-bald
region were obtained from 20 male hair transplant patients
with ethical approval and informed consent. The average age of
the patients was 30.85 ± 7.31 years, and the average duration
of disease was 5.55 ± 2.44 years. According to the Norwood-
Hamilton Scale, the degree of hair loss ranged from III V to VI
(Table 1). Isolated anagen follicles were used in this study. The
isolated human scalp hair follicles were cultured in Williams E
medium (Gibco BRL, Grand Island, NY, USA) containing 2mM
glutamine, 10 ng/mL hydrocortisone, 100 U/mL penicillin, and
100 mg/mL streptomycin in 12-well plates at 37.0◦C and 5%
CO2 atmosphere. For the ex vivo HF culture, HFs that grew to
lengths of 0.3–0.5mm after 24 h were selected for the subsequent
experiment (Kwon et al., 2006).

Immunofluorescence Staining
The collected HF samples were embedded in paraffin sections.
Then, the sections were sealed with bovine serum albumin and
incubated overnight with the primary antibody at 4◦C. The
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TABLE 1 | Characteristics of all patients in this study.

Patient No. Age (years) Disease

duration

(years)

Classification

(Norwood-Hamilton

Scale)

1 22 3 IVA

2 25 5 IVA

3 27 5 VA

4 34 6 IV

5 28 6 V

6 30 5 V

7 27 5 V

8 28 3 IV

9 29 6 V

10 24 2 V

11 27 3 V

12 33 10 VI

13 47 12 V

14 50 6 IV

15 25 5 III V

16 30 5 IV

17 43 5 IV

18 27 10 VI

19 29 5 IV

20 32 4 III V

antibodies are ZYX (1:500, ab109316; Abcam, United Kingdom)
and Ki67 (1:300, ab39012; Abcam). Then, the sections were
incubated with a second antibody at room temperature for
1 h. After the second antibody was removed, the nuclei were
counterstained with 4-amino-6-diamino-2-phenyl indole (DAPI,
Beyotime Biotechnology, China). The stained sections were
observed under a microscope (Olympus, Tokyo, Japan), and
images were captured.

Isolation and Culture of hDPCs
DPCs were isolated from the isolated hair follicle bulb and
transferred to a polystyrene Petri dish coated with bovine typeI
collagen. The characteristics of the DPCs were assessed as shown
in Supplementary Figure 1. Penicillin (100 U/mL), streptomycin
(100µg/mL), and 20% heat-inactivated fetal bovine serum were
added at 37◦C and in a 5% CO2 humidified atmosphere and
cultured in Dulbecco’s modified Eagle’s medium. The culture
mediumwas changed every 3 days. The explants weremaintained
for several days, and when cell growth reached the subfusion
state, the cells were harvested in Hank’s equilibrium salt solution
with 0.25% trypsin/10mM EDTA and passaged at a ratio of 1:3.
Then, the DP cells were cultured in DMEM containing 10% fetal
bovine serum, and the third-generation cells were used in the
experiment (Moon et al., 2013).

RNA Isolation, Reverse Transcription, and
Real-Time PCR (qPCR)
RNA was extracted from DPCs using TRIzol (Invitrogen),
and complementary DNA (cDNA) was synthesized using

a high-capacity cDNA reverse transcriptase kit (Application
Biosystems). Real-time PCR was performed in a 384-well
format with SYBR Green I PCR Kit (Takara, Shiga, Japan)
and analyzed in an ABI Prism 7900 detector system (Applied
Biological System). The housekeeping gene GADPH was used
as endogenous control, and the expression of related genes was
calculated by the 11Ct method (Livak and Schmittgen, 2001).

Cell Proliferation Assay
Cell proliferation was monitored using the xCELLigence system
(Baselot in Switzerland and ACEA Biosciences in San Diego, CA,
USA). First, the background impedance of E-plate 16 (Roche,
East Sussex, UK) was measured using only the growth medium.
Then, the 50 µL suspension cells were inoculated into the hole of
E-plate 16 and placed in a CO2 incubator. Real-time cell analysis
(RTCA) software was used to calculate the growth parameters.
The cell index was used to represent the percentage of cells in
the pore.

Aggregation Detection of DPCs
First, 6 × 104 cells DPCs were seeded into a 12-plate per well
and incubated for 24 h and 72 h for cell attachment. Cells were
cultured in the completed DMEM. The aggregation behavior of
DPCs was observed under a phase-contrast microscope.

RNA-seq Data Analysis
One to two micrograms of total RNA extracted from hair follicles
was used to prepare sequencing libraries using a TruSeq RNA
Prep Kit (Illumina, San Diego, CA, USA), and RNA-seq was
performed using a genome analyzer HiSeq X Ten (Illumina).
FastQC was used to investigate the sequence quality, and FASTX
Toolkit was employed to remove low-quality reads. Kallisto
(version 0.44.0) was used for transcriptional quantification
without alignment, and tximport was employed to integrate
abundance.h5 files to an expressed gene count file, which
was used to detect differentially expressed genes (DEGs) using
DESeq2 according to the analysismanual. Genes with a P-value<

0.05 and |log2fold-change| > 1 were determined as DEGs. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Reactome
pathway analyses of DEGs were conducted with R Package cluster
Profiler (version 3.8.1). The R package ggplot2 (version 3.0.0) was
used to draw bar charts, dot plots, and volcano maps, whereas
pheatmap (version 1.0.12) was employed to draw a heat map.

Statistical Analysis
All of the data were analyzed by SPSS 16.0 statistical software,
and two independent t-tests or one-way ANOVA were used for
comparison between groups. Differences with a P < 0.05 were
deemed to be statistically significant.

RESULTS

ZYX Expression Is Upregulated in AGA HFs
and Dermal Papilla Cells
To examine the expression levels of ZYX in AGA, 20 paired HF
tissues from AGA patients were collected. HE staining showed
that the AGA HFs from occipital nonbald and frontal bald
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FIGURE 1 | Detection of ZYX in AGA hair follicles and dermal papilla cells. (A) HE staining of hair follicles. Scale bar: 5µm. (B,C) mRNA levels of ZYX in hair follicles. N

= 20. (D) Immunofluorescence examination of ZYX in hair follicle tissues. Scale bar: 5µm. (E) Cell counting of ZYX-positive dermal papilla cells. N ≥ 3; *P < 0.05, ***P

< 0.001 Pregnant group vs. Alendronate group. Control bars represent the mean ± SD.

region were anagen HFs (Figure 1A). Then, qPCR analysis was
performed and the results showed that the mRNA levels of ZYX
were significantly higher (∼2-fold) in the frontal HF compared
to the unaffected occipital HF (Figure 1B). In addition, among
the 20 paired tissues from the AGA HF, 12 frontal HFs (60%)
showed a significant increase in ZYX mRNA expression when
compared with paired occipital HFs (Figure 1C). An integrity
HF is composed of various cell populations that contribute to
the unique biology of HFs during HF formation. Therefore, an
immunofluorescence staining assay was used to explore certain
cell types that respond to the upregulation of ZYX in AGA HFs.
Our results further showed that ZYX was widely expressed in
every cell type, but specifically increased in dermal papilla cells
(Figure 1D). Additionally, the number of ZYX-positive DP cells
increased in the frontal HF group compared with the occipital
HF group (Figure 1E). Collectively, we discovered that ZYX
expression increased AGA HFs and DPs, which suggests that
ZYX play a stimulatory role in AGA.

ZYX Deletion Promotes Hair Regrowth in

vivo
Depilation is an ideal strategy for investigating hair growth.
After hair removal, the HF cell cycle was synchronized and
accumulated cells in the regrowth phase. To test whether ZYX
plays a role in HF cell cycle, WT and Zyx-knockout (Zyx-/-)
mice were depilated. Then, four parameters, namely, length, HF
percentage and cycling score (HCS), diameter of hair bulbs, and
skin thickness were evaluated to assess HF growth rate. At 24 days
after hair removal, photos were taken from five WT and five KO

mice; these showed that hair had grown and covered the back skin
of the Zyx-/- group, while there were still some bare areas in the
WT mice (Figure 2A). The hair shafts were longer and thicker
in the Zyx-/- mice compared to the WT mice (Figure 2B). We
then assessed the morphology of Zyx-/-HFs that had thicker skin,
and histomorphometric analysis revealed that the subcutis was
surrounded by more melanin and bulbs. However, the WT mice
showed that most of the hair bulbs were at the dermis subcutis
border (Figure 2C). Bulb diameter, skin thickness, and HCS were
higher in Zyx-/- mice when compared to WT mice (Figure 2D).
These results suggest that ZYX deletion facilitates hair regrowth.

ZYX Knockdown Promotes HF Growth in

vitro
Cell cycle, apoptosis, and inductivity play important roles in
the proliferation and regeneration of HFs. To access whether
ZYX is essential for HF development and for phase transition
in the HF cycle, human HFs obtained from the AGA patients
were treated with ZYX siRNA. Histomorphometric analysis
showed that ZYX knockdown significantly increased the length
of hair shafts compared to the negative control (NC) (Figure 3A).
Consistently, 75% of the HFs in the ZYX siRNA group was
anagen and 25% was catagen, whereas the NC group was 40%
anagen and 60% catagen, implying that ZYX deficiency retains
the HF cycle in the anagen stage (Figure 3B). Furthermore, HE
and immunofluorescence staining revealed larger bulb diameter
and increased the number of Ki67-positive cells in si-ZYX HFs
than that in NC HFs (Figures 3C,D). We next aimed to examine
the cell apoptosis effect on ZYX-silenced HFs. We then observed
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FIGURE 2 | Effect of ZYX on hair growth in mice. (A) Size of hair covered skin area in Zyx-/- and WT mice. Different morphology of hair shaft (B) and hair follicles (C) in

Zyx-/- and WT mice. (D) HF percentage and cycling score in Zyx-/- and WT mice. Scale bar: 5µm, N =6 per group; *P < 0.05, ***P < 0.001. Control bars represent

the mean ± SD.

that HFs transfected with si-ZYX led to a significant reduction in
TUNEL-positive cells (Figure 3E). These results suggested that
ZYX inhibits HF growth by regulating fibroblast HF cycle and
promoting cell apoptosis. To further define the protective role
of si-ZYX in hair growth, we examined stem cell markers. As
expected, si-ZYX significantly induced the expression of SOX2,
CD133, andNOG (Figure 3F). Taken together, we concluded that
si-ZYX promoted HF growth in vitro by delaying catagen entry,
suppressing cell apoptosis, and sustaining the cell inductivity.

ZYX Knockdown Sustains the Aggregation
Behavior and Facilitates the Proliferation
of DP Cells in vitro
Based on the fact that dermal papilla cells (DPCs) play a
critical role in HF growth, formation, inductivity sustainment,
and cycling, we investigated the role of ZYX in DP cells.
ZYX expression was first knocked down in DPCs by siRNA
(Figure 4A). Then, an RTCA assay was performed, which showed
that the cell index of DPCs subjected to si-ZYX treatment

was significantly higher than the NC cells, suggesting that
ZYX imparts anti-proliferative effects on DPCs (Figures 4B,C).
Accordingly, DPCs treated with si-ZYX exhibited an increase in
the percentage of cells in the S phase, which was accompanied
by a decrease in the percentage of G1 phase cells (Figures 4D,E).
Moreover, si-ZYX increased the mRNA levels of cell inductivity
marker, including SOX2, CD133, and NOG (Figure 4F).
Consistently, a cell aggregation assay further revealed that
knocking down ZYX facilitated sphere formation (Figure 4G).
Taken together, ZYX knockdown accelerated DPC growth by
regulating the cell cycle and inducing the aggregation behavior
of DPCs.

Gene Expression Profiles Validate the
Growth-Promotional Effect of si-ZYX on
HFs
To elucidate the potential mechanisms underlying the anti-
proliferative role of ZYX in HFs, RNA sequencing (RNA-seq)
was performed. Heat map analysis of all of the DEGs based on
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FIGURE 3 | The ratio of hair follicle growth after ZYX knockdown in vitro. (A) Measurement of the length of hair shaft in ZYX knockdown and negative control groups.

(B) Distribution of hair follicle cycle in ZYX knockdown and control groups. (C,D) Bulb diameter and cell counting of Ki67-positive cells in si-ZYX HFs and NC HFs. (E)

Evaluation of apoptosis using the TUNEL method after ZYX knockdown. (F) Inductivity marker expression in si-ZYX HFs. *P < 0.05, **P < 0.01, ***P < 0.001. Control

bars represent the mean ± SD.

RNA-seq assay revealed that the gene expression profiles of the
NC and ZYX siRNA treatment groups were distinct (Figure 5A).
A total of 1,131 DEGs were identified between the two groups,
with 576 upregulated DEGs and 555 down-regulated DEGs in
si-ZYX, respectively (Figure 5B). Further cluster analysis showed
that the upregulated DEGs are involved in cell cycle, apoptosis,
and other metabolic pathways (e.g., glutathione and pyrimidine),
whereas the downregulated DEGs are involved in focal adhesion,
HIF-1, PI3K-Akt, MAPK, and other metabolic pathways (e.g.,
cholesterol and glycolysis) (Figures 5C,D). Taken together, the
RNA-Seq data indicated that systemic changes in biopathways
were induced by knocking down ZYX.

DISCUSSION

AGA is the most common form of hair loss in humans, and it is
characterized by the miniaturization of hair follicles and gradual
hair loss. AGA causes cosmetic problems and psychological
distress in affected individuals. The key pathophysiological
changes of AGA are limited to HFs in the bald and nonbald
regions of the scalp. To date, numerous DEGs and pathways
have been identified, including those related to WNT/β-
catenin, androgen, hair cycle regulation, hair keratin production,

estrogen, melatonin, ephrin, ErbB, andHippo signaling pathways
(Vogt et al., 2017; Hochfeld et al., 2019). An improved
understanding of the differences between HF populations and its
contribution to AGA pathobiology is thus desirable.

Previous studies have revealed that adhesion signals are
important factors in HF and AGA development. For example,
α-parvin, which is a FA protein that couples integrins to actin
cytoskeleton, is indispensable to HF development (Altstaetter
et al., 2020). Furthermore, there is cross-talk between FA/integrin
and Wnt signaling pathways, which is one of the most important
signaling pathways in AGA (Ridgway et al., 2012). Therefore,
we hypothesized that ZYX, an important FA molecule, imparts
important effects on HF and AGA development. The present
work was designed to study the role of ZYX in AGA. We found
that Zyxin is upregulated in the affected frontal HFs of AGA
patients compared to the unaffected occipital HFs. To further
study the effect of ZYX on HF and AGA, we conducted in vivo
and in vitro studies using mice, cultured HFs, and dermal papilla
cells. Using in vivo experiments, ex vivo cultured HFs and in
vitroDPCs, we found that reduced ZYX expression enhances hair
shaft production, delays HF catagen entry, and enhances DPC
proliferation and inductivity. Higher activity of DPCs delays the
process of hair miniaturization and promotes shaft elongation.
Hair shaft elongation is apparently negatively correlated to hair
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FIGURE 4 | Proliferation ability and inductivity properties in ZYX-deficient DP cells. (A) ZYX levels in DPCs after NC or si-ZYX treatment. (B,C) RTCA assay of si-ZYX-

and NC-treated DP cells. (D,E) Cell cycle distribution in si-ZYX- and NC-treated DP cells. (F) Inductivity marker expression in si-ZYX HFs using qPCR assay. (G)

Inductivity ability assay in si-ZYX or control DPCs. *P < 0.05, **P < 0.01, ***P < 0.001. Control bars represent the mean ± SD.
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FIGURE 5 | Transcriptomics changes in ZYX-deficient DP cells. (A) Heat map of DEGs between ZYX knockdown and control DP cells. (B) List of the upregulated and

downregulated DEGs. (C,D) KEGG analysis of the DEGs. N = 3 per group.

miniaturization. All of the above results show that ZYX plays
an essential role in AGA, and ZYX inhibition might be an
effective means for the treatment of AGA and the other hair
loss diseases.

DPC stem cell properties play an important role in HF
formation and hair growth cycle (Armstrong et al., 2006), and
the augmentation of inductivity in DPCs could increase the
rate of hair growth and control hair loss. A previous study
revealed that the formation of stress fibers and FA complexes
contribute to the activity of stem cells (Tucker et al., 2013),
which in turn suggests that the FA signaling pathway plays a
role in regulating cell inductivity. In the present study, we found
that treatment of DPCs with ZYX siRNA significantly promotes
cell proliferation. In addition, our real-time PCR analysis and
immunocytochemistry staining revealed that ZYX knockdown
by siRNA increased the mRNA and protein expression levels of
stem cell markers, such as SOX2, CD133, and NOG, in cultured
DPCs. Sox-2, a stem cell-related transcription factor, functions

in pluripotency maintenance of DPCs. Sox-2 is a key regulator
of hair growth that controls progenitor migration by fine-tuning
BMP-mediated mesenchymal-epithelial crosstalk (Clavel et al.,
2012). Moreover, the presence of stem cell protein markers such
as CD133 is indicative of the inductive properties of DPCs. As
previously reported, active treatments that induce or enhance
stem cell properties of DPCs may be beneficial for hair loss
therapeutics. Here, we discovered that ZYX downregulation
enhances inductivity maintenance of cultured DPCs. These
findings suggest that ZYX plays important roles in HFs and AGA
by regulating the activity of DPC. The knowledge gained from
our present study may be utilized in the development of novel
strategies to control AGA hair loss.

RNA-seq detection was further performed to explore the
mechanism of ZYX knockdown in AGA using cultured HFs.
KEGG analysis revealed that cell cycle, apoptosis, focal adhesion,
ECM-receptor interaction, HIF-1signaling pathway, and PI3K-
AKT signaling pathways are the main regulatory pathways
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that are related to the DEGs detected in ZYX siRNA-treated
HFs. This study showed that si-ZYX promoted cultured HF
growth, which led to a significant reduction of TUNEL-positive
cells in HFs and facilitated DP cell proliferation (Figures 3,
4). These findings also showed that cell cycle and apoptosis
pathways are involved in the role of ZYX. Furthermore, RT-
PCR was performed to detect changes in the expression level
of pathway-related genes. Supplementary Figure 2 shows that
the expression levels of PLCB1 (metabolic pathway-related
gene), ALDOC/TIMP1/LDHA (HIF-1 signaling pathway-related
genes), and ITGB3 (focal adhesion-related gene) were altered
after ZYX siRNA treatment. Therefore, we inferred that the
effects of ZYX on HF and AGA are also related to FA, HIF-1,
and metabolic signaling pathways. ZYX is a classical cytoskeletal
protein that is related to FA. Cell adhesion molecules, including
cadherins and integrins, are key regulators of stem cell growth
and differentiation, for both hair follicle epithelia and epidermal
keratinocytes (Akiyama et al., 2000). Integrins and cadherins
play a major role in hair follicle growth and proliferation
(Silva et al., 2020). A combination of activities simultaneously
influences the HIF-1α pathway processes to increase hair density
(Juchaux et al., 2020). Minoxidil, an FDA-approved topical drug
for AGA treatment, activates an angiogenic pathway HIF-1-
VEGF, a potential positive pharmacologic effect for hair growth.
Treatment methods against the HIF-1 signaling pathway and
hypoxia may be potentially used for the treatment of hair
loss. However, we found that the HIF-1 signaling pathway was
downregulated by siZYX in this study. Our in vivo and in
vitro data indicated that ZYX plays a role in HF and AGA by
regulating the FA signaling pathway via the ITGB1 and HIF-1
signaling pathways, although more research is needed to explore
the underlying mechanisms.

CONCLUSION

This is the first report that describes the upregulated expression of
ZYX in the affected frontal HF of AGA patients compared to the
unaffected occipital HF. We found that reduced ZYX expression
by siRNA enhances hair shaft production, delays HF catagen
entry, and DPC proliferation and inductivity. These findings
suggest that ZYX plays important roles in the pathogenesis of
AGA and stem cell properties of DPCs, and thus ZYX may be
potentially used as a therapeutic target in AGA.
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A cyst is a closed sac-like structure in which cyst walls wrap certain contents typically
including air, fluid, lipid, mucous, or keratin. Cyst cells can retain multipotency to
regenerate complex tissue architectures, or to differentiate. Cysts can form in and
outside the skin due to genetic problems, errors in embryonic development, cellular
defects, chronic inflammation, infections, blockages of ducts, parasites, and injuries.
Multiple types of skin cysts have been identified with different cellular origins, with a
common structure including the outside cyst wall engulfs differentiated suprabasal layers
and keratins. The skin cyst is usually used as a sign in pathological diagnosis. Large
or surfaced skin cysts affect patients’ appearance and may cause the dysfunction
or accompanying diseases of adjacent tissues. Skin cysts form as a result of
the degradation of skin epithelium and appendages, retaining certain characteristics
of multipotency. Surprisingly, recent organoid cultures show the formation of cyst
configuration as a transient state toward more morphogenetic possibility. These results
suggest, if we can learn more about the molecular circuits controlling upstream and
downstream cellular events in cyst formation, we may be able to engineer stem cell
cultures toward the phenotypes we wish to achieve. For pathological conditions in
patients, we speculate it may also be possible to guide the cyst to differentiate or de-
differentiate to generate structures more akin to normal architecture and compatible with
skin homeostasis.

Keywords: skin homeostasis, stem cell, multipotency, regeneration, hair follicle, tissue engineering

INTRODUCTION

Skin is the largest organ of the body in mammal. Along with the appendages, skin functions on
regulating body temperature, defending against micro-organisms infection, and protecting the
body from external harmful matters such as toxic substances and UV irradiation (Chuong et al.,
2002). Skin is mainly composed of the epidermis and dermis. Epithelial-mesenchymal interactions
allow development of several dynamic skin appendages such as hair follicle, sebaceous gland, sweat
gland, etc., which play diverse roles in skin function (Lei et al., 2017a). Epithelial cells have apical-
basal polarity and line up in a sheet. Cyst can form when epithelial cells fail to continue to the next
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stages of morphogenesis. Progress has been made in the
investigation of how skin cyst forms and why this structure
can be developed. Interestingly, in skin organoid culture, we
have observed cysts form transiently, but then they undergo
further morphogenesis (Tang et al., 2002; Lei et al., 2017b). This
makes us contemplate whether the cysts in the skin we have
encountered are not bona fide dead-ends, but are structures stuck
in a morphogenetic process that misses certain morphogenetic
cues. Therefore, skin cysts may be rescuable with new twists as
seen in the restoration of skin cells from adult mice that lose
the regenerative ability to form hairs. Here we first review the
more traditional knowledge of skin cyst pathology. Then we
summarize recent progress on the formation of cyst configuration
during tissue engineering of skin organoid formation. We present
a new perspective that the skin cyst may be turned from a
morphogenetic dead-end into a morphogenetic hub if we can
explore its upstream and downstream events.

THE FORMATION OF CYST
CONFIGURATIONS UNDER
PHYSIOLOGICAL AND PATHOLOGICAL
CONDITIONS

Classification of Skin Cyst
A skin cyst includes a basal epidermal layer surrounded by
layers of dermal cells. The basal layer differentiates toward the
inside of the cyst into the suprabasal layers which undergo
terminal differentiation to produce keratin debris (Figures 1A,B).
Skin cysts can be classified into five major types per cellular
origins (Kaya and Saurat, 2018; Figure 1C). These include
cysts with epithelial cells from infundibulum or interfollicular
epidermis (epidermal cysts, comedo, milia, and eruptive vellus
cysts) (Swygert et al., 2007), cysts with epithelial cells from
outer root sheath (ORS) of the hair follicle (trichilemmal or
pilar cysts), cysts with epithelial cells from the sebaceous duct
(steatocystoma and cutaneous keratocyst), cysts with epithelial
cells from sweat gland (hidrocystoma), cysts with epithelial cells
from hair matrix (hair matrix cyst), and hamartomatous cysts
(dermoid cyst, folliculosebaceous hamartoma and metabolizing
acquired dioxin-induced skin hamartoma). Different cellular
origins contribute to diverse skin cysts formation. Epidermal
cyst is the most common cutaneous cysts present as nodules
in the skin. The disruption of the hair follicle, implantation
of the epithelium due to traumatic and penetrating injury,
excessive ultraviolet (UV) radiation, infection with the human
papillomavirus (HPV), medicine (e.g., imiquimod, cyclosporine,
vemurafenib, etc.) (Ramagosa et al., 2008; Boussemart et al., 2013)
and inherited diseases (e.g., Gardner’s syndrome) all lead to the

Abbreviations: iPSCs, induced pluripotent stem cells; ORS, outer root sheath;
UV, ultraviolet; HPV, human papillomavirus; IL-1R, IL-1 receptor; IAP, inhibitor
of apoptosis proteins; MADISH, metabolizing acquired dioxin-induced skin
hamartomas; VDR, Vitamin D receptor; Dsc3, Desmocollin3; HFSCs, hair follicle
stem cells; IRS, inner root sheath; APC, adenomatosis polyposis coli; GSK3,
glycogen synthase kinase 3; CK1α, casein kinase 1α; Shh, Sonic Hedgehog;
IC, intercellular domain; Adams, A disintegrin and metalloproteases; PCδ1,
Phospholipase Cδ1.

formation of epidermal cysts. These cystic lesions are usually
asymptomatic. It consists of multilayer squamous epithelia and is
filled with keratinized substances differentiated by the suprabasal
epithelial cells. Some squamous epithelial cells form squamous
eddies around the cysts.

Cysts Configurations Are Observed in
Developmental and Physiological
Conditions
Cyst formation is required in the early stage of embryogenesis
and functional maintenances of organs. A blastocyst is a physical
structure developed in the early development of mammals.
A blastocyst contains the inner cell mass which subsequently
develops the embryo and the outer layer which forms blastocele.
An ovarian follicle, a spheroid cellular aggregation set, can
influence stages of the menstrual cycle by secreting hormones. In
every menstrual cycle, each ovarian follicle has the potential to
release an egg cell for fertilization. Additionally, in adult tissues
such as the thyroid gland, thyroid follicle consists of cuboidal
epithelium and contents which contain colloid, thyroglobulin,
and iodine. Thyroid follicles secret thyroid hormones to regulate
body metabolism and growth.

Cyst Formation Under Pathological
Conditions
Cysts can be observed in almost every organ such as skin,
kidney, liver, ovary, lung, joint and mammary gland, ranging
from microscopic scale to several centimeters in diameter. For
example, renal cysts with fluid-filled contents can be observed
in a single cyst and several polycystic kidney diseases (Ferro
et al., 2019). Progressive dilatation of biliary micro-hamartomas
promotes the development of simple hepatic cysts in the liver
(Kimura et al., 1978; Jung et al., 2012). Ovarian cysts including
functional cysts and non-functional cysts are usually filled by
fluid or semiliquid material (Bottomley and Bourne, 2009).
Ganglion cyst is often formed next to a joint and usually filled
with excess joint fluid (Hsu et al., 2007). Breast cyst is a fluid-
filled sac, and it is necessary to ensure whether breast cyst
is benign or malignant. Cyst is also present in fibrosis which
is an inherited disease. Cystic fibrosis can cause progressive
damage to the respiratory system and chronic digestive system
(Castellani and Assael, 2017).

PATHOGENESIS OF THE SKIN CYST

Imbalance of Skin Homeostasis Leads to
Cyst Formation
Skin cysts can form due to mistakes during skin development.
For example, variants in PLCD1 are detected in families with
multiple trichilemmal cysts (Shimomura et al., 2019). Dermoid
cysts form due to the sequestration of ectodermal tissues during
embryonic closure. These cysts originated from ectoderm locate
in the subcutaneous tissue, but still maintain the multipotency
to develop fully differentiated ectopic structures, such as nails
and dental, cartilage-like, and bone-like structures. This suggests
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FIGURE 1 | The formation of the skin cyst as a sign in pathology. (A) The general characteristics of skin cysts. Skin cyst consists of a cyst wall of basal cells,
suprabasal cells, and cyst contents (e.g., keratin debris, sebaceous gland, sweat gland, or hair). Some skin cysts are surrounded by layers of dermal cells and a
basement membrane between dermal cells and basal epidermal cells. (B) Relationship with hair follicles. Hair follicle induction on the cyst wall upon
epithelial-mesenchymal interaction mechanism. (C) Different types of skin cysts. Epidermal cyst is the most common cutaneous cyst which includes the general skin
cyst components. Some epidermal cyst forms squamous eddies around the cyst. Steatocystoma multiplex originated from the outer root sheath of hair follicles
contains sebaceous glands and can generate hair follicles. A dermoid cyst contains can form a sebaceous gland, hair follicle, or sweat gland when interacting with
dermal cells surrounding the cyst. A trichilemmal cyst originates from the outer root sheath of hair follicles and produces abundant keratin material inside the cyst.
The basal cells coalesce with the suprabasal layer without a clear boundary line. Hydrocystoma forms due to disorders of the sweat gland, including the eccrine
sweat gland and the apocrine sweat gland. Eccrine hidrocystoma is filled with the residue of sweat, an inner columnar cell layer, an outer myoepithelial cells layer, a
basement membrane, and dermal cells. Apocrine hidrocystoma consists of lipofuscin granules contents, an inner secretory columnar layer, an outer myoepithelial
layer, basement membrane, and dermal cells. (D) Complex signalings balance skin and appendages homeostasis and cyst formation. Knockout of IL-1/IL-1R or
activation of Nrf2 disrupts skin and hair follicle homeostasis, leading to skin cysts formation. Ablation of hrhr, hrhrrh, hr Vhhrrh, hrrhbm, and VDR/RXRα results in hair
loss and cyst formation. Disrupted expression of cell-cell adhesion molecules DSC3 or Plakoglobin results in skin cyst formation. Disruption of Wnt and Notch
pathways which regulate hair growth causes the formation of skin cysts from hair follicles. Abnormality of RBP-Jk/Wnt5a signals in dermal papilla cells induces skin
cyst formation. In addition, interactions between the basal epidermal cells of the skin cyst and surrounding dermal cells may result in skin appendage regeneration.

that the formation of cysts might be a self-protection response to
mistakes during skin development.

Skin is constantly subjected to insults such as UV radiation,
toxin, invasive pathogens, etc (Lei and Chuong, 2018). In
response to these insults, skin epidermis initiates a rapid

innate immune response by producing chemokine, antimicrobial
peptides, and Toll-like receptors (Selleri et al., 2007; Reithmayer
et al., 2009; Nagao et al., 2012). Skin keratinocytes produce
IL-1β in response to UV radiation and infection (Dai et al.,
2017). IL-1 receptor (IL-1R) or IL-1β knockout mice develop
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multiple epidermal cysts when receiving chronic UVB exposure
(Kulkarni et al., 2017). IL-1β signaling mediates UV-induced
proinflammatory responses (Maelfait et al., 2008) and promotes
UVB-induced apoptosis through driving TNF-α release and
down-regulating inhibitor of apoptosis proteins (IAP) (Kothny-
Wilkes et al., 1999). Knockout of IL-1R blocks the expression
of TNF-α and promotes keratinocytes to be resistant to UVB-
induced apoptosis, leading to the disruption of skin homeostasis
and skin cysts formation. Transcription factor Nrf2 plays an
important role in protecting skin from reactive oxygen species
which are induced by the harmful insults from microorganisms,
UV light, and toxic chemicals (Schafer et al., 2010; Tan and
Wahli, 2014). Nrf2 activation in keratin 5 (K5)-positive skin
epithelia leads to hair loss, infundibula dilatation, sebaceous
gland enlargement, and cyst formation, with upregulation of
Epigen, Slpi, and Sprr2d in the cyst (Tan and Wahli, 2014).

The inflammatory response to the grafted epidermal tissues
during implantation can be important in the formation of
skin cysts. To protect tissues from stimuli such as pathogens
infection or damage in cells, inflammatory responses involving
immune cells, blood vessels, and molecular mediators are
mobilized to eliminate the necrotic cells and tissues to facilitate
tissue repair (Ferrero-Miliani et al., 2007). Thus, after the
implantation of ectopic epidermal tissues, inflammatory response
can be activated to wrap these ectopic epidermal tissues, leading
to cyst formation.

Cell-cell adhesion is the basis for forming tissue integrity.
Conditional knockout of Desmocollin3 (Dsc3) in the skin
epithelium destroys the cell-cell adhesion, causing intra-
epidermal blistering, and cyst formation in the hair follicle
(Chen et al., 2008). Another cell adhesion molecule Plakoglobin
as a cytoplasmic constituent of the desmosome is involved
in the intracellular signaling events essential for epidermal
differentiation. Specific expression of N-terminally truncated
plakoglobin in epidermis results in the formation of additional
hair germs, hyperplastic hair follicles, dermal cysts, and even
non-invasive hair follicle tumors (Teuliere et al., 2004). The
epithelial cells of the cysts are derived from precortex and hair
matrix cells and show hair follicle or epidermal characteristics by
molecular characterization.

Different Types of Hair Follicle-Derived
Skin Cysts Help Reveal the Molecular
Control of Cyst Formation
A hair follicle is a complex micro-organ with multiple cellular
components including the bulge, ORS, inner root sheath (IRS),
hair bulb, and dermal papilla. Homeostasis of the hair follicle is
maintained by the coordination of extracellular matrix signaling,
autocrine signaling, paracrine signaling, systematic signaling, etc
(Chueh et al., 2013). Abnormality in hair follicle development and
regeneration often leads to cyst formation (Vidal et al., 2005).

Sonic Hedgehog (Shh), Transforming Growth Factors β

(TGFβ), and Bone Morphogenetic Protein (BMP) signaling
pathways are required in hair follicle morphogenesis and hair
follicular growth (Adam et al., 2018; Lim et al., 2018; Rahmani
et al., 2018). Specific deletion of Shh receptor Smoothened in

skin epithelium causes a transformation of ORS to epidermis-like
structure, hair loss, and cyst formation (Gritli-Linde et al., 2007).
Specific deletion of TGFβ mediator Smad4 in basal skin epithelial
cells results in epidermal and follicular hyperplasia, progressive
hair loss, and cyst formation (Yang et al., 2005). Cyst formation is
also observed in skin epithelia-Bmpr1a knockout and activation
mice (Kobielak et al., 2003, 2007; Yuhki et al., 2004).

Wnt/β-catenin signaling largely influences hair follicle stem
cells (HFSCs) behaviors including activating HFSCs during
regeneration and promoting their differentiation during hair
growth (Rabbani et al., 2011; Lei et al., 2013, 2014). Deletion
of β-catenin in basal epidermal and hair follicular keratinocytes
causes epidermal hyperplasia and cyst formation (Huelsken
et al., 2001). K15 and integrin β1, markers of HFSCs, are
expressed in the cyst wall, suggesting that the multipotency
of epidermal stem cells may be partially maintained through
the formation of cyst after epidermal deletion of β-catenin.
Enhanced Wnt signaling also causes not only tumorigenesis
but also skin cyst formation (Gat et al., 1998; Hassanein
et al., 2003). Overexpression of truncated LEF1 without the
β-catenin interacting domain in keratinocytes suppresses hair
differentiation but induces sebaceous gland differentiation and
causes cyst formation beneath the bulge region. These cysts
exhibit a multipotency of epidermal stem cells or sebaceous
gland stem cells (Merrill et al., 2001), suggesting that LEF1
may interact with transcriptional inhibitors and promote the
progeny of HFSCs to transform into a population of cells
with the multipotency of epidermal stem cells or sebaceous
gland stem cells.

Notch signaling pathway is important in maintaining the
homeostasis of hair follicles and epidermis. Specific deletion
of Notch pathway genes such as Jagged 1, Notch1, Notch2,
or RBP-Jκ in skin epithelia blocks the differentiation of IRS,
induces the differentiation of ORS cells besides HFSCs, and
causes the skin cyst formation (Demehri and Kopan, 2009).
Moreover, conditional knockout of Adam10 in skin epithelia
results in impaired expression of Notch pathway target genes
Hes and Hey and causes hair loss, epidermal hyperproliferation,
and epidermal cyst formation (Weber et al., 2011). Disruption
of mesenchyme-derived signals also causes skin cyst formation.
Deletion of CSL/RBP-Jκ, the effector of the canonical Notch
pathway in dermal papilla cells and dermal fibroblasts causes
the degeneration of hair follicles into epidermal cysts, with
high levels of interfollicular marker expression (Hu et al.,
2010). Mesenchymal deletion of RBP-Jκ results in a decreased
expression of dermal papilla specific signatures, such as Wnt5a,
Fgf7, Fgf10, and Noggin (Rendl et al., 2005). Hair follicle
reconstruction assay by injecting Wnt5a-deficient dermal papilla
cells and normal keratinocytes into the nude mice skin shows
the development of skin cysts rather than hair follicles (Rendl
et al., 2005). Besides, Notch1 can activate the Wnt5a promoter by
RBP-Jκ (Rendl et al., 2005), suggesting that Wnt5a is a primary
target gene of the activated RBP-Jk to control normal hair
follicle development or cyst formation. Functioning downstream
of Wnt5a, Foxn1 directly activates the Notch1 promoter by
binding Notch1 promoter in mice (Cai et al., 2009), to regulate
hair differentiation. This suggests that the Notch-Wnt5a-Foxn1
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mesenchymal-epithelial signaling module functions as a positive
feedback to regulate hair differentiation. Besides, deletion of
Phospholipase C(δ1 (PCδ1), one of the target genes of Foxn1, also
causes cyst formation (Nakamura et al., 2003).

Suppresion of histone modification-related enzymes can lead
to the failure of hair follicles to regenerate properly, and therefore
turn the hair follicles into cysts. For instance, Hdac1 maintains
the homeostasis of epidermis and hair follicles. Epithelium-
specific knockout of Hdac1 in mice causes hyperkeratosis, hair
follicle dystrophy, extensive alopecia, and epithelial cyst-like
structures (Hughes et al., 2014). However, Krt14 and Trp63 which
mark the epidermal stem cells are expressed in the whole cyst
wall. This suggests that hair follicle progenitor-derived cells retain
certain multipotency properties of epidermal stem cells. The
degeneration of hair follicles into epidermal stem cells is also
present in other epidermal cysts (Demehri and Kopan, 2009;
Kulkarni et al., 2017; Yang et al., 2020).

Perturbation of several genes or signaling pathways that are
necessary for the skin homeostasis and hair follicle formation
results in epidermal cysts formation. These genes include hairless
(hrhr), hairless-rhino (hrhrrh), rhino (hr Vhhrrh), bald Mill Hill
(hrrhbm) (Mann, 1971; Brancaz et al., 2004), Vitamin D receptor
(VDR) (Keisala et al., 2009) and RXRα (Li et al., 2001), etc.

Mapping the molecular mechanisms by which these
signaling pathways interact with each other to control the
hair follicle homeostasis or skin cyst formation requires further
bioinformatics approaches and functional tests. At least known
studies have revealed that Wnt and Notch pathways are largely
involved in this molecular regulatory network (Figure 1D).

THE FORMATION OF CYST
CONFIGURATION IN ORGANOID
CULTURES

Recent studies on organoid formation demonstrate that the
cyst formation is a common and essential process to generate
the mini-organs (Bredenoord et al., 2017; Dutta et al., 2017;
Smith and Tabar, 2019; Lee et al., 2020). Most organoids are
derived from embryonic stem cells, induced pluripotent stem
cells (iPSCs), or primary cultured cells. The cells are guided
or self-organize to form a cyst-like structure in most types of
organoid culture before induction of the desired tissues/organs
(Rossi et al., 2018). Some cells (like dissociated endothelial) form
tubes when they are cultured. Different from formation of a
tube which is a long hollow cylinder structure, involving tissue
mechanics of ECM and cytoskeleton. It would be interesting to
identify the driving forces of each arrow in the morphospace in
Figure 1B, whether it is biochemical or biophysical based. We
think this would be the challenge of next step in organoid study,
to be able to guide the formation of desired tissues for application.
Progress has been made in identifying the novel characteristics
of the cyst formed in vivo and in vitro. Growing evidence shows
that the cyst structure retains certain multipotency to self-renew
and differentiate, and de novo regenerate mini-organs resembling
those formed during the developmental processes. Cyst forms
budded structure during intestinal organoid development, with
involvement of fate-specific changes in osmatic and actomyosin

forces, as well as Yap signaling pathway activation (Serra et al.,
2019; Yang et al., 2020). This endows the cysts not only as a
pathological structure but also with the potential to study how
cells retain multipotency to generate new organs in vivo and
in vitro.

Tissue-engineered skin represents a useful strategy for the
treatment of skin injuries. Primary cultured skin cells, iPS-
differentiated skin cells, embryonic stem cells-differentiated skin
cells, etc., are used to generate fully functional skin with
appendages formation. Accompanying with fully functional skin
formation during the explant transplantation into the nude mice
is the formation of skin cysts, which express the epidermal stem
cell markers. Appendages such as hair follicles not only form from
the regenerated skin but also the skin cysts (Zheng et al., 2005;
Balana et al., 2015; Lei et al., 2017b; Lee et al., 2020).

Skin cyst formation also occurs when pluripotent stem cells
are cultured in vitro, which is termed skin organoid culture
(Lei et al., 2017b; Lee et al., 2018, 2020). The in vitro cultured
organoids can form the fully functional skin with epidermis and
dermis structures, as well as with regeneration of skin appendages
such as hair follicle (Figure 2; Lei et al., 2017b; Lee et al., 2018),
sebaceous gland (Feldman et al., 2019) and sweat gland (Diao
et al., 2019). This indicates that though skin cyst is an abnormal
structure to the organism, the formation of the skin cyst can be
the other way for the tissue to retain sufficient multipotency. And
importantly, the process of the cyst formation during the cell self-
organization in vitro is required for further tissue regeneration.
The reason why cells prefer to choose this more complex way
to form fully functional skin requires further investigation.
However, one possibility is that the easiest way for one to reach
the destination from the beginning may not be through a straight

FIGURE 2 | The formation of cyst configuration in skin organoid culture.
A morphospace of potential epidermal and dermal cell configuration is shown.
Pattern diagram showing possible multicellular configurations during newborn
skin cells organoid culture. Dissociated cells undergo a series of
morphological transitions including aggregation, polarization, coalescence,
and planarization, to form hair primordia [The figure is from Lei et al. (2017b)].
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line but by consuming their lowest energy. Thus, the skin cells
may use the same strategy to form fully functional skin by
forming the skin cyst to maintain their multipotency. Indeed,
adult cells with declined regenerative ability can be reactivated
to form skin organoid through cyst formation by applying
certain factors during culture and regenerate hair follicles upon
regeneration (Lei et al., 2017b).

CONCLUSION AND NEW POSSIBILITIES

Here we show cyst form from the progenitor/stem cells who
find their route to maintain multipotency and can regenerate
the original tissues under pathological and skin organoid culture
conditions. Cysts in pathological conditions are formed from
complex tissue architectures by making closed sac-like tissue
structures that contain simple or complex tissues depending
on their origin and mutation type, with complex molecular
regulatory networks largely involving Wnt and Notch pathways.
They also tend to form during renewal conditions such as
hair cycling. They failed to form complex structures and get
“stuck” in the cyst stage. Organoids first form cysts with
relatively homogeneous progenitors and tissue structures, and
then start developing more complex tissue architectures with cell
differentiation and tissue patterning, with the involvement of
extracellular matrix and protein kinases C and R (Figure 1D).
These lead to a new look of the skin cysts as potential new
therapeutic possibilities.

However, several outstanding questions regarding skin cyst
formation remain. For example, how to guide cyst in organoid
cultures to continue morphogenesis? This can be achieved
by modifying the molecular profiles of the cyst cells. The
configuration may also be changed by 2-dimensional or 3-
dimensional culture conditions. Activation or de-stabilization of
the cyst can also be achieved by altering the physical properties
of the surrounding environment, by affecting the affinity of
ECM and cyst epithelial cells. What happens when the cyst
configuration de-stabilization? Is it the loss of apical-basal cell
polarity? Realignment of cell adhesion and neighboring cellular
partners? Does the rigid structure enter a more fluid state similar
to those observed in epithelial-mesenchymal transition?

With the organoid cultures as a platform to investigate the
mechanism by which skin organoids undergo a morpho-space
development, from aggregate to skin cyst, then to a planar
skin with hair regeneration will help answer these questions. As
researches on the topic of skin biology continue, understanding
the control of cyst configuration, we hope to provide a theoretical
basis for understanding the pathogenesis of skin cysts, improving
the therapeutic methods of skin cysts, and producing more
functional skin organoids for tissue regeneration.
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Skin aging caused by UV radiation is called photoaging is characterized by skin

roughness and dryness accompanied by a significant reduction of dermal collagen.

Rapamycin is a macrolide immunosuppressant which has been shown to exhibit

“anti-aging” effects in cells and organisms, however, its roles in the skin photoaging

remains unclear. Here, we investigate the role of rapamycin and HSP27, which we have

previously identified as an inhibitor of UV-induced apoptosis and senescence in HaCat

cells, in a UVA-induced photoaging model of primary human dermal fibroblasts (HDFs).

Results from senescence-associated beta-galactosidase (SA-β-gal) staining revealed

that rapamycin significantly reduced senescence in UVA-treated HDFs. In addition,

treatment with rapamycin significantly increased cell autophagy levels, decreased the

expression of p53 and phosphorylated HSP27, and reduced genotoxic and oxidative

cellular stress levels in UVA-induced HDFs. Knockdown of HSP27 resulted in a significant

increase of MMP-1 and MMP-3 as well as a decrease in type I collagen expression.

Rapamycin mitigated these effects by activation of the classical TGF-β/Smad signaling

pathway and increasing the transcriptional activity of MAPK/AP-1. Taken together, these

results suggest that rapamycin may potentially serve as a preventive and therapeutic

agent for UVA-induced photoaging of the skin.

Keywords: rapamycin, UVA, photoaging, human dermal fibroblasts, Hsp27, autophagy

INTRODUCTION

Photoaging is the result of premature aging of the skin caused by the destructive effects of
ultraviolet (UV) radiation. Distinctive clinical features of photoaging include a coarse, dry skin
texture, pigmentation disorders, increased wrinkles, and telangiectasia (Young et al., 2017).
Pathohistologically, photoaging is characterized by a significant reduction in dermal collagen and
the accumulation of abnormal elastin fibers (Han et al., 2014). While the exact pathomechanisms
remain unclear, high expression levels and increased activity of matrix metalloproteinases
(MMP)-1, 3, and 9 have long been thought to play important roles in the process of photoaging
(Nakyai et al., 2017; Seo et al., 2018).
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In addition to its role as a molecular chaperone, our previous
work revealed a role for HSP27, a member of the small heat
shock protein family, in the regulation of apoptosis during
skin photoaging. We found that HSP27 can mediate apoptosis
in HaCat cells through the mitochondrial caspase pathway
by activation of the Akt-dependent phosphorylation pathway
and inhibition of the p53/Bax/Bcl-2-dependent mitochondrial
apoptosis pathway in order to regulate the subcellular localization
of p21 and thereby exerting photoprotective effects (Liu
et al., 2019a,b). However, the role of HSP27 in dermal
tissue photoaging, especially in UVA-irradiated human dermal
fibroblast (HDF) photoaging remains unclear.

Autophagy is an evolutionarily conserved cellular process
that is thought to be an essential cell survival mechanism
via the degradation of unnecessary or dysfunctional organelles
and proteins (Yonekawa and Thorburn, 2013). Decreased or
defective autophagy has been linked to a variety of pathological
processes, including neurodegeneration, infection, cancer, and
aging (Mizushima and Komatsu, 2011). It has been demonstrated
that the activation of autophagy can exert anti-apoptotic effects
by facilitating UVA-induced clearance of oxidized phospholipid
and protein aggregates from keratinocytes (Zhao et al., 2013).
More recently, it has been shown that UVA-induced photoaging
in fibroblasts impairs lysosomal function and thereby inhibits
degradation during autophagy (Huang et al., 2019).

Rapamycin is an inhibitor of mTOR, a serine/threonine
protein kinase of the phosphatidylinositol 3-kinase-related kinase
family. mTOR is sensitive to a variety of environmental and
endocrine stimuli and has important regulatory functions in
cell proliferation, metabolism, and the aging process (Arriola
Apelo and Lamming, 2016). Rapamycin has previously been
successfully used in mouse models of age-related diseases,
including cancer and Alzheimer’s disease, and it has been
demonstrated to improve age-related cognitive decline and even
rejuvenate aged hearts in mice (Wilkinson et al., 2012; Lin et al.,
2017). A previous studies has suggested that the “anti-aging”
effects of rapamycin are achieved by a reduction in reactive
oxygen species (ROS) (Qin et al., 2018), however, the exact role
and potential protective effects of rapamycin in UVA-induced
photoaging of skin fibroblasts, as well as the role of HSP27 in
protecting from photoaging, remain unclear.

Previously, we had used a UVB-induced photodamage
model in HaCat cells which displayed a range of senescence
phenotypes, including altered cell morphology, positive
senescence-associated beta galactosidase (SA-β-gal) staining,
and cell cycle arrest (Liu et al., 2019a). Here, to reveal the
mechanisms underlying dermal photoaging induced by UVA,
we investigated the role of rapamycin and HSP27 in a UVA
irradiation human dermal fibroblasts (HDFs) photoaging
model, focusing on cellular effects including UVA-irradiated
cell autophagy.

MATERIALS AND METHODS

Cells
Healthy skin tissues were obtained from patients who underwent
skin biopsies at our hospital from December 2018 to July 2020.
All procedures were approved by the Ethics Committee of The

First Affiliated Hospital of Chongqing Medical University, and
all patients provided written informed consent. Healthy skin
tissues were cut into fragments under aseptic conditions, and the
epidermis and dermis were separated to obtain primary human
dermal fibroblasts (HDFs). Tissues were digested with type II
collagenase (Sigma-Aldrich, USA) and cultured in Dulbecco’s
modified Eagle medium (DMEM, Gibco, USA) with 10% fetal
bovine serum (FBS, Absin, China) at 37◦C under 5% CO2. This
study was conducted using two to four generations of fibroblasts.

Ultraviolet a (UVA) Irradiation Cell Model
For all experiments, HDFs with high cell viability and rapid
proliferation were selected. In the UVA irradiation group,
fibroblasts were irradiated with 5 J/cm² once per day for 8
days using a UVA lamp (TL10RS, Philips, Netherlands) with an
emission spectrum between 320 and 400 nm. UVA irradiation
was measured by a UVA 365 radiometer (Photoelectric
Instrument Factory of Beijing Normal University, China).
Control cells were exposed to the same conditions but
not UVA-irradiated.

Evaluation of Cellular Viability
The viability of HDFs following exposure to different doses of
UVA and different concentrations of rapamycin were assessed
using the CCK-8 assay (MCE, USA). Cells were incubated with
MTT solution for 1 h, and absorbance was measured at 450 nm
using Multiskan Spectrum(ThermoFisher Scientific, USA).

RNA Isolation and Real Time PCR (RT-PCR)
Total RNA was extracted using the RNAiso Plus kit (TaKaRa,
Japan) and converted to cDNA using the RT Master Mix for
qPCR (MCE, USA). The SYBR Green qPCR Master Mix (MCE,
USA) was used for RT-PCR. For each reaction, a total of
35 cycles were carried out. Primer sequences were as follows:

Name Forward primer

(5’->3’)

Reverse primer

(5’->3’)

Collagen 1 AAGGTGTTGTGC
GATGACG

GGTTTCTTGGTCG
GTGGGT

MMP-1 GGCTGAAAGTGAC
TGGGAAAC

CTTGGCAAATCT
GGCGTG

MMP-3 CAATCCTACTG
TTGCTGTGCG

CAAGGTTCATGC
TGGTGTCC

MMP-9 TTTGACAGCGAC
AAGAAGTGG

TCAGGGCGAGG
ACCATAGAG

p62 TGAGTCCCTCTCC
CAGATGCT

GGGGGATGCTTTG
AATACTGG

HSP27 CCCACCCAAGT
TTCCTCCT

GGCAGTCTCATC
GGATTTTG

LC3 B AAGGCGCTTACAG
CTCAATG

ACACTGACAAT
TTCATCCCGA

ACTB AGAAAATCTGG
CACCACACCT

GATAGCACAGCCT
GGATAGCA

Western Blotting
RIPA lysis buffer (Beyotime Biotechnology, China), including
Protease Inhibitor Cocktail (MCE, USA), was used to extract
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proteins. The total protein concentration in each sample was
assessed using the BCA assay (Beyotime Biotechnology, China).
Proteins were separated on 10 and 12% polyacrylamide gels
using SDS-PAGE and transferred to nitrocellulose membranes.
Sequentially, the membranes were blocked in 7% skimmed
milk for 1 h at room temperature and incubated with primary
antibodies and secondary antibodies. Finally, protein bands
were visualized using the SuperSignalTM West Femto Maximum
Sensitivity Substrate kit (ThermoFisher Scientific, USA). Protein
bands were quantified by densitometry and normalized to β-
actin. The antibodies used in this study: HSP27(Abcam, UK),
Phosphorylated-HSP27, beta-Actin, p53, COL1A1(Cell Signaling
Technology, USA), p62, LC3 B, ATG5 (Bimake, USA).

siRNA Transfection
siRNAs were obtained from GenePharma (Shanghai, China).
The siRNA sequences used to inhibit HSP27 expression were
5’-GGACGAGCAUGGCUACAUCTT-3’ (sense strand) and 5’-
GAUGUAGCCAUGCUCGUCCTT-3’ (antisense strand). HDFs
with good cell viability and rapid proliferation were selected for
transfection. Fibroblasts were inoculated in 6-well plates and pre-
cultured for 24 h, and experiments were performed after the cells
were completely walled. The complete mediumwas then replaced
by serum-free medium and siRNA and HiPerFect Transfection
Reagent (Qiagen, Germany) were added. Transfection continued
for 6 h before replacing serum-free medium with complete
medium for subsequent experiments.

Senescence-Associated
Beta-Galactosidase (SA-β-gal) Staining
Cells were stained using the Senescence β-Galactosidase
Staining Kit (Beyotime Biotechnology, China) according to the
manufacturer’s instructions. At room temperature, the medium
was discarded and cells were washed once with PBS and fixed
with 4% polymethanol for 15min. Cells were again washed
three times with PBS and incubated with the staining solution
overnight at 37◦C. Samples were observed and counted under
a reverse-phase microscope (200x) (Olympus, Japan), and five
randomly collected images were used for quantification of
senescent cells.

Histological Analysis
We selected pathological tissue specimens for
immunohistochemical labeling and Masson staining from
five patients with a clinical diagnosis of chronic actinic dermatitis
and six patients have normal skin with cosmetic surgery. All
the patients signed informed consent. Clinically removed skin
specimen were fixed with 4% paraformaldehyde and then
paraffin-embedded for sectioning. Each specimen was subjected
to hematoxylin-eosin staining, Masson-trichrome staining, and
immunohistochemical labeling. Under the microscope, five
randomly selected fields of view were used to collect images for
subsequent analysis.

Flow Cytometry to Detect Apoptosis
Twenty-four hours after the last UVA irradiation, cells grown in
the 6-well plates as well as the supernatant were collected, labeled
with Annexin V-fluorescein isothiocyanate and propidium

iodide, and apoptotic cells were detected by flow cytometry
(Beckman Coulter, UK). The number of apoptotic cells was
analyzed using the Flowjo_v10 software.

Statistical Analysis
All experiments were repeated at least three times. Statistical
analyses were performed using Graphpad Prism 8 (GraphPad
Software Inc., USA) and SPSS v22.0 (IBM Corporation,
USA), and data are presented as mean ± SD. Between-
group comparisons were performed using ANOVA or
student’s t-test for statistical analysis. p < 0.05 was considered
statistically significant.

RESULTS

Optimization of UVA and Rapamycin
Dosage
Based on previously published work, we initially assessed the
effect of 5, 10, and 20 J/cm² for our UVA-induced photoaging
model in primary human dermal fibroblasts (Nakyai et al.,
2017; Xu et al., 2018; Souza et al., 2020). As we observed a
high level of cell death at 20 J/cm², we proceeded using 5 and
10 J/cm² for HDF treatment in subsequent experiments. As
shown in Figure 1A, there were significantly more senescent
(SA-β-gal positive) HDFs after UVA irritation, but there was no
difference between the 5 and 10 J/cm² UVA irritation groups.
Moreover, at the protein level, there was a significant increase
in the expression of p-HSP27 and p62, and a decrease in LC3
II/LC3 I in both UVA irritation groups as compared to controls
(Figure 1B). The same results were also reflected in the mRNA
level (Figures 1C–E). Levels of ATG5 correspond to the early
stages of autophagosome formation. These were not significantly
altered after UVA irritation (Figures 1B,F), neither at mRNA nor
protein level. As our results showed that a relatively low dose of
UVA is sufficient to induce photoaging, we chose UVA irradiation
of 5 J/cm² for our model.

To determine the optimal concentration of rapamycin
for subsequent experiments, we evaluated the cytotoxic
and anti-apoptotic effects of rapamycin on primary HDFs
in the concentration range of 0–10µM. Our results
showed that there is no cytotoxic effect of rapamycin
at 0–10µM (Figure 2C), while 5µM of rapamycin
showed an anti-apoptotic efficacy in UVA-treated cells
(Figures 2A,B).

Rapamycin Reduces UVA-Induced Cellular
Senescence
HDFs in the UVA irradiation group showed a large degree of
senescence in the UVA irritation group compared to the control
group, but this increase in senescence could be reversed by
rapamycin treatment (Figures 2D,E).

Rapamycin Promotes Autophagy in
UVA-Irradiated HDFs
Light chain protein 3 (LC3) is a key molecule in the autophagy
pathway. In the presence of autophagic activation, LC3I converts
to LC3II and binds to the membrane of the autophagosome,
thus the LC3II/LC3I ratio is widely used to assess autophagy
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FIGURE 1 | Model construction of UVA-induced photoaging of HDFs and selection of rapamycin concentration. (A) SA-β-gal stained images of HDFs after 5 and 10

J/cm² UVA irradiation, original magnification (200x). (B) Western blots of HSP27, p-HSP27, p62, LC3 B, and ATG 5 proteins 24 h after the last UVA irradiation.

Expression levels were quantified using β-actin as a reference. (C–F) RT-PCR for mRNA expression levels of HSP27, p62, LC3 B, and ATG 5. These results are

expressed as the mean ± SD of at least three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.005).

levels (Li et al., 2011). HDFs irradiated with UVA showed
a significant decrease in LC3II/LC3I expression compared to
the control group, while there was no significant change in
p62, which is a substrate for the autophagic degradation phase
(Lamark et al., 2017), indicating that UVA causes the cellular
autophagic flow to stagnate in the degradation phase. However,
the expression of both p53 and p-HSP27 was significantly
increased, indicating that HDFs exhibited elevated stress levels
in response to UVA. Both with and without UVA irradiation,

the autophagic flux was significantly increased in rapamycin-
treated HDFs, while the expression of both p53 and p-
HSP27 was significantly decreased, suggesting that rapamycin
may be able to counter UVA-induced increases in cellular
stress levels. However, surprisingly, p62 levels following UVA
irradiation remained unchanged even after activation of the
autophagy pathway with rapamycin, further confirming that
UVA irradiation induces an impairment of degradation during
autophagy (Figure 3).
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FIGURE 2 | Selection of rapamycin concentration and SA-β-gal staining of HDFs. (A,B) Flow cytometry showed that UVA significantly increased apoptosis in HDFs

and 5µM rapamycin was effective in reducing UVA-induced apoptosis of HDFs. (C) The proliferative activity of HDFs after 24, 48, and 72 h incubation with rapamycin

(0–10µM) was analyzed using the CCK-8 colorimetric assay, and results are expressed as OD ± SD. This revealed no statistical difference compared with the control

(Continued)
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FIGURE 2 | group. (D) There were significantly more SA-β-gal(+) cells in the UVA group and fewer and lighter staining in the UVA+rapamycin group than in the UVA

group. Few SA-β-gal(+) cells are seen in the control and rapamycin groups. (E) SA-β-gal positivity was calculated based on 400 cells counted per well. Results are

expressed as mean ± SD of at least three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.005).

Effect of Rapamycin on HDFs Following
siRNA Knockdown of HSP27
To investigate the effect of HSP27 on autophagy in UVA-induced
photoaging HDFs, as well as the role of rapamycin in HDFs, we
constructed HSP27 knockdown HDFs by using HSP27 siRNA
(Figures 4A,D).We subsequently detected the expression of
autophagy-associated p62 and LC3B in the control and si-HSP27
group by western blotting, and found that HSP27 knockdown
suppressed the expression LC3B expression regardless of UVA
irradiation, while it increased the expression of p62 following
UVA exposure (Figures 4B,E,F).

It has been reported that UVA can significantly decrease the
expression of type I collagen and increase the expression of
MMP-1, 2, 3, and 9 in photoaged cells (Pittayapruek et al., 2016),
and we have previously observed similar results in our models.
Interestingly, regardless of UVA exposure, we found a significant
increase in the expression ofMMP-1 and 3, as well as a significant
decrease in type I collagen mRNA levels following knockdown
of HSP27 in HDFs. However, this effect was alleviated in
the rapamycin-treated group. Therefore, we hypothesize that
HSP27 may be involved in the synthesis of MMPs and collagen
degradation, and rapamycin could alleviate alterations induced
by HSP27 deficiencies or dysfunction (Figures 4B,C,G,H).

Expression of Type I Collagen, HSP27 and
Autophagy-Related Proteins in Clinical
Tissues
To further investigate the relationship between HSP27,
autophagy and type I collagen, we selected tissues from
normal skin biopsies and from patients with a diagnosis of
chronic actinic dermatitis (CAD) for Masson staining and
immunohistochemical labeling of HSP27, LC3 B, p62, and
Collagen I. Compared to normal patients, skin tissue from
patients with photoaged dermatitis expressed lower levels of
HSP27, LC3 B, and Collagen I, while p62 expression showed
diffuse flaky positive foci. Masson staining revealed that the
dermal collagen in CAD patients was partially pale, disorganized
and loose, and the collagen fibers were significantly reduced.
These results suggested that photoaged skin exhibits lower levels
of autophagy and collagen fibers than normal skin, which was
consistent with our in vitro experiments (Figure 5).

DISCUSSION

Dermal fibroblasts are the major cellular component of the
dermis, producing collagen, fibronectin, glycosaminoglycans and
other extracellular matrix components which support the dermal
structure and help to maintain skin elasticity and moisture
(Thulabandu et al., 2018). UVA is a potent form of UV radiation
that can damage dermal fibroblasts. UVA exposure leads to

fibroblast cell cycle arrest, apoptosis, dysfunction of secretion and
synthesis and skin aging (Wlaschek et al., 2001). The skin of the
head and face is particularly susceptible to photoaging due to
its continuous and long-term exposure to the environment. In
order to avoid intrinsic photoaging, we selected skin tissues from
non-exposed regions for our primary fibroblast culture in this
study. There is currently no “gold standard” for in vitromodeling
of UVA-induced fibroblast photoaging. Based on the literature
and previous studies conducted in our group, we initially tested
irradiation with 5, 10, and 20 J/cm² UVA on HDFs, respectively,
to identify the appropriate irradiation dose. This revealed that,
with the exception of 20 J/cm² UVA irradiation which induced
significant cell death, both 5 and 10 J/cm² UVA caused significant
senescent morphological changes in HDFs as well as positive
SA-β-gal staining. As we aimed to model chronic photoaging in
this project, we chose the lower dose of 5 J/cm² of UVA as the
irradiation dose for our experimental model. Hereby, we provide
a new in vitromodel of UVA-induced fibroblast photoaging.

HSP27 has previously been considered as an adaptive cellular
response protein that helps the organism to survive due to its
protective effects against heat-induced cellular damage and its
primary function as a molecular chaperone involved in protein
folding and a variety of cellular processes (Singh et al., 2017).
Additionally, the phosphorylated form of HSP27 can interact
with denatured and aggregated proteins to protect cells against
severe damage from stress (Kampinga et al., 1994; Trott et al.,
2009). In previous studies, we have demonstrated that HSP27 is
significantly elevated in photoaged rat skin and HaCaT cells and
exerts protective effects against photoaging by modulating anti-
apoptotic pathways (Liu et al., 2019a,b). In our UVA photoaging
model, we found no significant increase in the expression of
HSP27, while phosphorylated HSP27 increased significantly.
This suggested that p-HSP27 may be more important for
protection from photoaging in HDFs.

Rapamycin is a classical activator of autophagy which acts by
inhibiting the activity of mTOR (Arriola Apelo and Lamming,
2016). Autophagy is activated following UVA-induced genotoxic
stress and elevated ROS levels (Galati et al., 2019). Rapamycin
has been reported to reduce UVB-induced ROS accumulation
and promote the antioxidant capacities of cells (Qin et al.,
2018). In our study, p-HSP27 was significantly decreased after
rapamycin treatment, which also seems to suggest that rapamycin
reduced the level of UVA-induced oxidative stress on cells.
The tumor suppressor p53 is involved in a variety of cellular
processes such as apoptosis, necrosis, aging and autophagy,
and is also a major constituted of the DNA damage response
pathway (Mrakovcic and Frohlich, 2018). In our UVA-induced
photoaging model of HDFs, a significant elevation of p53
was accompanied by activation of the autophagy pathway, and
treatment with rapamycin inhibited the sustained increase in
p53 expression despite elevated levels of cellular autophagy,
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FIGURE 3 | 5µM Rapamycin treatment of UVA-induced photoaged HDFs promoted increased autophagy, reduced the expression of p-HSP27 and p53, and

decreased the stress levels of cells. (A,B) Western blots of p62, LC3 B, p-HSP27, and p53 expression after 24 h of rapamycin treatment. Proteins were quantified

using β-actin as reference and expressed as a fold change in protein levels compared to control cells. Results are expressed as mean ± SD of at least three

(Continued)
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FIGURE 3 | experiments (*p < 0.05, **p < 0.01, ***p < 0.005). (C–F) RT-PCR for mRNA expression levels of p62, LC3 B, p-HSP27 and p53. Results are expressed

as mean ± SD of at least three assays (*p < 0.05, **p < 0.01, ***p < 0.005).

FIGURE 4 | 5µM Rapamycin treatment of UVA-induced photoaged si-HSP27 HDFs reduced the collagen reduction and MMP-1 and 3 expression following UVA

irradiation and knockdown of HSP27. (A) Fluorescence microscopy of FAM-labeled HSP27 siRNA-transfected fibroblasts at original magnification (40x), transfection

efficiency around 80%. (B) Western blot of Collagen I, TGF-β,SMAD2/3,p-HSP27, p62, and LC3 B expression of knockdown HSP27 HDFs after 24 h of rapamycin

treatment. Proteins were quantified using β-actin as reference and expressed as a fold change in protein levels compared to control cells. Results are expressed as

mean ± SD of at least three assays (*p < 0.05, **p < 0.01, ***p < 0.005). (C–H) RT-PCR was performed to detect the mRNA expression levels of Collagen I,

p-HSP27, p62, and LC3 B. The mRNA expression levels of Collagen I, p-HSP27, p62, and LC3 B were determined by RT-PCR. Results are expressed as mean ± SD

of at least three assays (*p < 0.05, **p < 0.01, ***p < 0.005).

preventing programmed cell death due to over-activation of
autophagy. Taken together, these results indicate a potential of
rapamycin to protect against oxidative and genotoxic stress, and
despite the many well-documented adverse effects of rapamycin
as an immunosuppressant, our experimental results suggest it
may be suitable as a anti-photoaging agent.

Repeated exposure to sunlight causes skin photoaging, which
is characterized by coarse, dry skin texture, pigmentation
disorders, increased wrinkles, and capillary dilatation. The
mechanisms underlying skin photoaging have been suggested
to involve alterations in cellular composition, a significant
reduction in dermal collagen, accumulation of abnormal elastic

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 February 2021 | Volume 9 | Article 633331174

https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Bai et al. Rapamycin Protects HDFs From Photoaging

FIGURE 5 | Histopathological results of the skin of normal and photoaged groups using Masson trichrome staining and immunohistochemical labeling. (A,B)

Histopathological results of Masson staining of skin from normal and photoaged groups. The collagen volume fraction was calculated, which is expressed as mean ±

SD of at least three measurements (*p < 0.05, **p < 0.01, ***p < 0.005). (C,D) Immunohistochemical markers for Collagen I, HSP27, p62 and LC3 B and

quantification of Average Optical Density (AOD) were performed on normal and photoaged skin, and the results are expressed as mean ± SD of at least three

measurements (*p < 0.05, **p < 0.01, ***p < 0.005).

fibers, and degradation of extracellular matrix components
(Amano, 2016). It has been shown that UVA-induced photoaging
increases the expression of MMPs and inhibits the synthesis of
type I collagen (Varani et al., 2001), whichwewere able to confirm

in this study as the expression of MMP-1 and MMP-3 was
significantly increased, while the expression of type I collagen was
significantly decreased in UVA-irradiated HDFs. Interestingly,
when HSP27 was knocked down, a further exacerbation of the
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UVA-induced increase in MMPs expression and degradation of
type I collagen was observed. This may suggest that HSP27
is involved in the regulation of MMPs and collagen, and
exerts its effects in anti-photoaging, at least in part, via these
cellular components. After rapamycin treatment, the effects of
UVA irradiation and knocked down HSP27 were abolished: the
expression of MMPs was decreased and an increased synthesis of
type I collagen was observed. These effects of rapamycin might
be achieved via activation of the classical TGF-β/Smad signaling
pathway and the transcriptional activation of MAPK/AP-1 (Wu
et al., 2018). However, in our results, rapamycin was not
shown to increase the expression of TGF-β, but significantly
decreased it. Rapamycin has been reported to directly activate
the TGF-β receptor (Miyakawa et al., 2018), thus activating the
TGF-β/SMAD pathway and increasing the expression of type
I collagen.

Despite promising findings in this study, we have not yet been
able to determine in what way rapamycin regulates HSP27 to
exert its anti-photoaging effects and can thus far only speculate
about the potential pathways by which this regulation may occur.
In future studies, we will continue to explore the mechanisms
of the regulation of autophagy and anti-photoaging by HSP27
in depth.
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Hair follicles cycle through periods of growth (anagen), regression (catagen), rest
(telogen), and release (exogen). Telogen is further divided into refractory and competent
telogen based on expression of bone morphogenetic protein 4 (BMP4) and wingless-
related MMTV integration site 7A (WNT7A). During refractory telogen hair follicle stem
cells (HFSC) are inhibited. Retinoic acid synthesis proteins localized to the hair follicle
and this localization pattern changed throughout the hair cycle. In addition, excess retinyl
esters arrested hair follicles in telogen. The purpose of this study was to further define
these hair cycle changes. BMP4 and WNT7A expression was also used to distinguish
refractory from competent telogen in C57BL/6J mice fed different levels of retinyl esters
from two previous studies. These two studies produced opposite results; and differed
in the amount of retinyl esters the dams consumed and the age of the mice when
the different diet began. There were a greater percentage of hair follicles in refractory
telogen both when mice were bred on an unpurified diet containing copious levels of
retinyl esters (study 1) and consumed excess levels of retinyl esters starting at 12 weeks
of age, as well as when mice were bred on a purified diet containing adequate levels of
retinyl esters (study 2) and remained on this diet at 6 weeks of age. WNT7A expression
was consistent with these results. Next, the localization of vitamin A metabolism proteins
in the two stages of telogen was examined. Keratin 6 (KRT6) and cellular retinoic acid
binding protein 2 (CRABP2) localized almost exclusively to refractory telogen hair follicles
in study 1. However, KRT6 and CRABP2 localized to both competent and refractory
telogen hair follicles in mice fed adequate and high levels of retinyl esters in study
2. In mice bred and fed an unpurified diet retinol dehydrogenase SDR16C5, retinal
dehydrogenase 2 (ALDH1A2), and cytochrome p450 26B1 (CYP26B1), enzymes and
proteins involved in RA metabolism, localized to BMP4 positive refractory telogen hair
follicles. This suggests that vitamin A may contribute to the inhibition of HFSC during
refractory telogen in a dose dependent manner.
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INTRODUCTION

The hair follicle has a self-cycling ability. It goes through a
regeneration phase (anagen), a degenerative phase (catagen)
involving the apoptosis and loss of the lower two-thirds of
the hair follicle, a resting phase (telogen), and a release phase
(exogen) (Chase et al., 1951; Milner et al., 2002). The transition
from telogen to anagen requires the activation and proliferation
of stem cells of the hair follicle bulge (HFSC) (Cotsarelis et al.,
1990). Telogen hair follicles can be divided into two stages,
refractory and competent telogen, based on the expression
of bone morphogenetic protein 2 and 4 (BMP2 and BMP4)
(Plikus et al., 2008). During refractory telogen BMP2, BMP4,
BMP6, and fibroblast growth factor 18 (FGF18) keep HFSC in
the quiescent state (Chen and Chuong, 2012; Hsu and Fuchs,
2012). During competent telogen these inhibitory factors are
themselves inhibited. Transforming growth factor beta (TGFB)
and the BMP inhibitor Noggin inhibit BMP signaling to trigger
anagen initiation (Botchkarev et al., 1999, 2001; Oshimori and
Fuchs, 2012). WNT7A and WNT7B are also directly inhibited
by BMP signaling and relief of this inhibition is important
for the initiation of the new hair cycle (Kandyba et al., 2013;
Kandyba and Kobielak, 2014). According to this theory, anagen
initiation can only occur if the hair follicle is in competent
telogen. BMP6 and FGF18 are secreted from inner bulge cells,
which are marked by keratin 6 (KRT6) (Hsu et al., 2011). This
KRT6 layer has also been called suprabasal bulge cells (Wang
et al., 2016), companion layer of the club hair, and trichilemmal
keratin (Higgins et al., 2009). Hsu et al. (2011) showed that these
cells are derived from the outer root sheath (ORS) and contain
many stem cell regulators. Thus, they are neither companion
layer nor simply differentiated ORS. The term inner bulge
cells will be used throughout to define this layer. These inner
bulge KRT6 positive cells also anchor the hair follicle to the
club hair and are involved in shedding hair during late exogen
(Higgins et al., 2009, 2011).

Retinoids is a general term for both synthetic and natural
forms of vitamin A. The dietary form of vitamin A is retinyl
esters. Retinyl esters are important for healthy hair (Everts, 2012);
since both too much or too little retinyl esters leads to alopecia
(hair loss) in humans and other mammals (Wolbach and Howe,
1925; Anzano et al., 1979; Berth-Jones and Hutchinson, 1995;

Abbreviations: Mouse genes/transcripts, first letter capitalized all subsequent
letters lower case and all in italics; Proteins, all capital letters no italics;
ANOVA, analysis of variance; BMP2, 4, 6, bone morphogenic protein 2, 4,
6; HFSC, hair follicle stem cell; SDR16C5, 6, retinol dehydrogenase short-
chain dehydrogenase/reductase family 16C members 5 and 6; RDH10, retinol
dehydrogenase 10; ALDH1A1, 2, 3, aldehyde dehydrogenase family member
1A1, 2, 3; CRABP2, cellular retinoic acid binding protein II; CYP26A1, B1, C1,
cytochrome P450 family member 26A1, B1, C1; B6, C57BL/6J; FGF18, fibroblast
growth factor 18; KRT6, keratin 6; ORS, outer root sheath; TGFB2, transforming
growth factor beta 2; RA, retinoic acid; DGAT1, diglyceride acyltransferase 1;
DHRS9, dehydrogenase/reductase SDR family 9; RDH1/16, retinol dehydrogenase
1/16; IU, international unit; NIH, national institutes of health; AIN, American
Institute of Nutrition; IHC, immunohistochemistry; LHX2, LIM homeobox
protein 2; NFAT1C, nuclear factor of activated T cells, cytoplasmic, calcineurin
dependent 1; FOXC1, forkhead box c1; ATAC-seq, Assay for transposase accessible
chromatin then sequencing; SMAD, RARA, RARB, RARG, retinoic acid receptors
alpha, beta, and gamma; CCCA, central centrifugal cicatricial alopecia; AA,
alopecia areata.

Bleasel et al., 1999; Shih et al., 2009; Baldwin et al., 2012; Ocon
et al., 2012; Duncan et al., 2013; Everts et al., 2013; Suo et al.,
2015). Synthetic retinoids, such as acitretin and etretinate, cause
alopecia at doses between 25 and 75 mg/d (Gupta et al., 1989;
Murray et al., 1991; Katz et al., 1999). This retinoid-associated
alopecia is dose-dependent and hair loss is reversible after
significant reduction of retinoid dose or cessation of the systemic
therapy (Gupta et al., 1989; Murray et al., 1991; Berth-Jones and
Hutchinson, 1995; Katz et al., 1999). Retinoid-induced alopecia
results in an arrest of hair follicles in telogen combined with
an anchorage defect in the follicle during telogen (Berth-Jones
and Hutchinson, 1995). Retinoid-induced alopecia also reduced
anagen in cultured human hair follicles by inducing TGFB2
and triggering catagen (Foitzik et al., 2005). The mechanisms
by which vitamin A regulates HFSC during the transition from
telogen to anagen are still unknown.

The active form of vitamin A is retinoic acid (RA). RA
is synthesized at or near the site of action (Duester, 2013;
Obrochta et al., 2014), by a few key enzymes (Napoli, 2012).
In the cell, retinol is either esterified to retinyl ester for storage
by the enzymes lecithin:retinol acyltransferase and diglyceride
acyltransferase 1 (DGAT1) (MacDonald and Ong, 1988; Orland
et al., 2005); or retinol is reversibly oxidized to retinal by retinol
dehydrogenases (Rexer and Ong, 2002; Napoli, 2012; Kedishvili,
2013). Five retinol dehydrogenases localize to the skin including:
dehydrogenase reductase SDR family member 9 (DHRS9) (Rexer
and Ong, 2002; Markova et al., 2003; Nadauld et al., 2005; Everts
et al., 2007), retinol dehydrogenase 1/16 (RDH1/16) (Jurukovski
et al., 1999; Karlsson et al., 2003), retinol dehydrogenases short-
chain dehydrogenase/reductase family 16C members 5 and 6
(SDR16C5 and SDR16C6) (Belyaeva et al., 2012; Adams et al.,
2017), and retinol dehydrogenase 10 (RDH10) (Wu et al., 2002;
Lee et al., 2011). Retinal is further irreversibly oxidized to RA
by retinal dehydrogenases 1–3 (ALDH1A1–3) (Napoli, 1999).
RA binds cellular retinoic acid binding proteins (CRABPs)
that transport RA throughout the cell (Ong, 1987). CRABP2-
bound RA is transported into the nucleus and delivered to
retinoic acid receptors (RARA, RARB, and RARG) (Dong et al.,
1999; Sessler and Noy, 2005). RA and its receptors activate
the transcription of over 500 genes involved in proliferation
and differentiation (Giguere et al., 1987; Balmer and Blomhoff,
2002). Both CRABP1 and CRABP2 also transport RA into the
endoplasmic reticulum to cytochrome P450 family members
(CYP26A1, CYP26B1, and CYP26C1) that degrade RA and
protect cells from vitamin A toxicity (Boylan and Gudas, 1992;
Chen et al., 2003; Isoherranen and Zhong, 2019).

In a previous study in C57BL/6J (B6) mice, retinyl esters
dose dependently altered the hair cycle (Everts et al., 2013).
Feeding B6 mice an unpurified diet containing up to 28 IU retinyl
esters/g diet during breeding and then excess levels of retinyl
esters (56 IU/g diet) at 12 weeks of age resulted in more hair
follicles in telogen (Study 1). However, when B6 mice were fed
adequate retinyl esters (4 IU/g diet) during breeding and then
excess levels of retinyl esters at 6 weeks of age there was no
difference in the hair cycle (Study 2). Excess RA in Dgat1tm1Far

null mice also altered the hair cycle by both lengthening the first
anagen and shortening the second telogen (Shih et al., 2009).
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These effects were partially reversed when the mice were fed
a retinyl ester deficient diet. Excess RA in Cyp26b1tm1Hh null
mice blocked embryonic hair development; but the hair cycle
could not be examined due to perinatal lethality (Okano et al.,
2012). Conditional deletion of Cyp26b1 in the dermal papilla and
dermis (En1Cre;Cyp26b1tm1Hh) reduced zig-zag hairs, but did
not block hair development. Recently, reduced retinal synthesis
in Del(4Sdr16c5-Sdr16c6)1Nyk double null mice altered the hair
cycle (Wu et al., 2019). These mice entered anagen at a younger
age than controls; however, a complete analysis of the hair cycle
was not performed. Initial localization studies done before the
discovery of two telogen stages observed ALDH1A2 and CRABP2
localized to some, but not all telogen hair follicles (Everts et al.,
2007). In contrast, DHRS9 did not localize to the hair follicle until
anagen. This study was done to better define the effects of retinyl
ester on the hair cycle.

MATERIALS AND METHODS

Animals
Mice
The Jackson Laboratory (Bar Harbor, ME, United States)
Institutional Animal Care and Use Committee approved all
procedures. C57BL/6J (Stock number 664; hereafter referred
to as B6) mice (The Jackson Laboratory, Bar Harbor, ME,
United States) were used.

Hair Cycle Localization Study
B6 Dams and female pups were fed the NIH 31 diet (LabDiet
5K52, Purina Mills, St. Louis, MO, United States) throughout
this study. Only females were used because they fight less, which
reduces wounds. Wounds by themselves will initiate anagen,
which would interfere with this study (Sundberg et al., 2018).
Mice were sacrificed and skin collected at 70, 77, 80, 83, 84, 85,
86, 88, 90, 91, 93, 97, and 100 days of age to obtain hair follicles
in all stages of the hair cycle without manipulation. Skin from
one to three regions of the back (interscapular, thoracolumbar,
and lumbar regions) from one to five mice were collected at
each time point, Skin was fixed overnight in Fekete’s solution
(61% ethanol, 3.2% formaldehyde, and 0.75 N acetic acid), and
processed routinely for histology and immunohistochemistry
(Everts et al., 2007). Approximately 60 hair follicles were analyzed
per section of skin collected. The guide suggested by Muller-
Rover et al. (2001) was used to stage hair follicles based on
histology (Muller-Rover et al., 2001).

Study 1
B6 Dams and female pups were fed the NIH 31 diet (LabDiet
5K52, Purina Mills, St Louis, MO) until 12 weeks of age, and
then switched to an American Institute of Nutrition (AIN)93
maintenance diet containing 4 (n= 8), 28 (n= 9), or 56 (n= 10)
IU retinyl acetate/g diet (Research Diets, Inc., New Brunswick,
NJ, United States) for 16 weeks (Figure 1G) (Everts et al., 2013).
All mice with telogen hair follicles were analyzed. Only females
were used to avoid wounds (Sundberg et al., 2018). In addition,
female mice are more prone to central centrifugal cicatricial

alopecia (CCCA), which was the focus of the initial diet study
(Sundberg et al., 1994a). The first study was done to test the
hypothesis that high retinyl esters worsens CCCA in B6 mice,
since we saw an increased expression of RA synthesis proteins
in both patients with CCCA and the B6 mouse model. The
doses were chosen based on recommendations and measuring
retinyl ester levels in the diet fed mice at The Jackson Laboratory
production facility. The AIN and National Research Council
recommend 4 IU/g diet; and 28 IU/g diet was the highest level
measured in the standard diets at The Jackson Laboratory. We
chose 56 as two times the highest level. However, this is not
what we saw. None of the mice fed the highest level of retinyl
esters had hair loss and they all had the majority of their hair
follicles in telogen. There was an increased severity of disease
in mice fed the 28 versus 4 IU diet. There was no specific
reason for starting study one when the mice were 12 weeks
old. These results lead us to perform a second study to reduce
the level of retinyl esters and see how that impacted CCCA
in the B6 mice. Breeding mice for three generations on the
AIN93 growth diet reduced RA in several tissues (Obrochta
et al., 2014) and reduced skin RA levels in Dgat1tm1Far null mice
(Shih et al., 2009).

Study 2
B6 Dams and their first and second-generation female pups were
fed an AIN93 growth diet containing 4 IU retinyl acetate/g diet
(Research Die, Inc., New Brunswick, NJ, United States). Second
generation female pups were used in this study (Figure 1J).
Six-week-old B6 mice were fed an AIN93 Maintenance diet
containing 4 (n = 7), 28 (n = 10), or 56 (n = 6) IU
retinyl acetate/g diet (Research Diets, Inc., New Brunswick, NJ,
United States) for 12 weeks (Everts et al., 2013). At 6 weeks of age
B6 mice are adults and have hair follicles in telogen. All mice with
telogen hair follicles were analyzed.

Immunohistochemistry (IHC)
Immunohistochemistry was performed in serial sections as
described previously (Everts et al., 2007). Primary antibodies
to the following proteins were purchased: BMP4 (Abcam,
Cambridge, MA, United States; Vector Labs, Burlingame,
CA, United States), WNT7A (Abcam, Cambridge, MA,
United States), CYP26B1 (ACRIS, Rockville, MD, United States),
KRT6 (Covance/BioLegend, Dedham, MA, United States), and
RDH10 (Proteintech, Rosemont, IL, United States). Antibodies
against ALDH1A2 and CRABP2 were made in the Ong
laboratory (Everts et al., 2007). The antibody against SDR16C5
was made in the Kedishvili laboratory (Wu et al., 2019). The
Vector anti-BMP4 antibody was made in mice. All other primary
antibodies were made in rabbits. Biotinylated anti-rabbit or
anti-mouse antibodies (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, United States) was used second, followed
by a horseradish peroxidase conjugated anti-biotin antibody
(Bethyl Laboratories, Inc., Montgomery, TX, United States).
The red 3-amino-9-ethylcarbazole plus enhancers (AEC+;
Dako, Carpinteria, CA, United States) substrate chromogen was
used followed by counterstaining with Gils Hematoxylin III
(Poly Scientific, Bay Shore, NY, United States) and mounting
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FIGURE 1 | Dietary vitamin A impacts the percent of BMP4 positive refractory telogen hair follicles. C57BL/6J wild type Dams and female pups were fed either the
NIH 31 diet containing 6–28 IU retinyl esters (RE)/g diet (A–C,G–I) or the AIN93G diet containing 4IU retinyl acetate/g diet (D–F,J–L) for two generations (2G). At
either 12 (A–C,G–I) or 6 (D–F,J–L) weeks (W) of age these mice were switched to the AIN93M diet containing 4 (A,D, n = 7–8), 28 (B,E, n = 9–10), or 56 (C,F,
n = 6–10) IU retinyl acetate/g diet for either 16 (A–C,G–I) or 12 (D–F,J–L) weeks. (G,J) show the feeding protocol for the two studies. Immunohistochemistry (IHC)
was performed with antibodies against BMP4 (Abcam) in all skin containing telogen hair follicles. Telogen hair germs were counted as either positive or negative for
BMP4. An average of 37 telogen hair germs per mouse were scored (3–70). The fraction of BMP4 positive telogen hair germs was calculated by dividing the number
of BMP4 positive telogen hair germs by the total number of telogen hair germs. This fraction was then multiplied by either 100 to get the percent of positive hair
germs (H,K) or the percentage of telogen follicles calculated in the original diet studies (Everts et al., 2013) to determine the percentage of hair follicle in refractory
telogen (I,L). A 2 × 3 ANOVA revealed an interaction between study and diet. *p < 0.05, by a one-way ANOVA performed on the interaction variable followed by
Tukey post-hoc test. Bar = 25.2 µm. Arrow, hair germ; arrowhead, dermal cell.

in aquamount (Dako, Carpinteria, CA, United States). Images
were captured on either an Olympus BX51 microscope with
the DP71 camera (Olympus, Tokyo, Japan) or Nikon Eclipse
i80 microscope with the DS-Ri2 camera (Nikon Instruments
Inc., Melville, NY, United States). Images were sized, cropped,
and composite figures were created in Adobe Photoshop CS3
or Elements (San Francisco, CA, United States). Most figures
are using unaltered images. For Figure 3 the whole images were

minimally altered in Photoshop Elements using the exposure
and balance settings in the “Quick” menu. Unaltered images are
in Supplementary Figure 3.

Bone morphogenetic protein 4 positive and negative telogen
hair germs and dermal cells were counted from mice fed various
levels of vitamin A in studies 1 and 2. The percent of hair
follicles in refractory telogen was calculated in two steps. First,
the number of BMP4 positive telogen hair germs was divided
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FIGURE 2 | Dietary vitamin A regulates WNT7A. Mice from study 1 (A–D) or study 2 (E–H) were switched to the AIN93M diet containing 4 (A,E, n = 4–9), 28 (B,F,
n = 7–16), or 56 (C,G, n = 6–7) IU retinyl acetate/g diet. Immunohistochemistry (IHC) was performed with antibodies against WNT7A in all skin containing telogen
hair follicles. WNT7A positive and negative immunoreactivity in the club hair, bulge, and hair germ were counted together as hair follicles and the percent of positive
hair follicles calculated (D,H). An average of 29 (range of 1–72) telogen hair follicles per mouse were scored. *p < 0.05, by a one-way ANOVA followed by Tukey
post-hoc test for study 1 and Kruskal–Wallis test followed by Mann–Whitney U test for study 2. Bar = 10.1 µm. Large arrow, club hair; small arrow, hair germ.

by the total number of telogen hair follicles to get the fraction
of telogen hair germs in refractory telogen. Second, this fraction
was multiplied by the percentage of telogen follicles calculated
in the original diet studies (Everts et al., 2013) because skin that
contained only anagen or catagen hair follicles were not analyzed
for BMP4. This percent of hair follicles in refractory telogen was
subtracted from the total percent of telogen follicles to get the
percent of follicles in competent telogen. An average of 37 telogen
hair follicles per mouse were scored for BMP4 (3–70). Materials
are available upon request.

Co-immunofluorescence (Co-IFA)
Co-immunofluorescence was performed using a two-antibody
co-localization system in frozen dorsal skin sections as previously
described (Duncan et al., 2013). Primary antibodies against the
following proteins were used with the indicated concentrations:
ALDH1A2 (Rabbit, produced in the Ong laboratory), CRABP2
(Rabbit, produced in the Ong laboratory), CYP26B1 (Rabbit,
ACRIS, Chapel Hill, NC, United States), BMP4 (Mouse,
Vector Lab, Burlingame, CA, United States), and CD34 (Rat,
BD Biosciences Pharmingen, San Jose, CA, United States).
Secondary antibodies (anti-rat, anti-rabbit, anti-mouse,
Invitrogen, Carlsbad, CA, United States) conjugated with
Alexa Fluor 488 or Alexa Fluor 594 were used. Nuclei were
stained with DAPI (Invitrogen, Carlsbad, CA, United States)
for 1 min and subsequently the sections were washed and cover
slipped with Prolong Gold anti-fade reagent (Molecular Probes,

Eugene, OR, United States). Pictures were taken at 20X and 60X
magnification (Nikon ACT-1, Tokyo) and processed in Adobe
Photoshop CS4 (San Francisco, CA, United States).

Co-IHC
Immunohistochemistry was first performed with antibodies
against KRT6 and CRABP2 using AEC+ (red) as described
above with additional blocking steps using the streptavidin, biotin
blocking kit (Vector Labs, Burlingame, CA, United States). IHC
was then performed with the Vector mouse anti-BMP4 antibody
using the Mouse on Mouse ImmPRESS Peroxidase kit with some
modifications (Vector Labs, Burlingame, CA, United States).
First, we doubled the concentration of blocking reagent and
incubated the slides for 2 h. Second, we diluted the ImmPRESS
reagent 1:1 in the provided 2.5% normal horse serum. Slides were
then treated with DAB Eq (brown) for 10 min, counterstained
and mounted as described above. The number of hair follicles
with positive KRT6 or CRABP2 plus or minus dermal BMP4
was counted. The percent of positive KRT6 or CRABP2 hair
follicles with dermal BMP4 was then calculated separately from
the percent of KRT6 or CRABP2 hair follicles without dermal
BMP4. An average of 26 hair follicles (range of 2–54) were scored
per mouse. Four to seven mice per diet were analyzed. Images
were taken with the Nikon Eclipse i80 microscope with the DS-
Ri2 camera (Nikon Instruments Inc., Melville, NY, United States).
Images were sized, cropped, composite figures were created,
and whole images were adjusted for brightness, contrast, and
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FIGURE 3 | RA synthesis and degradation enzymes localize to BMP4 positive refractory telogen hair follicles. Skin from female C57BL/6J wild type mice fed an
unpurified diet was collected at 70–101 days of age (n = 1–5 mice/time point). One to three regions of skin were collected per mouse. Immunohistochemistry (IHC)
was performed with antibodies against BMP4 (A,B), KRT6 (C,D), SDR16C5 (E,F), CRABP2 (G,H), ALDH1A2 (I,J), and CYP26B1 (K,L) using a red chromagen. Hair
follicles that match the BMP4+ hair germ are on the left of each pair (A,C,E,G,I,K), while hair follicles that match the BMP4– hair germ are on the right of each pair
(B,D,F,H,J,L). Details of these match ups are in Supplementary Figures 3, 4. An average of 60 hair follicles were examined per region of skin. Bar = 50 mm in
(E,F), and Bar = 10.1 µm in all other images. Images were cropped around the lower hair follicle. Whole images were minimally altered in Photoshop Elements using
the exposure and balance settings in the “Quick” menu. Unaltered images are in Supplementary Figure 1. Green arrow, inner bulge cells.

color balance in Adobe Photoshop CS3. Unaltered images are in
Supplementary Figure 6.

Statistical Analysis
Equal variance was first confirmed using Levene’s test of equality
of error variances using SPSS version 24 (IMB SPSS Statistics,
Chicago, IL, United States). Comparison among experimental
groups was analyzed by univariate analysis of variance using
a 2 × 3 full factorial model followed by Tukey post-hoc test
when significant treatments effects were seen. When there was a

significant interaction between study and diet a one-way ANOVA
was performed on the interaction variable followed by Tukey
post-hoc test. When equal variances were not seen, each study was
analyzed by Kruskal–Wallis followed by Mann–Whitney U test.
P value < 0.05 is defined as statistical significance.

RESULTS

Mice from study 1 (Figure 1G) on the 56 IU diet had 98%
of their hair follicles in telogen when analyzed histologically
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FIGURE 4 | Breeding mice on AIN93G diet altered the localization pattern of KRT6 and CRABP2. Study 1 (A–D,I–L, circles) or study 2 (E–H,M–P, squares) mice
were switched to the AIN93M diet containing 4 (A,E,I,M n = 4–5), 28 (B,F,J,N, n = 5), or 56 (C,G,K,O, n = 5–7) IU retinyl acetate/g diet. Co-Immunohistochemistry
(IHC) was performed with antibodies against KRT6 and CRABP2 (red) with BMP4 (brown, Vector) in skin containing telogen hair follicles. Hair follicles with KRT6 and
CRABP2 positive and negative localization in the inner bulge cells were counted separately for hair follicles with strong BMP4 positive cells in the dermis (Filled) and
hair follicles without strong BMP4 positive cells in the dermis (open). The background brown in the arrector pili and dermal fat was ignored. The percent of positive
KRT6 and CRABP2 hair follicles with and without BMP4 was calculated (D,H,L,P). An average of 26 (range of 2–54) telogen hair follicles per mouse were scored.
Whole images were minimally altered in Photoshop CS3. Unaltered images are in Supplementary Figure 6. Bar = 50 µm. Arrow, inner bulge cells; arrowhead,
strong BMP4 positive dermal cells.

(Everts et al., 2013). To better define how dietary vitamin A
altered the hair cycle, we first examined the expression of several
regulators of the hair cycle. Using an antibody from Vector Labs
we found that retinyl esters increased the number of dermal
BMP4 positive cells in both studies (Supplementary Figure 1).
Because we were not sure that the red immunoreactivity we
were seeing in the dermis was really within the dermal cells,
we repeated the study with a different antibody against BMP4.
The Abcam antibody against BMP4 had immunoreactivity within
the hair germ and epidermis in addition to the dermis, similar
to BMP4-Lacz reporter mice (Figure 1; Plikus et al., 2008).
Quantifying the percent of hair follicles with positive expression
in the hair germ we saw a similar trend in study 1 as was seen
with the other antibody (Figures 1A–C,H). However, in study
2 there was a trend for a drop in the percent of positive BMP4
hair germs as the amount of retinyl esters in the diet increased
(Figures 1D–F,K). Using the BMP4 positive hair germ to indicate
refractory telogen, we also calculated the percent of hair follicles
in refractory telogen. BMP4 is high during refractory telogen
and negative during competent telogen. Figure 1I shows that

mice from study 1 fed the 56 IU diet had the majority of their
hair follicles in refractory telogen. This was significantly greater
than mice fed the 4 IU diet in study 1. Retinyl esters had no
significant effect on the hair cycle in study 2 when analyzed
histologically. Figure 1L shows that when these mice were fed
the 56 IU diet significantly fewer hair follicles were in refractory
telogen than mice fed 4 IU diet. WNT7A increases as hair follicles
transition from competent telogen to anagen. Figure 2 shows
that fewer WNT7A positive hair follicles were seen in both the
56 IU diet group of study 1 and the 4 IU diet group of study 2.
This further supports the findings that these hair follicles are in
refractory telogen.

Next, we attempted to determine the localization pattern of
vitamin A metabolism proteins during telogen using BMP4 to
mark refractory telogen. Dorsal skin was collected from B6 mice
fed an unpurified diet at 70–101 days of age and IHC performed
in serial sections with antibodies against BMP4 (Abcam), KRT6,
SDR16C5, RDH10, ALDH1A2, CRABP2, and CYP26B1. Using
the Abcam antibody, all proteins localized to BMP4 positive
telogen hair follicles (Figure 3 and Supplementary Figures 2, 3).
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SDR16C5 and ALDH1A2 were also seen in BMP4 negative
telogen hair follicles, but at a lower level (Figure 3 and
Supplementary Figures 2, 4). However, CRABP2 and CYP26B1
were barely detectable and KRT6 was negative in BMP4 negative
follicles. CYP26B1 also localized to the dermis surrounding the
BMP4 positive hair follicle, but not the BMP4 negative hair
follicles. In addition, CRABP2 localized to the inner KRT6
positive bulge cells (Figures 3C,G, green arrows). RDH10
localized to all telogen hair follicles at similar levels (data
not shown). This expression pattern contrasted the Co-IFA
performed on frozen sections from a few mice from the retinyl
ester diet studies using the Vector Labs antibody (Supplementary
Figure 5). Thus, we ran Co-IHC with the Vector Labs BMP4
antibody, KRT6 and CRABP2 on samples from all of the diets
in the retinyl ester feeding studies. We found that both KRT6 and
CRABP2 localized to the inner bulge only when BMP4 was in the
dermis in all but one mouse in study 1 (Figures 4A–D,I–L arrow
and arrowhead and Supplementary Figure 6). However, when
mice from study 2 were fed either the 4 or 28 IU diet KRT6 and
CRABP2 localized to the inner bulge in both the presence and
absence of dermal BMP4 (Figures 4E–H,M–P). All of the data
are presented in the figures and Supplementary Data Sheet 1.

DISCUSSION

This study was done to better define the impact retinyl esters
have on the hair cycle. In mice bred on an unpurified diet,
excess (pharmacological) levels of retinyl esters lead to a greater
percentage of hair follicles in refractory telogen. Regardless of
retinyl ester level fed, KRT6 and CRABP2 localized to the inner
bulge cells almost exclusively in refractory telogen in these
mice. SDR16C5, ALDH1A2, and CYP26B1 also localized to
the hair follicle at greater intensities during refractory telogen
in mice bred and fed an unpurified diet. In contrast, when
mice were bred on a purified diet containing recommended
(physiological) levels of retinyl esters the percent of hair follicles
in refractory telogen decreased as retinyl ester levels increased.
In addition, KRT6 and CRABP2 localized to the inner bulge
cells during both competent and refractory telogen in adult mice
fed recommended (4IU) and high (28IU) levels of retinyl esters.
These data suggest that vitamin A may regulate HFSC in a dose
and time dependent manner.

Bone morphogenetic protein 2, BMP4, and BMP6 inhibit
HFSCs during refractory telogen (Plikus et al., 2008; Hsu
et al., 2011). BMP2 and 4 are secreted from adipocytes, while
BMP6 localizes to KRT6 positive inner bulge cells (Hsu et al.,
2011; Wang et al., 2016; Yi, 2017). KRT6 positive cells also
express LIM homeobox protein 2 (LHX2), NFAT1C, and FGF18
during telogen that also inhibit HFSC to maintain telogen
(Hsu et al., 2011; Kimura-Ueki et al., 2012; Yi, 2017). HFSC
inhibition (quiescence) also requires forkhead box c1 (FOXC1)
signaling during early anagen (Wang et al., 2016). FOXC1
directly increased NFATC1 and BMP6. RNA-seq in postnatal
day 30 B6;SJL-Tg(Krt1-15crePGR)22Cot/J/Foxc1tm1Blh null mice
identified increased Aldh1a2 expression. Assay for transposase
accessible chromatin then sequencing (ATAC-seq) analysis of the

promoters of differentially expressed genes revealed a SMAD
binding motif in the promoter of Aldh1a2, but not NFATC1
or FOXC1 binding sites. This suggests that BMP signaling may
increase ALDH1A2 and RA synthesis during refractory telogen
to contribute to HFSC quiescence.

Retinoic acid may also regulate HFSC quiescence. Excess RA
in the Cyp26b1tm1Hh null mice decreased Lhx2 at embryonic
day E16.5 and E18.5 along with altering several other HFSC
regulatory genes and blocked hair follicle development (Okano
et al., 2012). However, defective hair development was not seen in
dermal papilla and dermal directed En1tm2(cre)Wrst ;Cyp26b1tm1Hh

null mice. The finding that CYP26B1 localized to the HFSC and
inner bulge in addition to the dermis in this study suggests that
reduced RA may be critical within the HFSC and/or inner bulge
cells but not the dermal papilla. CRABP2 shuttles RA to both
RARs and CYP26B1 (Dong et al., 1999; Nelson et al., 2016). This
suggests that a low dose of RA may be necessary specifically in
the inner bulge cells, while reduced RA is critical in the HFSC
and dermis during refractory telogen. Further evidence for a role
of RA in HFSC quiescence include: premature anagen entry with
both reduced RA inDel(4Sdr16c5-Sdr16c6)1Nyk double null mice
and excess RA in Dgat1tm1Far null mice; and an increase of hair
follicles in refractory telogen following excess retinyl esters in
study 1, reduced retinyl esters in study 2, and pharmacological
doses of synthetic retinoids in the clinic.

Retinoic acid synthesis proteins localizing to the KRT6
positive inner bulge cells during telogen is similar to what
was seen in the inner cell layer and companion layer during
anagen (Everts et al., 2007). ALDH1A3 localized to the KRT6
positive companion layer in the suprabulbar region, ALDH1A2
localized to the inner layer of the ORS in the isthmus and at
a lower intensity in the companion layer in the suprabulbar
region, and CRABP2 localized to the inner layer of the ORS in
the infundibulum. The intensity of the immunoreactivity seems
slightly higher in anagen than telogen, however, other methods
besides IHC are needed to quantitate this small difference.
The inner layer next to the anagen bulge expressed DHRS9,
ALDH1A3, CRABP2, and RARA. This suggests that RA is
important for these layers of the hair follicle throughout the hair
cycle. Future studies are needed to determine the exact roles of
RA in these cells; however, RA directly increases the expression
of KRT6 (Navarro et al., 1995).

Keratin 6 positive inner bulge cells are also important for
anchoring the club hair to the follicle, regulating the release of
the club hair during exogen, and providing a reservoir of HFSC in
the old hair follicle (Higgins et al., 2009, 2011; Wang et al., 2016).
Microarray analysis revealed that Cyp26b1 expression decreased
in these inner bulge cells in late exogen verses early exogen
(Higgins et al., 2011). A reduction of CYP26B1 would increase
RA levels, suggesting that RA may also regulate hair shedding
during exogen. High RA in Dgat1tm1Far null mice lead to cyclical
alopecia characterized by excess shedded hair during anagen,
which is consistent with excess exogen or anagen effluvium (Shih
et al., 2009). This alopecia was reduced when mice were fed a
retinyl ester deficient diet. Thus, RA synthesis within the KRT6
positive inner bulge cells may impact exogen in addition to
altering the telogen to anagen transition.
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The cause of the elevated refractory telogen with low retinyl
esters in study 2 is unclear. The two retinyl ester feeding
studies had both different diets during breeding and different
times when the diets where changed. This likely resulted in
changes in retinyl esters at different stages of the hair cycle
that were of different doses. Studies with both B6;SJL-Tg(Krt1-
15crePGR)22Cot/J, Foxc1tm1Blh null mice and FGF18 injections
revealed opposite effects based on the stage of the hair cycle the
follicle was in at the time (Kimura-Ueki et al., 2012; Wang et al.,
2016). The dissociation of KRT6 from BMP4 expression in study
2 suggests that the hair cycle stage may be important. Also note
that most studies that examine HFSC regulation are done on mice
fed an unpurified diet.

The dose of retinyl esters may also play a significant role in
the U-shaped dose response curve seen in these studies. When
low amounts of retinyl esters are consumed or not absorbed,
vitamin A deficiency results in follicular hyperkeratosis and
alopecia in both rats and humans (Wolbach and Howe, 1925;
Anzano et al., 1979; Bleasel et al., 1999; Girard et al., 2006;
Ocon et al., 2012). Excessive consumption of retinoids through
retinyl ester supplementation or retinoid treatments also leads
to alopecia (Gupta et al., 1989; Murray et al., 1991; Berth-Jones
and Hutchinson, 1995; Katz et al., 1999; Shih et al., 2009).
Vitamin A deficiency and pharmacological levels of RA also
inhibit sebum production in the sebaceous gland (Zouboulis
et al., 1993; Thiboutot et al., 2009; Barbieri et al., 2019). This is
due to the hormesis effects of RA production (Napoli, 2020). As
consumption of retinyl ester increases, the concentration of RA
rises and provides increasing beneficial effects until the optimal
concentration is reached. After this point, however, the benefits of
retinyl ester supplementation decrease and then cease altogether.
At high concentrations, RA is toxic and has deleterious effects
on the organism. These data suggest that pharmacological doses
of retinoids may arrest hair follicles in refractory telogen as a
toxic effect of increased RA synthesis during this time. However,
physiological doses of retinoids may play a greater role in anagen
induction. Future studies are needed to tease out whether this is
an effect of retinyl ester dose or timing of the retinyl ester.

The hair cycle impacts alopecia in different ways. In the
context of central centrifugal cicatricial alopecia (CCCA, B6
dermatitis), arresting hair follicles in refractory telogen is a good
thing. This is because CCCA in mice only occurs when hair
follicles are in anagen (Sundberg et al., 2011). No mice fed the
56 IU diet in study 1 had alopecia in the previous study (Everts
et al., 2013). Anagen hair follicles are also the target of immune
attach in alopecia areata (AA) (Sundberg et al., 1994b). Thus,
arresting hair follicles in refractory telogen can prevent some
types of alopecia (CCCA, AA), while facilitating others such as

telogen effluvium. Retinoids in different contexts and doses may
impact the various forms of alopecia differently.
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Light has attracted special attention as a stimulus for triggered drug delivery systems

(DDS) due to its intrinsic features of being spatially and temporally tunable. Ultraviolet

A (UVA) radiation has recently been used as a source of external light stimuli

to control the release of drugs using a “switch on- switch off” procedure. This

review discusses the promising potential of UVA radiation as the light source of

choice for photo-controlled drug release from a range of photo-responsive and

photolabile nanostructures via photo-isomerization, photo-cleavage, photo-crosslinking,

and photo-induced rearrangement. In addition to its clinical use, we will also provide here

an overview of the recent UVA-responsive drug release approaches that are developed

for phototherapy and skin photoprotection.

Keywords: caged iron chelators, drug delivery systems (DDS), skin photo-protection, smart sunscreens,

up-conversion nanoparticles, UVA-triggered drug release

INTRODUCTION

The introduction of targeted drug delivery systems (DDS) has greatly enhanced the bioavailability
of the drugs while substantially reducing their side effects. This is because DDS enable the highly
selective delivery of the drug to the lesion site whilst minimizing its premature loss (Bahrami et al.,
2017; Breitsamer and Winter, 2019; Huang et al., 2019). It also provides flexibility by controlling
the timing, duration and the level of drug release while combining the attainment of a therapeutic
drug concentration with on-demand release (Davoodi et al., 2018). The ability to control drug
delivery has become a very important goal during drug development since it maximizes therapeutic
efficiency whilst minimizing undesirable effects. This is achieved with either internal or external
stimuli (Bhowmik et al., 2012; Senapati et al., 2018). The use of DDS responding to external stimuli
offers a promising approach for the controlled release of drugs since their spatiotemporal properties
allow flexible control of drug dosage, timing, and duration of treatment (Yao et al., 2016; Wang and
Kohane, 2017; Rwei et al., 2018) according to the patients’ needs, with consequent reduction in
side-effects and an increase in therapeutic efficacy.

It is becoming possible to use either UV or near-infrared (NIR) radiation as an external stimuli
in DDS. Light can be used either as a single-dose or a multi-switchable stimulus. The single-
light dose stimulus can trigger an irreversible change in the photo-responsive drug carrier which
results in the release of the drug. The multi-switchable stimulus allows the drug to be released
from its carrier in a pulsatile manner (Alvarez-Lorenzo et al., 2009). Light as a stimulus has
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been the subject of special attention because it allows release of a
wide range of therapeutic compounds with spatial and temporal
control (Bagheri et al., 2016). By selecting an appropriate
wavelength, it may be possible to accurately fine-tune the power
and focus of the light, depending on the energy it bears and
its ability to penetrate the body tissues (Barhoumi and Kohane,
2015). The nanostructure-based DDS may open or close upon
irradiation (Liu et al., 2016; Shim et al., 2017). In fact, light
is an attractive trigger for drug delivery due to its ability to
facilitate spatiotemporal drug release using photo-degradation,
photo-thermal effects, or photo-induced hydrophobicity transfer
(Yu et al., 2014; Son et al., 2019). The presence of light
can induce irreversible or reversible structure changes through
bond cleavage, isomerization, switchable electrostatic attraction
and molecular rearrangement (Kamaly et al., 2016). Activation
can occur by a one or two-photon absorption processes
(Liu G. et al., 2013).

Ultraviolet A (UVA, 320–400 nm) comprises more than 95%
of the UV radiation reaching earth and is responsible for
oxidative damage to the skin and eyes. This damage results in
premature photo-aging, and contributes to skin carcinogenesis,
ocular pathologies and affects the balance between cellular repair
and apoptosis (Svobodova et al., 2006; Amaro-Ortiz et al., 2014;
Kim and He, 2014). As the longest wavelength of UV radiation,
UVA can penetrate to the dermis and subcutaneous layer and 1%
of UVA can penetrate to the blood (up to ∼150µm in depth)
and can cause oxidative damage to cellular constituents notably
DNA, proteins and lipids due to its ability to generate reactive
oxygen species (ROS) via intracellular chromophores (Seité et al.,
2010; D’Orazio et al., 2013; Karran and Brem, 2016; Brem et al.,
2017; Lan et al., 2019; Moreno et al., 2019), which may lead to
the cell death (apoptosis or necrosis depending on the severity
of the insult) (Pourzand and Tyrrell, 1999; Marionnet et al.,
2011; Jaszewska et al., 2013; Burke, 2018; Dunaway et al., 2018).
UVA irradiation also directly accelerates skin aging by promoting
the formation of wrinkles, reducing elasticity and loss of skin
pigmentation due to upregulation of collagen levels and matrix
metalloproteinases (MMPs) (Seité et al., 2010; Marionnet et al.,
2011; Dunaway et al., 2018).

Despite the adverse effects of solar UV radiation, its energy
especially UVB is absorbed by the epidermis layer through 7-
dehydrocholesterol to convert the energy photon into provitamin
D3 and isomerized into vitamin D3 to regulate the Ca2+

metabolism of the skin (Wexler et al., 2005; Passeron et al.,
2019). In dermatology, UVA is routinely used for photo-therapy
in combination with topical treatment due to its low side effects
and ease of use for many skin conditions (Vangipuram and
Feldman, 2016). Nevertheless, UVA irradiationmay contribute to
skin cancer (Wexler et al., 2005). Long wave UVA1 (340–400 nm)
has an effect on localized atopic dermatitis and scleroderma, and
exerts its therapeutic effect through T cell apoptosis, collagenase
induction, and angiogenesis (Lee et al., 2013; Teske and Jacobe,
2016). The UVA therapy and its combination with psoralen
also known as PUVA (Psoralen-UVA) is currently used for the
treatment of diseases such as psoriasis, vitiligo, and cutaneous
T-cell lymphoma (Tippisetty et al., 2013; Tsai-Turton, 2014).
PUVA triggers the delayed reaction of erythemal ∼96 h after

UVA radiation of the psoralen-sensitized skin (Ibbotson, 2018).
The antiproliferative activity of the treatment occurs via the
arrangement of DNA monoadduct and inter-strand cross-links
(ICLs) in the irradiated cells (Derheimer et al., 2009).

As an attractive light stimulus, the controlled spatiotemporal
use of UVA radiation offers the possibility of activating
nanostructure-based DDS following irradiation and the release
of the medicine at a specific side (Breuckmann et al., 2004; Jiang
et al., 2005; Agasti et al., 2009; Jin et al., 2011; Prasad et al., 2020)
(see Figure 1). Some photo-activated substances and functional
groups are relatively inert to NIR light but react upon irradiation
with UV light, thereby causing chemical and/or physical changes
(Jayakumar et al., 2012; Tong et al., 2012). Among several light
triggers, UV light has been considered for the controlled release
of drugs, proteins, and DNA as well as for other applications in
signaling agents (Sreejivungsa et al., 2016).

The UV-responsive drug-carrying nanoparticles allow the
release of their cargo following UV radiation via various
mechanisms of UV-triggered drug delivery systems (Tong et al.,
2012; Mura et al., 2013; Barhoumi et al., 2015). Most of
the light-responsive materials respond to UV light, leading to
significant release of their cargo to targeted site (Zhao et al.,
2019). Nanoparticles are capable of discharging their payload
at the higher range and farther diffusion through the corneal
tissue and collagen gel upon the irradiation with UV light
(Tong et al., 2012). The UV light also provides high energy per
photon to break the covalent bonds, thus initiating drug-release
by photo-isomerization, photo-cleavage, photo-crosslinking or
rearrangement (Linsley and Wu, 2017; Zhao et al., 2019). These
advantageous matters are considered to utilize UV light in
controlling drug delivery. Nevertheless, the high phototoxicity
and shorter tissue penetration (up to 100–150µm) limit the
utilization of UV light resulting in tissue damage and low drug
release from the DDS (Liu et al., 2016; Zhao et al., 2019). In this
regard, a strategy has been established to overcome the challenge
of UV light limitation by the use of up-conversion nanoparticles
(UCNPs). The use of a combination of NIR and UV to produce
UCNPs is an attractive alternative as it minimizes the adverse
effects of UV penetration since UCNPs can convert NIR light into
UV and visible light (Cho et al., 2015).

Various studies investigating UV-induced drug release
are getting considerable attention. For example, Cabane
et al. (2011) studied the potential of photo-responsive
polymersomes using a photo-cleavable amphiphilic block
copolymer (PMLC-2-nitrobenzyl-polyacrylic acid), which
degraded upon exposure to UV radiation (365 nm) in a dose-
dependent manner. Similarly, Wang et al. (2014) designed
micelles incorporating spiropyran within the polymer. Upon
irradiation the micelle diameter decreased with consequent
release of the drug. A photo-responsive liposome based on
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphocholine
(DC-8,9-PC) fabricated by Li et al. (2015) targeted to CD20
underwent intermolecular cross-linking via its di-acetylenic
groups upon UV irradiation. Wang et al. (2015) combined
mesoporous titanium dioxide (TiO2) with polyethyleneimine
(PEI) to produce nanoparticles, which released folic acid
and paclitaxel upon UV irradiation thereby facilitating
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FIGURE 1 | Schematic diagram representing the controlled drug release mediated by the UV light-induced changes to molecular structures.

controlled release of the anticancer drug and promoting cancer
cell-specific uptake.

UVA-controlled release can also be a promising alternative
strategy for protecting the skin from the effects of UV radiation
(Vogt et al., 2016). Previous research by us demonstrated
that the UVA-controlled release of caged iron chelators can
protect the skin against UVA-induced oxidative damage and
the ensuing necrotic cell death (Yiakouvaki et al., 2006). This
is due to the ability of the caged iron chelators to sequester
excess harmful labile iron release in skin cells caused by
radiation in a dose- and context-dependent manner (Zhong
et al., 2004; Kitazawa et al., 2006). The UVA-mediated labile
iron release can be mitigated by the use of an iron chelator thus
reducing the associated photo-aging and photo-carcinogenesis
(Pouillot et al., 2013) using photo-controlled and activatable-
caged iron chelators (Reelfs et al., 2010). Our approach
provided the possibility of formulating sunscreens with light-
activated iron chelators as their main UVA-activatable ingredient
to protect the skin against the oxidizing UVA component
of sunlight.

This review highlights the mechanisms underlying drug
release following photoactivation of various drug-loaded
nanoparticles with UV (specifically UVA) and NIR for clinical
use or skin photoprotection.

MECHANISMS OF UVA-INDUCED DRUG
RELEASE

In order to use UVA light as a trigger for DDS, specific molecular
mechanisms are required. Controlled drug release can be
achieved through a number of different mechanisms, including
photo-isomerization, photo-cleavage, photo-crosslinking, and
photo-induced rearrangement (Barhoumi et al., 2015), as
summarized in Figure 2 and discussed below.

Photo-Isomerization
Photo-isomerization is the interconversion of two metastable
forms upon light irradiation, which results in a conformational
change due to the two forms having different physical and
chemical properties (Stranius and Börjesson, 2017). This
photo-isomerization can be reversible (Li et al., 2016). Some
isomerization mechanisms involve the breaking of the chemical
structure and its conversion into the lowest energy phase
following photo-isomerization. These changes can be reversible
as seen with spiropyran (Olejniczak et al., 2015). Other
molecules such as azobenzene can undergo a reversible cis/trans
isomerization (Shao et al., 2008) without bond breakage
(Barhoumi et al., 2015).

The photo-isomerizations of azobenzene and their derivatives
have been extensively studied for their use as photochromic
compounds in drug-release systems (Gao et al., 2014).
Azobenzene can exist as both cis and trans (Z-and E-) isomers.
The trans to cis isomerization occurs upon irradiation with
UV whilst the reverse cis- to trans-isomerization is catalyzed
by visible light, mechanical stress or electrostatic stimulation
(Bandara and Burdette, 2012; Zhang et al., 2019). Compared
to many photo-responsive moieties, azobenzene has better
light-responsive properties by virtue of its ability to undergo
reversible isomerization between the non-polar trans and
polar cis configurations in many solvents (Zhang et al., 2019).
Consequently, it has been widely used in liposomes, mesoporous
silica, and micellar DDS (Olejniczak et al., 2015). Azobenzene
absorbs at two wavelengths, in visible light as a weak band
(∼430 nm in n-hexane) associated with the excitation of the
formally dipole-forbidden 1B2g(nπ∗) transition, and as a strong
band in the UV region (∼320 nm in n-hexane) linked to
absorption of dipole-allowed 1B1u(ππ∗) transition (Tan et al.,
2015). Therefore, the isomerization from trans to cis geometry
occurs upon irradiation with UV light (320–365 nm) and is
reversed by exposure to blue light (400–450 nm) or heat, thus
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FIGURE 2 | Schematic diagram of the molecular mechanisms by which UVA induces drug release through different mechanisms. (A) Photo-isomerization (Stranius

and Börjesson, 2017); (B) Photo-cleavage (Kauscher et al., 2019); (C) Photo-crosslinking (Tunc et al., 2014); (D) Photo-induced rearrangement (Olejniczak et al.,

2015). R = aliphatic group.

changing molecule geometry, polarity, and electronic features
(Tylkowski et al., 2017).

A study from Galante et al. (2019) investigated bridging
of silsesquioxane with azobenzene moieties in order to
produce a self-healing material upon UV-irradiation. They
demonstrated that UV irradiation effectively changed the intra-
molecular conformation of the azo-chromophores resulting
from a trans to cis isomerization. UV irradiation increased
the mobility of the material allowing it follow into damaged
areas which was followed by reestablishment of hydrogen
bonds. Another study from Zhang P. et al. (2019) prepared
shape-memory materials (SMMs) incorporating azobenzene
derivative 4-cyano-4′-pentyloxyazobenzene (5CAZ) and UCNPs.
These mechanically stretched materials could be deformed by
the UV/vis/NIR light irradiation due to the presence of the
UCNPs. Irradiation of nanoparticles with NIR light (980 nm)
causes the emission of photons within the UV/vis region and
their absorption by photo-responsive azobenzene derivative
resulting in photo-isomerization and hence changes in the UCNP
structure (Liu J. et al., 2013).

Liposomes have also been established as an effective
light-responsive drug delivery system, as irradiation can
induce bilayer isomerization leading to structural changes

(Lajunen et al., 2016; Deng et al., 2018). Liu and An
(2019) enhanced the photo-responsiveness of liposomes by
preparing liposomes that incorporated 4-butylazobenzene-
4-hexyloxy-trimethyl-ammoniumtrifluoroacetate (BHA) as a
photo-responsive element. Reversible structural isomerization
was used to release the entrapped curcumin payload upon
irradiation (Figure 3). Similarly, Uda et al. (2016) investigated
the release of molecules from liposomes in response to light.
The copolymer of poly(vinyl alcohol) carrying a malachite green
moiety (PVA-MG) was inert under dark condition but associated
with liposomes upon irradiation, causing the release of the
encapsulated compound.

Photo-Cleavage
The implementation of photosensitive drug release through
a photo-cleavable linker can be achieved using coumarin
or 2-nitrobenzyl-derivatives, dendrimersomes or other known
cleavable units (Kauscher et al., 2019). Photo-cleavage occurs due
to the breakdown of covalent bonds following light irradiation
(between 320 and 400 nm), effecting fast degradation of molecule
structures and allowing the release of payloads or the release
an immobilized molecule (Huang et al., 2014; Grim et al., 2015;
Olejniczak et al., 2015). Absorbance of high energy photons by
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FIGURE 3 | (A) Photo-isomerization of BHA-liposome (a) Chemical structure and photo-isomerization of BHA; (b) The microstructure schematic of the trans- and

cis-BHA-liposome; (c) The UV-visible spectra of BHA-liposomes showing changes upon isomerization; (d) Changes in the absorbance of the BHA-liposome at 348 nm

during alternating cycles of UV and visible light; (e) II Im values for the BHA-liposome with time upon alternating irradiation with UV and visible light. (B) Drug release

from a liposome: (a) Curcumin release from liposomes in the dark (black line) and upon UV irradiation (red line); (b) The accumulated release of curcumin from

BHA-curcumin-liposomes upon alternate irradiation by UV and visible light. Reproduced with permission (Liu and An, 2019). Copyright 2018, Elsevier. BHA,

4-butylazobenzene-4-hexyloxy-trimethyl-ammonium trifluoroacetate.

the pro-drug are required to induce photo-cleavage of bonds
(Härtner et al., 2007). 2-Nitrobenzyl and coumarin moieties are
photo-cleavable linkers commonly incorporated into polymers,
micelles, or in low molecular compounds (Härtner et al., 2007)
used to construct the drug delivery systems. Photo-cleavage can
be achieved either by UV radiation (between 320 and 400 nm) or
NIR light (Liu G. et al., 2013).

Kim and Diamond (2006) investigated 2-nitrobenzyl and 2-
nitrophenylethyl derivatives experiencing photo-decomposition
upon irradiation with long-wavelength UV light (UVA, 365 nm)
in DDS. These studies revealed that the rate of decomposition
for 2-nitrobenzylderivatives were particularly suitable for use in
DDS. Choi et al. (2012) designed a drug release system activated
by UVA irradiation using 2-nitrobenzyl as the photo-cleavable
linker for the light-mediated release of methotrexate. They also
used 2-nitrobenzyl linkers to extend the release of methotrexate
from a fifth-generation poly(amidoamine) dendrimer carrier. Hu
and colleagues (Hu et al., 2017) developed photo- and chemo-
cleavable compounds by combining a 2-nitrobenzyl ester moiety

as a photo-cleavable linker within multi-block polystyrenes.
These polymers could be cleaved not only using UVA light but
also by ester group hydrolysis.

Another commonly used linker for photo-cleavage linker
is coumarin and its derivatives, since faster release rates are
achieved compared to 2-nitrobenzyl (Beauté et al., 2019).
Coumarin derivatives possess longer absorption wavelengths,
larger molar extinction coefficients, higher stability, and
biocompatibility, and strong fluorescent properties (Gao et al.,
2017). Jiang et al. (2017) investigated three different coumarin
dimer isomers using time-resolved transient absorption
spectroscopy in order to verify the mechanism of photo-
cleavage. This revealed that the cleavage mechanism was
via a non-fluorescent, short-lived (<200 fs) singlet reaction
state. Chung et al. (2013) also analyzed the effect of coumarin
on polymer model stating that the increase in coumarin
functionality resulted in decreasing nanoparticle size and
polydispersity and increased the stability of the polymer in water.
Hence, Soares et al. (2017) examined light-sensitive moieties
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for releasing bioactive molecules by combining coumarin with
oxazoles using butyric acid resulting in a shorter irradiation time
at a longer wavelength (11min, at 350 nm), thus demonstrating
coumarin can enhance the photo-cleavage of the prodrug. A
combination of coumarin with (6-bromo-7-methoxycoumarin)-
nicotinamide reported by Bourbon et al. (2013) also showed
photo-cleavage upon irradiation. Nazemi and Gillies (2014)
reported the synthesis of polyester dendrimers incorporating
2-nitrobenzyl photo-cleavable linkers. Complete photolytic
cleavage of the dendrimer backbone without formation of
macromolecular byproducts was observed upon illumination
with UV light. Liu et al. (2019) reported a low-molecular-weight
hydrogelator (LMWG) that contained coumarin derivatives.
The hydrogel underwent photo-cleavage at the C-N bond in
7-aminocoumarin upon irradiation at 365 nm. Alam et al. (2015)
also modified the liposomes to enable photo-induced cleavage
by synthesized photo-cleavable lipid analogs with 2-nitrobenzyl
moiety close to the head-group of the lipid backbone tomaximize
bio-conjunction efficiency and photo-release (Figure 4). Delivery
of the liposome containing the photo-cleavable lipid to live cells
was also demonstrated. Another study by Radl et al. (2015)
combined an epoxy-based polymer with a 2-nitrobenzyl ester
(o-NBE). They successfully demonstrated the efficiency of
photo-cleavage upon UV radiation and this technology could be
applied to thin composite materials.

Photo-Crosslinking
Photo-crosslinking occurs through irradiation of polymerizable
double bond either directly or by use of a sensitizer or radical
initiator with consequent release of molecules (Fomina et al.,
2012; Tunc et al., 2014). This mechanism has been used in
drug delivery systems utilizing nanoparticles and stabilizing
therapeutic nanocarriers such as nano-capsules and liposomes
(Barhoumi et al., 2015). Photochemical crosslinking of polymers
occurs upon UV irradiation at 364 nm, and de-crosslinking at
254 nm, affecting a decrease in nanoparticles size for cargo release
from nanocarriers (Karimi et al., 2017). Photo-crosslinking is
usually used in the formation of nanoparticles but it can be
utilized in photo-triggered drug release (Fomina et al., 2012).

Some photo-crosslinking materials need radical initiators
to perform crosslinking under UV irradiation. For example,
Chesterman et al. (2018) compared cinnamoyl groups and
coumarin within functionalized copolymers. The coumarin
functionalized aliphatic polycarbonates demonstrating effective
crosslinking upon UVA irradiation at wavelengths between
320 and 400 nm with the maximum intensity being 365 nm.
Ding et al. (2011) analyzed some copolymers incorporating
the cinnamyloxy group by synthesizing poly(ethylene glycol
monomethyl ether)-β-poly(L-glutamic acid-co-γ -cinnamyl-L-
glutamate) [mPEG-β-P(LGA/CLG)] and poly(L-glutamic acid-
co-γ-cinnamyl-L-glutamate)-β-poly(ethylene glycol)-β-poly(L-
glutamic acid-co-γ -cinnamyl-L-glutamate) (P(LGA/CLG)-β-
PEG-β-P(LGA/CLG)) by using ring-opening polymerization
(ROP) of γ -benzyl-L-glutamate-N-carboxy anhydride (BLG-
NCA) monomer with a PEG-based macro-initiator. The results
revealed the micelle polymer [P(LGA/CLG)] core block was
able to crosslink under UVC irradiation at 254 nm wavelength

due to cinnamyloxy photo-dimerization. Similarly, Teixeira
et al. (2013) used benzophenone to induce photo-crosslinking
during their synthesis of water-based poly(ethylene oxide) (PEO)
polymers and successfully demonstrated photo-crosslinking
upon UV radiation.

Liposomes are an alternative drug delivery system when
using photo-induced crosslinking of lipids to enhance
drug release efficiency. This results from the liposome lipid
bilayer undergoing crosslinking upon UV irradiation (Leung
and Romanowski, 2012). This mechanism is illustrated by
research conducted by Yavlovich et al. (2009), in which they
designed a light-triggered liposome from photo-polymerizable
phospholipid DC-8,9-PC (1,2-bis(tricosa-10,12-diynoyl)-sn-
glycero-3-phosphocholine) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine, which was used to encapsulate the fluorescent
dye calcein. Exposure of this liposome to UV irradiation at
254 nm resulted in DC-8,9-PC cross-linking and release of the
fluorescent dye. This finding proved that UV light-induced
crosslinking of the liposome lipid bilayer resulted in release
of its contents (Yavlovich et al., 2009). Photo-crosslinking of
the liposome resulting in drug release occurred not only at
254 nm but also at 514 nm. At 254 nm, the photo-crosslinking
resulted in liposome membrane disruption and polymerization,
while at 514 nm the mechanism was related to ROS production
(Miranda and Lovell, 2016). Liposomes containing DC-8,9-
PC loaded with doxorubicin have been used to demonstrate
their potential in vitro and in cell-based assays (Puri, 2014).
Significantly, irradiation at 514 nm resulted in increased
cytotoxicity compared to irradiation at 254 nm. Although the
exact mechanism for doxorubicin release was not determined
(Miranda and Lovell, 2016), it appears to be related to a type I
photo-reaction involving electron transfer and generations of
O−
2 and H2O2 (Yavlovich et al., 2013).

Photo-Induced Rearrangement
Exposure to light causesWolff rearrangement of somemolecules,
and this has been used to trigger drug release from micelles
either using NIR at 800 nm or UV radiation at 350 or 365 nm
(Olejniczak et al., 2015). For a Wolff rearrangement to occur,
α-diazocarbonyl compounds eliminate nitrogen and form a
ketene intermediate, which subsequently reacts with nucleophiles
such as water, alcohols, or amines to form the corresponding
carboxylic acids, esters or amides, respectively. Ketenes can also
undergo [2+2] cycloaddition to form compounds with four-
membered rings (Cui and Thiel, 2013; Barhoumi et al., 2015).

Liu et al. (2012) conducted research using a dextran-
graft-(2-diazo-1,2-naphthoquinone) (Dex-DNQ) amphiphilic
copolymer in which the hydrophilic dextran moiety was
modified with the hydrophobic DNQ. The DNQ undergoes
Wolff rearrangement upon UV irradiation, triggering drug
release from Dex-DNQ micelles. Similarly, Sun et al. (2014)
designed light-responsive linear-dendritic amphiphiles (PEO-
D3DNQ) complexed with DNQ. The DNQ absorption was
reduced upon irradiation at 365 nm, suggesting that the
Wolff rearrangement had occurred. Upon UV irradiation,
the PEO-D3DNQ polymer was disrupted releasing the
encapsulated drug via conversion of the hydrophobic DNQ
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FIGURE 4 | Approach to the analysis of cell membrane delivery and release using copper-free “click” chemistry and a photo-cleavage. (1) Cells are treated with

lipid-tethered compound; (2) Cells are treated with “azide fluor 448” to give ‘clicked’ compound; (3) Cells are treated with UV light to effect photo-cleavage and release

fluorophore (λem = 501 nm, λex = 525 nm).

into hydrophilic indene-3-carboxylic acid. Recently, Li et al.
(2018) combined UV/NIR light and pH to effect controlled
release using amphiphilic polymers of poly(ethyleneglycol)-
block-poly(dimethylaminoethyl methacrylate) modified with
DNQ (PEG-PDMAEMA-DNQ). Upon irradiation with UVA
(365 nm), DNQ was converted into indene-3-carboxylic acid
to release coumarin from micelles (Chesterman et al., 2018).
This study reveals that the combination of UV light and
pH-responsiveness can be used to trigger drug release.

APPLICATION OF UVA-TRIGGERED DRUG
RELEASE

UV light is able to stimulate drug release through mechanisms
such as photo-isomerization, photo-cleavage, photo-
crosslinking, and photo-induced rearrangement. This typically
triggers a conformational change in the DDS, releasing the
drug (Barhoumi et al., 2015). Compared to other light-triggers,
short-wavelength UV light possesses higher energy which is able
to break down molecular structures such as covalent bonds or
promotes isomerization between different conformations, and
achieves a much better response (Yang et al., 2017). Herein, the
application of UVA drug release as a strategy for photo-therapy,
photo-protection, and caged iron chelators is discussed for use
in smart sunscreens and other DDS.

Photo-Therapy
Considering the utility of UVA-triggered drug release, many
studies are focusing on combining light-triggered release to
enhance the advantages of photo-therapy especially in the use of
photodynamic therapy (PDT) or photo-thermal therapy (PTT)

(Cao et al., 2018). Since UCNPs have been established to exploit
UV,many studies employ the combination of UCNPswith photo-
therapy (Qiu et al., 2018). UCNPs provide the strategy of up-
conversion to utilize the low toxicity and deep penetration of
NIR (Silva et al., 2019) to overcome the limitations of photo-
toxicity and low depth tissue penetration (around 10mm) (Mura
et al., 2013) by UV light. The two or multiple photons with
low energy from NIR light are converted into high energy of
one emitted photon in UV light (Zhong et al., 2014; Jafari and
Rezvanpour, 2019). Thus, the approach appears to overcome
the limitations of using UV in photo-therapy and photo-drug
release (Marturano et al., 2019). The application of UCNPs
also offers the possibility of using NIR irradiation energy to
elicit photo-chemistry which usually requires UV or visible light.
Hence some UCNPs contain Yb3+ and Tm3+ as a converter
to emit UV light upon NIR excitation at 980 nm to improve
their ability to release drug (Wang et al., 2013). Since NIR
light provides deep tissue penetration, the conversion of NIR to
UV light allows more effective and efficient drug release from
UCNPs, whilst minimizing tissue damage and cell death (Lee
and Park, 2018) by reducing light scattering within the biological
sample (Raza et al., 2019).

Hou et al. (2015) revealed that the combination of
UCNPs@TiO2-based NIR light-mediated PDT triggers cancer
cell death through the mitochondria-apoptosis pathway. As
reported, their UCNPs had a TiO2 shell with a NaYF4:Yb3+core
(see Figure 5). The use of Tm3+@NaGdF4:Yb3+ enhanced
the up-conversion of NIR into UV upon irradiation of TiO2

(photosensitizer) to form extracellular and intracellular ROS
which in turn induced tumor inhibition. Similarly, Hou et al.
(2017) introduced UCNPs@mSiO2-(azo+RB) (azobenzene +
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FIGURE 5 | (A) Plot for the potential molecular mechanism of inducing apoptosis with UCNPs@TiO2-based NIR light-mediated PDT treatment. (B) Cell viability after

980 nm laser irradiation for different intensities for 30min (5 min break after 10min of irradiation). (C) After UV light irradiation at 365 nm for different irradiation times.

(D) In vitro viability of HeLa cells treated with UCNPs@TiO2 NCs. (E) In vitro tumor volume changes of tumor-bearing mice in different groups after various treatments.

(F) Digital photograph of excised tumors from representative mice after various treatments. Data for (B–E) are means ± SD, n = 3. Adapted with permission from Hou

et al. (2015). Copyright 2015, American Chemical Society.

Rose Bengal) nano-impellers which utilized the UCNP core to
release doxorubicin (DOX) and generate ROS in a combination
of chemotherapy and PDT. Based on their study, NIR light at
980 nm was used to produce UV light within the UCNPs core-
shell, which activated azobenzene with consequent release of
doxorubicin and activation of Rose Bengal as a photosensitizer
for the generation of cytotoxic ROS to maximize the treatment.

Recently, Bi et al. (2018) investigated photo-therapy treatment
by combining PDT and PTT utilizing UCNPs composed of
graphene oxide and ZnFe2O4. They used Tm3+ at the core of
the UCNPs to convert NIR into UV emission, which activated
graphene oxide and ZnFe2O4to achieve PTT. Moreover, this

strategy triggered ZnFe2O4 to generate ROS and other toxic
radicals by reaction with H2O2 in the tumor microenvironment.
This strategy was able to overcome one of the limitations of
drug release using UV light, since these UCNPs had reduced
cytotoxicity to normal cells and highly cytotoxic to cancer cells.

Huang et al. (2017) focused on the utilization of nanoscale
ZnO because of its potential as a smart drug delivery system
due to its biocompatibility, ease of modification, and good
properties and structures as well as low cost. A previous study
on ZnO and benzophenone-3 (Huang et al., 2013) demonstrated
the cyclic hydrophobic to hydrophilic switching and vice versa
under UV and dark exposure. Building on this, Huang et al.
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FIGURE 6 | Schematic diagram of photo-protection by UVA-induced drug release on the skin. (A) Nanoparticles remain on stratum corneum before sun exposure;

(B) Nanoparticles release the drug after sun exposure.

(2015) developed nanocomposites of Fe3O4@ZnO core-shell to
load docetaxel and encapsulate the epidermal growth factor
(EGF) on the polymer. Upon stimulation with UV irradiation,
the chemical structure of ZnO was rearranged to release
docetaxel and EGF, resulting in obstruction of the growth of
cancer cells (Huang et al., 2015). In further research, they
designed a photo-responsive multifunctional drug delivery by
combining Fe3O4@ZnO core-shell and amphipathic polymer
of P(BA-co-HBA)-loaded docetaxel which was able to boost
chemotherapy effects by UV stimulation to trigger the ZnO
hydrophilic / hydrophobic transition to release the drug and
to prompt the amphipathic polymer to adsorb and encapsulate
EGF (Huang et al., 2016). Later, Kong et al. (2017) used the
same multifunctional DDS to decrease the growth of skin cancer
by giving a low dose of UV to release docetaxel and absorb
EGF. A study from Huang et al. (2016) also demonstrated that
UV-mediated drug release would be able to control docetaxol
release with simultaneous EGF adsorption resulting in reduced
proliferation and metastasis of cancer cells.

Photo-Protection
UV radiation contributes to 65% of melanoma cases and almost
90% of non-melanoma skin cancers and has gained much
attention as it triggers other hazardous effects including acute
and chronic skin damage, photo-aging, and immune system
effects (Amaro-Ortiz et al., 2014; Kim and He, 2014; Gilbertz
et al., 2018). It is becoming essential to protect body parts
from exposure to UV radiation as a preventive strategy using
sunscreens for photo-protection (Yeager and Lim, 2019), which
contain UV filters to reflect, absorb, and disperse the energy of
solar illumination (Geoffrey et al., 2019). A new sophisticated

technology allows the utilization of the drug delivery systems in
skin protection. Since human skin is an exposed surface, external
stimuli such as heat, visible light or UV light can be used to
control drug release on the skin for protection and to treat
inflammation (Vogt et al., 2016). This idea offers the possibility
of activating drug release upon UV exposure to protect the skin
when it is most needed (Geoffrey et al., 2019) (Figure 6).

Previously, Huang et al. (2015) studied a smart drug release
system for skin protection by using ZnO nanoparticles as a
UV filter loaded with benzophenone-3. The system was tested
on keratinocytes and skin fibroblasts to investigate drug release
upon UV irradiation. The ZnO NPs were able to interconvert
between hydrophobic and hydrophilic states upon light and dark
exposure, respectively. Almost all benzophenone-3 was released
after 2 h of UV exposure (∼100 kJ/m2) with light switch on
and off each 30min, and low cytotoxicity for the nanoparticles
was observed for human keratinocytes and fibroblasts. Their
findings demonstrated the UV-triggered drug release as a skin
protection strategy which initiated further studies. In a follow-up
study (Huang et al., 2020), the same group investigated acetyl-
11-keto-β-boswellic acid (AKBA)-loaded ZnO nanoparticles for
UVA (160 kJ/m2) protection. AKBA possesses outstanding anti-
inflammatory and antioxidant effects, and the nanoparticles had
low cytotoxicity to HaCaT cells.

Similarly, Aparici-Espert et al. (2018) introduced photo-
caged sunscreens for UV responsive release by combining
the nonsteroidal anti-inflammatory drug diclofenac with
avobenzone as a solar filter utilizing a phenacylavobenzone
pro-drug. Photolysis of the dyad in a hydrogen-donor solvent
resulted in simultaneous release of diclofenac and avobenzone.
Another study from Suh et al. (2019) formulated a smart
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FIGURE 7 | The use of mitochondrial targeted tricatechol iron chelator for skin photoprotection. (A) The structure of the chelator (compound 2). (B) Microscopy

analysis of the subcellular localization of compound 2 tagged with a fluorescent unit (a) Phase contrast; (b) Compound 2 with the fluorescent unit; (c) Mitochondria

stained with mito tracker (d) Merged data. Scale bar = 10 µm; (C) Compound 2 protects FEK4 cells from UVA-induced cell death (a) Bright-field images were

captured 24 h after treatment. Swelling (arrow in insert) is indicative of cell death by necrosis and is visible after UVA treatment alone or in the combination of

compound 2-Fe. Scale bar = 50 µm; (b) Cells analyzed by flow cytometry. Live cells are defined as Annexin V-negative/PI-negative (lower left-hand quadrant). (D)

Compound 2 significantly reduces UVA-induced damage to mitochondria membrane (a) Bar chart of the results of TMRM staining experiment; (b) FEK4 cells were

pre-treated with either compound 2 alone or as a complex with iron. Data are means ± SD, n = 3-5. TMRM, tetramethylrhodamine methyl ester; UVA, ultraviolet A.

Adapted with permission under the terms of CC BY 4.0 license (Reelfs et al., 2016). Copyright 2016, The Authors. Published by Elsevier.

sunscreen by encapsulating padimate O UVB filters within
biodegradable nanoparticles BNPs consisted of poly(D,L-lactic
acid)-hyperbranched polyglycerol containing avobenzone
and octocrylene. This study found that the incorporation of
a UV filter within nanoparticles offered filter stabilization
and optimized drug release upon UV irradiation. The result
also showed water-resistance of formulated sunscreen to be
around 85% particle retention after 3 h. The results indicated
biodegradable nanoparticles were able to protect and release the
drug upon UV illumination to protect the skin.

Caged Iron Chelators
Irradiation of human skin cells with physiological doses (up to
250 kJ/m2) of UVA also result in release of labile iron from
stores with consequent generation of ROS that contribute to
skin photo-aging and photo-carcinogenesis (Bissett et al., 1991;
Pourzand et al., 1999). The increased levels of ROS foster
oxidative stress in subcellular compartments notably lysosomes,
mitochondria, plasma membranes, and even nuclear membranes
(Reelfs et al., 2004; Aroun et al., 2012). In skin fibroblasts,
UVA-induced damage to mitochondrial membranes leads to
immediate ATP depletion which in conjunction with damage to

plasma membranes promote necrotic cell death (Zhong et al.,
2004; Aroun et al., 2012). It is necessary to protect the skin cells
from iron overload by regulating and restricting the absorption
of iron as well as regulating iron-binding to proteins such as
ferritin, transferrin, and hemoglobin (Powers and Buchanan,
2019; Katsarou and Pantopoulos, 2020). However, upon UVA
radiation, the iron homeostasis is severely compromised in
skin cells due to proteolytic degradation of the iron storage
protein ferritin which contributes to accumulation of potentially
damaging intracellular labile iron observed immediately after
UVA irradiation. Therefore, iron chelators can be used to
remove the UVA-mediated excess labile iron within the cell and
consequently suppress the production of higher amounts of ROS
via Fenton chemistry (Jomova and Valko, 2011; Cabantchik,
2014; Abbate and Hider, 2017; Koppenol and Hider, 2019).
However, iron chelators need to be used carefully in order
to remove excess iron without disrupting the essential iron
homeostasis within the cells (Reelfs et al., 2010; Powers and
Buchanan, 2019; Zhou et al., 2019).

To avert excessive depletion of iron by chelators, it is
imperative to design a smart chelating agent as a prodrug
which is released only upon UV irradiation of the skin
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(Reelfs et al., 2010). As mentioned previously, our group
(Yiakouvaki et al., 2006) introduced a series of light-activated
iron chelators salicylaldehyde isonicotinoyl hydrazone (SIH)
and pyridoxal isonicotinoylhydrazone (PIH) which were caged
using the 1-(2-nitrophenyl)ethyl group. Under normal/dark
conditions (without UVA exposure), the caged iron chelator
was stable and did not deplete the labile iron pool within
the cell. In contrast, upon exposure to UVA radiation the
chelator was released, which protected the skin cells and
prevented the UVA-induced necrosis. These results support
the application of UVA-induced drug release as a future skin
photoprotection strategy.

Pelle et al. (2011) extended the previous study by examining
(2-nitrophenyl)ethyl pyridoxal isonicotinoyl hydrazone (2-
PNE-PIH) as an iron chelator pro-drug that was activated
upon UVA irradiation whilst minimizing the effect on
essential iron metabolism. The prodrug was activated by
UVA irradiation to release the active chelator PIH which
sequestered the excess labile iron which was concomitantly
produced by UVA in keratinocytes. This provoked a dose-
and context-dependent protection against UVA damage in
keratinocytes. The light-activated iron chelators have therefore
a great potential as powerful sunscreen ingredients with
superior effectiveness than antioxidants. The antioxidants
only neutralize one cycle of ROS formation without affecting
the harmful labile iron that will continue to catalyze the
formation of harmful ROS (Wang et al., 2014). Franks et al.
(2015) also synthesized a multifunctional caged compound
PC-HAPI [2-((E)-1-(2-isonicotinoyl hydrazono) ethyl) phenyl
trans-3-(2,4-dihydroxyphenyl) acrylate] with a caging moiety
based on trans-(o-hydroxy) cinnamate ester which was
photocleavable upon UVA exposure to release a coumarin-based
natural antioxidant umbelliferone, and an aroylhydrazone
metal chelator, HAPI [N′-[1-(2-hydroxyphenyl)ethyliden]
isonicotinoylhydrazide]. The latter light-activatable compound
was used to tackle the dual damaging effects of UVA component
of sunlight by neutralizing the ROS and harmful labile iron
released by the radiation in the skin cells (Pourzand and Tyrrell,
1999; Pourzand et al., 1999). Since unprotected iron-chelators
represent a risk of toxicity due to non-targeted iron depletion,
multifunctional pro-chelators that have little or no affinity for
iron until activated by external stimuli (e.g., ROS) have gained
ground as cardio-protective and neuroprotective agents (Jansová
and Šimunek, 2019; Wu et al., 2020).

Another challenge in using iron chelators for skin
photoprotection is to target the chelating agent to the heart
of oxidative damage. The mitochondrial-targeted iron chelators
are reported (Reelfs et al., 2016) to provide unprecedented
protection against UVA-induced damage in skin fibroblasts.
The design of mitochondria-targeted chelators was based on
the observation that mitochondria were a significant source of
ROS whilst maintaining iron homeostasis (Levi and Rovida,
2009; Aroun et al., 2012). We designed a mitochondria-
targeted hexadentate iron chelator based on the tricatechol
motif (compound 2) (Figure 7). Upon UVA irradiation, the
mitochondria-targeted iron chelator protected the skin cells
from damage by reducing the organelles’ labile iron levels

and consequent ROS levels. The above studies support the
development of UVA-induced caged iron chelators to protect
the skin from the detrimental effect of sunlight as a promising
strategy for skin protection.

CONCLUSIONS AND PERSPECTIVES

The introduction of light-controlled drug delivery systems has
greatly improved the targeted delivery since the use of an
external stimulus such as light gives many benefits. The intrinsic
properties of light mean that spatially and temporally controlled
release in a wide range of therapeutic applications can be easily
achieved. Hence, it provides the possibility of controlling the
power of the stimulus and the ability to focus it onto a specific
area and penetrate into body tissues by choosing an appropriate
wavelength of light (Barhoumi and Kohane, 2015; Bagheri et al.,
2016; Liu et al., 2016; Shim et al., 2017).

UVA in the range of 320–400 nm has been used in some
treatments of skin conditions and also in DDS. Despite the
photo-toxicity of UVA resulting in damage to the cell, UVA
shows significant potential as a stimulus for drug release. The
higher energy of the UVA light means that it is possible
to breakdown covalent bonds within molecular structures
and hence some materials are highly responsive to UV light
(Breuckmann et al., 2004; Svobodova et al., 2006; Jin et al.,
2011). In order to achieve optimum usage of UVA for
photo-triggered drug delivery, mechanisms such as photo-
isomerization, photo-cleavage, photo-crosslinking, and photo-
induced rearrangement can be utilized. These mechanisms
induce changes in covalent bonding of the material or other
conformational changes.

More recently, some applications in clinical photo-therapy
such as PDT and PTT have been established to capitalize on the
benefits of the controlled-release drugs by UV. Some systems
also utilize up-conversion to improve therapeutic outcomes by
converting NIR to UV light since NIR light can penetrate deeply
into tissues and is much less harmful than UV light (Qiu et al.,
2018; Jafari and Rezvanpour, 2019; Marturano et al., 2019). It
is also possible to utilize UVA-induced drug release to release a
photo-protective agent upon exposure to sunlight (Vogt et al.,
2016; Geoffrey et al., 2019; Yeager and Lim, 2019). Since UVA-
induced drug release is only activated upon UV irradiation,
the use of these pro-drugs within sunscreens offer a promising
approach for skin protection during the exposure to daily
sunlight. The discovery of caged iron chelators is a more recent
development in the area of UVA-activated drug release in smart
sunscreens, minimizing damage by preventing ROS formation
whilst also minimizing non-specific iron depletion (Basu-Modak
et al., 2006; Yiakouvaki et al., 2006; Levi and Rovida, 2009;
Reelfs et al., 2016).

Taking all of these aspects into consideration, UVA-induced
drug release shows great promise as a means of controlling drug
release with many potential applications. These include the use
of UV radiation for controlled drug release and the use of smart
sunscreens to protect the skin cells against sunlight-mediated
UV damage.
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During aging, the skin undergoes changes in architecture and composition. Skin
aging phenotypes occur due to accumulated changes in the genome/epigenome,
cytokine/cell adhesion, cell distribution/extracellular matrix (ECM), etc. Here we review
data suggesting that tissue mechanics also plays a role in skin aging. While mouse
and human skin share some similarities, their skin architectures differ in some respects.
However, we use recent research in haired murine skin because of the available
experimental data. Skin suffers from changes in both its appendages and inter-
appendage regions. The elderly exhibit wrinkles and loose dermis and are more likely
to suffer from wounds and superficial abrasions with poor healing. They also have a
reduction in the number of skin appendages. While telogen is prolonged in aging murine
skin, hair follicle stem cells can be rejuvenated to enter anagen if transplanted to a young
skin environment. We highlight recent single-cell analyses performed on epidermis and
aging human skin which identified new basal cell subpopulations that shift in response to
wounding. This may be due to alterations of basement membrane stiffness which would
change tissue mechanics in aging skin, leading to altered homeostatic dynamics. We
propose that the extracellular matrix (ECM) may play a key role as a chemo-mechanical
integrator of the multi-layered senescence-associated signaling pathways, dictating
the tissue mechanical landscape of niche microenvironments in aging phenotypes.
We show examples where failed chemo-mechanical signaling leads to deteriorating
homeostasis during skin aging and suggest potential therapeutic strategies to guide
future research to delay the aging processes.

Keywords: skin aging, extracellular matrix, macroenvironment, hair regeneration, skin tension, tissue mechanics,
tensional homeostasis, microenvironment
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INTRODUCTION

As skin ages, it undergoes physiological and pathological changes
causing a decline in both structure and function (Gilchrest, 1989;
Tobin, 2017). These changes affect many aspects of skin biology,
including (1) compromised barrier function and mechanical
protection, (2) dampened immune responses, (3) impaired
thermoregulation, (4) decreased sweat and sebum production, (5)
delayed hair cycling (Chueh et al., 2013; Chen et al., 2016), and
(6) delayed wound healing (Gosain and DiPietro, 2004). Aging
is complex involving both intrinsic and extrinsic factors. Earlier
work by Hayflick suggests cells have a fixed cellular lifespan,
leading to the identification of roles of telomere in aging (Kameda
et al., 2020). Recent epigenetic studies identified unique age-
related methylome changes associated with the aging epigenome
(Zhang et al., 2020). Environmental stresses such as somatic
mutations, free radical damage, senescence-associated secretory
phenotype, autophagy, chronic inflammation, etc. can also
promote senescence (Di Micco et al., 2020; Tabibzadeh, 2021).
These findings have identified new concepts and therapeutic
targets fostering the hope that aging can be delayed and perhaps
tissues can be rejuvenated by modifying the epigenome (Guarasci
et al., 2019) or by activating resident tissue stem cells (Fuchs
and Blau, 2020). While these are important aspects of the
aging process, in this mini-review, we discuss the role of
tissue mechanics in the aging skin. Tensional homeostasis, a
process that balances the extracellular forces exerted on cells
by extracellular matrix (ECM) or neighboring cells and the
reciprocal forces, is essential to maintain cell function and tissue
remodeling. While we consider this concept has a role in both
human and mouse aging skin, we will focus more on the haired
murine skin because of the available reports. During mouse
skin aging, the tissue mechanics landscape shifts greatly, as skin
homeostasis declines. Based on these reports, we suggest some
potential therapeutic strategies at the end.

THE AGING SKIN

Manifestations of the aging skin include rough skin textures,
wrinkles, laxity, atrophy, pigmentary changes, loss of underlying
fat, dry and itchy skin, inability to perspire sufficiently, hair
graying, hair loss, thinning of nail plates amongst others (Farage
et al., 2013). Recent reports show these traits are affected by
both intrinsic (chronological) and extrinsic (non-genetic) factors
(Parsons, 1996; Gunn et al., 2009; Tobin, 2017).

Human Skin Aging and Related Diseases
Intrinsically aged skin appears dry and pale with fine wrinkles and
increased laxity. This results from gradual physiologic changes
include reductions of cell number, collagen production, blood
flow, lipids, and rete ridges (Montagna et al., 1989; Tobin,
2017). Extrinsic human skin aging entails changes caused by
environmental factors, including ultraviolet light (UV). UV
damage upregulates matrix metalloproteases (MMP) (Fisher
et al., 1996; Quan et al., 2013) and impacts collagen degradation
and synthesis (Varani et al., 2006), as well as the production of

elastotic materials in the skin. This creates a microenvironment of
fragmented collagen and leads to aberrant collagen homeostasis.
There is controversy regarding the effect of aging, whether
intrinsic or extrinsic, on epidermal thickness (El-Domyati et al.,
2002). Some studies have suggested that intrinsic aging tends
to cause a slight overall thinning of the viable epidermis
(Lavker, 1979; Lavker and Kligman, 1988; Branchet et al., 1990),
while others have found that extrinsic aging tends to cause
irregular thickening of the epidermis (Gilchrest, 1989). Recently,
single-cell RNA analyses revealed a progressive accumulation of
photoaging-related changes and increased chronic inflammation
in aging human eyelid skin (Zou et al., 2020). Hair follicular
stem cells (HFSC) were shown to be nearly normal in human
androgenetic alopecia; the problem is the failure of the niche to
convert bulge stem cells (SC) into hair germs, hence resulting
in prolonged telogen (Garza et al., 2011). These changes also
contribute to hair follicle miniaturization and lowered hair
density (Matsumura et al., 2016) and the competition of HFSC
fates (Liu et al., 2019).

Solar elastosis, characterized by the replacement of normal
elastic fibers with a disordered mass of elastotic material near
the dermal-epidermal junction, is the hallmark of photodamaged
dermis (Yaar and Gilchrest, 2007). Senile purpura, characterized
by recurrent formation of ecchymoses on the sun-exposed
extensor surfaces of the extremities, is another disease related to
reduction of connective tissue in the dermis. Age-related skin
thinning and sun-induced damage of the dermal connective
tissue results in inadequate support, increased fragility and
rupture of the microvasculature (Fenske and Lober, 1986) as
well as decreased wound tensile strength (Thomas, 2001); its
cosmetic concerns can negatively impact a patient’s quality of life
(McKnight et al., 2015).

Structural and Functional Changes in
Aging Skin
Within the aging mouse skin, the cell number and turnover
rate decrease across all cell types (Farage et al., 2013), which
impacts epidermal thickness and barrier integrity (Minematsu
et al., 2011). Langerhans cells also decrease in number,
leading to impaired immune responses (Wulf et al., 2004).
Melanocytes lose their enzyme activity, resulting in uneven
pigmentation (Nishimura et al., 2005). The flattening of the
dermo-epidermal junction alters the epidermal anchoring system
(Le Varlet et al., 1998), and hence the skin becomes more
vulnerable to dermo-epidermal separation. In the aging dermis,
the cellularity, vascularity, innervation, and ECM content also
decrease (Makrantonaki and Zouboulis, 2007). The structure of
sweat glands becomes distorted and the number of functional
sweat glands decreases (Fenske and Lober, 1986). The loss
of adipose tissue hinders thermoregulatory function and other
signaling roles (Zwick et al., 2018). Interestingly, aging-
associated decreases in dermal thickness corresponds with
increases in dermal white adipose tissue (dWAT) thickness
(Kruglikov et al., 2019b; Zhang et al., 2021). Mature dermal
adipocytes de-differentiate and release free fatty acids into the
surrounding ECM, which further changes the metabolism and
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strongly modulates the physiology of adjacent dermal fibroblasts,
significantly influencing their collagen expression (Kruglikov and
Scherer, 2016). The reduced number and activity of fibroblasts
were implicated as the cause of decreased dermal ECM synthesis,
leading to deranged ECM support and adequate functions for
the skin and skin appendages (Cole et al., 2018). Low fibroblast
activity also affects collagen fibril crosslinking (Yang et al., 2008),
resulting in a rigid but weakened dermis (Silver et al., 2003).
Disorganized ECM also decreases the amount of mechanical
loading experienced by the dermal fibroblasts and a possibly
diminished ability of the skin to respond to mechanical stimuli,
creating a vicious cycle that further deteriorates the homeostasis
and physiological functioning of the aged skin (Wu et al.,
2011). The structural changes in aging skin and the multilayer
control of skin homeostasis (Figures 1A,B), wound healing,
and HFSC interaction with the surrounding ECM will be
further discussed.

Factors Underlying How Aging Changes
the Murine Skin
Adult skin SC are vital for replacing cells in tissues, but
their capacity declines with age. SC are regulated by both
macroenvironmental signals (Chen and Chuong, 2012; Chen
et al., 2016) and their microenvironmental niche (Ge et al., 2020).
On the macroenvironment level, the hair cycle in aged mouse
skin shows higher and longer expression of HFSC activation
inhibitors such as BMPs, DKK1, and SFRPs in the dermis (Chen
et al., 2014). On the cellular level, HFSC from aged skin show
defects in Nfatc1 (Keyes et al., 2013) and FoxC1 (Lay et al.,
2016; Wang et al., 2016). Microenvironmental factors including
ECM (Ge et al., 2020), immune, sensory nerves and arrector pili
(Shwartz et al., 2020) all take part in regulating HFSC activity.
Expression and maintenance of the hemidesmosome component
Col17A1 are critical for skin homeostasis and skin epithelial stem
cell retention (Matsumura et al., 2016; Liu et al., 2019). Tenascin
C (Tnc), an element of the ECM, is shown to promote ECM
integrity and is reduced in aged skin (Choi et al., 2020). Thus,
both intrinsic and extrinsic factors play a role in the aging of
HFSC (Lei and Chuong, 2016).

TENSIONAL HOMEOSTASIS: BALANCED
TISSUE MECHANICS

Tissue mechanics (Kenedi et al., 1975; Hsu et al., 2018a) can
provide a new approach in contemplating stem cell regeneration
in the aged skin.

ECM/MMP and Tissue Mechanics in the
Skin
The skin cells interact dynamically with the basement membrane
(BM), ECM, and the dermis to shape the structure and function
of the skin (Fiore et al., 2020). The dermis contains the greatest
volume of ECM, which interacts with the dermal cells that
generate contractile forces, especially in face of injury (Hsu et al.,
2018a; Harn et al., 2019). The amount, content, and organization

of ECM being synthesized and remodeled by the MMPs in the
dermis is in an intricate balance to maintain the homeostasis
of the skin and in aging (Naylor et al., 2011; Tracy et al.,
2016). In turn, the ECM provides not only biochemical but also
mechanical cues to impact cell behavior (Watt and Fujiwara,
2011). Cells sense mechanical stimuli via mechanosensors (e.g.,
integrin, hemidesmosomes, adherent junctions, stretch-sensitive
ion channels) and translocate these signals into the nucleus
for transcriptional response in the mechanotransduction process
(Wong et al., 2011). Tensional homeostasis, a concept introduced
by Weaver and colleagues to describe the balance between the
extracellular forces exerted on the cells by neighboring cells, ECM
and reciprocal forces generated by the cells (Paszek et al., 2005), is
also essential for maintaining cell function and tissue remodeling
in the skin (Harn et al., 2019).

Heterogeneity of the Basal Layer and HF
Niche
Recent single-cell analyses identify new sub-populations of basal
cells that specifically localize at the top or bottom of rete
ridges (Wang et al., 2020), suggesting a mechanical control.
Interfollicular epithelial cell differentiation is best described as a
single step gradualistic process with a large number of transition
cells between the basal and spinous layer (Lin et al., 2020).
Their homeostatic states also shift in response to wounding
into four different cell states that govern cell proliferation or
differentiation (Haensel et al., 2020). We speculate this flexibility
of cell states shown during homeostasis is also reflected on cell
mechanics; the dynamic changes of cell states also create physical
changes to cellular forces that drive cell migration and collective
morphological changes.

Rete ridge reductions and tissue mechanical landscape
changes in aging skin can either be the cause or consequence
of changes in these basal layer sub-populations. Additionally,
the basement membrane (BM) adjacent to HFSC serves as an
arrector pili muscle (APM) niche (Fujiwara et al., 2011), which
together with the sympathetic nerve can form a dual-component
niche to modulate HFSC activity (Shwartz et al., 2020). ECM
dysregulation that accumulates during skin aging could also affect
BM properties chemically and mechanically, which in turn alters
APM homeostasis and HFSC regulation.

Tissue Mechanics in Aging Skin: ECM
Dysregulation, Wrinkling, and Wound
Healing
The changes in ECM synthesis, assembly and dampened
cellular response to mechanical stimuli in aged skin lead to
low proliferation, discontinued migration, prolonged cell-cycle
arrest, and eventually cell death (Sherratt, 2009; Wu et al.,
2011). Kruglikov and Scherer reported wrinkling as a mechanical
phenomenon where the mismatch of mechanical modules
between adjacent epidermal-dermal or dermal-subcutaneous
junctions, leads to structural instabilities inside the skin
(Kruglikov and Scherer, 2018). We view wrinkles as an
excessively stiff apical surface area (stratified epidermis) with
a decreased basal dimension and resistance (reduced ECM,
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FIGURE 1 | The aging skin. (A) Young and old Albert Einstein used to illustrate the changes in the appearance of aging skin. Source: Pixabay. (B) Schematic
drawing showing skin architecture in the adult and aged skin. In aged skin, the overall thickness decreases progressively across all layers, accompanied by wrinkles,
pigmentary changes, loss of underlying fat, hair graying, hair loss, and decreased sebaceous gland function. The reduced number and altered activity of fibroblasts
have been implicated as the underlying cause of decreased dermal ECM synthesis, leading to deranged ECM support and affects collagen fibril crosslinking. The
changes in decreasing cell numbers and altered ECM production and assembly also contribute to hair follicle miniaturization and lowered hair density in aged skin.
(C) Cellular/molecular events reviewed in the text present potential new therapeutic targets.

dermal cell, adipose tissue) that leads to tissue folding
(Varner and Nelson, 2014). In multilayered epithelial tissue,
softening, and enhanced remodeling of the BM promote tumor
budding, while stiffening of the BM promotes tissue folding
(Fiore et al., 2020). In parallel, what factors could contribute to

the reduced rete ridges and increased wrinkles in aging skin?
We propose 3 possible scenarios: (1) BM stiffness increases in
aging skin, (2) loss of Col17A1 causes an increase in the ratio of
differentiated cells to basal progenitor cells, and (3) decreases in
dermis stiffness and length force the attached apical epidermis to
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bend and fold upward. The precise mechanical changes of these
constituents in aging skin remains to be investigated.

Wound healing in a healthy, aged individual is delayed
but not defective (Gerstein et al., 1993). This is due to their
dampened cellular activity and asynchronization of pro and
anti-inflammatory responses to injury (Ashcroft et al., 2002).
The reduced number, activity, and migration of keratinocytes
and fibroblasts in aged skin lead to delayed re-epithelialization,
wound closure, and tissue reformation (Moulin et al., 2000;
Ashcroft et al., 2002). On the other hand, although aged skin
shows little capacity to regenerate, it is less prone to form
hypertrophic scars and keloids (Hsu et al., 2018b), whose etiology
is mechanically sensitive (Harn et al., 2015, 2016). Aging skin is
characterized by reduced ECM deposition brought about by (1)
low skin tension, (2) dampened cellular responses to mechanical
stimuli coupled with (3) low pro-inflammatory signaling, and (4)
the reduced capacity of dermal adipocytes to transdifferentiate
into myofibroblasts (Varani et al., 2006; Zhang et al., 2019) which
could underlie reduced scarring after wounding.

IMPACTS WITH PERTURBED
TENSIONAL HOMEOSTASIS

Perturbation to tissue mechanics or disruption of tensional
homeostasis impacts physiological functioning of the skin,
including hair cycling and wound healing (Hsu et al., 2018a;
Harn et al., 2019).

Skin Tension and Scarring vs.
Regeneration
Generally, increasing skin tension or stiffness leads to higher
cell activity and ECM synthesis. Molecules responsible for
mechanotransduction are also important in regulating tensional
homeostasis. Epidermal-specific deletion of integrin or focal
adhesion kinase (FAK) results in disfigured hair follicles and
dysregulated hair cycle propagation (Essayem et al., 2006).
Activation of TRPV1, a transient receptor potential cation
channel involved in mechano-transduction, inhibits hair shaft
lengthening and induces premature catagen (Biro et al., 2006).
Tension across the wound has been demonstrated as a key
inducer of scarring in hypertrophic scars and keloids (Harn
et al., 2019). FAK and integrins could be important mediators
of these mechanotransduction processes (Wong et al., 2012),
although the reduced capacity of dermal adipocytes to de- and
transdifferentiate into myofibroblasts could also be an underlying
factor (Zhang et al., 2019). In contrast, the African Spiny mice
skin expresses a high collagen III to I ratio producing an
exceptionally soft substrate (Seifert et al., 2012). Spiny mice
can regenerate their skin and all of their appendages after full-
thickness wounding (Jiang et al., 2019).

Cyclic Stretch of the Dorsal Murine Skin
Activates HFSC
The impact of skin “loosening” during aging can be deduced
from the effects of mechanical force on the homeostasis of

HFSC. The amount and duration of skin mechanical stretching
result in HFSC proliferation (Chu et al., 2019). This depends
on three major components. First, the counterbalance between
Wnt and BMP-2; second, M2 subtype macrophage polarization;
third, growth factor secretion, especially HGF and IGF-1 (Chu
et al., 2019). However, this mechanical activation of hair cells
seems compromised in the stiff and less extendable aged mice
skin (Lynch et al., 2017; Meador et al., 2020) which has difficulty
in eliciting a desirable regeneration response via stretching. How
mechanical force, ECM and immune cells contribute to aging
skin’s inadequate regenerative activity remains to be explored.

Hair Plucking in the Dorsal Murine Skin
Triggers a Regenerative Immune
Response
External mechanical forces such as hair plucking can also trigger
the immune response-mediated regenerative process. Properly
arranged hair plucking can trigger an efficient regenerative
response mediated through a two-step immune response cascade,
called quorum sensing (Chen et al., 2015). These examples
demonstrate the importance of tissue mechanics on maintaining
homeostasis of the skin and its response to injury.

RECENT DISCOVERIES FOR
THERAPEUTIC STRATEGIES AGAINST
AGING SKIN

Although currently there is no prominent strategy for developing
new drugs against skin aging, there are a few chemical and
mechanical approaches that have demonstrated potential.

Chemical-Based Approach: PRP,
Follistatin, HES1, ADSC, and dWAT
Platelet-rich plasma (PRP) has been adopted to treat many
degenerative disorders including hair loss (Li et al., 2012; Khatu
et al., 2014) with reasonable success despite variations in current
protocols (Ayatollahi et al., 2017; Picard et al., 2017). In principle,
this approach is based on the various growth factors released
(Gentile et al., 2017); however, its precise mechanism has not
been elucidated. Charles-de-Sa et al. demonstrated that dWAT
completely disappears after PRP injection and is replaced by
fibrotic tissue, which is very similar to the effect observed after
Bleomycin injection (Charles-de-Sa et al., 2018).

Replenishing effective growth factors or activating specific
downstream genes such as Wnt-follistatin and follistatin-like 1
protein have been tested as a treatment for alopecia (Zimber
et al., 2011; Chen et al., 2014). Pharmacological activation of
HES1 alleviated the cellular senescence of aged dermal fibroblasts
(Zou et al., 2020). Adipose-derived stem cells (ADSC) have shown
effects related to dermal fibroblast activation via secretion of
growth factors (Kim et al., 2011). Subcutaneous injection of
ADSC significantly increased collagen density, dermal thickness,
and fibroblast number in hairless mice (Fukuoka et al., 2017), and
also stimulated collagen synthesis of human dermal fibroblasts
(Kim et al., 2009).
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TABLE 1 | Comparison of key differences between young and aged skin.

Category Young skin Aged skin References

Structural features Moist, smooth skin surface. Rete ridges, and
sufficient subcutaneous fat, normal perspire
function. Normal hair density and pigmentation.

Decrease thickness, dry, fine wrinkles, pigmentary
changes. Reduced rete ridges and underlying fat, inability
to perspire sufficiently, hair graying, hair loss, decrease
sebaceous gland function, thinning of nail plates.

Farage et al., 2013; Tobin, 2017

Macroenvironment Regulated hair cycle, homeostasis, normal
physiological function, ECM and MMP balance,
regulated expression of inhibitory and activating
factors. Normal wound healing.

Prolonged telogen, deteriorated homeostasis and
physiological function. Higher expression of MMPs.
Longer expression of BMPs, DKK1, SFRP,
downregulation of follistatin. Delayed wound healing.
Somatic mutation, free radical damage,
senescence-associated secretory phenotype, autophagy,
chronic inflammation.

Chen et al., 2014; Fuchs and
Blau, 2020; Kameda et al., 2020

Microenvironment Normal HFSC and dermal cell number and
function. Low DNA damage. Normal Nfatc1,
FoxC1 expression. Normal and proper ECM
production and crosslinking. COL17A1
maintenance. High Tnc expression.

Reduced HFSC and dermal cell number. Accumulated
DNA damage. Defect Nfatc1 and FoxC1 expression.
Reduced ECM production and deranged crosslinking.
Increased COL17A1 proteolysis. Reduced Tnc
expression. Aging epigenome.

Keyes et al., 2013; Lay et al.,
2016; Matsumura et al., 2016;
Wang et al., 2016; Guarasci
et al., 2019; Liu et al., 2019; Choi
et al., 2020; Di Micco et al., 2020;
Zhang et al., 2020; Tabibzadeh,
2021

Tissue mechanics Prone to hypertrophic scar and keloid. Activation
of TRPV1 induces premature catagen. Cyclic
stretch induces anagen re-entry. Hair plucking
triggers a regenerative immune response.

Rigid dermis, less resistant to shearing force. Dampened
cellular activity to mechanical stimuli. Less prone to
scaring.

Chen et al., 2015; Chu et al.,
2019; Harn et al., 2019

Summary of changes during the aging of haired murine skin, the micro- and macroenvironmental signals contributing to HFSC maintenance.

The adipocytes in the dWAT have high plasticity and
undergo reversible dedifferentiation, in which adipocyte-
derived preadipocytes trans-differentiate into myoblasts and are
involved not only in the physiological hair cycle but also under
pathological conditions such as hypertrophic scarring, systemic
sclerosis and androgenetic alopecia (Zhang et al., 2019). During
proliferation, differentiation and dedifferentiation, various
extracellular vesicles are secreted to the nearby HF and in turn
stimulate its hair cycle (Kruglikov et al., 2019b). Lastly, Caveolin-
1 (Cav-1) is upregulated in aged skin and is associated with
altered dermal thickness, dWAT expansion and ECM expression,
which sequentially influences the mechanical properties of
the skin layers (Kruglikov et al., 2019a,b). This makes Cav-1
a potential candidate for anti-aging treatment especially since
Mevastatin has been shown to target Cav-1 as an effective
treatment for chronic wound healing (Sawaya et al., 2019).

Mechanical Approach: Stretching and
ECM/MMP Perturbation
Although the effectiveness of stretching-induced HF activation is
less pronounced in aging mice (Chu et al., 2019), interestingly,
subcutaneous injection of cross-linked hyaluronic acid stimulates
collagen synthesis and partially restores dermal ECM that are lost
in photodamaged skin (Bukhari et al., 2018; Yamada and Prow,
2020). It is speculated that this effect is achieved by mechanical
stretching of the dermis and the activation of dermal fibroblasts
(Chu et al., 2019). It also was demonstrated that cross-linked
HA can significantly influence dWAT and subcutaneous WAT
which modifies the dermal-subcutaneous junction (Kruglikov
and Wollina, 2015), and directly but differentially affects the
mature adipocytes and preadipocytes (Nadra et al., unpublished).
Other studies have also focused on securing collagen integrity

via suppressing MMP production and activity (Oh et al.,
2020a), particularly in alleviating UVA-mediated suppression
of collagen expression by stimulating TGF-β/Smad signaling
(Oh et al., 2020b).

SUMMARY

We review the physiological changes associated with skin aging
(Table 1 and Figure 1C) and highlight the potential role of
tensional homeostasis. Utilizing and providing a chemically
or mechanically induced young environment might rescue
aging phenotypes in the skin. This approach could potentially
rescue basal layer homeostasis to control (1) epidermal
thickness, (2) wound healing, (3) activation of HFSC, and
(4) cell reprogramming during wound-induced hair neogenesis
(Bhoopalam et al., 2020). While the haired murine skin provides
an experimental model that reveals new molecular understanding
summarized here, aging human skin has features that do not exist
in the mouse model and await further exploration.
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Background: Hair follicle tissue engineering is a promising strategy for treating hair
loss. Human hair follicle stem cells (hHFSCs), which play a key role in the hair cycle,
have potential applications in regenerative medicine. However, previous studies did not
achieve efficient hHFSC expansion in vitro using feeder cells. Therefore, there is a need
to develop an efficient primary culture system for the expansion and maintenance of
hHFSCs.

Methods: The hHFSCs were obtained by two-step proteolytic digestion combined with
microscopy. The cell culture dishes were coated with human fibronectin and inoculated
with hHFSCs. The hHFSCs were harvested using a differential enrichment procedure.
The effect of Rho-associated protein kinase (ROCK) inhibitor Y-27632, supplemented in
keratinocyte serum-free medium (K-SFM), on adhesion, proliferation, and stemness of
hHFSCs and the underlying molecular mechanisms were evaluated.

Results: The hHFSCs cultured in K-SFM, supplemented with Y-27632, exhibited
enhanced adhesion and proliferation. Additionally, Y-27632 treatment maintained the
stemness of hHFSCs and promoted the ability of hHFSCs to regenerate hair follicles
in vivo. However, Y-27632-induced proliferation and stemness in hHFSCs were
conditional and reversible. Furthermore, Y-27632 maintained propagation and stemness
of hHFSCs through the ERK/MAPK pathway.

Conclusion: An efficient short-term culture system for primary hHFSCs was
successfully established using human fibronectin and the ROCK inhibitor Y-27632,
which promoted the proliferation, maintained the stemness of hHFSCs and promoted
the ability to regenerate hair follicles in vivo. The xenofree culturing method used in this
study provided a large number of high-quality seed cells, which have applications in hair
follicle tissue engineering and stem cell therapy.

Keywords: human hair follicle stem cells, hair follicle tissue engineering, Y-27632, primary culture system,
ERK/MAPK pathway
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INTRODUCTION

Alopecia results from various factors that decrease the
regeneration ability of hair follicles and disrupt the hair
cycle (York et al., 2020). Hair transplantation is one of the
treatment strategies for hair loss. However, hair transplantation
does not provide satisfactory therapeutic outcomes for large-scale
hair loss (Vasserot et al., 2019). Although surgical procedures
can redistribute hair follicles, they cannot reconstruct the hair
follicles. Recent advances in hair tissue engineering have enabled
effective treatment of hair loss, especially in cases of large-scale
hair loss with insufficient donor hair follicles (Coelho et al., 2012;
Owczarczyk-Saczonek et al., 2018). A prerequisite for efficient
hair tissue engineering is the availability of seed cell source
(Mistriotis and Andreadis, 2013).

Hair follicle stem cells (HFSCs), which are located at the
base of the upper permanent portion of the follicular outer
root sheath, are involved in mediating the different stages of
the hair cycle, namely catagen, telogen, and anagen stages
(Ohyama et al., 2006; Jimenez et al., 2011; Myung and Ito,
2012). In the human hair follicles, the HFSCs are characterized
by the expression of various immunohistochemical markers,
including cytokeratin-15 (CK15), cytokeratin-19 (CK19), and
CD200 (Owczarczyk-Saczonek et al., 2018). HFSCs, which are
located in easily accessible locations of the human body, exhibit
innate characteristics of complete self-renewal and multipotency
(ability to differentiate into various lineages) (Myung et al.,
2009a,b; Yang et al., 2017). The important characteristic makes
HFSCs valuable candidates for regenerative medicine beyond
hair and skin regeneration, and wound healing (Mistriotis and
Andreadis, 2013; Lim et al., 2018).

Several researchers have been culturing stem cells on 3T3
feeder layers, a technique established by Barrandon and Green
(1987), for the last several decades. HFSCs, which are quiescent
in vivo, rapidly proliferate upon in vitro culturing on feeder
layers. However, the in vitro culturing of HFSCs results in the
rapid loss of stem cell characteristics (Blanpain et al., 2004).
Some studies have defined the culturing conditions that allow
the expansion and maintenance of HFSCs (Chacon-Martinez
et al., 2017). The primary culturing of HFSCs in the presence
of epithelial growth factor is the most common approach to
culture pluripotent cells. However, the cells cultured under
these conditions have a poor proliferative ability and tend
to differentiate after several passages in vitro. Only a little
studies have focused on culturing HFSCs from human occipital
scalp skin. The use of feeder layers and other matrix Matrigel
extracted from mouse sarcoma is associated with the risk of
transmission of unknown zoonoses and consequently limits
clinical application (Limat et al., 1989). Therefore, there is a need
to develop a new culture model for propagating human hair
follicle stem cells (hHFSCs).

Rho GTPases and their downstream effectors, such as Rho
kinases, are involved in cell adhesion, proliferation, migration,
differentiation, and apoptosis through the regulation of the
cell microenvironment (David et al., 2012). The Rho-associated
protein kinase (ROCK) inhibitor Y-27632 is reported to exert
diverse effects on cellular behavior by competing with ATP to

bind to the Rho kinase adenosine triphosphate (ATP)-binding
pocket (Takahara et al., 2003). Y-27632 can enhance the survival
of stem cells from a variety of sources and protect the cultured
stem cells from death during cell passage (Watanabe et al., 2007;
Terunuma et al., 2010; Wen et al., 2018). Recently, Chapman
et al. (2010) demonstrated that culturing human keratinocytes in
the presence of Y-27632 markedly increased their proliferation
and promoted immortalization. Pakzad et al. (2010) suggested
the application of Y-27632, an inhibitor of Rho that regulates
various cellular functions, including apoptosis and promoting the
interaction of stem cells, to culture the pluripotent stem cells.

To the best of our knowledge, only one study has investigated
the Y-27632-mediated regulation of HFSCs isolated from mouse
vibrissae. Currently, there are no studies that have evaluated
the effects of Y-27632 on the behaviors of HFSCs sourced from
human occipital scalp skin (An et al., 2018). In contrast to murine
HFSCs that are enriched with CD34-positive stem cells, CD34 is
not the major stem cell marker in hHFSCs (Trempus et al., 2003).
The hHFSCs express several markers, including CK15, CK19,
and CD200 (Owczarczyk-Saczonek et al., 2018). Therefore, the
studies on mouse HFSCs cannot be translated to the clinic for
treating human diseases, due to the difference in the behaviors of
hHFSCs and murine HFSCs. Here, we investigated the effects of
Y-27632 on the proliferation, stemness maintenance of hHFSCs
and ability to regenerate hair follicles in vivo and the underlying
mechanisms. This study aimed to establish a novel culture model
for hHFSCs using a ROCK inhibitor and to examine the potential
application of Y-27632 for the efficient expansion of hHFSCs in
hair tissue engineering.

MATERIALS AND METHODS

Tissue Specimens
The occipital scalp skin samples were obtained from discarded
tissue of healthy adults (20 men and 3 women; aged 22–39 years
old) who underwent selective cosmetic surgery. Ethical approval
were obtained from the Medical Ethical Committee of Southern
Medical University.

Animals
Female adult (4–6 weeks old) athymic nude mice (Balb/cAJcl-
nu) and newborn C57BL/6J mice were purchased from the
Experimental Animal Center of Southern Medical University
(Guangzhou, China). All animal studies were conducted under
the approval of the Animal Care and Use Committee at the
International Medical Center to reduce suffering and provide for
the full protection of animal welfare.

Culturing of hHFSCs
The human scalp samples were rinsed thrice with phosphate-
buffered saline (PBS) and the bulge of the hair follicle between
the isthmus and the upper part of the hair bulb was separated
using microscissors under an MZ8 dissecting microscope (Leica
Microsystems, Wetzlar, Germany). The isolated bulge tissue
was treated with 0.1% Dispase (Invitrogen, Carlsbad, CA,
United States) for 45 min following a previously published
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protocol (Roh et al., 2005; Garza et al., 2011; Call et al., 2018).
The epidermis and dermis were separated and the individual
hair shafts, surrounding follicles, and surrounding interfollicular
epidermis were simultaneously removed. The isolated epidermis
was then washed with PBS and treated with 0.025% trypsin
(Gibco, Gaithersburg, MD, United States) for 10 min at 37◦C.
The samples were vortexed and filtered through a 70 µm filter
(Corning, Corning, NY, United States). Next, the filtered samples
were centrifuged at 200 g for 5 min, seeded in six-well plates
coated with 10 µg/mL human fibronectin (Sigma-Aldrich, St.
Louis, MO, United States), and cultured in defined keratinocyte
serum-free medium (K-SFM, Gibco) (Hakala et al., 2009). The
hHFSCs were purified from a mixed population of outer root
sheath cells using a differential enrichment procedure. Briefly, the
suspended cells were plated onto culture dishes and incubated for
15 min. The cells in the culture medium that exhibited delayed
attachment were transferred to a new culture dish.

To passage the cells, the cells were digested using 0.025%
trypsin and centrifuged at 300 × g for 5 min after the
culture reached a confluency of 80%. The cell pellets were
suspended in the corresponding medium and plated onto other
cell culture dishes.

Flow Cytometry
Single-cell suspensions were prepared from the cultured cells
as described above. The cells were rinsed once with PBS and
incubated with anti-ITGα6 (1:200, eBioscience, San Diego, CA,
United States) and anti-CD200 (1:200, eBioscience) antibodies
for 30 min on ice. Next, the cells were washed twice with
fluorescent-activated cell sorting buffer (2% fetal calf serum
and 2 mM ethylenediaminetetraacetic acid in PBS), and
analyzed using an LSRFortessa (BD Biosciences, San Jose, CA,
United States) flow cytometer. The flow cytometric data were
analyzed using FlowJo software version 10 (BD Biosciences).

Cell Adhesion Assay
To each well of the 24-well plates, 10 µg/mL of fibronectin was
added and the plates were incubated at 4◦C overnight. The plates
were washed thrice with PBS. Next, PBS containing 1% bovine
serum albumin (BSA, Sigma) was added to each well and the
plate was incubated at 37◦C for 1 h. The plates were then washed
thrice with PBS. The hHFSCs (1 × 105) were seeded in 24-well
plates and treated with 0, 5, 10, or 20 µM Y-27632 (Targetmol,
Wellesley Hills, MA, United States) in K-SFM at 37◦C for 1 h. The
medium containing the non-adherent cells was aspirated. The
adherent cells were gently washed with PBS, fixed with methyl
alcohol (Solarbio, Beijing, China), and stained with crystal violet
(Solarbio). Images were captured using a microscope (Axio Zoom
V16, Zeiss, Jena, Germany).

Cytotoxicity Assay
The hHFSCs were cultured in cell culture dishes, as described
above, for 24 h. The culture medium was removed and
the cells were treated with 0, 5, 10, or 20 µM Y-27632
in fresh K-SFM for 72 h. The cytotoxicity of Y-27632 was
examined using the LIVE/DEAD R© Viability/Cytotoxicity kit
(Invitrogen) according to the manufacturer’s instructions. The

images were captured using a fluorescence microscope (IX73 FL,
Olympus, Tokyo, Japan).

Cell Proliferation Assay
The effect of Y-27632 on hHFSC proliferation was examined
using the 5-ethynyl-2′-deoxyuridine (EdU) labeling assay. The
hHFSCs (2 × 105 cells per well) seeded in a 24-well plate were
treated with 0, 5, 10, or 20 µM Y-27632 in K-SFM for 3 days. Next,
the cells were treated with EdU (Ribobio Co., Ltd., Guangzhou,
China) for 12 h, fixed, and stained with 1X Apollo567 for 30 min
in the dark. The cells were counterstained with Hoechst and
imaged using a fluorescence microscope (IX73 FL, Olympus)
equipped with a camera. The proliferation rate was assessed by
counting the proportion of EdU-positive nuclei (red) among
the nuclei exhibiting blue fluorescence (six random microscopic
fields were evaluated in each well). The data were obtained from
five independent experiments.

Colony Formation Assay
The hHFSCs (1× 104 cells per well) seeded in six-well plates were
stimulated with 0, 5, 10, or 20 µM Y-27632 for 5 days. The cells
were fixed in 4% paraformaldehyde (Solarbio) for 30 min. The
total number of colonies was counted after staining with crystal
violet for 15 min. The ability of hHFSCs, subjected to different
treatments, to form colonies (groups of 50 or more adhering cells
derived from the same mother cell) was assessed.

Immunocytochemistry and
Immunohistochemistry
The cells were seeded (1 × 104 cells per well) in 24-well plates
and cultured until approximately 30% confluency. Next, the cells
were fixed in 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100 (Solarbio) in PBS for 10 min at room temperature.
Further, the cells were blocked with 3% BSA in PBS and incubated
with anti-CK15 (1:200, Abcam) and anti-CK19 (1:200, Abcam)
antibodies in 1% BSA overnight at 4◦C, followed by incubation
with Cy3 anti-mouse secondary antibodies (1:500, Beyotime
Institute of Biotechnology, Jiangsu, China) or Alexa Fluor R© 488-
labeled anti-rabbit secondary antibodies (1:500, Abcam) in the
dark for 1 h at room temperature. The nuclei were stained with
4, 6-diamino-2-phenylindole (1:200, eBioscience). The images
were captured using a fluorescent microscope (BX63, Olympus)
equipped with a digital camera. The negative control comprised
cells incubated with secondary antibody alone. The consecutive
human scalp sections were immunohistochemically stained
with anti-cytokeratin 15 (1:50, Abcam) antibody, following a
previously described protocol (Inoue et al., 2009).

Histochemical Staining
The explanted hair follicles with attached surrounding tissue were
fixed in 10% buffered formalin and embedded in paraffin wax.
Next, the 5 µm thick sections were stained with hematoxylin
and eosin (Solarbio) following standard procedures for visual
identification and assessment of structural integrity of hair
follicles, using a microscope (BX51, Olympus).
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Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)
Total RNA was extracted from the cells subjected to different
treatments, using Trizol (Takara, Tokyo, Japan). The mRNA was
reverse-transcribed to complementary DNA (cDNA) using the
PrimeScript RT-PCR kit (Takara) according to the manufacturer’s
s instructions. The qRT-PCR analysis was performed with SYBR
Premix Ex Taq II (Tli RNaseH Plus; Takara) in a Light Cycle
Roche 480 II Real-time PCR system (Roche, Basel Switzerland)
in triplicate. The primer sequences used for qRT-PCR analysis
are listed in Table 1. The expression levels of target genes were
normalized to those of GAPDH. The relative expression level was
calculated using the 2−11Ct method.

Western Blotting
Total proteins were extracted from cells using
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
Shanghai, China) supplemented with protease and phosphatase
inhibitor cocktail (Roche), following the manufacturer’s
instructions. The protein concentration was determined using
the bicinchoninic acid protein assay kit (Thermo Scientific).
The protein sample mixed with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer
was subjected to denaturation at 100◦C for 5 min. Equal amounts
of proteins (20 µg) were subjected to SDS-PAGE. The resolved
proteins were transferred to a polyvinylidene fluoride membrane
(Millipore). The membrane was blocked with non-fat dry milk
for 1 h and incubated with the following primary antibodies
overnight at 4◦C: mouse anti-CK15 (1:1,000; Abcam), rabbit
anti-CK19 (1:1,000; Abcam), rabbit anti-ERK1/2 (1:1,000; Cell
Signaling Technology), rabbit anti-phospho-ERK1/2 (1:1,000;
Cell Signaling Technology), and anti-GAPDH (1:10,000;
Proteintech) antibodies. Next, the membrane was incubated with
horseradish peroxidase-labeled secondary antibodies (1:2,000;
Beyotime) for 1 h at room temperature. The membrane was
washed thrice with tris-buffered saline containing 1% Tween-20.
The immunoreactive bands were visualized using enhanced
chemiluminescence reagents (Millipore). The level of target
proteins was normalized to that of GAPDH before statistical
analysis. The Image J 1.44 software (NIH, Bethesda, Maryland,
United States) was used to quantify protein expression.

In vivo Hair Regeneration
Neonatal epidermal cells and dermal cells were prepared as
described previously (Xiao et al., 2016). Briefly, the trunk skin of
neonatal C57BL/6J mice was mechanically separated and digested

TABLE 1 | Primer sequences for qRT-PCR.

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

CK15 GACGGAGATCACAGACCTGAG CTCCAGCCGTGTCTTTATGTC

CK19 AACGGCGAGCTAGAGGTGA GGATGGTCGTGTAGTAGTGGC

Nanog CAGAAGGCCTCACACCTAC ATTGTTCCAGGTCTGGTTGC

Oct4 CACTGTACTCCTCGGTCCCTTTC CAGGCACCTCAGTTTGAATGC

with 0.1% Dispase at 37◦C for 1 h. The skin specimen was then
divided into epidermis and dermis using forceps. The epidermis
was minced and digested in 0.025% trypsin at 37◦C for 10 min
and the dermis was minced and digested in 0.2% collagenase
(Sigma-Aldrich, St. Louis, MO, United States) at 37◦C for 1 h.
After digestion, an equal volume of 10% FBS in DMEM was
added to terminate the reaction, and the samples were filtered
through 70 µm strainers. Following centrifugation and washing,
murine neonatal epidermal cells and dermal cells were obtained.

For in vivo implantation, five groups were arranged for this
experiment as (1) pre-prepared murine neonatal dermal cells
alone (as negative control), (2) a mixture of murine neonatal
epidermal cells and murine neonatal dermal cells (as positive
control), (3 and 4) a mixture of P1 hHFSCs with or without
10 µM Y-27632 and pre-prepared murine neonatal dermal cells
and (5) a mixture of P3 hHFSCs with 10 µM Y-27632 and pre-
prepared murine neonatal dermal cells. Unless otherwise stated
for each intracutaneous injection, 1 × 106 dermal cells and
5 × 105 epidermal cells or hHFSCs were resuspended (50 µL
of DMEM) and injected (29-gauge needle, BD Biosciences) into
the hypodermis of nude mice, forming a bleb. After 3 weeks,
the skin at the injection spot was dissected. The number of
hair follicles formed was quantified by microscopic photography
and morphometry. The hair reconstruction by hHFSCs was
confirmed in Paraffin section via immunohistochemically stained
by the human-specific marker (anti-HLAA, 1:100, Abcam).

Statistical Analysis
All statistical analyses were performed using the GraphPad Prism
8 software (GraphPad Software, Inc., La Jolla, CA, United States).
The data are expressed as mean ± standard deviation. Data
from each experimental condition were analyzed for normality
using the Kolmogorov–Smirnov test. The data were analyzed
using the Wilcoxon test and t-test. The difference was considered
significant at p < 0.05. Each experiment was repeated at
least three times.

RESULTS

Primary Culture of hHFSCs From the
Occipital Scalp Skin
The bulge zone of human hair follicles from the occipital scalp
skin was identified based on CK15 and CK19 immunoreactivities.
As described previously, the bulge zone was identified below the
entrance of the sebaceous duct into the follicle at an average
depth of 1 mm below the skin surface extending to a depth
of 1.8 mm just below the arrector pili muscle insertion (Oh
et al., 2011; Figures 1A–C). Differential interference contrast
microscopy and histological examinations revealed that the
plucked human hair follicles were intact with minimal dermal
contamination. The follicular epithelium was trypsinized and
filtered to obtain a single-cell suspension containing cells of
varying sizes and shapes. The dissociated single cells were
harvested using centrifugation, cultured in K-SFM, and purified
using a differential enrichment procedure. After 3 days, the pre-
attached cells appeared as clustered colonies comprising cells
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FIGURE 1 | Isolation and cultivation of hHFSCs. (A) Morphology of intact human hair follicles from the occipital scalp skin. Scale bars: 200 µm. (B) Morphology of an
intact human hair follicle examined using H&E staining. Scale bars: 100 µm. (C) Section immunostained with anti-CK15 antibody showing the biological bulge zone.
Scale bars: 50 µm. (D) Morphology of P0 hHFSCs cultured for 3 and 10 days. Scale bars: 100 µm. (E) Representative flow cytometry plots of P0 hHFSCs cultured
in K-SFM. (F) Immunofluorescence analysis of CK15 and CK19 in the attached hHFSCs. Scale bars: 25 µm. All data are presented as mean ± standard deviation
from at least three independent experiments. hHFSCs, human hair follicle stem cells; H&E, hematoxylin and eosin, K-SFM, keratinocyte serum-free medium.
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with keratinocyte-like morphology with a large nucleus and a
high nuclear-to-cytoplasmic ratio (Figure 1D). The P0 hHFSCs
from occipital scalp skin comprised 24.6 ± 3.2% CD200+ ITGα

6+ HFSCs (Figure 1E). Immunofluorescence staining identified
the stem cell markers CK15 and CK19 in hHFSCs (Figure 1F).

Y-27632 Promotes Cell Adhesion of
hHFSCs in Primary Culture
Most single cells did not adhere to the plate and gradually died
at the initial stages of the primary culture of hHFSCs. A few
cells attached to the plate and continued to grow slowly as a
monolayer. To investigate the effect of Y-27632 on the adhesion
of hHFSCs, P0 hHFSCs were cultured in K-SFM supplemented
with 0, 5, 10, or 20 µM Y-27632, for 1 h. The results of the
cell adhesion assay indicated that Y-27632 dose-dependently
promoted the adhesion of hHFSCs. The adhesion of hHFSCs
treated with 10 and 20 µM of Y-27632 was not significantly
different. However, the adhesion of hHFSCs treated with 10 µM
Y-27632 was higher than that of hHFSCs treated with 5 µM
Y-27632 (Figures 2A,B).

Y-27632 Promoted the Proliferation of
hHFSCs
The cytotoxicity of different concentrations of Y-27632 against
hHFSCs was determined using the LIVE/DEAD kit. Treatment
with 0, 5, 10, or 20 µM of Y-27632 did not significantly affect
the viability of hHFSCs (Figures 2C,D). The results of the
EdU labeling assay revealed that the proportion of EdU-positive
cells in the hHFSCs treated with 5, 10, and 20 µM Y-27632
(7.65 ± 0.63, 11.35 ± 1.17, and 10.28 ± 1.26%, respectively)
was significantly higher than that in the negative control group
(5.84 ± 0.96%; p < 0.01). The optimal concentrations of Y-
27632 to promote hHFSC proliferation were 10 and 20 µM
(Figures 2E,F).

Treatment with Y-27632 significantly increased the number
of colony-forming units of hHFSCs (>50 cells/colony).
Additionally, the colonies exhibited an enlarged morphology
(>100 cells/colony) (Figures 2G,H). The number of colonies
derived from cells treated with 10 µM Y-27632 (123.30 ± 7.57
colonies/well) was not significantly different from that derived
from cells treated with 20 µM Y-27632 (115.30 ± 5.03
colonies/well) (p > 0.001). This indicated that 10 and 20 µM
Y-27632 significantly promoted the proliferation of hHFSCs. For
further experiments, 10 µM Y-27632 was used.

Y-27632 Maintained the Stemness of
hHFSCs
The effect of Y-27632 on the stemness of hHFSCs was
analyzed by examining the two stemness markers using
immunocytochemistry. Compared with the control group,
treatment with 5, 10, and 20 µM Y-27632 significantly increased
the number of CK15-labeled hHFSCs (p < 0.01). Furthermore,
the expression of CK15 in the cells treated with 10 µM and
20 µM Y-27632 was higher than that in the control group
(Figures 3A,B). The expression of markers in hHFSCs was also
detected using qRT-PCR and western blotting. The expression

levels of CK15 and CK19 in the cells treated with Y-27632 were
significantly higher than those in the control group (Figure 3C).
The results of qRT-PCR analysis were consistent with those of
western blotting (Figure 3D). Nanog and Oct4 are reported to
contribute to the self-renewal of stem cells (Yu et al., 2006; Liu
et al., 2019; Lu et al., 2019). The qRT-PCR analysis showed that
the expression levels of Nanog and Oct4 in the cells treated
with Y-27632 were significantly higher than those in the control
group (Figure 3E).

Effect of Y-27632 on hHFSCs Was
Conditional
Next, the effect of continuous ROCK inhibition on the
proliferation of hHFSCs was examined. The cells were cultured in
the presence of Y-27632 for 3 days and the inhibitor was removed
thereafter. In the absence of Y-27632, the hHFSCs exhibited a
delayed growth and reached senescence quickly, as evidenced
by the disintegration of the nuclear membrane. However, the
hHFSCs treated with 10 µM Y-27632 exhibited logarithmic
growth (Figure 4A). The EdU labeling assay was performed to
detect the effect of Y-27632 removal from the culture medium on
the proliferation of hHFSCs. The proportion of EdU-positive cells
among the cells cultured in the absence of Y-27632 was lower than
that among the cells cultured in the presence of 10 µM Y-27632
(Figures 4B,C). Immunocytochemistry analysis was performed
3 days after the removal of Y-27632 to examine the expression
of stemness markers of hHFSCs. The expression levels of CK15
and CK19 were downregulated in the clustered colonies at 72 h
post-Y-27632 withdrawal (Figures 4D,E).

Conversely, Y-27632 was added to hHFSCs that had been
cultured for 3 days in the absence of Y-27632. The rate
of proliferation increased immediately even in the cells that
were only a few cell divisions from reaching senescence
(Figures 4B,C). The expression levels of CK15 and CK19 were
also upregulated (Figure 4F). These results suggest that ROCK
inhibition is necessary for the propagation and maintenance of
hHFSCs in vitro.

Y-27632 Maintained hHFSCs Propagation
and Stemness Through the ERK
Signaling Pathway
Next, we examined the signaling pathways that mediate the
mechanisms underlying Y-27632-induced cell proliferation and
stemness maintenance. The mitogen-activated protein kinase
(MAPK) cascades are central signaling elements that regulate
cell proliferation and differentiation. The Y-27632-induced
proliferation of hHFSCs was significantly inhibited upon
treatment with 2.5, 5, or 10 µM of U0126, an inhibitor of
extracellular signal-regulated kinase 1/2 (ERK) (Figures 5A,B).
Then, we tested whether 10 µM of U0126 could downregulated
the expression of stemness marker induced by Y-27632 on
hHFSCs using qRT-PCR and western blotting. The results
showed that the increased CK15 and CK19 expression induced
by Y-27632 was blocked by U0126 (Figures 5C–E).

The mechanism underneath on the effect of Y-27632 was
examined using western blotting. The hHFSCs were stimulated
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FIGURE 2 | Y-27632 promoted the adhesion and proliferation of hHFSCs. (A,B) The hHFSCs treated with 0, 5, 10, or 20 µM of Y-27632 were subjected to cell
adhesion assay. Scale bars: 250 µm. (C) Live/dead staining of hHFSCs on day 5 of culturing. Live and dead cells are shown in green and red, respectively; Scale
bars: 100 µm. (D) The proportion of live hHFSCs was not significantly different among the treatment groups (p > 0.05). (E) The hHFSCs treated with or without
Y-27632 were subjected to the EdU labeling assay [EdU-positive (red); Hoechst (blue)]. Scale bars: 50 µm. (F) The proportion of EdU-positive cells in the
Y-27632-treated group was significantly higher than that in the control group. (G,H) Colony formation assays further confirmed that the proliferation of hHFSCs was
significantly upregulated upon treatment with Y-27632. All data are presented as mean ± standard deviation from at least three independent experiments. Student’s
t-test. ns, not significant; hHFSCs, human hair follicle stem cells; EdU, 5-ethynyl-2′-deoxyuridine. **p < 0.01, ***p < 0.001, and ****p < 0.0001.

with 10 µM Y-27632 for 0, 10, 20, and 30 min. Y-27632
upregulated ERK phosphorylation at 10 min post-stimulation
with a peak level at 20 min and gradually downregulated ERK
phosphorylation thereafter (Figure 5F). The effect of U0126 on
Y-27632-induced ERK activity was examined by evaluating ERK
phosphorylation in the presence or absence of 10 µM U0126.
Western blotting analysis revealed that the phosphorylation
level of ERK decreased upon treatment with 10 µM U0126
(Figure 5G). These results indicate that the ERK/MAPK signaling

pathways mediate Y-27632-induced hHFSC proliferation and
stemness maintenance.

Y-27632 Promoted hHFSCs on the
Capability of Regenerating Hair Follicles
in vivo
We further performed functional analysis on the hHFSCs with
Y-27632 using a reconstitution assay, which tests the ability
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FIGURE 3 | Y-27632 maintained the stemness of hHFSCs. (A) Immunofluorescence staining of P1 hHFSCs was performed on day 5 of culturing. Scale bars:
25 µm. (B) The signal intensities of CK15 and CK19 in hHFSCs in the Y-27632-treated group were significantly higher than those in the control group. (C) Y-27632
upregulated the expression levels of CK15 and CK19 after 5 days of treatment. (D) Western blotting analysis of CK15 and CK19 expression levels. (E) The qRT-PCR
analysis of Nanog and Oct4 mRNA expression. The qRT-PCR results are shown as fold-change relative to the expression in Y-27632-treated hHFSCs. hHFSCs,
human hair follicle stem cells; qRT-PCR, quantitative real-time polymerase chain reaction. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

of hHFSCs to regenerate hair follicles. We observed that the
negative control groups which were only grafted with neonatal
dermal cells did not exhibit new hair formation. Similar to
positive control groups, de novo hair shafts were induced in
recipient sites after 3 weeks of implantation in experimental
groups which were grafted with a mixture of hHFSCs with or
without Y-27632 and neonatal dermal cells. From stereoscopic
observation, both P1 hHFSCs cultured in general medium and
P1 hHFSCs treated with Y-27632 could induced hair follicles
(Figure 6A). The morphology of the de novo hair follicles
were intact, including the dermal papilla, matrix cells and other
epithelial tissue (Figure 6C). Obviously, significantly more hair

follicles formed in the group treated with Y-27632 than those
in the control group (Figures 6A,B). Furthermore, Y-27632
maintained the multipotency of hHFSCs after several passages.
The results showed that P3 hHFSCs with Y-27632 can also
displayed an ideal HF inductivity (Figures 6A,B).

To investigate the internal structures of the reconsitituted
skin, we performed tissue sectioning and HE staining. Histologic
sectioning exhibited that a large number of mature HFs
distributed within the hypodermic layer in the positive group
and experimental groups (Figure 6D). Immunohistochemically
staining showed positive expression of human-specific marker in
the hair follicle cells differentiated by hHFSCs (Figure 6E).
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FIGURE 4 | The effect of Y-27632 on hHFSCs was conditional. (A) Morphology of P2 hHFSCs cultured for 6 days with or without Y-27632. Scale bars: 25 µm.
(B) The hHFSCs treated with or without Y-27632 were subjected to the EdU labeling assay [EdU-positive (red); Hoechst (blue)]. Scale bars: 100 µm. (C) The
proportion of EdU-positive cells in the Y-27632-treated group was significantly higher than that in the control group or Y-27632 withdrawal group.
(D) Immunofluorescence staining of P2 hHFSCs was performed on day 5 of culturing. Scale bars: 50 µm. (E) The signal intensities of CK15 and CK19 in the
Y-27632-treated group were significantly higher than those in the control group or Y-27632 withdraw group. (F) The qRT-PCR analysis of CK15 and CK19 mRNA
expression. ns, not significant; hHFSCs, human hair follicle stem cells; EdU, 5-ethynyl-2′-deoxyuridine; qRT-PCR, quantitative real-time polymerase chain reaction.
*compared with the control group; ˆY-27632-treated group vs. other experimental groups. *p < 0.1, **p < 0.01, ***p < 0.001, ˆp < 0.1, ˆˆp < 0.01, and ˆˆˆp < 0.001.

DISCUSSION

An ideal stem cell culture system should preserve the viability,
promote proliferation, and maintain the stemness of hHFSCs,

which are the major requirements for obtaining high-quality
seed cells in hair follicle tissue engineering. In this study,
we successfully established a xenofree primary culture system
for hHFSCs. The hHFSCs cultured in K-SFM supplemented
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FIGURE 5 | Y-27632 maintained hHFSCs propagation and stemness through the ERK signaling pathway. (A) The hHFSCs treated with Y-27632 (10 µM) and 2.5, 5,
or 10 µM U0126 (ERK inhibitor) for 72 h were subjected to the EdU labeling assay. Scale bars: 100 µm. (B) The proportion of EdU-positive cells significantly
decreased upon treatment with U0126. (C) The increased mRNA expression of CK15 and CK19 induced by 10 µM Y-27632 was blocked by 10 µM U0126.
(D) Western blotting analysis of CK15 and CK19 expression levels. (E) The hHFSCs were treated with 10 µM Y-27632 for 0, 10, 20, and 30 min and subjected to
western blotting analysis to examine the level of p-ERK. (F) The p-ERK level was evaluated in the presence or absence of 10 µM U0126. U0126 attenuated
Y-27632-induced ERK activity. hHFSCs, human hair follicle stem cells; EdU, 5-ethynyl-2′-deoxyuridine; qRT-PCR, quantitative real-time polymerase chain reaction.
Data are presented as the mean ± standard error of mean from three independent experiments. *Compared with the control group; ˆY-27632-treated group vs. other
experimental groups; #U0126-treated group vs. other experimental groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001, ˆp < 0.1,
ˆˆp < 0.01, ˆˆˆp < 0.001, ˆˆˆˆp < 0.0001, and ##p < 0.01.
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FIGURE 6 | Y-27632 promoted hHFSCs on the capability of regenerating hair follicles in vivo. (A) Stereoscopic images of recipient sites after 3 weeks
post-transplant. (B) Analysis of the reconstituted hair follicle number among the negative group, the positive group and experimental groups. (C) The morphology of
the de novo hair follicles were intact. (D) Histochemical staining of reconsitituted skin (the yellow dotted line divides the injection area and mouse skin) exhibited a
large number of mature HFs in the positive group and experimental groups. Scale bars: 100 µm. (E) Immunohistochemically staining showed positive expression of
human-specific marker in the hair follicle cells differentiated by hHFSCs. *non-specificity staining. Scale bars: 100 µm. mEPCs, murine neonatal epidermal cells;
mDCs, murine neonatal dermal cells; hHFSCs, human hair follicle stem cells. *compared with the positive control group; ˆY-27632-treated P1 group vs. other
experimental groups; #Y-27632-treated P3 group vs. other experimental groups. **p < 0.01, ***p < 0.001, ˆp < 0.1, ˆˆˆp < 0.001, #p < 0.1.
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with Y-27632 exhibited enhanced adhesion and proliferation.
Moreover, Y-27632 maintained the stemness of hHFSCs and
the ability of hHFSCs to regenerate hair follicles in vivo. The
Y-27632-induced proliferation and stemness in hHFSCs were
conditional and reversible. Furthermore, Y-27632 maintained
hHFSCs propagation and stemness through the ERK/MAPK
pathway (Scheme 1).

The hHFSCs have potential applications in hair follicle
regenerative medicine, as they can undergo complete self-renewal
and exhibit multipotency (differentiate into various lineages)
(Yang et al., 2017). However, an efficient in vitro primary culture
system for hHFSCs is currently not established. The main factors
affecting the proliferation and biological characteristics of an
adherent culture in vitro are the coated culture dishes and culture
medium (Hong et al., 2019; Hashimoto et al., 2020). In this
study, we obtained hHFSCs using a two-step proteolytic digestion
combined with microscopy. The culture dishes were coated with
an animal origin-free coating matrix, containing the human
extracellular matrix, before culturing hHFSCs. The hHFSCs were
then purified using a differential enrichment procedure, which
utilizes the delayed adhesion of hHFSCs to the surface of a culture
dish. Compared with the 3T3 feeder cells, mouse collagen type IV,
and basement membrane matrix Matrigel extracted from mouse
sarcoma in the traditional culture system, human fibronectin can
prevent the transmission of unknown zoonoses, which is critical
for the clinical application of hHFSCs (Limat et al., 1989; Li et al.,
2015; Call et al., 2018).

The use of K-SFM, which was optimized for the isolation
and expansion of hHFSCs, prevents the potential contamination
derived from fibroblasts. However, the expression of CK15
was rapidly downregulated upon culturing the hHFSCs

in K-SFM for a prolonged period (Blanpain et al., 2004).
Some studies have suggested that the addition of serum
may prevent the downregulation of CK15. However, the use
of serum may contribute to the transmission of unknown
zoonoses and the induction of immunological reactions
after clinical transplantation (Limat et al., 1989). The small
molecule Y-27632 can reprogram and modulate the state
of stem cells and is considered as one of the alternatives to
serum and macromolecular proteins for in vitro culturing
(Li et al., 2015).

Y-27632, an inhibitor of ROCK, modulates various cellular
functions, including actin cytoskeleton organization, cell
adhesion, cell motility, and apoptosis (David et al., 2012).
Additionally, Y-27632, which was developed as an inhibitor of
the calcium-sensitization pathway involved in smooth muscle
contraction, inhibits RhoA-induced formation of stress fibers
and focal adhesions (Uehata et al., 1997). Watanabe et al.
(2007) first applied Y-27632 to inhibit apoptosis of dissociated
single human embryonic stem cells in adherent cultures.
Treatment with Y-27632 enhanced the adhesion and survival
of human embryonic stem cells in adherent cultures during
passage, by inducing cytoskeletal changes. Consistent with
these results, this study demonstrated that only a few cells
attached to the plate and slowly formed a monolayer in the
primary culture of hHFSCs. Most cells underwent apoptosis
as they did not attach to the culture plate. The dissociated
single cells exhibited enhanced survival upon treatment with
Y-27632. Moreover, Y-27632 dose-dependently increased the
adhesion of hHFSCs.

The hallmarks of hHFSCs are enhanced proliferation and
multipotency. The supplementation of Y-27632 can regulate

SCHEME 1 | Schematic illustration of an efficient primary culture system for human hair follicle stem cells isolated from occipital scalp skin using human fibronectin
and ROCK inhibitor Y-27632. This culture model facilitated the proliferation, maintained the stemness of human hair follicle stem cells and the capability of
regenerating hair follicles in vivo. This culture model may aid in obtaining an increased number of high-quality seed cells, which have applications in hair follicle tissue
engineering and stem cell therapy.
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the ability of stem cells to self-renew and differentiate into
derivatives of all three germ layers (Sivasubramaiyan et al., 2009;
Kurosawa, 2012). The use of Y-27632 during primary cultures
offers a simple and effective way to prepare a large number of
human epithelial stem cells from skin tissues (Terunuma et al.,
2010; Wen et al., 2018). In this study, 10 and 20 µM Y-27632
significantly promoted the proliferation of primary hHFSCs. The
challenges associated with in vitro culture of hHFSCs are low
adhesion ratio and poor proliferation during passaging. The
colony formation rate is an important indicator for evaluating
the reattachment rate and the proliferation ability of hHFSCs.
The number of clones directly affects the scale of cell expansion.
In this study, the hHFSC colonies in K-SFM supplemented
with Y-27632 were larger and more clustered than those in the
control groups. These results suggest that Y-27632 facilitates the
proliferation of hHFSCs.

Passage is one of the important indicators for evaluating the
effectiveness of culture system. Y-27632 promotes the long-term
proliferation of primary human keratinocytes and these cells
efficiently bypassed senescence and became immortal (Chapman
et al., 2010). However, passage and long-term proliferation is
still a challenges in the culture of hHFSCs in vitro because of
the different biological behavior of mouse and human stem cells
(Yu et al., 2006; An et al., 2018). In our research, we found
that both hHFSCs with or without Y-27632 at early passages
(P1-2) were actively dividing and appeared small, cuboidal, and
homogeneous. However, less cells could reattached onto culture
dishes and became senescence with the flat and heterogeneous
morphology at later passages (P3) in the untreated group. The
hHFSCs with Y-27632 can be continuously cultured for at least 5
passages with a healthy status. Unfortunately only approximately
50% of the treated cells escaped senescence at passage 6
(Supplementary Figure S1). This data shown indicated that the
culturing system we established is suit to short-term culture.

Self-renewal and multipotency (ability to differentiate
into various lineages) are innate characteristics of HFSCs
(Myung et al., 2009a). The supplementation of Y-27632 in
K-SFM significantly upregulated the expression of hHFSC
stemness markers (CK15 and CK19) and pluripotent markers
(Nanog and Oct4). This was consistent with the results of
previous studies, which demonstrated that Y-27632 upregulated
Oct-3/4 expression in small colonies of human embryonic
stem cells and spatiotemporally altered the balance between
pluripotency and early differentiation events (Peerani et al., 2007;
Sivasubramaniyan et al., 2010).

Our study further demonstrates the culture of hHFSCs
in Y-27632 medium maintained their differentiation potential
in vivo. de novo hair shafts were induced in recipient sites
after 3 weeks of implantation with a mixture of hHFSCs and
neonatal dermal cells. The culture system with Y-27632 appear
to have stabilized the hair potential of the cells. Obviously,
nearly 1.5-fold change more hair follicles formed in the group
treated with Y-27632, compared with the control group. And
we also demonstrated that Y-27632 maintained the multipotency
of hHFSCs after several passages. Though there are some
evidences that normal keratinocytes isolated from human tissue,
for instance, isolated from fetal and newborn human foreskin

epidermal cells combined with neonatal murine dermal cells
could regenerate hair follicles in vivo, it involved the ethics
of fetal-derived cells (Wu et al., 2014; Abaci et al., 2018).
hHFSCs, which are located in easily accessible locations of human
body, exhibit complete self-renewal and ability to differentiate
to various lineages. These characteristic makes hHFSCs valuable
seeder for hair follicle regeneration.

Chapman et al. (2014) demonstrated that the supplementation
of ROCK inhibitor to the keratinocyte culture system promoted
indefinite cellular proliferation, which was conditional and
reversible. The removal of the ROCK inhibitor delayed cell
growth and senescence after a few passages. However, Gao et al.
(2019) demonstrated that treatment with Y-27632 enhanced
the survival and adhesion of human embryonic stem cells but
induced detachment and apoptosis of the attached cells. The
authors suggested that the use of Y-27632 should be limited to
24 h to optimize its pro-survival effects. This may be because Y-
27632 exerted different effects in different cell types and culture
conditions. Therefore, it is important to determine the effect
of long-term applications of Y-27632 in the culture medium
of hHFSCs. The Y-27632-induced proliferation and stemness
maintenance were reversible. The morphology of hHFSCs rapidly
changed into a senescence phenotype and they exhibited a flat
and heterogeneous morphology with an enlarged cytoplasmic
volume after the removal of the ROCK inhibitor. Additionally,
the removal of the ROCK inhibitor decreased the proliferation
and reversed the stemness of hHFSCs. These results suggest
that Y-27632 should be used in both the primary and short-
term culture of hHFSCs routinely. This was consistent with the
findings of Pakzad et al., who reported that the ROCK inhibitor,
which regulates multiple cellular functions, should be routinely
used in pluripotent stem cell culture (Pakzad et al., 2010).

Several studies have demonstrated that ROCK inhibitors
regulate cell proliferation by activating different growth-
regulatory proteins and triggering different signals in different
cells (Yu et al., 2012; Wang et al., 2017). The MAPK
cascades are central signaling elements that regulate various
physiological processes, including cell proliferation, apoptosis,
and stress response (Guo et al., 2020). ERK belongs to the
MAPK family, which regulates the signaling cascades and
transmits extracellular signals to intracellular targets (Garcia-
Gomez et al., 2018). Previous studies have demonstrated that
the ERK/MAPK signaling pathway is involved in the Y-27632-
induced proliferation of periodontal ligament stem cells and
Y-27632 maintained the balance of keratinocyte proliferation and
differentiation through regulation of ERK activity (Wang et al.,
2017; Zhang et al., 2019). Therefore, we examined the signaling
pathways to determine the underlying mechanisms of Y-27632-
induced proliferation and stemness maintenance of hHFSCs.
Y-27632 dose-dependently enhanced cell proliferation within the
concentration range of 5–20 µM. Treatment with U0126, an ERK
inhibitor, mitigated the Y-27632-induced hHFSC proliferation
and downregulated the expression of stemness marker induced
by Y-27632. Meanwhile, western blotting analysis revealed that
Y-27632 significantly increased the phosphorylation of ERK
in the hHFSCs, which was mitigated upon treatment with
U0126. These results indicate that Y-27632 maintained the
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proliferation and stemness of hHFSCs through the ERK/MAPK
signaling pathway.

CONCLUSION

We successfully established a xenofree short-term culture model
for primary hHFSCs and demonstrated that the supplementation
of Y-27632 in K-SFM promoted the adhesion, proliferation,
stemness of hHFSCs and promoted the ability to regenerate
hair follicles in vivo. Compared with the traditional method,
the coating matrix and small molecule inhibitors used in the
culture system could avoid the risk of heterogeneous gene
contamination. These findings may aid in obtaining an increased
number of high-quality seed cells, which have applications in hair
follicle tissue engineering and stem cell therapy.
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Current approaches for human hair follicle (HF) regeneration mostly adopt cell-
autonomous tissue reassembly in a permissive murine intracorporeal environment. This,
together with the limitation in human-derived trichogenic starting materials, potentially
hinders the bioengineering of human HF structures, especially for the drug discovery and
treatment of hair loss disorders. In this study, we attempted to reproduce the anatomical
relationship between an epithelial main body and the dermal papilla (DP) within HF in vitro
by three-dimensionally assembling columnarly molded human keratinocytes (KCs) and
the aggregates of DP cells and evaluated how HF characteristics were reproduced
in the constructs. The replaceability of human-induced pluripotent stem cell (hiPSC)-
derived DP substitutes was assessed using the aforementioned reconstruction assay.
Human DP cell aggregates were embedded into Matrigel as a cluster. Subsequently,
highly condensed human KCs were cylindrically injected onto DP spheroids. After 2-
week culture, the structures visually mimicking HFs were obtained. KC-DP constructs
partially reproduced HF microanatomy and demonstrated differential keratin (KRT)
expression pattern in HFs: KRT14 in the outermost part and KRT13, KRT17, and
KRT40, respectively, in the inner portion of the main body. KC-DP constructs tended
to upregulate HF-related genes, KRT25, KRT33A, KRT82, WNT5A, and LEF1. Next,
DP substitutes were prepared by exposing hiPSC-derived mesenchymal cells to
retinoic acid and subsequently to WNT, BMP, and FGF signal activators, followed by
cell aggregation. The resultant hiPSC-derived DP substitutes (iDPs) were combined
with KCs in the invented assay. KC-iDP constructs morphologically resemble KC-
DP constructs and analogously mimicked KRT expression pattern in HF. iDP in the
constructs expressed DP-related markers, such as vimentin and versican. Intriguingly,
KC-iDP constructs more intensely expressed KRT33A, KRT82, and LEF1, which were
stepwisely upregulated by the addition of WNT ligand and the mixture of WNT,
SHH, and EDA signaling activators, supporting the idea that iDP exhibited biological
properties analogous to DP cell aggregates in the constructs in vitro. These preliminary
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findings suggested the possibility of regenerating DP equivalents with in vitro hair-
inductive capacity using hiPSC-derived cell composites, which potentially reduce the
necessity of human tissue-derived trichogenic cell subset and eventually allow xeno-free
bioengineering of human HFs.

Keywords: hair follicle, regeneration, epithelial–mesenchymal interactions, dermal papilla, human induced
pluripotent stem cells, WNT signaling

INTRODUCTION

The hair follicle (HF) is a multifunctional mammalian skin
appendage, providing a physical barrier against external insults,
facilitating thermoregulation, and transmitting tactile sense
(Stenn and Paus, 2001; Schneider et al., 2009; Nagao et al.,
2012; Zimmerman et al., 2014). In the case of humans, hairstyles
greatly influence one’s appearance and therefore vast demand
exists for the treatment of hair loss disorders (Saed et al.,
2017; Ohyama, 2019). Establishment of a methodology to
experimentally regenerate human HFs is of major significance in
the management of hair loss conditions as a way of preparing
therapeutic materials for hair transplantation and supplying
an experimental platform for drug discovery (Ohyama, 2019).
Considering the structural and functional complexity of HF for
a small dimension miniorgan, HF bioengineering, especially that
achieved in vitro, may provide a platform for the regeneration of
other large-sized tissue or organs.

The HF is a cylindric structure composed of the epithelial
main body consisting of keratinocytes (KCs) including stem
cells and the mesenchymal structures; the dermal papilla (DP),
a specialized hair-inductive dermal cell aggregate located at
the bottom (bulb) of the HF, and the dermal sheath (DS)
surrounding the main body (Yang and Cotsarelis, 2010; Ohyama,
2019). The HF continuously self-renews throughout life via the
hair cycle (Stenn and Paus, 2001). Both HF morphogenesis
and regeneration are enabled by well-orchestrated epithelial–
mesenchymal interactions (EMIs) via biological signaling
pathways, such as WNT, BMP, Sonic hedgehog (SHH), and
Ectodysplasin A (EDA) pathways (St-Jacques et al., 1998; Millar,
2002; Zhang et al., 2009; Mikkola, 2011; Sennett and Rendl, 2012;
Ohyama, 2019). To achieve successful HF regeneration, sufficient
folliculogenic EMIs need to be elicited and maintained between
receptive KCs and inductive DP (Millar, 2002; Sennett and Rendl,
2012; Ohyama, 2019).

To date, experimental HF regeneration has been attempted
mainly by co-transplantation of KCs and trichogenic DP cells
into an in vivo environment represented by the intracorporeal
spaces of immunodeficient mice (Weinberg et al., 1993; Zheng
et al., 2005; Ehama et al., 2007; Kobayashi et al., 2010). The
transplanted cells evoke EMIs and cell-autonomously reassemble
HF structures, which is constantly successful for murine cells
and has recently been stabilized for human cells (Thangapazham
et al., 2014a,b; Yoshida et al., 2019). Obviously, use of xeno-
free environment is far more preferable considering the direct
application of regenerated structures for regenerative medicine
purposes (e.g., transplantation to hair loss areas). Adopting 3D-
printing technology to precast HF-shape cavities in vascularized

collagen gel that were filled with DP cell (DPC) aggregates and
KCs, Abaci et al. recently bioengineered HF structures from
human cells with the hair shaft diameter fairly comparable to
that of human intermediate-vellus hairs, opening the door for
mass production of bioengineered human HFs for regenerative
medicine and pharmaceutical investigations (Abaci et al., 2018).
At the same time, the approach requires advanced technologies
and still not readily available for most laboratories. For drug
discovery, a simpler platform allowing the regeneration of HF-
like structures partially recapitulating pivotal HF characteristics
would be beneficial.

Efficiency of experimental human HF regeneration in the
abovementioned approaches can also be influenced by the
biological properties of starting materials; for KCs, those derived
from neonatal or juvenile individuals (Ehama et al., 2007;
Thangapazham et al., 2014a), and for dermal cells, DP or DS cells
expressing high levels of hair inductive markers (McElwee et al.,
2003; Driskell et al., 2009; Ohyama et al., 2012; Higgins et al.,
2013) have been considered to be preferable. Of note, preparation
of DP cells with potent trichogenicity has been recognized to be
a gold standard for such application (Yang and Cotsarelis, 2010;
Ohyama, 2019). However, HF-derived DP cells collectable from
hair loss patients are limited. In addition, DP lose their intrinsic
properties after in vitro expansion, representing another major
hurdle in human HF regeneration (Weinberg et al., 1993; Rendl
et al., 2008; Ohyama et al., 2012; Higgins et al., 2013; Ohyama,
2019). Establishment of alternative material sources of DP cells
should resolve such difficulties.

Human-induced pluripotent stem cells (hiPSCs) hold promise
as a substituting cell source (Ohyama and Okano, 2014). Past
studies demonstrated that hiPSCs could be differentiated into KC
precursors or DP substituting cells and contribute to regeneration
of HF-like structures in in vivo HF reconstitution assays (Veraitch
et al., 2013, 2017). Imperfectness of regenerated structures and
low efficiency of reproduction highlight the necessity of further
improvements. In addition, whether hiPSC-derived cells exhibit
analogous trichogenicity in vitro remains unknown.

In this study, we attempted to establish a simple assay
in which highly condensed human KCs and the aggregates
of DP cells were three-dimensionally assembled in vitro
mimicking their anatomical association in HFs and cultured
for 2 weeks. Histological and molecular biological analyses of
regenerated structures were conducted to assess the resemblance
of regenerated structures to HFs. hiPSC-derived mesenchymal
cells were exposed to retinoic acid and subsequently to WNT,
BMP, and FGF signal activators, followed by cell aggregation,
expecting to elicit DP properties. The replaceability of hiPSC-
derived DP substituting cell aggregates with DPs was assessed
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using the assay developed. Effects of folliculogenic signaling
pathway activation on the regenerated structures by WNT, SHH,
and EDA agonists were also evaluated.

MATERIALS AND METHODS

Preparation of KCs, DP Cells, and
Fibroblasts
Human KCs and DP cells were purchased from CELLnTECH
Advanced Cell systems AG (Bern, Switzerland) and PromoCELL
(Heidelberg, Germany), respectively, or isolated from adult
human scalp samples obtained from surgery of benign scalp
tumors as previously described. Human fibroblasts were
purchased from PromoCELL (Heidelberg, Germany). All donors
provided written informed consent in accordance with the
Declaration of Helsinki. KCs at passages 3–6, fibroblasts at
passage 5, and DP cells at passages 2–4 were used. KCs,
fibroblasts, and DP cells were, respectively, cultured in CnT-PR
(CELLnTECH Advanced Cell systems AG, Bern, Switzerland),
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, St.
Louis, MO, United States) containing 10% fetal bovine serum
(FBS; Biowest, Nuaillé, France), and follicle dermal papilla cell
medium (DP medium; PromoCELL, Heidelberg, Germany) at
37◦C in a 5% CO2 prior to HF reconstruction assay. Culture
medium was changed every 2 days.

Generation of Cell Aggregates From
hiPSC-Derived DP Substituting Cells
hiPSC-derived DP substituting cells (iDPSCs) were generated
following the previously published protocol with minor
modifications (Veraitch et al., 2017). Three lines of hiPSCs
generated by retroviral introduction of four Yamanaka factors
into dermal fibroblasts [201B7 (Takahashi et al., 2007) and
WD39 (Imaizumi et al., 2012)] or by gene delivery using a
single, synthetic self-replicating VEE-RF RNA replicon into
endothelial progenitor cells [RPChiPS771-2 (ReproCELL Inc.,
Yokohama, Japan)] were maintained on feeder-free culture dish
filled with StemFitTM (AJINOMOTO, Tokyo, Japan) following
the manufacturer’s protocol. For hiPSC-derived mesenchymal
stem cell-like cell (iMC) induction, 6.5 × 104 hiPSCs/well in a
six-well plate were placed onto a humanized substrate (CELLstart
CTS; Life Technologies, Carlsbad, CA, United States). When
a well was approximately 80% confluent, mesenchymal cell
induction was initiated using Stempro MSC-SFM CTS (Life
Technologies, Carlsbad, CA, United States) for 9–11 days. iMCs
were then incubated in DMEM (Sigma-Aldrich, St. Louis, MO,
United States) containing 10% FBS (Biowest, Nuaillé, France)
with 10 µM all-trans retinoic acid (Sigma-Aldrich, St. Louis,
MO, United States) for 4 days, and subsequently in DP cell-
activating culture (DPAC) medium (Ohyama et al., 2012); 10%
FBS-DMEM supplemented with 1 µM 6-bromoindirubin-3’-
oxime (Sigma-Aldrich, St. Louis, MO, United States), 20 ng/ml
bFGF (Peprotech, Rocky Hill, NJ, United States), and 200 ng/ml
human recombinant BMP2 (R&D Systems, Minneapolis, MN,
United States) for 7 days to obtain iDPSCs.

Preparation of DP Cell or iDPSC
Aggregates
A total of 1 × 106 DP cells or iDPSCs were suspended in
DP medium and stained with CellBriteTM Orange Cytoplasmic
Membrane Dye (Biotium, Hayward, CA, United States) following
the manufacturer’s protocol (Veraitch et al., 2017). After washing
three times with DP medium, 5 × 103 DP cells or iDPSCs were
seeded into each well of non-cell binding 96-well plate (Thermo
Fisher Scientific, Rockford, IL, United States) containing DP
medium. The plates were centrifuged at 500 rpm for 2 min and
incubated at 37◦C, 5% CO2 with medium changes every 5 days to
form DP-like cell aggregates.

Reconstitution of HF-Like Structure
in vitro
Using dissection microscopes and a micropipette, 12 DP cell
or iDPSC aggregates were placed in a group within 3 ml of
Matrigel matrix (CORNING, Corning, NY, United States) in a cell
culture insert for a six-well cell culture plate (Gibco, Rockford, IL,
United States). Subsequently, 5 µl of highly condensed human
KCs (23.4 × 106 on average per experiment) suspended in 500 µl
of CnT-PR was cylindrically injected onto aggregated DP cell
or iDPSC spheres embedded in Matrigel matrix, while pulling
a micropipette outward, to form a structure mimicking HF
architecture (Figure 1A). A fragment of guide nylon wire (BEAR
Medical, Ibaraki, Japan) was inserted within KC composites as
a scaffold (Figure 1A). The Matrigel matrix containing HF-
like structures was submerged in the 1:1 mixture of CnT-PR
and Amnio MAX-C100 (Gibco, Rockford, IL, United States)
and incubated at 37◦C, 5% CO2 for 2 weeks. The medium was
changed on alternate days.

Stimulation of Folliculogenic Signaling
by Agonists
To activate HF morphogenesis associated WNT, SHH, and EDA
signaling pathways in HF-like constructs, 2 µM CHIR99021 [the
glycogen synthase kinase (GSK) 3β inhibitor (a WNT signal
agonist) (Ring et al., 2003); Cayman Chemical, Ann Arbor, MI,
United States], 2 µM purmorphamine [the Smo receptor agonist
(a SHH signal agonist) (Sinha and Chen, 2006); FUJIFILM
Wako Pure Chemical Co., Osaka, Japan], and 10 ng/ml EDA
(recombinant ectodysplasin A1; R&D Systems, Minneapolis,
MN, United States) were singly or jointly added to culture
medium at the generation of HF-like structure and continued
during 2-week culture.

Quantitative Reverse
Transcription-Polymerase Chain
Reaction
Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and cDNA was synthesized using the
Superscript III First Strand Synthesis SuperMix (Invitrogen,
Carlsbad, CA, United States) according to the manufacturers’
instructions. All the used primer sequences are shown in
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FIGURE 1 | In vitro 3D regeneration of KC-DP constructs and time course changes in their intratissue architecture to mimic representative HF structural features
during 2-week culture. (A) The schema of the reconstruction steps. DP (or iDPSC) aggregates were placed in Matrigel to form clusters. Condensed cylindrical KC
structure was placed in close contact with DP aggregates. A nylon fiber was inserted as a structural supporter and guide for histological sectioning. (B) KC-DP
constructs in Matrigel after 1-week culture. (C) KC-DP constructs harvested after 2-week culture. The approximated size was analogous to that of human HF.
(D) Time course change in the intratissue architecture of KC-DP constructs at 2 days, 1 week, and 2 weeks. The constructs gradually reorganize their structure and
formed densely gathered DP aggregates and multiple KC layers (ORS-, IRS-, and hair shaft-like) sketchily mimicking human HFs, especially the bulb and suprabulbar
portion. DP, dermal papilla; DPC, dermal papilla cells; KC, keratinocyte; IRS, the inner root sheath; ORS, the outer root sheath. Scale bar: 200 µm.

Supplementary Table 1. Real-time reverse transcription-
polymerase chain reaction (RT-PCR) analyses were conducted
using the PowerUpTM SYBRTM Green PCR Master Mix and the
StepOne Real-Time PCR system (Applied Biosystems, Foster
City, CA, United States). Cycling conditions consisted of an
initial activation of 2 min at 95◦C, then 40 cycles of denaturing
at 95◦C for 15 s, and annealing and extension at 60◦C for 1 min.
Messenger RNA expression levels were normalized to β-actin
expression level adopting the 1CT method and calculated based
on 2−1CT.

Histological and Immunohistochemical
Analysis
Harvested HF-like constructs were fixed by 10% formalin
and embedded in paraffin. For histological staining, paraffin-
embedded tissue sections were deparaffinized and stained with
Carrazzi’s hematoxylin and counterstaining with eosin before
mounted in malinol. For immunohistochemical analyses, the

deparaffinized sections were pretreated in an autoclave (121◦C,
5–10 min, pH 6), blocked endogenous peroxidase by 3%
hydrogen peroxide at RT for 10 min, and incubated overnight
at 4◦C with the following primary antibodies: mouse anti-
human cytokeratin 13 (KRT13) monoclonal antibody (Ks13.1;
1:100; PROGEN, Heidelberg, Germany), mouse anti-human
cytokeratin 14 (KRT14) monoclonal antibody (LL002; 1:500;
Abcam, Cambridge, MA, United States), rabbit anti-human
cytokeratin 17 (KRT17) polyclonal antibody (ab53707; 1:200;
Abcam, Cambridge, MA, United States), mouse anti-human
cytokeratin 19 (KRT19) monoclonal antibody (Ks19.1; 1:200;
Biocare Medical, Pacheco, CA, United States), mouse anti-human
hair cortex cytokeratin/K40 (KRT40) monoclonal antibody
(AE13; 1:50; Abcam, Cambridge, MA, United States), rabbit anti-
human cytokeratin 75 (KRT75) polyclonal antibody (ab254740;
1:200; Abcam, Cambridge, MA, United States), rabbit anti-
human GATA binding protein 3 (GATA3) polyclonal antibody
(GTX109654; Gene Tex, Irvine, CA, United States), rabbit
anti-human dickkopf 4 polyclonal antibody (DKK4; 1:100;
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Abcam, Cambridge, MA, United States), rabbit anti-human
sex determining region Y-box 2 (SOX2) monoclonal antibody
(ab92494; 1:100; Abcam, Cambridge, MA, United States),
rabbit anti-human lymphoid enhancer binding factor 1 (LEF1)
monoclonal antibody (ab137872; 1:100; Abcam, Cambridge, MA,
United States), mouse anti-human vimentin (VIM) monoclonal
antibody (V9; 1:1; DAKO, Glostrup, Denmark), and mouse anti-
human smooth muscle actin (SMA) monoclonal antibody (1A4;
1:1; DAKO, Glostrup, Denmark). For versican (VCAN) staining,
the sections were incubated 2 h at RT with rabbit anti-human
VCAN polyclonal antibody (versican V0, V1 neo; 1:100; Thermo
Fisher Scientific, Rockford, IL, United States). After washing
by tris-buffered saline, samples were incubated with secondary
anti-mouse or rabbit antibodies (ENVISION Dual link system;
DAKO, Glostrup, Denmark) for 30 min at RT. Subsequently,
the sections were visualized by incubation with 3-amino-9-
ethylcarbazole (AEC; DAKO, Glostrup, Denmark) and nuclei
were counterstained by Mayer’s hematoxylin.

Alkaline Phosphatase Staining
Frozen tissue sections were fixed with acetone for 10 min
at 4◦C. After washing with tris-buffered saline for 5 min,
sections were exposed to 1 mg/ml alkaline phosphatase (ALP)
Fast Blue RR salt (F0500; Sigma-Aldrich, St. Louis, MO,
United States) in 0.2 mol/L 2-amino-2-methyl-1,3-propanediol-
HCl buffer solution (pH 8.6) (A9754; Sigma-Aldrich, St. Louis,
MO, United States) containing 0.05 mg/ml naphthol AS-
MX phosphate disodium salt phosphatase substrate (N5000;
Sigma-Aldrich, St. Louis, MO, United States) and 2% N,N-
dimethylformamide (D4254; Sigma-Aldrich, St. Louis, MO,
United States) for 45 min at 37◦C. Subsequently, sections were
counterstained by nuclear fast red (Muto Chemical KK, Tokyo,
Japan) for 10 min.

Immunofluorescent Analysis
The samples were embedded in OCT and kept at -80◦C before
sectioning. The cryopreserved sections were defrosted, fixed
with acetone at 4◦C for 10 min, washed twice with PBS, and
incubated with mouse anti-human vimentin (VIM) monoclonal
antibody (V9; 1:1; DAKO, Glostrup, Denmark) for 30 min
at RT, washed, and then incubated with Alexa Flour 488
goat anti-mouse IgG (H + L) polyclonal secondary antibody
(A11029; 1:100; Invitrogen, Carlsbad, CA, United States) for
40 min at RT. The nuclei were stained by 4’,6-diamidino-2-
phenylindole (1:1,500; Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan). After washing, specimens were mounted
with PermaFluor Aqueous Mounting Medium (Thermo Fisher
Scientific, Rockford, IL, United States). The images were obtained
using BZ-X710 (KEYENCE, Osaka, Japan).

Statistical Analysis
Statistical analysis in this study was performed by Wilcoxon
signed-rank test using SPSS version 25 (IBM, Armonk, NY,
United States). A p-value of less than 0.05 was considered as
statistically significant.

RESULTS

Normal KC and DP-Derived Constructs
Reorganized Intratissue Architecture to
Mimic Representative HF Structural
Features During 2-Week Culture
Immediately after DP aggregates and condensed KCs were
placed in Matrigel to reproduce their anatomical locations in
HFs, individual cell components were in close contact with
each other but clearly distinguishable (Figure 1A). In our pilot
study, the constructs were generated and cultured without any
auxiliary structural material, leading to the loss of distinct
morphological characteristics and difficulty in preparation of
histological sections under the absence of a direction indicator
(Supplementary Figure 1). Being inspired by the work of
Toyoshima et al. (2012), a nylon fiber was inserted into the main
body of the KC-DP construct, which sustained the structural
integrity at the time of reconstitution (Figures 1A–C).

During 2-week culture, the constructs grew and reformed
gross morphology to a cudgel-like appearance with smoother
surface visually mimicking human HFs, especially the
suprabulbar (stem) and bulb portion (Figures 1B–D).
Histological analysis of KC-DP constructs is technically
challenging because of their smallness and fragility and
illustrations were provided for each panel (Figure 1D). In
2-day cultured constructs, DP aggregates remained unfused,
distributing around the end of the structures. A week later, the
fundamental morphology was unchanged; however, the diameter
of cylindrical body increased. Interestingly, DP aggregates
seemed to relocate themselves to more densely distribute at the
end portion. After 2 weeks, the end portion of the reconstructed
structure usually enlarged resembling the bulb portion of
the HF (Figures 1C,D). The orange-tinted end reflects dense
accumulation of dye-stained DP aggregates, suggesting cell-
autonomous self-reorganization (Figure 1D). The main body of
KC-DP constructs consisted of major components subdivided
by nylon fibers, individually consisting of three histologically
distinct KC layers with differential eosin staining intensities
(Figure 1D). This architecture resembled the arrangement of the
outer and inner root sheath (ORS and IRS), and the hair shaft
within HF (Figure 1D and Supplementary Figure 2). Human
fibroblasts could be aggregated to form spheroid structure
resembling DP aggregates (Supplementary Figure 3A); however,
constructs generated with KC and fibroblast aggregates failed to
form KC layers analogous to those observed in KC-DP constructs
(Supplementary Figure 3B).

When KC-DP constructs cultured for 4 weeks were compared
to those cultured for 2 weeks, morphologically analogous
structures were formed; however, dyskeratotic cell-like changes
with homogenous eosinophilic cytoplasm were observed in the
constructs cultured for 4 weeks (Supplementary Figure 4).

These findings suggested that KC-DP constructs reorganized
intratissue architecture to mimic representative HF structural
features, especially those of the suprabulbar to bulb portion,
during 2-week culture, possibly via trichogenic EMI between KC
and DP components.
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KC-DP Constructs Sketchily Reproduced
Compartmental HF Characteristics in
Immunohistochemistry
The HF is biochemically characterized by its distinct keratin
and mesenchymal marker expression profiles. In normal human
HFs, keratin (KRT) 13 is expressed in IRS, while KRT14 is
detected in ORS. KRT17 is expressed in the inner aspect of
ORS and KRT19 is diffusely detectable in ORS from the bulge
to bulb. Immunoreactivity of KRT40, a representative hair hard
keratin, is specifically observed in the hair shaft. VIM is a global
mesenchymal marker expressed in the dermal portion of the
HF. Expression levels of VCAN and SMA have been reported to
correlate with DP and DS cell properties, including hair inductive
property (Jahoda et al., 1991; Kishimoto et al., 1999; Kishimoto
et al., 2000). These markers are preferentially expressed in the
proximal portion of the dermal sheath and partially in the DP
(Ohyama et al., 2010) (Supplementary Figure 5).

Time course immunohistochemical analyses suggested that
KC-DP constructs gradually recapitulated microanatomical
keratin and mesenchymal marker expression patterns of normal
human HFs during 2-week culture (Figure 2A). In 2-day
constructs, KRT13 demonstrated a weak and diffuse expression
pattern in the KC compartment. However, KRT13 expression
was confined to the inner layer of 1-week constructs, which
became more intense and broader in 2-week constructs. At
the beginning of the culture, KRT14 diffusely expressed in KC
compartment in 2-day constructs, which localized to the layer
next to that expressing KRT13, analogous to the HF. KRT17 was
rather non-specifically expressed from the beginning of the assay,
while KRT19 expression increased in the KRT14 expressed area
similarly to normal HFs (Fukuyama et al., 2017). Interestingly,
KRT40 expression, which is specific to the hair shaft and
highlighted by AE13-positive immunoreactivity (Supplementary
Figure 5), was initially negative but started to become detectable
in KC strands located adjacent to the KRT13 expression area
extending from the interface between DP aggregates after 1-week
culture, which was maintained at 2 weeks.

VIM and VCAN were consistently detected in DP aggregates,
providing a useful marker to distinguish dermal cells from KCs
and implying that DP properties were maintained to some extent
in the constructs (Figure 2A). The expression level of SMA,
which rather represents a dermal sheath marker than that of DP
(Supplementary Figure 5), gradually decreased in DP aggregates
during the assay (Figure 2A).

These findings suggested that KC-DP constructs sketchily
reproduced biochemical characteristics of individual
HF compartments in a time-dependent manner during
the 2-week assay.

Reconstituted HF-Like Structures
Upregulated HF-Related Epithelial Genes
While Downregulating WNT Signaling
Genes
When compared to cultured human KCs, KC-DP constructs
tendentiously upregulated KRT33A (hair shaft cortex keratin),

KRT82 (hair shaft cuticle keratin), and KRT25 (IRS keratin)
(Langbein et al., 2006; Schweizer et al., 2007), respectively, by 5.9-
fold (p = 0.095), 15.1-fold (p = 0.095), and 14-fold (p = 0.095)
on average. In contrast, representative HF-related WNT signaling
genes WNT5A (DP marker) and LEF1 (DP > HF-epithelial
marker) were downregulated in KC-DP constructs compared
to DPCs by 1.9-fold (p = 0.095) and 25-fold (p < 0.01),
respectively (Figure 2B).

These observations suggested that folliculogenic EMIs
between KC and DP components were elicited in the constructs
and that the magnitude of EMI was insufficient because of the
loss of DP properties in vitro.

Activation of WNT, SHH, and EDA
Signaling Improved HF-Related Marker
Expression in KC-DP Constructs
WNT signaling pathway has been reported to play key roles
in HF morphogenesis and regeneration (Millar, 2002; Sennett
and Rendl, 2012). Addition of WNT signaling agonists has been
shown to sustain or ameliorate impaired intrinsic properties of
human cultured DP cells (Ohyama et al., 2012; Soma et al.,
2012). When exposed to a WNT agonist, CHIR99021 (Ring
et al., 2003), KC-DP constructs did not markedly change their
morphology. VIM, VCAN, and SMA immunoreactivity were
maintained; however, gene expression analysis detected that HF-
related genes, KRT33A, KRT82, KRT25, WNT5A, and LEF1,
tended to be upregulated by the WNT agonist (Figures 3A,B).

Sonic hedgehog (SHH) and EDA signaling pathways are also
crucial in folliculogenic EMIs (St-Jacques et al., 1998; Zhang et al.,
2009; Mikkola, 2011). A recent study suggested that WNT, SHH,
and EDA signaling agonists synergistically enhanced HF-related
gene expression in cultured three-dimensional skin equivalent
(Fukuyama et al., 2020). Based on this observation, the mixture
of WNT, SHH, and EDA agonists was supplemented to the
culture medium during the assay. Despite the fact that KRT40
immunoreactivity seemed to be mildly intensified, an increase
in immunoreactivity of VIM, VCAM, and SMA was not evident
in the mixture-treated KC-DP constructs. In contrast, further
enhancement of HF-related keratin and WNT gene expression
levels was noted when compared to those in untreated and WNT
agonist-treated KC-DP constructs (Figures 3A,B).

Despite the fact that the extent of amelioration was moderate
by the aforementioned combination, these findings favored the
combined use of folliculogenic signaling activators for the quality
improvement of KC-DP constructs.

iDPSC Aggregates Partially
Recapitulated DP Properties in vitro
A past study reported that hiPSC-derived DP substituting cells
(iDPSCs) share some biological characteristics of human intact
DP cells, including hair inductive capacity, as demonstrated by
in vivo HF reconstruction assay (Veraitch et al., 2017). Use
of iDPSC aggregates for the replacement of DP aggregates in
KC-DP constructs would be a reasonable approach to assess
iDPSC properties ex vivo. Accordingly, three lines of hiPSCs
were, respectively, induced into mesenchymal cells (iMCs) and
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FIGURE 2 | Immunohistochemical and gene expression analysis of HF marker expression in KC-DP construct. (A) Time course immunohistochemical analyses
revealed that the constructs regenerated with keratinocytes and dermal papilla cells (KC-DP) gradually recapitulated hair follicle (HF) marker expression patterns
resembling those in human HF (see Supplementary Figure S6) during 2-week culture. KRT13 is expressed in the inner portion, while KRT14 is detected in the
outer portion. KRT17 is diffusedly expressed in the main body, while KRT19 gradually became detectable in the inner and outermost portion. Linear immunoreactivity
of KRT40 extended from DP. VIM, VCAN, and SMA were detected in DP. *: DP aggregates. (B) The expression levels of HF-related genes in KC-DP constructs
(Mean ± SEM; n = 5, triplicate for each experimentation; **p < 0.01, Wilcoxon signed-rank test). DP, dermal papilla; DPC, dermal papilla cells; KC, keratinocyte;
KRT, keratin; VIM, vimentin; VCAN, versican; SMA, smooth muscle actin. Scale bar: 200 µm.

further differentiated into iDPSCs and subsequently aggregated
based on the previously established protocol (Ohyama et al.,
2012) (Figure 4A).

Spheroid formation adopting low cell-binding plate yielded
DP and iDPSC aggregates with respective efficiency. Non-
induced hiPSCs failed to form spheroids, suggesting that
deviation into mesenchymal lineage is required in this
methodology (Supplementary Figure 6). DP and WD39-
hiPSC-derived iDPSCs successfully formed spheroid structures
with a smooth surface (Figure 4A). Unexpectedly, 201B7-
hiPSC- or RPC-hiPS771-2-derived iDPSC gave rise to cells
that formed less compactly or irregularly aggregated structures
(Supplementary Figure 7). Thus, WD39-hiPSC-derived iDPSC
aggregates, hereafter termed as iDPs, were predominantly used
for downstream experimentations.

A previous study reported the upregulation of selected DP
markers during iDPSC induction from iMCs using the same
protocol, but hiPSCs were maintained on feeders (Veraitch et al.,
2017). In the present study adopting feeder-free hiPSCs, DP
biomarkers, NOG, SPRY4, and LRP4, tended to be upregulated
in iDPSCs compared to iMCs. Other DP or WNT signaling
markers, ALPL, WNT5A, and LEF1 (Ohyama et al., 2012), were
downregulated in iDPSCs when compared to iMCs (Figure 4B).
The expression levels of ALPL, SPRY4, and WNT5A were
moderately restored by aggregating iDPSCs.

iDPs aggregates were able to locate at the bottom of
HF-like structures during 2-week culture similarly to DP
aggregates in KC-DP constructs. iDPs were less intensely
stained with CellBriteTM dye than DP aggregates and
distinguishable (Figure 4C).

KC-iDP Constructs Reproduced
Architectural/Biochemical
Characteristics and Gene Expression
Profile of KC-DP Constructs
When combined with cylindrically condensed KCs, iDPs formed
structures morphologically analogous to KC-DP constructs
(Figure 5A). Histologically, KC-iDP constructs reproduced
architectural characteristics of KC-DP constructs, partially
mimicking HF structures (Figures 5B,C).

Immunohistochemical examination demonstrated that KC-
iDP constructs expressed HF-related markers in the same
manner as KC-DP constructs (Figure 5D). Of note, intense
immunoreactivity of hair shaft keratin, KRT40, as detected by
AE13 monoclonal antibody, was observed in some KC-iDP
constructs (Figure 5D). Expression levels of DP markers, VIM,
VCAN, and SMA, in iDP aggregates were also comparable to
those in KC-DP constructs (Figures 2C, 5E).
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FIGURE 3 | Activation of WNT, SHH, and EDA signaling improved HF-related marker expression in KC-DP constructs. (A) Addition of the activators of signaling
pathways involved in HF morphogenesis did not evidently ameliorate immunohistochemically detected HF marker expression in KC-DP constructs. *DP aggregates.
(B) HF-related gene expression levels analyzed by qRT-PCR in KC-DP constructs tended to be increased by a WNT agonist (WNT) treatment, which tended to be
further enhanced by the treatment by the mixture of agonists (WNT + SHH + EDA) (Mean ± SEM; n = 3, triplicate for each experimentation; Wilcoxon signed-rank
test). KC, keratinocyte; DP, dermal papilla, Scale bar: 200 µm.

Intriguingly, hair shaft and IRS keratin genes, KRT25,
KRT33A, and KRT82, were more intensely expressed in KC-
iDP constructs than in KC-DP constructs (Figure 6A). WNT5A
was almost equally expressed between KC-iDP and KC-DP
constructs, while LEF1 was upregulated by 8.7-fold in KC-iDP
constructs (Figure 6A).

These findings suggested that iDPs improved their
insufficiency in DP properties potentially via intercompartmental
interaction with KCs within the constructs.

KC-iDP Constructs Responded to WNT,
SHH, and EDA Agonists to Upregulate
HF-Related Markers
To evaluate functional resemblances between KC-DP and
KC-iDP constructs, a WNT activator alone or the mixture
of WNT, SHH, and EDA activators were added to the
culture of KC-iDP constructs. The resultant structures were
morphologically comparable to non-treated KC-DP and
KC-iDP constructs with analogous HF marker expression
patterns (Supplementary Figure 8). A readily distinguishable
HF-like bulb structure was reproduced in a representative

WNT + SHH + EDA agonist mixture-treated KC-iDP construct
(Supplementary Figure 8).

Intriguingly, KC-iDP constructs tended to express higher
levels of HF keratin genes, KRT33A, KRT82, and KRT25, than
those in KC-DP constructs. When treated by a WNT agonist, KC-
iDP constructs significantly upregulated these HF keratin genes,
which were further enhanced by the activation of WNT, SHH,
and EDA signaling pathways (p < 0.05; Figure 6A). WNT5A was
upregulated by the addition of WNT activator alone or by the
combination of triple factors in KC-iDP constructs to the level
in KC-DP constructs. LEF1 expression was the most intense in
WNT-treated KC-iDP constructs among all constructs examined,
which was greater in triple factor-treated KC-iDP constructs
than in non-treated KC-DP or KC-iDP constructs (p < 0.05;
Figure 6A).

Further HF marker expression assessment in KC and DP/iDP
compartment in the constructs was conducted by immune
or enzyme histochemistry (Figure 6B). Immunoreactivity of
KRT75, a marker of HF companion layer, was detected in
the inner KC compartment of KC-DP constructs, which was
more intense in KC-iDP constructs (Figure 6C). GATA3, a
representative IRS marker (Chikh et al., 2007), was positively
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FIGURE 4 | Generation of hiPSC-derived dermal papilla substituting cell aggregates. (A) Aggregation of dermal papilla cells (DPCs) and the stepwise induction of
human-induced pluripotent stem cell (hiPSC)-derived DP substituting cells (iDPSCs) from hiPSC-derived mesenchymal cells (iMCs) and the generation of iDPSC
aggregates (iDPs). Scale bar: 100 µm. (B) Change in DP marker gene expression analyzed by qRT-PCR during iDP aggregate preparation from iMCs. (Mean ± SEM;
n = 3, triplicate for each experimentation; Wilcoxon signed-rank test). (C) Immunofluorescent images of KC-DP (upper panels) and KC-iDP constructs (lower panels).
Low dyeability to cytoplasmic membrane dyes distinguished iDPs from DPs. Scale bar: 200 µm.

stained in KC-DP and KC-iDP constructs (Figure 6C). DKK4,
which is expressed in the hair placode and the hair shaft and
partially in IRS of HF (Fliniaux et al., 2008), was observed in
inner KC layers in KC-DP and KC-iDP constructs (Figure 6B).
Furthermore, SOX2, LEF1, and ALP, which were expressed in
the bulb, especially in DPs (Supplementary Figure 5), were more

strongly stained in iDPs of KC-iDP constructs compared to those
in KC-DP constructs (Figure 6C).

These findings suggested that iDPs would be functionally
sufficient to replace DPs in KC-DP constructs, at least, to
reproduce HF characteristics examined in the aforementioned
three-dimensional culture protocol.
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FIGURE 5 | KC-iDP constructs reproduced architectural/biochemical characteristics and gene expression profile of KC-DP constructs. (A) Morphology of KC-iDP
constructs. Scale bar: 200 µm. (B) The schema illustrating the intratissue structure of KC-iDP constructs. (C) Histological characteristics of KC-iDP constructs
resembling those of KC-DP constructs (see Figure 2). *: iDP aggregates. Scale bar: 200 µm. (D) Immunohistochemical analysis revealed that HF keratin distribution
was almost indistinguishable between KC-DP and KC-iDP constructs (see Figure 2). KRT40-positive cells rearranged in the center of the main body mimicking the
hair shaft without being splitted by a nylon fiber (the rightmost panel). *: iDP aggregates. Scale bar: 200 µm. (E) Immunoreactivities for mesenchymal markers in
KC-iDP constructs. *: iDP aggregates. Scale bar: 200 µm; DP, dermal papilla; KC, keratinocyte; KRT, keratin; HF, hair follicle; iDP, human induced pluripotent
cell-derived dermal papilla substituting cell aggregate; IRS, inner root sheath; ORS, outer root sheath; SMA, smooth muscle actin; VCAN, versican; VIM, vimentin.

DISCUSSION

The HF is a mini-organ consisting of multiple dynamically
interacting epithelial and dermal components. Their anatomical
relationships were crucial to elicit optimal EMIs to maintain
the HF homeostasis represented by the hair cycle (Toyoshima
et al., 2012; Abaci et al., 2018). Accordingly, microanatomical
reproduction of HF architecture is pivotal to bioengineer
structures fully reproducing HF architecture, let alone
major functions (Abaci et al., 2018). Folliculogenic EMIs
can partially be induced in vitro by the spheroid culture of
HF-related epithelial and dermal cell mixtures (e.g., KCs
and DP cells), which would not allow full recapitulation
of three-dimensional (intercompartmental and directional)
features of EMIs (Havlickova et al., 2009; Yen et al., 2010).
Recent approaches took advantage of artificially assembling
epithelial and mesenchymal components prior to in vitro or
in vivo incubation via cell compartmentalization or molding
to direct EMIs in a similar manner as in the HF (Toyoshima
et al., 2012; Abaci et al., 2018). Adopting this strategy with
substantial simplification, the methodology in the current
study was invented.

Past studies demonstrated that cell aggregation ameliorated
biological properties of cultured DP cells (Osada et al., 2007;
Higgins et al., 2010; Kang et al., 2012; Ohyama et al., 2012;
Higgins et al., 2013). The hair shaft has been reported to correlate
with that of DP (Chi et al., 2013), suggesting that the magnitude
of folliculogenic EMIs can be influenced by the size of regenerated

DP cell aggregates. We initially attempted to generate larger
DP cell aggregates; however, at least with our hands and the
microenvironment of the assay developed, the central portion of
DP aggregates with the size of human DPs tended to necrotize.
Therefore, multiple smaller DP aggregates were generated and
embedded as clusters in Matrigel. The DP aggregates did not
completely fuse with each other but gradually gather together
to form the assemblages during the 2-week culture. As the
shape of the assemblages was hardly uniform among regenerated
KC-DP constructs with the current approach, the magnitude
of EMIs elicited in the KC-DP interface would be variable,
which, together with the difference in biological properties of
DP cells used for each experimentation, might account for the
variance in HF-related keratin gene expression levels among
KC-DP constructs. As HF markers, WNT5A and LEF1, were
downregulated in KC-DP constructs than in control DP cells,
the improvement in DP cell preparation is indispensable. Use of
the dermal papilla activation culture condition (DPAC) (Ohyama
et al., 2012) combined with an alternative aggregation protocol,
e.g., the hanging drop culture (Higgins et al., 2013), may facilitate
the preparation of more potent and larger DP cell spheroids
replacing DP aggregates adopted in this study.

Using the protocol published by Toyoshima et al. as a
reference, a nylon fiber was inserted into the center of
KC-DP constructs. Originally, the investigators adopted this
methodology for “in vivo transplantation of the bioengineered
hair germ to prevent epithelial cyst formation and allow the
bioengineered HF epithelium connected to that of the host
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FIGURE 6 | KC-iDP constructs responded to WNT, SHH, and EDA agonists to upregulate HF-related markers. (A) A WNT agonist increased HF keratin gene and
LEF1 expression in KC-iDP constructs, which was further enhanced by the simultaneous activation of WNT, SHH, and EDA signaling pathways (Mean ± SEM; n = 5,
triplicate for each experimentation; *p < 0.05, Wilcoxon signed-rank test). (B) The schema illustrating the intratissue distribution of examined hair follicle markers
within KC-iDP constructs. (C) Immunoreactivities for hair follicle epithelial (KRT75, GATA3, and DKK4) and mesenchymal (LEF1, SOX2, and ALP) markers in
non-treated, WNT agonist-treated, and triple agonist-treated KC-iDP constructs in comparison to those in KC-DP constructs. KRT75, SOX2, and LEF1
immunoreactivities were more intense in KC-iDP constructs, when compared to those in KC-DP constructs. Scale bar: 200 µm. ALP, alkaline phosphatase; DKK4,
dickkopf 4; DP, dermal papilla; GATA3, GATA binding protein 3; iDP, keratinocyte-human induced pluripotent cell-derived dermal papilla substituting cell aggregate;
KC, keratinocyte; KRT, keratin; LEF1, lymphoid enhancer binding factor 1; SOX2, sex determining region Y-box 2.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 August 2021 | Volume 9 | Article 590333240

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-590333 July 28, 2021 Time: 14:1 # 12

Fukuyama et al. In vitro Hair Follicle Reconstitution

animals leaving the hair canal for the emerging hair shaft”
(Toyoshima et al., 2012). In the current study, the fiber is rather
used to regulate the directionality of EMIs and maintain HF-like
morphology by avoiding cell-autonomous migration/aggregation
with resultant deformity of the in vitro regenerated constructs.
In the assay developed, nylon fiber insertion is unfavorable as
it vertically divides the KC-DP interface, leading to the split
in EMIs. KC-DP constructs generated without a nylon fiber
failed to sustain structural integrity, suggesting the necessity of
some device to preserve morphological characteristics in the
in vitro assay.

During the 2-week culture, KCs intercompartmentally
differentiated or rearranged themselves to form multiple layers
with a distinct histological characteristic and keratin expression
pattern. As the constructs made of KCs and fibroblast aggregates
failed to form stratified KC layers, EMIs between DP aggregates
and adjacent KCs are speculated to have contributed to the
formation of such layered structures. Cylindrical injection of
KCs alone with the 2-week culture yielded KRT13 or KRT14
expressing outermost bilayers analogous to that observed in
KC-DP constructs with central necrosis in the KC compartment
(data not shown), suggesting that the microenvironment by
itself, putatively via extracellular matrix contact or nutrition, pH,
and hypoxia gradient, could also play roles in the recapitulation
of HF-like keratin distribution in KC-DP constructs. Based on
the change in KRT19 and KRT40 in KCs and VCAN and SMA
expression in the dermal component, 2 weeks would be an
optimal time for harvesting the culture product. At least with
the current culture condition, further follicular differentiation
by extending cultivation period cannot be expected. Histological
examination of 4-week cultured KC-DP constructs detected
robust intracompartmental necrosis. Incorporation of fibroblasts
or vascular endothelial cells in Matrigel (Abaci et al., 2018) may
extend the life span of the constructs. At the same time, such
modifications complicate the protocol and can moderate the
handiness of the assay.

Upregulation of HF-related keratins and mesenchymal
markers by the addition of a WNT agonist or the mixture
of WNT, SHH, and EDA agonists to the KC-DP construct
culture implied an alternative approach to improve the assay
by modulating the intensity of signaling pathways involved in
HF morphogenesis. The concentrations for individual activators
have been optimized for three-dimensional skin equivalent
culture (Fukuyama et al., 2020), not for the current HF
reconstitution assay. Other signaling pathways, represented by
BMP and FGF signaling, plays pivotal roles in HF formation
and regeneration (Rendl et al., 2008; Biggs et al., 2018) and
therefore the addition of agonists of such signaling pathways
to the activator mixture potentially enhance ameliorative effects
on KC-DP constructs. The change in the content of culture
supplements/additives minimally affects the complexity of the
assay, and therefore, further optimization of the agonist mixture
composition represents an important next step.

Unexpectedly, generation of iDPs morphologically analogous
to DPs was only possible with WD39-derived iDPSCs. Less
aggregative behavior observed in other hiPSC lines, together with
the observation that non-induced hiPSCs failed to form spheroid

in the adopted condition, suggested incomplete induction of DP
properties in hiPSC lines other than WD39. Our past observation
supports that the WD39 line is intrinsically mesenchymal-
prone (Veraitch et al., 2013). This might have resulted in
differential expression of cell adhesion molecules or extracellular
matrices and enabled WD39 to form usable iDPs. Recent
studies suggested roles of Hox genes and extracellular matrix
in the determination of dermal cell phenotype, including that
of DP cells (Driskell et al., 2013; Jiang et al., 2018; Yu
et al., 2018). Thus, as a next step, it would be important to
examine whether the expression of such potential determinants
is different between WD39- and other hiPSC-derived iDPSCs
to explain this observation, which emphasizes the importance
of assessing the biological properties of hiPSC lines prior
to downstream applications. WD39-derived iDPs moderately
expressed DP markers. Low dyeability to cytoplasmic membrane
dyes also distinguished iDPs from DPs. Such findings had
implied functional inferiority of iDPs compared to DPs.
Unexpectedly, HF-related keratin and WNT signaling gene
expression levels were comparable to or more intense in KC-
iDP constructs than those in KC-DP constructs. Moreover,
markedly positive immunoreactivity of KRT40 could occasionally
be observed in the KC-iDP construct. These observations
suggested that iDPs intensified their DP properties to levels
analogous to those in DPs putatively via the interaction with KCs
in vitro.

The stepwise increase in HF-related keratin gene expression
by a WNT agonist or the mixture of WNT, SHH, and EDA
agonists was observed in the KC-iDP construct, which is
also in favor of the acquisition of DP properties by iDPs
in vitro. The magnitudes of upregulation by the addition of
SHH and EDA activators were lesser in KC-iDP constructs
compared to those generated with KCs and DPs. This might
be explained by an intrinsically intense WNT activation state
in KC-iDPs constructs as demonstrated by LEF1 upregulation.
Considering that the activation of WNT pathway alone and triple
pathways did not result in major morphological or biochemical
differences in KC-iDP constructs, additional modification to
the culture condition, presumably via supplementation of
extra signaling activators (e.g., SHH and BMP agonist),
is mandated for further quality improvement of the KC-
iDP construct.

We are aware of the limitations of the current study.
Preparation of histological sections, especially frozen sections,
was technically challenging because of the smallness and
fragility of regenerated structures, which sometimes hampers
accurate evaluation or comparisons. Manual reconstruction
would not allow precisely consistent assembly of the constructs,
potentially resulting in the variance in the size of the KC-
DP or KC-iDP interface area, which could have affected
the intensity of EMIs and result in differential expression
of HF-related markers among the samples. Because of
this inconsistency and the restriction in the amount of
collectable samples, global gene expression analysis can
hardly be conducted. The current protocol for DP induction
can be applicable to selected hiPSC lines. However, these
drawbacks also highlight the key elements indispensable
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for successful in vitro bioengineering of human miniorgans
adopting hiPSCs: preassessment of starting materials, importance
of induction and cultivation period, microenvironment,
intrastructurally directed EMls, and sufficient activation of
pivotal signaling pathways.

The methodology developed in this study can provide a
less complicated in vitro platform to assess the functionalities
of tested mesenchymal components to elicit folliculogenic
EMIs in an architecture sketchily resembling HFs, by which
the possibility of using hiPSC-derived cell subsets for HF
bioengineering was implied. With further modifications to
the current protocol and hiPSC usage, the necessity of
human tissue-derived trichogenic cell subsets, especially DPs,
for regenerative medicine and drug discovery for hair loss
disorders can be reduced.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by The Institutional Review Board of Kyorin
University (Protocol Nos. H27-022, H28-131, and H29-116). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

MO designed the experiments. MF, AT, MK, YY, and MO
performed the experiments and analyzed the data. HO supervised
the project and provided materials and technical support. MF,
HO, and MO drafted the manuscript. All authors contributed to
the completion of the manuscript.

FUNDING

This work was supported by the JSPS KAKENHI Grant Number
JP 16H05370 (to MO).

ACKNOWLEDGMENTS

We thank the donors for providing precious human scalp samples.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
590333/full#supplementary-material

Supplementary Figure 1 | Morphology of KC-DP constructs generated without
nylon fibers. Despite some constructs maintained club-like morphology, most
constructs lost their structural characteristics to form less organized cell
aggregates. Scale bar: 200 µm.

Supplementary Figure 2 | Histology of normal human hair follicle. The main body
consisted of multiple keratinocyte layers with the dermal papilla at its proximal
end. Scale bar: 200 µm.

Supplementary Figure 3 | The constructs consisted of KCs and aggregated
fibroblasts failed to form multiple KC layers. When human fibroblasts-aggregates
were combined with condensed columlar keratinocytes (KCs), multiple KC layers
were not clearly formed unlike those in KC-DP constructs. Scale bar: 200 µm.

Supplementary Figure 4 | Morphological and histological findings of KC-DP
constructs cultured for 4 weeks. The constructs were mainly consisted of necrotic
cells and was surrounded by denucleated keratotic cells (arrowhead). Scale
bar: 200 µm.

Supplementary Figure 5 | Keratins and dermal papilla-related marker expression
pattern in human hair follicles. Keratin (KRT)13 is expressed in IRS, while KRT14 is
detected in ORS. KRT17 is expressed in the inner aspect of ORS, while KRT19 is
diffusely detectable in ORS from the bulge to the bulb. Immunoreactivity of
KRT40, is specifically observed in the hair shaft. KRT75 is expressed in the
companion layer. GATA3 is detected in IRS. DKK4 is weakly expressed in the hair
shaft and in the root sheaths. VIM is a mesenchymal marker expressed in the
dermal portion of the HF. VCAN and SMA are expressed in DS and DP. LEF1,
SOX2, and ALP can be detected in DP. ALP, alkaline phosphatase; DKK4,
dickkopf 4; DP, dermal papilla; DS, dermal sheath; GATA3, GATA binding protein
3; IRS, inner root sheath; KRT, keratin; LEF1, lymphoid enhancer binding factor 1;
ORS, outer root sheath; SMA, smooth muscle actin; SOX2, sex determining
region Y-box 2; VCAN, versican; VIM, vimentin. Scale bar: 200 µm.

Supplementary Figure 6 | WD39 hiPSCs failed to form cell Keratin aggregates in
sphere formation. Unlike induced hiPSC-derived dermal papilla substituting cells,
non-induced WD39 hiPSCs were unable to form spheres in cell aggregation
protocol adopted. Scale bar: 100 µm.

Supplementary Figure 7 | Morphological comparison of WD39-, 201B7-hiPSC,
and RPC-hiPS771-2-derived dermal papilla substituting aggregates. Note that
201B7 hiPSC formed less condensed fragile spheres, while
RPC-hiPS771-2-hiPSCs hardly formed aggregates. hiPSC, human induced
pluripotent stem cells. Scale bar: 100 µm.

Supplementary Figure 8 | Morphological, histological, and immunohistochemical
analyses of KC-iDP constructs treated with a WNT agonist or the mixture of WNT,
SHH, and EDA agonists. Gross morphology, histological characteristics, and
immunohistological staining profiles of KC-iDP constructs were analogous to that
of non-treated KC-iDP constructs presented in Figure 5. The main body was
consisted of multiple KC layers showing respective positive immunoreactivity of
KRT13, 14, 17, 19, and 40. iDP compartment was positive for VIM, VCAN, and
SMA staining. KC, keratinocyte; KRT, keratin; iDP, human induced pluripotent
stem cell-derived dermal papilla substituting cell aggregates; SMA, smooth
muscle actin; VIM, vimentin; VCAN, versican Scale bar: 200 µm.

Supplementary Table 1 | Primer sequences for real-time PCR.
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Dermal papillae are a target of androgen action in patients with androgenic alopecia,
where androgen acts on the epidermis of hair follicles in a paracrine manner. To mimic
the complexity of the dermal papilla microenvironment, a better culture model of human
dermal papilla cells (DPCs) is needed. Therefore, we evaluated the inhibitory effect of
dihydrotestosterone (DHT)-treated two-dimensional (2D)- and 3D-cultured DPCs on hair
follicle growth. 2D- and 3D-cultured DPC proliferation was inhibited after co-culturing
with outer root sheath (ORS) cells under DHT treatment. Moreover, gene expression
levels of β-catenin and neural cell adhesion molecules were significantly decreased
and those of cleaved caspase-3 significantly increased in 2D- and 3D-cultured DPCs
with increasing DHT concentrations. ORS cell proliferation also significantly increased
after co-culturing in the control-3D model compared with the control-2D model.
Ki67 downregulation and cleaved caspase-3 upregulation in DHT-treated 2D and 3D
groups significantly inhibited ORS cell proliferation. Sequencing showed an increase
in the expression of genes related to extracellular matrix synthesis in the 3D model
group. Additionally, the top 10 hub genes were identified, and the expression of
nine chemokine-related genes in DHT-treated DPCs was found to be significantly
increased. We also identified the interactions between transcription factor (TF) genes
and microRNAs (miRNAs) with hub genes and the TF–miRNA coregulatory network.
Overall, the findings indicate that 3D-cultured DPCs are more representative of in vivo
conditions than 2D-cultured DPCs and contribute to our understanding of the molecular
mechanisms underlying androgen-induced alopecia.

Keywords: RNA-seq, 3D model, dermal papilla cells, dihydrotestosterone, androgenic alopecia, chemokines

INTRODUCTION

Hair follicle development and growth depends on reciprocal epithelial–mesenchymal interactions,
and the starting point of the initial signals is thought to originate from the mesenchymal dermis
(Dhouailly, 1973). The dermal papillae, a cluster of mesenchymal cells at the base of the hair follicle,
are considered to play an important role in the hair cycle by regulating the growth and activity of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 September 2021 | Volume 9 | Article 724310245

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2021.724310
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.724310
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.724310&domain=pdf&date_stamp=2021-09-17
https://www.frontiersin.org/articles/10.3389/fcell.2021.724310/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-724310 September 13, 2021 Time: 12:48 # 2

Zhang et al. Inhibitory Effect of DHT-Inducible DP Cells

various cells in hair follicles through the secretion of diffusible
proteins to the epidermis of hair follicles (Andl et al., 2002).

Androgen alopecia (AGA), also known as male hair loss,
affects 50% of men worldwide and is the most common form
of hair loss in men (McElwee and Shapiro, 2012). AGA is
characterized by the gradual miniaturization of hair follicles
and a premature transition from anagen to catagen induced by
androgens (Jahoda, 1998). The dermal papilla cells (DPCs) of
bald scalp contain more 5-α-reductase, leading to the conversion
of peripheral testosterone into a more active dihydrotestosterone
(DHT), which has an affinity that is five times as strong as
that of testosterone. DHT binds to androgen receptors (ARs)
in the nucleus, initiating a cascade of reactions and triggering
this effect (Dallob et al., 1994). Overall, DPCs are the targets
of androgen action in AGA hair follicles. Androgen drives
DPCs to act on themselves in a paracrine manner in hair
follicle epithelial cells, resulting in the miniaturization of hair
follicles and changes in the hair follicle cycle (Randall et al.,
2001). Thus, altering the expression of DPC-related genes
under DHT treatment may be a key factor in androgen-
potentiated balding.

To elucidate the regulatory effect of DHT-treated DPCs
on epidermal cells of hair follicles, a co-culture model was
established in 1995 in which outer root sheath (ORS) cells
were cultured in the upper compartment and DPCs in the
lower compartment of Transwell culture dishes (Itami et al.,
1995). Subsequently, several scientists have used this co-culture
model to explore the mechanism of AGA. Kwack et al. (2008)
found that DHT-mediated Dickkopf Wnt signaling pathway
inhibitor 1 (DKK1), secreted by DPCs, is involved in DHT-
driven balding. Kitagawa et al. (2009) observed that DHT
inhibited the proliferation of keratinocytes, which was induced
by Wnt3a through Wnt/β-catenin signaling. Leirós et al. (2017)
reported that DHT activates GSK-3β in DPCs, inhibiting the
differentiation of hair follicle stem cells by phosphorylating
β-catenin (Kitagawa et al., 2009); they also found that DHT
could downregulate the expression of Wnt5a and Wnt10b by
stimulating DPCs from patients with AGA. Inui et al. (2002)
examined the role of androgen-induced transforming growth
factor-β (TGF-β1) derived from DPCs in AGA, which is involved
in the growth inhibition of epithelial cells in a co-culture system.
Kwack et al. (2012) reported that DHT-inducible IL-6 inhibits
the proliferation of human follicular keratinocytes. The above
findings were obtained using the co-culture model of DPCs and
hair follicle epidermal cells.

In previous studies, the DPCs were cultured in two-
dimensional (2D) monolayers of co-culture systems; however,
DPCs in vivo are surrounded by an extracellular matrix (ECM),
clustered into a special 3D spherical and structured dermal
papilla. Therefore, the 2D model has some limitations because
it is unable to mimic the complexity of the hair follicle
microenvironment. Compared with 2D culture conditions,
a significant advantage of 3D culture is that it reduces
the differences between cell models in vitro and in vivo.
Additionally, 3D cultured cells are more representative of
the complexity of in vivo conditions (Thippabhotla et al.,
2019). With respect to DPCs in particular, previous studies

have reported that 3D-cultured DPCs possess a greater hair
follicle regenerating ability than 2D-cultured DPCs (Lin G.
et al., 2020), indicating considerable differences in 2D- and
3D-cultured DPCs. Hair inductivity sharply decreases when
DPCs are expanded in 2D culture because of the absence of
the 3D microenvironment (Ohyama et al., 2012; Abaci et al.,
2018). Several different approaches have been employed to
construct DP spheroids in an attempt to restore the inductive
characteristics of DPCs, such as hanging drop culture (Lin
et al., 2016), low adhesion biomaterial surfaces (Osada et al.,
2007), and hydrogel culture (Tan et al., 2019). In this study,
we used a low adhesion biomaterial surface approach to culture
DPCs in 3D and speculated that DHT-induced 2D- and 3D-
cultured DPCs may secrete different kinds of proteins, inhibiting
the proliferation of hair follicle epidermal cells by activating
different pathways.

RNA sequencing (RNA-seq) is a relatively new method for
analyzing eukaryotic transcripts, and it is cheaper and more
effective for identifying previously unknown gene signatures
compared with microarray and Sanger sequencing technology
(Nagalakshmi et al., 2008). In the present study, we used RNA-
seq to identify differentially expressed genes (DEGs) in 2D- and
3D-cultured DPCs under DHT treatment.

MATERIALS AND METHODS

In vitro Dermal Papilla Cells Cultured
in 2D
Human hair follicles were taken from the balding (frontal) area
of male patients undergoing hair transplantation surgery. Ethical
approval and informed consent were obtained preoperatively
from Nanfang Hospital of Southern Medical University. Dermal
papillae were isolated from the bulbs of hair follicles, plated
in a cell culture flask (Corning Inc., NY, United States) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
MA, United States) supplemented with 1% (v/v) penicillin–
streptomycin and 20% (v/v) fetal bovine serum (FBS; Gibco) at
37◦C and 5% CO2. Once the outgrowth reached 80% confluence,
human DPCs were harvested by incubating with 0.25% (w/v)
trypsin/EDTA (Gibco) and transferring to new culture dishes at a
split ratio of 1:2.

In vitro Outer Root Sheath Cells Cultured
in 2D
Outer root sheath cells were isolated from the same hair
specimens mentioned above. The hair follicle bulb was separated
using microscissors and treated with 0.1% dispase (Invitrogen,
CA, United States) for 45 min. The dermal sheaths were
separated and removed under a stereoscope, and the epidermis
was treated with 0.05% trypsin (Gibco) for 10 min. After
terminating digestion, the samples were filtered through a
70-µm strainer (Corning Inc.) and cultured with defined
keratinocyte-SFM (KSFM; Gibco) in flasks that were pre-
coated with 10 µg/mL human fibronectin (Sigma-Aldrich,
MO, United States).
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In vitro Dermal Papilla Cells Cultured in
3D
For 3D culture, DPCs were seeded in an ultra-low attachment
96-well plate (Corning Inc.) with DMEM, supplemented with 1%
(v/v) penicillin–streptomycin and 10% (v/v) FBS. Spheroids were
formed 1 day after seeding and were used in the further assays.

MTT Assay
Two-dimensional- and 3D-cultured DPCs (8 × 103 cells per
well) were seeded into 96-well plates and cultured for two days
with DHT at different concentrations. MTT (20 µL; 5 mg/mL)
was added to each well, and the cells were incubated for 4 h at
37◦C; subsequently 200 µL of dimethyl sulfoxide was added to
dissolve the formazan after removing the supernatant products.
Proliferation of DPCs was determined spectrophotometrically
at 570 nm using an ELISA reader (TECAN Infinite F50,
Männedorf, Switzerland).

Co-culture of Dermal Papilla Cells and
Outer Root Sheath Cells
Two-dimensional-cultured DPCs were harvested by incubation
with 0.25% (w/v) trypsin/EDTA from the cell culture flask and
plated at a density of 1× 104 cells/cm2 in the upper compartment
of Transwell culture dishes (Corning Inc.). Dermal papillae
spheres of the same quantity as the 2D-cultured cells were also
transferred to the upper compartment of another Transwell
culture dish. ORS cells (4 × 103 cells/well), which were cultured
in FBS-free DMEM on the day before co-culture, were added to
the lower compartment of each dish and co-cultured with 2D-
and 3D-cultured DPCs. After 1 day, the medium was changed
and 10 µM DHT was added to the co-culture system. The number
of ORS cells was counted after 3 days.

Western Blotting Analysis
Protein extracts were isolated from DPCs using a RIPA
protein lysis buffer containing a protease inhibitor cocktail
(Roche, Switzerland). Protein concentrations were determined
using a BCA protein assay kit (Pierce, IL, United States),
measuring the absorbance at 562 nm. Total protein (20 µg)
was subjected to SDS-PAGE, and the separated proteins were
transferred to a polyvinylidene fluoride membrane (Millipore,
MA, United States). The membrane was blocked in 5% bovine
serum albumin (BSA) for 1 h and probed with appropriate
primary antibodies overnight at 4◦C. Primary antibodies against
the following proteins were used: AR (1:2,000; ab133273, Abcam,
Cambridge, United Kingdom), neural cell adhesion molecule
(NCAM; 1:2,000, ab75813, Abcam), β-catenin (1:2,000; ab32572,
Abcam), Ki67 (1:2,000; ab16667, Abcam), cleaved caspase-3
(1:2,000; ab32042, Abcam), β-actin (1:5,000; ab8226, Abcam), and
alpha-tubulin (1:5,000; AC007, ABclonal, MA, United States).
After washing with Tris Buffered saline Tween, the blots were
incubated with the corresponding secondary antibody (1:1,000;
ab150077, Abcam) for 1 h at 20–25◦C and photographed using
an Odyssey infrared fluorescent scanning imager (Bio-Rad,
CA, United States).

Immunofluorescence
Dermal papilla cells were washed once with PBS and fixed
in 4% paraformaldehyde for 20 min at approximately 23◦C.
Then, the samples were rinsed with PBS three times, permeated
with 0.3% Triton X-100 (Solarbio, Beijing, China), and blocked
with 3% BSA (Solarbio). Subsequently, the samples were stained
with primary antibodies against AR (1:200; Abcam) at 4◦C
overnight. The next day, DPCs were incubated with Alexa Fluor-
568 conjugated anti-rabbit secondary antibody (1:200; Abcam)
and 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI; 1:200; Abcam) for 1 h at 20–25◦C. Finally, the
samples were imaged using a fluorescence microscope (IX71 FL;
Olympus, Tokyo, Japan).

RNA Extraction, Library Construction,
and Sequencing
For RNA-seq analysis, 2D- and 3D-cultured DPCs were treated
with or without DHT for 3 days. Samples were collected
from 2D and 3D treated and control groups, and total RNA
was extracted using a TRIzol kit (Invitrogen), according to
the manufacturer’s instructions. RNA quality was evaluated
using Agilent 2100 Bioanalyzer (Agilent Technologies, CA,
United States) and examined using RNase-free agarose gel
electrophoresis. After total RNA extraction, eukaryotic mRNAs
were enriched using oligomeric (dT) beads, and prokaryotic
mRNAs were enriched by removing rRNAs using the Ribo-
ZeroTM magnetic kit (Epicenter, WI, United States). The enriched
mRNAs were then fragmented into short sequences using
fragmentation buffer and reverse transcribed into cDNA using
random primers. Second strand cDNA was synthesized using
DNA polymerase I, RNase H, dNTP, and buffer. The QiaQuick
PCR extraction kit (Qiagen, Venlo, Holland) was used to purify
the cDNA fragments, repair base ends, and connect the Illumina
sequencing adapters. The sizes of the ligated products were
determined using agarose gel electrophoresis. The products were
amplified by using PCR and sequenced using the Illumina
NovaSeq 6000 by Gene Denovo Biotechnology Co. (Guangzhou,
China). Gene expression analysis of identified transcripts was
performed using the DESeq2 package in R software. Genes with
changes in expression of p < 0.05 and log2| FC| > 1 were
considered to be DEGs.

Correlation Analysis of Replicates
Correlation analysis of the three parallel experiments was
performed using R software1 to evaluate the reliability and
operational stability of the experimental results. The repeatability
was evaluated by calculating the correlation coefficient among
the three replicates: the closer the correlation coefficient to 1, the
stronger the repeatability among the three parallel experiments.

Principal Component Analysis
Principal component analysis (PCA) was performed using an
omicshare tool.2 We performed PCA to reveal the structure or
relationship of the samples.

1http://www.r-project.org/
2https://www.omicshare.com
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Identification of Differentially Expressed
Genes
RNA differential expression analysis of the four groups (DHT-
2D, control-2D, DHT-3D, and control-3D) was performed using
DESeq2 (Love et al., 2014) software. Genes/transcripts with
p-value [false discovery rate (FDR)] < 0.05, and logarithmic
fold change value (log2FC) > 1 were considered to be DEGs.
Overlapping genes between two comparison groups (DHT-2D vs.
control-2D and DHT-3D vs. control-3D) were presented using
Venn diagrams. DEGs were annotated using Gene Ontology
(GO) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Enrichment
Analysis
To further identify section “Advantages of Control-3D Over
Control-2D in Simulating Dermal Papilla Cells in vivo,” we used
KEGG3 to specify relevant molecular processes of control-2D
and control-3D. Subsequently, KEGG and GO were performed
using The Database for Annotation, Visualization, and Integrated
Discovery (DAVID; version 6.84) to analyze the associated cellular
pathways. Specifically, biological classification and molecular
function enrichment were assessed for the DEGs in the
control-2D vs. DHT-2D, and control-3D vs. DHT-3D, as well
as overlapping DEGs between the two comparison groups
(Huang et al., 2007).

Gene Set Enrichment Analysis
To determine statistically significant gene sets among the four
groups, the genes were analyzed using Gene Set Enrichment
Analysis (GSEA) software v3.0, available from the Broad
Institute.5 The dataset was input with the annotation file
“hallmark gene sets.” Enriched gene sets were identified based on
p < 0.05 and FDR q < 0.25.

Construction of a Protein–Protein
Interaction Network and Analysis of
Module
The Search Tool for the Retrieval of Interacting Genes (STRING6)
is an online database for analyzing protein–protein interaction
(PPI) networks of genes (Szklarczyk et al., 2017), which
determines genes as nodes and interactions as lines in a
network. In the present study, the STRING database was used
to construct the PPI network of overlapping DEGs between
DHT-2D vs. control-2D and DHT-3D vs. control-3D. Networks
with a combined score >0.4 were defined as statistically
significant interactions. Cytoscape (v3.7.1) software was used
to visualize the network file and present core and hub gene
biological interactions. The plugin Molecular Complex Detection
(MCODE) (version 1.4.2) of Cytoscape is an application for

3https://www.kegg.jp/
4http://david.ncifcrf.gov
5http://software.broadinstitute.org/gsea/index.jsp
6http://string-db.org; version 10.5

clustering a given network based on topology to find densely
connected regions. The PPI networks were depicted using
Cytoscape, and the most significant module in the PPI networks
was identified using MCODE. The standard for selection was
as follows: MCODE scores >5, degree cut-off = 2, node score
cut-off= 0.2, max depth= 100, and node k-score= 2.

Hierarchical Clustering
Unsupervised hierarchical cluster analysis was performed on the
ECM–receptor related genes, reported AGA-related genes, and
overlapping DEGs in the two comparison groups (control-2D vs.
DHT-2D and control-3D vs. DHT-3D). Raw z-scores were first
calculated from counts of the four groups and then subjected to
agglomerative hierarchical clustering analysis based on Ward’s
method and Euclidean distance. Bioinformatics analysis was
performed, and heat maps were generated using an omicshare
program (see text footnote 2).

Hub Genes Selection and Analysis
Hub genes were obtained from an application plugin in
Cytoscape called CytoHubba. After constructing the network
of genes, the top 10 genes with degree ≥10 were identified
as hub genes. The Biological Networks Gene Oncology tool
(BiNGO) (version 3.0.3), another APP plugin in Cytoscape,
calculates overrepresented GO terms by GO_full analysis in
the network and displays them as a network of significant GO
terms. The term “GO_full analysis” is an option in the BiNGO
settings that includes biological processes, cellular components,
and molecular functions.

Quantitative Real-Time Reverse
Transcription Polymerase Chain
Reaction
Total RNA was extracted using a TRIzol reagent (Invitrogen)
to evaluate expression levels of the 10 hub genes. cDNA was
reverse transcribed from 2 mg of RNA using the SYBR Prime-
Script RT-PCR Kit (TaKaRa Bio, Japan). Quantitative real-time
reverse transcription polymerase chain reaction (qRT-PCR) was
performed using the ABI Prism 7900HT Sequence Detection
System (Life Technologies, CA, United States), according to the
manufacturer’s protocol. Relative gene expression levels were
calculated using the 2−11Ct method.

Transcription Factor-Gene and
MicroRNA Interactions With Hub Genes
and Transcription Factor–MicroRNA
Coregulatory Network
The NetworkAnalyst7 platform was used to identify transcription
factor (TF)-gene and microRNA (miRNA) interactions with hub
genes and the TF–miRNA coregulatory network.

Statistical Analysis
Statistical analysis was conducted using one-way ANOVA and
two-tailed Student’s t-test in GraphPad Prism 8 (GraphPad

7https://www.networkanalyst.ca/
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Software Inc., CA, United States). Results are presented as the
mean ± standard deviation (SD), and statistical significance was
set at p ≤ 0.05. Heat maps were used to display the hierarchical
groupings of the gene expression profiles of the samples using R
package. Each experiment was repeated at least three times.

RESULTS

Selection of Dermal Papilla Cells With
Relatively High Expression of Androgen
Receptor for Co-Culture Model
The results of immunofluorescence staining of DPCs at passage
(P)2, P4, P6, and P8 showed that the AR protein was significantly
expressed in P2 and P4 compared with that in P6 and
P8 (Figure 1A). Similarly, western blotting analysis showed
that the AR protein of the DPCs decreased during passage
(Figures 1B,C), and the differences between the P2 group and
the other groups were statistically significant. Additionally, when
DPCs were treated with 10 µm DHT, immunofluorescence
staining revealed that the AR had been transferred from the
original cytoplasm to the nucleus (Figures 1D,E). We selected
P2 DPCs with relatively high AR expression for the co-
culture model.

Establishment of 2D and 3D Dermal
Papilla Cell Co-Culture Models With
Outer Root Sheath Cells for Androgen
Alopecia
The construction process of 2D and 3D co-culture models
is shown in Figure 2. DPCs are located within a complex
ECM environment that involves wide-ranging intermolecular
interactions. The 3D co-culture model thus offers a way to
simulate the in vivo morphology and normal physiological
function of these cells. DHT inhibited the proliferation of 2D-
cultured DPCs in a dose-dependent manner after 2 days of
treatment (p < 0.0001); however, only 10 µm DHT significantly
inhibited the proliferation of 3D-cultured DPCs (Figure 3A).
Additionally, there was a significant decrease in NCAM and
β-catenin expression and a significant increase in cleaved caspase-
3 expression in the 2D- (Figures 3D–G) and 3D-cultured
DPCs (Figures 3H–K) with increasing DHT concentration. The
number of ORS cells in the 3D co-culture model was nearly
1.5-times that of the 2D co-culture model. However, there was
a decrease in the quantity of ORS cells in both the 2D and
3D co-culture models with an increase in DHT concentration
(Figure 3B). DHT did not have an inhibitory effect on ORS cells
that were not co-cultured with DPCs, suggesting that the negative
effect of DHT on ORS cells (Figure 3C) was mediated indirectly

FIGURE 1 | Expression of androgen receptor in cultured DPCs and AR translocation from the cytoplasm to nucleus following DHT treatment.
(A) Immunofluorescence images of AR expression of DPCs in different passages. Scale bar = 200 µm. (B) Western blotting analysis of AR in different passages.
(C) Relative expression of AR protein in P2, P4, P6, and P8. Immunofluorescence images of AR expression (D) in the cytoplasm in the absence of DHT, and (E) in
the nucleus in the presence of DHT. Results are presented as mean ± SD. *p < 0.05; ***p < 0.001, compared with P2 group by one-way ANOVA and Student’s
t-test. AR, androgen receptor; DHT, dihydrotestosterone; DPC, dermal papilla cells.
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FIGURE 2 | Construction process for the 2D and 3D co-cultured models. The schematic shows the construction process of the 2D and 3D co-culture models
containing DPCs and ORS cells. The specific steps are mentioned in section “Materials and Methods.” DPCs and ORS cells were seeded, respectively, in the upper
and lower compartments of Transwell culture dishes, with or without of DHT (10 µM). DHT, dihydrotestosterone; DPC, dermal papilla cell; ORS, outer root sheath.

by DPCs. There was a significant decrease in Ki67 (Figures 3L–N)
and cleaved caspase-3 (Figures 3L,O,P) expression in ORS cells
with increasing DHT concentration.

Clear Separation of Transcriptional
Signatures of Inter-Groups and High
Reproducibility of Intra-Groups
High-throughput sequencing technology was used to investigate
the mRNA profiles of genes in the control-2D, DHT-2D, control-
3D, and DHT-3D groups. A total of 12 DPC samples were
collected from the models, with three samples from each group.
Furthermore, Pearson’s correlation analysis was performed to
examine the similarity and discrepancy between the four groups
using the normalized fragment counts as the distance between
genes. The results showed that samples in the same group
were highly similar, while samples from different groups were
distinct. The correlation coefficients of the four groups ranged
0.85–0.88 for control-2D and control-3D, 0.96–0.97 for control-
2D and DHT-2D, and 0.96–0.98 for control-3D and DHT-
3D samples (Figure 4A). PCA results showed that 88.4% of
gene expression variation (PC1: 70.1%, PC2: 18.3%) could be
explained by the first two PCs (Figure 4B). Two of the four
groups in the PCA projection showed a significant distance in
the PC space, indicating that the significant variations in gene
expression of the different treatment groups can be attributed to
the DHT treatment and cell morphological changes in 2D- and
3D-cultured DPCs. A short distance in the intra-group analysis
prompted minute variations and high biological replication
among the three samples within one group. To directly observe
gene abundance at any location in each sample, we used a violin
plot to display the degree of dispersion of gene expression (y-axis)
and data distribution of a vertical coordinate position (x-axis).
We found that the interquartile distance, median, and gene
expression distribution in the intra-group were nearly the same,

indicating that the parallel samples had high reproducibility
(Figure 4C). The correlation heatmap, PCA analysis, and violin
plot demonstrated a clear separation of transcriptional signatures
between the four groups and confirmed high-quality RNA-seq
data for further functional analysis.

Advantages of Control-3D Over
Control-2D in Simulating Dermal Papilla
Cells in vivo
To demonstrate that the 3D model is more representative of the
in vivo situation than the 2D model. The results of the analysis
showed that there were 1,652 upregulated genes and 1,343
downregulated genes in the control-2D vs. control-3D group
(Figure 5A). KEGG analysis of the DEGs indicates that the DEGs
were mainly enriched in ECM–receptor interaction, with the
gene number/total gene number (gene ratio) close to 0.5. Among
22 genes enriched in ECM–receptor interaction, unsupervised
hierarchical clustering showed that 20 were upregulated and
two were downregulated (Figure 5B), suggesting that the ECM
was more abundant in the control-3D group (Figure 5C).
Additionally, β-catenin expression was significantly higher in
the control-3D than that in the control-2D group (Figure 5D),
indicating the involvement of the canonical Wnt/β−catenin
pathway, owing to 3D aggregation of DPCs. The expression of
NCAM and β-catenin was confirmed by western blotting analysis
(Figures 5E–G). The upregulated expression of NCAM in the
3D-control showed that the 3D model could exhibit, to some
extent, the characteristics of hair follicle development in vivo.

Identification of Differentially Expressed
Genes in Two Comparison Groups and
Reliability of the Models
To further characterize DEGs in the control-2D vs. DHT-2D
and control-3D vs. DHT-3D groups, gene expression analysis
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FIGURE 3 | Effect of dihydrotestosterone on outer root sheath cells regulated by dermal papilla cells in 2D and 3D co-culture models. (A) Effect of different
concentrations of DHT on the proliferation of 2D- and 3D-cultured DPCs. (B) Relative ORS cell number in the four groups (control-2D, DHT-2D, control-3D, and
DHT-3D). (C) Quantity of ORS cells cultured alone in the absence or presence of DHT (10 µM). Western blotting analysis of NCAM, β–catenin, and cleaved
caspase-3 in the 2D- (D) and 3D-cultured (H) DPCs at 0 nM (control), 1 nM, 100 nM, and 10 µM DHT (D). Relative expression of NCAM, β–catenin (F), and cleaved
caspase-3 in 2D (E–G) and 3D (I–K) DPCs. (L) Western blotting analysis of Ki67 and cleaved caspase-3 in 2D- and 3D-co-cultured ORS cells at 0 nM (control),
1 nM, 100 nM, and 10 µM DHT. Relative expression of Ki67 and cleaved caspase-3 in 2D (M,N) and 3D (O,P) ORS cells. The results were obtained using three
replicates and presented as mean ± SD. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 compared with the respective controls by
one-way ANOVA and Student’s t-test. DHT, dihydrotestosterone; DPC, dermal papilla cell; NCAM, neural cell adhesion molecule; ORS, outer root sheath.

was conducted on the transcripts (19,727 identified genes)
from the two comparison groups (Figures 6A,C). A total of
3,331 DEGs were identified (1,891 in control-2D vs. DHT-2D

and 1,440 in control-3D vs. DHT-3D), among which 1,175
were upregulated and 776 were downregulated in control-
2D vs. DHT-2D samples, while 845 were upregulated and
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FIGURE 4 | Correlation analysis between samples. (A) Logarithm-transformed counts from RNA-seq dataset of control-2D, DHT-2D, control-3D, and DHT-3D used
for Pearson’s correlation analysis. R2 values from Pearson’s correlation analysis were plotted inside the grids of the heatmap. (B) PCA analysis. Percentages in PCA
axis indicate the proportional variance explained by each PC. Control-2D samples are labeled pink, DHT-2D samples are labeled green, control-3D samples are
labeled purple, and DHT-3D samples are labeled yellow, representative of conditions located in the upper right part of plot. (C) Violin plot visualizing data density at
any location of all genes in each sample, indicating gene abundance expression. White dots represent the median, the black rectangle represents the lower quartile
(Q1) range to the upper quartile (Q3), and black lines running through the violin chart represent the confidence interval. The outer shape of the black rectangle is the
kernel density estimation, the length of the longitudinal axis of the figure represents the degree of gene dispersion, and the length of the horizontal axis represents the
amount of gene expression distribution in a certain ordinate position. DHT, dihydrotestosterone; PCA, principal component analysis.

595 were downregulated in control-3D vs. DHT-3D samples
(Figure 6E). To verify that the model can accurately reflect
the effect of DPCs on ORS under androgen stimulation, an
unsupervised hierarchical clustering was conducted using six
genes (IGF-1, DKK1, IL-6, TGF-β1, PTGDS, and CXXC5)
(Figures 6B,D). A hierarchical heatmap indicated that IGF-
1 expression was downregulated in both the 2D and 3D
models by DHT, while the expression levels of DKK1, IL-6,

TGF-β1, PGD2, and CXXC5 were upregulated in both models
by DHT.

Gene Ontology functional annotation and KEGG pathway
analysis of the DEGs in the control-2D vs. DHT-2D and
control-3D vs. DHT-3D (1,891 and 1,440 genes) groups were
performed using the DAVID online tool. KEGG analysis revealed
that alterations in metabolism were significantly altered during
steroid biosynthesis in DEGs identified in the comparison
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FIGURE 5 | Identification and comparison of 2D and 3D co-culture models in the absence of dihydrotestosterone. (A) Quantity of DEGs in control-2D vs. control-3D
groups, displayed as a bar chart. Blue represents upregulation and green represents downregulation. (B) KEGG analysis of DEGs between control-2D and
control-3D. The size of the bubble represents gene number, color depth represents the p-value, and the rich ratio represents the gene number/total gene number on
the y-axis. (C) DEGs (22) in the control-2D and control-3D related to the ECM–receptor interaction are depicted as a heatmap. Red indicates upregulation and blue
indicates downregulation. (D) Expression of β–catenin and NCAM of control-2D and control-3D depicted as a heatmap. Red indicates upregulation and blue
indicates downregulation. (E) Western blotting analysis of expression of NCAM and β–catenin and the relative expression of NCAM (F) and β–catenin (G) in
control-2D and control-3D DPCs. DEGs, differentially expressed genes; DPC, dermal papilla cell; ECM, extracellular matrix; NCAM, neural cell adhesion molecule.
*p < 0.05; **p < 0.01.

groups. Meanwhile, in the 2D group, DEGs enriched in
environmental information processing were primarily activated
in the ECM–receptor interaction, Ras signaling pathway,
PI3K-Akt signaling pathway, Wnt signaling pathway, and cell
adhesion molecules (Figure 7A). The MAPK signaling pathway,
TNF signaling pathway, ECM–receptor interaction, cytokine–
cytokine receptor interaction, Rap1 signaling pathway, and
PI3K–Akt signaling pathway were enriched in the 3D group
(Figure 8A). Changes in the cellular processes of DEGs in
the two comparison groups were related to focal adhesion in
both groups. Additionally, DEGs in the 2D group were related
to cell cycle, p53 signaling pathway, and oocyte meiosis. The
KEGG network (Supplementary Figure 1) showed 10 nodes
and 14 edges (black lines) in 3D groups, and the possible
core pathways were the MAPK signaling pathway (six edges)
and PI3K–Akt signaling pathway (five edges). However, fewer
interactions between enriched pathways were established in the
2D network, with only four nodes and one edge. Based on the
node size, the pathways enriched in the 2D model contained
fewer genes than that in the 3D model. GO analysis revealed
that DEGs in the 2D group were mainly enriched in condensed
chromosomes, centromeric regions, ECMs, extracellular spaces
in cell components (CC) and ECM organization, mitotic nuclear
division, and extracellular structure organization in biological
processes (BP) (Figure 7B). In the 3D group, changes in CC of

DEGs were mainly enriched in the ECM, and changes in BP of
DEGs were significantly enriched in ECM organization, nuclear
division, extracellular structure organization, and organelle
fission (Figure 8B).

Gene Set Enrichment Analysis of the
Gene Expression Files in
Dihydrotestosterone-3D vs. Control-3D
and Dihydrotestosterone-2D vs.
Control-2D
As KEGG and GO analyses are mainly dependent on DEGs
and ignore genes that do not meet the threshold, we performed
GSEA to examine the functional analysis of all of the genes
identified in this study. Based on the results of GSEA, two
new significant gene sets were identified in the 2D and 3D
groups, which were not identified by KEGG and GO analyses.
Overall, G2M checkpoint and E2F targets and mTORC1 signaling
and inflammatory response were significantly enriched in the
2D and 3D groups, respectively. GSEA was employed to
identify the enriched gene sets between the control-3D and
DHT-3D, including two datasets. G2M checkpoints [normalized
enrichment score (NES)=−2.7017, p= 0, FDR= 0], E2F targets
(NES = −2.7155, p = 0, FDR = 0) (Figures 9A,C,D), mTORC1
signaling (NES = 2.0349, p = 0, FDR = 0), and inflammatory
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FIGURE 6 | Identification of differentially expressed genes in control-2D vs. dihydrotestosterone-2D and control-3D vs. dihydrotestosterone-3D, and the expression
of proven genes. Volcano plot used to determine the DEGs in control-2D vs. DHT-2D (A) and control-3D vs. DHT-3D (C) using the following criteria: p < 0.05 and
log2| FC| > 1. Heatmap depicting the expression of six genes in control-2D vs. DHT-2D (B) and control-3D vs. DHT-3D (D). Red indicates upregulation and blue
indicates downregulation. (E) Quantity of DEGs in control-2D vs. DHT-2D and control-3D vs. DHT-3D. Blue represents upregulation and green represents
downregulation. DEGs, differentially expressed genes; DHT, dihydrotestosterone.

responses (NES= 1.8069, p= 0, FDR= 0.0003) were enriched in
the 3D group (Figures 9B,E,F).

Identification of Overlapping
Differentially Expressed Genes Between
Dihydrotestosterone-3D vs. Control-3D
and Dihydrotestosterone-2D vs.
Control-2D
After DEGs in the two comparison groups (1,891 in DHT-2D
vs. control-2D and 1,440 in DHT-3D vs. control-3D) were
identified, a Venn diagram (Figure 10A) was constructed
to identify overlapping DEGs between the two comparison
groups. Overall, 501 DEGs were common to both groups.

Next, the DEGs were subjected to unsupervised hierarchical
clustering and illustrated using an expression heatmap
(Figure 10B).

Kyoto Encyclopedia of Genes and
Genomes and Gene Ontology
Enrichment Analysis of Overlapping
Genes
Kyoto Encyclopedia of Genes and Genomes pathway analysis
(Figure 10H) revealed that the overlapping DEGs were mainly
enriched in focal adhesion, transcriptional misregulation in
cancers, ECM–receptor interaction, and metabolic pathways. GO
analysis (Figure 10I) showed that the DEGs were significantly
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FIGURE 7 | Kyoto Encyclopedia of Genes and Genomes and GO analysis of differentially expressed genes in 2D cultured dermal papilla cells. (A) Blue and red
circles indicate metabolism and human diseases, respectively. The green circle indicates environmental information processing, whereas the brown circle represents
organismal systems. The purple and yellow circles indicate cellular processes and genetic information processing, respectively. The size of the bubble represents the
rich factor (gene number/total gene number), the y-axis represents –log10(Q-value), and the x-axis represents the normalized number of upregulated genes minus
downregulated genes. (B) GO analysis of DEGs in 2D. Yellow represents biological process, whereas green represents cellular components. From the exterior to
interior; the first lap indicates the top 20 GO terms and the coordinate ruler with the number of genes is presented outside the lap; the second lap indicates the total
number of genes in the GO term and –log10(Q-value), wherein the greater number of genes, the longer the strip, and the larger the –log10(Q-value), the darker the
color shade; the third lap represents the upregulation/downregulation gene ratio, wherein dark purple represents the upregulated gene proportion, light purple
represents the downregulated gene proportion, and the specific value is shown below; and the fourth lap represents the rich factor of each term (number of
genes/total number of genes), and each small cell of the background auxiliary line represents 0.1. The chart on the right shows the gene symbols corresponding to
the top 20 GO IDs. DEGs, differentially expressed genes.
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FIGURE 8 | Kyoto Encyclopedia of Genes and Genomes and GO analysis of differentially expressed genes in 3D cultured dermal papilla cells. (A) Blue and red
circles indicate metabolism and human diseases, respectively. The green circle indicates environmental information processing, whereas the brown circle represents
organismal systems. The purple and yellow circles indicate cellular processes and genetic information processing, respectively. The size of the bubble represents the
rich factor (gene number/total gene number), the y-axis represents –log10(Q-value), and the x-axis represents the normalized number of upregulated genes minus
downregulated genes. (B) GO analysis of DEGs in 3D. Yellow: biological process, green: cellular component. From exterior to interior: first layer indicates the top 20
GO terms with the coordinate ruler indicating the number of genes presented external to the circle. Second layer (red): total number of genes in the GO term and
–log10(Q-value), wherein a higher number of genes corresponds to a longer section, larger –log10(Q-value), and darker shade of red. Third layer:
upregulation/downregulation gene ratio bar chart, wherein dark purple represents the upregulated gene proportion, light purple represents the downregulated gene
proportion, and the specific value is shown below. Fourth layer: enrichment factor for each term (number of genes/total number of genes), with each small cell of the
background auxiliary line representing 0.1. The chart on the right shows the gene symbols corresponding to the top 20 GO IDs. DEGs, differentially expressed genes.
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FIGURE 9 | Gene Set Enrichment Analysis of all genes. The overall results of GSEA for 2D and 3D groups are depicted in (A,B), respectively. Each plot shows the
running ESs (y-axes) and the position of the members of each gene set in the ranked list of genes between control-3D and DHT-3D or control-2D and DHT-3D
(x-axes). Each vertical bar corresponds to one gene under the gene set, and the peak represents the ES of this gene set. GSEA results of four gene sets by
xGSEAdotplot function: E2F targets (C) and G2M checkpoint (D) in 2D, and mTORC1 signaling (E) and inflammatory response (F) in 3D. The title of the plot has two
rows, wherein the first row is the name of the dataset, and the second row represents the ES information. The peak (red vertical bar) divides the curve into two sides;
the right side is called the leading edge and the genes on the surface are called leading targets (candidate genes). The x-axis represents target ranks and the y-axis
represents ES. DHT, dihydrotestosterone; ES, enrichment score; GSEA, Gene Set Enrichment Analysis.

enriched in molecular function, including receptor binding and
growth factor receptor binding.

Construction of a Protein–Protein
Interaction Network and Module Analysis
A PPI network of the DEGs was constructed using Cytoscape,
and the most significant module, with 45 nodes and 540

edges, was obtained (Figure 10D) using the MCODE
application. Then, GO and KEGG analyses of the DEGs,
which included functional classification and enrichment
analyses, were performed using the DAVID online tool. The
results showed that the chemokine signaling pathway was
significantly enriched by nine DEGs, including CXCL8, CXCL5,
CX3CL1, CCL5, CCL28, CCL20, ADCY7, ADCY5, and ADCY4
(Figures 11A,B).
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FIGURE 10 | Identification of the most significant module and hub genes of overlapping genes. (A) Venn diagram illustrating the number of overlapping DEGs
between the two comparison groups (2D vs. 3D); 501 DEGs were common to both groups. (B) Unsupervised hierarchical clustering of the 501 overlapped genes,
computed by Euclidean distance clustering and illustrated using a heatmap with normalized raw z-scores. (C) PPI network of hub genes, with 10 nodes and 39
edges. The color depth of the nodes represents the degree level; the deeper the color, the higher the degree. (D) The most significant module was obtained from the
PPI network with 45 nodes and 540 edges. The more the genes were downregulated, the darker the blue; the more the genes were upregulated, the darker the red.
Top 10 genes in the network were ranked based on degree (E), betweenness (F), and closeness (G), and depicted using Polar histograms. Different colors represent
different genes, and the larger the area of the fan, the larger the data, and vice versa. (H) KEGG analysis of overlapping genes. The size of the bubble represents
gene number, the color depth represents the Q-value, and the rich ratio represents the gene number/total gene number on the y-axis. (I) GO analysis of overlapping
genes: the size of the bubble represents the gene number, the color depth represents the p-value, and the rich ratio indicates the gene number/total gene number
on the y-axis. DEGs, differentially expressed genes; PPI, protein–protein interactions.

Selection and Analysis of Hub Genes
The top 10 genes with degrees ≥10 were identified as hub genes.
The PPI network of the 10 hub genes (IL-6, EGF, CXCL-8,
MMP9, NOTCH1, IL-1β, BDNF, BMP4, KIT, and SPP1) along

with 10 nodes and 39 edges were identified using the Cytoscape
CytoHubba application (Figure 10C). Moreover, we applied two
algorithms (“betweenness” and “closeness”) to further verify the
importance of the 10 hub genes. The results showed that the node
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FIGURE 11 | Kyoto Encyclopedia of Genes and Genomes analysis of the maximum related module and 10 hub genes. KEGG analysis of genes from the most
significant module (A) and 10 hub genes (C). Each column represents a pathway, and the height of the column represents the number of genes that pathway
contains. Legends indicate –log10(p-value). The higher the value, the bluer the color, and the smaller the value, the redder the color. Rader plot of enriched genes in
the chemokine signaling pathway from the most significant module (B) and four hub genes of IL-17 signaling pathway (D) in control-3D vs. DHT-3D. The shadow
part is the line chart of the expression abundance [log10(RPKM)] of each gene in the two groups (dark green is control-3D and light green is DHT-3D). The values
outside the shadow are the expression abundance (RPKM) of each group. The outermost value represents log2(FC); the circle size represents the multiple of the
difference of a single gene between the two groups, the bigger the circle, the greater the value. The color indicates upregulated and downregulated genes: orange
indicates upregulation [log2(FC) > 0] and blue indicates downregulation [log2(FC) < 0], and the corresponding number is log2(FC). DHT, dihydrotestosterone; FC,
fold change; RPKM, reads per kilo base per million mapped reads.

scores were basically consistent, and nine genes were identified
by the three algorithms except SPP1, suggesting that the hub
genes were indeed important (Figures 10E–G). KEGG analysis
of these 10 hub genes revealed that four of them (MMP9, CXCL-
8, IL-1β, and IL-6) were enriched in the IL-17 signaling pathway
(Figures 11C,D). To analyze the function and interaction of these
genes, GO_FULL analysis was used to calculate overrepresented
GO terms in the network and displayed them as a network of

significant GO terms using the Cytoscape BiNGO application.
The biological process and molecular function analysis of the
hub genes is shown in Supplementary Figure 2. According
to BiNGO analysis, the top 10 GO terms the hub genes
were involved in were primarily related to cell chemotaxis
and regulation of chemokine biosynthetic, indicating that DHT
may induce DPCs to secrete related chemokines and produce
cell chemotaxis.
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Expression Profiles of the Hub Genes
and Quantitative Real-Time Reverse
Transcription Polymerase Chain
Reaction Verification
Control-2D, DHT-2D, control-3D, and DHT-3D fragments per
kilobase million values of the hub genes are depicted in
Figures 12A–J, revealing the changing trends of the hub genes
among the four groups. The expression of IL6 and CXCL8
increased with an increase in DHT concentration in both the
2D and 3D groups, while the expression levels of EGF, MMP9,
IL1B, KIT, SPP1, BMP4, and NOTCH1 exhibited the opposite
trend. The mRNA expression levels of the 10 hub genes were
examined using qRT-PCR, and this confirmed the results of
RNA-seq (Figures 12K,L).

Interactions of Transcription
Factor-Gene and MicroRNA With Hub
Genes
Transcription factor-gene interactions were collected using
NetworkAnalyst. The TF-genes and miRNA for the hub genes
were identified. The interaction of TF regulators and miRNAs
with hub genes was visualized in Figures 13A,B.

Transcription Factor–MicroRNA
Coregulatory Network
A TF–miRNA coregulatory network was generated using
NetworkAnalyst. The analysis of the TF–miRNA coregulatory
network delivered miRNAs and TFs interaction with the hub
genes. This interaction may explain the regulation of expression
of overlapping genes. The network created for the TF–miRNA
coregulatory network comprises of 226 nodes and 364 edges;
There were 148 miRNAs and 107 TF-genes that interacted with
the hub genes. Supplementary Figure 3 displays the TF–miRNA
coregulatory network.

DISCUSSION

Some studies have reported that the full dermal papilla
transcriptional signature can be partially restored by the growth
of papilla cells in 3D spheroid cultures (Higgins et al., 2013;
Lin G. et al., 2020). Thus, 3D DPC cultures represent useful
models of dermal papillae. In the present study, we compared the
effectiveness of 2D- and 3D-cultured DPCs in identifying new key
genes and pathways associated with AGA under DHT treatment
using high-throughput RNA-seq technology.

Androgen receptors are localized in the dermal papillae of
hair follicles, making the dermal papillae the target of androgen
action. Significantly more ARs exist in the DPCs of balding
scalp hair follicles than in those derived from non-balding
follicles (Hibberts et al., 1998). AR methylation, which results
in decreased AR expression, may prevent the miniaturization of
hair follicles and hair loss (Cobb et al., 2011). Therefore, DPCs
in culture models should be rich in ARs to further simulate
androgen-induced hair loss in vivo. Accordingly, we selected

DPCs with the highest AR expression (P2) for the 2D and 3D co-
culture experiment. The transport of ARs from the cytoplasm to
the nucleus also indicated activation of the androgen metabolic
pathway, which interacts with pathways related to hair follicle
growth, such as the Wnt/β-catenin pathway (Chesire and Isaacs,
2002; Kitagawa et al., 2009).

Herein, we used cell models for the co-culture experiment
instead of animal models and AGA hair follicles because human
hair DPCs were the focus of the study. Over the past 30 years,
DPCs have been clearly shown to play indispensable roles in the
induction and maintenance of epithelial cell growth (Reynolds
et al., 1991), as well as in the release of growth factors that
act in a paracrine manner on other follicle cells (Paus and
Cotsarelis, 1999). Another reason is that animal and human hair
follicles consist of several types of cells, such as dermal fibroblasts,
epidermal keratinocytes, hair matrix cells, inner root sheath cells,
and ORS cells (Shimomura and Christiano, 2010), which may
affect the cell of interest. Moreover, there are some limitations
associated with animal models, such as species differences and
poor ability to predict the actual human response. Additionally,
once the organs or tissues of interest are isolated, it becomes
impossible for them to be stimulated by androgen, making it
difficult to explore the paracrine effect of a single cell type (DPC)
on hair follicle epidermal cell growth under androgen treatment.
In previous studies, researchers tended to choose a group of
factors and a signal pathway, often leading to incomplete results.
Therefore, we used specific cell models to identify genes related
to AGA under DHT treatment.

In our models, DPCs from balding men were treated with
different concentrations of DHT and ORS cell proliferation was
used to represent hair follicle growth in vivo, with an increase in
ORS number indicating hair follicle growth. A concentration of
only 10 µM DHT significantly inhibited the proliferation of both
2D- and 3D-cultured DPCs. The ORS cell number in the control-
3D group was significantly higher than that in the control-2D
group; however, DHT treatment significantly decreased the ORS
cell number in both models. Moreover, DHT treatment did not
affect the proliferation of epidermal cells without DPCs. This
confirmed that 3D-cultured DPCs induce the proliferation of
epidermal cells and that the effect of DHT on the hair follicle
epidermis is mediated by DPCs indirectly, which is consistent
with the findings of previous in vivo studies (Pan et al., 1999;
Kwack et al., 2008). Additionally, the significant decrease and
increase in Ki67 and cleaved caspase-3 expression in ORS cells
in both models indicates a decrease in ORS cell proliferation,
which may be mediated by DPC-secreted proteins under DHT
treatment. Overall, the data indicate that our co-culture system
mimicked androgen-induced alopecia to some extent.

In this study, we pioneered the use of ultra-low attachment
96-well plates to convert scattered 2D structured DPCs into 3D
structured multicellular spheres with a diameter of 200 µm,
similar to the structure and size of dermal papillae of hair
follicles in vivo. Generally, 2D cells do not have the same
architecture as cells in vivo that are arranged in 3D structures
unattached to planar surfaces (Haykal et al., 2020), and cells in
monolayer culture proliferate at an unusually faster rate than
cells in vivo (Langhans, 2018). Indeed, we confirmed a higher
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FIGURE 12 | Expression of hub genes and qRT-PCR verification. (A–J) Expression of 10 hub genes in four groups. y-axis item is FPKM. Relative mRNA expression
levels of two upregulated and eight downregulated hub genes in the 2D (K) and 3D (L) groups. ns, not significant *p < 0.05; **p < 0.01; ***p < 0.001 when
compared with the respective controls by one-way ANOVA and Student’s t-test. FPKM, fragments per kilo base per million mapped reads.

proliferation rate of DPCs in the 2D model than in the 3D
model. Moreover, 2D cells differ in gene and protein expression
and dynamic processes, such as cell migration and division
compared with that of vivo models (Ben-David et al., 2017); this
is because the connection between cells and the ECM are not
recapitulated in 2D culture models. Herein, RNA-seq of DPCs
used to identify previously unknown transcripts (Mortazavi
et al., 2008) demonstrated that DEGs between the models were
mainly enriched in ECM–receptor interaction and that genes

related to ECM–receptor interaction were upregulated due to cell
aggregation. This indicates that compared to the ECM in the
2D model, the ECM in the 3D model was more similar to the
dermal papillae of hair follicles. Additionally, 3D-cultured DPCs
possessed high hair follicle regeneration ability (upregulated
β−catenin and NCAM genes), similar to that of primary DPCs
in vivo (Lin G. et al., 2020), indicating that the 3D model is more
representative of the hair follicle microenvironment (Lin B. et al.,
2020). β−Catenin and NCAM are dermal papillae biomarkers
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FIGURE 13 | Network for transcription factor-gene and miRNA interaction with hub genes. (A) Network for TF-gene interaction with hub genes. The white node
represents the TF-genes and other nodes represent hub genes. The network consists of 116 nodes and 126 edges. (B) Network for miRNA interaction with hub
genes. The blue nodes represent the miRNA genes, and other nodes represent hub genes. The network consists of 151 nodes and 176 edges. TF, transcription
factor.

(Müller-Röver et al., 1998; Enshell-Seijffers et al., 2010), and
β−catenin promotes hair follicle regeneration and the expression
of dermal papillae-specific ECM in vivo (Maretto et al., 2003).
Therefore, the advantages of the 3D model over the 2D model
indicates that there may be differences in the DPC response to
androgen. Most previous studies examined the pathogenesis of
AGA using 2D co-culture models; however, as 2D models are
not a proper representation of in vivo conditions, important key
genes may not have been identified.

The KEGG network diagram demonstrated that the 3D model
had more nodes (pathways), genes, and complex relationships
than the 2D model, suggesting that the 3D model provides a
more accurate representation of in vivo conditions. DEGs in 3D-
cultured DPCs were primarily enriched in the MAPK signaling
pathway, TNF signaling pathway, ECM–receptor interaction,
cytokine–cytokine receptor interaction, Rap1 signaling pathway,
PI3K–Akt, and extracellular matrix organization in our study.
From these results, the most widely studied pathway related to
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AGA is the Wnt signaling pathway, which involves functional
crosstalk between AR and Wnt signaling pathways in target
tissues (Van Mater et al., 2003; Lo Celso et al., 2004; Kitagawa
et al., 2009). Hair follicle regeneration is reportedly related to
upregulation of the Akt pathway, which is induced by HFSC
proliferation (Kim et al., 2019) and downregulation of the
p53 pathway (Qu et al., 2021). Activated platelet-rich plasma
supernatant also increases the quantity of DPCs by activating
the MAPK and Akt signaling pathways (Xiao et al., 2019).
Meanwhile, a significant link exists between TNF-α antagonist
exposure and the development of alopecia (Béné et al., 2014) and
EGFR–RAS–RAF signaling in epidermal stem cells is inextricably
linked to the beginning and end of the hair cycle (Doma
et al., 2013). Moreover, DPC proliferation is promoted by VEGF
through the VEGFR-2/ERK pathway (Qu et al., 2021). Therefore,
the pathways observed to be enriched in the current study may
be related to the effect of DPCs on epidermal composition
under DHT treatment.

Gene Set Enrichment Analysis identified two gene sets in the
3D (mTORC1 signaling and inflammatory response) and 2D
(E2F targets and G2M checkpoint) models. mTOR was previously
reported to activate HFSCs (Castilho et al., 2009) and DHT to
activate mTOR, which inhibits DPC proliferation (Kang et al.,
2015). mTORC1 signaling also inhibits BMP signaling, which
may be the main mechanism facilitating HFSC activation (Deng
et al., 2015). Chai et al. (2019) discovered that autophagy through
inhibition of mTOR signaling is sufficient for activating telogen,
initiating a new anagen phase of hair growth. In the past,
microinflammation of hair follicles has been recognized to play
an active role in the progression of AGA (Mahé et al., 2000).
Similarly, hair follicle microinflammation appeared necessary to
AGA, and collagen gradually accumulated in the perifollicular
sheath, leading to fibrosis or complete destruction of hair follicles
(El-Domyati et al., 2009). E2F, a TF encoding cell cycle genes, is
primarily involved in DNA replication and cell cycle progression
(Bracken et al., 2004), whereas G2M represents genes involved
in the G2/M checkpoint of the cell cycle. DHT reduces cyclin
D1, CDK2, and p27kip1 levels in immortalized DPCs, arresting
the cell cycle from the G1 phase to the S phase (Kang et al.,
2015). However, these previous findings showed that the above-
mentioned pathways are mainly associated with hair growth
and hair cycle regulation, with limited studies on their role in
androgen-induced alopecia.

Protein–protein interaction analysis of the overlapping genes
showed that the chemokine signaling pathway was significantly
enriched under DHT treatment. However, few reports have
suggested that chemokines are associated with DPCs under
DHT treatment and can cause androgen-induced alopecia.
A chemokine is a small chemotactic cytokine and is known for
inducing leukocyte migration to target tissue in the inflammatory
response. However, chemokines also play important roles
in the development and homeostasis of hematopoietic and
immune cells (Rossi and Zlotnik, 2000). Lefebvre et al.
(2012) proposed an interaction between chemokines and skin
appendage morphogenesis and reported that the number of
primary hair follicles was reduced in CXCR3-deficient mice.
Heath and Mueller (2012) reported that some chemokines that

affect the recruitment of Langerhans cells to the epidermis are
expressed in specific areas of hair follicles. Based on our results,
we speculated that chemokine expression in DPCs is site-specific.
The expression of chemokines under DHT treatment resulted in
changes in cell migration, cell survival, and adhesion.

The identified top 10 hub genes showed a significant increase
in IL6 and CXCL8 expression in the absence of DHT, and a
significant decrease in EGF, MMP9, NOTCH1, IL-1β, BDNF,
BMP4, KIT, and SPP1 expression in the presence of DHT.
However, the specific effect of chemokines needs to be further
studied. Epidermal growth factor (EGF) has been identified in
follicular differentiation (du Cros, 1993) and promotion of the
transition of the hair cycle from telogen to anagen, as well as
growth of the hair shaft (Zhao et al., 2020). Rendl et al. (2008)
found that when DPCs are cultured in a medium containing
BMP4 in vitro, there is a significant increase in hair follicle
formation, hair growth, and alkaline phosphatase expression.
Notch1 deletion inhibits the maturation of hair follicles from
the late embryonic stage (Blanpain et al., 2006; Moriyama et al.,
2008); one of the ways β-catenin regulates its effects on the hair
follicle cycle and maintenance is through the Notch pathway
(Vauclair et al., 2005; Estrach et al., 2006). A recent study showed
that skin bacteria promote the complete regeneration of skin and
hair follicles in wounds through the IL-1β pathway (Wang et al.,
2021). However, most of these factors have not been revealed
in the pathogenesis of AGA and the other five genes have not
yet been studied.

A TF-gene and miRNA interaction network was obtained
with the hub genes. TF-genes are involved in the regulation
of gene expression through TF binding with targeted genes
and miRNAs; they can also regulate gene expression through
mRNA degradation (Wang et al., 2018). From the network,
NOTCH1 showed a high interaction rate with other TF-genes
and miRNAs. The degree value of NOTCH1 was 37 in the
TF-gene interaction network and 44 in the miRNA interaction
network. Among all TF-genes and miRNAs, NFKB1 had the
highest degree value of 7. EZH2, MAZ, has-miR-204-5p, and
has-miR-146a-5p exhibited significant interaction with degree
values of 5, 4, 5, and 4, respectively, in the TF-gene and miRNA
interactions network. EZH2 accelerates differentiation of HFSCs
and hair growth by downregulating miR-22 (Cai et al., 2020).
miR-200 family members play a vital role in the regulation of
cell adhesion and proliferation in hair morphogenesis (Hoefert
et al., 2018). Given that regulatory biomolecules are potential
biomarkers in numerous complex diseases, further studies are
needed to examine the roles of the hub genes and chemokines on
morphological changes of DPCs and animal hair follicles in vitro
and in vivo.

The two culture models employed in this study were sufficient
to identify the effects of DHT-treated DPCs on hair follicle
keratinocytes to a limited extent. We identified 501 overlapping
DEGs, 10 hub genes, chemokines, and related signaling pathways
in DPCs cultured using the 2D and 3D models. The identified
DEGs were involved in AGA in DPCs and may be potential
biomarkers for hair growth. The hub genes may also be potential
biomarkers for the diagnosis and treatment of androgen-induced
alopecia. Additionally, our findings suggest that chemokines
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and the IL-17 pathway may be related to AGA; however, this
requires further investigation. Moreover, upregulation of EGF,
MMP9, NOTCH1, IL-1β, BDNF, BMP4, KIT, and SPP1, and
downregulation of IL6 and CXCL8 may lead to the growth
and maintenance of hair follicles. Overall, the findings provide
the first global transcriptome of DPCs in 2D and 3D co-
cultured models under DHT treatment and highlight the 3D
model as a useful tool for elucidating hair follicle induction and
hair growth.
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