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Abstract

Hair follicle stem cells (HFSCs) reside in the bulge region of the outer root sheath of the hair follicle.

They are considered slow-cycling cells that are endowed with multilineage differentiation potential

and superior proliferative capacity. The normal morphology and periodic growth of HFSCs play a

significant role in normal skin functions, wound repair and skin regeneration. The HFSCs involved in

these pathophysiological processes are regulated by a series of cell signal transduction pathways,

such as lymphoid enhancer factor/T-cell factor, Wnt/β-catenin, transforming growth factor-β/bone

morphogenetic protein, Notch and Hedgehog. The mechanisms of the interactions among these

signaling pathways and their regulatory effects on HFSCs have been previously studied, but

many mechanisms are still unclear. This article reviews the regulation of hair follicles, HFSCs and

related signaling pathways, with the aims of summarizing previous research results, revealing

the regulatory mechanisms of HFSC proliferation and differentiation and providing important

references and new ideas for treating clinical diseases.
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Highlights

• Signaling pathways in HFSCs driving physiological/pathological changes in the HFSC niche have been confirmed.
• In view of HFSC signaling pathways, the mechanisms underlying therapeutic strategies for alopecia and other skin diseases

are summarized.
• The crosstalk between signaling pathways in HFSCs and how this determines the fate of HFSCs is also briefly discussed.

Background

The skin is the largest organ of the body; it covers the surface
of the body and contains accessory structural organs such
as hair follicles and sebaceous glands. Its basic functions
include regulating body temperature, preventing the inva-
sion of pathogens and sensory, secretion and excretion roles.

Mammal skin is a tissue with a high regenerative capacity and
thousands of hair follicles in the dermis and subcutaneous
tissue. The hair follicle is divided into three segments: from
top to bottom, the infundibulum, the isthmus and the bulb
(extends from the base of the follicle to the insertion of the
arrector pili muscle (APM). The growth of the hair follicle
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is cyclical and can be divided into three phases: anagen
(growth), catagen (transition) and telogen (rest) [1]. This peri-
odic activity of hair follicles is controlled by the epithelial–
mesenchymal interaction between hair follicle keratinocytes
and hair papilla fibroblasts [2,3]. The duration of each phase
is different and the duration of different hair cycles is also
different; the resting phase is the main phase that controls
the hair follicle cycle [4]. Relevant studies have shown that
resting-period status does not mean that the hair follicles
are in a dormant state, but rather that this is the default
state for energy-efficient mammalian fur. The function of the
resting phase is to maintain the hair fiber while being able
to quickly respond to hair loss [5]. The circulatory process
is dominated by hair follicle stem cells (HFSCs) [6], which
have characteristically slow periodicity, multi-differentiation
potential and strong in vitro proliferation ability. HFSCs
are adult stem cells and the main stem cell markers that
they express are CD34, K15, Gli1, LIM homeobox 2 and
SRY-related high mobility group-box gene 9 (SOX9) [7,8].
This group of cells maintain self-renewal and pluripotency
throughout their life cycle, leading to the processes of tissue
regeneration and wound repair, which are two completely
different states in vivo and in vitro [9,10]. Studies have found
that HFSCs are in a static state in the body, but they grow
clonally in vitro, showing amazing proliferation ability and
can differentiate into neuronal cells, glial cells, melanocytes
and smooth muscle cells [11–13]. The multi-differentiation
potential of HFSCs enables them to differentiate into the
epidermis, hair follicles and sebaceous glands, and to partic-
ipate in the skin wound healing process [14]. Shwartz et al.
recently found that APMs are crucial for the formation and
maintenance of sympathetic innervation of HFSCs [15]. The
APM is a piece of smooth muscle between the bulge and
the adjacent mesenchyme that is responsible for raising the
hair follicles (piloerection) to trap body heat and express
emotions. Whether in a steady state or in a cold state, APMs
allow sympathetic innervation to activate HFSCs directly
through synapse-like connections that deliver the neurotrans-
mitter norepinephrine [16]. HFSCs are involved in the precise
regulation of many signaling molecules and signaling path-
ways in the maintenance and repair of various skin tissues,
including lymphoid enhancer factor/T-cell factor (LEF/TCF),
Wnt/β-catenin, transforming growth factor-β/bone morpho-
genetic protein (TGF-β/BMP), Notch, Hedgehog (HH) and
phosphoinositide 3 -kinase/protein kinase B (PI3K/AKT) [17].
These signaling pathways interact with each other to form
a complex regulatory network, but the abnormal activation
of signaling pathways leads to the epigenetic reprogramming
of skin cells, leading to the occurrence and development of
diseases. For example, a lack of the Wnt signaling pathway
may lead to hair follicle substrate and hair formation obsta-
cles [18], and abnormal sonic hedgehog (SHH) expression can
lead to the formation of skin cancer.

Skin stem cells are the main resource for the regeneration
or repair of skin and skin appendages. Therefore, the role
of HFSCs in skin tissue remains an open question. Some

studies have suggested that hair follicle cells that are dif-
ferentiated from hair follicle bulge are HFSCs. One study
used 3H-thymidine and bromouracil to repeatedly label mice.
They found that there were almost no slowly labeled cells
in the epidermis, but HFSCs were present in the bulge area
[3]. At present, no complete stem cell markers have been
identified, so it is still very difficult to localize skin stem cells
accurately in most areas of human skin. Likely, because of this
limitation, the bulge hypothesis of HFSCs has received wide
attention and support. When the skin is injured, in addition
to epidermal cells, hair follicle stem cells are also activated
to participate in epidermal regeneration and promote wound
repair. c-Myc is a downstream gene of β-catenin and its over-
expression overmobilizes stem cells to transform them into
other cells, eventually leading to stem cell depletion and skin
ulcers [19]. Stem cells can also cause a variety of epithelial
tumors and skin diseases. It is speculated that epidermal stem
cells may be important targets of physical or chemical factors
(including carcinogens) and may even damage the epidermis
and hair follicle adnexa [20,21]. In view of this possibility,
skin stem cells may be used as the first target of skin gene
therapy in the future. This article reviews the relationship
between HFSCs and major signaling pathways and analyzes
the prospects for using HFSCs for treating clinical diseases in
the future.

Review

LEF/TCF signaling pathway

The LEF/TCF family is a group of transcription factors
that play an important role in the growth, development
and maintenance of stem cell homeostasis. The LEF/TCF
protein family is small, primarily including four types of
TCF/LEF proteins in humans, namely, TCF-1, TCF-3, TCF-4
and LEF-1 [19]. LEF/TCF is a sequence-specific DNA-binding
transcription factor. The synergistic effect of LEF/TCF and
activated β-catenin (Wnt signaling product) acts in the Wnt
signaling pathway to transactivate downstream target genes,
such as Axis inhibition protein 2 (Axin2) [22]. Both β-catenin
and TCF/LEF family members have two potential functions,
acting as transcriptional activators or repressors, ultimately
leading to the inhibition or activation of target genes in the
Wnt signaling pathway [23].

TCF-1 and LEF-1 in HFSCs TCF-1 is an initiating member
of the TCF family and is induced by Notch signals during
the early stages. As a pioneer transcription factor, TCF-1
is uniquely expressed in T lymphocytes in adult mammals
[24]. TCF-1 plays an important role in the development of
hair follicle organs and embryonic development and the self-
renewal of adult tissue stem cells [25]. LEF-1 mRNA appears
in the epithelium and mesenchymal compartment as early
as the ectoderm stage of the placenta. In addition, LEF-1 is
expressed in hair follicles, and mice in which the LEF-1 gene
is knocked out show a significant reduction in hair follicles
and complete coat loss [26].
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TCF-3 and TCF-4 in HFSCs The transcription factors TCF-
3 and TCF-4 are present in mammals and the TCF-4 gene is
located on the long arm of chromosome 10. As a member of
the TCF/LEF transcription factor family, TCF-4 is diversified
in both form and function. TCF-4 is a downstream effector
of the Wnt signal transduction pathway. After Wnt signal
transduction, a cascade reaction occurs, which causes β-
catenin to translocate to the nucleus and interact with TCF
to produce a transcriptionally active complex [27]. In the
absence of Wnt protein, TCF-4 acts as a transcriptional
repressor; in the presence of Wnt protein, TCF-4 acts as
a transcriptional activator [28]. TCF-4 interacts with β-
catenin to activate downstream target genes and promote
the occurrence and development of cancer [19]. In 2014,
relevant studies found a competitive relationship between
TCF-3 and the Wnt/β-catenin signaling pathway [29] which
has an important impact on clinical applications. As a key
factor regulating the function of embryonic stem cells, TCF-
3 accelerates the migration of keratinocytes to participate in
skin wound healing in the microenvironment of epidermal
wound repair. Additionally, it is expressed both in the entire
primitive epithelium during the development of mammalian
skin and in the hair follicle bulge in adult skin [30]. The hair
follicle bulge is a known niche of stem cells. Cells expressing
TCF-3 in hair follicle bulges are a type of self-renewing stem
cell with multi-differentiation potential; they are also present
in the basal layer of several other stratified epithelia and play
important roles in the development of hair follicles and in
determining the function of HFSCs [31,32].

Wnt/β-catenin signaling pathway

Overview of the Wnt/β-catenin signaling pathway Hair fol-
licle regeneration depends on the activation of HFSCs during
the growth cycle. Therefore, HFSCs play an important role
in the development of hair follicles. HFSCs are located in the
bulge below the sebaceous glands and have multiple differ-
entiation potentials. They can differentiate and participate
in the formation of hair follicles and in the maintenance of
sebaceous glands and the renewal of the epidermis. The Wnt
signaling pathway has a regulatory role in HFSCs, especially
the classical Wnt/β-catenin pathway [33]. During hair regen-
eration, the stable expression of β-catenin in HFSCs at the
hair germ and bulge activates the LEF/TCF complex and the
transcription of downstream target genes such as c-Myc and
cyclin D1, thereby promoting the activation, proliferation and
directional differentiation of HFSCs [34].

The Wnt/β-catenin signaling pathway is considered the
central signaling pathway for the transformation of hair
follicles from the resting phase to the growth phase. It par-
ticipates in all stages of the development of hair follicles and
determines the differentiation fate of cells during develop-
ment [35]. Many components of the Wnt signaling pathway
are evolutionarily ancient and conserved, but they play an
important role in cell proliferation, biological development
and the regulation of normal tissue reconstruction and other

life activities [36]. Its main core member is β-catenin, which
plays a key role in regulating cell behavior and is necessary for
maintaining hair follicles during growth. When the level of β-
catenin decreases, the Wnt pathway is turned off, and when
the level of β-catenin increases, the Wnt pathway is turned
on [37]. Research on the Wnt/β-catenin signaling pathway
has helped to promote the clinical application of HFSCs.
Evidence has shown that Wnt/β-catenin contributes to the
growth and development of hair follicles, which makes it a
considerable prospect in the prevention and treatment of hair
loss. Wnt10b/β-catenin signaling and abnormal activation of
this pathway may lead to sebaceous gland tumors [18,38].

Mechanism of the Wnt/β-catenin signaling pathway The
genomes of most mammals, including humans, contain 19
Wnt genes, which are divided into 12 conserved Wnt sub-
families. All Wnts contain an N-terminal signal peptide for
secretion, and the portion connected to the N-terminus is
glycosylated [39]. The size of the Wnt protein is 40 kDa
[40] and it contains many conserved cysteines which can
act through paracrine or autocrine signaling. Willert et al.
successfully purified active mouse Wnt3a for the first time
using mass spectrometry in 2003, indicating that Wnts are
lipid-modified [41]. The Wnt ligand is a secreted glycoprotein
that is composed of a heterodimer complex. When Wnt ligand
is present (pathway activation) it binds to a large complex
consisting of Frizzled (FZ) and lipoprotein receptor-related
protein 5/6 (LRP5/6) proteins, which causes the Disheveled
(Dvl) protein to be activated after successive phosphorylation,
polyubiquitination and polymerization, and the replacement
of glycogen synthase kinase-3β (GSK-3β) with adenoma-
tous polyposis coli (APC)/Axin. Following this activation,
β-catenin accumulates in large quantities in the cytoplasm
and enters the nucleus, where it binds to LEF-1/TCF to
form a transcriptional activation complex that regulates the
transcription of target genes and induces the differentiation
of HFSCs [42]. When the Wnt ligand is absent (pathway
inactivation), β-catenin, a complete E-cadherin and intercel-
lular adhesion adaptor protein act as a target following the
coordinated phosphorylation of creatine kinase 1 (CK1) and
the APC/Axin/GSK-3β complex. The β-Trcp/Skp pathway
leads to the ubiquitination and degradation of β-catenin by
the proteasome (Figure 1).

Relationship between the Wnt/β-catenin signaling pathway
and HFSCs Some articles found, in addition, that Wnt/β-
catenin signaling plays a broad role in promoting the pro-
liferation of epidermal progenitor cells found between hair
follicles during homeostasis rather than under inflammatory
conditions; however, it was not necessary for maintaining the
development of HFSCs [35]. During embryonic hair follicle
development, the activation of the Wnt/β-catenin signaling
pathway is a key initial step in the formation of hair plaques
[43]. After the formation of the hair base plate, weakening
of the Wnt/β-catenin signal in the upper region of the hair
nail serves as a precondition for the formation of HFSCs
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Figure 1. Mechanism of Wnt/β-catenin signaling pathway. When the Wnt signal is inactivated, the destruction complex ubiquitinates β-catenin to degrade it,

and then it is digested in the proteasome. When the Wnt signal is activated, the Wnt protein interacts with Frizzled receptors and lipoprotein receptor-related

protein 5/6 (LRP5/6). Axis inhibition protein (Axin) binds to the tail of LRP5/6, and then Disheveled (Dsh) restores the activity of β-catenin by phosphorylating and

inhibiting the activity of glycogen synthase kinase-3 (GSK3) so that β-catenin accumulates and enters the nucleus with lymphoid enhancer factor/T-cell factor

(LEF/TCF) transcription factors to regulate target gene transcription. β-TrCP/SKP β-transducin repeat-containing protein/s-phase kinase-associated protein

from the hair bud to the hair cuticle; this occurs because
the Wnt/β-catenin signal inhibits Sox9, and the latter is
necessary for the formation of HFSCs [44]. Among the 17
Wnt proteins encoded in the mammalian genome, Wnt7 plays
an important role in the Wnt/β-catenin signaling pathway,
especially Wnt7b, which is not expressed in the resting phase
but starts during the first growth phase after birth. If Wnt7b
is knocked out after birth, the activation of HFSCs is arrested
[45].

In addition, Wnt10b is also necessary for the Wnt/β-
catenin signaling pathway. Lei et al. found that adenovirus-
mediated Wnt10b protein overexpression induced the tran-
sition of hair follicles from the resting phase to the growth
phase [46]. In contrast, Li et al. found that small interfering
RNA (siRNA)-mediated gene knockout of Wnt10b can pre-
vent hair follicles from entering the growth phase [47].

Studies have found that serine–threonine phosphate pro-
tein kinase inhibitors can promote the phosphorylation of
specific Axin sites by CK1, and phosphorylated Axin is more
likely to bind to the β-catenin degradation complex and
promote β-catenin degradation. In addition, the Wnt target
gene Axin2 is continuously expressed during the resting state
of HFSCs in the carina of the outer root sheath. When β-
catenin is conditionally knocked out, Axin2 expression is
lost, which indicates that Axin2 expression depends on the
presence of β-catenin [48]. Some studies have shown that a
topical application of TPA can thicken the epidermis, which
in turn makes HFSCs proliferate, leading to the activation of
the Wnt signaling pathway; this accelerates the transition of
hair follicles from the resting phase to the growth phase and
speeds up wound healing [49].

The Wnt/β-catenin signaling pathway is considered a
major regulator of epidermal stem cell renewal and HFSC
lineage selection. Although previous studies have demon-
strated the role of Wnt/β-catenin signaling in regulating the
activity of HFSCs, understanding how to precisely stimulate
HFSCs to control the transition of hair follicles from the
resting phase to the growth phase through Wnt/β-catenin
is an interesting topic for further exploration and clinical
application.

TGF-β/BMP signaling pathway

Overview of the TGF-β/BMP signaling pathway The TGF-β
family plays an important role in the development, homeosta-
sis and repair of most tissues, including in embryonic develop-
ment and bone and cartilage formation, and abnormal TGF-β
signaling pathways are associated with many human diseases,
such as fibrosis, immune diseases and cancer [50,51]. BMPs
are the largest group of TGF-β family members [52]. Studies
have found that there are >10 types of bone morphogenetic
proteins in vertebrates and that these proteins have a highly
conserved structure that is shared with other members of
the TGF-β family [53]. BMP-2 and BMP-4 are associated
with hair follicles and are currently one of the most popular
research topics. Their expression also changes periodically
with the hair follicle cycle [54].

The growth of hair follicles can be divided into an early
growth period (I–IV) and a late growth period (V, VI). BMP-2
is not expressed during the early growth period (I–IV) and its
expression gradually increases during the late growth period
(V–VI), with a high expression level maintained during the
early quiescent period but reduced expression during the late
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quiescent period [55]. BMP-4 is also periodically expressed in
the inner epithelium of hair follicles, secondary hair embryos,
hair papilla and adjacent extra-hair follicle dermal fibroblasts
[56]. BMP-4 is highly expressed during the regressive phase of
the hair follicle cycle but is expressed at low levels during the
proliferative phase, which is the opposite of the expression of
Wnt/β-catenin during the same period, which indicates that
BMP and Wnt/β-catenin signals cooperatively regulate the
balance between HFSCs and epidermal regeneration [57,58].

Mechanism of the TGF-β/BMP signaling pathway Smads are
a new family of signal transduction proteins with specific
DNA binding ability that can enter the nucleus and produce
transcription complexes to initiate the expression of down-
stream target genes. There are eight Smad proteins that have
been confirmed by experiments and they are divided into
three functional categories: R-Smads (Smad1, 2, 3, 5 and 8),
Co-Smad (Smad4) and I-Smads (Smad6 and Smad7) [59].
Smads are a group of signal mediators and antagonists of
the TGF-β family. Among the R-Smads, Smad2 and 3 are
regulated by TGFβ, while Smad1, 5 and 8 are primarily
activated by BMP. Smad4 is a key component of the typical
TGFβ signaling pathway, which primarily affects the develop-
ment and differentiation of hair follicles by mediating TGFβ

signaling [60,61]. The TGF-β/BMP-Smad signaling pathway
binds to type I receptors; BMP first phosphorylates R-Smad-
1, 2, 3, 5 and 8, then binds to the Co-Smad (Smad4) to
form a complex, and finally translocates to the nucleus to
regulate gene transcription and inhibit cell apoptosis [62]. I-
Smad6 and 7 competitively bind to type I receptors, thereby
preventing the receptor-regulated phosphorylation of Smads
and inhibiting TGF-β/BMP signal transduction (Figure 2).
Studies have shown that BMP signaling is very active in adult
hair follicle bulge stem cells [63]. When Smad1 is phosphory-
lated, Bmp6 levels gradually increase [64]. The BMP-MAPK
signaling pathway is activated when BMP binds to type I
receptors and type II receptors are re-recruited to the BMP–
receptor complex [65]. Relevant studies have shown that the
BMP-Smad and BMP-MAPK signaling pathways may restrict
each other and jointly regulate the growth of HFSCs and the
formation of bone and cartilage [66]. Abnormal expression or
inactivation of the TGF-β/BMP signaling pathway can lead
to a worsening of many clinical manifestations, such as the
inhibition of wound healing and the aggravation of vascular
malformation [67]. Through a negative feedback mechanism,
the TGF-β/BMP signaling pathway determines hair follicle
growth stages. However, how TGF-β/BMP signaling within
the niche influences the balance between HFSC quiescence
and activation is a yet-unaddressed question and requires
further investigation.

Relationship between the TGF-β/BMP signaling pathway
and HFSCs BMP, BMP receptor and BMP inhibitors regulate
cell proliferation, differentiation and apoptosis through their
expression at different times and in different spaces. During
the development of hair follicles, BMP-2 is expressed in the
inner root sheath and participates in the development of

the hair shaft. BMP-4 is expressed in the outer root sheath
of the hair follicle and is an important molecule for signal
transmission between epithelial cells and stromal cells. BMP-
4 interacts with its inhibitor Noggin to upregulate the expres-
sion of LEF molecules, participate in bulge formation and
regulate the differentiation of HFSCs into sebaceous glands,
sweat glands and epidermal cells, but the specific mechanism
is not clear [68]. In human bulge cells, BMP-4 also promotes
upregulation of Dickkopf3 (DKK3) molecular expression
[69]. DKK3 is a recently discovered secreted glycoprotein
that can specifically bind to the Wnt molecule Lrp-6 to
inhibit the Wnt pathway. An analysis of gene expression in
bulge cells and hair follicle outer root sheath cells confirmed
that compared with hair follicle outer root sheath cells and
keratinocytes at the same site, human HFSCs overexpressed
DKK3 [70]. BMP/DKK plays a vital role in maintaining
the slow proliferation and undifferentiated characteristics
of embryonic stem cells. BMP-4 is an important molecule
that regulates the Wnt pathway [71]. BMP-4/DKK3 acts as
a negative-feedback inhibitory signaling pathway to ensure
the slow proliferation and multidirectional differentiation
potential of hair follicle bulge stem cells.

The BMP signaling pathway is primarily involved in the
differentiation of HFSCs. BMP ligands participate in the
growth of hair follicles through the BMP signaling pathway
and regulate the proliferation and differentiation of HFSCs.
In recent years, BMP signaling has become a hot topic in hair
follicle stem cell research [72,73]. BMP is a secreted signaling
molecule belonging to the TGF-β superfamily and it exerts
its biological activity through interaction with specific BMP
receptors [74,75]. BMP acts as a multifunctional regulator
of vertebrate development; it binds to serine and threonine
receptors and phosphorylates them by interacting with other
members of the growth factor family [Wnt, SHH, TGF-
β, epidermal growth factor (EGF), fibroblast growth factor
(FGF), Notch and neurotrophins, etc.], after which it binds
to the protein Smad in the nucleus, thereby inducing the
transcription of related target genes to regulate the prolif-
eration and differentiation of HFSCs [76,77]. In the classic
BMP pathway, BMP binds to the serine/threonine receptor
and is phosphorylated and then translocates to the nucleus to
bind to Smad1, Smad5 and Smad8 and induce the expression
of downstream signaling molecules [78,79]. In a study of
the BMP signaling pathway, Noggin, an antagonist of BMP,
was found to be very helpful in regulating HFSCs; it can
bind competitively to BMP protein receptors to antagonize
the activation of this signaling pathway. Noggin is secreted
and expressed by mesenchymal cells, which induce hair fol-
licle morphogenesis in embryos. Noggin activity gradually
increases during the hair follicles growth phase and weakens
during the resting phase, indicating that Noggin expression
changes with the hair cycle [80].

Notch signaling pathway

Overview of the Notch signaling pathway The Notch sig-
naling pathway is a highly conserved signaling pathway that
regulates the growth and development of organisms through
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Figure 2. Mechanism of transforming growth factor-β/bone morphogenetic protein (TGF-β/BMP) signaling pathway. The TGF-β/BMP ligand binds to the receptor

to form a binary complex, while the type II receptor activates the type I receptor, which further phosphorylates the R-Smad protein so that it can bind to Co-Smad4,

enter the nucleus and activate a series of downstream target genes

cell–cell interactions [81] and it participates in the prolif-
eration and differentiation of various skin cells [82]. The
Notch pathway is evolutionarily ancient and plays a key
role in determining cell fate and regulating the prolifer-
ation and differentiation of epidermal tissue cells during
the development of mammalian embryos [83]. The Notch
receptor family is a type I single transmembrane receptor
protein family with four members in mice and humans. The

extracellular domain of the Notch receptor contains ∼36
EGF-like repetitive sequences, which are responsible for the
binding of ligands. The intracellular domain of the Notch
receptor contains cell division cycle 10 (CDC10)/ankyrin, a
transcriptional activation domain and others.

Mechanism of the Notch signaling pathway In mammals,
the Notch family has 4 receptors (Notch1–4), with five
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corresponding ligands [Delta-like 1 (Dll-1, 3, 4), Jagged-1
and Jagged-2], which bind through cell-to-cell interactions
[84]. The Notch extracellular domain binds to cell ligands,
and then after being hydrolyzed by the protease γ -secretase,
the Notch receptor protein is cleaved three times; this
releases the Notch intracellular domain (NICD), which is
then transported to the nucleus where it binds to DNA,
activates the transcription of target genes, such as hairy
and enhancer of split (Hes), runt-related transcription factor
(Runx) and Notch inhibitory membrane protein (Numb), and
then activates the downstream pathways of Wnt/β-catenin
signaling to exert a series of biological effects [85] (Figure 3).

The role of target genes in HFSCs Hes-1 is constitutively
expressed in the epidermis, eccrine glands and hair follicles
and can promote cell cycle progression in the basal layer
of the epidermis, thereby inducing the proliferation of ker-
atinocytes [86]. A reduction in Hes-1 impairs differentiation
and cell proliferation in the epidermis and hair follicles and
reduces the pluripotency of stem cells in the skin [87]. In
hair follicles, the expression of the target gene Hes-1 may be
related to changes in Jagged-1 ligand gene expression [88].
Studies have found that reduced Hes-1 expression limits the
ligand–receptor interaction and reduces Hes-1 signaling [89].
Numb can prevent the cleavage and nuclear translocation of
the NICD, thereby blocking the activation of this signaling
pathway [90]. The transcription factor Runx-1 is involved in
regulating the activity of HFSCs. It is essential for the differ-
entiation of adult HFSCs and for maintaining skin integrity.
In HFSCs, Runx1 can not only promote cell proliferation but
also inhibit genes such as p21 and p57. A lack of Runx1
results in the differentiation of HFSCs into sebaceous glands
and a loss of regeneration function [91].

Relationship between the Notch signaling pathway and
HFSCs NICD is an indicator of the activation of the Notch
signaling pathway. Studies have found that the Notch
signaling pathway inhibitor, 4,6-diamino-2-phenylindole, can
specifically block the action of γ -secretase, thereby preventing
the activation of Notch [92]. The Notch signaling pathway
plays an important role in maintaining the growth and
development of hair follicles. It mediates the formation and
re-epithelialization of hair follicles, thereby regulating the
wound healing process [93].

During hair follicle morphogenesis, the Notch signaling
pathway plays a small role in determining cell fate, but it is
essential for the maintenance of hair follicle structure [94].
Studies have shown that Notch signaling acts on the late
stages of hair follicle formation in embryos, and mice lacking
Notch signaling have fine, short and curly hair [95]. In the
growth phase of follicle globule embryos, three Notch recep-
tors are expressed in partially overlapping domains: Notch1
is expressed and activated in cortical precursor cells, and
Notch2 and Notch3 are expressed and activated in mitotic
progeny [96]. The Notch1 intracellular domain is strongly
expressed in undifferentiated hair stromal cells, hair shaft
cortex and stratum corneum cells, as well as in a few cells of

the outer root sheath of hair follicles and the stratum corneum
of the inner root sheath [97]. However, in adult hair follicles,
in the bulge area where keratinocytes and melanocyte stem
cells coexist, there are very few cell subgroups with Notch1
activity [98]. Notch2 is not expressed in embryonic hair
follicles but is transcribed in inner root sheath precursor cells,
and Notch3 is expressed in sebaceous glands distal to Notch1
[99].

The ligand of Notch is also a type I transmembrane
protein; the extracellular domain also contains multiple EGF-
like repeats and the intracellular domain is very short. When
Notch receptors and ligands between adjacent cells interact
through their EGF-like repeat sequences, the related pro-
teases catalyze the proteolytic cleavage of Notch receptors
in the transmembrane region so that the Notch intracellular
region is released from the inside of the cell membrane and
enters the nucleus. The Notch intracellular region entering the
nucleus can interact with the transcription factor recombina-
tion signal binding protein J (RBP-J) through the regulation of
amino acid metabolism (RAM) domain to activate the tran-
scription of the promoter containing the RBP-J recognition
site, thereby regulating the expression of cell differentiation-
related genes such as Hes family molecules. RAM domain-
mediated Notch intracellular segment activity is related to
the binding of the transcription factor RBP-J, which acti-
vates the transcription of Notch intracellular segments. In
transgenic mice that specifically block the expression of RBP-
J, hair follicle bulge cells differentiate into epidermal cells,
inhibiting the formation of hair. The Notch/RBP-J path-
way can inhibit the differentiation of HFSCs into epider-
mal cells and promote their differentiation into hair follicle
epithelial cells [100]. The above studies indicate that the
Notch signaling pathway can promote the differentiation of
HFSCs into hair follicle cells, inhibit their differentiation into
epidermal cells and maintain the normal differentiation of
the outer root sheath, hair shaft and inner root sheath of
hair follicles, as well as the normal periodic growth of hair
follicles [101].

HH signaling pathway

Overview of the HH signaling pathway The HH pathway
is an important pathway for signal transduction between
the epidermis and mesenchyme and is involved in intra-
cellular regulation. The highly conserved HH pathway is
one of the main signaling pathways in the human body.
It plays an important role in controlling homeostasis and
tissue development. It can promote the development of the
epidermis and hair follicles, repair damage and maintain
the characteristics of hair follicle bulge stem cells [102];
however, when the HH pathway is abnormally activated,
it can adversely affect human skin, such as in the case of
basal cell carcinoma [103,104]. In vertebrates, HH proteins
are divide into three types, including India hedgehog (IHH),
Desert hedgehog (DHH) and sonic-hedgehog (SHH). Among
them, the most in depth research has been on SHH. SHH is the
most effective ligand and is widely expressed in adult tissues
and hair follicles [105].
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Figure 3. Mechanism of Notch signaling pathway. In the Golgi, the first cleavage (S1) occurs under the action of the furin-like converting enzyme. In the second

lysis (S2), the extracellular region (NECD) is phagocytosed by the surface cells and then the intracellular region (NICD) is lysed for a third time under the action

of γ -secretase and mutant presenilin (S3), after which it enters the nucleus, and initiates the transcription of downstream target genes. ML metal loprotease,

TACE TNF-α-convertingenzyme, CSL CBF-1, Suppressor of hairless, Lag

Mechanism of the HH signaling pathway The HH protein
is composed of an intracellular signal peptide, a highly con-
served N-terminal region and a variable C-terminal domain.
It can regulate the expression of N-Myc and cyclin D2 during
embryonic hair follicle development and cooperate with the
Wnt/β-catenin signaling pathway to participate in mature
hair follicle development [106]. The classic HH signal path-
way transduction process usually involves the following key
components: (1) the HH ligand, (2) the cell surface receptor
patched (Ptch), (3) the membrane protein smoothened (Smo),
(4) the transcription factor glioma (Gli) and (5) the suppressor
of fused (SuFu) protein. Ptch is a 12 transmembrane receptor
protein that is composed of Ptch1 and Ptch2. It is both a
receptor for HH ligands and a repressor of Smo. In the
absence of HH, SuFu binds to Gli to prevent Gli from entering

the nucleus and being degraded. Ptch1 is expressed in primary
cilia and constitutively inhibits Smo activity. Smo is a seven-
pass transmembrane G protein-coupled receptor (GPCR). It
is a key effector necessary for HH signal transduction [107].

In vertebrates, Gli has three main members, Gli-1, Gli-2
and Gli-3. Relevant studies have shown that SHH-dependent
Gli-1 and Gli-2 activation play a key role in the formation
of hair follicles. During embryonic hair follicle development,
SHH activates Gli-1 and increases the expression of Gli-1
mRNA, resulting in a faster hair growth cycle and increased
hair [108]. Gli-2 is the main activator of the HH signaling
pathway, Gli-3 is the main inhibitor and Gli-1 is the target
of Gli-2, which together regulate signal transduction in a
positive feedback manner. When the HH signal is activated,
the SuFu–Gli-2 complex dissociates and Gli-2 is activated
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Figure 4. Mechanism of hedgehog (HH) signaling pathway. When there is no HH, patched (PTCH) will inhibit the activity of smoothened (Smo), leading to the

termination of transcription of downstream target gene. When SHH is present, PTCH binds to SHH, releasing Smo and allowing the glioma (Gli) protein and

protein kinase A (PKA) to form a macromolecular complex, such that the full-length Gli protein enters the nucleus to initiate transcription of downstream target

genes

[109]. The membrane protein Smo activates the Gli tran-
scription factor through GPCR-dependent and -independent
pathways, such that the Gli transcription factor is transferred
to the nucleus and activates the transcription of multiple cell
signaling target genes, including HH signaling pathway com-
ponents (Ptch, Gli-1) and superfamily proteins (Wnt, TGF)
[110] (Figure 4). When the gene encoding the downstream
transcription factor SOX9 of SHH is inactivated, epider-
mal repair after trauma is inhibited; HFSCs lose their niche
microenvironment and can no longer migrate and proliferate
to maintain the hair follicle cycle [111].

Relationship between the HH signaling pathway and HFSCs
Studies have shown that the SHH signaling pathway regulates
the development of hair follicles by acting in the epithe-
lium and mesenchyme, but the HH signaling pathway is not
involved in the early stages of hair follicle development. In
the mature stages of hair follicle development, a reduction
in SHH selectively reduces the hair follicle epithelium. The
proliferation of keratinocytes in the middle stages prevents
epithelial cells from growing downstream [108,112]. Notably,
SHH can stimulate hair follicle regeneration and accelerate
hair follicle maturation by producing inductive dermis during
skin wound healing in mice, indicating that SHH signaling is
essential for hair follicle regeneration [113]. The absence or

abnormal activation of the HH signaling pathway can lead to
developmental defects and diseases, such as the development
of skin basal cell carcinoma [114].

HH signaling has recently been identified as an important
signaling pathway that drives the proliferative activation of
HFSCs. The detailed molecular mechanisms underlying this
activity necessitate further investigation.

PI3K/AKT signaling pathway

Overview of the PI3K/AKT signaling pathway As a bridge
between extracellular signals and intracellular responses, the
PI3K/AKT signaling pathway acts on downstream signaling
molecules under the influence of a series of upstream or
bypassing signaling molecules. It is an important signal
transduction pathway involved in the regulation of cell
growth, proliferation and differentiation. PI3K is an impor-
tant kinase of inositol and phosphatidylinositol (PI).
According to its different substrates, it is generally divided
into three subtypes: type I, type II and type III. Among these,
type I is the main type and can be divided into subclasses
IA and IB. Type I is a heterodimer composed of a catalytic
subunit P110 and a regulatory subunit p85. The regulatory
subunit p85 consists of an amino terminus and a carboxyl
terminus. The amino terminus includes one SH3 region and
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two proline-rich regions. The carboxyl terminus includes
two SH2 domains and one region that binds to P110.
As the main downstream molecule of the PI3K signaling
pathway, AKT is a serine/threonine protein kinase with
three subtypes, AKT1, AKT2 and AKT3, which are encoded
by the PKB α, PKB β and PKB γ genes, respectively. The
three AKT subtypes have >80% shared homology in their
amino acid sequences, and they are very similar in structure,
with common structural characteristics in the three different
functional regions. Sale et al. used a subtype-specific antisense
oligonucleotide probe strategy to study the function of AKT
and its three subtypes and found that among the three AKT
subtypes, primarily AKT2 was involved in the activation of
downstream substrates [115].

Mechanism of the PI3K/AKT signaling pathway When a
relevant ligand binds to the receptor, PI3K can be activated.
Activation of PI3K produces the second messenger phos-
phatidylinositol 3,4,5-trisphosphate (PIP3) on the plasma
membrane. PIP3 binds to PI3K-dependent kinase 1 (PDK1),
which can phosphorylate Thr308 on the Akt protein, result-
ing in the activation of AKT. PI3K-dependent kinase 2 (PDK2)
can phosphorylate Ser473 on AKT protein, which can also
activate AKT. Activated AKT then has an important impact
on downstream target proteins by activating or inhibiting
related downstream molecules [such as mechanistic target
of rapamycin complex (mTORC), GSK3, Forkhead box O
(FOXO), etc.] [116,117]. Phosphatase and tensin homolog
(PTEN) is a tumor suppressor gene. Its main function is to
dephosphorylate PIP3 and convert it into phosphatidylinosi-
tol 4,5-trisphosphate (PIP2) in the cytoplasm to inhibit acti-
vation of the PI3K/AKT pathway [118] (Figure 5). To date,
the PI3K/AKT signaling pathway has been shown to promote
protein synthesis, affect glucose metabolism and promote
fatty acid synthesis. However, the relationship between this
signaling pathway and HFSCs has been less well studied.

Relationship between the PI3K/AKT signaling pathway and
HFSCs The PI3K/AKT signaling pathway is important for
hair follicle growth and hair follicle reconstruction in vitro.
After epidermal or HFSC injury, activated AKT phosphoryla-
tion is significantly increased and the hair follicle cell cycle
is upregulated [119,120]. To further explore the effect of
the PI3K/AKT signaling pathway on the hair follicle cycle,
Chen et al. inhibited the PI3K/AKT signaling pathway with
perifosine (krx-0401) and LY294002. They found that the
inhibition of the PI3K/AKT signaling pathway could prevent
hair follicles from transitioning from the telogen phase to
the anagen phase. In addition, a PTEN inhibitor was used
to enhance the activity of the PI3K/AKT signaling pathway.
The PTEN inhibitor was found to induce the transformation
of hair follicles from the telogen phase to the anagen phase.
Relevant studies have confirmed that the PI3K/AKT signaling
pathway can promote the transformation of hair follicles
from telogen to early anagen, induce the proliferation of inter-
follicular epidermal stem cells and HFSCs, further activate the

PI3K/AKT signaling pathway by releasing relevant molecules
(such as cytokines and growth factors), promote hair fol-
licle regeneration and accelerate wound healing [121–123].
Recent research results show that the interaction between
long noncoding RNA5322 and miR-21 can upregulate the
expression and phosphorylation of the PI3K/AKT signaling
pathway, promote the proliferation and differentiation of
HFSCs and play a role in skin wound healing [124,125]. In
conclusion, these findings clarify that the PI3K/AKT signaling
pathway affects HFSCs through different mechanisms, which
provides a theoretical basis for its role in wound healing.

Clinical applications of regulating signaling pathways

in HFSCs

HFSCs represent promising candidates for stem cell-based
therapies for alopecia, skin cancer, skin inflammation and
skin wound healing [126]. Signaling pathways associated
with the morphogenesis, development and differentiation of
HFSCs provide precise targets with important functions in
promoting HFSCs implicated in tissue repair and the inhibi-
tion of abnormal proliferation.

It is generally accepted that targeting the Wnt/β-catenin
signaling pathway is a promising clinical treatment strategy
for the regeneration of hair follicles and the downregulation
of hair loss. Androgen receptor inhibitors, such as flutamide,
bicalutamide, fluridil, cyproterone acetate and spironolac-
tone, work with β-catenin to suppress Wnt signaling, thereby
stimulating HFSC proliferation and differentiation and lead-
ing to hair follicle regeneration and partial hair regrowth
[127–130]. Tocotrienol is a member of the vitamin E fam-
ily. Topical tocotrienol-rich fraction application markedly
induced anagen hair growth by upregulating the expres-
sion and nuclear translocation of β-catenin 4-fold [131,132].
Inducing and maintaining the anagen phase of the hair cycle
is the basis of treating alopecia. Recent studies revealed that
3,4,5-tri-O-caffeoylquinic acid, ginkgolide B and bilobalide,
morroniside and Polygonum multiflorum extract could pro-
mote hair follicle cycling or accelerate the onset of ana-
gen and delay hair follicle catagen via the activation of the
Wnt/β-catenin signaling pathway in HFSCs [18,133,134].
Moreover, human dermal stem/progenitor cell-derived con-
ditioned medium enriched in Wnt3a protein promoted hair
regrowth via HFSC proliferation [135]. For wound healing,
the application of human alpha defensin 5 increased LGR+
stem cell migration into wound beds, resulting in bacterial
presence, enhanced wound healing and hair growth through
the upregulation of Wnt pathway mRNA transcripts [136].

HH pathways are known to be involved in inducing the
transition from the telogen phase to the anagen phase [137].
Recent studies have reported that Thuja orientalis-extract and
P. multiflorum-extract, which are traditionally used to treat
baldness and hair loss, promoted hair growth by inducing
the anagen phase in resting hair follicles. Additionally, early
induction of β-catenin and Shh proteins in hair follicles of
extract-treated patients was revealed [138,139]. Of note, mul-
tiple signaling molecules, including Gli-1, β-catenin, BMP1,
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Figure 5. Mechanism of PI3K/AKT signaling pathway. When the ligand and receptor bind, PI3K can be activated. Phosphoinositide 3-kinase (PIP3) produced on

the plasma membrane binds phosphorylated Thr308 and Ser473 through PI3K-dependent kinase 1 (PDK1) and PI3K-dependent kinase 2 (PDK2), respectively,

resulting in AKT (protein kinase B) activation and action on downstream molecules

BMP2 and BMP6, are regulated by a naturally occurring
sesquiterpene lactone named costunolide, which stimulated
the proliferation of HFSCs to improve hair growth [140].
These studies demonstrate that acting on signaling pathways
related to HFSC proliferation and differentiation is an effec-
tive way to treat hair loss and other skin diseases.

Currently, the food and drug administration (FDA)-
approved medications for treating baldness are Finasteride®

and Minoxidil®, in addition to surgical procedures such
as hair transplantation. Minoxidil has a direct effect on
promoting hair growth by stimulating HFSCs and epithelial
cells [141]. This compound promoted the survival of HFSCs
via the activation of both the extracellular signal-regulated
kinase (ERK) and protein kinase B (Akt) pathways and
prevented apoptosis by increasing the Bcl-2/Bax ratio.
Notably, minoxidil extends the anagen phase by activating
β-catenin activity in HFSCs [142,143]. Moreover, finasteride
increases the stemness of HFSCs through the AKT-dependent
Wnt/β-catenin signaling pathway [144]. Although finasteride
and minoxidil have been widely used, studies on how to

improve their efficacy, enhance their targeting function and
reduce side effects through the regulation of HFSCs require
more exploration. Compared with drug treatment, platelet-
rich plasma (PRP), which is made up of the growth factors
released from platelets, improved hair growth and increased
wound healing. After treatment with PRP, hair counts, total
hair density and epidermal thickness significantly increased
[126]. Human HFSCs cultured in a PRP-enhanced growth
medium exhibited improved proliferation, improved Bcl-
2 and FGF-7 levels, activated ERK and Akt proteins, and
upregulated β-catenin [141,145].

Many drug candidates targeting HFSCs have been shown
to be effective in treating alopecia, healing wounds and
addressing other skin diseases. However, the mechanisms
underlying hair development induced by HFSC activation
are still incompletely understood, which limits the clinical
application of drug candidates. Future exploration will
involve the precise regulation of niche-specific HFSCs by
controlling their related signaling pathways during clinical
treatment.
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The networks of signaling pathways in HFSCs

The Wnt pathway plays an important role during hair follicle
induction, SHH participates in morphology development and
advanced differentiation, Notch signaling determines the fate
of HFSCs and BMP is involved in hair follicle stem cell
differentiation [75]. The Wnt signaling pathway is primarily
induced in HFSCs by stable β-catenin, and activation of hair
follicle stem cell differentiation participates in the prolifera-
tion and regeneration of hair follicles and the epidermis. BMP
and Wnt/β-catenin are two signaling pathways that coordi-
nate to regulate the participation of HFSCs in the regenera-
tion of the epidermis. Some members of the FGF family play
an important role in hair follicle stem cell participation in
the wound repair process, and the Notch1 signaling system
is involved in determining whether HFSCs differentiate into
hair follicles or epidermal lines. The SHH signaling pathway
is required for β-catenin activity. The specific mechanisms
of the signaling pathways involved in these processes have
been clarified through research, and the interactions between
various signaling pathways form a fine-tuned regulatory net-
work. For example, β-catenin and TCF/LEF can act as tran-
scription factors or repressive factors and ultimately cause
the Wnt signaling pathway to be activated or inhibited. β-
Catenin is the key protein of the Wnt signaling pathway,
and a decrease in the level of β-catenin will turn the Wnt
pathway off; in contrast, an increase in the level of β-catenin
turns on the Wnt pathway [146]. BMP and Wnt/β-catenin
signals regulate each other and control the balance between
HFSCs and epidermal regeneration; they jointly promote the
periodic growth of hair follicles and regulate normal skin
tissue reconstruction [147]. The SHH signaling pathway is
required for β-catenin function. The classic Wnt signaling
pathway is located upstream of HH signaling. During skin
development, β-catenin activation induces the expression of
SHH in the epidermis [148]. The Wnt/β-catenin signaling
pathway regulates the fate of HFSCs through the HH and
BMP signaling pathways. In addition, the immune-related
AKT/β-catenin signaling pathway plays a key role in HFSCs,
promoting HF circulation and posttraumatic regeneration
[149] (Figure 6). However, the specific mechanisms of action
between these signaling pathways must be clarified further.

Some molecular agents have been found to modify the
networks between signaling pathways in HFSCs and the
hair follicle cycle. Eng is a key molecular component in the
dynamic crosstalk between Wnt/β-catenin and TGF-β/BMP
signaling in the hair follicle cycle. β-Catenin directly binds
to the Eng promoter in a BMP signaling-dependent manner
and interacts with Smad4 in a BMP/Eng-dependent context
[150]. Dlx3 is a crucial transcriptional regulator of hair for-
mation and regeneration that activates downstream of Wnt
through LEF targeting and disrupts BMP signaling during
hair morphogenesis [151]. In recent years, attention has been
given to noncoding RNAs that participate in the progres-
sion of cellular metabolism by regulating different signal-
ing pathways of HFSCs. lncRNA-1 and lncRNA AK015322
promoted the proliferation and differentiation of HFSCs.

lncRNA-1 acts through the TGF-β1-mediated Wnt/β-catenin
signaling pathway while lncRNA AK015322 targets the miR-
21-mediated PI3K-AKT signaling pathway [124,152]. These
molecular agents and lncRNAs provide an up-to-date view of
the networks of multiple signaling pathways involved in reg-
ulating HFSCs in hair development. Nevertheless, the ways
in which the intrinsic oscillation of these HFSC networks
sense and influence the surrounding niche environment are
still unclear. In addition, the reciprocal interactions between
key niche components and key signaling pathways in HFSCs
and the environment are unclear [153,154]. Therefore, future
exploration is desired and will shed light on the signaling
interactions between subpopulations of HFSCs and their
surrounding niche environment.

Signaling interactions with the environment

of HFSCs

There are also interactions between HFSCs and other cells,
such as inflammatory cells and fibroblasts. Studies have
found that the BMP-MAPK signaling pathway can protect
the survival of HFSCs in the inflammatory environment
by enhancing the expression of sirtuin-1 [155]. In addition,
during the wound healing process, molecular signaling mech-
anisms related to inflammation also play an important role.
Wound healing begins with the inflammatory stage involving
immune cells, such as neutrophils and macrophages; the
process of wound healing includes homeostasis, inflamma-
tion, cell proliferation and tissue remodeling stages. Bacterial
infection and continuous inflammatory reactions inhibit
wound healing. HFSCs are regulated by CD4+ T cells and
macrophages in the telogen phase. The hair follicle bulge
can interact with recruited immune cells to overcome hair
follicle telogen-phase signals [156]. Recently, polycitrate
polyethyleneimine-ibuprofen reportedly showed good anti-
inflammatory effects; it stimulated the differentiation of
macrophages into the anti-inflammatory M2 subtype, which
can accelerate hair follicle regeneration and promote wound
healing [157,158].

HFSCs are promising sources for wound healing. Upon
injury, HFSCs near the wound site mobilize toward it
for wound bed re-epithelialization and barrier restoration.
Wnt/β-catenin signaling has been shown to play a central role
during wound healing, and many transcription factors take
part in or are downstream of this pathway [159,160]. Wound-
induced hair follicle neogenesis (WIHN) is a phenomenon
that occurs in adult mammalian skin and requires Wnt sig-
naling [161,162]. Leucine-rich repeat-containing G-protein
coupled receptor 5 (LGR5) is a well-known Wnt signaling
target gene and is highly expressed in HFSCs. A study
showed that macrophage-derived TNF-induced AKT/β-
catenin signaling in Lgr5+ HFSCs has an important function
in HF cycling and WIHN after wounding [149]. Moreover,
the HH pathway is important for WIHN. In scarring wounds,
HH stimulates hair follicle neogenesis by establishing the
dermal papilla where HFSCs reside [104]. Of note, epigenetic
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Figure 6. The interactive networks of signaling pathways in hair follicle stem cells. LEF/TCF lymphoid enhancer factor/T-cell factor, BMP/TGF-β bone

morphogenetic protein/transforming growth factor-β, HH hedgehog

and Chromatin immunoprecipitation sequencing (ChIP-
Seq) profiling showed that various signaling pathways are
involved in hair follicle regeneration and wound repair [163].
Despite many advances, the molecular mechanisms of wound
repair by HFSCs are still unclear. Much work is still needed to
elucidate the crosstalk between signaling pathways in HFSCs
for re-epithelialization and hair follicle neogenesis during
wound healing.

Perspective

HFSCs are one of the most common adult stem cell types in
the hair follicle bulge. They are feasible for use in promoting
wound healing and are currently being used in regenerative
medicine. HFSCs have advantages including a wide number
of sources, large numbers, minimal damage to the body
during isolation, strong expansion ability in vitro and mul-
tidirectional differentiation potential. With the development
of various technologies such as gene knockout and transgenic
technology, the use of HFSCs in skin self-renewal and tissue
repair and regeneration will be further developed, and our

understanding and research on HFSCs will also increase.
This work will play a particularly important role in tis-
sue engineering, regenerative medicine and other fields. For
example, a recent study found that adding an activated Wnt
signaling pathway to dermal papilla cells can stimulate the
development of hair follicles, which is a key step in hair
growth. These cells can be used in wound repair and skin
regeneration [164], in the treatment of androgenetic alopecia
[165], in the study of skin cell carcinogenesis and as a target
for gene therapy [166], all of which will provide new ideas
and directions for clinical applications.

Conclusions

In summary, hair follicles and their stem cells play an impor-
tant role in promoting wound repair and maintaining normal
skin function and the hair follicle cycle, during which they are
regulated by LEF/TCF, Wnt/β-catenin, TGF-β/BMP, Notch,
HH and PI3K/AKT signaling pathways, among others. The
precise regulation of these large and complex signaling
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pathways effectively controls the proliferation and differ-
entiation of HFSCs. Although the related signaling pathway
network systems and specific clinical applications of HFSCs
are still in the laboratory stage, current research results have
indicated that there are wide range of application prospects,
especially with regards to research on stem cells, and the
use of tissue engineering may be valuable in solving clinical
problems in the future.
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