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Abstract
Hair is a defining feature of mammals and has critical func-
tions, including protection, production of sebum, apocrine 
sweat and pheromones, social and sexual interactions, ther-
moregulation, and provision of stem cells for skin homeosta-
sis, regeneration, and repair. The hair follicle (HF) is consid-

ered a “mini-organ,” consisting of intricate and well-orga-
nized structures which originate from HF stem and 
progenitor cells. Dermal papilla cells are the main compo-
nents of the mesenchymal compartments in the hair bulb 
and are instrumental in generating signals to regulate the 
behavior of neighboring epithelial cells during the hair cycle. 
Mesenchymal-epithelial interactions within the dermal pa-
pilla niche drive HF embryonic development as well as the 
postnatal hair growth and regeneration cycle. This review 
summarizes the current understanding of HF development, 
repair, and regeneration, with special focus on cell signaling 
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pathways governing these processes. In particular, we dis-
cuss emerging paradigms of molecular signaling governing 
the dermal papilla-epithelial cellular interactions during hair 
growth and maintenance and the recent progress made to-
wards tissue engineering of human hair follicles.

© 2020 S. Karger AG, Basel

Introduction

The hair follicle (HF), considered a “mini-organ” and 
a signature of mammalian skin, is comprised of two main 
cells: dermal papilla cells (DPCs) and epithelial cells. The 
DPCs are derived from the mesenchyme, and the epithe-
lial cells are derived from the surface epithelium. The HF 
undergoes continuous cycling throughout adult life and 
recapitulates embryonic growth as its own elements are 
regenerated with each hair cycle. Reciprocal dermal-epi-
dermal interactions between the DPC and epithelial cells 
critically regulate hair growth and development [1]. Dur-
ing embryogenesis, the HF develops in three distinct stag-
es: (1) induction, (2) organogenesis, and (3) cytodifferen-
tiation [2]. These steps are coordinated by a number of 
signaling pathways [3] including the Wnt/β-catenin, 
hedgehog, notch, and bone morphogenic protein (BMP) 
pathways [4]. These same pathways are also responsible 
for regulating postnatal HF cycling in conjunction with 
the hypoxia-inducible factor-1α (HIF-1α) pathway. Hu-
man and murine HFs share the same principal cell types 
and the same essential features of organization and func-
tion. While hair research in the mouse has long been both 
the foundation of our understanding of hair biology [5], 
recent work has provided insight into human HF biology, 
which has facilitated the development of novel therapies 
for skin disorders [6]. The human HF is the focus of this 
review.

Embryological Development of Human Hair

Human HF develops in embryonic life in four distinct 
stages, beginning in the ninth week of intrauterine life. 
The HF structure is preserved across multiple tissue types, 
including the nails, teeth, and most exocrine glands [7], 
and reciprocal interactions between the epidermal plac-
ode and the underlying dermal cells crucially determine 
HF formation [8]. An array of signaling pathways is 
thought to mediate this communication. Although many 
of the key pathways have not yet been identified, it is un-
derstood that Wnt, hedgehog, transforming growth 

factor-β (TGF-β)/BMP, fibroblast growth factor (FGF), 
and the various tumor necrosis factor (TNF) paracrine 
signaling factors have fundamental roles [9]. The mesen-
chyme initiates signaling which stimulates a thickening of 
the epidermis and formation of a hair placode [1]. Once 
established, the placode cells induce the mesenchymal 
cells to form a dermal condensate that ultimately forms 
the HF dermal papilla [10]. 

Signals from the dermal condensate then promote in-
growth of the epithelial cells down into the dermis [1]. 
Further reciprocal epithelial-mesenchymal signaling 
likely induce maturation and formation of the different 
HF lineages. These processes have been classically catego-
rized into three phases: induction, organogenesis, cyto-
differentiation [4].

The surrounding dermal cells conjugate around the 
placode and form a hair bud. The hair bud subsequently 
proliferates, lengthens, and invaginates into the dermis, 
forming the hair peg. Mesenchymal tissue then accumu-
lates in the area, resulting in the hair bulb. Differentiation 
of the surrounding epithelial cells results in formation of 
the HF wall, hair epithelial sheath, and a small swelling 
that will eventually form the sebaceous gland. Prolifera-
tion and keratinization of central epithelial cells forms the 
hair cone. After the sebaceous gland differentiation and 
when the hair protrudes through the skin, the HF is com-
plete [11]. HFs throughout the body develop at different 
rates, but by 21 weeks of fetal life, all areas of the body 
have at least one HF. The development of HF progresses 
in a cephalocaudal direction, and by the time there are 
long hairs on the face and scalp, many areas of the trunk 
and extremities have hairs within the cellular sheaths or 
hairs partially protruding through the epidermis [12].

The mechanisms determining HF fate are governed by 
local gradients of HF activators and inhibitors [13]. Wnt, 
Eda-A1, and noggin induce placode formation [14]. Sig-
nals which inhibit HF development, however, remain yet 
to be determined. Wnt activity within and around devel-
oping hair placodes is under tight control, which is im-
portant given its integral role in HF cycling [15] and the 
potential for skin tumor formation with overactive epi-
dermal Wnt/β-catenin signaling [16]. As in the “Turing 
model of reaction-diffusion systems,” previously de-
scribed in the context of feather development, extracel-
lular secreted Wnt and Dickkopfs (Dkks) likely direct 
placode formation through a reaction-diffusion system. 
Small-molecular-weight Wnt inhibitor Dkk4, for exam-
ple, easily diffuses and inhibits Wnt signaling in the inter-
follicular epidermis, whereas larger Wnt molecules tend 
to remain within the placode [17]. 
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Hair Follicle Cycling

The HF of mammalian skin regularly cycles between 
involution and regeneration throughout postnatal life 
[18]. There are four main phases of the HF cycle: (1) ana-
gen (growth), (2) catagen (regression), (3) telogen (rest), 
and (4) exogen (shedding) [7] (Fig. 1; Table 1). The dura-
tion of each phase varies by anatomical location, nutri-
tional and hormonal status, age, and species [19]. In 
mice, for example, the first “test” hair shaft is generated 
relatively late at 17 days postpartum [20] and is conse-
quently often misinterpreted as “first anagen” [4]. Scalp 
follicles undergo 10–30 cycles in a lifetime. The cycling 
of human HF is thought to be associated with the distri-
bution of white adipose tissue which clusters around pi-
losebaceous units in structures called “dermal cones” 
[21].

Anagen
Anagen is the growth phase, and true anagen occurs 4 

weeks after birth [22]. The stem cells present within the 
bulge region begin to proliferate at the onset of anagen to 
produce a new lower HF [23]. Human HF bulge cells are 
keratin 15 (K15) positive and express high levels of β1-
integrin [23]. The hair matrix transient amplifying cells, 
derived from epithelial HF stem cells in the bulge, also 
proliferate intensively and subsequently differentiate into 
distinct epithelial hair lineages [24]. For the remainder of 
anagen, and for catagen and telogen growth phases, the 
HF stem cells are otherwise extremely slow-cycling [23]. 

The anagen growth phase of human scalp hairs can last 
between 2 and 8 years [25]. 

Catagen
Catagen marks the period of rapid HF involution, 

where the entire lower two thirds of the HF rapidly de-
generate over 2–3 weeks leaving only club hair surround-
ed by an epithelial cap (Fig.  1). This occurs mainly by 
apoptosis of dermal matrix, inner root sheath (IRS), and 
outer root sheath (ORS) keratinocytes. There is sparing 
of the bulge HF stem cells [26]. The end result is forma-
tion of an epithelial strand, a remnant of the HF, which 
functions to approximate the dermal papilla with the 
bulge [27]. In mice, the old hair shaft (club hair, now de-
tached), normally remains in situ in the hair canal as the 
new hair emerges through the same orifice. In mice, the 
club hair may rest in the socket for several cycles and thus 
act to contribute to the density of the coat and leads to 
bulging of the ORS around the club [28]. 

Telogen
Telogen follows catagen, marks the resting phase of 

HF cycling, and involves the shedding or loss of hair 
(Fig. 1) [29]. Early in life, mice have highly coordinated 
HF cycling throughout the skin, but synchrony is lost 
with increasing age [7]. Humans, on the other hand, ex-
hibit desynchronization of HF cycles shortly after birth 
[7]. Furthermore, the duration of telogen increases 
throughout development; there is slower HF turnover in 
aged animals [30] and in humans [31]. Although classi-

Table 1. The main phases of hair growth

Stage Key features

Anagen Active growth phase
Early anagen: hair matrix forms new hair
Nourishment of HF from blood supply enables hair growth
Lasts 2–6 years

Catagen Intermediate or “transition” phase
Deeper portion of the HF starts to collapse, HF detaches from nourishing blood supply
Lasts 1–2 weeks

Telogen Resting phase
Remains of the hair bulk are inactive, papillary cells completely separate from HF
Lasts 5–6 weeks

Exogen Shedding phase
Hairs at the end of their life fall out
Mainly coupled to early anagen but also occurs in telogen

HF, hair follicle. Reference: https://www.sciencedirect.com/science/article/pii/S0022202X15417737.
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cally thought of as a stage of relative quiescence, telogen 
is now recognized to be an extremely active stage that is 
critical in controlling HF cycling [7]. The variety in hair 
length observed throughout the human body (e.g., eye-
lashes, torso, scalp) is due to the ratio between anagen and 
telogen phases. Scalp hair, for example, has a high 
anagen:telogen ratio resulting in long hair, but eyelashes 
and hair on the limbs spend less time in anagen and more 
time in telogen, resulting in shorter hair [32]. 

Exogen
While old hair shafts can be shed passively by mechan-

ical forces, shedding in exogen is primarily an active pro-
cess (Fig. 1) [33]. 

Human HFs transition through the cycles at different 
rates. On average human HFs cycle every 2–8 years, 
meaning at any one point roughly 86% of hairs are in ana-
gen, 1% are in catagen, and the remaining 13% are in telo-
gen [34].

Hair Follicle Stem Cells

The HF stem cells are located in the bulge region with-
in the ORS [35]. During homeostasis, these bulge cells are 
slow cycling and quiescent in nature [36–38]. Like stem 

cells in other organs, they have a distinct biological make-
up and persist throughout life [37]. Inflammation-in-
duced damage to the bulge, and destruction of bulge cells, 
may produce permanent and cicatricial alopecia [39]. The 
keratin filament K15 has been used to prospectively iso-
late murine bulge stem cells to explore their gene expres-
sion profiles [40]. Expression of keratin filament K15 and 
K19, increased expression of CD200 and decreased ex-
pression of CD34, nestin, and connexin 43 are thought to 
mark the presence of human bulge epithelial stem cells 
[7]. 

The “bulge activation hypothesis” proposes that bulge 
stem cells maintain HF homeostasis through periodic cy-
cling [41]. Proliferation of the bulge stem cells marks the 
initiation of anagen, resulting in daughter cells from 
asymmetric division. The stem cell progeny cells migrate 
to the base of the follicle and become highly proliferative 
“transiently activated matrix cells” capable of giving rise 
to all cell lineages of the mature HF [42]. Following in-
jury, HF stem cells adopt differentiation programs that 
permit repair of injured sebaceous glands and the inter-
follicular epidermis [43]. Labeling and transplantation 
studies have suggested that HF stem cells give rise to ke-
ratinocytes, melanocytes, mesenchymal, and neural stem 
cells throughout life [8]. 

Hair shaft

Sebaceous
gland

Dermal papilla
Old club hair

New hair

Epithelial
column

Apoptosis
and regress
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Fig. 1. Hair development is a continuous 
cyclic process. All mature follicles go 
through a growth cycle consisting of four 
main phases: growth (anagen), regression 
(catagen), rest (telogen), and shedding (ex-
ogen).
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Mechanisms of Hair Follicle Cycling

Molecular mechanisms mediating HF cycling remain 
poorly understood. Work in mice has provided the foun-
dation of our understanding regarding the key regulators 
[44], and increasingly the pathways regulating hair 
growth in humans are being identified:

Anagen
Gene expression profiling in mice and humans has 

identified many pathways finetune the balance between 
stem cell quiescence and maintenance [45]. Induction of 
anagen is largely dependent on the interplay between 
Wnt, activin/BMP, and TGF-β/BMP signaling in human 
and mouse bulge cells [46], as well as FGF, and noggin, 
and sonic hedgehog (Shh) antagonists. Anagen onset is 
marked by an elevation in Wnts and stabilization of 
β-catenin, BMP inhibition by BMP antagonists [47], and 
increased levels of c-myc, and Runx1 [48] within HF 
bulge cells, leading to stem cell activation [49, 50]. Mice 
lacking BMPR1a, have HF stem cells that are continu-
ously activated and start proliferating aberrantly, result-
ing in the eventual loss of slow cycling cells in these mice 
[51]. As expected, these mice demonstrate increased and 
aberrant levels of the transcription factor lymphoid en-
hancer binding factor-1 (Lef-1) and stabilized β-catenin 
in the stem cell niche. In contrast, ablation of Wnt signal-
ing in the HF bulge reduces the potency of stem cells and 
shifts the balance from hair growth to premature differ-
entiation. Although there are similarities between mouse 
and human HF, there are also important structural and/
or biological differences between human and mouse 
bulge ORS. Only humans are observed to upregulate ex-
pression of DIO2 and ANGPTL2 [52, 53], and expression 
of latent TGF-β binding protein 2, FGF18, and, impor-
tantly, CD34 are also divergent between mice and hu-
mans [6]. 

Maintenance of anagen, in contrast, is controlled by 
insulin-like growth factor-1, hepatocyte growth factor, 
and vascular endothelial growth factor (VEGF) [54]. As 
anagen progresses, the bulge reverts to a Wnt-inhibited 
state [55], and Wnt inhibition by TCF3, Wnt inhibitory 
factor 1 and Dkks (e.g., Dkk3) and the calcium-depen-
dent transcription factor NFATc1 [56] maintain bulge 
stem cells in a quiescent state [7]. BMP signaling also 
serves to prevent Wnt pathway activation and maintains 
HF stem cells in quiescence [57]. Knockdown studies of 
organ-cultured human scalp HFs reveal that P-cadherin 
is needed for anagen maintenance by regulating canoni-
cal Wnt signaling and suppressing TGF-β2 [58].

As the epithelial HF stem cells re-enter quiescence, the 
daughter bulge cells migrate away from the dermal papilla 
[59]. Wnt signaling also specifies the differentiated cell 
fates in the anagen follicle [55]. Evidence for this is sup-
ported by the finding of increased expression of Wnt acti-
vators and decreased expression of Wnt inhibitors (e.g., 
Srfp1, Dab2, and TCF3) in nonbulge keratinocytes com-
pared to bulge stem cells in mouse and human skin [60]. 
The transient amplifying cells (the stem cell progeny) 
maintain active Wnt signaling and concomitant stabiliza-
tion of β-catenin throughout anagen [61, 62]. Precortical 
hair matrix cells cease proliferating and undergo differen-
tiation into various terminal HF epithelial cell lineages [7, 
63]. The molecules involved in ORS formation include 
BMPs, GATA3 and Cutl1, whereas IRS formation involves 
Shh and Sox9. Hair shaft development and expression of 
hair shaft keratins is under control of Wnt/β-catenin, 
BMPs, notch, vitamin D receptor (VDR) and Foxn1. TCF3 
operates as a general inhibitor of all epithelial lineages [7].

Catagen
The anagen-to-catagen transition involves crosstalk 

between the downstream effectors of TNF-α signaling and 
K17 [64], VDR, the transcriptional repressor hairless, and 
the retinoic acid receptor [65]. Hairless interacts with 
VDR to regulate transcription, and mice deficient of either 
regulators have HFs which form epithelial sacs and dermal 
cysts upon entering catagen [66]; this disrupts the essen-
tial interaction between HF stem cells and the inductive 
HF mesenchyme [8]. FGF-5 is a potent growth factor 
which stimulates the onset of catagen [4]. Evidence sup-
porting the role of FGF-5 comes from FGF-5-deficient 
mice who exhibit prolonged anagen and an angora phe-
notype (abnormally long body hair coat) [67]. FGF-5 is a 
critical regulator of human hair growth, and a recent study 
showed how mutations to FGF5 can lead to familial tri-
chomegaly, or extreme eyelash growth [68]. Other factors 
also act in a synergistic manner to promote catagen onset 
including TGF-β1, interleukin-1β, neurotrophins 3 and 4, 
bone-derived neurotrophic factor, BMP2 and BMP4, and 
TNF-α [7]. Treatment of human HF cells with all-trans-
retinoic acid induces a catagen-like stage in part via up-
regulation of TGF-β2 in the dermal papillary cells [69].

Telogen
Recent work in mice has divided telogen into: (1) the 

“refractory phase,” where HFs are resistant to growth 
stimuli and have upregulated BMP2/4, and (2) the “com-
petent” phase during which HF bulge stem cells are ex-
tremely sensitive to anagen-inducing factors, BMP signal-
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ing is diminished, and Wnt/β-catenin signaling increases 
[70, 71]. Of note, the estrogen receptor is appreciably up-
regulated throughout telogen [46]. This extrafollicular 
system and intrafollicular “hair cycle clock” must interact 
to ensure regulation of individual HF cycles, and this may 
relate to the observation of cyclical changes of BMP2 and 
BMP4 expression of extrafollicular skin, especially in sub-
cutaneous adipocytes [72]. As the dermal papilla rests im-
mediately below the bulge in telogen the bulge stem and 
dermal papilla cells can interact [73] and help coordinate 
stem cell activation and initiation of a new HF cycle [73]. 
Once a critical concentration of stem cell activators has 
been achieved, anagen begins again [61].

Many of the genes controlling epithelial HF stem cell ac-
tivity and HF cycling have been identified. Future work in-
volving mouse genetics and further HF cycle profiling will 
continue to elucidate the enigmatic “hair cycle clock” [74]. 

Hair Follicles and Regenerative Medicine

Hair loss is common and occurs in a variety of physi-
ological states associated with hormonal imbalance, age, 
autoimmune conditions, medications, and genetics [75]. 

Damaged or destroyed hair stem cells are thought to be 
the reason underlying hair loss across these different sit-
uations. While scarring alopecia is thought to be due to 
the depletion of stem cells, balding is associated with 
maintaining of stem cells and loss of the progenitor cells 
[76]. While some progress has been made towards treat-
ing alopecia with autologous hair transplantation or 
drugs, to date most efforts have been unable to effective-
ly achieve sufficient numbers of hair [77]. There has been 
some success with cotransplantation of DPCs and epi-
thelium-derived follicular stem cells, consistent with the 
importance of reciprocal interactions between these 
stem cells for HF morphogenesis and hair cycling [78, 
79]. The DPCs are believed to provide the necessary sig-
nals to the follicular epithelial stem cells to direct their 
differentiation and ultimately specify their shape, size, 
and pigmentation of resultant hair [8]. In culture, expan-
sion eventually exhausts this proliferative and regenera-
tive capacity [80]. The addition of certain growth factors 
can help increase hair generation efficiency, and mole-
cules that have shown promise to date are FGF-2 [81], 
Wnt [82], and BMP [83]. Culture of DPCs in aggregate 
can promote the maintenance of important DPC-specif-
ic markers, and transplantation of HF germ cells com-
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prised of mesenchymal and epithelial cells that had been 
integrated in 3-dimensional cultures resulted in success-
ful HF regeneration in mice [84]. While successful, this 
approach requires generation of a large number of HF 
germ cells which can be labor-intensive. Recent work is 
focused on improving the efficiency of methods to gener-
ate sufficient numbers of robust stem cells for hair regen-
erative medicine [85]. 

Hair Follicles in Cutaneous Injury

HF development bears resemblance to wound healing 
in that it requires a highly coordinated interplay between 
tissue regeneration, cell growth, and cell migration. HIF-
1α drives neovascularization and production of collagen 
and elastin during wound healing [86]. Stimulating the 
HIF pathway can significantly enhance both tissue regen-
eration and hair growth, suggesting human HF stem/pro-
genitor cells are reactive to hypoxia (Fig. 2) [87–92]. Of 
note, minoxidil is a hair growth-stimulating agent, which 
when topically applied to the scalp, inhibits the HIF-de-
grading enzyme prolylhydroxylase, demonstrating a pos-
itive pharmacological effect on hair growth through acti-
vation of the angiogenic HIF-1-VEGF axis [90]. These 
findings suggest further research into HIF-modulating 
agents may unlock novel hair growth-stimulating thera-
peutics. 

Work in mice suggests that, following cutaneous in-
jury, Shh levels increase, with activation of the hedgehog 
pathway, restoring a regenerative dermal niche (dermal 
papilla), both sufficient and necessary for HF neogenesis 
[93]. Shh overexpression in the epidermis or constitutive 
smoothened dermal activation drives extensive HF neo-
genesis in wounds that would otherwise heal by scarring, 
suggesting Shh signal activation in Wnt-responsive cells 
promotes wound regeneration. TGF-β and nerve growth 
factor families have opposing functions during HF devel-
opment and cycling; both function to promote HF devel-
opment, but also stimulate catagen in mature HF [94]. In 
addition, VDR, hairless, and notch are dispensable for HF 
development, but are critical for the induction of anagen 
in postnatal skin [95].

Conclusions and Future Directions

This review summarizes the current understanding of 
signaling pathways essential in governing HF develop-
ment and cycling. The signaling cascades and crosstalk 

responsible for induction of HF development and mor-
phogenesis, and the molecular differences governing fetal 
HF induction and development, compared to postnatal 
HF cycling, require further elucidation. From a clinical 
perspective, the key challenge will be to translate insights 
from HF biology into treatments for disorders such as 
androgenetic alopecia, telogen effluvium, alopecia areata, 
and hirsutism as well as applications for wound healing 
and tissue regeneration, including de novo induction of 
HFs in adult human skin. Although not discussed in 
depth here, it should be recognized that the proliferative 
character and long lifespan of HF stem cells puts them at 
risk of accumulating and retaining genetic mutations, 
which may precipitate tumor formation with time. The 
HF and its surrounding mesenchyme are recognized as 
potent sources for multipotent stem cell populations, 
raising hopes that stem cells associated with adult human 
HFs might soon become exploitable for use in regenera-
tive medicine. Beyond the topics covered in this review, 
emerging areas in hair research – for example, under-
standing the immune privilege of the HF bulb and bulge 
as well as the complex (neuro-)endocrine activities of the 
HF – may revolutionize our understanding of HF biology 
in the near future. 

Key Message

This review summarizes recent progress in understanding of 
the molecular mechanisms regulating hair follicle formation.
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