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Abstract

De novo hair follicle (HF) formation in embryonic skin and hair growth in postnatal skin 
are the result of epithelial-mesenchymal interactions between specialized mesenchymal 
dermal papilla (DP) and epithelial stem cells that give rise to hairs. Adult HF is a valuable 
source of different lineages of stem cells (SCs) with morphogenetic potential. Epithelial 
stem cells are residing in the special compartment of HF (the bulge) and can be mobilized 
to regenerate the new follicle with each hair cycle and to reepithelialize epidermis during 
wound repair. This review summarizes the current knowledge on key characteristics of 
HF SC populations in terms of regenerative potential. General biological principles that 
govern the mesenchymal-epithelial interactions within the HF and the signaling path-
ways that control HF development are discussed. The main focus is on recent approaches 
to reconstruct folliculogenesis in vitro and perspectives of the tissue engineering in alo-
pecia therapy.

Keywords: epidermis, hair follicle, morphogenesis, stem cells, hair follicle 
reconstruction, dermal papilla

1. Introduction

Alopecia is a growing health problem in the world, and the age of patients tends to decrease 

[1]. Dermatologists and trichologists have an increasing list of young patients including 

women, at the age of 25–30 years or even teenagers. At the same time, there are only few really 

effective remedies in the field. Achievements in cell biology and biotechnology propose novel 
products to solve these problems. One of the promising and reasonable ways to develop cell 

products for hair loss treatment is to obtain trichogenic cells and then to grow small follicle-

like structures. To develop effective strategies of hair follicle (HF) reconstruction we need to 
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have a deep insight into cellular and molecular mechanisms of HF development and regen-

eration. The research on HF is a rapidly developing area of skin biology. This mini-organ can 

be successfully used for a wide range of studies into the mechanisms of morphogenesis, stem 

cell behavior, cell differentiation, and apoptosis [2–4]. Moreover, as mentioned above, HF 

investigations can provide invaluable insights into the possible causes of human hair disor-

ders and provide conditions for development of HF restoration technologies.

2. Hair follicle: structure, cycling and stem cells

HF is a skin appendage with very complex structure undergoing lifelong periods of mor-

phogenesis. The major part of HF is produced by the epithelium. Highly proliferative matrix 

cells in HF bulb gradually move upwards in the course of differentiation. They are progeni-
tors for the inner and outer root sheaths and hair shaft later on. Mesenchymal portion of 

HF includes dermal papilla (DP) and HF connective tissue sheath. DP is located inside the 

bulb and is separated from the matrix cells by a basement membrane. In a lower part of the 

bulb, DP contacts with the dermal sheath that surrounds the entire follicle. This structure is 

maintained throughout the hair-growth phase – anagen. With time, when HF transits into the 

destructive phase–catagen–the lower two-thirds of the HF epithelial strand degenerate and 

the hair shaft production stops. DP also becomes smaller but its losses are much less signifi-

cant and are mainly caused by reduced content of an extracellular matrix [5] and migration 

of cells between the DP and the adjacent dermal sheath [6]. During catagen, HF is reduced to 

a tiny epidermal strand surrounded by a basement membrane. As it retracts, the DP is pulled 

upward to the upper permanent portion of the HF containing bulge stem cells [7].

Then HF enters the resting phase – telogen. The transition from telogen to anagen is the begin-

ning of a new HF cycle, a process that continues throughout life. In mice, the lengths of anagen 

and catagen phases are similar from one cycle to the next, while each telogen becomes longer 

than the previous one. This results in progressive asynchrony in HF cycling with age [8].

Now it is quite clear that the regeneration cycle is maintained by activity of HF stem cells. HF is 

considered to be a valuable source of adult stem cells (SCs) with morphogenetic potential. SCs 
may be isolated from epidermal and mesenchymal compartments of HF. Additionally neural 

crest-derived cells are found in HF, at least in the facial skin [9, 10]. Matrix cells had been 

thought to be stem cells for a long time as they proliferate very intensively at the beginning of 

the growth phase. However in experiments with murine HFs, Cotsarelis and co-authors dis-

covered special population of cells at the bottom of a permanent portion of the HF known as 
the bulge [11]. These cells retained thymidine DNA label after 4 weeks of chase period unlike 

matrix cells which lost the label as early as 1 week after cessation of labeling. From these pio-

neering experiments, the bulge has been proved in many studies to be the main reservoir of 

SCs in HF. It contains morphologically undifferentiated and slow-cycling under the normal 
conditions of cells. The bulge is a swelling and contiguous part of outer root sheath. As many 

HFs lack anatomically well-defined bulge region, the term ‘bulge’ is often referred loosely to 
the permanent region of the follicle below the sebaceous gland [12, 13]. The bulge region is 

also the point of attachment of the arrector pilorum muscles [11]. SCs of melanocyte lineage 
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are located in close proximity of the bulge epithelial SCs. Melanocyte proliferation and dif-
ferentiation is strongly coordinated with the HF cycle. In fact, both types of SCs occupy the 
same niche or two partially overlapping niches [14, 15]. The arrector pilorum muscle is tightly 

connected with the bulge region. Epithelial SCs of the outer root sheath deposit nefronectin 
onto underlying basement membrane and regulate adhesion of mesenchymal cells express-

ing the receptor to nefronectin. Thus, bulge SC create the niche for smooth muscle cells and 
participate in regulation of the arrector pilorum muscle [16].

Epithelial and mesenchymal SCs of HF are not only a source of cell mass during HF regrowth 
phase, but they are also key regulators of hair cycle. Both pools of SCs produced multiple 
growth factors and cytokines regulating cellular proliferation, differentiation, and HF mor-

phogenesis. Key regulators of hair cycle belong to Wnt, TGFbeta, FGF, and some other signal-
ing pathway families [17, 18].

Bulge cells remain dormant during telogen. The DP plays a pivotal role in initiation of the 

next cycle of HF formation and hair growth [19–21]. This is associated with bulge cell migra-

tion and proliferation in the hair germ to generate the highly proliferative cells at the base of 

the follicle [7, 22]. Hair germ likely represents a special subpopulation of bulge descendants 

capable of quick recruitment into intensively proliferating state [7]. The authors suggest that 

the crosstalk between hair germ and DP via FGF7 signaling contributes significantly to the 
early steps of hair cycle activation.

3. Dermal papilla cells and their inductive properties

Dermal papilla cells represent mesenchymal cell subpopulation with stem properties. 

According to their specific features, they may be attributed to classical fibroblast-like cells 
with special functions. At the same time, DP cells meet stem cell criteria. In a number of 

works, including those coming from our lab, it was demonstrated that DP cells, according to 

their characteristics, may be attributed to mesenchymal stem cells along with those derived 
from bone marrow and adipose tissue [23–26]. These characteristics are widely accepted 

 criteria for mesenchymal stem cells including fibroblastic morphology, ability to adhere and 
to differentiate into osteogenic, chondrogenic, and adipogenic lineages [24, 27, 28]. It should 

be mentioned that DP differentiation abilities are often pronounced not to the same extent 
as those of classical mesenchymal stem cells [23]. As other lineages of differentiation were 
demonstrated some authors believe DP cells to be multipotent [28]. In laboratory animals, it 

was demonstrated that this type of cells is able to incorporate into skin structures by graft-

ing [29] and stimulate hair growth and angiogenesis. As it was found in detail during the 

last 20 years, the ability to induce and regulate HF morphogenesis has been considered to 

be the main characteristic and core biological function of DP cells. They are indispensable 

component for embryonic development of HF and postnatal cycling [30]. They serve as the 

niche for providing signals to matrix progenitors in specifying the size, shape, and pigmenta-

tion of hair fiber [5, 31]. Multiple pathways and molecules regulating epithelio-mesenchy-

mal interactions were discovered [32]. Using double reporter Lef1-RFP/K14-H2BGFP mice, 
Rendl with co-authors discovered detailed genetic signature of isolated mouse DP cells [33]. 

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

49



In  ontogenesis, DP first appears as cell condensates on the dermis. As HF develops, epidermal 
cells proliferate actively and envelope the dermal condensates [34]. Exposed to these new 
niche conditions, DP cells acquire the expression of BMP-4, its inhibitor noggin, and the sur-

face markers N-CAM and p-75. Additionally, they secret specific extracellular matrix protein 
versican and show a high level of alkaline phosphatase activity.

Inducing capacity of DP cells, i.e., their ability to induce HF development in embryogenesis 

and regulate postnatal HF cycling, is the most interesting and intriguing trait of these cells. 

It is noteworthy that not only DP but also skin dermis on the whole has an ability to regulate 

differentiation of integumental epithelia. As an example, keratinocytes of the palmoplantar 
thick skin exclusively express keratin 9 [35]. Recombination of the epidermis from different 
body sites with palmoplantar dermis caused onset of keratin 9 expression and differentiation 
of keratinocytes into thick skin [36]. Later it was shown that paleness and thickness of the 

palmoplantar skin is determined by Wnt signaling. Fibroblasts present in thick skin secrete 

Wnt inhibitor Dikkopf1, which causes thickening of the epidermis and decreases pigmenta-

tion both in vivo and in vitro [37]. HFs and, thus, DPs are distributed over the entire surface of 

the mammal body. In spite of different embryological origin of DPs from different sites of the 
body, their functional properties are quite similar. Analysis of global gene expression using 

microarrays demonstrated a very high degree of similarity between facial and trunk dermal 

hair-associated cells indicating phenotypic convergence within HF niche [38].

 DP cells have been quite profoundly investigated but their isolation and long-term cultivation 

is not a trivial task yet. They quickly lose intrinsic biological characteristics, especially hair 

inductive capacity, with passaging [39–41]. This process correlates with decrease in expres-

sion of DP markers including alkaline phosphatase, versican, Wnt5a, and some others [42–45].

A number of studies reported various approaches to maintain innate properties in cultured 

DP cells. Earlier approach implied cocultivation with keratinocytes or addition of keratino-

cyte-derived factors [46, 47] based on close interaction of DP cells with keratinocytes in their 

natural niche. Another group of studies considers specific signaling pathways participating 
in hair growth activation and epithelial-mesenchymal interactions. Wnt and BMP signaling 

were shown to play a key role in HF morphogenesis [18, 44, 48, 49]. Wnt proteins demon-

strated high effectiveness in respect of DP maintenance [50, 51]. Shimizu and Morgan found 
that Wnt 3a can maintain the hair-inductive properties of DP cells when they are cultured in 

vitro [49]. The medium containing recombinant Wnt-10b protein promoted the proliferation 

of DP cells, which successfully maintained their ability to induce HFs up to at least 10 serial 

passages [52]. Noteworthy, Wnt10b has been shown to be expressed in developing HFs, 

with the earliest and most marked localization in placodes [53] while Wnt10b-producing 

cells promoted hair folliculogenesis [54]. Canonical Wnt pathway in cultured DP cells was 
shown to be modulated by several compounds: ciprofloxacin [55], valproic acid [56, 57], 

and glycogen synthase kinase (GSK)-3 –inhibitors [43, 58]. Addition of vitamin D3 to cul-

ture medium upregulated expression of Wnt10b and TGF-β2 in murine DP cell providing 
significantly enhanced hair growth in hemivascularized sandwich assay [59].

Members of TGFbeta signaling pathway, Bmp 4 and Bmp 6 were used successfully to main-

tain specific characteristics of DP cells in culture [44, 48]. EGF and VEGF demonstrated stim-
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ulation of DP proliferation [60, 61]. However, these factors failed to maintain specific DP 
markers (unpublished data). It is not surprising as cell proliferation may necessarily correlate 

with hair inductive activity. On the other hand, combination of FGF and PDGF-AA promoted 
DP growth in culture and increased de novo HF induction in chamber assay using treated DP 

cells [62].

 Ohyama and co-authors studied molecular signature of freshly dissected human DP cells and 

found gene expression profiles that distinguish intact human DP from conventionally cul-
tured human DP cells and fibroblasts. Because the bioinformatics analysis performed by the 
authors implied the involvement of Wnt, BMP, and FGF signaling pathways in the mainte-

nance of specific DP properties they used the mixture of recombinant proteins and small mol-
ecules for stimulation of BMP, FGF, and Wnt pathways, respectively. This approach allowed 
them to maintain or even restore innate DP gene expression profile and trichogenic properties 
demonstrated in an in vivo hair induction assay [43].

Recently it was shown that systemically administered pharmacological inhibitors of Janus 

kinase (JAK) family of protein tyrosine kinases, as downstream effectors of the IFN-γ and γc 
cytokine receptors, prevented the development of alopecia areata in a mouse model reduc-

ing the accumulation of effector T cells in the skin [63]. During the course of the study, the 

authors noticed unexpected regrowth of HFs after topical treatment with JAK-STAT inhibi-
tors. They checked it in a separate study and were able to demonstrate direct stimulation 

of HFs growth both in mice, and the human xenografts and HF organ culture model [64]. 

Moreover, treatment of human DP spheres with the inhibitor of JAK1/3 signaling tofacitinib 

enhanced inductivity of human DP cells grown in spheres significantly which resulted in 
larger and significantly greater numbers of HFs obtained in the patch assay.

Another way to get closer to native DPs is to cultivate DP cells in spheres. It has been noticed 

long ago that DP cells demonstrate aggregative behavior in culture [65]. This may be readily 

used for creation of three-dimensional (3D) environment by hanging drop or non-adherent 

biomaterial culture systems. This approach can partially recover expression of core markers 

in human DP cultures [66]. Cells in spheres stop to proliferate and establish multiple cell-
cell contacts that may enhance Wnt signaling. They returned to a more native state judged 

by alpha-smooth muscle actin expression. It is noteworthy that not all strains demonstrated 

this behavior indicating large differences between cultures derived from different donors. 
Nevertheless, many studies with DP cells have been conducted recently using 3D cultivation 

[3131, 64, 67, 68]. They showed prolongation of specific markers expression and enhancement 
of hair inductive capacity after preliminary DP cell aggregation [42, 43, 66].

Taking into account complex natural HF niche it seems quite reasonable to introduce ele-

ments of this niche into DP culture systems. Huang with co-authors [68] combined DP with 

SCs derived from the adipose tissue (ASC) which normally surrounds HF and is shown to 
influence HF cycling presumably via PDGF signaling [69]. It was found that core-shell pat-

terning of combined spheres with DP cells inside and ASC outside had a beneficial effect 
on DP markers expression (Hey 1 and Versican) and the rate of hair formation in in vivo 

patch assay. Mature adipocytes incorporated into the same type of spheres had no impact on 

these processes. A simple mixture of cells within spheres without the formation of core-shell 
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 structures yielded much worse results [68]. The authors assume that the mixture of ASCs and 
DPs in simple mixed spheres interrupted the direct cell-cell interactions and association in 

DP cells or diluted the signals from ASCs to the DP sphere. It was reported that extracts and 
conditioned medium from neural stem cells were able to stimulate keratinocyte growth and 

enhanced hair growth compared to minoxidil [70].

Further search for suitable factors and conditions for effective cultivation and propagation of 
DP cells will allow one to elucidate mechanism of their self-maintenance and develop large-

scale culture technologies.

4. Hair follicle reconstruction

Regeneration ability of organs and even tissues is significantly limited in humans. At the same 
time, loss of teeth, hair, and even mammary glands due to different reasons is quite abun-

dant. These organs are comparable by their ontogenetic epithelial-mesenchymal origin i.e., 

like almost all organs in the body, they arise from organ germs which undergo subsequent 

stages of reciprocal epithelial-mesenchymal crosstalk and close interactions. In adult human 

body, reproduction of these interactions in the right order and availability of germ-initiating 

cells to regenerate the entire architecture of multicomponent tissues and organs seems to be 

impossible or at least dramatically impeded. Development of novel technologies proposes a 

new hope for people. Tissue engineering is a promising approach to replace the lost tissues 

and organs. However, the problem how to obtain complex structures which can imitate an 

organ or develop the organ after grafting is far from solution. In many cases, practical tech-

nologies imply transplantation of specialized cells in suspension or sheets. More complicated 

structures are much more difficult to grow.

Reconstruction of folliculogenesis in vitro has been in the minds of scientists for a long period 

of time taking into account vast knowledge and impressive progress in skin biology begin-

ning from the pioneering works on cultivation of epidermal cells [71] and the epidermis being 

one of the first tissues that has been reconstructed using tissue engineering [72]. Skin com-

prises epithelial and mesenchymal components which form body coverage and multiple skin 

appendages like HF and different types of glands. Since it became possible to reconstruct and 
reconstitute damaged skin, the problem of HF and gland reconstruction emerged for proper 

functioning of skin grafts as well as for fundamental studies. It has become especially attrac-

tive because a new direction of tissue engineering and regenerative medicine has been devel-

oped which utilized the ability of pluripotent cells to self-organize in culture into organ-like 

structures reproducing functional activity of the corresponding organ [73]. However postna-

tal cells represent quite a different story.

During recent decades, HF biology was profoundly studied. As mentioned above, HF in 

mammals is the only organ which in normal physiological condition undergoes degeneration 

(catagen) to small aggregates of resting cells (telogen) with subsequent full regeneration lead-

ing to complete restoration of multicellular organ generating corneal shaft (anagen). Multiple 

mechanisms regulating organogenesis and physiological regeneration of HFs are found, the 

Hair and Scalp Disorders52



cellular structure of HF is studied in detail, properties and functions of cell subpopulations 

are elucidated [74-78].

Numerous studies utilized the ability of epithelial and mesenchymal cells of different organs 
to produce mutual influence even in culture conditions in attempts to reproduce morphoge-

netic processes. After both compartments were determined in HF, this approach was applied 

to reconstruct folliculogenesis in vitro. It was proved that DP cells affect interfollicular kera-

tinocytes in many aspects. Coculturing of keratinocytes and DP cells in Transwell system 
stimulated expression of follicular markers in keratinocytes [79]. Direct contact between cells 

of different types enhances this interaction [80].

Due to specific inducing properties of DP cells morphogenesis of HF may be reproduced 
in culture. While keratinocytes possess intrinsic ability to form structures resembling dif-

ferent stages of HF morphogenesis, HF mesenchyme regulates and intensifies this process. 
DP-conditioned medium stimulates morphogenesis in keratinocyte culture demonstrating 

high rate of tube formation in the collagen gel [81]. However, production of fully functional 

HFs from postnatal cells is still challenging.

Scientists tried to improve effectiveness of HF morphogenesis using more potent cells includ-

ing keratinocytes from HFs or embryonic cells. As it can be predicted, embryonic tissues dem-

onstrate higher potential to develop organs after inoculation into culture. Significant portion 
of studies were performed using embryonic tissues in order to avoid roadblocks of postnatal 

conditions. Mouse embryonic skin explants may successfully develop HFs in culture [82]. 

Dissociated cells from embryonic tissues aggregate and form the organ germs which can 

develop into mature primordium and then into a functioning organ. Such results were dem-

onstrated for tooth and hair germs. Buds from dissociated skin of murine embryos developed 

into mature HFs in culture or after transplantation to immunocompromised animals [83-85]. 

However, it is quite difficult to reproduce this type of experiments using postnatal HF cells. 
Long-term cultivation of HFs from postnatal skin is usually completed with gradual degra-

dation of the structure and degeneration of HF. Even in optimized conditions, HFs begin to 
degenerate after 20 days in culture, on average, while apoptotic cells appear approximately 

on day 5 [86]. HFs maintained in vitro are unable to keep cycling [87, 88]. In the study on rat 

HFs cultured on gelfoam supports, Philpott and Kealey were able to demonstrate signs of 
cycling but all follicles appeared to remain blocked in pro-anagen [89]. Non-follicular kera-

tinocytes failed to reconstruct HFs in combination with DP cells but the latter improved sig-

nificantly the quality of engineered skin grafts applied onto acute skin defects in nude mice [90]. 

Human DP cells used in skin equivalent together with epidermal cells enriched with HF kera-

tinocytes could generate HF bud 14 days after transplantation into nude mice but further 

development was impeded [91]. Interestingly, the authors also noticed a quality improve-

ment in composite skin substitutes containing DP cells as compared to dermal fibroblasts, 
these substitutes more accurately mimicked a well-ordered epithelium. More impressive 

results in terms of folliculogenesis were reported in xenogenic equivalents combining human 

foreskin keratinocytes and murine dermal cells [92, 93]. Six weeks after grafting, the authors 
recorded bulbous pegs and HFs, which however lacked sebaceous glands and were not able 

to erupt through the epidermal surface. These  experiments declare the development of skin 
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 substitutes with a high degree of homology to native skin as a long-term objective. At the 

same time, such an approach may be a useful tool to elaborate an effective technique for 
HF production. To overcome problems with HF eruption through the epithelial sheet and 

prevent epithelial cyst formation, a nylon thread was used as a guide for the infundibulum 

direction via insertion into the bioengineered germ [94]. This method showed perfect results 

in terms of the shaft formation after transplantation onto nude mice. Both mouse and human 

HF germs were reconstructed in the study. Human bioengineered HF germ was composed of 

the bulge region-derived epithelial cells and scalp HF-derived intact DPs of an androgenetic 

alopecia patient. These germs developed pigmented hair shafts within 21 days after intracu-

taneous transplantation into the back skin of nude mice [94].

Inamatsu with colleagues compared the process of neofolliculogenesis after intracutane-

ous transplantation of postnatal DP cells and embryonic dermal condensate in mice [95]. 

They showed that the dermal condensate-triggered development of HFs is similar to that in 

embryogenesis. Postnatal DP induced formation of new follicles by a different way, it induces 
the onset of the anagen-like stage without embryonic-like development.

Nevertheless, a number of studies have demonstrated successful reconstruction of follicle-

like structures from cells cultivated in vitro. They are focused on development of these struc-

tures into HF after transplantation as it was discussed above. This is achieved by two ways: 

skin equivalents with cells capable of hair follicle induction or aggregates made of keratino-

cytes and trichogenic mesenchyme with subsequent transplantation. Zheng and  co-authors 

[96, 97] used DP and keratinocyte suspension to inject into mice. It was shown that kerati-

nocytes aggregated first, DP cells stimulated their proliferation enlarging hair follicle pri-
mordium and then the shaft began to grow into the cavity which had been formed in the 

aggregate. It was found that the way of cell combination affects epithelio-mesenchymal 
interactions. In mixed culture, aggregates were smaller; keratinocytes proliferated better 
and escaped apoptosis [98]. In the study by Havlickova with co-authors, human keratino-

cytes of the outer root sheath and DP were placed into specially constructed pseudodermis 

comprising collagen matrix and dermal fibroblasts. The authors found that cells preserved 
viability, expressed specific markers, and supported proliferation. They were also able to 
produce specific reaction on substances stimulating or inhibiting hair growth [99]. However, 

the appropriate architecture of hair follicle bud was lost. Thus, authors supposed to use the 

model for drug testing. They think such model should (1) imitate at least one typical feature 

of the human HF; (2) manifest the predicted reaction to the known modulators of HF cycle 

and development; and (3) exhibit the reactions which are reproducible in vivo [99]. Scientists 
from Technical University in Berlin reported the production of microfollicles in vitro by mix-

ing DP aggregates with the basement membrane components and the outer root sheath 

keratinocytes [100]. They found expression of HF markers such as vimentin, cytokeratins, 

trichohyalin, and chondroitin sulfate. Remarkably, they observed hair-like fibers sprouting 
from the nascent microfollicles. Different types of free aggregates present another modifica-

tion of culture conditions. Cells may be placed on partially-adhesive substrates [101]. Being 

seeded on poly(ethylene-co-vinyl alcohol), DP cells first aggregate in this model and then are 
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covered with keratinocytes. The authors found keratinocytes expressed keratin 6 and, thus, 

underwent differentiation.

Another way to closely reproduce HF morphogenesis in vitro may involve specialized HF 

cells derived from the pluripotent cells. For example, the derivation of functional DP-like 

cells from human embryonic stem cells was recently reported [102]. Derivation of multipotent 

progenitors of the epithelial lineage [103, 104] gives an opportunity to combine trichogenic 

cells at their early stages of commitment with hopefully better results.

Using the advantage of induced pluripotency Yang with colleagues [105] obtained follicu-

logenic CD200+/ITGA6+ epidermal stem cells from human fibroblast-derived induced plu-

ripotent cells. Patch in vivo assay demonstrated the ability of these cells to generate all HF 

lineages including the hair shaft, and the inner and outer root sheaths. The regenerated HFs 

possessed a stem cell population and produced hair shafts expressing hair specific keratins. 
The ability of pluripotent cells to self-organize and spontaneously differentiate into all cell lin-

eages was used by Takagi and colleagues [106] who carefully selected conditions that enabled 

direct derivation of HFs from induced pluripotent cells through embryoid bodies using the 

clustering-dependent embryoid body transplantation method.

Currently, there are a number of ongoing clinical trials using cultured cells to treat alope-

cia [107]. It is noteworthy that interfollicular unspecialized cells are used in many cases, put 

it simply, dermal fibroblasts and epidermal keratinocytes. Therapeutic mechanisms of such 
preparations are unclear and positive effect depends on patient’s remaining HFs. However, 
the latter are absent in many cases. Therefore, modern approaches to HF restoration are badly 
needed for severe cases of hair loss or alopecia. Taking into account great progress in skin and 

HF biology, biotechnology, and tissue engineering we hope to meet highly effective methods 
of HF production in the nearest future.

Acknowledgments

The work was funded by the Russian Science Foundation (Project No. 16-14-00204).

Author details

Ekaterina P. Kalabusheva1,2,*, Elina S. Chermnykh1,2, Vasily V. Terskikh1 and  

Ekaterina A. Vorotelyak1,2

*Address all correspondence to: vorotelyak@yandex.ru

1 N.K. Koltzov Institute of Developmental Biology, Russian Academy of Sciences, Moscow, 
Russia

2 Pirogov Russian National Research Medical University, Moscow, Russia

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

55



References

[1] Miteva M, Tosti A. Treatment options for alopecia: an update, looking to the future. 

Expert Opin Pharmacother. 2012;13(9):1271–1281. DOI: 10.1517/14656566.2012.685160

[2] Shimomura Y. Journey toward unraveling the molecular basis of hereditary hair disor-

ders. J Dermatol Sci. 2016. DOI: 10.1016/j.jdermsci.2016.08.006

[3] Zheng Y, Hsieh J-C, Escandon J, Cotsarelis G. Isolation of mouse hair follicle bulge 
stem cells and their functional analysis in a reconstitution assay. Methods Mol Biol. 

2016;1453:57–69. DOI: 10.1007/978-1-4939-3786-8_8

[4] Rippa A, Terskikh V, Nesterova A, Vasiliev A, Vorotelyak E. Hair follicle morphogenesis 
and epidermal homeostasis in we/we wal/wal mice with postnatal alopecia. Histochem 

Cell Biol. 2015;143(5):481–496. DOI: 10.1007/s00418-014-1291-1

[5] Elliott K, Messenger AG, Stephenson TJ. Differences in hair follicle dermal papilla vol-
ume are due to extracellular matrix volume and cell number: implications for the control 

of hair follicle size and androgen responses. J Invest Dermatol. 1999;113(6):873–877. DOI: 

10.1046/j.1523-1747.1999.00797.x

[6] Tobin DJ, Magerl M, Gunin A, Paus R. Plasticity and cytokinetic dynamics of the hair 
follicle mesenchyme during the hair growth cycle: implications for growth control and 

hair follicle transformations. J Investig Dermatology Symp Proc. 2003;8(1):80–86. DOI: 
10.1046/j.1523-1747.2003.12177.x

[7] Greco V, Chen T, Rendl M, Schober M, Pasolli HA, Stokes N, et al. A two-step mecha-

nism for stem cell activation during hair regeneration. Cell Stem Cell. 2009;4(2):155–169. 
DOI: 10.1016/j.stem.2008.12.009

[8] Müller–Röver S, Foitzik K, Paus R, Handjiski B, van der Veen C, Eichmüller S, et al. A 
comprehensive guide for the accurate classification of murine hair follicles in distinct hair 
cycle stages. J Invest Dermatol. 2001;117(1):3–15. DOI: 10.1046/j.0022-202x.2001.01377.x

[9] Sieber-Blum M, Grim M, Hu YF, Szeder V. Pluripotent neural crest stem cells in the adult 
hair follicle. Dev Dyn. 2004;231(2):258–269. DOI: 10.1002/dvdy.20129

[10] Amoh Y, Li L, Katsuoka K, Penman S, Hoffman RM. Multipotent nestin-positive, kera-

tin-negative hair-follicle bulge stem cells can form neurons. Proc Natl Acad Sci U S A. 
2005;102(15):5530–5534. DOI: 10.1073/pnas.0501263102

[11] Cotsarelis G, Sun T-T, Lavker RM. Label-retaining cells reside in the bulge area of pilo-

sebaceous unit: implications for follicular stem cells, hair cycle, and skin carcinogenesis. 

Cell. 1990;61(7):1329–1337. DOI: 10.1016/0092-8674(90)90696-C

[12] Morris RJ, Potten CS. Slowly cycling (label-retaining) epidermal cells behave like clono-

genic stem cells in vitro. Cell Prolif. 1994;27(5):279–289.DOI: 10.1111/j.1365-2184.1994.
tb01425.x

Hair and Scalp Disorders56



[13] Stenn KS, Paus R. Controls of hair follicle cycling. Physiol Rev. 2001;81(1):449–494.

[14] Chang C-Y, Pasolli HA, Giannopoulou EG, Guasch G, Gronostajski RM, Elemento O, et al. 
NFIB is a governor of epithelial-melanocyte stem cell behaviour in a shared niche. Nature. 

2013;495(7439):98–102. DOI: 10.1038/nature11847

[15] Nishimura EK, Jordan SA, Oshima H, Yoshida H, Osawa M, Moriyama M, et al. Dominant 
role of the niche in melanocyte stem-cell fate determination. Nature. 2002;416(6883):854–

860. DOI: 10.1038/416854a

[16] Fujiwara H, Ferreira M, Donati G, Marciano DK, Linton JM, Sato Y, et al. The basement 
membrane of hair follicle stem cells is a muscle cell niche. Cell. 2011;144(4):577–589. DOI: 
10.1016/j.cell.2011.01.014

[17] Schneider MR, Schmidt-Ullrich R, Paus R. The hair follicle as a dynamic miniorgan. Curr 
Biol. 2009;19(3):R132–142. DOI: 10.1016/j.cub.2008.12.005

[18] Botchkarev VA, Paus R. Molecular biology of hair morphogenesis: development and 
cycling. J Exp Zool. 2003;298(1):164–180. DOI: 10.1002/jez.b.33

[19] Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E. Self-renewal, multipotency, 
and the existence of two cell populations within an epithelial stem cell niche. Cell. 
2004;118(5):635–648. DOI: 10.1016/j.cell.2004.08.012

[20] Morris RJ, Liu Y, Marles L, Yang Z, Trempus C, Li S et al. Capturing and profiling adult 
hair follicle stem cells. Nat Biotechnol. 2004; 22:411–417. DOI: 10.1038/nbt950

[21] Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, Rendl M, et al. Defining the 
epithelial stem cell niche in skin. Science. 2004;303(5656):359–363. DOI: 10.1126/
science.1092436

[22] Zhang Y V, Cheong J, Ciapurin N, McDermitt DJ, Tumbar T. Distinct self-renewal and 
differentiation phases in the niche of infrequently dividing hair follicle stem cells. Cell 
Stem Cell. 2009;5(3):267–278. DOI: 10.1016/j.stem.2009.06.004

[23] Kiseleva EV, Chermnykh ES, Vorotelyak EA, Volozhin AI, Vasiliev AV, Terskikh 
VV. Differentiation capacity of stromal fibroblast-like cells from human bone 
marrow, adipose tissue, hair follicle dermal papilla and derma. Cell Tissue Biol. 
2009;3(1):42–49. 

[24] Bobis S, Jarocha D, Majka M. Mesenchymal stem cells: characteristics and clinical appli-
cations. Folia Histochem Cytobiol. 2006;44(4):215–230.

[25] Ross FP, Christiano AM. Nothing but skin and bone. J Clin Invest. 2006;116(5):1140–
1149. DOI: 10.1172/JCI28605

[26] Lorenz K, Sicker M, Schmelzer E, Rupf T, Salvetter J, Schulz-Siegmund M, et al. 
Multilineage differentiation potential of human dermal skin-derived fibroblasts. Exp 
Dermatol. 2008;17(11):925–932. DOI: 10.1111/j.1600-0625.2008.00724.x

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

57



[27] Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adi-

pose tissue is a source of multipotent stem cells. Mol Biol Cell. 2002;13:4279–4295. DOI: 
10.1091/mbc.E02-02-0105

[28] Driskell RR, Clavel C, Rendl M, Watt FM. Hair follicle dermal papilla cells at a glance. J 
Cell Sci. 2011;124(Pt 8):1179–1182. DOI: 10.1242/jcs.082446

[29] Chermnykh ES, Vorotelyak EA, Vasilev AV, Terskikh VV, Radyukhina NV, Rutkevich 
PN, et al. Capability of cultivated human hair-follicle cells to integrate with skin struc-

ture in vivo. Cell Tissue Biol. 2010;4(3):245–250

[30] Morgan BA. The dermal papilla: an instructive niche for epithelial stem and progenitor 

cells in development and regeneration of the hair follicle. Cold Spring Harb Perspect 
Med. 2014;4(7):a015180. DOI: 10.1101/cshperspect.a015180

[31] Huang Y-C, Chan C-C, Lin W-T, Chiu H-Y, Tsai R-Y, Tsai T-H, et al. Scalable produc-

tion of controllable dermal papilla spheroids on PVA surfaces and the effects of spher-

oid size on hair follicle regeneration. Biomaterials. 2013;34(2):442–451. DOI: 10.1016/j.

biomaterials.2012.09.083

[32] Balañá ME, Charreau HE, Leirós GJ. Epidermal stem cells and skin tissue engineering 
in hair follicle regeneration. World J Stem Cells. 2015;7(4):711–727. DOI: 10.4252/wjsc.
v7.i4.711.

[33] Rendl M, Lewis L, Fuchs E. Molecular dissection of mesenchymal-epithelial interactions 
in the hair follicle. PLoS Biol. 2005;3(11):e331. DOI: 10.1371/journal.pbio.0030331

[34] Schmidt-Ullrich R, Paus R. Molecular principles of hair follicle induction and morpho-

genesis. Bioessays. 2005;27(3):247–261. DOI: 10.1002/bies.20184

[35] Knapp AC, Franke WW, Heid H, Hatzfeld M, Jorcano JL, Moll R. Cytokeratin No. 9, an 
epidermal type I keratin characteristic of a special program of keratinocyte differentia-

tion displaying body site specificity. J Cell Biol. 1986;103(2):657–667.

[36] Yamaguchi Y, Itami S, Tarutani M, Hosokawa K, Miura H, Yoshikawa K. Regulation 
of keratin 9 in nonpalmoplantar keratinocytes by palmoplantar fibroblasts through 
epithelial–mesenchymal interactions. J Invest Dermatol. 1999;112(4):483–488. DOI: 

10.1046/j.1523-1747.1999.00544.x

[37] Yamaguchi Y, Passeron T, Hoashi T, Watabe H, Rouzaud F, Yasumoto K, et al. Dickkopf 1 

(DKK1) regulates skin pigmentation and thickness by affecting Wnt/beta-catenin signal-
ing inkeratinocytes. FASEB J. 2008;22(4):1009–1020. DOI: 10.1096/fj.07-9475com

[38] Jinno H, Morozova O, Jones KL, Biernaskie JA, Paris M, Hosokawa R, et al. Convergent 
genesis of an adult neural crest-like dermal stem cell from distinct developmental ori-

gins. Stem Cells. 2010;28(11):2027–2040. DOI: 10.1002/stem.525

[39] Horne KA, Jahoda CAB, Oliver RF. Whisker growth induced by implantation of cultured 
vibrissa dermal papilla cells in the adult rat. J Embryol Exp Morphol. 1986;97(1):111–124.

Hair and Scalp Disorders58



[40] Lichti U, Weinberg WC, Goodman L, Ledbetter S, Dooley T, Morgan D, et al. In vivo 
regulation of murine hair growth: insights from grafting defined cell populations onto 
nude mice. J Invest Dermatol. 1993;101(1 Suppl):124S–129S.

[41] Weinberg WC, Goodman L V., George C, Morgan DL, Ledbetter S, Yuspa SH, et al. 
Reconstitution of hair follicle development in vivo: determination of follicle formation, 

hair growth, and hair quality by dermal cells. J Invest Dermatol. 1993;100(3):229–236. 

DOI: 10.1111/1523-1747.ep12468971

[42] Higgins CA, Chen JC, Cerise JE, Jahoda CA, Christiano AM. Microenvironmental 
reprogramming by three-dimensional culture enables dermal papilla cells to induce de 

novo human hair-follicle growth. Proc Natl Acad Sci U S A. 2013;110:19679–19688. DOI: 
10.1073/pnas.1309970110

[43] Ohyama M, Kobayashi T, Sasaki T, Shimizu A, Amagai M. Restoration of the intrinsic 
properties of human dermal papilla in vitro. J Cell Sci. 2012;125(Pt 17):4114–4125. DOI: 
10.1242/jcs.105700

[44] Rendl M, Polak L, Fuchs E. BMP signaling in dermal papilla cells is required for their hair 
follicle-inductive properties. Genes Dev. 2008;22(4):543–557. DOI: 10.1101/gad.1614408

[45] Inoue K, Kato H, Sato T, Osada A, Aoi N, Suga H, et al. Evaluation of animal models for 
the hair-inducing capacity of cultured human dermal papilla cells. Cells Tissues Organs. 
2009;190(2):102–110. DOI: 10.1159/000178021

[46] Reynolds A, Jahoda C. Hair matrix germinative epidermal cells confer follicle-induc-

ing capabilities on dermal sheath and high passage papilla cells. Development. 

1996;122(10):3085–3094.

[47] Kobayashi T, Fujisawa A, Amagai M, Iwasaki T, Ohyama M. Molecular biologi-

cal and immunohistological characterization of canine dermal papilla cells and 

the evaluation of culture conditions. Vet Dermatol. 2011;22(5):414–422. DOI: 
10.1111/j.1365-3164.2011.00964.x

[48] Kishimoto J, Burgeson RE, Morgan BA. Wnt signaling maintains the hair-inducing activ-

ity of the dermal papilla service Wnt signaling maintains the hair-inducing activity of 

the dermal papilla. Genes Dev. 2000;14(10):1181–1185. DOI: 10.1101/gad.14.10.1181

[49] Shimizu H, Morgan BA. Wnt signaling through the beta-catenin pathway is sufficient to 
maintain, but not restore, anagen-phase characteristics of dermal papilla cells. J Invest 

Dermatol. 2004;122(2):239–245. DOI: 10.1046/j.0022-202X.2004.22224.x

[50] Ouji Y, Nakamura-Uchiyama F, Yoshikawa M. Canonical Wnts, specifically Wnt-
10b, show ability to maintain dermal papilla cells. Biochem Biophys Res Commun. 
2013;438(3):493–499. DOI: 10.1016/j.bbrc.2013.07.108

[51] Ouji Y, Yoshikawa M. Maintenance of dermal papilla cells by Wnt-10b in vitro. Methods 

Mol Biol. 2016;1516:269–277. DOI: 10.1007/7651_2016_319

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

59



[52] Ouji Y, Ishizaka S, Yoshikawa M. Dermal papilla cells serially cultured with wnt-10b 
sustain their hair follicle induction activity after transplantation into nude mice. Cell 
Transplant. 2012;21(10):2313–2324. DOI: 10.3727/096368912X636867

[53] Reddy S, Andl T, Bagasra A, Lu MM, Epstein DJ, Morrisey EE, et al. Characterization 
of Wnt gene expression in developing and postnatal hair follicles and identification 
of Wnt5a as a target of sonic hedgehog in hair follicle morphogenesis. Mech Dev. 

2001;107(1):69–82. DOI: 10.1016/S0925-4773(01)00452-X

[54] Ouji Y, Yoshikawa M, Shiroi A, Ishizaka S. Promotion of hair follicle development and 
trichogenesis by Wnt-10b in cultured embryonic skin and in reconstituted skin. Biochem 

Biophys Res Commun. 2006;345(2):581–587. DOI: 10.1016/j.bbrc.2006.04.142

[55] Kiratipaiboon C, Tengamnuay P, Chanvorachote P. Ciprofloxacin Improves the Stemness 
of Human Dermal Papilla Cells. Stem Cells Int. 2016. DOI: 10.1155/2016/5831276

[56] Lee S-H, Yoon J, Shin SH, Zahoor M, Kim HJ, Park PJ, et al. Valproic acid induces hair 
regeneration in murine model and activates alkaline phosphatase activity in human der-

mal papilla cells. PLoS One. 2012;7(4):e34152. DOI: 10.1371/journal.pone.0034152

[57] Jo SJ, Choi S-J, Yoon S-Y, Lee JY, Park W-S, Park P-J, et al. Valproic acid promotes human 
hair growth in in vitro culture model. J Dermatol Sci. 2013;72(1):16–24. DOI: 10.1016/j.
jdermsci.2013.05.007

[58] Yamauchi K, Kurosaka A. Inhibition of glycogen synthase kinase-3 enhances the expres-

sion of alkaline phosphatase and insulin-like growth factor-1 in human primary dermal 

papilla cell culture and maintains mouse hair bulbs in organ culture. Arch Dermatol Res. 

2009;301(5):357–365. DOI: 10.1007/s00403-009-0929-7

[59] Aoi N, Inoue K, Chikanishi T, Fujiki R, Yamamoto H, Kato H, et al. 1α,25-dihydroxyvitamin 
D3 modulates the hair-inductive capacity of dermal papilla cells: therapeutic potential for 

hair regeneration. Stem Cells Transl Med. 2012;1:615–626. DOI: 10.5966/sctm.2012-0032

[60] Zhang H, Nan W, Wang S, Zhang T, Si H, Wang D, et al. Epidermal growth factor pro-

motes proliferation of dermal papilla cells via Notch signaling pathway. Biochimie. 

2016;127:10–18. DOI: 10.1016/j.biochi.2016.04.015

[61] Li W, Man X-Y, Li C-M, Chen J-Q, Zhou J, Cai S-Q, et al. VEGF induces proliferation of 
human hair follicle dermal papilla cells through VEGFR-2-mediated activation of ERK. 
Exp Cell Res. 2012;318(14):1633–1640. DOI: 10.1016/j.yexcr.2012.05.003

[62] Kiso M, Hamazaki TS, Itoh M, Kikuchi S, Nakagawa H, Okochi H. Synergistic 
effect of PDGF and FGF2 for cell proliferation and hair inductive activity in murine 
vibrissal dermal papilla in vitro. J Dermatol Sci. 2015;79(2):110–118. DOI: 10.1016/j.
jdermsci.2015.04.007

[63] Xing L, Dai Z, Jabbari A, Cerise JE, Higgins CA, Gong W, et al. Alopecia areata is driven 
by cytotoxic T lymphocytes and is reversed by JAK inhibition. Nat Med. 2014;20(9):1043–

1049. DOI: 10.1038/nm.3645

Hair and Scalp Disorders60



[64] Harel S, Higgins CA, Cerise JE, Dai Z, Chen JC, Clynes R, et al. Pharmacologic inhibition 
of JAK-STAT signaling promotes hair growth. Sci Adv. 2015;1(9):e1500973. DOI: 10.1126/
sciadv.1500973

[65] Jahoda CA, Reynolds AJ, Chaponnier C, Forester JC, Gabbiani G. Smooth muscle alpha-
actin is a marker for hair follicle dermis in vivo and in vitro. J Cell Sci. 1991;99(3):627–636.

[66] Higgins CA, Richardson GD, Ferdinando D, Westgate GE, Jahoda CAB. Modelling the 
hair follicle dermal papilla using spheroid cell cultures. Exp Dermatol. 2010;19(6):546–
548. DOI: 10.1111/j.1600-0625.2009.01007.x

[67] Lin B, Miao Y, Wang J, Fan Z, Du L, Su Y, et al. Surface tension guided hanging-drop: 
producing controllable 3D spheroid of high-passaged human dermal papilla cells and 

forming inductive microtissues for hair-follicle regeneration. ACS Appl Mater Interfaces. 
2016;8(9):5906–5916. DOI: 10.1021/acsami.6b00202

[68] Huang C-F, Chang Y-J, Hsueh Y-Y, Huang C-W, Wang D-H, Huang T-C, et al. Assembling 
composite dermal papilla spheres with adipose-derived stem cells to enhance hair fol-

licle induction. Sci Rep. 2016;6:26436. DOI: 10.1038/srep26436

[69] Festa E, Fretz J, Berry R, Schmidt B, Rodeheffer M, Horowitz M, et al. Adipocyte lineage 
cells contribute to the skin stem cell niche to drive hair cycling. Cell. 2011;146(5):761–771. 
DOI: 10.1016/j.cell.2011.07.019

[70] Hwang I, Choi K, Park H, Jeong H, Kim J. Neural stem cells restore hair growth 
through activation of the hair follicle niche. Cell Transplant. 2016;25(8):1439–1451. DOI: 
10.3727/096368916X691466

[71] Rheinwatd JG, Green H. Seria cultivation of strains of human epidemal keratinocytes: 
the formation keratinizin colonies from single cell is. Cell. 1975;6(3):331–343.

[72] De Luca M, Albanese E, Bondanza S, Megna M, Ugozzoli L, Molina F, et al. Multicentre 
experience in the treatment of burns with autologous and allogenic cultured epithelium, 

fresh or preserved in a frozen state. Burns. 1989;15(5):303–309. 

[73] Sasai Y. Next-generation regenerative medicine: organogenesis from stem cells in 3D 
culture. Cell Stem Cell. 2013;12(5):520–530. DOI: 10.1016/j.stem.2013.04.009

[74] Botchkarev VA, Botchkareva NV, Roth W, Nakamura M, Chen L-H, Herzog W, et al. 
Noggin is a mesenchymally derived stimulator of hair-follicle induction. Nat Cell Biol. 
1999;1(3):158–164. DOI: 10.1038/11078

[75] Blanpain C, Fuchs E. Epidermal stem cells of the skin. Annu Rev Cell Dev Biol. 
2006;22:339–373. DOI: 10.1146/annurev.cellbio.22.010305.104357

[76] Sharov AA, Sharova TY, Mardaryev AN, Tommasi di Vignano A, Atoyan R, Weiner 
L, et al. Bone morphogenetic protein signaling regulates the size of hair follicles and 

modulates the expression of cell cycle-associated genes. Proc Natl Acad Sci U S A. 
2006;103(48):18166–18171. DOI: 10.1073/pnas.0608899103

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

61



[77] Fuchs E. Scratching the surface of skin development. Nature. 2007;445(7130):834–842. 
DOI: 10.1038/nature05659

[78] Samuelov L, Sprecher E, Tsuruta D, Bíró T, Kloepper JE, Paus R. P-Cadherin regulates 
human hair growth and cycling via canonical Wnt signaling and transforming growth 

factor-β2. J Invest Dermatol. 2012;132(10):2332–2341. DOI: 10.1038/jid.2012.171

[79] Roh C, Tao Q, Lyle S. Dermal papilla-induced hair differentiation of adult epithelial 
stem cells from human skin. Physiol Genomics. 2004;19(2):207–217. DOI: 10.1152/
physiolgenomics.00134.2004

[80] Chan CC, Fan SM, Wang WH, Mu YF, Lin SJ. A Two-stepped culture method for efficient 
production of trichogenic keratinocytes. Tissue Eng Part C Methods. 2015;21(10):1070–
1079. DOI: 10.1089/ten.TEC.2015.0033

[81] Chermnykh ES, Vorotelyak EA, Gnedeva KY, Moldaver MV, Yegorov YE, Vasiliev AV, 
et al. Dermal papilla cells induce keratinocyte tubulogenesis in culture. Histochem Cell 
Biol. 2010;133(5):567–576. DOI: 10.1007/s00418-010-0691-0

[82] Hardy MH. The development of mouse hair in vitro with some observations on pigmen-

tation. J Anat. 1949;83(4):364–384, 3 pl.

[83] Qiao J, Turetsky A, Kemp P, Teumer J. Hair morphogenesis in vitro: formation 
of hair structures suitable for implantation. Regen Med. 2008;3(5):683–692. DOI: 

10.2217/17460751.3.5.683

[84] Nakao K, Morita R, Saji Y, Ishida K, Tomita Y, Ogawa M, et al. The development of a 
bioengineered organ germ method. Nat Meth. 2007;4(3):227–230. DOI: 10. 1 0 3 8 /

nmeth1012

[85] Ihara S, Watanabe M, Nagao E, Shioya N. Formation of hair follicles from a single-cell 
suspension of embryonic rat skin by a two-step procedure in vitro. Cell Tissue Res. 
1991;266(1):65–73. DOI: 10.1007/BF00678712

[86] Lu Z, Hasse S, Bodo E, Rose C, Funk W, Paus R. Towards the development of a simplified 
long-term organ culture method for human scalp skin and its appendages under serum-

free conditions. Exp Dermato. 2007;16(1):37–44. DOI: 10.1111/j.1600-0625.2006.00510.x

[87] Li L, Margolis LB, Paus R, Hoffman RM. Hair shaft elongation, follicle growth, and 
spontaneous regression in long-term, gelatin sponge-supported histoculture of human 

scalp skin. Proc Natl Acad Sci U S A. 1992;89(18):8764–8768.

[88] Magerl M, Paus R, Farjo N, Müller-Röver S, Peters EMJ, Foitzik K, et al. Limitations 
of human occipital scalp hair follicle organ culture for studying the effects of 
minoxidil as a hair growth enhancer. Exp Dermatol. 2004;13(10):635–642. DOI: 
10.1111/j.0906-6705.2004.00207.x

[89] Philpott MP, Kealey T. Cyclical changes in rat vibrissa follicles maintained in vitro. J 
Invest Dermatol. 2000;115(6):1152–1155. DOI: 10.1046/j.1523-1747.2000.00183.x

Hair and Scalp Disorders62



[90] Qi S-H, Liu P, Xie J-L, Shu B, Xu Y-B, Ke C-N, et al. Experimental study on repairing of 
nude mice skin defects with composite skin consisting of xenogeneic dermis and epi-

dermal stem cells and hair follicle dermal papilla cells. Burns. 2008;34(3):385–392. DOI: 

10.1016/j.burns.2007.04.003

[91] Leirós GJ, Kusinsky AG, Drago H, Bossi S, Sturla F, Castellanos ML, et al. Dermal papilla 
cells improve the wound healing process and generate hair bud-like structures in grafted 

skin substitutes using hair follicle stem cells. Stem Cells Transl Med. 2014;1:1209–1219. 
DOI: 10.5966/sctm.2013-0217

[92] Sriwiriyanont P, Lynch KA, Maier EA, Hahn JM, Supp DM, Boyce ST. Morphogenesis 
of chimeric hair follicles in engineered skin substitutes with human keratinocytes 

and murine dermal papilla cells. Exp Dermatol. 2012;21(10):783–785. DOI: 10.1111/
exd.12003

[93] Sriwiriyanont P, Lynch KA, McFarland KL, Supp DM, Boyce ST. Characterization of hair 
follicle development in engineered skin substitutes. PLoS One. 2013;8(6):e65664. DOI: 
10.1371/journal.pone.0065664

[94] Toyoshima K, Asakawa K, Ishibashi N, Toki H, Ogawa M, Hasegawa T, et al. Fully func-

tional hair follicle regeneration through the rearrangement of stem cells and their niches. 

Nat Commun. 2012;3:784. DOI: 10.1038/ncomms1784

[95] Inamatsu M, Tochio T, Makabe A, Endo T, Oomizu S, Kobayashi E, et al. Embryonic 
dermal condensation and adult dermal papilla induce hair follicles in adult glabrous 

epidermis through different mechanisms. Dev Growth Differ. 2006;48(2):73–86. DOI: 
10.1111/j.1440-169X.2006.00848.x

[96] Zheng Y, Du X, Wang W, Boucher M, Parimoo S, Stenn KS. Organogenesis from disso-

ciated cells: generation of mature cycling hair follicles from skin-derived cells. J Invest 

Dermatol. 2005;124(5):867–876. DOI: 10.1111/j.0022-202X.2005.23716.x

[97] Zheng Y, Nace A, Chen W, Watkins K, Sergott L, Homan Y, et al. Mature hair follicles 
generated from dissociated cells: a universal mechanism of folliculoneogenesis. Dev 

Dyn. 2010;239(10):2619–2626. DOI: 10.1002/dvdy.22398

[98] Havlickova B, Bíró T, Mescalchin A, Arenberger P, Paus R. Towards optimization of an 
organotypic assay system that imitates human hair follicle-like epithelial-mesenchymal 

interactions. Br J Dermatol. 2004;151(4):753–765. DOI: 10.1111/j.1365-2133.2004.06184.x

[99] Havlickova B, Bíró T, Mescalchin A, Tschirschmann M, Mollenkopf H, Bettermann A, et 
al. A human folliculoid microsphere assay for exploring epithelial–mesenchymal inter-

actions in the human hair follicle. J Invest Dermatol. 2009;129(4):972–983. DOI: 10.1038/

jid.2008.315

[100] Lindner G, Horland R, Wagner I, Ataç B, Lauster R. De novo formation and ultra-struc-

tural characterization of a fiber-producing human hair follicle equivalent in vitro. J 
Biotechnol. 2011;152(3):108–112. DOI: 10.1016/j.jbiotec.2011.01.019

Hair Follicle Reconstruction and Stem Cells
http://dx.doi.org/10.5772/66707

63



[101] Yen C-M, Chan C-C, Lin S-J. High-throughput reconstitution of epithelial–mesenchy-

mal interaction in folliculoid microtissues by biomaterial-facilitated self-assembly of 

dissociated heterotypic adult cells. Biomaterials. 2010;31(15):4341–4352. DOI: 10.1016/j.

biomaterials.2010.02.014

[102] Gnedeva K, Vorotelyak E, Cimadamore F, Cattarossi G, Giusto E, Terskikh VV, et 
al. Derivation of hair-inducing cell from human pluripotent stem cells. PLoS One. 
2015;10(1):e0116892. DOI: 10.1371/journal.pone.0116892

[103] Selekman JA, Lian X, Palecek SP. Generation of epithelial cell populations from human 
pluripotent stem cells using a small-molecule inhibitor of Src family kinases. Methods 
Mol Biol. 2016;1307:319–327. DOI: 10.1007/7651_2014_70

[104] Lian X, Selekman J, Bao X, Hsiao C, Zhu K, Palecek SP. A small molecule inhibitor of 
SRC family kinases promotes simple epithelial differentiation of human pluripotent 
stem cells. PLoS One. 2013;8(3):e60016. DOI: 10.1371/journal.pone.0060016

[105] Yang R, Zheng Y, Burrows M, Liu S, Wei Z, Nace A, et al. Generation of folliculo-

genic human epithelial stem cells from induced pluripotent stem cells. Nat Commun. 
2014;5:3071. DOI: 10.1038/ncomms4071

[106] Takagi R, Ishimaru J, Sugawara A, Toyoshima K -e., Ishida K, Ogawa M, et al. 
Bioengineering a 3D integumentary organ system from iPS cells using an in vivo trans-

plantation model. Sci Adv. 2016;2(4):e1500887–e1500887. DOI: 10.1126/sciadv.1500887

[107] Clinical trials of alopecia. Available from: https://clinicaltrials.gov/ct2/results?term=alop
ecia+AND+cells&Search=Search [Accessed: 2016-08-10]

Hair and Scalp Disorders64


