
Although barely thicker than paper, the skin epidermis 
protects animals against major environmental stresses, 
such as water loss and microorganism infection. The 
epidermis also has the remarkable ability to elaborate 
the body surface with appendages, which range from 
hair follicles, nails, oil and sweat glands in mammals to 
scales and feathers in lower vertebrates. These adorn-
ments not only contribute to thermal regulation and to 
protection against environmental irradiation, but also 
function in camouflage, social interactions between 
animals and reproductive behaviour. The body surface 
is an important tissue because it provides animals with 
valuable information about their species, gender and 
social status.

The physiological process that maintains a constant 
number of cells in renewing organs is called tissue  
homeo stasis. Stem cells (SCs) that are located in these 
organs are responsible for the maintenance of tissue 
homeostasis and repair following injuries. SCs are 
defined by their characteristic ability to self-renew and 
to give rise to the different cell lineages that form mature 
adult tissues.

Homeostasis in skin is fuelled by SCs in epithelial  
tissues, which replace the keratinocytes that are lost 
either through normal differentiation and tissue turn-
over, or through cell death owing to the damaged 
incurred follow ing injury1. Recent studies have begun 
to explain some of the mysteries of these special ‘foun-
tains of youth’, which reside in different compartments 
of the skin and underlie the remarkable resilience of 
the skin. Here, we discuss how the different SC com-
partments of the skin epidermis are established during 
embryonic development and how they are maintained 

thereafter during adult homeostasis. We present the basic 
mechan isms and signalling pathways that orchestrate the 
morpho genesis of the epidermis and its appendages, and 
explore how SCs can balance states of dormancy, activity 
and lineage commitment to regulate homeostasis.

Homeostasis of the skin barrier
The skin barrier is essential throughout life for animals to 
survive in an external environment, and therefore it must 
be established before the animal leaves the protective  
surroundings of the womb.

Skin development in the embryo. The skin epidermis  
originates from the ectoderm during embryonic develop-
ment. Soon after gastrulation, a single layer of epidermal  
cells forms and persists from embryonic day 9.5 (E9.5) 
to E12.5. As mesenchymal cells populate the skin, they 
transmit signals that instruct the stratification of the 
epidermis and dictate the positioning of downgrowths 
that mark the initiation of hair follicle (HF) morpho-
genesis2,3. In alliance with the mesenchyme, the inner-
most, or basal, layer of the stratifying epidermis produces 
and organizes an underlying basement membrane that 
is rich in extracellular matrix proteins and growth  
factors. The epidermis adheres to this basement mem-
brane, which serves not only as a growth-promoting  
platform but also as a physical boundary between the 
epithelium and the dermis.

During the initial stages of stratification (E12.5– 
E15.5), cell division is occasionally seen suprabasally, 
perhaps as a means of rapidly expanding the stratifying 
layers that are built from scratch at this time. However, 
these suprabasal cells soon differentiate. Although 
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Hair follicle
A skin appendage that 
produces a hair.

Gastrulation
A crucial stage during 
embryonic development that 
results in the formation of the 
three embryonic layers — 
ectoderm, endoderm and 
mesoderm — from which all 
tissues and organs arise.

Dermis
The mesenchymal part of the 
skin that is rich in collagen 
fibres and contains fibroblasts, 
blood vessels and immune 
cells.

Epidermal homeostasis: a balancing 
act of stem cells in the skin
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Abstract | The skin epidermis and its array of appendages undergo ongoing renewal by a 
process called homeostasis. Stem cells in the epidermis have a crucial role in maintaining 
tissue homeostasis by providing new cells to replace those that are constantly lost  
during tissue turnover or following injury. Different resident skin stem cell pools contribute 
to the maintenance and repair of the various epidermal tissues of the skin, including 
interfollicular epidermis, hair follicles and sebaceous glands. Interestingly, the basic 
mechanisms and signalling pathways that orchestrate epithelial morphogenesis in the skin 
are reused during adult life to regulate skin homeostasis.
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Intermediate filament
(IF). A cytoskeletal filament 
that is 10 nm in diameter  
and exists in skin epithelium  
as a heteropolymer that is 
assembled from ~10,000 
individual keratin proteins of 
two distinct types. The IF 
network provides the 
epidermal cells with resistance 
against mechanical stress.

Desmosome
A robust cell–cell junction, 
which is composed of adhesive 
desmosomal transmembrane 
cadherins that associate 
intracellularly with two proteins 
— plakoglobin, which is a 
relative of β-catenin, and 
desmoplakin. These, in turn, 
link the structure to keratin 
intermediate filaments.

Cornified
The transformation of cells into 
a horny-like material, such as 
horn and nails.

SC niche
The specialized 
microenvironment that is 
necessary to support the 
maintenance and 
differentiation of stem cells 
(SCs).

regional variation exists, stratification is largely com-
pleted by E17.5, by which point the epidermis consists 
of an inner layer of basal cells with proliferative poten-
tial and layers of terminally differentiating, suprabasal 
cells. During transit to the skin surface, suprabasal cells 
undergo several discrete transcriptional stages as they 
form the spinous layers, granular layers and finally dead, 
flattened stratum corneum cells (BOX 1).

Renewing the skin barrier during adult life. Once mature, 
the epidermis undergoes homeostatic regu lation as basal 
cells periodically execute their programme of terminal 
differentiation and move outwards in a columnar fash-
ion. The basal to suprabasal (or spinous) transition is 
a key first step in the programme of terminal differen-
tiation. As cells enter the spinous layer, they switch off 
the expression of genes encoding keratin 5 (KRT5; also 
known as K5) and KRT14. These abundant intermediate  
filament (IF) proteins mark the stratified squamous 
epithelial cells that possess prolifer ative potential4. 
Concomitantly, spinous cells switch on the expression of 
genes encoding KRT1 and KRT10 to form an even more 
robust IF network that is interlinked with desmosomes4. 
This expansive cytoskeleton reinforces cell–cell junctions 
and provides resistance against mechanical stresses at the 
body surface.

Granular cells express additional structural proteins 
that are deposited beneath the plasma membrane. In 
the late stages of terminal differentiation, these proteins 
become enzymatically crosslinked, which results in an 
indestructible proteinaceous sac. This sac serves as a 
scaffold for specialized lipid bilayers that are extruded 
from intracellular lamellar granules into the extra-
cellular space between squames (dead flattened stratum 
corneum cells), thereby waterproofing the skin surface. 
When terminal differentiation is complete, the squames  
exist as dead cell ular ghosts that are sandwiched by 
lipids on the outside and filled with an indestructible 
fibrous mass of keratins that is encased by the cornified 
envelope. Although squamous cells are eventually shed 
from the skin surface and are replaced by differentiat-
ing cells from below, they briefly serve as the barrier  
that keeps harmful microbes out and essential body 
fluids in2,3,5.

Signals that regulate skin differentiation. Whereas the 
morphogenetic changes that are associated with strati-
fication have been well studied, the molecular mechan-
isms that orchestrate skin differentiation remain poorly 
understood3. Mouse genetics have identified multiple  
signalling pathways that are essential for proper epidermal 
stratification and the acquisition of the skin barrier func-
tion2,3. These pathways involve Notch, mitogen-activ ated  
protein kinase (MAPK), nuclear factor-κB (NF-κB) and 
the transcriptional regulators p63 (which is related to 
p53), the AP2 family, the CCAAT/enhancer-binding 
protein (C/EBP) transcriptional regulators, interferon 
regulatory factor 6 (IRF6), grainyhead-like 3 (GRHL3) 
and Kruppel-like factor 4 (KLF4). The interplay between 
these signalling pathways and transcription factors is 
beginning to emerge.

At the heart of the decision-making process is the 
basal to spinous switch, which is controlled by p63 and 
the canonical Notch pathway. In the absence of p63 in 
mice, the epidermis fails to stratify and only a few poorly 
differentiated cells remain attached to the embryo sur-
face. Gain- and loss-of-function studies in vertebrates 
show that p63 is required for initiating the skin strati-
fication programme and for maintaining the renewal 
potential of different epithelial SCs3,6–10. The canonical 
Notch pathway is also crucial during the early step of 
basal cell commitment to spinous cells11–13. Specification 
of spinous cell fate is completely blocked on conditional 
ablation of RBPJ11, a DNA-binding protein that forms a 
bipartite transcription factor with the Notch intracellular 
domain to relay active Notch signalling to the nucleus. 
Specification of spinous fate is also altered following the 
loss of Hes1 (REF. 14), which is one of the main Notch 
target genes in the skin epidermis. Conversely, exces-
sive Notch signalling converts basal cells into spinous 
cells11,12. Notch signalling seems to act in part by influ-
encing the expression of the C/EBP DNA-binding 
proteins, which work in concert with the AP2 family 
of transcription factors to regulate the commitment to 
terminally differentiate15.

The involvement of microRNAs (miRNAs) provides 
an additional layer of complexity to the transcrip-
tional regulatory switches. miRNAs seem to function 
in the fine-tuning of the signalling transcription fac-
tor circuitry, which prompts a basal epidermal SC to 
termin ally differentiate16–18. miR-203 is an abundant 
and evolutionarily conserved miRNA that is expressed 
suprabasally at the same time as epidermal stratifica-
tion and differentiation17. The precocious expression 
of miR-203 in basal cells induces their premature dif-
ferentiation and diminishes their proliferative poten-
tial17,19. When miR-203 is absent (following conditional 
Dicer ablation) or decreased (by a miR-203 antagonist), 
cell proliferation is no longer restricted to the basal 
layer17. Intriguingly, one of the targets of miR-203 
is p63 mRNA, the translation of which increases in 
suprabasal cells when miR-203 is absent and repressed 
basally when miR-203 is precociously expressed. These 
studies suggest that miR-203 functions in part by pre-
venting the expression of key basal targets in supra basal 
cells, and sharpening the commitment to epidermal 
differentiation.

In addition to miRNAs, histone modifications have 
recently emerged as epigenetic regulators of epidermal 
differentiation20. However, the mechanisms and actions 
that are involved in this process are unknown21,22. In the 
epidermis, MYC is required for the departure of SCs 
from their SC niche and their subsequent proliferation 
and differentiation23. MYC might regulate the trans ition 
from quiescent SCs to transit-amplifying (TA) cells by 
inducing global histone modifications that are typically 
associated with an activate chromatin state22. In another 
study, however, removal of a different chro m atin repres-
sive mark, namely trimethylated Lys27 of histone H3, 
was associated with the switch from epidermal basal 
cell proliferation to differentiation21. Overexpression 
of the specific histone demethylase involved caused 
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Mitotic spindle
The molecular apparatus that 
allows the segregation of 
chromosomes to daughter cells 
during cell division and is 
composed mainly of 
microtubules and proteins.

the precocious activation of the terminal differentia-
tion programme in cultured human epidermal cells, 
whereas RNA interference against the demethylase 
suppressed differentiation21. Future studies will be 
needed to further characterize the epigenetic switches 
and their associated target genes, which govern the 
transition between proliferation and differentiation  
in the epidermis.

Asymmetric cell division in the skin
During normal homeostasis, the pool of SCs in a tissue 
remains constant. Although other models are possible,  
the maintenance of SC equilibrium is most easily 
explained by asymmetric divisions (BOX 2). Two types 
of asymmetric cell division have been described in skin 
epidermis: one that positions the mitotic spindle para llel 
to the basement membrane, and another that places the 

Box 1 | Homeostasis in the epidermis and hair follicle

As a result of the physico-chemical 
assaults that are delivered to the 
skin surface, the epidermis 
continuously renews throughout 
the life of animals by a process that 
is referred to as tissue homeostasis. 
During this process, the number of 
epidermal cells remains constant, 
such that the number of new cells 
generated by each cell division must 
exactly compensate for the number 
lost by differentiation or cell death. 
Mammalian haired skin is composed of  
a pilosebaceous unit that contains a hair 
follicle (HF) and its surrounding interfollicular 
epidermis (IFE) (see the figure, part a). Stem cells 
(SCs) that are present in the skin ensure the continual 
turnover of the skin epidermis during tissue homeostasis 
and repair. The IFE, which is responsible for skin barrier function, is composed of an inner basal layer of proliferative  
cells and suprabasal layers of differentiating progeny. It takes about 2 to 3 weeks before basal cells have completed their 
migration and are shed from the skin surface. HFs are composed of different concentric layers of cells. At the base of the  
HF, the matrix cells proliferate transiently and then embark on the seven concentric terminal differentiation programmes 
that generate the mature follicle. HF SCs reside in a niche that is located at the bottom of the non-cycling portion of the 
outer root sheath (ORS), called the bulge. HFs also contain sebaceous glands, which form from and are replenished by 
resident SCs located in the ORS. These SCs differentiate to form the sebocytes, which release oils that lubricate the hair 
channel and skin surface following degeneration. As matrix cells exhaust their proliferative capacity, hair growth stops  
(see the figure, part b). At this time, the follicle enters a destructive phase (known as catagen), which leads to the 
degeneration of the lower two-thirds of the follicle, whereas the bulge region that contains the HF SCs remains intact. 
Following a quiescent stage (telogen), HF SCs are activated and initiate a new growth phase (anagen).
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Asymmetric cell division Symmetric cell division
Symmetric self-renewal

SC
SC

SC SCSC Committed cell Committed cells

Symmetric differentiation

SC

Astral microtubule
A microtubule that is nucleated 
at the spindle pole and grows 
outwards towards the cell 
cortex; it is involved in mitotic 
spindle positioning.

Interfollicular epidermis
The skin epidermis located 
between the emergence of the 
periodically spaced hair 
follicles.

plane of cell division perpendicular to the basement 
membrane. The second type of asymmetric cell division, 
which occurs during embryonic mouse skin develop-
ment, provides a simple mechanism for the asymmetrical  
partitioning of two daughter cells with different fate 
determinants. In this scenario, the basal cell remains 
attached by integrins to the basement membrane and 
maintains close contact to the pro-survival and growth-
promoting factors and their receptors, whereas the 
suprabasal daughter cell that is positioned away from 
the SC niche begins to terminally differentiate.

By generating a daughter cell that is placed away from 
the SC niche, this mode of division might combine an 
intrinsic asymmetric segregation of cell fate determi-
nants with an extrinsic mode of cell fate specification24,25 
(FIG. 1). By contrast, when the division plane is parallel to 
the basement membrane, as occurs in adult tail skin26, 
both daughters remain at least transiently inside the basal 
layer. One daughter might receive an asymmetric amount 
of a signal that leads to the downregulation of integrin 
expression and to the subsequent detachment of the cell 
from the basal layer (FIG. 1). Numb, which is an inhibi-
tor of Notch, is an attractive candidate for such a signal, 
and could facilitate the generation of one daughter that 
is attached and one daughter cell that is detached from 
the basement membrane26. As Notch signalling down-
regulates integrin expression11,12 and has been proposed 
to function in asymmetric cell divisions of Drosophila 
melanogaster neuroblasts27, differential inhibition of 
this pathway might result in differential detachment  
of daughter cells.

It is tempting to speculate that the mammalian epi-
dermis might use a mechanism that involves evolution-
arily conserved apical–basal polarity determinants, such 
as partitioning defective 3 (PAR3), PAR6 and atypical 
protein kinase C (aPKC), to set up the orientation of 
the spindle pole (FIG. 1). These proteins are preferentially 
localized along the apical domain of the basal cells of 
the developing skin epidermis25. During mitosis, these 
polarity proteins seem to recruit LGN (also known as 

GPSM2), inscuteable (INSC) and components of the 
mitotic spindle pole, such as nuclear and mitotic appa-
ratus 1 (NUMA1), all of which in lower eukaryotes 
have been genetically involved with asymmetric cell 
divisions27,28. Although not directly implicated in the 
segregation of cell fate determinants in the mamma-
lian epidermis, this proteinaceous crescent provides a 
potential docking site for astral microtubules that might 
facilitate the asymmetric alignment of one of the spindle 
poles to the apical domain of basal cells25.

It remains to be determined whether mitotic spindle 
orientation is linked to asymmetric fate determination 
in the skin, and, if so, how. However, the ability of spin-
dle orientation to change temporally during epidermal 
develop ment is well documented. Basal progenitors begin 
as a single layer in which divisions are uniformly parallel 
to the basement membrane. During stratification, basal 
cells must balance the generation of all suprabasal layers 
from scratch with lateral skin expansion to accommodate 
the increased size of the embryo. By contrast, in normal 
homeostasis in the adult, basal progenitors only need to 
replace the dead protective stratum corneum cells that 
are shed from the skin surface. Correspondingly, the 
proportion of perpendicular cell divisions rises from 0% 
at E12.5 to 70% between E14.5 and E17.5 (REFS 24,25). 

Thereafter, the proportion of such divisions is thought 
to decrease significantly in accordance with the reduced 
need to generate suprabasal cells24,26.

Models of epidermal homeostasis
Another key issue in adult epidermal homeostasis is 
whether, in an asymmetric division that occurs parallel 
to the basement membrane, the committed daughter cell 
is a terminally differentiating cell or a TA cell. TA cells 
undergo a number of cell divisions before they differen-
tiate. Lineage-tracing experiments have documented the 
organization of interfollicular epidermis (IFE) into discrete 
proliferative units by revealing the presence of long-term 
clones of marked cells. These are arranged as independent  
stacks of cells that extend from the basal layer to the 
stratum corneum29–32. Interestingly, some labelled epi-
dermal clones continue to increase in size over time, a 
feature that is not expected from a hierarchical model  
in which rare SCs in the basal layer give rise to TA cells in  
the basal layer26,29,33. One possible explanation is that epi-
dermal SCs migrate laterally and colonize the adjacent 
proliferative unit29.

More recently, lineage tracing in adult tail epidermis 
points to a model that explains epidermal homeostasis on 
the basis of two parameters: the fraction of proliferating 
cells in the basal layer and the probability of an asym-
metric cell division26. In this study, the authors posit that 
all proliferative cells in the basal layer might be function-
ally equivalent, such that SCs give rise directly to commit-
ted spinous cells without entering a TA phase. Although 
this model is attractive for its simplicity, a TA population 
has long provided a means of understanding how tissues 
are generated from a small number of SCs and how tis-
sues can adapt to a sudden imbalance in homeostasis, as 
occurs during injury. Moreover, studies with human and 
mouse epidermal and HF SC cultures reveal the existence 

 Box 2 | Homeostasis through asymmetric and symmetric SC divisions

A priori, the maintenance of a constant pool of stem cells (SCs) can be accomplished by 
one of two distinct types of cell division during tissue homeostasis (see the figure): in  
an asymmetric division, one daughter remains a SC throughout self-renewal, and the 
other daughter becomes committed to enter a programme of terminal differentiation. 
This asymmetrical cell fate specification can be achieved either by the unequal 
segregation of a cell fate determinant, either proteins or RNAs (red line), or by 
positioning one of the daughters away from the SC niche27,28,102. By contrast, symmetrical 
cell divisions result in both daughters adopting the same fate, which for SCs would 
result in the generation of two SCs (a process that is called symmetric self-renewal) or 
two differentiated cells (a process that is called symmetric differentiation).
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a  Early embryonic development

b  Stratification during morphogenesis

c  Adult epidermis homeostasis
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For example, polarity proteins

For example, integrins, GFRs

1 2For example, Numb?

BM

SC

Sebaceous gland
Attached to a hair follicle, this 
gland produces sebum, an oily 
substance that is made of 
lipids and cellular debris of 
sebaceous cells. The sebum 
helps to protect and 
waterproof the hair and the 
skin surface.

Hair shaft
The structure that is composed 
of terminally differentiated 
keratinocytes and emerges 
from the skin surface as a hair.

Inner root sheath
The inner channel of the hair 
shaft.

of keratinocytes with different long-term proliferative 
potentials34–38, which suggests the presence of both SC 
and TA cells in the epidermis. Further research is needed 
to resolve this apparent discrepancy.

Multiple SCs ensure skin homeostasis
The different compartments of skin epidermis, including 
the HF, IFE and sebaceous glands (SGs), are maintained 
during adult homeostasis by the presence of different 
resident SCs or progenitor cells.

The battles of the bulge. Mammalian skin with hair can be 
partitioned into small molecular regions, each composed 
of a pilosebaceous unit (which consists of a HF and its 
SG) and its surrounding IFE. Two-thirds of the adult pilo-
sebaceous unit undergoes cyclical bouts of degeneration 
(known as catagen), rest (telogen) and growth (anagen),  
which are together called the hair cycle. Residing in a 
region at or near the base of the non-cycling portion of 
each HF, SCs generate and maintain the cycling portion  
of the HF during the growth phase of the hair cycle. 

During this time, HF SCs fuel the production of TA 
matrix cells that rapidly divide in the hair bulb and then 
terminally differentiate to produce both the hair shaft and 
its inner root sheath (IRS) channel (BOX 1).

HF SCs reside in a specialized microenvironment 
called the bulge. These cells cycle slowly, as revealed by 
their ability to retain a pulse of nucleotide label follow-
ing weeks of chase39,40. By adapting the pulse-chase con-
cept to a tetracycline-regulatable, stable, fluorescently 
tagged histone H2B in mice, it is now possible to isolate 
viable bulge cells based on their slow-cycling behaviour 
in vivo41. Although relatively quiescent, most bulge cells 
divide multi ple times during each hair cycle34. Regional 
and temporal variation in cycling behaviour has been 
described among bulge SCs35,41–44, but the reason for this 
hetero geneity remains unclear. Bulge SCs also seem to 
randomly partition their newly synthesized DNA to their 
daughters43,45, which contradicts the immortal strand 
hypothesis that has been proposed for SCs46. Intriguingly, 
this slow-cycling niche, which later gives rise to the adult 
bulge, is formed early during skin development47.

The involvement of bulge cells in maintaining HF 
homeostasis has been well documented by a series of  
lineage-tracing experiments in mice41,44,48–51 (FIG. 2). Mice 
that have fluorescently tagged histone H2B were used to 
show that the matrix progenitor cells of HF are derived 
from previously slow-cycling bulge cells that proliferate 
as they exit from the base of the SC niche41. Transgenic 
mice that express an inducible Cre recombinase under the  
control of the promoters of Krt15 or Leu-rich repeat- 
containing G-protein-coupled receptor 5 (Lgr5) have been 
used to genetically mark the region of the follicle that 
encompasses both the bulge and the secondary hair germ, 
a small cluster of cells at the base of the bulge that directly 
abuts the dermal papilla (DP) in the resting stage of the hair 
cycle. These studies suggest that the bulge and possibly 
hair germ cells contain multipotent HF SCs that have the  
ability to differentiate into all of the lineages of the pilo-
sebaceous unit44,48–51. Recent studies on LGR5 (REF. 44), 
although similar to those reported earlier on KRT15 
(REF. 48), traced progeny over several months and thereby 
documented the ability of bulge or HG cells to contribute in 
the long term to the HF. By contrast, under normal homeo-
static conditions, these cells seem to contribute only mini-
mally, if at all, to the maintenance of IFE. This underscores  
the existence of a separate SC pool in the IFE48,49.

The ability of bulge cells to possess SC potential has 
been further suggested by in vitro studies and clonal 
analyses of the progeny of purified bulge cells35,52. The 
importance of bulge SCs to skin development and homeo-
stasis has been shown by skin-specific ablation of the gene 
that encodes the transcription factor SOX9. When Sox9 
is conditionally targeted postnatally, the expression of the 
adult bulge cell surface marker CD34 is lost and HFs fail 
to cycle, which is suggestive of an SC defect53. When Sox9 
is conditionally targeted in the embryo, slow-cycling bulge 
cells fail to form during development, HF morphogenesis 
is arrested and SG formation is blocked altogether47. These 
findings provide compelling evidence that the bulge is a 
residence of SCs that are essential not only for hair cycling 
but also for HF development.

Figure 1 | Asymmetrical SC division during development and homeostasis. a | During 
the early stages of embryonic skin development, most cell divisions are symmetric and 
parallel to the basement membrane (BM), which ensures the growth of the surface of the 
developing embryo and maintains the epithelium as a single layer. b | During epidermal 
stratification, ~70% of the cell divisions become asymmetric, such that the mitotic spindle is 
perpendicular to the basement membrane. This allows the development of suprabasal cells 
that terminally differentiate and establish the skin barrier (indicated by the arrow). In this 
mode of asymmetric cell division, different cell fate determinants are segregated unequally 
between the two daughter cells. The basal cell segregates the integrins and growth factor 
receptors (GFRs), which provide survival and proliferative cues to the stem cell (SC). Polarity 
proteins are concentrated to the apical surface and presumably become preferentially 
distributed to the suprabasal cell25. c | During epidermal homeostasis in the adult tail skin, 
asymmetric cell divisions occur with the plane of division parallel to the BM, such that only 
one daughter cell inherits a cell fate determinant, such as Numb26, and remains a SC 
(step 1), whereas the other becomes committed to terminal differentiation, and probably 
undergoes delamination to reach the suprabasal layers (step 2). d | Examples of asymmetric 
spindle orientations (white arrow) in the oral epithelium, which are similar to those seen in 
the embryonic epidermis (upper panel) and in the adult hair bulb (lower panel). Nuclei are 
shown in red and microtubules in green. Images in part d are courtesy of T.  Lechler and E.F., 
Rockefeller University, New York, USA.
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Bulge
A specialized portion of the 
hair follicle that contains 
multipotent stem cells that  
give rise to all hair follicle cell 
lineages as well as sebocytes 
and cells of the interfollicular 
epidermis during physio- 
pathological conditions.

Hair germ
An outgrowth emanating from 
the bulge that forms during the 
early stage of hair follicle 
regeneration and corresponds 
to early committed progenies 
of bulge stem cells.

Dermal papilla
The dermal part of the hair 
follicle, which consists of a 
small cluster of specialized 
fibroblast cells that have an 
instructive role to epithelial 
cells during hair follicle 
specification and regeneration.

One of the major questions in the field is: what is the 
point of no return at which a SC becomes irreversibly 
fated to terminally differentiate? Because Krt15 and Lgr5 
are expressed in the bulge as well as the secondary hair 
germ, and during the HF growing stage in the outer root 
sheath (ORS)44,48, the extent to which these early bulge 
progeny might retain their stem cell characteristics  
(stemness) after leaving their niche is not known. 
However, the bulge seems to be repopulated by cells of 
the secondary hair germ when hairs are plucked, sug-
gesting that early progeny that have left their niche might 
be able to reacquire SC potential, at least under circum-
stances of stress54. By contrast, the rapidly proliferating 
TA matrix cells seem to be more committed to a fate of 
terminal differentiation. Lineage tracing suggests that 
the differentiation potential of matrix cells is spatially 
organized into different zones of unipotent progenitors, 
one for each lineage of the six concentric layers of the 
mature HF55 (BOX 3).

In response to injury, SCs in the follicle rapidly adopt 
differentiation programmes that do not occur in normal 
homeostasis. Genetically marked bulge SCs can be rap-
idly mobilized to migrate upward and repair damaged 

epidermis in vivo41,49,51 (FIG. 2). Moreover, the flux of bulge 
cells towards the epidermis seems to be tightly regulated, 
as it stops once the wound is healed.

Long-term lineage tracing suggests that bulge-cell-
mediated repair of the skin surface is transient in adult 
skin44,47–51. Interestingly, however, there are SCs inside the 
neonatal HF that possess longer-term repair activity51. 
Initially, it was thought that perhaps these SCs resided in 
the upper ORS rather than the bulge. More recent stud-
ies show that neonatal skin that lacks Sox9 cannot repair 
wounds efficiently47, which raises the intriguing possibil-
ity that bulge SC potential for wound repair might decline 
with age. Overall, whether young or old, skin SCs seem to 
be able to restore and/or maintain homeostasis using any 
combination of intrinsic and extrinsic resources.

Although the ability of skin SCs to respond to injury 
shows their capacity to become activated, their features of 
stemness seem to be ingrained in their intrinsic behaviour. 
The remarkable ability of epidermal SCs to be removed 
from their niche and to be cultured over long periods of 
time without losing their stemness was first shown by Green 
and co-workers, who exploited this intrinsic behaviour 
for the use of human epidermal SCs in burn therapy56,57.  

Figure 2 | Different SC niches ensure epidermal homeostasis. a | During telogen, bulge stem cells (SCs) are specifically 
marked by β-galactosidase (LacZ; blue) by inducing the activity of an inducible Cre recombinase expressed under the 
control of a bulge promoter. When hair follicles (HFs) undergo cycling, all cells of newly formed HFs are marked, 
demonstrating that bulge SCs fuel normal follicle homeostasis. Bulge SCs can also contribute to the formation of 
interfollicular epidermis (IFE) and sebaceous glands (SGs), although this phenomenon is rare and, in most cases, IFE cells 
are not derived from bulge cells48.  This demonstrates that the IFE can be maintained independently of bulge SCs during 
tissue homeostasis. The bulge SCs, which are shown as green histone H2B–green fluorescent protein-labelled retaining 
cells (LRCs), exit the SC niche and actively proliferate (as shown here by Ki67 immunoreactivity) to provide cells that 
initiate HF regeneration41. b | Following wounding, the bulge SCs41,49 become activated and migrate upward to repair the 
IFE. c | Schematic representation of the skin epidermis with the different resident SC compartments and transit-amplifying 
progeny identified. Bulge SCs are multipotent, residing in the permanent portion of the HF. IFE SCs reside in the basal 
layer of the epidermis. Resident progenitors of the isthmus and SG reside in the outer root sheath that is above the bulge 
and below the SG. It is not clear whether these two resident progenitors are equivalent. Figure part a is reproduced, with 
permission, from REF. 41  (2004) American Association for the Advancement of Science, and from Nature Biotechnology 
REF. 48  (2004) Macmillan Publishers Ltd. All rights reserved. Figure part b, is reproduced, with permission, from REF. 41  
(2004) American Association for the Advancement of Science, and from Nature Medicine REF. 49  (2005) Macmillan 
Publishers Ltd. All rights reserved.
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Outer root sheath
The external layer of the hair 
follicle that is contiguous with 
the basal layer of the 
interfollicular epidermis.

Upper isthmus
The part of the hair follicle 
between the top of the bulge 
and the infundibulum, the 
uppermost part of the hair 
follicle that contacts the 
interfollicular epidermis.

When placed in culture, adult rodent bulge cells also exhibit 
much higher proliferative potential than keratinocytes that 
originate from other locations34–36,52,58,59. Intriguingly, adult 
bulge SCs that are passaged in culture and then engrafted 
onto the backs of immunocompromised mice can gener-
ate not only SGs and cycling HFs, but also epidermis35. 
Whether multipotency is a feature of bulge SCs that is 
lost with age and then regained when adult bulge cells 
are cultured and transplanted into a wounded area is not 
clear. Additionally, although adult mouse basal epidermal 
cells in culture have not been shown to possess intrinsic  
features of multipotent SCs, studies will be needed to 
further define the intrinsic distinctions between IFE and 
bulge SC populations and the importance of the niche in 
dictating HF fate determination.

Making and maintaining SGs. In addition to bulge and 
IFE SCs, evidence for other types of epidermal progen i-
tors has begun to emerge. Transplantation experiments 
of genetically marked cells have long postulated the 
existence of unipotent sebaceous lineage progenitors31. 
Recent studies have identified a few resident cells in the 
SGs that are marked by BLIMP1 (also known as PRDM1) 
expression and located at the juncture of the gland and 
the HF. Blimp1–Cre-lineage tracing confirmed that these 
are bona fide sebocyte progenitors that can give rise to 
the entire gland60. These findings suggest that, like the 
epidermis, SG homeostasis can be maintained by its own 
resident progenitors (FIG. 2).

BLIMP1 is a transcriptional repressor of MYC, which 
has been implicated in the conversion of epidermal SCs 
to committed TA cells, which then terminally differenti-
ate23. Intriguingly, SG hyperplasia arises when Blimp1 is 
conditionally ablated60. This feature is attributable in part 
to the activation of MYC, which stimulates SG prolifera-
tion61,62. However, it also seems that bulge SCs provide 
cells to maintain SG homeostasis when cell turnover in 
the gland is aberrantly accelerated60. These findings sug-
gested that resident progenitors ensure homeostasis, but 
that bulge SCs can regenerate SGs when their resident 
progenitors are damaged or lost.

A niche outside the epidermis and the bulge. Another 
population of putative SCs was recently identified in a 
region between the bulge and the SG of the HF. Known 
as the upper isthmus (UI), cells in this zone of the HF are 
marked by their expression of the cell surface marker 
MTS24 (REF. 63). In vitro, MTS24-positive cells were found 
to possess higher clonogenic potential than MTS24-
negative cells. Moreover, transplanted UI cells reformed 
all three epidermal lineages64, which suggests that they 
might even be multipotent63,64 (FIG. 2). New lineage-tracing 
experiments are now needed to determine whether UI 
progenitors are activated bulge cell progeny or whether 
they are independent, long-term, self-renewing SCs that 
can maintain the long-term homeostasis of this discrete 
compartment.

Signalling in development and homeostasis
Among the molecular signals that govern the complex 
epithelial–mesenchymal interactions that underlie epi-
thelial morphogenesis and homeostasis (BOX 4), Wnt and 
bone morphogenetic protein (BMP) signalling have sub-
stantial roles in the specification and activation of the HF 
SCs during development and in the adult.

Wnt signalling at the root of follicle specification. In the 
embryo, Wnt/β-catenin signalling is the earliest mole-
cular signal that is required to instruct epithelial cells 
to adopt a HF fate65. Placodes, which are epidermal 
invagin ations that occur at the sites of underlying dermal 
condensations of mesenchymal cells, fail to form when 
the gene that encodes β-catenin is mutated66. β-catenin 
is the adhesion molecule that is required to transmit 
the Wnt signal from the epidermal membrane to the 
nucleus. A similar block in HF morphogenesis occurs 
following the overexpression of the soluble Wnt inhibitor  

Box 3 | Current model of SC migration during skin homeostasis and repair

During normal homeostasis, bulge stem cells (SCs) are periodically activated to form a 
new hair follicle (HF; see the figure, part a). During the hair follicle growth period (known 
as anagen), bulge cell progeny populate the lower outer root sheath (ORS) towards the 
matrix, a specialized population of highly proliferative transit-amplifying cells that are 
responsible for producing a new hair. Under conditions of injury in which the resident 
interfollicular epidermal or sebaceous gland SCs are damaged, bulge SCs become 
mobilized and migrate to and differentiate along these lineages.

As bulge SC progeny move down the ORS to the base of the follicle, they subsequently 
become matrix cells, which, after proliferation, differentiate along one of seven hair 
lineages (see the figure, part b). Intimate contact with the dermal papilla is essential for 
maintaining the high proliferative capacity of the matrix and driving lineage decisions. 
Recent lineage-tracing experiments suggest that midstream in HF morphogenesis, once 
the early bulge forms, its progeny progressively replace the previously generated lower 
ORS and matrix. As morphogenesis is completed, the entire pilosebaceous unit consists of 
SOX9-marked progeny47. These findings provide support for previous observations that 
suggest that bulge cells periodically exit the SC niche during anagen and transit along the 
follicle to fuel the TA matrix cells, to sustain the differentiation and production of the cells 
that form the hair shaft and its channel, the inner root sheath55,103. In SOX9-deficient 
neonatal mouse skin, the matrix, which normally expands during morphogenesis as it does 
during early anagen, diminishes in size until no proliferative matrix cells remain at the 
base47. Together, these studies provide compelling evidence that migration of bulge SC 
progeny to the base of the HF is important to sustain the growth of regenerating follicles.

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 10 | MARCH 2009 | 213

http://www.uniprot.org/uniprot/O75626


Dickopff-related protein 1 (DKK1)67. Conversely, a con-
stitutively stabilized form of β-catenin triggers the skin 
epithelium to undergo spontaneous de novo HF morpho-
genesis in various ectopic locations, such as the IFE, the 
SG and the follicle ORS68,69 (FIG. 3). Importantly, these 
ectopic HFs are replete with all of the other non-epithelial  
cells of the HF, including the DP and melanocytes. 
This emphasizes the dominant role of the epithelium 
in organizing the HF SC niche68–71. The early discovery 
of perturbed HF spacing following the superstabiliza-
tion of β-catenin69 has provided the foundation for an 
intriguing model, in which a putative reaction–diffusion 
mechanism in normal skin identifies sites in which Wnts 
and Wnt inhibitors are balanced. These sites, in turn, 
establish the locations in which HFs will emerge72.

In adult follicles, when stabilized β-catenin is arti-
ficially elevated in resting SCs, HFs are precociously 
induced to begin a new round of hair growth68,73,74. This 
is consistent with the detected accumulation of nuclear 
β-catenin in the secondary hair germ at the transition 
from the resting to growing phase of normal HFs (FIG. 3). 
Wnt/β-catenin signalling also acts at a later step in the 
hair cycle, when matrix cells are stimulated to differen-
tiate to make the hair shaft65,75. During severe injury, a 
Wnt-dependent wound signal can induce local de novo 
HF formation from the IFE, thereby recapitulating 
embryonic HF development76. Collectively, these results 
underscore the major influence of Wnt signalling in pro-
moting HF progenitor specification. They also highlight 
the multipotency of IFE SCs, which, through an often 
underused mechanism, can adopt an HF fate in response 
to Wnt signals during physio pathological conditions76.

Although the post-translational regulatory mecha-
nisms that are involved are likely to be complex, the  
stabilization of β-catenin enables it to function as a 
nuclear transcription cofactor for the lymphoid enhancer- 
binding factor 1 (LEF1)/T-cell factor (TCF) family of  

DNA-binding proteins77. In the quiescent bulge, in 
which nuclear β-catenin is either low or absent, TCF3 
seems to be a transcriptional repressor of genes that  
govern all three programmes of terminal differentia-
tion that are afforded to bulge SCs75,78. By contrast, as 
β-catenin becomes stabilized and localized to the nucleus 
in the activated hair germ73,75, a number of transcriptional 
changes occur, which include those that regulate cell 
proliferation, extracellular matrix remodelling and HF 
fate specification73. Matrix cells differ from bulge cells in 
that they express LEF1 rather than TCF3. Additionally, 
matrix cells respond to Wnt/β-catenin signalling by 
activating hair-specific keratin genes and subsequently 
undergo terminal differentiation75. The mechanisms by 
which Wnt/β-catenin signals govern these distinct stages 
of HF homeostasis are being revealed.

Despite the importance of Wnt signalling in follicle 
SC activation and fate specification, ectopic levels of sta-
bilized β-catenin do not cause bulge SCs to lose their 
slow-cycling characteristics73. The relative resistance of 
bulge SCs to elevated β-catenin signalling is also shown 
by the rarity of de novo follicle formation originating 
from bulge SCs68, as well as the ability of the bulge to 
maintain its constant cell number73. These findings 
imply that additional factors are required to promote 
bulge SC activation of Wnt target genes.

BMP signalling regulates SC quiescence. Increasing 
evidence has pointed to the view that an equilibrium 
between secreted BMPs and their soluble inhibitors, 
for example, noggin and gremlin, has an important 
role not only in HF morphogenesis but also in HF SC 
activation during adult homeostasis. BMP2 and BMP4 
are expressed by embryonic mesenchyme79 and noggin 
is expressed in the embryonic DP80. Loss-of-function 
mutations in noggin results in a profound decrease in 
the specification and developmental progression of HFs 
in embryonic skin. The morphogenetic effect of noggin  
is mediated in part by promoting the expression of 
LEF1 (REFS 80,81), thereby enabling the cells to respond 
to Wnt/β-catenin signalling and change the programme 
of gene expression that is necessary for follicle fate 
specification80–82.

In the adult, gain- and loss-of-function studies in 
mice suggest that BMP signalling stimulates bulge SC 
quiescence35,83–85 (FIG. 3). The resting stage of the hair 
cycle can be subdivided into two stages, during which 
bulge SCs are either refractory or sensitive to activa-
tion86. Interestingly, and somewhat surprisingly, cyclic 
BMP2 and BMP4 expression in the dermis seems to 
dictate the competence of bulge SCs for activation and 
HF regeneration79 (FIG. 3). During the refractory stage of 
telogen, BMPs are highly expressed by a range of dermal  
cells, including fibroblasts, adipocytes and DP. This 
results in the nuclear localization of phosphorylated 
SMAD1, 5 and 8 — the transcriptional effectors of BMP 
signalling — in the bulge SCs.

Recent studies suggest that bulge SC quiescence that 
is induced by BMP signalling is governed in part by its 
ability to regulate the transcriptional repressor nuclear 
factor of activated T cells C1 (NFATC1)87.

 Box 4 | Epithelial–mesenchymal interactions in the epidermis

Hair follicle (HF) morphogenesis begins during embryonic development through 
complex and reciprocal epithelial–mesechymal interactions. The first recognizable 
feature of HF morphogenesis is the formation of the placode, an epidermal 
invagination that occurs at the site of an underlying dermal condensation of 
mesenchymal cells. The dermal condensate is the precursor of the dermal papilla (DP), 
which provides potent inductive signals that drive the hair cycle and produce the hair 
shaft in the adult. The production of the hair shaft is fuelled by the matrix cells of the 
bulb. These are transit-amplifying cells that surround and receive signals from the DP, 
although the precise nature of these signals remain to be determined.

It has always been a mystery as to why the growth phase of the hair cycle suddenly 
comes to a halt and the lower two-thirds of the follicle degenerates rapidly by a 
mechanism that resembles programmed cell death. The DP is essential for follicle 
formation in the embryo and for initiating the next period of hair growth in the adult104. 
Exactly how the DP imposes its powers to initiate the new cycle of hair follicle 
regeneration is not clear. It is possible that the mesenchymal–epithelial crosstalk is 
constant during the resting stage and leads to the temporal accumulation of 
stimulatory factors that induce stem cell (SC) activation following a certain threshold 
level. Alternatively, it could be that DP–epithelial interactions trigger dynamic cellular 
changes that culminate in the temporal expression of the growth stimulus towards the 
end of the resting phase. This could be accomplished by either a decrease in the 
expression of growth inhibitors, by an increase of growth promoting factors or by both 
mechanisms, as recently proposed79.
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Dermal BMP signals progressively diminish during 
the resting period of the HF cycle. This promotes the 
switch from quiescent to activated HF SCs79 (FIG. 3). The 
nuclear localization of NFATC1 is lost following follicle 
SC activation, which coincides with the activation of 
genes that are involved in cell cycle regulation, including 
cyclin dependent kinase 4 (Cdk4), which regulates pro-
gression into the DNA-synthesis phase of the cell cycle73. 
Interestingly, Cdk4 is a direct target of NFATC1 in the 
quiescent bulge87. These studies provide new insights 
into how BMPs might participate in controlling bulge SC 
quiescence and how this molecular brace is released when 
BMP signalling wanes.

In addition to regulating bulge SC behaviour, BMP 
signalling also maintains the hair-inducing activity of 
DP35,88,89. Moreover, in response to BMPs, DP cells activate 
a feedback mechanism that leads to increased expression 
of BMP inhibitors79,90. If timed correctly, this spike could 
provide a stimulus to further restrict BMP signalling in 
the sensitive phase of telogen35,88 and promote bulge SC 
activation and hair regeneration79,90,91. In this regard, it is 
notable that the cyclic expression of BMP in the dermis  
is out of phase with the follicle SC Wnt/β-catenin expres-
sion cycle, and could provide a potential means to govern 
the hair cycle79.

Once bulge SCs have been activated, downstream 
signals are required to maintain the growth and differ-
entiation phase of the hair cycle. Sonic hedgehog (SHH) 
has long been known to be a key signalling pathway that 
operates downstream of Wnts and is essential for main-
taining the hair proliferative phase70,92,93. However, Notch 
signalling functions in promoting the early steps of dif-
ferentiation in the HF, as it does in the epidermis11,13,94. 
Finally, like Wnts, BMPs also resurface at later stages of 
the hair cycle, where they influence the decision of matrix 
cells to choose between the hair shaft and IRS fates. Thus, 
whereas Wnts act through LEF1 to stimulate matrix cells 
to form the hair shaft75,95, BMPs stimulate matrix cells to 
express the transcription factor GATA3 and induce the 
IRS differentiation pathway84,85,96.

SCs in skin cancers
An important question for the future is whether adult skin 
SCs are the only agents that sufficiently accumulate muta-
tions to cause cancer. This hypothesis is attractive because 
adult SCs exist and proliferate for a long time. Also, they 
do not protect their genome by asymmetric chromo-
some segregation43,45, providing further opportunities to 
accumulate oncogenic mutations and potentially induce 
cancer formation. Superimposed on the issue of the origin 
of cancer SCs is how many of them exist in a tumour. For 
most cancers, the initial target cell of oncogenic mutations 
is unknown, as are the numbers of so-called cancer SCs in 
a tumour. This is also true for skin cancers, which are the 
most prevalent cancers worldwide.

The recent identification of markers to specifically iso-
late normal epithelial SCs has enabled researchers to iden-
tify populations of skin cancer cells that share biochemical 
and behavioural characteristics of SCs97. In one recent case, 
it was found that a large number of CD34-expressing cells 
that have tumour-initiating capacity reside in squamous 
cell carcinomas97. Additionally, the researchers found that 
β-catenin was essential for maintaining the tumorigenic 
potential of the CD34-positive cancer SCs.

These results are intriguing given earlier findings that 
mutations that stabilize β-catenin in an active form do 
not form squamous cell carcinomas, but rather cause pilo-
matricomas, a type of hair tumour98. Moreover, recent stud-
ies have shown that oncogenic SHH signalling, which can 
lead to basal cell carcinomas, is also dependent on canonical 
Wnt/β-catenin signalling for its maintenance99. Together, 
these findings underscore the role of Wnt signalling  
as the primary instigator of regulating SC behaviour and 
cell fate commitment during epidermal homeostasis  
and skin cancers, as first suggested over a decade ago69,95. 
As the mechanisms of skin epithelial homeostasis continue 
to unfold, the molecular explanations that underlie these 
fascinating results are likely to surface in the future.

Unsolved pieces of the homeostatic puzzle
This Review shows the similarities between epidermal 
and HF specification during embryonic development and  
the processes of SC activation and lineage commitment 
during adult homeostasis in the skin. The ability to 
genetic ally mark HF skin SCs and their progeny at dif-
ferent stages of lineage determination and differentiation 

Figure 3 | Similar mechanisms regulate morphogenesis and homeostasis. Loss- and 
gain-of-function studies in mice highlight the different functions of Wnt/β-catenin and 
bone morphogenetic protein (BMP) signalling during morphogenesis and adult skin 
homeostasis. During hair follicle development, Wnt/β-catenin signalling is required to 
specify the hair follicle fate in the undifferentiated basal epidermis. During the adult hair 
cycle, increased Wnt signalling promotes stem cell (SC) activation to initiate the growth of 
a new hair during the transition from resting to growing stage. An even more robust 
response to Wnt signalling is involved later as matrix cells specifically commit to terminal 
differentiation along the hair shaft lineage. BMP signals are transmitted from the 
underlying mesenchyme to the epidermis. As dermal condensates form, the prospective 
dermal papilla expresses the BMP inhibitor noggin. Noggin is required for normal follicle 
development and stimulates lymphoid enhancer-binding factor 1 (LEF1) expression and 
Wnt signalling. During the adult hair cycle, active BMP signalling propels bulge SC 
quiescence during the resting stage. During the transition from resting to growing stage 
of the hair cycle, the levels of dermal BMPs and BMP inhibitors change, resulting in a net 
inhibition of BMP signalling and SC activation. As the new follicle matures, activation of 
BMP receptor signalling is essential for the differentiation of transit-amplifying matrix 
cells to form the hair shaft and its channel.
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has enabled researchers to purify and transcription-
ally profile developmental progenitors and adult HF 
SCs35,41,48,100, and paves the way for the characteriza-
tion of additional skin epithelial SC populations in the 
future. Studies have unveiled many new pieces of the 
complex puzzle of epidermal, SG and HF homeostasis. 
This Review has outlined some of these pieces, such as 
Wnt/β-catenin and BMP signalling, and explained their 
functions in the overall pathways involved, including 
the regulation of SC quiescence and the transition from 
SCs to TA and differentiating cells. Other components, 
such as the transcription factor LHX2 (REF. 100), MYC61,62, 
RUNX1 (REF. 101) and GATA3 (REF. 96), have been shown 
genetically to be important for SC maintenance and/or  
the commitment to differentiate. Although essential to the  
programme of homeostasis, it remains a mystery as to 
how they function in this way.

The existence of multiple pools of long-term SCs and 
progenitors that reside in the skin epithelium has raised 
many new fascinating questions. How many more skin SCs 
or progenitors are lurking in undiscovered niches? What 
is the hierarchical relation between multipotent bulge SCs 

and resident progenitors? How is the flux of bulge cells 
orchestrated such that these different resident niches are 
appropriately fuelled during skin homeostasis and/or 
physio-pathological conditions? Does ageing influence the 
number or the function of these different skin SCs?

Further studies are also needed to fully understand 
how different regulators are integrated at the molecular 
level to prompt SCs to embark on a specific lineage. What 
is the hierarchical organization of the transcriptional net-
works that are required to specify the epidermal, SG and 
HF cell fates? How does the surrounding microenviron-
ment influence SC behaviour during normal homeostasis 
and in response to tissue injury? What other mechanisms 
regulate SC quiescence and stimulate SC activation dur-
ing tissue regeneration? What are the target genes of these 
crucial transcription factors required for skin epithelial 
homeostasis? Do these transcription factors act in a speci-
fic or in a cooperative manner? Genome-wide chromatin 
immunoprecipitation coupled with transcriptional analy-
ses will help to better understand how the regulatory gene 
network that underlies epidermal homeostasis and HF 
regeneration is integrated.
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Online summary:
• The skin barrier is essential to protect animals from the external 

environment. The proper establishment of the skin barrier during 
embryogenesis and its maintenance during adult homeostasis is 
crucial for survival.

• Different modes of asymmetric stem cell (SC) division contribute 
to the development and the homeostasis of the skin barrier.

• Different populations of SCs reside in the skin epidermis and 
contribute to the homeostasis of the different epidermal com-
partments, such as the interfollicular epidermis, hair follicles and 
sebaceous glands.

• Slow-cycling hair follicle SCs form early during skin embryogen-
esis and are responsible for formation of the sebaceous glands, 
completion of hair follicle morphogenesis and efficient wound 
repair of epidermis.

• In the adult, hair follicle SCs are required for wound repair and for 
the normal cyclic bouts of hair growth that occur throughout life.

• The molecular mechanisms that govern embryonic development 
of the epidermis are reused during postnatal life to regulate har-
moniously the balance between SC activation and differentiation, 
ensuring the homeostasis of the different compartments of the skin 
epidermis.
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The proper establishment of the skin barrier during 
embryogenesis and its maintenance during adult 
homeostasis is crucial for survival. Interestingly, 
the molecular mechanisms that govern embryonic 
development of the epidermis are reused during adult 
life to regulate skin homeostasis.
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	Figure 3 | Similar mechanisms regulate morphogenesis and homeostasis. Loss- and gain-of-function studies in mice highlight the different functions of Wnt/β-catenin and bone morphogenetic protein (BMP) signalling during morphogenesis and adult skin homeostasis. During hair follicle development, Wnt/β-catenin signalling is required to specify the hair follicle fate in the undifferentiated basal epidermis. During the adult hair cycle, increased Wnt signalling promotes stem cell (SC) activation to initiate the growth of a new hair during the transition from resting to growing stage. An even more robust response to Wnt signalling is involved later as matrix cells specifically commit to terminal differentiation along the hair shaft lineage. BMP signals are transmitted from the underlying mesenchyme to the epidermis. As dermal condensates form, the prospective dermal papilla expresses the BMP inhibitor noggin. Noggin is required for normal follicle development and stimulates lymphoid enhancer-binding factor 1 (LEF1) expression and Wnt signalling. During the adult hair cycle, active BMP signalling propels bulge SC quiescence during the resting stage. During the transition from resting to growing stage of the hair cycle, the levels of dermal BMPs and BMP inhibitors change, resulting in a net inhibition of BMP signalling and SC activation. As the new follicle matures, activation of BMP receptor signalling is essential for the differentiation of transit-amplifying matrix cells to form the hair shaft and its channel.
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