ELSEVIER

771

The multifaceted adult epidermal stem cell
Laure Gambardella and Yann Barrandon®

Adult epidermal stem cells renew the epithelial compartment of
the skin throughout life and are the most accessible of all adult
stem cells. Most importantly, epidermal stem cells can be
efficiently cultivated and transplanted, a significant advantage
for cell and gene therapy. Recent work has pointed to the hair
follicle as the main repository of multipotent stem cells in skin.
Hair follicles, which are often affected in the mouse by
spontaneous or man-made mutations, have become superb
model systems to study the cellular and molecular factors that
regulate the proliferation, migration and fate of adult stem cells.
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Abbreviations

BMP bone morphogenetic protein
DEB dystrophic epidermolysis bullosa
EPU epidermal proliferative unit

Introduction

The epidermis is the outermost layer of the body and is in
direct contact with the external environment. It is a stra-
tified keratinised epithelium mainly composed of kerati-
nocytes, the specialised epithelial cells responsible for
epidermal renewal, cohesion and barrier function. Other
inhabitants of the epidermis are the antigen-presenting
Langerhans cells and the epidermal T lymphocytes, which
are both derived from bone-marrow, the pigment-forming
melanocytes, which are of neural crest origin, and the
neuroepithelial Merkel cells, whose origin and function
remain unknown. The epidermis is in continuity with the
epidermal appendages — the hair follicles and the sebac-
eous and sweat glands, which form through complex
epithelio-mesenchymal interactions during embryonic life
and are extended deep in the dermis. Epidermal appen-
dages have long been known to contribute to epidermal
repair and regeneration [1,2]. The epidermis is constantly
renewed and hair follicles are regularly remodelled (the
hair cycle), maintaining a fine equilibrium between pro-

liferation and differentiation. Unbalanced renewal and
remodelling can lead to a variety of diseases, including
improper scarring and cancers [3,4]. Several features make
the epidermis and its appendages a superb model system to
study stem cells and tissue renewal. Epithelial stem cells
are the most accessible of all adult stem cells as they are
easily isolated from a plucked hair [5]. Most importantly,
they can be very efficiently expanded in culture [6,7] and
transplanted [8]. Furthermore, the large numbers of spon-
taneous or man-made mutations in the mouse that result in
epidermal or pelage abnormalities [9,10] provide unique
tools to better comprehend skin homeostasis. The recent
advances in understanding the molecular events control-
ling stem-cell fate exquisitely demonstrate this. These
advances [11°,12] include the demonstration of the impor-
tance of the transcription factor tcf3 in maintaining the
phenotype of bulge stem cells and of the role of the
B-catenin/lef-1 pathway in the commitment of the stem
cells to hair linecages [13-16] in relation to E-cadherin
expression and Wnt signalling [17°°,18°°]. Furthermore,
significant progress has been made in dissecting the roles
of several other signalling proteins implicated in the control
of stem cell fate, including Notch [19°,20], Ectodysplasin
and its receptor [21-23], c-Myc [24,25], sonic hedgehog
(Shh) [26] and bone morphogenetic proteins (Bmps) [27].
The putative role of the transcription factor CDP (CCAAT
displacement protein) in determining the inner root sheath
lineage has also been revealed [28]. However, there are still
a lot of unanswered questions and controversial issues
regarding the dynamics of epidermal renewal. Here we
will review some of the recent work addressing them.

Location of the epidermal stem cells

Epidermal stem cells, like other adult stem cells, are best
defined by their capacity to self-renew and to generate
large amounts of tissue for an extended period of time or
even a lifetime [29]. This functional definition implies
that a cell with these properties qualifies as a stem cell: all
other properties, including the capacity to divide infre-
quently [30], clonogenicity [31] and the presence of a
specific repertoire of cell-surface molecules [32,33], are
then circumstantial [34]. Most importantly, this means
that at some point during skin development and renewal
there may exist stem cells that are not slow-cycling, that
are not clonogenic or that express different repertoires of
surface molecules, but that maintain their full stem-cell
identity. Future research may lead to the identification
and characterisation of these cells in the skin.

It is well established that the glabrous epidermis, the
interfollicular epidermis and the hair follicle contain
epithelial cells that are slow cycling (label-retaining cells
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Columnar organisation of the epidermis. (a) The epidermis of the mouse is organised into functionally distinct EPUs comprising a stem cell

and its transient amplifying cell progeny, which give rise to a column of differentiated keratinocytes. SC, stem cell. (b) Columnar organisation of
the epidermis illustrated by the expression of the transcription factor egr1 in the epidermis of the footpad of a egr?*/~ mouse ([78]; L Gambardella and
Y Barrandon, unpublished data). The egr1 knock-in allele is expressed in some columns (blue) and not in others (pink).

or LRCs) [30], and cells that are clonogenic with exten-
sive growth potential [7,31-33,35]. Most importantly, it
has been demonstrated that adult hair follicles contain
multipotent stem cells that can reconstitute a wounded
epidermis [36] and can respond to skin morphogenetic
signals by forming epidermis, hair follicles and sebaceous
glands [37]. However, the contribution of these multi-
potent stem cells to epidermal renewal under normal
conditions is highly debated. Indeed, the epidermis of
the mouse is organised into functionally distinct epider-
mal proliferative units (EPUs) (Figure 1) comprising a
central stem cell and its transient amplifying cell progeny
(around 10 basal cells), which give rise to a column of
differentiated keratinocytes located directly above the
multiplying cells [38,39]. Ghazizadeh and Taichman have
nicely demonstrated by infecting multiplying epidermal
interfollicular keratinocyte with a defective retrovirus
bearing a marker gene that EPU can self-renew for
months independently of any contribution from the hair
follicles, hence demonstrating that hair-follicle stem cells
contribute little if anything to epidermal renewal under
physiological conditions in the adult mouse [40]. There is
then compelling evidence that stem cells with differing
epithelial lineage potentials are present at several loca-
tions in the skin: for example, the basal cell layer of the
epidermis contains unipotent epidermal stem cells
whereas the upper region (the bulge) of the hair follicle
contains multipotent stem cells. The hair follicles and
possibly the sweat glands are then reservoirs of stem cells
that can migrate out of their niches to adopt an epidermal
fate in response to a skin defect. Nevertheless, there are
still difficulties in establishing a definite lineage hierarchy
even if there is no doubt that the different epithelial stem
cells residing in the skin are related to each other [41].

Identification of the epidermal stem cells
Hematopoietic stem cells and progenitor cells are effi-
ciently identified by their repertoire of cell-surface mole-

cules [42]. By analogy, many groups have searched for a
universal epidermal stem cell marker, the epidermal stem
cells usually being identified on the basis of clonogenicity,
growth potential and ability to reconstitute an epidermis.
"This has led to the demonstration that epidermal stem cells
express high levels of B1 integrin [32] and a6 integrin and
low levels of the transferring receptor (CD71), whereas
transient amplifying cells express high levels of a6 integrin
and of CD71 [33]. However, neither B1 integrin nor o6
integrin can be considered to be specific stem-cell markers
[43]. Interestingly, epidermal stem cells can be efficiently
sorted by Hoechst 33342 dye exclusion from the skin of the
new-born mouse [44,45°°]. This technique in combination
with selection by size yielded a virtually homogenous
population of epidermal stem cells that did not express
hematopoeitic markers such as CD34 or Sca-1.

It has recently been reported that expression of keratin 15
(K15) is restricted to cells located in the bulge region of
human hair follicles, and consequently K15 has been
proposed to be a stem-cell marker [46]. However, further
work demonstrated that K15 is present in the entire outer
root sheath of the human hair follicle [47], in agreement
with previous results obtained by iz sizu hybridisation
experiments [48]. Differences in the affinity of the anti-
bodies used in these experiments probably explain these
apparently conflicting results. This said, further work is
necessary to definitively evaluate the relation between
stem cells and K15 expression, as a significant number of
stem cells are distributed over a large portion of the outer
root sheath in human hairs [7].

It has recently been reported that CD34 is specifically
expressed on stem cells isolated from the bulge region of
mouse hair follicles [49]. However, cells that are CD34-
negative also show stem-cell properties [45°°,50]. Again
further work is needed to clarify these conflicting results.
AC133-2, an isoform of CD133 recently identified as a
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hematopoeitic stem cell marker, is expressed in basal cells
but its usefulness as a stem-cell marker awaits further
investigation [51]. Most interestingly, mice in which p63,
a transcription factor homologue of the p53 tumour
suppressor gene, had been inactivated lack all stratified
epithelia [52,53]. Whether p63 acts on stem-cell main-
tenance or on stratification is still debated [54]. Pellegrini
and others [35] showed that p63 expression nicely corre-
lates with the proliferative potential of cultured kerati-
nocytes, with the cells with the highest potential
(holoclones, i.e. stem cells) expressing high levels of
p63 and the cells with the lowest proliferative potential
(paraclones, i.e. transient amplifying cells) expressing no
p63. However, p63 expression is not sufficient to unam-
biguously identify epidermal stem cells iz vivo as it is
expressed in all basal cells as well as in a significant
number of suprabasal cells of the epidermis and of the
outer root sheath of the hair follicle. Moreover, p63 is also
highly expressed in the hair matrix, which is thought to
contain only cells with limited growth capacity ([55];
L. Gambardella and Y Barrandon, unpublished data). In
conclusion, we cannot yet unambiguously identify a stem
cell on a skin section.

Do stem cells undergo asymmetrical
divisions in adult skin?

The pool of adult stem cells that are present in self-
renewing tissues such as the blood, intestine or skin must
be maintained throughout life. Moreover, the mechan-
isms that regulate stem-cell proliferation and differentia-
tion must be tightly controlled to avoid depletion or
amplification of the pool, a situation that can possibly

Figure 2

lead to diseases. It is commonly accepted that an efficient
way to control the number of stem cells while maintaining
tissue homeostasis is through asymmetrical cell divisions
[56]. A stem cell that divides asymmetrically generates
two daughter cells, one of which is identical to the divid-
ing stem cell while the other is different (Figure 2). Asym-
metrical cell division results either from the unequal
segregation of cell-fate determinants (proteins or mRNA)
in each of the daughter cells or from the selective
response of each daughter cell to a gradient of signalling
molecules present in the immediate environment. Numb
appears to be one of the main cell-fate determinant
proteins segregated during asymmetrical divisions in
Drosophila [57] as well as during the development of
the central nervous system of vertebrates [58,59]. Inter-
estingly, Numb acts by inhibiting notch signalling, which
seems to play a pre-eminent role in the hair bulb and the
epidermis. The cell that leaves the stem-cell compart-
ment can either proliferate, usually for a limited number
of divisions, or differentiate. The protein p21WVAFVCIPT
seems to be one of the players that control stem-cell
proliferation in the skin of the mouse [60]. Indeed,
p21WAFVCIPL 1 hock-out mice present an excess of stem
cells, suggesting that the mechanism controlling the
asymmetrical divisions of stem cells is inefficient. Further
research will certainly reveal with greater precision the
role of asymmetrical divisions in controlling stem-cell fate
and skin renewal.

Do stem cells migrate out of their niches?
The bulge-containing region of the hair follicles seems to
be the main reservoir of multipotent stem cells [36]. Most
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Schematic fate of a dividing stem cell in an epidermal niche. The stem cell (SC) can divide symmetrically or asymmetrically. The resulting daughter
cells can be stem cells or committed progenitor cells (P). Daughter cells can stay in the niche, leave it or die. The combination of these events
can result in (a) the amplification of the stem-cell population, (b) the strict maintenance of the stem-cell population, or (c) the diminution of the
stem-cell population. Arrows indicate that the cells move out of the niche, dagger symbols that the cell dies.
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importantly, transplantation experiments that replaced
part of the bulge of a wild-type mouse-whisker follicle
with a bulge obtained from a Rosa 26 adult mouse that
constitutively expressed a LacZ gene demonstrated that a
hair follicle is a very dynamic structure [37]. Indeed,
bulge cells can migrate down the follicle to form the
different lineages indispensable to the formation of the
outer root sheath, the inner root sheath and the hair or can
migrate out of the follicle to generate sebaceous glands
and epidermis. Are the cells leaving the bulge committed
progenitors or stem cells? How is the pool of stem cells
kept constant? These are important questions to address.
A possibility is that stem cells divide asymmetrically in
the bulge to generate committed progenitor cells that
then leave the bulge depending on their fate (Figure 3a).
Stem cells then need to divide fairly frequently to gen-
erate the numerous progenitors needed to sustain hair
growth, but cell kinetics experiments demonstrate that
the bulge is not a mitotically active region [37]. Further-
more, it is widely accepted that stem cells generate
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Schematic fate of multipotent stem cells in the hair follicle. (a) Stem
cells can divide asymmetrically in the follicle upper region (bulge; shown
in pink) and generate committed progenitors that are specifically sorted
out of the bulge depending on their fate and migrate to their new niches.
(b) Stem cells can divide symmetrically in the follicle upper region
(bulge). One of the daughter stem cells remains in the bulge to maintain
the stem cell pool, while the other one leaves to generate specific
committed progenitors when it reaches its new niche. The structures
shown above the bulge are the sebaceous gland (yellow) and the
epidermis (waved). The grey and dark blue cells are epidermal and
sebaceous progenitors respectively.

committed progenitors in response to specific mesench-
ymal cues originating from the follicular papilla or from
the fibroblasts underneath the epidermis or in the vicinity
of the sebaceous glands. Therefore it is unlikely that stem
cells divide asymmetrically in the bulge, at least in the
whisker follicle. An alternative proposal is that stem cells
divide symmetrically in the bulge, and that half of the
new generation of stem cells remains in place to maintain
the pool constant while the other half leaves (Figure 3b).
According to this hypothesis, the stem cells excluded
from the bulge are fully multipotent and can divide
symmetrically or asymmetrically to generate committed
progenitors depending upon the signals that they receive
on their way. The demonstration that the lower region of
the whisker follicle contains cells that respond to skin
morphogenetic signals by forming epidermis, hair folli-
cles and sebaceous glands strongly supports this hypoth-
esis [37]. Experiments investigating the fate of cells in
pelage follicles labelled by means of defective retro-
viruses bearing a LacZ marker gene [40] and the fate of
labelled cells in chimeric pelage follicles [61°] also sup-
port the hypothesis that the lower region of the hair
follicle contains multipotent progenitors or stem cells
[62]. However, only experiments exploring the fate of
individual cells isolated from the upper and lower region
of the follicle will permit definite conclusions.

Cell therapy and plasticity

The capacity to cultivate stem cells is a sine qua non
condition for many applications in cell and gene therapy.
Adult human epidermal stem cells form colonies that can
be serially cultivated under appropriate conditions, lead-
ing to a large expansion of their population iz vitro [6,7].
"This fantastic growth capacity has been successfully used
to produce cultured epithelia that are transplanted to
treat extensive autologous deep burn wounds [8]. Sur-
prisingly, little is known about the behaviour of the
transplanted stem cells, although the fact that the regen-
erated epidermis self-renews for years indicates that cells
with significant growth potential — holoclones and pos-
sibly some meroclones — are permanently engrafted
([63]; Rochat and Barrandon, unpublished data). A sig-
nificant development in skin-cell therapy is the use of
fibrin matrices to ease the transplantation of cultured
epithelia [63,64]. Significant progress has also been made
towards the use of genetically modified stem cells to treat
crippling skin diseases. Different strategies have been
explored to deliver a gene of interest to epidermal stem
cells, including the use of naked DNA, adenoviruses and
lentiviruses [65,66]. Chen ¢ «/. transduced a lentivirus
vector containing a COL7A7 cDNA into dystrophic epi-
dermolysis bullosa (DEB) keratinocytes and fibroblasts
and reconstituted anchoring fibrils when the gene-
corrected cells were transplanted onto immune-deficient
mice [67°]. Also, Ortiz-Urda ez a/. succeeded in correcting
keratinocytes obtained from patients with junctional
epidermolysis with a gene encoding laminin 5 using a
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non-viral system permitting the genomic integration of
an expression plasmid with the $C31 integrase [68°].
The future of gene therapy looks promising, but the
immunological response to non-native proteins in
patients carrying null mutations is a concern, as it could
lead to immunorejection of the restored protein [69].
"This said, gene therapy using genetically modified auto-
logous epidermal stem cells remains the only hope to
improve the life of patients with disabling epidermal
genodermatoses.

Reports on the plasticity of adult stem cells isolated from
bone marrow or the brain have generated tremendous
interest [70] even if the concept of stem-cell plasticity is
highly debated [71,72]. For instance, Wang ez a/. have
recently reported that bone-marrow-derived hepato-
cytes arise from cell fusion of bone-marrow cells with
resident hepatocytes and not from a true differentiation
of haematopoietic stem cells in hepatocytes [73°°].
Nevertheless, many groups in the skin field are explor-
ing the putative plasticity of epidermal stem cells
because of their accessibility and the efficacy of their
cultivation in comparison to other adult stem cells. Liang
and Bickenbach have nicely demonstrated that mouse
epidermal stem cells injected into a blastocyst contri-
bute to different tissues originating from the three germ
layers [45°°]. This indicates that it might be possible to
reprogram adult epidermal stem cells in the future.
Interestingly, cells derived from transplanted bone mar-
row stem cells can target the epidermis of a recipient
mouse and adopt an epithelial phenotype [72]. The
presence of bone-marrow-derived epithelial cells has
also been reported in the buccal epithelia [74] as well
as in the epidermis of humans transplanted with bone-
marrow stem cells [75]. However, in one study [75] the
keratinocyte-like cells could not be cultivated and were
unlikely to be stem cells. Several questions then need to
be addressed before an adult stem cell can be diverted
from its original fate for cell therapy. For instance, it will
be of great importance to identify the genes determining
the stem phenotype.

Conclusions

In this review, we have focused on the cellular aspects of
the renewal of the epidermis and its appendages in adult
mammalian skin. However, it is important to emphasise
the similarities of the mechanisms involved in develop-
ment and skin renewal. Comprehending the cellular and
molecular mechanisms that control stem-cell fate in
embryonic skin is therefore of great importance to our
understanding of the behaviour of adult stem cells (e.g.
the role of the niche and the regulation of proliferation,
migration and lineage commitment) especially from the
perspective of cell and gene therapy [11°]. For instance, it
will be of great interest to determine when and how stem
cells switch from an embryonic to an adult phenotype
[76]. For this purpose, embryonic stem-cell lines may be

extremely valuable. It is also of prime importance to
improve our understanding of the relationship between
the epidermal stem cells and other stem cells inhabiting
the skin, as illustrated by the close relation between the
melanocyte stem cells and the keratinocyte stem cells in
the hair follicle [77°°].

Update

The laboratory of E Fuchs has recently reported that in
the absence of the transcription factor GATA-3, the inner
root sheath of the hair follicle fails to develop properly as a
result of defects in cell lineage determination [79°°].
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