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ABSTRACT: In the last two decades, there has been a tremendous
increase in the understanding of stem cell biology, including the field of
cutaneous stem cells. Extensive stem cell research and potential clinical
applications have provided new perspectives in the use of stem cells in
the treatment of human skin disorders such as severe burns and wounds,
as well as skin cancer and alopecia. Adult, tissue-specific stem cells are
required for tissue homeostasis as well as for the ability to respond to
insults such as during wound healing. Fetal wounds can heal rapidly
without scars, while in adults wound healing decreases with aging, and
this likely represents changes in the functional status of stem cells. In this
review, we summarize the main characteristics of cutaneous stem cells
in general and present the most recent knowledge in our understanding
of these stem cells. We also address the difference in tissue regeneration
between fetal and adult tissues in the aspect of stem cell biology.
(Pediatr Res 59: 100R–103R, 2006)

The essential functions of the skin involve the homeostatic
mechanisms of thermoregulation, maintenance of fluid

balance, and protection against a variety of environmental
insults (1). As a continuously renewing tissue consisting of
different specialized epithelial (epidermis, hair follicle and
glands) and stromal cell compartments, skin maintenance
under steady-state conditions is dependent on tissue-specific
(adult-type) stem cells. In the skin there appears to be a
hierarchy of stem cells, so that under normal conditions, each
compartment is likely maintained by lineage-restricted stem
cells or precursors, while multi-potent stem cells can serve as
a reservoir of cells when needed. After injury, tissue regener-
ation requires the activation of stem cells, and it appears that
multi-potent stem cells are mobilized (2,3). Interestingly, the
result of injury differs dramatically between fetal and adult
skin, i.e. in scarring after tissue damage (4). What follows is
a review of the characteristics, development, and maintenance
of cutaneous stem cells in general, as well as their role in
wound healing and tissue regeneration.

CUTANEOUS ANATOMY

Knowledge of skin anatomy and physiology with respect to
stem cells is important for understanding skin diseases and
tissue response to injury. There have been significant advances
in our understanding of the anatomy of skin with regards to
the location and organization of stem cells which are summa-

rized in Figure 1. The cutaneous epithelium consists of epider-
mis, hair follicles, sebaceous glands and sweat glands. The
epidermis is a stratified epithelium composed of keratinocytes.
Basal cells are mitotically active, but they lose this potential when
they detach from the basement membrane and migrate toward the
skin surface in the process of terminal differentiation. Such
stratification of the epidermis starts during embryonic develop-
ment and it continues to occur throughout the life of the organ-
ism. The sebaceous gland is composed of a thin rim of progenitor
basaloid cells and sebocytes which accumulate lipid and undergo
holocrine secretion to produce the sebum (5). The sebaceous
gland empties into the upper follicle through a duct that is
connected to the follicular epithelium. The hair follicle is com-
posed of an outer root sheath that is contiguous with the epider-
mis, an inner root sheath and the hair shaft. The matrix contains
actively dividing, relatively undifferentiated cells that surround
the specialized, mesenchymal dermal papilla cells. Unlike the
epidermis and sebaceous gland which are continuously renewing,
the hair follicle cycles through periods of active growth (anagen),
regression (catagen), rest (telogen) and regeneration (anagen
onset) (6). Each of these epithelial compartments appears to
contain lineage-restricted stem cells or precursors. Multi-potent
cutaneous stem cells are located in a specialized region (niche)
within the outer root sheath of the hair follicle known as the bulge
(7–9). Interestingly, melanocyte stem cells/precursors have also
been localized in the bulge region (10). The hair follicle bulge has
many features of a stem cell niche such as its location in a
well-protected area, which is highly vascularized, and innervated.

IDENTIFICATION OF CUTANEOUS EPITHELIAL
STEM CELLS

Stem cells are defined by their unique characteristics which
include: 1) self-renewal, the ability to divide and generate one
daughter cell that retains the parent stem cell phenotype and one
transit-amplifying (TA) cell which undergoes rapid proliferation
and differentiation to replenish the cells that are lost to the
environment after terminal differentiation; 2) slow-cycling nature
in vivo; 3) high proliferative potential; 4) participation in tissue
regeneration and repair by proliferating at times of tissue expan-
sion such as during fetal development and wound healing; 5)
maintenance of somatic homeostasis in vivo; 6) multi-potential
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capacity to differentiate to more than one cell lineage. These
properties will be described in more detail below.
Two major criteria to define stem cells are slow-cycling nature

and high proliferative potential. These properties are somewhat
interrelated and can be examined by in vivo and in vitro meth-
odologies. Pulse-chase labeling with a pulse of bromodexoyuri-
dine or tritiated thymidine labels the DNA of actively proliferat-
ing cells. During the chase period, the label is diluted in rapidly
dividing cells while terminally differentiating cells are lost to the
environment. Thus, after the chase period, only slowly-cycling

cells which retain the label are detected. Studies in murine skin
have demonstrated label-retaining cells in both the epidermis and
hair follicle bulge (7,11,12) although the hair follicle bulge cells
are the slowest-cycling cells in cutaneous epithelium (13). Using
skin transplantation onto SCID mice and pulse-chase labeling,
we showed that the same bulge region in human skin also
contains label-retaining cells (14).
The proliferative potential of keratinocytes in vitro can be

estimated by the size of colonies that they are able to generate
(15). Holoclones, which are felt to represent stem cells, have high
reproductive capacity and low level of terminal differentiation.
Paraclones contain exclusively cells with a short replicative
lifespan, while meroclones contain a mixture of cells of different
growth potential and represent a transitional stage between ho-
loclones and paraclones. Another indicator of proliferative capa-
bility is colony forming efficiency (colonies per number of cells
plated) that is thought to correlate to the number of stem cells in
a tissue (16,17). These types of analyses apply well for human
epidermis where there are cells with three apparent types of
proliferative capacity. Terminally differentiated cells have no
proliferative capacity, TA cells have a limited capacity (forming
abortive small colonies) and epidermal progenitor cells have
clonogenic capacity (16,18). The human hair follicle appears
more complex. The stem cells in the bulge region are normally
quiescent and only proliferate at the onset of anagen when a new
lower follicle is regenerated (8). The daughter cells in the lower
follicle then must maintain hair growth for the three- to eight-year
hair growth cycle on the human scalp. Colony forming ability has
been demonstrated for keratinocytes throughout the entire length
of the hair follicle including the bulge (19,20), however most of
the cells extracted from the lower follicle represent meroclones
and cells with the longest in vitro lifespan were found in the
region containing the bulge. We have shown that matrix TA cells
can form colonies and can be serially-passaged in culture, indi-
cating an extensive proliferative capacity, however stem cells
from the bulge possess a greater proliferative capacity and longer
in vitro life-span (21). Thus the evidence suggests that the human
hair follicle contains 1) stem cells with the greatest proliferative
capacity; 2) early TA cells of the lower follicle with extensive but
finite proliferative potential; 3) TA cells (similar to epidermal TA
cells) with very limited growth potential; and 4) terminally
differentiated cells.
Recent advances in methods to isolate cutaneous stem cells

have lead to a greater understanding of the multi-potentiality of
these cells. Using transplantation of the murine bulge region,
Oshima et al. demonstrated that bulge cells could repopulate the
epidermis, sebaceous gland and all epithelial layers of the hair
follicle (22). Lineage analysis of isolated murine bulge cells in a
skin reconstitution system showed that they could regenerate all
epithelial cells layers of skin (9). Human adult epithelial stem
cells may not be as permissive as rodent cells however, since no
successful skin reconstitution assays have been reported. We
have shown that stem cells extracted from the human bulge
region can be induced to exhibit hair follicle differentiation
in vitro (23), as well as form an epidermis and sebaceous cells
in vitro (unpublished data), and this supports the multi-potential
capacity of human cutaneous stem cells. In addition, cells from
the hair follicle are currently used clinically to generate epithe-

Figure 1. Schematic representation of the cutaneous epithelium and the cell
lineages derived from multi-potent stem cells in the hair follicle bulge. Under
steady-state conditions, the stem cells are quiescent. At the beginning of the hair
cycle when the lower follicle and matrix is regenerated, the stem cells in the bulge
proliferate to give rise to new hair follicle keratinocytes. Under wounding
conditions, the stem cells produce daughter cells that migrate from the niche to
re-populate the basal layer of the epidermis, and the sebaceous gland.
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lium used for chronic wound coverage. The above evidence has
overwhelmingly demonstrated that the cells located in the hair
follicle bulge region represent multi-potent, tissue-specific epi-
thelial stem cells.

STEM CELL MARKERS
In an effort to understand what genes define the stem cell

phenotype and control stem cell properties, as well as to develop
improved methods for stem cell isolation, a number of studies
have focused on determining stem cell specific markers. �1
integrin was the first marker shown to be over-expressed in
epidermal stem cells compared to TA cells (16). It is also more
highly expressed in multi-potent stem cells in the hair follicle
bulge (8). Cell sorting using �6-integrin bright/CD71 (transferrin
receptor) dim has proven a goodmethod to purify epidermal stem
cells (24,25). Notably, expression of the integrins �6 and �1 has
been reported in two separate studies investigating the transcrip-
tional profile of several lineages of adult and embryonic stem
cells, the putative molecular signature of “stemness” (26,27). In
addition, the ability of stem cells to adhere more rapidly to type
IV collagen has been used to enrich for cutaneous stem cells
(16,21). Keratin 15 (K15) expression was found to be highly
specific for stem cells in the human hair bulge (8), and promoter
analysis in transgenic mice has demonstrated its utility for iso-
lating a purified population of multi-potent stem cells for a
variety of studies (3,8,28). A number of other genes have been
found to be up-regulated in cutaneous stem cells including
�Np63 (29), �-catenin (30), melanoma-associated chondroitin
sulphate proteoglycan (31), CD 34 (9,32), cyclin-D1 (33) and
CD24 (34). The most exciting advances in defining the cutaneous
epithelial stem cell transcriptome come from recent studies by the
groups of Fuchs (32) and Cotsarelis (9) who have reported the
isolation, from the bulge region, of cell populations that are
enriched for putative stem cells. The phenotypic and functional
characterization of these cells both in vitro and in vivo indicates
that they meet many of the hallmark definitions of stem cells.

KERATINOCYTES AND WOUND HEALING
The normal process of keratinocyte differentiation is to main-

tain the epidermis, an important barrier between the organism
and its environment. This regular self-renewal of keratinocytes
can be interrupted when an injury occurs which is followed by
the wound healing process. Wound healing is a result of a highly
coordinated series of events, initiated by formation of a fibrin clot
followed by recruitment of inflammatory cells, formation of
granulation tissue with anigiogenesis, fibroblast proliferation, and
migration of keratinocytes, contraction of the dermis, and scar
remodeling (4). Although both fetal and adult tissues are able to
repair a wound in the same quality of healing, the differences lie
for its temporal delay and scarring in adult tissue (35). Since this
observation was first reported in 1979 (36), there has been an
intense research to elucidate the mechanisms underlying scarless
fetal wound repair, however many questions remain.
In response to injury, keratinocytes are first to respond as

they represent the body’s first line of defense from the outside
offensive environment. After injury, keratinocytes become
activated and secrete various cytokines and growth factors
(37). Depending on the types of injuries, keratinocytes first
assess the damage and appropriately respond to it. During the

process of tissue repair, keratinocytes are required to activate,
migrate, and differentiate for a proper wound healing process.

WOUND HEALING IN ADULT AND FETAL TISSUES
Fetal tissue has the ability to rapidly heal skin wounds without

a scar unlike adult tissue. A number of mechanistic differences
between fetal and adult wound healing have been identified (4).
For instance, fetal tissue is in a sterile environment with amniotic
fluid while adult tissue is dry and contaminated. In fetal skin,
there is rapid re-epithelialization and the skin is less differenti-
ated. Fetal skin has more hyaluronic acid and nonsulfated gly-
cosaminoglycans. In fetal wounds there is little inflammation
compared with adult wounds. In fetal wound healing, transform-
ing growth factor-�3 (TGF�) isoform is over-expressed and
fibromodulin is the predominant TFG� modulator, while adult
healing demonstrates TFG�1 isoform expression and decorin is
the predominant TGF� modulator. In fetal stroma there is more
fibronectin and tenascin, more fibroblast migration and a higher
proportion of collagen type III than in adult scars. Much of the
evidence indicates that scarless wound healing appears to be
intrinsic to fetal skin and independent of the intrauterine envi-
ronment. Differences in stem cells between fetal and adult skin in
the context of wound healing has not been extensively studied,
however recent work suggests that this is an important area for
further investigation.

STEM CELLS, AGING AND TISSUE REGENERATION
Earlier wounding and pulse-chase labeling studies showed that

stem cells in the bulge were activated to proliferate and generate
cells that migrated up the follicular infundibulum toward the
epidermis (2). Recent fate-mapping studies showed that cells
derived from stem cells in the bulge migrated into the epidermis
and toward the center of an acute cutaneous wound (3). However,
epidermal stem cells also responded to the wound and persisted
while the bulge-derived cells were only transiently present. It
thus appears that both epidermal stem cells as well as the
reservoir of multi-potent stem cells in the bulge are used for
efficient wound healing. A detailed investigation of epithelial
stem cell status between fetal and adult wounding models has not
yet been undertaken.
In our analysis of the K15 promoter we showed that it is

distinctly active in the hair follicle bulge of mature murine
skin (8). Surprisingly, K15 promoter activity showed dramatic
changes within the epidermis as the mice aged. Confluent
basal epidermal expression of K15 is seen in neonatal mouse
skin by in situ hybridization and in K15-LacZ transgenic mice,
but expression gradually decreased with age (28). This pattern
also correlates with protein expression. As shown in Fig. 2,
young mice express K15 throughout the basal layer of the
epidermis as well as in the bulge. As mice age, there is a
dramatic decrease in epidermal expression, while the bulge
remains strongly positive. It is well known that levels of
functional epidermal stem cells decreases with aging in human
skin (15). However, it is still unclear if human fetal skin differs
in stem cell number, location and function from adult skin,
and when the changes occur. Similar to neonatal mouse skin,
human fetal skin also shows confluent basal epidermal expres-
sion of the K15 stem cell marker (Fig. 2). These results
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suggest that the number and location of stem cells within skin
may be a contributing factor in rapid fetal scarless wound
healing and the decreased healing in older adults. Future
studies that correlate wound healing with age and epithelial
stem cells may shed more light on this issue.

CONCLUSION
It is clear that adult cutaneous stem cells will become a

useful resource for therapeutic applications due to their plas-
ticity and accessibility. Although we and others have charac-
terized the cellular and molecular mechanisms that define a
cutaneous stem cell and control their fate, relatively little is
known about the differences between fetal and adult tissue-
specific stem cells and the interactions between stem cells and
their environment which also change with aging. Determining
the function of genes in controlling stem cell behavior should
advance our understanding of the normal physiology of stem
cells. In addition, a better understanding of cell signaling
during wound-induced activation of fetal and adult stem cells
should lead to improved therapeutic strategies to make adult
skin heal more like the fetal tissue.
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Figure 2. K15 immunofluorescence staining of skin at different ages. A)
Mouse skin at indicated ages were stained for keratin 15 (DAKO, clone
C8/144B). The staining pattern of K15 in the basal layer correlates with
promoter activity. Human fetal skin at week 17 was imaged with phase-
contrast microscopy (B) and was stained for K15 (C), showing confluent
staining in the basal epidermis as well as the bulge region. (Dashed lines �
basement membrane, epi � epidermis).
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