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Abstract

Background—The epidermis is an important protective barrier that is essential for maintenance
of life. Maintaining this barrier requires continuous cell proliferation and differentiation.
Moreover, these processes must be balanced to produce a normal epidermis. The stem cells of the
epidermis reside in specific locations in the basal epidermis, hair follicle and sebaceous glands and
these cells are responsible for replenishment of this tissue.

Scope of review—A great deal of effort has gone into identifying protein epitopes that mark
stem cells, in identifying stem cell niche locations, and in understanding how stem cell
populations are related. We discuss these studies as they apply to understanding normal epidermal
homeostasis and skin cancer.

Major conclusions—An assortment of stem cell markers have been identified that permit
assignment of stem cells to specific regions of the epidermis, and progress has been made in
understanding the role of these cells in normal epidermal homeostasis and in conditions of tissue
stress. A key finding is the multiple stem cell populations exist in epidermis that give rise to
different structures, and that multiple stem cell types may contribute to repair in damaged
epidermis.

General significance—Understanding epidermal stem cell biology is likely to lead to
important therapies for treating skin diseases and cancer, and will also contribute to our
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understanding of stem cells in other systems. This article is part of a Special Issue entitled
Biochemistry of Stem Cells.

Keywords
Stem cell Hair follicle; Interfollicular stem cell; Epidermis; Keratinocyte

1. Introduction — the epidermis

The epidermis provides an important barrier that protects against environmental stress and
loss of body fluids. As such it generates a number of structures that provide key homeostatic
functions including the epidermis, hair follicles, and sebaceous and sweat glands. This
dynamic structure renews continually to maintain the epidermal barrier and to respond to
damage. Construction of an appropriate and functional barrier requires a balance between
keratinocyte proliferation and differentiation [37], in addition to apoptosis when the tissue is
stressed [49,50].

During mouse development, the embryonic epidermis begins as a single layer of cells until
embryonic day 12.5 when keratinocytes initiate stratification and multiple layers are
established. As a multilayered tissue the epidermis displays a number of morphologically
distinct zones, including the basal, spinous, granular and cornified layers (Fig. 1) [37]. The
basal layer contains the undifferentiated cells that possess proliferative capacity. These cells
are anchored to the basement membrane, a barrier that separates the epidermis from the
underlying dermis. As such, cells of the basal layer are polarized with their basal surface
anchored by integrins to the basement membrane extracellular matrix components
(including laminin and collagen IV secreted by keratinocytes). The integrins include a
variety of a- and B-integrin subunits, such as a6 integrin and p4 integrin, putative epidermal
stem cell markers, which act as heterodimeric transmembrane receptors [82,125]. In
particular, integrins have an important role in organizing hemidesmosomes which anchor the
basal keratinocytes to the extracellular matrix [120].

At intervals, some of these basal cells lose the ability to proliferate and initiate a program of
terminal differentiation which involves maturation as the cells are pushed upwards towards
the cell surface. Ultimately, the role of these cells is to form corneocytes, which are dead
cells, that consist of a covalently crosslinked (cornified) envelope surrounding stabilized
keratin bundles [37,94]. In the course of assembly of this terminal structure, the nucleus and
all other organelles are destroyed [57]. Ultimately, these cells are shed from the skin surface
as the terminal event in differentiation. This tissue includes three major functional zones, the
proliferative cells of the basal layer (which include the stem cells), partially differentiated
cells of the spinous and granular layers which are viable but non-proliferating, and the
terminal differentiated dead cells of the cornified layer. Regulation of cell survival is
important in each of these zones (Fig. 1). The molecular processes that control
differentiation are complex and involve many gene products [36,38].

Keratinocyte stem cells (KSC) are proliferation units that display limited and slow division,
can self-renew and are responsible for generating the various lineages present in the mature
tissue [17,18,21,56,127-129]. These were initially identified as label-retaining cells

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Eckert et al.

Page 3

[16,19,20]. Current studies identify three populations of KSCs in epidermis. These include
the interfollicular (IF) epidermal stem cells in the epidermal basal layer, the hair follicle
(HF) stem cells of the bulge and the sebaceous gland (SG) stem cells located immediately
above the hair bulge. The IF epidermis is the skin surface located between hair follicles.
Under normal conditions these stem cell populations appear to function independently to
produce the IF epidermis, hair follicle and sebaceous gland. However, recent studies suggest
that each of these cell populations can function to replicate any skin structure [46,73], which
may be particularly important when the epidermis is stressed.

Specific differences are evident in the microanatomy and composition of the stem cells
between mice and humans. These differences emphasize the importance in distinguishing
among animal models when studying epidermal stem cells. For instance, the hair bulge is a
very distinct structure in the follicle and is a primary source of epidermal stem cells in the
mouse, while in humans the hair bulge is less distinct and IF stem cells appear to be the
more abundant stem cell. However, studies of label-retaining cells indicated that human hair
follicle stem cells like those in the mouse can also be found in the bulge-like structure
[79,98].

Stem cells, located in the IF epidermis in the basal layer, are an important population of cells
involved in maintaining the IF epidermis. Barrandon and Green characterized differences in
proliferative potential of keratinocyte cultures prepared from the human epidermis [11].
Three populations of cells were identified and called holo-, para- and metaclones. The
holoclones give rise to the largest colonies in clonal growth assays and are rich in markers of
the epidermal basal layer, including p1-integrin [69]. Subsequent studies reveal that these
cells are rich in a6-integrin and express low levels of CD71 (transferrin receptor) [128,129].
a6-integrinPri/CD719iM cells display many stem cell features, including quiescence and
long-term growth capacity (Table 1) [74,128,129]. These cells are generally detected at the
downward tip of the rete ridges. However, another population of cells, that are B1-integrin*/
MCSP (melanoma chondroitin sulfate proteoglycan)*/Lrgl*, are present in the upper
segment of the rete ridge and these share stem cell properties [65,66,71]. Additional markers
of these cells have also been identified, including survivin [80]. The existing information
suggests that IF epidermal stem cells are randomly distributed in the basal layer and
represent 1% to 7% of the basal cell population. The 1% level was determined by labeling
experiments using human epidermal organotypic skin cultures [91] and the higher values
were determined based on detection of a6-integrin®/CD719™ human cells [129]. It is
interesting that neonatal foreskin includes more stem cells (7%) than skin derived from
adults (5%) [128,129]. The localization of the murine IF epidermal stem cells is
controversial. Evidence suggests that Lgré* cells, present in the HF, near the infundibulum,
serve as a stem cell reservoir for the murine IF epidermis [133]. CD133 is a putative marker
of the murine dermal papilla [141].

Various other proteins have also been identified that help to distinguish epidermal stem
cells. For instance, connexin43 (Cx43) a gap junction protein is absent in 10% of human
basal keratinocytes which also exhibited clonal ability, small size and low granularity.
Cx434im cells also helped distinguish p63*/ABCG2*/B1-integrin® label-retaining cells in the
human limbal epithelium [31]. Desmoglein3 (Dsg3) is another intercellular junction protein
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that may be a useful marker for distinguishing epithelial stem cells. High B1-integrin
expressing human keratinocytes have been shown to express low levels of Dsg3 and exhibit
greater long-term proliferative capacity in vitro than integrin p1"/Dsg3M cells. The p1hi/
Dsg3'° cells isolated from the adult human palm show comparable clonogenic ability to
a6M/CD71!° cells [121,122]. Some evidence suggests that CD146, melanoma cell adhesion
molecule (MCAM), may also distinguish stem cells. For example, CD146° selection, in
conjunction with selection for other markers, including CD200*, CD24/°, cD34!°, cD71°,
isolates human hair follicle cells with high colony-forming efficiency [98]. Other markers
that have been studied include human EGFR!® (epidermal growth factor receptor) cells
which undergo long-term expansion and produce a stratified epidermis in models of skin
reconstruction [45]. Low major histocompatibility complex, MHC Class I-HLA expression
is observed in pluripotent stem cells and also in a subpopulation of basal human
keratinocytes [83].

2. Two models of epidermal stem cell amplification

In addition to holoclones, Barrandon and Green identified other dividing cells called
paraclones, which give rise to abortive colonies that differentiate after only limited
proliferation and meroclones which are intermediate in morphology and proliferative
capacity [11]. Based on these and other findings, it has been theorized that the IF epidermis
includes a mixture of proliferating cells consisting of holoclones and paraclones [11]. The
holoclones are thought to correspond to the label-retaining stem cell population and the
paraclones to the transient amplifying cells. These cells are distinguished based on
differences in label-retention [28], cell surface marker expression, proliferation frequency,
and ability to grow as clones in culture [11,11,28,64,96,98,117]. In murine epidermis cell
populations have been distinguished as epidermal stem cells which are label-retaining and
occasionally give rise to an identical daughter stem cell (symmetrical division) and a
transient amplifying cell (asymmetrical division). Unlike the epidermal stem cell, the transit
amplifying cell divides rapidly and, after several rounds of cell division, undergoes terminal
differentiation.

However, fate mapping experiments question the existence of transient-amplifying cells
[34,68]. These studies used inducible genetic labeling to track progenitor cells in murine tail
epidermis for one year. Results showed that the average number of basal layer cells per
clone increases in a linear fashion with time and does not follow an “epidermal proliferation
unit” pattern which would be expected if transient amplifying cells were present. Since the
clones remained cohesive and expand in size over time, this suggests that only one type of
proliferative stem cell exists that undergoes an unlimited number of symmetrical divisions.
If these results can be replicated in areas outside the tail region, it would suggest a new
model for stem cell renewal in the epidermis.

3. Stem cells of the hair follicle

The hair follicle is a structure that varies from the interfollicular epidermis in several
important ways. First, it projects down into the dermis where the cells are exposed to a
different environment and, second, the hair follicle undergoes intermittent cycles of growth,
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regression and quiescence [92]. In each growth cycle, the follicle is generated from a
specific set of stem cells that are resident in the hair bulge. In mouse, the hair follicle bulge
is a highly recognizable structure. In human hair, the bulge is not as readily recognized. The
mouse and human systems also differ in other ways. The human hair follicle cycle takes
nearly a decade while the murine hair cycle is on the order of weeks [23].

CD200 (cluster of differentiation 200), a type | membrane glyco-protein which contains two
immunoglobulin domains, is a reliable marker of human bulge cells (Table 1), but not of
murine bulge cells [98,99]. In contrast, keratin 15 (K15), is a reliable marker in mouse bulge
cells [88], but is not as specific for human hair bulge stem cells [97]. Distinct bulge-
localized K15-positive stem cell subpopulations have been identified in human epidermis
which are CD200*/CD347/K15P" (basal) and CD200*/CD34~/K15%M (suprabasal) [64].
The CD200%/CD347/K15P" cells form larger clonal growth colonies [64].

CD34 (cluster of differentiation 34), a single-pass transmembrane sialomucin protein, marks
bulge cells in murine follicles [22], but is absent from human bulge tissue [23,61]. In murine
hair follicle bulge cells, the CD34* cells are label-retaining and readily form clonal colonies
[118,119]. Keratin 19 (K19) also stains label-retaining cells in mice [85]. An extremely
useful finding is that the K15 promoter also marks these cells [88,118].

The region between the bulge and the IF epidermis in murine epidermis also contains
putative stem cells. This region, the isthmus (Fig. 1), contains a population of MTS24*/
Lrigl+/a69M cells that are highly clonogenic [96]. These cells are also marked by an
absence of CD34, K15 and Sca-1. In contrast, Sca-1* cells are present in the infundibulum
[67] and these cells can repopulate the IF epidermis but not the HF. Lrig1l* cells have also
been identified in the junctional zone (Fig. 1) [65]. Lrigl probably acts in these cells to
maintain quiescence and in reconstitution assays these cells give rise to all epidermal cell
lineages [65].

4. Sebaceous gland stem cells

The SG is an important structure in the epidermis. In mouse, stem cells that produce this
gland are located in a region of the HF above the CD34*/K15* bulge region. This is
evidenced by the presence of a population of Lgr6* cells at this location that can produce
sebaceous cells [112]. This population is also multipotent and can replace HF and IF
epidermis and SG structures in mouse [112]. However, these cells are not label-retaining.
The Lrg6™ cells are particularly interesting in that they can renew the sebaceous gland and
sebaceous gland stem cells which are Blimp-1 positive [63]. Lineage-tracking experiments
indicate that these cells give rise to the entire gland [63]. Although its role is not well
understood, Blimp-1 is an interesting protein that must have a negative control role on gland
growth, as suppression of Blimp-1 expression results in SG hyperplasia [63]. The bulge area
also contains melanocyte stem cells and stem cells with neural crest properties [76,140].

5. Skin cancer stem cells

Non-melanoma skin cancer is the most common cancer in human populations. Basal cell
carcinoma (BCC) is frequent and can be highly destructive. The second type of skin cancer,

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Eckert et al.

Page 6

squamous cell carcinoma (SCC), is extremely frequent. SCC precancerous stages are well
characterized with respect to clinical, histological and molecular features and metastasis
[9,14]. Immunosuppressed patients are two-hundred times more likely to get aggressive and
metastatic SCC. Skin cancer progression is linked to ultraviolet (UV) exposure. Early-age
UV exposure contributes to BCC development, and chronic UV exposure is thought to be
responsible for SCC development and progression [9]. Moreover, due to the presence of
environmental irritants and exposure to UV irradiation, skin cancer incidence is increasing
[60]. Thus, skin cancer is an important health concern.

The cancer stem cell theory states that tumor stem cells are self-renewing, slow cycling,
quiescent cells that are not impacted by anti-cancer agents that kill rapidly growing tumor
cells [3]. Moreover, it is thought that a limited number of cancer stem cells give rise to
highly proliferative non-stem cells that comprise the bulk of the tumor. Since cancer stem
cells give rise to other tumor cells, eliminating tumor stem cells is thought to be necessary to
halt tumor formation [3]. Well-developed mouse models are available to study the role of
epidermal skin cancer stem cells [14,21,51,58,59,109,127].

It is thought that mutations in rarely dividing long-lived stem cells lead to accumulation of
genetic changes that overcome cell control and lead to cancer growth. Squamous cell
carcinoma progression involves mutational inactivation of p53. Ultraviolet light is a
common skin mutagen and DNA changes characteristic of UV exposure are often observed
in skin cancer cells and tumors [25]. As mutated p53 suppresses wild-type p53 activity, the
cells are rendered more resistant to apoptosis [143]. It is clear that these slowly-dividing
stem cells accumulate mutations in the 7,12-dimethyl-1,2-benz[a]anthracene (DMBA)/
tetradecanoylphorbol-13-acetate (TPA) two-stage cancer protocol and that these cells then
expand during tumor expansion [70,86,87,111]. Thus, stem cells appear to be an important
carcinogen target.

Human SCC is thought to arise from IF stem cells that give rise to squamous tumors. SCC
generally occurs at sun-exposed sites and manifests UV-associated p53 mutation [26]. This
is consistent with the fact that basal IF epidermis is accessible to UV irradiation. Actinic
keratosis is the apparent precursor lesion to SCC [5,9]. However, a strict origin of SCC in
the IF epidermis may not hold under specific experimental conditions. For example, tumors
arising in the two stage carcinogenesis model, following sequential treatment of DMBA and
TPA, are associated with DMBA-dependent H-ras mutation. Most of the tumors arise from
stem cells located in the HF bulge [89]. Moreover, SCC still develops when the IF epidermis
is removed and mice are UV-irradiated [43]. This is presumably due to an impact on HF
bulge stem cells. This suggests that various cell populations can give rise to tumors
following UV exposure. Moreover, when SCC-related mutations (Ras mutation/p53
deletion) are targeted to the bulge stem cells, these cells give rise to SCC [131]. Taken
together, these studies suggest that stem cells are the likely target of environmental damage,
and that depending upon the circumstance, SCC can arise from various epidermal stem cell
populations. Moreover, it is interesting that the targeted mutation of transient amplifying
cells does not produce tumors [131], further supporting the idea that stem cells are the target.
Identifying tumor stem cells in human tumor samples has recently progressed, as Vogel and
coworkers showed that CD133* cells are enriched for tumor-initiating cells [100]. A distinct
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spatial distribution of stem cell markers is also observed in murine SCC, as the cancer stem
cells are located along the dermal/tumor interface and are integrin-positive and CD34°" or
CD349IM [106]. Other protein markers also identify putative cancer stem cells. These
markers have been identified in other epithelia, such as mammary cancer. For instance,
aldehyde dehydrogenase (ALDH) is expressed in human epidermis [32] and also in normal
mammary stem cells [53]. Likewise, CD44 (hyaluronic acid receptor) has also been
identified as a marker of mammary stem cells [4] and head and neck squamous cell cancer
stem cells [101]. CD24 is a glycoprotein and CD24"€9 expression is present in more
primitive, or less differentiated mammary stem cells, and is a marker of post-mitotic human
keratinocytes [15].

Basal cell carcinoma is restricted to areas of the epidermis with hair, and the marker protein
profile observed in BCC is consistent with a hair follicle-origin of the tumors [109].
Moreover, mutation in Ptch1, the Sonic hedgehog receptor, which is involved in hair follicle
regeneration, is observed [8,75], and the level of Lgr5, a HF stem cell marker, is increased in
most BCCs [116]. These findings strongly suggest that HF stem cells give rise to BCC,
although recent results suggest that this model may be more complicated than previously
appreciated [55,123,139].

6. Other stem cells in the epidermis

Non-epithelial stem cells are also found in the epidermis. These include bone marrow-
derived stem cells (BMSCs) which are found in the epidermis during epidermal
regeneration. Several studies suggest that BMSCs have the ability to derive both dermal and
epidermal cells during regeneration [10,24,29,35,42]. An alternative explanation for such
results is the demonstrated ability of BMSCs to fuse with other cells in vitro. However,
while ex vivo studies have demonstrated the ability of BMSCs to fuse with keratinocytes
[12], several studies have shown that in vivo fusion does not occur [24,62,134] and that
BMSCs differentiate into epidermal cells [135].

7. Signaling proteins in epidermal stem cells

A requirement for stem cell survival is that the quiescent state be tightly controlled. This
involves a number of signaling cascades, some of which are discussed here. The hair follicle
utilizes sonic hedgehog (Shh) and Wnt signaling to control cell function. Wnt/p-catenin
signaling regulates cell fate. Wnt is a secreted glycoprotein that binds to Frizzled receptors
to trigger a cascade that results in displacement of GSK-3p from the APC/Axin/GSK-3f
complex. In the absence of Wnt signaling, p-catenin is phosphorylated and targeted for
degradation by the APC/Axin/GSK-3p complex. In the presence of Wnt, Dishevelled is
phosphorylated and activated and recruits GSK-3p from the complex. This leads to -
catenin stabilization and Racl nuclear translocation and recruitment of LEF/TCF DNA
binding factors to activate transcription [102]. Whnt signaling, via its impact on TCF3
transcription factor, is essential for maintenance of HF stem cells [48,84,144], and blocking
Whnt action causes cells to differentiate into keratinocytes and sebocytes [78,95]. These
findings indicate that Wnt signaling controls commitment of HF bulge cells in mouse to
maintain the stem state or permit entry into a differentiation pathway.
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Sonic hedgehog (Shh) is a ligand that binds to its membrane-spanning receptor, Patched
(Ptc). Under resting conditions, Ptc binds to and inhibits Smoothened (Smo), a
transmembrane protein. The hedgehog signaling complex is downstream of Smo. When Shh
binds to Ptc, the inhibitor impact on Smo is relieved and Smo becomes phosphorylated.
Another protein called Ci is then released and enters the nucleus to drive expression of
hedgehog target genes. Sonic hedgehog (Shh) is a second important controller of HF bulge
stem cells. Shh is a key gene that is activated in order to organize dermal cells to form the
dermal papilla [104]. Inhibition of the Shh pathway during embryonic development arrests
the follicle at the hair bud stage after placode formation and initial ingrowth [114].
Furthermore, inhibition of Shh in adult skin prevents anagen hair growth [124].

Notch and EGFR signaling are also key pathways in the IF epidermis [47]. Notch signaling
is pronounced in the basal layer of the epidermis with high activity in areas featuring stem
cells [77]. Notch signaling also drives keratinocyte differentiation as the cells depart the
stem cell niche [77]. In mouse epidermis differentiation and maintenance of IF epidermis are
balanced by the opposing actions of Notch and another key signaling molecule, p63
[47,126]. The mitogen-activated protein kinases (MAPK) and epidermal growth factor
receptor (EGFR) are also important. Numerous studies indicate that EGFR and MAPK
signaling are required for normal epidermal differentiation, particularly of the IF
keratinocyte [2,38-41,52].

8. MicroRNA regulation of epidermal stem cells

MicroRNAs (miRNAs) are small (~19-24 nucleotides) noncoding RNAS that regulate gene
expression. One way that miRNAs modulate gene expression is by interacting with the
complimentary target messenger RNA (mRNA) to alter RNA stability or translation. It has
been estimated that miRNAs regulate more than one-third of the protein-coding genome. As
a consequence, it is expected that many biological processes are affected. Several groups
have demonstrated that mice with epidermal specific deletion of Dicer, an essential
component of the miRNA regulatory machinery, are born normal but eventually lose weight
and die neonatally without developing a hair coat [6,137]. The lack of hair is manifested by
underdeveloped and misaligned hair follicles, which exhibited increased apoptosis, and
failure to invaginate into the dermis [6,137]. This is due to the loss of the follicular stem cell
pool, as evidenced by the lack of bulge stem cell markers K15 and CD34 [6]. In contrast, the
interfollicular epidermis of these mice was unaffected [6,137]. Epidermal-specific deletion
of co-factor Dgcr8 reveals a similar phenotype, including neonatal lethality, dehydrated
skin, a disordered dermis, and the presence of apoptotic cells in the HFs [137].

Specific miRNAs are expressed in developing mouse skin and HFs [6,137]. Several
miRNAs appear to exert specific functions [1,136]. For instance, two independent studies
found that miR-203 is enriched in IF epidermis compared to HFs [6,137]. Another study
emphasizes the importance of miRNA regulation in development. For instance, miR-203 is
barely detectable in mouse E13.5 skin when epithelium is still one layer, but after E15.5 and
stratification begins miR-203 is among the most abundant miRNAs. These data suggest that
its expression is induced during differentiation and stratification [138]. Studies using in situ
hybridization of mature skin revealed that miR-203 is expressed at high levels only in
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differentiated cells such as those in the suprabasal epidermis or the inner root sheath of the
HF, but not in progenitor/stem cells such as those in basal epidermis, in the HF bulge, or in
the HF matrix [138]. Similar results were also demonstrated in zebrafish [132] and human
skin [130], indicating a conserved function across species. Furthermore, the expression of
miR-203 is rapidly upregulated when keratinocytes are induced to differentiate in vitro by
calcium [72,138], by phorbol ester [113] or by vitamin D treatment. Functional analysis of
miR-203 with transgenic mice engineered to over-express miR-203 in the epidermal basal
layer showed that animals frequently died shortly after birth, and histological evaluation
revealed a thinner epidermis and depletion of K5* basal cells [138].

In these studies, increased miR-203 expression reduced colony formation capacity and
caused cell cycle exit in vitro [72,93]; yet demonstrated limited ability to promote terminal
keratinocyte differentiation. This suggests that the primary role of miR-203 expression may
be in the differentiation of the transient amplifying cells or to limit their proliferative
lifespan. Interestingly, miR-203 has been shown to target p63 another putative stem cell
marker of epidermal keratinocytes. The transcription factor p63 has been shown, in several
species, to be required to maintain the stem cell pool in epidermis. In mice, its deletion
produces a complete loss of stratified epithelia [110]. Studies have shown that the
expression of p63 and miR-203 is mutually exclusive, and that miR-203 directly represses
p63 expression as demonstrated by its ability to facilitate cell cycle arrest during the
transition in cells from the basal layer to suprabasal layer [72,138]. Specifically, one
mechanism by which p63 regulates this cell cycle progression in keratinocytes is through
repression of miR-34 family members [7], while in cancer, p63 regulates tumor and
metastasis suppression through the transcriptional regulation of Dicer and miR-130b [115].

HF cycling involves stages of expansion, regression and quiescence, and involves dramatic
changes in the epidermal and HF architecture [105]. Key regulators of this process are
miRNA targets. For example, miR-31 was shown to increase during follicular growth and
decrease during regression and quiescence [81]. MiR-31 negatively regulates Fgf10, the
components of the Wnt and BMP signaling pathways, sclerostin and BAMBI, and DIx3
transcription factor, as well as keratin genes. Luciferase reporter assays show that it directly
targets K16, K17, DIx3 and Fgf10 [81]. More recently, it is reported that miR-125b
represses skin stem cell differentiation in mouse. In this study, miR-125b expression was
high in mouse stem cells and decreased in progeny cells. Moreover, knocking down
miR-125b in transgenic mice results in hyper-thickened epidermis, enlarged sebaceous
glands, and failure to generate a hair coat [142], indications that miR-125b alters stem cell
differentiation. Potential targets of miR-125b included Blimp1 and vitamin D receptor
(VDR) [142].

9. MicroRNA in melanoma

Several miRNAs have been discovered that regulate the metastatic or proliferative behavior
of melanoma cells and, in some cases, their target or mode of action has been identified. For
instance, miR-196a suppression increases tumor cell migration via an impact on HOX-B7
and HOC-C8 [27,90]. MiR-137 downregulation of microphthalmia-associated transcription
factor (MITF) in melanoma cell lines is associated with melanoma metastasis [13]. MiR-182
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increases migration of melanoma cell lines and their metastatic potential by repressing
MITF and FOXO3 expression [108]. MiR-15b upregulation is associated with increased cell
proliferation and decreased apoptosis, though its targets are unclear [103]. Let-7a repression
increases the invasive behavior of melanocytes by impacting p3-integrin [33], while
miR-221/222 overexpression increases cell proliferation, migration and invasion via p27 and
c-Kit receptor [44]. miR-125b is reduced in primary melanomas that exhibit early metastases
but its target genes are currently unknown [54]. In contrast to these miRs which facilitate
melanoma malignancy, other miRNAS are repressors. For instance, miR-193b
overexpression represses cell proliferation by increasing cyclin D1 in melanoma cell lines
[30], while Let-7b inhibits cell cycle progression and anchorage-independent growth when
overexpressed [107].

10. Conclusions

These studies indicate that much progress has been made in understanding the processes that
control stem cell quiescence and differentiation in epidermis. Particular progress has been
made using mouse models where targeted changes in cell populations can be produced using
genetic methods. Studies are less advanced in studies of human epidermal stem cells, but
progress is accelerating due to the ability to grow human keratinocytes as organotypic
cultures with appropriate fibroblast support. It appears reasonable to assume that tumors
arising in epidermis are derived from stem cells, localized either in the HF or IF epidermis.
Moreover, the stem cell niche and location of the stem cells relative to the mutagenic
stimulus profoundly influences cancer development. For example, UV irradiation is not
likely to impact stem cells deep in the HF as compared to the IF epidermal stem cells. This
progress bodes well for the application of new knowledge to the understanding of stem cell
biology and treatment of stem cell-related conditions, including cancer and other skin
diseases.
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Fig. 1.
Structure of the hair follicle and the epidermis. The schematic shows hair follicle structures

including the infundibulum, junctional zone, isthmus, sebaceous gland, bulge, bulb and hair
shaft. The epidermal layers (basal, spinous, granulate and cornified) are also shown. The
interfollicular epidermis is the stratified epidermis located between the hair follicles. The
text describes various regions of these structures where specific stem cell populations,
identified by specific markers, are located.
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Distribution of stem cell markers in human and murine epidermis.

Table 1

Marker L ocation References  Species
a6Pri/cp71dim IF epidermis [74,128,129] Human
B1*/MCSP*/Lrgl* IF epidermis [65,66,71] Human
Survivin* IF epidermis [80] Human
Lgr6* IF epidermis [133] Mouse
CD133 (prominin) IF epidermis [141] Human
CD200* HF (bulge) [98,99] Human
K15* HF (bulge) [88] Mouse
CD200*/CD347/K15"  HF (bulge) [64] Human
CD200*/CD347/K1549m  HF (bulge) [64] Human
CD34* HF (bulge) [22] Mouse
K15 Promoter HF (bulge) [88,118] Mouse
K19 HF (bulge) [85] Mouse
aBdim/MTS24*/Lrigl* HF (isthmus) [96] Mouse
Sca-1* HF (infundibulum) [67] Mouse
Lrigl* HF (isthmus) [65] Mouse
Lgr6* SG (isthmus) [112] Mouse
Blimpl* SG [63] Mouse
NGFRp75, nestin, Oct-4  MSC (dermis) [76] Mouse
Neural crest (bulge area)  [140] Mouse
CD133* Cancer stem [100] Human
a6Pri/p1dim/cp34br Cancer stem [106] Mouse

a60/p1dim/Cp34dm
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