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Significance: The skin interfollicular epidermis (IFE) is an organism’s first
line of defense against a harmful environment and physical damage. During
homeostasis and wound repair, the IFE is rejuvenated constantly by IFE stem
cells (SCs) that are capable of both proliferation and differentiation. However,
the identity and behavior of IFE SCs remain controversial.

Recent Advances: Two opposing theories exist regarding homeostasis of the
IFE. On the basis of morphological and proliferative characteristics, one posits
that the IFE is composed of a discrete epidermal proliferative unit comprised
of ~10 transit-amplifying (TA) cells and a centrally located SC in the basal
layer. The other suggests that homeostasis of the IFE is maintained by a single
progenitor population in the basal layer. A recent study has challenged these
two apparently distinct models and demonstrated that the basal layer of the
IFE contains both SCs and TA cells, which make distinct contributions to
tissue homeostasis and repair. Moreover, phosphorylation levels of the tran-
scription factor p63, the master regulator of the proliferative potential of
epidermal SCs, can be used to distinguish self-renewing SCs from TA cells
with more limited proliferative potential.

Critical Issues: As technologies advance, IFE SCs can be identified at a single-
cell level. Refinements of their identification and characterization are criti-
cal, not only for SC biology but also for the development of novel clinical
applications.

Future Directions: Understanding the signaling pathways that control self-
renewal and differentiation of IFE SCs will aid in developing novel cell-based
therapeutics targeting degenerative epidermal diseases and wound repair.
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IN THIS REVIEW, I discuss some of
the major findings that have ad-
vanced our understanding of the be-
havior of epidermal stem cells (SCs)
and their immediate progeny, transit-
amplifying (TA) cells. Particular
emphasis is paid to those in the in-
terfollicular epidermis (IFE), in light
of their importance in homeostasis
and tissue regeneration after injury.
I also discuss the recent key findings
on the regulation of p63, a tran-
scription factor essential for the
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tential of epithelial SCs in both ho-
meostatic and disease conditions of
the epidermis, such as chronic wound
healing.

TRANSLATIONAL RELEVANCE
The role of epidermal SCs in con-
tributing to homeostatic mainte-
nance of the skin and wound repair
has been well acknowledged for
many years. Over the past decade,
characterization of SCs and their

DOI: 10.1089/wound.2012.0372

Abbreviations
and Acronyms

CreER=tamoxifen-dependent
Cre recombinase

Dox=doxycycline
Edar=-ectodysplasin receptor

EGFP =enhanced green fluo-
rescent protein

EPU=epidermal proliferative unit

EYFP =enhanced yellow fluo-
rescent protein

HF =hair follicle
IFE=interfollicular epidermis
Inv=involucrin
K14 =keratin-14
K15 =keratin-15

Lgr5=Leu-rich repeat-containing
G-protein-coupled receptor 5

pp63 =phosphorylated p63
R26 =Rosa26 locus
SC=stem cell

TA =transit-amplifying

TD =terminally differentiated

273



274 SENOO

differentiating progeny has been successfully
refined, owing to the development of nucleotide-
labeling and lineage-tracing methodologies. Eluci-
dating the molecular mechanisms controlling the
behavior of these cell types will provide novel
strategies for the treatment of traumatic and de-
generative skin diseases. As p63 is highly ex-
pressed in SCs of other epithelial tissues as well as
many types of tumors of epithelial origin, these
studies will also contribute to our understanding of
a wide array of SC-related epithelial diseases.

CLINICAL RELEVANCE

The cutaneous epidermis provides the first line
of protection against environmental assaults.
However, chronic wounds affect over 6 million pa-
tients in the United States alone (2% of the popu-
lation), and this number is expected to increase
with the rapid expansion of elderly, diabetic, and
obese populations. A wide array of management
options is being developed, including tissue-
engineered skin products, topical application of
growth factors, negative pressure, electrical stim-
ulation, and ultrasonography therapies. However,
the ultimate results of these exogenous treatments
are still far from satisfactory. Therapeutic modu-
lation of autologous SCs and/or their differentiat-
ing progeny may help to accelerate tissue repair
with a more desirable outcome.
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INTRODUCTION

Skin is composed of an underlying dermis of
mesodermal origin and overlaying epidermis of
ectodermal origin. Epidermis is a stratified epi-
thelium comprised of a basal layer of proliferative
cells and suprabasal layers of more differentiated
cells that undergo terminal differentiation after a
few rounds of cell division.! The overall structure of
the skin epidermis is well conserved across differ-
ent mammalian species and body sites (Fig. 1A).

Stratification of the epidermis initiates during
embryonic development and continues throughout
life. Some basal cells divide asymmetrically, with-
draw from the cell cycle, and detach from the
basement membrane to initiate terminal differen-
tiation. The process involves the outward move-
ment of basal cells toward the surface of the skin
(Fig. 1B). The basement membrane serves not only
as a physical boundary between epithelial cells and
dermal cells but also as a proliferation-promoting
platform, as it is rich in both extracellular matrix
proteins and growth factors.! The basal cells dif-
ferentiate first to spinous cells, then to granular
cells, and ultimately to enucleated cornified cells
that are shed from the surface of the skin. The
minimum transit time of basal cells to the cornified
layer is estimated to be 28 days in humans and
8-9.5 days in mice.?® During homeostasis and
wound repair, lost cells are eventually replaced
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Figure 1. Differentiation of the interfollicular epidermal (IFE) cells. (A) Histology of the epidermis at different body sites in various mammalian species. Shown
are images of hematoxylin—eosin-stained sections. Vertical bars in green and yellow indicate total epidermis and the cornified layers, respectively. Bars=
50 um. (B) Schematic representation of the stratified layers of the IFE. The proliferative basal layer is adjacent to the basement membrane at the base. The
three differentiation stages include the spinous layer, granular layer, and the cornified layer at the surface of the epidermis. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/wound
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in a process initiated by proliferative basal cells
consisting of both SCs and TA cells, early progeny
of SCs.

Despite their importance in SC biology and
clinical applications, it has been challenging to
identify and characterize epidermal SCs and TA
cells to determine whether the skin epidermis is
maintained by single type of progenitor or by a
stem/TA cell hierarchy. Recent advancements in
label-retaining and lineage-tracing methodologies
have contributed to our understanding of the in-
trinsic properties of SCs and their differentiated
progeny in their native environment.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Stem cells in the epidermis

Recent studies have shown that there are a
number of SC repositories within the adult epi-
dermis, including cells from the bulge region of the
hair follicles (HF's) and keratinocytes of the IFE
and sebaceous gland.! Several lines of evidence
suggest that multipotent SCs in the epidermis re-
side within the bulge region of the HFs,! although
clonal analysis of individual bulge cells will be
necessary to determine if all bulge SCs are multi-
potent, or if the bulge harbors a mixture of multiple
types of unipotent SCs.

Nucleotide pulse labeling has been used to dem-
onstrate the slow-cycling nature of bulge SCs.*® This
pulse-chase concept has been adapted to lineage-
tracing models utilizing transgenic mice that
express an inducible Cre recombinase under the
control of either the keratin-15 (K15) or the Leu-rich
repeat-containing G-protein-coupled receptor-5
(Lgr5) promoter, crossed onto the Rosa26locus (R26)-
floxed-reporter strain, in which a conditional allele of
p-galactosidase or enhanced green fluorescent pro-
tein (EGFP) is targeted to the Rosa26 locus.®”

While K15 was the first molecular marker of the
bulge cells,® Lgr5 is a recently identified marker for
SCsin various epithelial tissues, including the HFs.®

These studies have shown that genetically
marked slow-cycling bulge SCs contribute to the
HF in the long term. Importantly, such genetic
tracing experiments also indicate that upon
wounding, ~25%-50% of cells in the repaired IFE
are of HF origin.”!! In sharp contrast, marked
cells contribute only minimally, if at all, to ho-
meostatic maintenance of the IFE, underscoring
the existence of a distinct SC population in the IFE.
This notion has been exemplified by the analysis of
Edaradd mutant mice, whose tail skin completely
lacks HFs, due to an impaired ectodysplasin

receptor (Edar)-signaling pathway.'? The clono-
genic potential of Edaradd mutant tail skin is sig-
nificantly lower than that of normal skin, but
is nevertheless able to slowly repair its wounds.
Notably, the absence of the HF input leads to re-
cruitment of epidermal cells from a wider area
surrounding the wound, suggesting that IFE SCs
sense the need to heal wounds without an input
from bulge SCs. We also know that injuries on
hairless body sites such as the palm of the hand,
the sole of the foot, and the lips can heal quite
efficiently. Together, these observations indicate
that surface epidermis harbors its own SC pool
that maintains homeostasis and responds to
wounding.

Monitoring SCs in the IFE

The epidermal proliferative unit. Although re-
searchers have known for years that SCs exist
within the basal layer of the IFE, it has not been
clear whether all basal cells are SCs or whether the
basal layer is composed of heterogeneous cell pop-
ulations of which only a small number of cells are
SCs. Based on architectural and proliferation
studies, it was proposed in the 1970s that the IFE is
organized into discrete epidermal proliferative
units (EPUs).'®'* Each EPU is comprised of ~ 10
tightly packed basal cells, giving rise to increas-
ingly larger and flatter cells that are stacked into a
hexagonal column at the skin surface, leading to
the hypothesis that EPUs consist of one centrally
placed slow-cycling SC surrounded by short-lived
TA cells (Fig. 2A). In recent studies, clonal marking
of IFE cells by retroviruses or transgenesis has
confirmed long-lived columns of labeled IFE cells
that reach from the basal to the cornified layer of
the epidermis.'® Thus, the EPU model has gained
wide acceptance to address homeostatic mainte-
nance of the IFE. However, as described below, this
EPU model has been the subject of debate in more
recent studies.'®

The single-progenitor model. According to the
stem/TA cell hypothesis, the IFE contains slowly
cycling basal SCs that produce TA cells with a more
limited proliferative potential. However, an alter-
native model of epidermal homeostasis has re-
cently been proposed based on quantitative lineage
tracing in the tail epidermis of mice, where the
EPU was originally described. In this study, Clay-
ton et al. utilized inducible in vivo genetic marking
of epidermal cells and proposed a new model in
which a single population of progenitor cells
maintains homeostasis of the epidermis without
involving a TA cell pool (Fig. 2B).'”
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Figure 2. Maintenance of the epidermal homeostasis. (A) Diagram of the epidermal proliferative unit (EPU). A centrally located putative slow-cycling stem cell (SC)
(red) occasionally divides, giving rise to an SC daughter and a transit-amplifying (TA) cell (green) within the basal layer. The TA cells undergo several rounds of cell
division before terminally differentiating. Each EPU is comprised of ~ 10 basal cells, giving rise to increasingly larger and flatter suprabasal cells that are stacked into a
hexagonal column at the surface. (B) Diagram of the single-progenitor model. Clayton et al. utilized an inducible AhCreER/R26-floxed-EYFP reporter system to label
epidermal cells."” In this model, homeostasis of the IFE is maintained by a single-progenitor population (orange) without involving a TA cell pool, and the average number
of labeled basal cells increases linearly with time. (C) Diagram of the stem/TA cell hierarchy model. Mascré et al. utilized two functionally different promoters (K74 and
Inv) that target distinct epidermal progenitor populations.2' The average size of persisting Inv-CreER-targeted clones with basement membrane attachment increases
linearly with time, whereas the number of surviving clones progressively falls, suggesting that the /nv promoter marks actively proliferating TA cells (green). In contrast,
although K14-CreER-targeted clones abruptly expand in size immediately after induction in the basal layer, their growth rapidly decelerates, and survival is long term,
suggesting that the K74 promoter marks both TA cells and slow-cycling SCs (red). This new model argues against the single-progenitor theory and supports a
hierarchical organization of stem/TA cells in the IFE. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

To label epidermal cells, animals transgenic
for the tamoxifen-regulated mutant of Cre re-
combinase, expressed from the control of the
p-naphthoflavone-inducible ubiquitous CYPIAI
promoter (AhCreER), were crossed onto the R26-
floxed-EYFP reporter strain. Cells expressing en-
hanced yellow fluorescent protein (EYFP) and
their labeled progenitors were detected in confocal
whole-mount microscopy after a single injection of
a combination of the inducing drugs.

Using this system, the authors investigated the
behavior of labeled clones that persisted long term.
At 2 weeks postinduction, expression of EYFP was
detected in ~1 in 600 basal cells, but not in the
bulge region of the HF's. If individual SCs retained
their self-renewal capacity, the stem/TA cell model
predicts that the clone-size distribution in the
basal layer would remain constant, a presumptive
characteristic of a single EPU. However, analysis
of cohorts of mice demonstrated that the average
number of basal cells within persisting clones in-
creased linearly with time, leading to a new model
in which the IFE is maintained by a single type of
epidermal progenitor cell that undergoes an un-
limited number of cell divisions.'” Similar conclu-
sions were drawn from a separate study of mouse
ear epidermis,'® further discounting the existence
of a discrete population of slow-cycling SCs as
proposed in the EPU hypothesis.!®*

More recently, the single progenitor theory has
been tested in a study of mouse esophageal epi-

thelium that consists of layers of keratinocytes.®
Similar to the skin, proliferation of esophageal
epithelium is confined to the basal layer. As pro-
liferating cells differentiate, they exit the cell cycle
and migrate to the tissue surface from which they
are sloughed. The lack of secondary structures,
such as glands or crypts that form an SC niche in
other epithelia,?® makes the esophagus an ideal
organ in which to assess the contribution of basal
cells to epidermal homeostasis.

To investigate whether slow-cycling or quiescent
epithelial SCs exist in the esophageal epithelium,
the authors used a transgenic label-retaining cell
assay in Rosa26rtTA/TetO-HGFP mice, in which
expression of a Histone—2B/EGFP fusion protein
(HGFP) is seen throughout the tissue upon induc-
tion with doxycycline (Dox). When Dox is with-
drawn, HGFP is diluted two fold in each cell
division. Quantification of the HGFP signals in the
esophageal epithelium revealed strikingly homo-
geneous cell division in the basal layer at a rate of
approximately twice per week. After a 4-week
chase, only 0.4% of the basal cells retained label, of
which essentially all cells were positive for CD45, a
marker for Langerhan’s cells and lymphocytes.
Based on these findings, the authors conclude that
there are no slow-cycling or quiescent SCs in the
esophageal epithelium.'®

To further address this issue, the authors used
inducible Cre-lox-based genetic marking as de-
scribed above.'”'® The fate of single-cell-derived
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clones was followed in cohorts of induced mice at
multiple time points over a year postinduction.
These studies revealed that the average size of
persisting clones with basal cell labeling increased
linearly with time, while persisting clone numbers
decreased through differentiation. These data are
consistent with those in the IFE, and support the
conclusion that homeostasis of the esophageal ep-
ithelium is maintained by a single type of progen-
itor cells and does not involve TA cells.

Revival of the stem/TA cell theory. Although
the single-progenitor model is attractive in its
simplicity, it is important to note that, if present, a
small quiescent population of SCs would be unde-
tectable in the analyses described above. Indeed, a
new study by Mascré et al. utilizing two different
promoters that function in distinct epidermal pro-
genitor populations clearly demonstrated that a
stem/TA cell hierarchy differentially contributes to
IFE homoeostasis (Fig. 2C).?! In these studies, a
very low dose of tamoxifen given to R26-floxed-
EYFP mice that were crossed to mice expressing
CreER under the control of the keratin-14 pro-
moter (K14-CreER) promoted EYFP expression at
clonal density in the basal layer of tail IFE. In
contrast, when CreER was expressed under the
control of the involucrin promoter (Inv-CreER),
EYFP-expressing cells were predominantly in the
suprabasal layers, although EYFP-expressing
basal cells were also observed at a low frequency.
The basal cells marked in each case were both IFE
progenitors, as both populations were able to pro-
liferate and differentiate to form columns of labeled
cells that span the basal to cornified layer. From a
detailed study of the transition of the labeled cells,
coupled with mathematical modeling, the authors
deduced that both K14-CreER- and Inv-CreER-
targeted progenitors follow identical cell division
patterns: ~80% divide asymmetrically, yielding
one daughter SC/progenitor and one more differ-
entiated cell, whereas the remaining divisions are
equally balanced between symmetric duplication
and symmetric differentiation, consistent with
other reports in the IFE cells and esophageal
epithelium.'"1?

Despite their similar division patterns, many of
the clones marked by K14-CreER survived up to 1
year postinduction, whereas the vast majority of
the Inv-CreER-marked clones were progressively
lost in a relatively short term, suggesting that K14-
CreER-targeted clones contain cells with a higher
proliferative potential than Inv-CreER-marked
progenitors. DNA microarray analysis comparing
these two populations supports this notion. To

exclude differentiated cells from each subpopula-
tion, the authors wused fluorescence-activated
cell sorter—purified EYFP-positive immature o6
CD34 " cells. Gene ontology classification revealed
that genes preferentially expressed in K14-CreER-
marked «6"CD34~ cells were enriched in func-
tional groups involved in cell cycle regulation,
chromosome segregation, cell proliferation, and
DNA repair. By contrast, Inv-CreER-targeted
u6"CD34~ cells preferentially expressed genes
known to control epidermal cell differentiation and
keratinization.

The functional difference between these two
distinct pools of progenitors became more apparent
in long-term chase analyses of their behavior
within the labeled columns. The average size of
surviving clones marked by the Inv-CreER (as
measured by their total size and labeled basal cells)
grew linearly over the 48-week time course,
whereas the number of surviving clones progres-
sively fell. Such behavior mirrors that reported
previously using an ubiquitous promoter,’” and
indicates that Inv-CreER marks the actively cy-
cling TA cell population, in which stochastic cell
loss through differentiation is compensated for by
duplication. In contrast, although K14-CreER-
targeted clones abruptly expanded in size beyond
that of Inv-CreER-marked clones immediately
after induction, their growth in the basal layer
rapidly decelerated over the first few weeks,
showing only a modest expansion at later times.
These observations suggest that the K14 promoter
targets both actively cycling TA cells and slowly
dividing SCs.

Together, this new study argues against the
single-progenitor theory and proposes the exis-
tence of a hierarchical organization of stem/TA
cells that differentially contribute to homeostasis
of the IFE.

Maintenance of epidermal stem cells

Epidermal SC culture. The key features of SCs
are their immense capacity for self-renewal and
differentiation. The presence of SCs in adult tis-
sues was first demonstrated in the hematopoietic
system in the 1960s,%2 where the so-called colony-
forming units were produced by short-term culture
of isolated murine bone marrow cells that were
then individually transplanted into immune-defi-
cient recipients to reconstitute the hematopoietic
system. In the 1970s, long-term passage of SCs
in vitro began with pioneering work in clonogenic
cultures of human epidermal SCs.?®> Successful
utilization of cultured human keratinocytes for
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burn therapy and the absence of skin cancers in
patients engrafted decades ago suggest that long-
term in vitro culture of epidermal SCs maintains
their proliferative potential, yet avoids malignant
transformation.

During in vitro culture, epidermal cells form
three types of clones: holoclones, meroclones, and
paraclones, in decreasing order of proliferative
potential and increasing order of differentiation
(Fig. 3A).2* Holoclones consist primarily of SCs,
as they are morphologically immature, express
high levels of SC markers such as f1 integrin
and K14, and exhibit the greatest proliferative
potential.?*?° A long-term culture of holoclones
generates meroclone-producing cells, committed
epidermal progenitors with more limited prolifera-
tive potential. Paraclones are composed of termi-
nally differentiated cells that are not capable of
proliferation and express high levels of markers for
terminal differentiation such as Inv.?* As such,
these cultures are ideal not only for expanding
epidermal SCs for therapeutic options but also for
studying SC self-renewal and differentiation.

p63: The master regulator of epidermal SCs.  Upon
searching for a homolog of the tumor suppressor
p53 and its first homolog p73, we and other groups
discovered the second p53 homolog, p63 (called
variably Ket, p40, p51, p63, and p73L in the

SCs TAcells TD cells
A Meroclone B
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Figure 3. Phosphorylation of p63 during epidermal SC differentiation. (A)
Clonogenic culture of epidermal SCs. In these cultures, epidermal cells
form three types of clones: holoclones, meroclones, and paraclones in de-
creasing order of the proliferative potential and increasing order of differ-
entiation. Holoclones consist primarily of SCs, as they are morphologically
immature and exhibit the greatest proliferative potential, while meroclone-
producing cells represent committed progenies with more limited prolifera-
tive potential. Paraclones are composed of terminally differentiated cells
that are not capable of proliferation. (B) Increase in p63 phosphorylation
during epidermal SC differentiation. Expression of p63 is uniformly high in
holoclones, while meroclones express reduced levels, and paraclones show
only modest levels of p63. Before the decrease in p63 expression, p63 phos-
phorylation increases in centrally located cells within holoclones, which in turn
leads to the generation of meroclone-forming cells in the subsequent passage.
Thus, p63 phosphorylation levels distinguish self-renewing epidermal SCs from
TA cells with more limited proliferative potential.”® pp63, phosphorylated p63;

TD, terminally differentiated. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound
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original literature), in the late 1990s.26 Unlike p53,
p63 mutations in human cancers are very rare.
Instead, p63 mutations are responsible for a vari-
ety of inheritable ectodermal dysplasias that ex-
hibit abnormalities in many ectodermal tissues,
including the skin.?” Mutant mice lacking p63 are
severely compromised in skin development.?82°
The p63 gene encodes both a transactivating ver-
sion (TAp63) and a dominant-negative isoform
(ANp63), due to the usage of two different pro-
moters. Amino terminal-specific functions of p63
were discerned by generating isoform-specific
knockout mice, which demonstrate that ANp63, but
not TAp63, is responsible for the phenotypes seen in
p63-null mice.?>3! In contrast, analysis of TAp63-
specific knockout mice has revealed that this
isoform has diverse functions, including the pro-
tection of female germ cells from apoptosis,®? pre-
vention of metastasis of epithelial tumors,®® and
suppression of aging and obesity.?*** However, as
both TAp63 and ANp63 can be alternatively spliced
at the carboxyterminus to produce «-, -, y-, 6-, and
¢-isoforms,®>3® further investigation is needed to
elucidate specific functions of each specific isoform.
Notably, however, ANp63 is the dominant isoform
expressed in the basal layer of epithelial tissues®
and has been the focus in epithelial SC biology.
Using clonogenic cultures of epidermal SCs, we
have shown previously that p63 plays an essential
role in the maintenance of SC proliferative poten-
tial.®” While expression of p63 is uniformly high in
holoclones, meroclones express reduced levels, and
paraclones show only modest levels of p63 (Fig.
3B). Consistent with this observation, knockdown
of p63 by shRNA-mediated silencing in holoclone-
forming cells leads to more profound generation of
meroclones and paraclones with increased expres-
sion of keratinocyte differentiation markers.?”
Using the same clonogenic cultures, it was dem-
onstrated earlier that human epidermal cells that
exhibit higher levels of 1 integrin had greater
proliferative potential than other 1 integrin-pos-
itive basal cells.?® These two findings provide a
potential link between cell intrinsic regulation by
p63 and signaling through transmembrane core
components of focal adhesions, which are required
for basement membrane assembly, cell adhesion,
and cell proliferation. Notably, p63 appears to di-
rectly regulate expression of extracellular matrix
adhesion molecules, including f1 integrin.>®
Although the mechanisms underlying the regu-
lation of p63 expression are not fully understood,
recent studies have shown that p63 expression is
reduced at both protein and mRNA levels during
the basal-to-suprabasal transition. For example,
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suprabasal signaling through Notch receptors
leads to the suprabasal repression of p63 and in-
hibition of proliferation.*® Similarly, the ubiquitin
(Ub) protein ligase (E3) Itch, preferentially ex-
pressed in the suprabasal layers, ubiquitilates, and
degrades p63.*! The involvement of microRNAs
(miRNAs) provides an additional layer of com-
plexity to the regulation of p63 levels. miR-203,
which targets and degrades the p63 mRNAs, is
evolutionarily conserved and is expressed supra-
basally.*? Moreover, ectopic expression of miR-203
in basal cells induces premature differentiation
and diminishes proliferative potential, whereas in
its absence, cell proliferation is no longer restricted
to the basal layer.*? The collective view emerging
from these studies is that the transition of epider-
mal cells from the basal to suprabasal layers acti-
vates a switch in fate determination.

However, as exemplified in the stem/TA cell
model, epidermal basal cells are heterogeneous,
and the SC differentiation program initiates within
the basal layer. This is particularly interesting in
light of our own finding that cells expressing high
levels of p63 (p63™) in the IFE basal layer exhibit a
wide range of p63 phosphorylation levels.?® As
phosphorylation of p63 ultimately leads to its deg-
radation by proteasome-mediated pathways,*?
these findings led us to hypothesize that increased
p63 phosphorylation marks the initiation of SC dif-
ferentiation. Indeed, close inspection of holoclones
revealed that while p63 levels were uniformly high
throughout the clones, phosphorylation of p63 was
variable and higher toward the clone center. Propa-
gation in serial passages of isolated peripheral and
central cells showed that p63™ cells with low phos-
phorylation had significantly higher proliferative
potential than p63™ cells with high phosphoryla-
tion.?® These data clearly indicate that phosphoryla-
tion of p63 inversely correlates with the proliferative
potential and that phosphorylation levels of p63 dis-
tinguish self-renewing SCs from TA cells with more
limited proliferative potential (Fig. 3B).

In vivo, expression of p63 is generally high in the
basal layer and is reduced in the suprabasal layers;
however, some suprabasal cells express p63 at
levels that are equivalent to p63™ basal cells. In-
terestingly, virtually all p63™ suprabasal cells ex-
hibit high p63 phosphorylation.?® Together with
clonogenic analysis of the proliferative potential,
these findings suggest that p63™ basal cells with
low phosphorylation represent SCs, while p63™
cells with high phosphorylation represent more
differentiated progenitor cells that are found in
both the basal and suprabasal layers. Investigation
of the signals responsible for p63 phosphorylation

should provide essential insight into self-renewal
and differentiation of epidermal SCs in future
studies.

Epidermal stem cells and wound healing

As discussed above, the IFE is capable of tissue
regeneration upon injury. However, the relative
contribution of IFE SCs and TA cells to wound
healing is currently unknown. To investigate
their respective contributions during tissue re-
pair, Mascré et al. used the system described
above to mark basal progenitors by titrating the
dose of tamoxifen so as to label Inv-CreER
and K14-CreER epidermis at roughly the same
density.?! Animals were then subjected to full-
thickness wounding of the tail epidermis, and the
contribution of marked cells during wound repair
was analyzed by whole-mount confocal micros-
copy. K14-CreER-labeled cells formed large clones
with a broad basal attachment and a large num-
ber of differentiated cells that persisted long
term within the wound. In contrast, Inv-CreER-
targeted cells formed a small cluster of cells in the
wound, and the majority of clones quickly lost
basal attachment. These data demonstrate that
K14-CreER-marked SCs are capable of extensive
tissue regeneration, whereas Inv-CreER-labeled
TA cells have only a limited contribution to wound
healing.

Although these studies indicate that SCs con-
tribute substantially to the repair of the tissue, TA
cells make only a limited contribution. However, it
was not ascertained if the K14-CreER-labeled cells
that expand in response to injury represent SCs or
TA cells. Indeed, the majority of epidermal cells in
healing wounds in human express high levels of
p63.%* Our recent analysis of the changes in p63
phosphorylation during wound repair suggests
that these expanding cells in wounds are TA cells,
as they exhibit high levels of p63 phosphorylation
(Suzuki and Senoo, unpublished work). Notably, in
contrast to the low levels of p63 expression in the
suprabasal layers of unperturbed epidermis, the
majority of IFE cells in repairing wounds express
high levels of p63. These findings suggest that
during wound healing, phosphorylated p63 is pro-
tected from degradation, ensuring continued pro-
liferation of TA cells during wound repair. In
support, a short pulse with 5-bromo-2’-deoxyuridine
revealed that newly formed TA cells within wounds
exhibit the highest proliferative response among all
p63-positive IFE cells. These observations support a
model in which wounding stimulates SCs to produce
more TA cells, which then contribute to tissue repair
by proliferation and differentiation.
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Together, these studies suggest that
the roles of IFE SCs and TA cells during
wound repair are likely distinct: SCs
produce highly proliferative juvenile TA
cells through their self-renewal activity,
whereas TA cells play an immediate role
in reconstituting damaged tissue. As
such, the hyperproliferation and in-
complete differentiation of suprabasal
cells observed in nonhealing wounds*®
may result from deregulation of TA cell
functions. Indeed, activation of c-myc
promotes pathogenesis of chronic
wounds caused by enhanced SC differ-
entiation to TA cells.*®**” As p63 and
c-myc share common SC regulatory
pathways such as the Wnt-signaling
pathway,*®*? elucidation of their coop-
erative roles should promote our un-

TAKE-HOME MESSAGES
e SCs have an immense capacity for self-renewal and differentiation,

properties that contribute to homeostasis and wound repair of the IFE.
Despite their importance in SC biology and clinical applications, it has
been challenging to identify SCs and their differentiating progenies in
the IFE.

Whether the IFE is maintained by single type of progenitor or by a stem/
TA cell hierarchy is controversial. The most recent lineage-tracing
analysis has revealed the existence of both SCs and TA cells that dif-
ferentially contribute to homeostasis and wound repair of the IFE.

The transcription factor p63 plays an essential role in maintenance of the
proliferative potential of epidermal SCs, and its expression is tightly
controlled during SC differentiation into TA cells. In particular, post-
translational modification of p63 (i.e., phosphorylation) serves as a
marker for the early transition of IFE SCs into differentiating progenies
with a more limited proliferative potential.

Detailed characterization of IFE SCs and TA cells will lead to novel

therapeutic approaches in which specific functions of SCs and TA cells
can be targeted to improve clinical outcome in the treatment of epi-

derstanding of SC differentiation in

dermal degenerative diseases such as chronic wounding.

homeostasis and wound repair. Notably,
the Wnt-signaling pathway is activated
during wound healing,*® and it would be interest-
ing to investigate whether modulation of the Wnt-
signaling pathway can control SC differentiation
and/or TA cell activity by altering p63 phosphory-
lation during tissue repair of the epidermis.

CONCLUDING REMARKS

Identification and characterization of SCs and
TA cells, which together are responsible for tissue
homeostasis and wound repair of the IFE, have
been challenging. Technical advancement in re-
cent years has contributed to our understanding of
the intrinsic properties of SCs and their differen-
tiating progeny in their native environment. Al-
though many questions remain to be answered,
each approach has brought refined insights into
these fascinating and clinically important tissue
residents. As our understanding of SC biology
progresses through basic science research, novel
cell-based therapies will continue to emerge to
improve the clinical outcome in regenerative med-
icine of the epidermis. Targeting the specific func-
tion of SCs and TA cells and their regulatory
machineries may lead to better therapeutic strat-
egies for wound treatment in the future.
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