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Abstract

Tissues have a natural capacity to replace dying cells and to heal wounds. This ability resides in
resident stem cells, which self-renew, preserve, and repair their tissue during homeostasis and
following injury. The skin epidermis and its appendages are subjected to daily assaults from the
external environment. A high demand is placed on renewal and regeneration of the skin’s barrier
in order to protect the body from infection and dehydration and to heal wounds. This review
focuses on the epithelial stem cells of skin, where they come from, where they reside, and how
they function in normal homeostasis and wound repair.

Introduction

Wound management is a major world health problem, sparing no country or individual.
While acute wounds from accidental cuts and burns are commonplace and heal
spontaneously, millions suffer from serious and large wounds from major accidents,
surgeries, and warfare that take time to heal and are prone to infection. Even worse are
chronic wounds, such as ulcers in elderly and diabetic patients that require repetitive medical
intervention to prevent complications. Wound management thus imposes a huge economic
burden worldwide.

The skin is a complex organ comprised of various tissues that act in harmony to provide
protection from daily wear and tear, harmful microbes, and other assaults from the external
environment (Figure 1). Thus, when this barrier is breached during wounding, great
coordination between various cell types, signaling factors, and matrix interactions is
required to re-establish tissue integrity and function. Key players in this process are tissue-
resident stem cells, which have the ability to self-renew and maintain their population during
homeostasis, and to give rise to one or more specialized cell types to maintain and repair
tissue function.

Under homeostatic conditions, each stem cell population generally contributes only to the
differentiation program that exists within its turf. However, following injury, when the
systemic and local environments change dramatically, these stem cell populations display
remarkable plasticity (Adam et al., 2015; Ge et al., 2017). Indeed, even if their own niche is
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not perturbed, nearby stem cells respond to wound-induced stimuli by exiting their niche and
participating in re-epithelializing damaged tissue (Horsley et al., 2006; Ito et al., 2005;
Jensen et al., 2009; Levy et al., 2005; Lu et al., 2012; Nowak et al., 2008; Page et al., 2013).
In some cases, they must switch their tissue regeneration program to do so, a feature that can
either be transient or permanent, depending upon the particular type of wound.

In this regard, harnessing the plasticity of resident stem cells in the skin promises an
attractive alternative avenue for wound therapeutics, but doing so relies on a deep
understanding of how stem cells behave in physiological and wound settings. In this review,
we piece together current knowledge on the distinct characteristics of the various skin
epithelial stem cells and their dynamics under homeostasis and injury. We then discuss the
implications of these features on skin biology and therapy.

Stem Cells of the Epidermis and Its Appendages

The adult mammalian epidermis is a stratified squamous epithelium, which provides the skin
with its barrier (Figure 2). It consists of an inner layer of proliferative basal cells
(keratinocytes) that are separated from the underlying dermis by a basement membrane.
Only the innermost (basal) layer is proliferative. When basal cells detach (delaminate), they
cease to proliferate and embark upon an upward path of differentiation, giving rise to the
spinous, granular, and stratum corneum layers. In transit, they undergo a programmed series
of morphological and biochemical changes that culminate in the production of dead
squames. Each squame is a cellular ghost that has lost all its organelles including the
nucleus, and is composed of a durable y-glutamyl-e-lysine-cross-linked proteinaceous sac
(cornified envelope) that is packed full of insoluble bundles of keratin filaments. Squames
are sealed to one another through lipid bilayers that are extruded during the last stages of
terminal differentiation. The result is an impenetrable molecular fortress that excludes
harmful microbes from entering and protect fluids from leaving. To constantly rejuvenate the
barrier, squames are sloughed from the skin surface and replenished by inner differentiating
cells moving outward (reviewed by Blanpain and Fuchs, 2009).

The epidermis produces an array of appendages, which differ for different vertebrate species.
Epidermal appendages include hair follicles (HFs), sebaceous glands (SGs), sweat glands
(SwGs), scales, feathers, fins, beaks, and nails (Chuong and Noveen, 1999). Most mammals
produce and maintain an elaborate hair coat, which provides thermal protection from the
cold. With the exception of a few mammals such as lemurs, each HF attaches to an arrector
pili muscle, which, in addition to enabling the animal to provide a social warning in
response to aggression, also positions the hairs off the skin surface to allow thermal cooling
(Chaplin et al., 2014; Fujiwara et al., 2011). SGs are HF appendages that reside just above
the arrector pili muscle (Figure 1). As sebocyte progenitors at the juncture between the HF
and gland differentiate and move inward, they terminally differentiate and then degenerate,
releasing sebum into the lumen. The sebum is then extruded through the same orifice as the
hair to provide an oily lubricant to the skin surface and hairs. Together, HFs, SGs, and the
arrector pili muscle comprise the pilosebaceous unit.
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Separate from the pilosebaceous unit, each eccrine sweat gland has its own duct from which
salty sweat protrudes to cool the body surface (Figure 1). In contrast to the mammary gland,
which undergoes tremendous branching and expansion of glandular tissue to meet the
demands of milk production during lactation, the SwWG hardly fluctuates in tissue size in
response to climate and exercise status. Instead, secretory sweat production by each gland is
adjusted through sensory nerve stimuli to fulfill the particular cooling need. For most
mammals, SwGs are largely confined to the paws, limiting their cooling capacity. For
humans, however, SWGs are prevalent over most of the body’s skin, endowing us with
optimal thermoregulation over a broader climate range as well as a remarkable endurance for
exercise. As beneficial as it has been, this recent evolutionary change came at the
concomitant expense of human body hairs, which are less developed and fewer, thus baring
the skin to increased risk of environmental and physical assaults (Lu et al., 2016). To
compensate, human epidermis also became considerably thicker and more resilient than the
interfollicular epidermis (IFE) of other mammals.

The epidermis and its appendages undergo frequent turnover to rejuvenate their tissue and
replace dying cells (Figure 2). Given the diversity of epidermal appendages, it is intriguing
that despite their distinct niches and different roles in tissue homeostasis, most if not all
adult skin epithelial progenitors express keratins KRT5 and KRT14, among the first skin
epithelial progenitor markers ever characterized and cloned (Fuchs and Green, 1980; Fuchs
etal., 1981). These progenitors reside along a basement membrane rich in extracellular
matrix (ECM) and growth factors. The basement membrane separates epithelium and dermal
mesenchyme and likely derives from both compartments. That said, many of the basement
membrane components are transcribed by the skin epithelial genome, and progenitors use
integrins a6p4 and a.3p1 to adhere to and assemble the basement membrane (Watt and
Jones, 1993). This attachment polarizes the progenitors and signals transmitted to them.
Additional polarity is imparted through the apical-lateral network of adherens junctions and
desmosomes that interconnects the epithelial cells within the tissue (Green et al., 2010).

The similarities in progenitors are rooted in embryogenesis (Figure 3). Shortly after
gastrulation, the skin exists as a single layer of unspecified epithelial progenitors, which
soon begin to express KRT5/KRT14 and other progenitor-specific markers. As the
epithelium develops, scattered cells within the epidermal plane produce a higher WNT
signal than their neighbors, and these cells cluster into placodes (Ahtiainen et al., 2014;
Jamora et al., 2003). If the underlying mesenchyme produces elevated levels of bone
morphogenetic protein (BMP) inhibitors, the WNTM cells will form an HF (Jamora et al.,
2003; Noramly and Morgan, 1998). If the underlying mesenchyme produces a strong BMP
signal, the WNT"i cells will make an SWG (Lu et al., 2016). The epidermal cells in the plane
that do not receive as potent a morphogen gradient stratify to form the epidermis.

By the time morphogenesis is complete, the progenitors of the epidermis and appendages
maintain their contact with the basement membrane and the fundamental markers that
identify them as keratinocyte progenitors. However, within the adult, the progenitors have
now diversified considerably in their additional molecular features. Along the basement
membrane, they reside in discrete niches (homes) whose cellular components and other
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sources of signaling factors heavily influence their behavior with respect to the genes they
express and the tissues that they make and maintain (Hsu et al., 2014; Yang et al., 2017).

Many of these progenitors can both self-renew and sustain long-term tissue maintenance,
and hence qualify as bona fide stem cell compartments (Blanpain et al., 2004; Horsley et al.,
2006; Jensen et al., 2009; Lu et al., 2012; Morris et al., 2004; Snippert et al., 2010; Tumbar
et al., 2004). The progenitors that reside in the lower half of the outer root sheath (ORS) and
the mature hair bulb appear to be transient and thus exceptions, as demonstrated by the
degeneration of these tissues during the destructive (catagen) phase of the hair cycle
(described below) (Greco et al., 2009; Rompolas et al., 2016; Yang et al., 2017). In the
following sections, we discuss how each stem cell compartment instructs its residents to
perform a distinct tissue maintenance task during homeostasis, and how injury changes their
behavior to favor plasticity during wound healing.

Contribution and Dynamics of Skin Stem Cells during Homeostasis and
Wounding

Epidermal Stem Cells in Development and Adult Tissue Homeostasis

During mouse embryonic development, the epidermis stratifies when progenitors from the
single layered epithelium begin to divide obliquely relative to the underlying basement
membrane (Lechler and Fuchs, 2005; Williams et al., 2011, 2014). Shortly thereafter, >50%
of the basal epidermal mitoses become perpendicular to the basement membrane, generating
one basal and one suprabasal daughter (Figure 3). These perpendicularly dividing
mammalian epidermal cells utilize a mechanism similar to Drosgphila neuroblast
asymmetric cell divisions, whose differentially fated daughter cells arise when NOTCH
signaling becomes differentially partitioned (Knoblich, 2008). Interestingly, concomitant
with perpendicular divisions in the embryonic epidermis, NOTCH signaling becomes
elevated in and essential for the emerging spinous layer daughters, while basal daughters
retain their progenitor status (Williams et al., 2011). When the epidermis is mature, a shift to
largely parallel divisions occurs, although basal cells still appear to partition NOTCH
signaling differentially to their daughters (Clayton et al., 2007) (Figure 3). KRT14/KRT5
basal cells that dually express differentiation markers, e.g., KRT10, INVOLUCRIN, and
NOTCH, appear to be fated to move upward and terminally differentiate (Asare et al., 2017;
Clayton et al., 2007; Mascre et al., 2012; Watt and Green, 1982).

In adult primate skin, it takes ~4 weeks for a committed epidermal cell to exit the basal layer
and be sloughed from the skin surface. For mouse back skin, the homeostatic flux of
epidermal cells in upward vertical columns has been estimated to be considerably faster,
typically a week (Potten et al., 1987; Sada et al., 2016). However, turnover rates have been
hard to measure accurately at densely hairy body sites, where the epidermis only consists of
a few layers. In addition, the mouse’s propensity for frequent scratching creates an
unpredictable wound-induced tissue landscape for the surface epithelium, which could
shorten estimates.
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To avoid some of these caveats, most mouse studies on the dynamics of epidermal
homeostasis have focused on analyzing the epidermis from tail, ear, or paw skin, where HFs
are sparser and the epidermis is thicker. In these studies, lineage tracing has been a powerful
means of measuring the potential of a basal keratinocyte progenitor by genetically tagging it
and then following its marked progeny. The method involves using a promoter to drive an
inducible Cre recombinase transgene in the progenitor of interest and then inducing Cre.
When on the background of a genetically manipulated Rosa26 locus, a stop codon is
recombined out, resulting in constitutive Rosa26-driven expression of YFP, Tomato, or a
randomly chosen fluor from Confetti or Rainbow (Hsu, 2015).

Lineage tracing and mathematical modeling of randomly marked basal cells within the
interscale region of adult mouse tail skin epidermis suggest that every 6 to 7 days, basal
keratinocytes divide stochastically along the basement membrane to generate one basal
daughter that stays attached to the basement membrane and one committed daughter that
eventually delaminates (Clayton et al., 2007) (Figure 4). Similar asymmetric fates were
observed by mathematical modeling of clones derived from basal cells marked by
Involucrin-CreER (Mascre et al., 2012). Although some basal expansion was seen among
10% of the clones, the majority of these divisions gave rise to one proliferative progenitor
and one fated daughter with a high propensity to be suprabasally located. This was
consistent with the promoter used, as INVOLUCRIN is a cornified envelope protein
expressed very early in the terminal differentiation program.

Additional support for a stochastic model of epidermal progenitors comes from serial optical
sectioning of the ear and paw epidermis from live H2BGFP pulse-chased mice assayed at
successive time points to monitor cells by position and cellular morphology (Rompolas et
al., 2016). The data support a simple model where both basal daughters have an equal
chance to proliferate or differentiate. That said, in this study, morphology and location were
used to distinguish proliferative versus differentiating, and these criteria overlook basal
daughters expressing dual differentiation markers (Asare et al., 2017), which may still have
some proliferative potential but have been referred to as “committed progenitors” (Mascre et
al., 2012).

In contrast to these observations which favor homogeneity and stochastic behavior of basal
progenitors, studies on interscale tail skin epidermis have yielded signs of a hierarchy in the
progenitor lineage. Thus, when basal cells of interscale tail skin epidermis were pulse chased
with either a nucleotide analog or tetracycline-regulatable fluorescent histone (Tumbar et al.,
2004), and then lineage traced with a Krt14-CreER driver, a longer-lived, label-retaining
population of progenitors was discovered within the basal layer (Mascre et al., 2012). These
rarer cells divided 10-20 times less frequently than /nvolucrin-CreER marked progenitors
and displayed considerably greater expansion of marked basal cells. Mathematically,
modeling was consistent with ~10% of these divisions generating two basal progenitors, and
~80% of the divisions giving rise to a basal and suprabasal daughter. In comparing the clonal
expansion kinetics of Krt14-CreER and /nvolucrin-CreER populations, a hierarchy was
suggested in which a small number of label-retaining epidermal progenitors can both self-
renew and also generate intermediate progenitors with a greater propensity to delaminate
and differentiate (Mascre et al., 2012).
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For the mouse, this existence of infrequently dividing progenitors that retain label for >4
weeks seems to be an aberration of the interscale tail skin epidermis. When pulse-chase
analyses were used to examine radiolabeled nucleotide or H2BGFP fluorescence dilution
within the proliferative basal populations of paw, ear, or scale regions of tail skin epidermis,
progenitors divided more frequently, with estimates of divisions every 2-5 days (Doupe et
al., 2010; Lim et al., 2013; Sada et al., 2016). Interestingly, however, when Roy et al. (2016)
crossed Krt14-CreER and Rainbow mice to conduct multicolor lineage tracing and track
individual back skin epidermal clones, they discovered that the clones nearest to actively
cycling HFs were considerably more proliferative than the ones more distant (Roy et al.,
2016). Given the variation in HF densities at different body sites, this may explain some of
the heterogeneity seen among basal cell populations from different body sites. Moreover,
since a clone that begins near an HF can expand to produce more distal progeny, faster and
slower growing cells may be dynamically shifting in a spatial and temporal fashion.

The notion that cycling rates are not a reliable measure of evaluating stemness within the
epidermis has also been suggested by Sada et al. (2016), who noted that basal layer progeny
of even very fast cycling (on average once per 2 days) progenitors can self-renew and persist
in back skin for at least a year (Sada et al., 2016). Another key point is that basal location is
not synonymous with progenitor status. Indeed, when fluorescence-activated cell sorting was
recently used to purify dually positive KRT14/KRT10 cells from Krt14-eGFPand Krt10-
RFPmice, this cohort comprised some cells that showed polarized integrins to substantiate
their basal layer identity but also displayed a transcriptional profile reflective of a
differentiation-poised state (Asare et al., 2017).

In reviewing the collective studies on epidermal progenitors, it seems clear that most of the
differences in interpretation have arisen from whether progenitor fates were assigned
according to molecular differentiation markers (Clayton et al., 2007; Mascre et al., 2012),
basal residence status (Roy et al., 2016; Sada et al., 2016), or the ability of two daughters to
divide at least once prior to exiting the basal layer (Rompolas et al., 2016). Additional
confusion has arisen from whether researchers have assigned stemness according to cell-
cycling rates (Lim et al., 2013) or according to clonal longevity (Sada et al., 2016). When
considering that (1) epidermal progenitors can give rise to long-lived clones irrespective of
cycling rates, (2) cycling rates and clonal expansion can vary markedly depending upon
proximity to HFs, and possibly other appendages such as SwGs and scales, and (3)
progenitors can acquire molecular signs of commitment prior to exiting the basal layer, the
results from these various studies are remarkably in unison (Figure 4).

Overall, the data point to a model whereby mouse skin epidermis is replenished long term
from a pool of relatively fast cycling undifferentiated progenitors, effectively epidermal stem
cells (EpdSCs), which in normal homeostasis, show no signs of contributing to HF cells
(Mascre et al., 2012; Sada et al., 2016). These EpdSCs divide to generate an EpdSC
daughter and a poised progenitor that has an elevated propensity to exit the basal layer and
embark upon a terminal differentiation pathway (Figure 4). While expansion of some basal
clones and shrinkage of others occurs over time, the process seems to be largely stochastic
for most body sites, with EpdSCs dividing symmetrically whenever a vacancy arises from
delamination and differentiation of a basal progenitor. Single-cell analyses, fluorescence in
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situhybridizations, and additional lineage tracings will be needed to provide further insights
into the heterogeneity that exists within the basal layer. Examining the relevance of these
ideas to human skin will also be pertinent. In a recent study, keratinocytes from the skin of a
patient with the blistering disease junctional epidermolysis bullosa were genetically
corrected /n vitro and then used /n vivo to reconstitute the entire epidermis. Intriguingly,
long-term epidermal homeostasis post-graft was achieved by only a subset of the cultured
progenitors, specifically those able to form large clones (holoclones), a feature of self-
renewing stem cells (Hirsch et al., 2017). Together, these findings support the existence of
EpdSC heterogeneity in human.

A major question still unaddressed is what controls the balance of epidermal growth and
differentiation. The EpdSC “niche” (Figure 2) consists not only of the underlying basement
membrane and neighboring basal keratinocytes but also the overlying, terminally
differentiating spinous cells. In addition, the murine basal layer is also home to -y6 T cells
and mechanoreceptors (Merkel cells), while the suprabasal layers contain specialized
dendritic (Langerhans) cells as well as sensory nerve endings that sense pain and
temperature. Besides these close-range inputs, longer range signals and/or signal relays
could emanate from the microbiota on the skin surface (Belkaid and Segre, 2014; Kong and
Segre, 2017) and/or dermal components, such as upper reticular fibroblasts (Driskell et al.,
2013), blood vessels, and adipose tissue. Any one or more of these inputs could affect how
basal daughter cell fates are coupled to epidermal homeostasis in ways that in most cases
have yet to be explored.

Epidermal Stem Cells in Wound Healing

Following injury, a wound-healing response must be triggered to rapidly repair the epidermis
and restore the skin barrier. While repair is ongoing, the damaged skin must also guard
against infection, and even so, delays in the re-epithelialization process can lead to higher
incidence of infection and chronic wound formation (Heath and Carbone, 2013).

The complex biological process is generally subdivided into four independent yet
interconnected phases: (1) underlying dermal contraction and coagulation of platelets to
form an eschar (scab) shortly after wounding, processes that restore hemostasis and provide
a temporary barrier; (2) activation of resident T cells and infiltration of macrophages,
monocytes, and neutrophils in immune surveillance; (3) local migration and proliferation of
epidermal keratinocytes to re-epithelialize the damaged barrier; and finally (4) resolution of
the wound with repair of underlying damaged dermis and remodeling of its ECM to restore
homeostatic function and architecture (reviewed in Gurtner et al., 2008).

Basal epidermal progenitors at the wound edge are primary respondents in the re-
epithelialization process. Immunofluorescence analyses of back skin and intravital
videomicroscopy of ear skin shows that the process begins at ~12 hr post wounding with
migration rates being highest (~1.6 pm/day) at the wound edge by day 3 (Aragona et al.,
2017; Keyes et al., 2016; Park et al., 2017). By contrast, in a fashion similar to that seen in
closure of the embryonic epidermis over the eyelid (Heller et al., 2014), the proliferative
response occurs in the region behind and only partially overlapping with the migrating
epidermal front (Park et al., 2017). Similar migration and proliferation kinetics occur in
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wounded tail skin, where activated EpdSCs undergo rapid asymmetric fate outcome, visible
by lineage-traced streams of cells that span from the proliferative zone to the wound center
(Aragona et al., 2017).

Besides enhanced migration and proliferation rates, the healing process is facilitated by the
direction of both the division plane and cellular shape toward the wound site. Many details
remain unclear, but WNT signaling is thought to play an important role (Ito et al., 2007;
Miyoshi et al., 2012; Petersen and Reddien, 2009; Stoick-Cooper et al., 2007). Canonical
WNTs function by inhibiting GSK3p kinase, resulting in the accumulation of stabilized,
unphosphorylated p-catenin, which then acts as a nuclear cofactor for the LEF1/TCF family
of DNA-binding proteins (Nusse and Clevers, 2017). However, by inhibiting GSK3p, WNTs
can also promote accumulation of the active (unphosphorylated) state of key microtubule-
binding proteins which stabilize and polarize microtubules at the wound front to facilitate
wound repair (Wu et al., 2011). Further solidifying the importance of the cytoskeleton in
migration and wound repair is the participation of the small GTPase and actin regulator RAC
(Park et al., 2017). Integrins a5p1 cluster at the leading edge of the keratinocyte, where they
participate in polarizing cell shape and cytoskeletal movements needed for effective
epithelial migration and fibronectin assembly (Aragona et al., 2017; Coles et al., 2006;
Heller et al., 2014; Qiao et al., 2014). Finally, RNA-seq analyses of microdissected tissue in
the migrating zone suggests that a number of metalloproteinases are expressed, where they
likely function in the ECM remodeling that takes place in the wound repair process
(Aragona et al., 2017; Ge et al., 2017; Hattori et al., 2009; Okada et al., 1997; Stevens and
Page-McCaw, 2012).

Although all cells in the basal epidermis appear to respond to wounding, their contributions
differ. Thus, for example, both scale and interscale tail skin progenitors participate in re-
epithelialization following a punch wound, but only the EpdSCs in the compartment closest
to the wound site appear to contribute long term (Mascre et al., 2012; Sada et al., 2016)
(Figure 5). Examples of such wound-induced plasticity in epithelial progenitors now
abound, being described not only for the skin epidermis but also the sweat gland (Lu et al.,
2012) and intestinal epithelium (reviewed by Beumer and Clevers, 2016). By essentially
making an emergency “911” call to all nearby progenitors in the vicinity of the wound,
optimal restoration of epithelial barriers is ensured. In the future, it will be interesting to
dissect the molecular nature of this tissue emergency signal. The ultimate resolution of this
plasticity following wound repair suggests that epithelial remodeling may continue long
after the wound has healed, another topic for future study.

Morphogenesis and the Adult Hair Cycle

In the mouse, HF morphogenesis occurs in waves, which begin at ~E14.5 and continue until
birth. The first divisions seen in embryonic WNT-activated hair placode cells are exclusively
perpendicular and give rise to asymmetrically fated daughters (Ouspenskaia et al., 2016)
(Figure 3). Correlations between WNT signaling and asymmetric cell divisions have also
been described in the early Caenorhabditis elegans embryo (Lam and Phillips, 2017;
Sugioka et al., 2011), as well as in ectodermal fate determination in Xengpus (Huang and
Niehrs, 2014).
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Intriguingly, these early WNT-driven divisions appear to lead to differential levels of WNT
signaling in their progeny and differential fates of the two daughter cells (Ouspenskaia et al.,
2016). In this regard, these placode divisions seem to resemble what happens when a
cultured human embryonic stem cell encounters a WNT bead placed on its surface, which
preferentially localizes WNT signaling to the daughter cell maintaining contact with the
bead, leaving a paucity of WNT signaling in the liberated daughter (Habib et al., 2013). It is
tempting to speculate that in the hair placode, WNTs and/or WNT receptors may be
naturally polarized by the basement membrane, since the basal daughter is the one that
retains the WNTNI9" state of its parent.

In the hair placode, the basal WNTNSM daughters produces Sonic hedgehog (SHH), which
prompts the WNT!OW daughters to proliferate and expand this newly fated cell population,
which will become the ORS and the stem cells of the adult HF niche, called the bulge. At
these early times, SHH also signals to the underlying mesenchyme, which responds by
coalescing to form the dermal papilla (DP) (St-Jacques et al., 1998). The DP also responds
to SHH by producing NOGGIN, a BMP inhibitor that fuels the proliferation of overlying
WNThI9M hair germ (HG) cells (Noramly and Morgan, 1998; Woo et al., 2012). As the HG
expands and grows, it begins to generate the progenitors that form first the inner root sheath
(IRS) and subsequently the hair shaft. As the follicle matures shortly after birth, the growing
hair shaft begins to protrude through the skin surface, fueled by short-lived progeny within
the hair bulb that have enveloped and maintained contact with the DP (Figure 3). Following
several weeks of hair growth, ~2/3 of the follicle degenerates, a process poorly understood
but thought to be linked to the exhaustion of proliferative capacity of the short-lived progeny
that generate the hair and its channel.

Many of these steps are recapitulated in the adult hair follicle, which cycles through
sequential phases of active HF regeneration and hair growth (anagen), destruction (catagen),
and then rest (telogen) (Muller-Rover et al., 2001) (Figure 6). Deceptively simple as an
epidermal appendage, the regenerated portion of the HF consists of eight morphologically
distinct lineages, which are spatially organized and coordinately regulated in an orchestrated
continuum of tissue production (Chuong and Widelitz, 2009). Each hair is composed of
three of these lineages, forming concentric layers of terminally differentiated, dead hair
cells. At the peak of anagen, hair growth from the core of the regenerated HF can reach an
astounding 20 um/hr, a process elegantly captured by live imaging (Rompolas et al., 2013).

Hair cycles are fueled by HF stem cells (HFSCs) that reside in the “bulge” niche located at
the base of the telogen phase HF (Cotsarelis et al., 1990) (Figure 6). Cells along the
basement membrane in the outer bulge layer display traits often associated with long-term
stem cell populations, including (1) their ability to give rise to all lineages of the
regenerating lower HF when traced either by dilution of H2BGFP fluorescence, or by K15-
CrePGR or Lgr5-CreER, both of which mark the lower bulge and HG (Morris et al., 2004;
Nowak et al., 2008; Tumbar et al., 2004); (2) their clonogenic nature when cultured /n vitro
(Blanpain et al., 2004; Claudinot et al., 2005); and (3) their versatility upon transplantation;
they are able to regenerate epidermis, SGs, and cycling HFs that are replete with their own
HFSC niche (Blanpain et al., 2004; Oshima et al., 2001). By single-cell RNA-sequencing,
bulge HFSCs were found to be homogeneous and high in their levels of integrins a3p1 and
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a6p4, KRT5/14, LGR5, SOX9, TCF3/4, NFATcl, and LHX2 (Joost et al., 2016; Yang et al.,
2017).

In mice, the first few hair cycles are synchronized, a process that is thought to emanate from
signals in the skin dermis (Greco et al., 2009; Hsu et al., 2011; Plikus and Chuong, 2014;
Shook et al., 2016). This synchrony makes HFs the perfect model system to probe how stem
cells transition through bouts of quiescence and tissue regeneration in a physiologically
unperturbed state. In addition to macro-environmental signals, there are local ones within the
niche. During telogen, HFSCs are maintained in quiescence by BMP6 and FGF18, which
are expressed by the “inner bulge” layer of terminally differentiated cells associated with the
hair remnant (Hsu et al., 2011) (Figure 6).

Throughout this resting phase, however, HFSCs at the bulge base (HG) undergo cross-talk
with the DP, involving WNT and inhibitory BMP signals, as well as receiving signals from
other cell types surrounding the niche (Chi et al., 2013; Festa et al., 2011; Greco et al., 2009;
Sennett et al., 2015; Woo et al., 2012). Once the level of these activating cues overpowers
the inhibitory signals, stem cells within the HG are activated to divide and launch a new hair
cycle (Greco et al., 2009).

Recent single-cell RNA-sequencing and lineage tracing suggest that the spatially polarized
cross-talk at the base of the quiescent stem cell niche compartmentalizes the HG into micro-
niches that together possess the blueprint for their downstream specification into discrete
lineages (Yang et al., 2017) (Figure 6). The organization of the bulge and HG into
microniches ensures that once activated, each HFSC will receive slightly different levels of
morphogens to help choreograph the specification of their fates in the complex journey of
HF regeneration. The bulge HFSCs and the contiguous HFSCs in the upper HG will fuel
production of the ORS, reflective of their lower WNT signaling. By contrast, the HG cells
closest to the DP with the highest WNT signaling will divide asymmetrically to the
basement membrane and give rise to multipotent progenitors, which initially show dual signs
of both the hair shaft (3 lineages) and its channel, the IRS (three lineages) (Yang et al.,
2017).

In early anagen (Anagen 1), these multipotent progenitors are a transient component of the
stem cell niche (Hsu et al., 2014). Similar at this stage to the embryonic HG, the multipotent
progenitors of the activated HG are not only WNTM9" but also express SHH, which fuels the
proliferation of the bulge stem cells and emerging ORS, now in Anagen II-I11l (Hsu et al.,
2014). As in embryogenesis, proliferation in these SHH responding cells is symmetric
relative to the basement membrane. Soon thereafter, the downward growing ORS distances
the DP signaling center away from the bulge and upper ORS, which then return to
quiescence, preserving their stem cell potential for the next hair cycle (Hsu et al., 2011). By
contrast, the HG maintains contact with the DP stimulus to sustain its proliferation (\Woo et
al., 2012; Hsu et al., 2014).

As the HG expands, it envelops the DP, thereby diversifying the WNT-mediated epithelial-
mesenchymal interactions to elaborate upon the distinct micro-niches that line the elongated
basement membrane interface. In addition, from the start of the regenerative phase through

Dev Cell. Author manuscript; available in PMC 2018 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uy Gonzales and Fuchs Page 11

full anagen, the WNT-stimulated cell divisions that are linked to IRS and hair shaft fates are
perpendicular relative to the basement membrane (Yang et al., 2017). Lineage tracing reveals
that these micro-niche progenitor divisions fuel the coordinated growth of the individual
onionskin- like layers that constitute the hair and its channel (Legue et al., 2010; Yang et al.,
2017). Studies to date suggest that the asymmetric cell division prompted by WNT signaling
in hair progenitors differs in mechanism from that seen in the embryonic epidermis (Byrd et
al., 2016).

Much still remains to be clarified as to the complex signals, cellular interactions, and
mechanisms that progressively restrict and compartmentalize the options afforded to the
multipotent HG progenitors during the regenerative phase of the HF. However, it is notable
that during this time, the epithelium undergoes continual remodeling. Moreover, in addition
to the changes in DP, there are many other dermal changes that downward growing hair
bulbs experience, including a shift from the surrounding reticular dermis to the adipose
layer. This macro-environmental change has been implicated not only in synchronizing the
HFs across the hair coat but also in fueling anagen (Festa et al., 2011; Plikus et al., 2009;
Shook et al., 2016).

Another feature poorly understood is the destructive phase that follows the period of active
hair growth by the mature HF (Figure 6). During this time, most of the cycling portion of the
hair follicle is lost, with the exception of the upper ORS, which houses cells with HFSC
potential and which form a new bulge and HG for the next cycle (Hsu et al., 2011; Mesa et
al., 2015). The destructive phase of the hair cycle has served as a convenient means of
distinguishing long- and short-term progenitors in the HF.

HFSCs during Wound Repair

In striking contrast to homeostasis, injury provokes a remarkable plasticity in HFSCs. Thus,
whereas the bulge-derived upper ORS HFSCs form the HG at the end of each hair cycle
(Hsu et al., 2011), if bulge HFSCs are ablated either by depilation or by laser, HG cells
move up and become bulge residents (Ito et al., 2004; Rompolas et al., 2013) (Figure 7A).
Similarly, when LGR5+ lower bulge/HG SCs are targeted for ablation, they can be replaced
by CD34+ upper bulge cells (Hoeck et al., 2017). These findings exemplify how the HF
harnesses cellular malleability to preserve stem cell function and further illuminate the
power of the niche in dictating cellular behavior, whether its occupants are native residents
or immigrants.

The importance of the niche is further illustrated from studies in which HFSCs were
removed from their native niche, cultured, and then engrafted, resulting in the generation of
de novo IFE, SGs, and HFs (Blanpain et al., 2004). In addition, when the epidermis is
wounded /n vivo, HFSCs can exit the bulge and migrate upward to participate in the re-
epithelialization process (Claudinot et al., 2005; Ito et al., 2005; Taylor et al., 2000; Tumbar
et al., 2004).

Although these findings build a compelling case in favor of bulge HFSC participation, it has
been argued that bulge contributions are largely short-term, and hence not reflective of a
genuine stem cell fate switch (Ito et al., 2005; Page et al., 2013). It has even been put
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forward that bulge HFSCs are dispensable for the early phase (first 3 days) of the re-
epithelialization response (Garcin et al., 2016). Moreover, even the HFs that form de novo
during a WNT-induced re-epithelialization of more substantive wounds appear to emanate
from EpdSCs and not Krt15-labeled bulge HFSCs (lto et al., 2007).

What accounts for the paradoxical long-term plasticity displayed by bulge HFSCs after
culturing but not in the disruption and/or elimination of the bulge niche caused by wounding
in vivo? While the jury is still out on this question, several explanations are possible. A
priori, the answer could be rooted in the striking proliferative differences between
proliferating bulge HFSCs /n vitro versus HFSCs in their native niche, where they spend
much of their time in quiescence. In this regard, it could be relevant that anagen skin closes
full-thickness wounds faster than telogen or catagen skin (Ansell et al., 2011). Adding to
these effects, WNT signaling is also known to be higher during anagen, where it not only
promotes proliferation of HG HFSCs but also enhances the re-epithelialization process of
tissue regeneration (Ito et al., 2007; Kawakami et al., 2006; Stoick-Cooper et al., 2007;
Whyte et al., 2013; Wu et al., 2011).

Another possibility is that the epigenetic and/or translational state of native bulge HFSCs
leaves them less equipped to withstand the injury stress. Recent studies have profiled the
histone modifications that occur as bulge HFSCs are taken from their niche and placed in
culture. A dramatic shift in the chromatin landscape occurs as transcription factors normally
expressed in quiescent bulge HFSCs are dampened, and those known to be induced during
injury stress are activated (Adam et al., 2015). In addition, the colony-forming efficiency of
quiescent bulge HFSCs is poor, suggesting that they experience stress prior to coping with it
(Blanpain et al., 2004). Finally, it is notable that stress-experiencing epidermal stem cells /n
vivo or in vitro activate an alternative translation route that their normal stem cell
counterparts do not (Sendoel et al., 2017). While this ultimately enables them to produce
higher levels of stress-coping factors, the stressed cells repress global protein synthesis, a
feature that could make them less adept at wound repair (Sendoel et al., 2017). In the future,
it will be interesting to interrogate the extent to which these features eventually confer long-
term cultured HFSCs an advantage over /in vivo bulge HFSCs in rapid tissue regeneration in
response to injury.

A final factor worth considering is that most of the lineage-tracing studies thus far have been
performed on mice subjected to full-thickness wounds, in which an entire skin segment was
excised. If there is a hierarchy, and stem cells closest to the wound are the ones to respond
first, the bulge HFSCs would be the last to participate in a full-thickness wound. If this latter
explanation has merit, bulge HFSCs might be expected to be among the first to participate in
a shallower (partial-thickness) wound that removes the epidermis but leaves HFs intact.

Regardless of these currently open questions about bulge HFSCs in wound repair, it is
indubitable that the participation of the HF as a whole in wound healing is physiologically
significant. In either split thickness grafts of skin lacking Sox9 (and therefore also HFSCs),
or alternatively, in tail wounds of mutant skin lacking HFs altogether, the re-epithelialization
process is delayed relative to wild-type grafts (Langton et al., 2008; Nowak et al., 2008). In
addition, long-term contribution of HF cells to epidermal wound repair has been observed in
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adult mice whose HFs were uniformly and exclusively marked by Rosa-lacZ+ activated in
embryogenesis with a Shh-Crereporter (Levy et al., 2005). Whatever the identity of the
contributing lacZ-expressing HF cells, they are predicted to also express SOX9, since
conditional ablation of Sox9abrogates the ability of HF cells to contribute to epidermal
repair (Nowak et al., 2008).

How Many Other Stem Cell Compartments in the Skin Are There, and What
Do They Do during Normal Homeostasis and Wound Repair?

Lineage-tracing experiments with KrtZ4-Crehave long underscored the multipotency of
early embryonic skin progenitors, which give rise to the adult skin epidermis and its
complete array of appendages (Snippert et al., 2010; Vasioukhin et al., 1999). That said,
progenitors appear to become increasingly more restricted during the course of embryonic
development. Thus, when skin was lineage traced with Sh/+ or Sox9-driven reporters, which
are activated in HF cells as they first emerge, exclusive labeling of progeny was seen in the
HF and SG but not IFE (Levy et al., 2005; Nowak et al., 2008). When lineage tracing was
performed with Blimp1-Cre, which is activated even later in embryonic development, it first
marked the base of emerging SGs, and then labeled the differentiating progeny of the SG,
with no labeling seen in the IFE or HF (Horsley et al., 2006) (Figure 7A).

Postnatally, distinct stem cell compartments also exist within the SG and non-cycling
portion of the HF (Figure 7A). Lgré-Creis expressed largely in the adult skin cells within
the HF junctional zone, located between the SG and the bulge. Lineage tracing has revealed
that during homeostasis, these junctional zone SCs sustain not only the junctional zone but
also the differentiating progeny of the SG (Snippert et al., 2010). MTS24 marks a similar
group of cells within the junctional zone (Nijhof et al., 2006), while LrigZ-CreER marks SCs
within the upper junctional zone and extending just above the SGs. During normal
homeostasis, LRIG1-marked cells govern the replenishment of this upper junctional zone
and the SG (Page et al., 2013). At present, markers have not been developed that distinguish
the progenitors within the infundibulum, residing between the upper junctional zone and the
IFE, although most markers including SCA-1, show a strong resemblance to IFE EpdSCs.
Thus, for the IFE and the pilosebaceous unit, there appear to be multiple SC populations that
each display specialized roles in governing their own tissue turf during homeostasis.

None of these other SC compartments are as infrequently cycling as the SCs of the bulge
and HG, reflective of the fact that the upper HF does not undergo the cyclical regenerative
behavior of the HF below the bulge. However, all of these SC compartments share the
requisite keratinocyte SC features of residing along the basement membrane and expressing
KRT5/14 and basal progenitor integrins.

Like the IFE and bulge/HG SCs, these other SCs of the HF show signs of considerable
plasticity in an injury situation. When B/impZ1 progenitors are targeted for diphtheria-toxin-
mediated ablation, they are replenished by bulge HFSCs (Horsley et al., 2006) (Figure 7A).
Intriguingly, the reverse also appears to be the case: lineage tracing coupled with live
imaging and temporal monitoring has shown that when bulge HFSCs are laser ablated,
Krt14-CreER-marked cells within the lower junctional zone can migrate into and restock the
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bulge (Rompolas et al., 2013). Moreover, these cells are not simply alien idle residents but
rather appear to assume the active duties of bulge HFSCs; they participate in hair cycling,
just like the previous bona fide bulge residents (Rompolas et al., 2013).

Several additional experiments have yielded further insights into the behavior of different SC
compartments in response to injury. One intriguing finding is that the IFE is unaffected when
HFSCs are targeted to express a suicide gene (Ito et al., 2005). Another is that in response to
a full-thickness wound, bulge progenitors marked by K15-CreER do not appear to contribute
effectively to long-term repair of the IFE (Ito et al., 2007; Page et al., 2013). At first glance,
these results might seem to indicate intrinsic differences among stem cell populations. An
equally plausible explanation, however, is that when SC compartments are too far from the
site of injury, they do not contribute to wound repair unless there are no other SC
compartments nearby to do so.

In this regard, it is notable that HF progenitors uniformly labeled in embryogenesis do
contribute long term to wound repair (Levy et al., 2005; Nowak et al., 2008), underscoring a
role for some SCs of the HF in the re-epithelialization of a full-thickness wound. That said,
the wound-provoked contribution of upper junctional zone SCs to epidermal re-
epithelialization is largely short term in full-thickness wounds (Page et al., 2013).
Intriguingly, however, when LRIGL1 is absent, mice develop spontaneous epidermal
hyperplasia, and in hyperplastic states, the upper junctional SCs do contribute to the IFE
long term (Jensen et al., 2009). Signs of versatility have also been reported for lower
junctional zone and/or upper bulge SCs (Brownell et al., 2011; Snippert et al., 2010).

In perhaps the most remarkable illustration of plasticity, a recent study suggests long-term
contribution by fate-committed suprabasal (Gata6+) cells within the SG duct (Donati et al.,
2017) (Figure 7A). This result is surprising, given that suprabasal IFE cells have not been
observed to dedifferentiate in response to wounding (Aragona et al., 2017). However, only a
few studies to date have tackled the question of when along a program of differentiation
does a cell reach the point of no return where it cannot backtrack and become a stem cell
(Hsu et al., 2011). The issue is a fascinating one, and resolving it will require temporal live
imaging and/or other means of marking and monitoring individual stem cells and their
clonal progeny over time.

Apart from the pilosebaceous unit, the skin also contains SwGs, which contain their own
stem cell populations. Within the murine paw skin, the epidermis and sweat duct each
contain KRT14/5+ SCs, which in normal homeostasis, replenish only their local tissue
segments (Lu et al., 2012) (Figure 7B). Within the secretory coil of the gland itself, both
KRT14/5+ myoepithelial and KRT8/18+ luminal cells also have unipotent progenitors, but
during homeostasis, little turnover occurs in these glandular cells, marking them as among
the highest label-retaining cells of the skin.

When subjected to wounding, different SwG stem cell populations respond. In shallow
wounds, stem cells in the paw skin and upper SwG duct are mobilized to repair the local
tissue damage, with no activity elicited from the myoepithelial or luminal progenitors of the
coiled gland. However, when either of the two glandular progenitors were selectively
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ablated, neighboring glandular cells of the corresponding progenitor type became mobilized
to repair the damage. Moreover, when myoepithelial SCs were purified from SwGs and then
engrafted onto different body sites, multipotency was unleashed (Lu et al., 2012).

Engraftment of myoepithelial SwG SCs onto back skin resulted in reconstitution of the
epidermis, while transplantation into a cleared mammary fat pad resulted in regeneration of
an entire gland replete with a duct-like structure (Lu et al., 2012). Initially, these de novo
SwGs produced sweat proteins, but over time, they began to turn on milk protein synthesis,
reflective of the power of the host microenvironment in dictating what epithelial stem cells
will do (Lu et al., 2012). It will be interesting in the future to assess whether myoepithelial
stem cells also have the potential to reconstitute HFs under permissive conditions.

Finally, the skin is also host to non-epithelial cells such as dermal cells, immune cells, and
other stem cells such as those of the melanocyte and adipocyte lineages. Albeit outside the
scope of this review, they have all been found to impact skin homeostasis (Ali et al., 2017;
Chang et al., 2013; Driskell et al., 2013; Festa et al., 2011; Plikus et al., 2008; Rabbani et al.,
2011). How they contribute to wound healing, whether through direct contribution to re-
epithelialization or through interactions with epithelial stem cells, is an exciting topic for
future study.

Conclusions

Our review of epithelial stem cell dynamics in the skin culminates toward a single moral:
during homeostasis, epithelial stem cell populations govern only their specific tissue
territory, but they possess a plasticity that is unleashed during wound repair. If this versatility
is intrinsic to stem cell identity, what prevents stem cell potency from going rogue? As
discussed in this review, the answers all point to the niche microenvironment in which the
stem cell finds itself. Thus, when skin epithelial stem cells are ablated, their neighbors
happily adopt each other’s responsibility and move into vacated niches.

How neighbors sense these vacancies is still not clear. However, the signals appear to be
local, as the closest neighbors nearly if not always seem to win in these resettlements.
Moreover, the new squatters appear to gain all rights of their bona fide prior residents,
underscoring the domineering role of the niche in instructing stem cell behavior. Indeed, if
niche cells are ablated or otherwise irrevocably damaged, the stem cells cannot exert their
tissue regenerating potential. In the many engraftment studies described in this review,
epithelial stem cell plasticity was only displayed through the addition or existing presence of
the appropriate mesenchymal niche cells. These two facets—the more rapid response of
neighboring SCs to injury and the need for the requisite niche components—explain why de
novo HFs are such a rare occurrence in regenerated skin from full-thickness wounds, and
why SwG myoepithelial SCs are refractory to shallow wounds and will only make glands
when placed in a glandular permissive environment.

Indeed, the research over the past decade has illuminated the resilient ability of the body to
rapidly restore the skin’s barrier following injury and to return to normal tissue homeostasis
following re-epithelialization. In these processes, the interactions between epithelial stem
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cells and their microenvironment are critical. In fact, simply viewed, the field is converging
on the view that the progenitors of the epidermis and its appendages may be intrinsically
equivalent, sharing certain core structural features, including expression of KRT5 and
KRT14, and integrins a6p4 and a3p1, and residing on a basement membrane that
demarcates the dermo-epidermal border. According to this model, their differences in
behavior emanate from their cross-talk with their local niche environment.

Although there are still some findings that are inconsistent with this notion, the evidence is
increasingly beginning to point in this direction. In this view, the versatility of a stem cell in
a wound response may then simply be a reflection of changes in this environment. When
stem cells are removed from their native context, either in a wound response or in culture,
they then must adjust their chromatin dynamics and change their program of gene
expression in order to survive in their new environment (Adam et al., 2015; Ge et al., 2017).
Given that not all epigenetic adjustments are rapid, this could account for why aging
keratinocytes /in vitro are initially readily distinguishable from their younger counterparts,
but with time and passage in culture, these differences wane (Keyes et al., 2013).

The famed British philosopher John Locke (1632-1704) suggested that the individual is
strongly influenced by social and cultural factors rather than by innate mechanisms.
Similarly, the research shows that tissue stem cells are malleable, responding to their niche
microenvironment rather than exhibiting a predetermined, innate behavior. If this model is
correct, as seems increasingly likely, it prompts us to reconsider the steps necessary to make
strides in regenerative medicine and wound repair. For under this view, it will not be
sufficient merely to identify and culture stem cells. Rather, in addition, it will be essential
either to recreate the stem cell niches or to recreate the environment that is needed to
generate the desired stem cell behavior.

This concept provides a clear explanation for why a spray harboring millions of tiny skin
fragments—each replete with stem cells in their native niches—has replaced passaged
cultured epidermal keratinocytes as the favored method of burn therapy (Zielins et al., 2014).
However, the importance of the niche microenvironment need not necessarily require that all
niche components are present, as long as the necessary factors they produce are provided. In
organotypic cultures, ranging from human epidermal equivalents to mammary and intestinal
epithelia, this is in fact what is being done.

The challenge now is to exploit this newfound knowledge to harness the natural potential of
stem cells for the desired task at hand. For homeostasis, the future challenge is squarely
placed in the arena of unearthing a better understanding of SC niches. Will this knowledge
be sufficient to regenerate skin appendages from scratch, or are there features of
development that impose irreversible restrictions on fate options? The challenges are as great
in the field of wound repair, where further characterization of wound-stimulated alterations
to the microenvironment is needed, as is a deeper understanding of the relative contributions
of different stem cell populations to the re-epithelialization process. The solutions to these
unresolved biological problems will occupy researchers for the coming decade, but will
provide the molecular soil that will nurture new and improved clinical applications for
wound healing and regenerative medicine.
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Figure 2. The Epidermal Progenitor Niche
The epidermis is a stratified squamous epithelium. It is divided into four main layers that are

distinguished morphologically according to the differentiation status of the keratinocytes as
they cease to proliferate and move upward to produce the skin’s barrier. Keratinocytes
within the basal layer experience a unique niche distinguished by their contact with the
basement membrane, composed of extracellular matrix components and growth factors,
contributed by both the epidermis and underlying dermis. This feature maintains their
proliferative status. By contrast, keratinocytes that have exited the basal layer embark upon a
terminal differentiation program, culminating in the production of dead squames that are
sloughed from the skin surface and replaced by inner cells moving upward. Immune cells,
mechanosensory cells, and melanocytes also populate discrete layers of the epidermis,
reflective of their as yet poorly understood, but vital cross-talk with the keratinocytes and
with the microbiota at the skin surface.
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Figure 3. Skin M orphogenesis
Shortly after gastrulation, the skin begins as a single layer of epidermal progenitors that

divide exclusively parallel to the basement membrane underneath. Within several days,
divisions become first oblique and then more perpendicular, leading to asymmetric fates,
stratification, and differentiation of the epidermis. During this time, hair placodes also form
from gathering WNTNI9M cells within the basal layer. When these cells begin to divide, they
do so perpendicular to the basement membrane, leading to asymmetrically fated daughters.
WNThigN cells produce SHH, but only neighboring cells appear to respond. SHH prompts
the mesenchyme underneath to organize into a dermal condensate and produce BMP
inhibitors. SHH also prompts the overlying daughter cells that lose contact with the
basement membrane to dampen WNT signaling and divide symmetrically. These WNT!oW
daughters will generate the outer root sheath (ORS) which develops a niche (bulge) of stem

WNTh basal cells
make the IRS and HS

WNT basal cells
form the ORS

cells, while the WNTN9" daughters generate the inner root sheath (IRS) and hair shaft (HS).

DP, dermal papilla; SG, sebaceous gland.
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Figure 4. Unified Model for the Dynamics of Epider mal Homeostasis
The basal layer is composed of progenitors that divide parallel to the basement membrane.

Division rates (number of divisions in a given amount of time) vary significantly across
different body locations and are not coupled with fate (whether daughter cells retain a
proliferative [P] status or differentiate [D] and delaminate). Instead, fate determination
appears to be mostly stochastic, although outcome probabilities also vary in different skin
locales. In contrast to the hair follicle or to human epidermis, label-retaining cells (LRCs)
with properties of long-lived stem cells have only been found in the interscale regions of
mouse tail. That said, some rapidly proliferating progenitors persist for up to a year in other
body sites, including back skin, and thus merit assignment as bona fide EpdSCs.
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Cellular (laser) ablation and wounding induce a re-epithelialization response from all nearby
EpdSCs, regardless of origin. However, only local cells contribute to long-term homeostasis
of the injured site. Thus, interscale contribution to the injured scale region is only transient
and vice versa. Diagrams represent a top-down view of EpdSCs of the tail/back

interfollicular epidermis.
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Figure 6. The Hair Cycle
During the resting phase (telogen), bulge HFSCs are kept inactive by BMP and FGF18

signals from the neighboring K6+ bulge and from nearby fibroblasts and adipocytes. BMP
inhibitors and pro-activating FGFs from the dermal papilla (DP) overcome the inhibitory
cues, leading to entry into anagen. At the base of the bulge, some hair germ (HG) cells
become WNTN9" multipotent progenitors, which express SHH. SHH triggers bulge HFSCs
to divide symmetrically and grow the outer root sheath (ORS), which then pushes the
signaling center away, returning the bulge to quiescence, and then progressively returning
the ORS cells to quiescence in a cascade as it grows downward. Progenitors that maintain
contact with the DP continue to produce SHH, which fuels the DP to elevate signaling and
expand the multipotent progenitor pool. As the hair bulb grows, it envelops the DP.
Interactions at the elaborated interface between the DP and hair bulb establish micro-niches,
each of which harbors unipotent progenitors that produce the seven concentric
differentiating layers of the hair shaft and its channel, or inner root sheath (IRS). By
mechanisms still unclear, these progenitors exhaust their proliferative capacity and an
apoptotic phase (catagen) ensues, during which the follicle is degenerated and restored back
to its resting size as it enters the next telogen. Note that some cells within the upper/mid
ORS are spared, and these become the new bulge and new HG for the next hair cycle.
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Figure 7. Wound Response from Hair Follicle and Sweat Gland Progenitors
(A) Different niches within the pilosebaceous unit house various progenitors that all display

plasticity and contribute to wound-induced re-epithelialization, albeit at varying degrees.
Ablation of these populations likewise trigger neighbor progenitors to refill the vacated
niche.

(B) In contrast, the sweat gland displays stricter compartmentalization in terms of injury
response. Wounding of the sweat gland orifice only triggers duct (but not gland) progenitors
to reconstruct the sweat duct. Similarly, ablation of specific gland progenitors only activates
the same type of progenitor for repair.
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SC, stem cell; JZ, junctional zone; SG, sebaceous gland.
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