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The skin forms a crucial, dynamic barrier between an animal and the external world. In
mammals, three stem cell populations possess robust regenerative potential to maintain
and repair the body’s protective surface: epidermal stem cells, which maintain the stratified
epidermis; hair follicle stem cells, which power the cyclic growth of the hair follicle; and
melanocyte stem cells, which regenerate pigment-producing melanocytes to color the skin
and hair. These stem cells reside in complex microenvironments (“niches”) comprising
diverse cellular repertoires that enable stem cells to rejuvenate tissues during homeostasis
and regenerate them upon injury. Beyond their niches, skin stem cells can also sense and
respond to fluctuations in organismal health or changes outside the body. Here, we review
these diverse cellular interactions and highlight how far-reaching signals can be transmitted at
the local level to enable skin stemcells to tailor their actions to suit the particular occasion and
optimize fitness.

The formation, maintenance, and regenera-
tion of tissues and organs is a wonder of

molecular and cellular choreography, and no-
where is this more intricate than in themamma-
lian skin. The skin serves as a physical barrier
protecting organisms from insults, infection,
and dehydration. It regulates body temperature
and enables remarkably complex arrays of sen-
sations. It contains multiple stem cell popula-
tions that maintain and repair tissues through-
out life. And it does so in an ever-changing
environment. These multifaceted functions are
enabled by a rich array of signals and cell types
that converge on stem cell niches (Fig. 1).

The establishment of mammalian skin stem
cells and their niches occurs over the course of

embryonic development. Shortly after gastrula-
tion, the epidermis begins as a single layer of
multipotent epithelial progenitors. Asmesenchy-
mal cells begin to populate the skin, the epithelial
progenitors produce and secrete extracellularma-
trix (ECM) proteins that assemble into a “base-
ment membrane” demarcating epidermis from
dermis. During this time, specialized epithelial–
mesenchymal communications begin to diversify
the epithelial progenitors, leading to the specifi-
cation of hair follicles and stratification of the
epidermis. Melanoblasts, the embryonic precur-
sors ofmelanocytes,migrate from the neural crest
and populate the epidermis and hair follicles. As
development proceeds, additional cell types pop-
ulate the dermis to form blood vessels, lymphatic
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vessels, muscles, and adipose tissue. Sensory and
sympathetic neurons begin to innervate distinct
regions of the skin, while a complex array of im-
mune cells take up residence in the skin with
some cells moving into the epidermis and others
staying in the dermis. Altogether, themature skin
is composed of >50 distinct cell types (Joost et al.
2020).

With this dazzling array of cellular interac-
tions emerging spatially and temporally, local-
ized specialized microenvironments (“niches”)
begin to form and specify the long-lived tissue
resident stem cells of the adult epidermis, hair
follicle, and melanocyte lineage, which as a co-
hort are among the most highly regenerative tis-
sues in adult mammals. These stem cells reside
along the basement membrane at the interface
with the dermis. Epidermal stem cells (EpdSCs)

reside in the innermost “basal” layer and are
responsible for generating the terminally differ-
entiating stratified layers that constitute the bar-
rier that keeps microbes out and retains body
fluids. Hair follicle stem cells (HFSCs) reside as
a single layer within an anatomical niche re-
ferred to as the “bulge” that is responsible for
fueling cyclic hair growth.Melanocyte stem cells
(McSCs) intermingle with EpdSCs and HFSCs
in their niches and are responsible for generating
the pigment-producing melanocytes that color
the skin and hair (Fig. 1).

Beyond their niches, skin stem cells are
also sensitive to systemic changes in body phys-
iology and dynamic changes in the external
environment. Over the past decade, the field
of skin stem cell biology has rapidly advanced,
establishing the skin as a paradigm to under-
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Figure 1. Skin stem cells and their niches. The skin is a complex organ composed of cell types from diverse
lineages. With the exception of higher primates, whose eccrine sweat glands and associated stem cells are highly
abundant, most mammals have three major skin stem cell populations—epidermal stem cells, hair follicle stem
cells, and melanocyte stem cells. These stem cells regenerate in rich microenvironments (niches) replete with
diverse cell types, including distinct fibroblast populations, sensory and sympathetic innervations, a vast array of
immune cells, blood vessels, lymphatic capillaries, and subcutaneous adipocytes. In addition to their specialized
functions, complex interactions among these cell types underlie tissue formation, homeostasis, and repair in the
skin. (TAC) Transit-amplifying cell, (DP) dermal papilla.
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BOX 1. GLOSSARY

Extracellular matrix (ECM): Extracellular depositions produced and secreted by cells. It consists of
collagen fibers, proteoglycans, fibronectin, and laminin, which together form a structurally stable
network that protects and supports tissues andmodulates signaling pathways by sequestering secreted
proteins.

Basementmembrane:A sheet-like structure composed of ECM that separates the epithelium from the
underlying mesenchyme within an organ.

Lymphatic vessels: Vascular structures crucial for carrying lymphatic fluids (lymph) and immune
cells. Lymphatic vessels connect with lymphatic capillaries in peripheral tissues and transport
lymph to and from the lymph nodes.

Bulge: A protrusion of the hair follicle that hosts hair follicle stem cells and melanocyte stem cells.

Transit-amplifying cells (TACs):A population of highly proliferative stem cell progeny responsible for
the majority of tissue production. Stem cells proliferate sparingly to produce TACs, which then
undergo rapid proliferation to produce downstream differentiated progeny. In contrast to stem
cells, which are long-lived, TACs are short-lived and can only undergo a finite number of divisions
before differentiation or death.

Adrenal glands: Triangular-shaped endocrine glands located on top of each kidney. Adrenal glands
produce several hormones crucial for body physiology and stress responses. The key hormones
include cortisol (corticosterone in mice), epinephrine (also known as adrenaline), norepinephrine
(also known as noradrenaline), and aldosterone. Cortisol, epinephrine, and norepinephrine all
become elevated under stress. Cortisol suppresses immune responses and regulates blood sugar
levels. Epinephrine and norepinephrine trigger the “adrenaline rush” that works together with the
sympathetic nervous system (see “autonomic nervous system” below) to increase heart rate and
redirect blood flow to the brain and muscle. Aldosterone regulates salt balance and blood pressure.

Autonomic nervous system:A component of the peripheral nervous system that regulates involuntary
processes and unconscious responses. The autonomic nervous system consists of the sympathetic
nervous system and the parasympathetic nervous system. The sympathetic nervous system innervates
essentially all organs and is active constantly at a basal level to maintain body physiology. Under
stress, the sympathetic nervous system becomes highly activated, triggering the so-called “fight-or-
flight” response, which includes increased heart rate, pupal dilation, and increased blood pressure.
These responses allowanimals to respondquickly to threats. By contrast, the parasympathetic nervous
system counteracts the effect from the sympathetic nervous systemand is responsible for the “rest-and-
digest” response, which brings the stress response back to a baseline.

Arrector pili muscle (APM): A bundle of smooth muscle cells in the skin responsible for the “goose-
bump” reaction.

Macrophages: Specialized immune cells involved in engulfing bacteria and clearing tissue debris.

T regulatory cells (Treg): A subset of T cells crucial for suppressing T-cell-mediated immune attack,
thereby preventing autoimmunity and establishing self-tolerance.

Major histocompatibility complex (MHC class I) molecules: One class of cell surface recognition
molecules that are expressed in all nucleated somatic cells.MHCclass Imolecules present peptides to
cytotoxic T cells to trigger immune responses.

pKa:The negative base 10 logarithmof the acid dissociation constant (Ka) of a solution (pKa=−log Ka).
pKa indicates how strong or weak an acid is. The lower the pKa, the stronger the strength of the acid.
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stand fundamental principles in tissue regener-
ation and wound repair. These findings dem-
onstrate that tissue regeneration is a highly
collaborative process across lineages and cell
types. Here, we discuss diverse mechanisms
by which stem cells communicate with and re-
spond to their niches, to physiological changes,
and to the external environment. We also dem-
onstrate how these interactions shape and
modulate tissue turnover, regeneration, and in-
jury repair.

HAIR FOLLICLE STEM CELLS

Hair—the key trait that characterizes mammals
—grows out of the hair follicle. The hair follicle
is an epithelial tissue that cycles through bouts of
growth (anagen), regression (catagen), and rest
(telogen) throughout an organism’s life, a pro-
cess known as the hair cycle (Fig. 2A). In hu-
mans, the anagen phase of the hair cycle can last
for 3–7 years, while in mice it is typically 2
weeks. In mice, the first two hair cycles are syn-
chronized, in which HFSCs display coordinated
cycles of activation, destruction, and quiescence.
In part, this synchrony is governed by an intri-
cate array of lymphatic capillaries, which inter-
connect the bulge of each hair follicle and
control their activity (Gur-Cohen et al. 2019;
Peña-Jimenez et al. 2019).

The hair follicle operates in a classical hier-
archical model of regeneration, in which stem
cells do not produce differentiated cells directly,
but instead generate transit-amplifying cells
(TACs) thatproliferate rapidly to generatedown-
streamdifferentiated progeny. Similar hierarchi-
cal models are commonly seen in regenerative
tissues such as the hematopoietic system and
the intestinal epithelium. At anagen onset,
HFSCs in the hair germ proliferate transiently
to produce short-lived TACs, which then under-
go rapid proliferation and differentiation to pro-
duce seven morphologically and molecularly
distinct differentiated cell types downstream—
the three layers of the hair shaft, the three layers
of the inner root sheath (IRS), and the compan-
ion layer sandwiched between the outer root
sheath (ORS) and IRS (Fig. 2A; Greco et al.
2009; Rompolas et al. 2013).A specialized cluster

of mesenchymal cells—the dermal papilla (DP)
—regulates TAC fate choices, which become
more restricted as anagen proceeds (Yang et al.
2017). This hierarchy enables HFSCs to be used
sparingly, leaving the bulk of hair follicle regen-
eration and hair growth to the TACs. The design
also means that stem cells, TACs, and differen-
tiated progeny all reside in spatially defined
compartments within a hair follicle—analogous
to the entire hematopoietic lineage (stem cells—
progenitors—differentiated cells) and yet
packed in defined space within one tiny hair
follicle. These features, in conjunction with
the visible and trackable nature of hair growth,
have established the hair follicle as a powerful
model system that roots much of our funda-
mental understanding of current mammalian
stem cell biology.

HFSCs stay in quiescence for most of the
hair cycle but become activated to proliferate
transiently during early anagen to regenerate
new hair follicles (Fig. 2B). The stereotypic and
highly predictable activation timing allows the
identification of diverse niche cell types that can
influence quiescence and activation decisions of
stem cells—one of the most critical decisions for
all somatic stem cells.

The Stem Cells in Control: Establishing and
Shaping Their Own Niche

HFSCs in the bulge of the hair follicle are
flanked internally by a layer of inner bulge cells
that are differentiated progeny of HFSCs and
marked by an intermediate filament keratin 6
(K6) expression (Hsu et al. 2011). K6+ bulge
expresses high levels of inhibitory signals in-
cluding fibroblast growth factor 18 (FGF18)
and bone morphogenetic protein 6 (BMP6) to
keep HFSCs in quiescence (Fig. 2B). Removal of
the K6 bulge through plucking or genetic abla-
tion leads to HFSC activation (Hsu et al. 2011).
Besides sending inhibitory signals, the intercel-
lular, cadherin-mediated adherens junctions be-
tween K6+ bulge and bulge HFSCs also forms a
tightly sealed barrier to prevent bacteria from
entering the skin through the hair orifice. Re-
moval of E-cadherin inHFSCs compromises the
tight seal between K6+ bulge and HFSCs, lead-
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Figure 2. The hair follicle lineage and niche signals that regulate hair follicle stem cells (HFSCs). (A) Overview of
the hair cycle. The telogen hair follicle contains HFSCs that are located at the outer bulge layer and the hair germ,
as well as the K6 (keratin 6)+ inner bulge layer, which is made up of differentiated progeny of HFSCs. During
anagen, theHFSCs proliferate to generate transit-amplifying cells (TACs), which undergo rapid proliferation and
expansion to make all the differentiated layers of the anagen hair follicle (see insert)—the three layers of the hair
shaft, the three layers of its channel (the inner root sheath [IRS]), and the companion layer sandwiched between
ORS (outer root sheath) and IRS. In catagen, most of the hair follicle cells produced in anagen are destroyed or
remolded, sparing some ORS cells to make a new bulge and hair germ that fuels the next hair cycle. (B) Niche
signals regulate HFSC quiescence and activation. In telogen, signals from the K6+ bulge, mature adipocytes, and
TERM2+ macrophages maintain HFSCs in a quiescent state. During the telogen to anagen transition, activating
signals become highly up-regulated in the dermal papilla (DP). Signals from sympathetic neurons, Regulatory T
cells (Tregs), adipocyte precursors, and macrophages have all been reported to contribute to HFSC activation in
the hair germ. In early anagen, SonicHedgehog (SHH) secreted from the TACs further activatesHFSCs located in
the bulge. SHH alsomodulates activation signals expressed in theDPand promotes adipocyte precursors tomake
mature adipocytes. HFSCs are normally wrapped around tightly by lymphatic capillaries, a process mediated by
HFSC-derived Angiopoietin-like 7 (ANGPTL7). During early anagen, HFSCs transiently switch to expressing
Angiopoietin-like 4 (ANGPTL4) andNetrin-4 (NTN4), which promotes a transient dissociation betweenHFSCs
and lymphatic capillaries to promote hair growth. (APM) Arrector pili muscle, (OSM) Oncostatin M, (NE)
norepinephrine, (BMP) bone morphogenetic protein.
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ing to a breach in this barrier and triggering
HFSCs to release C-C motif chemokine ligand
1 (CCL1) and C-C motif chemokine ligand 2
(CCL2) to recruit dendritic cells and activate
regulatory T cells, which protect against infec-
tion (Lay et al. 2018). In turn, the stimulated
regulatory T cells feed back on the HFSCs to
promote their proliferation and bandage the
damaged niche. Increasingly, the field is appre-
ciating that immune stem cell cross talk is a two-
way street of checks and balances.

Similar to what is seen in the hematopoietic
stem cells and in the intestine, HFSCs can also
be subdivided into two anatomically distinct
groups—a more quiescent population (located
in the bulge), and a small “primed” cluster that is
more readily activated (located at the bulge base
or “hair germ”) (Cotsarelis et al. 1990; Blanpain
et al. 2004; Morris et al. 2004; Tumbar et al.
2004; Greco et al. 2009; Yang et al. 2017). At
anagen onset, HFSCs in the hair germ always
become activated before HFSCs located at the
bulge become activated (Fig. 2B).

Whilemultiple niche cell types participate in
activating HFSCs within the hair germ (see be-
low for discussions on dermal cell types), HFSCs
within the bulge rely on early progeny—the
TACs—for their activation. As the hair germ
grows to produce an early pool of TACs, the
TACs produce Sonic Hedgehog (SHH), a secret-
ed protein that can act long range to activate
bulge HFSCs, prompting them to transiently
self-renew before returning to quiescence again
as the hair follicle grows downward (Hsu et al.
2014).

In another interesting twist of shaping their
niches, telogen bulge HFSCs produce a secreted
factor Angiopoietin-like 7 (ANGPTL7), which
maintains a tight connection between lymphatic
capillaries and HFSCs (Gur-Cohen et al. 2019).
Just after anagen begins, bulge HFSCs transi-
ently reduce ANGPTL7 expression and switch
to briefly producing Angiopoietin-like 4
(ANGPTL4) andNetrin-4 (NTN4), which cause
lymphatics to transiently disconnect from the
bulge. This lymphangiogenic switch, governed
by the HFSCs themselves, is in turn essential for
the transient bulge proliferation during early an-
agen that restocks the HFSC pool.

The extent to which lymphatics and TACs
regulate the balance between quiescence and tis-
sue regeneration is still unfolding. However, it is
intriguing that immediately after the bulge pro-
liferation ceases in mid-anagen, ANGPTL7 lev-
els rise again and lymphatics reconnect to the
bulge, while the SHH-expressing TACs and their
associated DP are progressively distanced from
the bulge as the hair follicle grows downward.

Finally, during catagen, while most of the
hair follicle cells are destroyed or differentiated,
some cells in the lower ORS survive, returning
back to the bulge area but become the differen-
tiated inner K6+ bulge that inhibits HFSC acti-
vation (Hsu et al. 2011). Stem cells in the upper
ORS, which reentered quiescence early in the
hair cycle, also survive catagen and become the
HFSCs for the next hair cycle. In this sense,
HFSCs are essentially architects of their own
niche—HFSCs produce and regulate progeny
that impact their own behavior in return—stim-
ulating their proliferation early in the hair cycle
and promoting a prolonged quiescence phase
following a regenerative bout. Feedback regula-
tions from progeny to stem cells is now an estab-
lished theme across vertebrate and invertebrate
regenerative systems (for review, see Hsu and
Fuchs 2012).

Epithelial–Mesenchymal Interactions

Although the hair follicle is separated from the
dermal compartment by a basementmembrane,
it grows deep into the dermis as it regenerates. In
so doing, it encounters multiple mesenchymal
populations (such as adipocytes and diverse fi-
broblasts), providing an opportunity to study
reciprocal interactions between epithelium and
mesenchyme.

Dermal Papilla

During telogen, the hair germ is adjacent to the
DP. Upon laser-mediated DP ablation in mice,
hair follicles arrest at telogen, underscoring
the importance of DP for anagen entry (Sennett
and Rendl 2012; Rompolas et al. 2013).
While HFSCs remain phenotypically quiescent
throughout telogen, molecular cross talk be-
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tween the hair germ and the DP undergoes dy-
namic changes transitioning from early (refrac-
tory) to late (competent) telogen (Greco et al.
2009). Secreted factors that activate HFSCs be-
come up-regulated in DP during late telogen
compared to early telogen, contributing to the
timing at which quiescent HFSCs become reac-
tivated to initiate the next hair cycle (Greco et al.
2009; Oshimori and Fuchs 2012; Rezza et al.
2016; Yang et al. 2017).

Reciprocal interactions between the hair fol-
licle and the DP also control how long anagen
lasts, offering a model to delineate how interac-
tions between epithelium and mesenchyme reg-
ulate the length of the regeneration phase. Fgf5
becomes up-regulated in the lower ORS and
TACs in late anagen hair follicles (Hébert et al.
1994). Moreover, Fgf5mutant mice have signifi-
cantly extended anagen and significantly longer
hair, a phenotype that is recapitulated by knock-
ing out receptors for FGF (both Fgfr1 and Fgfr2)
in the DP (Hébert et al. 1994; Harshuk-Shabso
et al. 2020). Collectively, these data are consis-
tent with a model, whereby hair follicle–derived
FGF5 acts on DP to initiate catagen.

In addition to FGF signaling, WNT and
transforming growth factor β (TGF-β) signaling
are also implicated in catagen control. During
late anagen, secreted WNT agonists R-spondins
gradually decrease in DP, while WNT antago-
nists Dickkopf2 (DKK2) and Notum increase
in DP, which together lead to a decrease in
WNT signaling in the hair follicle (Harshuk-
Shabso et al. 2020). Thus, conditionally ablating
β-catenin (Ctnnb1, a downstream component of
WNTsignaling) inHFSCsduring telogen results
in a perpetual state of HFSC quiescence and fail-
ure to reenter anagen (Lien et al. 2014), while
ablation after anagen entry leads to a shortened
anagen and accelerated catagen entry (Choi et al.
2013). These findings underscore the impor-
tance of WNT signaling for cell proliferation
and fate determination in both HFSCs and
TACs. In the hair follicle, the process is finely
tuned through a WNT-regulated switch in β-
catenin’s DNA-binding partners (Yang et al.
2017; Adam et al. 2018). For TGF-β signaling,
both lower ORS and DP have been suggested to
be the source for TGF-β1 (Foitzik et al. 2000).

Tgfb1-nullmice enter catagen early (Foitzik et al.
2000), a phenotype that can be recapitulated
when the TGF-β receptor is knocked out in the
hair follicle (Mesa et al. 2015).

Dermal Adipocytes and Dermal Sheath

In addition to DP, additional mesenchymal cell
types also participate in HFSC regulation. Der-
mal adipocyte precursors, a specialized fibroblast
population responsible for dermal adipogenesis,
secrete platelet-derived growth factorα (PDGFα),
which likely acts onDP tomodulate anagen entry
(Festa et al. 2011). Adipocyte precursor–derived
PDGFα also regulates the self-renewal of adipo-
cyte precursors themselves (Rivera-Gonzalez et
al. 2016). Mature dermal adipocytes, located at
the lower dermis, have been suggested to be a
source of BMPs that inhibit HFSC activation (Pli-
kus et al. 2008; Keyes et al. 2013).

Signals from the hair follicle also orchestrate
dermal changes, showing an example of how the
growth of epithelium and mesenchyme can be
coupled. Anagen and telogen hair follicles differ
greatly in length. The anagen hair follicle is one
of the most highly proliferative tissues in mam-
mals—within 7 days, the hair follicle grows from
a small cluster that contains just the HFSCs in
telogen to a multilineage structure that is >60
times its original length in anagen. Such growth
compels the surrounding dermis to undergo
concurrent and rapid adipogenesis, which great-
ly expands the dermal space to accommodate
rapidly down-growing hair follicles in anagen
(Donati et al. 2014; Rivera-Gonzalez et al. 2016;
Zhang et al. 2016). SHH, secreted from the TACs
of the hair follicle, not only act on the bulge
HFSCs in early anagen, but also on the shorter-
lived progeny and DP to regulate hair follicle
downgrowth (Woo et al. 2012; Hsu et al. 2014).
Additionally, SHH acts on adipocyte precursors
to trigger dermal adipogenesis (Fig. 2B). In cata-
gen, TACs are destroyed, and the growth of the
hair follicle and dermal adipogenesis both ceas-
es. In this sense, the growth of both the epitheli-
um and mesenchyme can be coupled with just
one signal (Zhang et al. 2016).

Dermal sheath—a smoothmuscle cloak that
encases the hair follicle—also undergoes remod-
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eling at different hair cycle stages. Anagen hair
follicles are enclosed by dermal sheath through-
out the entire hair follicle. During catagen, con-
traction of dermal sheath is activated by the cal-
cium–calmodulin–myosin light chain kinase
pathway and functions to draw the DP upward
tomeet the HFSCs again. In telogen, this dermal
sheath is no longer visible, but its progenitors
remain; in the next round of anagen, the progen-
itors regenerate a new dermal sheath and also
may contribute to some of the DP cells (Rah-
mani et al. 2014; Heitman et al. 2020; Shin et al.
2020).

Reaching Outside the Skin: Connectivity
with Organismal Physiology

Besides local changes within the skin, the hair
cycle is also modulated by systemic changes of
the body. For example, estrogens such as 17β-
estradiol inhibit anagen initiation and promote
premature catagen entry (Fraser et al. 1953;
Movérare et al. 2002; Ohnemus et al. 2005). In
addition, both pregnancy and lactation can
change the hair cycle profoundly, and these
changes are in part mediated by the hormone
prolactin, which becomes up-regulated during
both pregnancy and lactation (Craven et al.
2006). Direct administration of prolactin pro-
longs HFSC quiescence via Janus kinase (JAK)-
signal transducer and activatorof transcription 5
(STAT5) signaling (Goldstein et al. 2014).

Recently, the adrenal gland–derived stress
hormone corticosterone (the cortisol equivalent
in rodents) was found to be a key regulator of
telogen length. Corticosterone inhibits the ex-
pression of growth arrest–specific 6 (Gas6, a se-
creted factor expressed in DP), which normally
activates HFSCs. Under chronic stress, cortico-
sterone levels rise, suppressing Gas6 expression
and inhibiting hair follicle regeneration. By con-
trast, when corticosterone is removed, Gas6 be-
comes up-regulated, allowing the hair follicle to
enter anagen constantly throughout life. These
discoveries not only uncover how chronic, long-
lasting stress inhibits tissue production, but also
demonstrate an interesting example of how local
tissue changes are controlled by systemic bodily
changes via a circulating hormone (Choi et al.

2021). It is tempting to speculate that under du-
ress, elicited in the above examples by pregnancy
and emotional trauma, respectively, organisms
exploit hormonal circulation as a means of in-
structing stem cell populations in the body to
halt nonessential regenerative processes and
conserve body energy until the stress has passed.

Sensing and Responding to the External
Environment

Theskin lies at the interfacebetween theorganism
and its external environment. The sensory ner-
vous system (the afferent arm) receives diverse
stimuli from the outside world and endows the
organisms with remarkable complexity in sensa-
tions (Zimmerman et al. 2014). In addition to
their neurological functions, emerging evidence
suggests that the sensory nerves play a key role in
modulating the immune cell landscape in the skin
(for review, see Chu et al. 2020). By contrast, the
sympathetic nervous system transmits signals to
the periphery (the efferent arm). Sympathetic
neurons are a part of our autonomic nervous sys-
tem,which innervatesall organs andregulates our
unconscious actions in responding to both phys-
iological changes and external stimuli. As such,
sympathetic nervous system represents a particu-
larly attractive system connecting the skin, the
body, and the external world (Botchkarev et al.
1999; Fan et al. 2018).

In the skin, piloerection, or goosebumps, re-
lies on the action of three interconnected cell
types—the hair follicle, the arrector pili muscle
(APM), and the sympathetic innervation.HFSCs
express Nephronectin, an ECM protein that at-
tracts APMs, which express the receptor for
Nephronectin (α8β1 integrin) (Fujiwara et al.
2011). APMs and sympathetic innervations act
as a dual component niche to regulate HFSCs.
APMs serve as an anchor to attract andmaintain
sympathetic innervations to HFSCs, while sym-
pathetic nerves are the signaling component.
With the help of APMs, sympathetic nerves in-
nervate HFSCs directly and regulate HFSCs via
the neurotransmitter norepinephrine (Shwartz
et al. 2020).

Under basal conditions, nerve-derived nor-
epinephrine primes HFSCs for activation by
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keeping inhibitory signals such as FGF18 low in
the HFSCs. When the external temperature
drops, sympathetic neuronal activity becomes
elevated, triggering the contraction of APMs
and leading to goosebumps formation. When
cold stimuli last for awhile, elevated sympathetic
nerve activity triggers HFSCs to become activat-
ed precociously to regenerate a new hair coat. In
this sense, sympathetic neurons and APMs al-
low organisms to respond to cold temperature in
two ways: a first rapid goosebump response that
traps a layer of warm air close to the skin surface,
and a second response that initiates new hair
growth via activating HFSCs (Shwartz et al.
2020).

Connecting with the Vasculature—
Interactions with Lymphatic Vessels
and Blood Vessels

The lymphatic capillaries that wrap around the
bulge niche also connect to collecting lymphatic
vessels, which functiondually in transporting im-
mune cells to the lymph nodes and regulating tis-
suefluidhomeostasis.Whethereitherof these two
established functions account for why transient
lymphatic detachment from the niche promotes
hair follicle regeneration remains unknown. It is
also possible that the lymphatic capillaries partic-
ipate in draining certain metabolites and/or
growth factors essential for regeneration.

In addition to the lymphatic vessels, blood
vessels in the dermis also undergo substantial
remodeling during hair cycle stages (Xiao et al.
2013; Li et al. 2019). In contrast to the lymphatic
vasculature, blood vessels are important in
bringing nutrients, hormones, and oxygen to
the skin. That said, blood vessel endothelial cells
are a rich source of BMP4, an inhibitory factor
for HFSC activation, and during telogen, when
the dermis is at its thinnest, increased BMP4
levels could contribute to the extended quies-
cence (Li et al. 2019).

Influence from Immune Cells

Traditionally studied for their roles in host de-
fense and inflammation, immune cells have
emerged as critical regulators in development,

tissue regeneration, and repair. While inflam-
mation following microbial infection and/or
wounding entails a surge of infiltrating immune
cells from the circulation, the homeostatic skin
also displays an array of resident immune cell
populations (for review, see Niec et al. 2021).
Resident macrophages play diverse roles in
HFSC regulation. They are a source of WNTs
(Castellana et al. 2014)—key signals required to
stabilize β-catenin and activate HFSCs at the
start of a new hair cycle. Interestingly, a subset
of resident macrophages, marked by TREM2
(Triggering Receptor Expressed on Myeloid
Cells 2), has a different function—during telo-
gen, they participate in maintaining quiescence
by secreting Oncostatin M, which acts on JAK-
STAT signaling in the stem cells (Wang et al.
2019). The K6+ inner bulge is also a potent
source of HFSC inhibitory factors, including
BMP6 and FGF18 (Hsu et al. 2011). Hair
plucking removes this layer of cells and potently
triggers anagen. Plucking also induces local tis-
sue damage, and it is interesting to speculate that
the macrophage milieu is altered as a conse-
quence. Indeed, tumor necrosis factor α (TNF-
α), secreted mainly by activated macrophages
following injury was shown to stimulate new
hair growth even beyond the plucked area
(Chen et al. 2015).

Besides myeloid lineages, T regulatory cells
(Tregs) also influence HFSCs. Tregs have long
been known for their suppressive action on
pathogen-induced inflammatory immune cells
(e.g., cytotoxic T lymphocytes) to enable tissue
repair once infections subside. However, emerg-
ing evidence also suggests interesting communi-
cation circuits between Treg and stem or pro-
genitor cells in diverse tissues including the
skeletal muscle and visceral fat (for review, see
Munoz-Rojas and Mathis 2021). In response to
damage within the telogen bulge, but indepen-
dent of pathogen infection, HFSCs transmit sig-
nals that culminate in increased local density of
activated Tregs, which in turn stimulate HFSCs
to locally proliferate and reinforce the barrier
(Lay et al. 2018). In response to hair plucking,
activated Tregs can also stimulate HFSCs to pro-
liferate by a mechanism involving Notch signal-
ing (Ali et al. 2017). In this case, anagen is trig-
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gered and the proliferative effects are funneled
into hair cycling rather than patching the niche.
Based upon the ability of Tregs to communicate
with both tissue stem cells and the immune sys-
tem, and to change their properties in response
to tissue damage and pathogens, their functions
in homeostasis and wound repair will continue
to be a focus for future research.

There is a long-standing interest in under-
standing the immunogenicityof stemcells due to
their critical importance in renewing tissues long
term and their translational potential in tissue
replacement. Agudo et al. address this problem
byengineering amousemodel inwhich cytotox-
ic T cells are engineered to kill GFP-positive
(GFP+) cells.WhereasmanyGFP+cells through-
out the body are sensitive to cytotoxic T-cell im-
mune attack in this model, HFSCs survive. In-
terestingly, rather than involving Tregs to
dampen immune responses, homeostaticHFSCs
express low levels of major histocompatibility
complex (MHC) class I molecules to avoid cyto-
toxic T cells. In addition, HFSCs also evade nat-
ural killer cells that often attack cells with low
MHC class I levels (Agudo et al. 2018). Many
stem cells also keep protein synthesis rates low
(Signer et al. 2014; Blanco et al. 2016; Sendoel
et al. 2017), which further imparts a survival
advantage under nutrient-limiting or other
stressful conditions that may otherwise make
them vulnerable. Getting to the heart of how
stem cells communicate beneficially with im-
mune cells and resist immune attack will be an
exciting area to watch in the future.

MELANOCYTE STEM CELLS

McSCs are neural crest–derived cells that reside
within the lower bulge and hair germ region of
the hair follicle (Nishimura et al. 2002; Infari-
nato et al. 2020). Like HFSCs, McSCs stay in a
strict quiescent phase during telogen and be-
come activated transiently in anagen to produce
differentiated melanocytes that migrate down-
ward to color the newly regenerated hair follicles
from the root. During catagen, the differentiated
melanocytes are destroyed, leaving only McSCs
when the hair follicle remodels back to telogen
(Fig. 3A).

Coordination between Two Different Types
of Stem Cells within a Shared Niche

Concurrent activation of both HFSCs and
McSCs is crucial for producing a pigmented
hair, and it provides a model to study how two
distinct populations of stem cells located in the
same niche coordinate their behaviors. At the
onset of anagen, WNT signaling is important
for the activation of both HFSCs and McSCs.
This occurs predominantly within the hair
germ, which is a particularly rich source of
WNT-activating factors that build up toward
the end of telogen (Greco et al. 2009; Rabbani
et al. 2011; Harshuk-Shabso et al. 2020). Other
factors appear to be tailored for each stem cell
population. For example, the endothelin path-
way regulates the activation and differentiation
ofMcSCs (Takeo et al. 2016). Interestingly, how-
ever, mutations in an HFSC-specific transcrip-
tion factor, Nfib (nuclear factor I B), lead to
up-regulation of EDN2 (endothelin 2), which
triggersectopicMcSCdifferentiation inthebulge
(Rabbani et al. 2011; Chang et al. 2013; Takeo
et al. 2016). KIT ligand (KITL, also known as
stem cell factor [SCF]) is another factor impor-
tant for McSC activation (Botchkareva et al.
2001) and that is expressed by TACs and DP
(Chang et al. 2013; Liao et al. 2017).

Once the hair cycle has been activated, both
McSCs and HFSCs must differentiate synchro-
nously to allow a smooth transfer of melanin
pigment to the differentiating hair follicle cells.
Recent studies suggest that in part, this is medi-
ated by BMP signaling. Once the hair cycle has
been launched by WNT signaling, BMP signal-
ing in activated McSCs promotes their differen-
tiation to fully mature melanocytes (Infarinato
et al. 2020). On the hair follicle side, BMP sig-
naling in the TACs preferentially function on
promoting their differentiation into the medulla
(Fig. 2A), the lineage whose cells accept themel-
anin to form pigmented hair (Genander et al.
2014).

Responding to Ultraviolet Radiation

A fascinating example of how melanocyte and
epithelial stem cells can rapidly adjust and
coordinate their behavior is unveiled with ultra-
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Figure 3.Melanocyte stem cells (McSCs) and their responses to ultraviolet (UV) and stress. (A) Schematic of the
melanocyte lineage during the hair cycle. Differentiated melanocytes are made during anagen to color the newly
regenerated hair shaft. (B) UV irradiation leads to DNA damage in the epidermis and up-regulation of p53 and
POMC (proopiomelanocortin), a precursor peptide that is processed to form β-endorphin, Adrenocorticotropic
hormone (ACTH), and α-MSH (α-melanocyte-stimulating hormone). α-MSH binds to MC1R (melanocortin 1
receptor) to promote McSC migration toward the epidermis. MC1R signaling further up-regulates a transcrip-
tion factor,MITF, which promotesmelanocyte differentiation andmelanin production. (EpdSC) Epidermal stem
cells. (C) Under stress, sympathetic neurons become highly activated, releasing large amounts of norepinephrine
(NE), which binds to the β2 adrenergic receptor (ADRB2) on McSCs to drive their hyperproliferation, differ-
entiation, and permanent depletion.
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violet (UV) radiation. Exposure to UV leads to
DNA damage in the epidermis and induction of
P53, which up-regulates proopiomelanocortin
(POMC) expression in epidermal cells. POMC
is cleaved into smaller peptides including α-me-
lanocyte-stimulating hormone (α-MSH), which
then binds to and directly stimulatesmelanocor-
tin receptor (MC1R) to trigger McSC migration
into the epidermis (Cui et al. 2007; Chou et al.
2013). MC1R stimulation also functions in me-
lanogenesis, as exemplified by the polymor-
phisms in Mc1r that are found in red-headed
and fair-skinned individuals, who have reduced
melanogenesis and are more susceptible to UV-
induced damage (Valverde et al. 1995). UV-in-
duced P53 expression in the epidermis also up-
regulates two additional secreted factors known
to regulate melanogenesis—KITL and EDN1
(Hyter et al. 2013; Moore et al. 2013; Chang
et al. 2017). Together, these pathways lead to
hyperpigmentation of the epidermis, which in
turn protects the EpdSCs from further UV radi-
ation (Fig. 3B).

Interestingly, another cleavage biproduct of
POMC is β-endorphin, which is an endogenous
opioid with affinity for μ-opioid receptors (Fig.
3B). Elevation of β-endorphin drives sun-seek-
ing behavior and tanning addiction, ironically
linking a love of sunshine to harmful UV rays
(Fell et al. 2014).

Responding to Stress

Loss of McSCs leads to production of unpig-
mented hair or hair graying—a phenotype asso-
ciated with aging (Nishimura et al. 2005)—and
has been anecdotally linked to physiological or
psychological stress. Under acute stress in mice,
hyperactivation of the sympathetic nervous sys-
tem releases a large amount of norepinephrine,
which drives McSCs into a rapid proliferation
state, followed bymigration, differentiation, and
permanent depletion from the bulge (Fig. 3C;
Zhang et al. 2020b). By contrast, circulating
stress hormones from the hypothalamic–pitui-
tary–adrenal (HPA) axis do not play a major
role in stress-induced hair graying (Zhang
et al. 2020a,b). Norepinephrine triggers analo-
gous changes in McSCs located within the hu-

man hair follicle, suggesting that a similarmech-
anismmight occur in humans as well (Rachmin
et al. 2021). Moreover, patients undergoing par-
tial sympathectomy (ablation of sympathetic
neurons) often develop fewer gray hairs on the
sympathectomized side with time, raising the
intriguing possibility that norepinephrine sig-
naling might also in part be related to McSC
loss seen during aging (Lerner 1966; Ortonne
et al. 1982).

These findings suggest that while both
HFSCs and McSCs are sensitive to stress, the
mechanisms leading to their changes under
stress are distinct (Sendoel et al. 2017; Zhang
et al. 2020b; Choi et al. 2021). Overall, by diver-
sifying both the stem cells and their niche eco-
systems, the skin has evolved to receive a myriad
of different cues and delegate responsibilities
with remarkable precision. In this regard, it is
intriguing that despite the symbiotic relation-
ship of McSCs and HFSCs, each stem cell pop-
ulation still retains at least some control of its
own destiny and appears to invoke distinct ways
of responding to stresses.

EPIDERMAL STEM CELLS

EpdSCs regenerate the stratified epidermis,
which forms a physical barrier that protects or-
ganisms from insults and dehydration. The skin
surface is also colonized by a vast number of
microorganisms that exert diverse functions on
health and disease. Moreover, a repertoire of
immune cell populations—including Langer-
hans cells, CD8+ residentmemory T cells, innate
lymphoid cells (ILCs), and dendritic epidermal
γδ T cells (DETCs)—further form an immuno-
logical barrier to protect organisms from infec-
tion (Pasparakis et al. 2014; Kobayashi et al.
2019b). We refer the readers to several other
excellent reviews on the topics of skin micro-
biota (Grice and Segre 2011; Belkaid and
Tamoutounour 2016; Chen et al. 2018), skin
immunity (Kobayashi et al. 2019a), and stem
cell–immune cell interactions (Naik et al.
2018). Here, we limit our focus to signals and
cell–cell interactions crucial for EpdSCs to
maintain the constantly renewing epidermis.
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Balancing Growth and Differentiation

EpdSCs are located at the basal layer of the epi-
dermis. They secrete their own basement mem-
brane, which can sequester growth factors com-
ing from diverse cell types within the skin (Fig.
4). Dermal fibroblasts produce FGFs, IGFs (in-
sulin growth factors), and ligands for EGFRs
(epidermal growth factor receptors), which are
all important signals for epidermal proliferation
(Rheinwald and Green 1975; Sadagurski et al.
2006). EpdSCs are also responsive to WNTs,
which can come from EpdSCs and other nearby
niche cells (Choi et al. 2013; Lim et al. 2013).
Which WNTs are key and who transmits them
remains unclear.

Through ECM-integrin and growth factor
receptor engagements, EpdSCs proliferate to re-
new themselves. This process is sensitive to
neighbor cell density, which governs cell shape
and, hence, the EpdSC surface ratio of prolifer-

ation-promoting basement membrane contacts
versus proliferation-dampening intercellular
adhesion contacts (Box et al. 2019; Dekoninck
et al. 2020). EpdSCs undergo two types of divi-
sion—symmetric division, which produces two
EpdSCs that stay at the basal layer, and asym-
metric division, which produces one basal cell
and one differentiated suprabasal cell. Differen-
tiating daughter cells move upward in a constant
flux out of the basal layer to produce the spinous
layer, the granular layer, and finally the stratum
corneum suprabasal layers, whose dead cells are
eventually shed from the skin surface, replaced
by inner cells moving outward (Fig. 4).

During embryonic development when the
skin first begins to stratify from the single-lay-
ered epidermis, more than half of the EpdSCs
orient their mitotic spindle perpendicularly to
the basement membrane, positioning one
daughter cell away from the basement mem-
brane to form the suprabasal layer (Lechler and
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Figure 4. The stratified skin epidermis. Epidermal stem cells (EpdSCs) are located at the basal layer of the
epidermis. EpdSCs adhere to the extracellular matrix rich basement membrane through interactions between
α3β1 and α6β4 integrins with the laminin-5. EpdSCs can both self-renew and generate progeny that are com-
mitted to terminal differentiate. In some cases, differentiation is triggered when a stem cell divides parallel to the
plane of the basal layer, but then one of its daughters detaches andmoves into the suprabasal layer. In other cases,
perpendicular divisions can result in one basal cell remaining basally as a stem cell, while another committed
daughter cell is displaced into the suprabasal layer. Irrespective, cells committed to terminal differentiation
transition through the spinous layer, the granular layer, and eventually into the dead stratum corneum that
sheds from the skin surface. Until the granular:stratum corneum transition, each layer expresses different sets of
proteins, including different keratin proteins. Secreted proteins such as insulin-like growth factors (IGFs) and
ligands for epidermal growth factor receptors (EGFRs) promote EpdSC proliferation, while Notch signaling
regulates the differentiation process.
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Fuchs 2005; Williams et al. 2011). Notch signal-
ing becomes elevated in the suprabasal daugh-
ters anddrives their differentiation; gain and loss
of function studies underscore the importance of
the Notch pathway in epidermal differentiation
(Lowell et al. 2000; Rangarajan et al. 2001; Blan-
pain et al. 2006; Williams et al. 2011).

Protection for the EpdSCs

The cells of the epidermis are subjected to a bar-
rage of stresses from the external environment
includingmechanical forces. In part, they protect
themselvesbyproducing anelaboratemechanical
infrastructure composed of keratins, proteins that
assemble into 10 nm intermediate filaments.
EpdSCs are marked by filaments composed of
keratinsK5andK14, creatingacytoskeletoncom-
patible with cell division. Upon withdrawal from
the cell cycle and commitment to terminally dif-
ferentiate, cells switch to a more robust mechan-
ical framework composed of K1 and K10. In the
later stages of terminal differentiation, even tran-
scription halts, and all organelles including the
nucleus are lost. This creates layers of flattened
dead cells in the stratum corneum—cellular skel-
etons that are packed with keratin fibrils and
sealed to each other by lipid bilayers—a veritable
fortress to the external world.

Exploiting the Extremes at the Body Surface

The sudden destructive phase at the end of ter-
minal differentiation has long remained a puz-
zle. Recent clues came from studying the protein
deposits (“keratohyalin granules”) in the last
transcriptionally active cells near the skin sur-
face in the granular layer. During terminal dif-
ferentiation, filaggrin and its paralogs, which are
large proteins composed of histidine-rich pro-
tein repeats, form these granules when they
reach a critical concentration and undergo dy-
namic conformational changes (liquid–liquid
phase transitions) (Quiroz et al. 2020). These
oil-like granules continue to grow and increase
in viscosity as their concentration increases. The
long head and tail domains of K1 and K10 that
protrude along the surface of the terminally dif-
ferentiating filaments also undergo these con-

formational transitions. With their ability to
bind to filaggrin, this results in a stiff cytoplas-
mic web that cages the granules.

The skinsurface isveryacidic in contrast to the
basal layer.As cells transition through thispHgra-
dient, they reach the pHoffilaggrin’s pKa, causing
the proteins to revert their conformation and dis-
perse the granules. It remains to be addressed
whetherorganelle disappearance results fromme-
chanicaldistortiondue to theviscousgranule–ker-
atin fibril infrastructure of the granular layer
cytoplasm, or from release of potentially seques-
tered destructive enzymes during granule disper-
sion. However, it is noteworthy that the filaggrin
mutations that are associated with the human
inflammatory disorder, atopic dermatitis, are
compromised in their ability to undergo liquid–
liquid phase transitions, leaving a defective, vul-
nerable skin barrier whose outermost cells retain
their organelles (Quiroz et al. 2020). Proteins op-
timal at undergoing liquid–liquid phase transi-
tions are typically sensitive to concentration,
pH, and temperature (Quiroz and Chilkoti
2015), and they abound in the differentiating lay-
ers of the epidermis, primed at taking advantage
of this harsh environment.

Growth by Stretching—How Mechanical
Force Regulates Stem Cell Behavior

As a whole, the epidermis is considerably stiffer
and more elastic than the dermis, with the basal
layer being ∼5× stiffer than papillary dermis (3
vs. 0.6 kPa) but 3–4× less than the underlying
basement membrane (>10 kPa) (Fiore et al.
2020). Moreover, the terminally differentiating
spinous and granular layers combined are 4×
stiffer than the basal layer. Harboring flattened
layers of dead, enucleated squames, the outer-
most stratum corneumdisplays the greatest stiff-
ness (>20 kPa). Thus, in addition to providing
protection from environmental extremes, these
barrier cells can provide feedback regulation to
the basal EpdSCs by exerting overlying mechan-
ical forces or changes in contractility that can
provide resistance to and slow the outward
flux of terminally differentiating cells (Fiore
et al. 2020; Ning et al. 2021).
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Another tantalizing facet of the skin is its
remarkable capacity to adapt and grow when
stretched. Mechanical stretching of the skin is a
common procedure to grow extra skin for recon-
structive surgeries. Stretch is sensed by a sub-
population of EpdSCs, triggering a transient shift
of these EpdSCs toward self-renewal but main-
taining their ability to differentiate. Regulators of
the actomyosin cytoskeleton, such as formin-like
proteins and nonmuscle myosin, are crucial for
EpdSCs to respond to stretching by promoting
the translocation of canonical mechanotrans-
ducers YAP1 (Yes-associated protein 1), TAZ
(transcriptional coactivator with PDZ-binding
motif), and MKL1 (megakaryoblastic leukemia
1) into the nucleus to coordinate downstream
transcriptional changes (Aragona et al. 2020).

Theskinalsoundergoes significantexpansion
during pregnancy, and increased angiogenesis is
thought to drive this expansion inpart by regulat-
ing a population of Tbx3+ (T-box transcription
factor 3) EpdSCs (Ichijo et al. 2021). In cultured
cells, stretch triggers Piezo 1 (Piezo-type mecha-
nosensitive ion channel component 1)-mediated
calcium signaling and a genome-wide decrease in
H3K9me3-marked heterochromatin regions to
“soften” the nuclei and buffer against potential
DNAdamagedue tomechanical changes. Similar
changes inchromatinoccurwhenembryonicskin
is stretched (Nava et al. 2020).

Survival of the Fittest—How Cell
Competition Shapes Epidermal
Differentiation and Turnover

Integrins α3β1 coordinate the EpdSC migration
and basement membrane assembly (Raghavan
et al. 2000), while integrins α6β4 form the core
of specialized integrin–ECM complexes, called
hemidesmosomes,which link to thebasalkeratin
cytoskeleton inside the cells and to the trans-
membrane collagen XVII (COL17A1) on the
outside, enabling EpdSCs to adhere tightly to
thebasementmembrane (Wanget al. 2020).Mu-
tations in the genes encodingα6β4, COL17A1, or
laminin-5 all lead to epidermolysis bullosa—
blistering of the skin due to compromised adhe-
sion of the basal progenitors to the basement
membrane. Using the pioneering methods of

the late Howard Green to culture and engraft
human EpdSCs (Rheinwald and Green 1975;
Green et al. 1979), such devastating disorders
can now be corrected through gene-editing and
engraftment approaches (Hirsch et al. 2017). A
tiny skin biopsy is sufficient to produce the
amount of epidermis necessary to cover the
whole body, underscoring the remarkable regen-
erative capacity harbored within EpdSCs.

In cultured human keratinocytes, higher ex-
pression of β1 integrin tracks with a subpopula-
tion of epidermal cells, EpdSCs, that have great-
er stem cell potential (Jones and Watt 1993;
Jones et al. 1995). Inmice, ablation of β1 integrin
impairs EpdSC proliferation (Raghavan et al.
2000). Recently, COL17A1 levels were shown
to correlate with whether an epidermal progen-
itor preferentially chooses to divide symmetri-
cally or asymmetrically. When COL17A1 levels
were high, EpdSCs underwent symmetric divi-
sions preferentially to generate two basal
EpdSCs. By contrast, when Col17a1 was deplet-
ed in a subset of EpdSCs, the Col17a1-depleted
EpdSCs appeared to divide asymmetrically and
over time were outcompeted by their wild-type
counterparts (Liu et al. 2019).

Studies in Drosophila have established that
the growth and survival of cells within tissues
are shaped by competitions between neighbor-
ing cells (for review, see Baker 2020). Interest-
ingly, this type of cell competition also plays a
crucial role in shaping embryonic epidermal de-
velopment in mammals. When epidermal pro-
genitors heterozygous for the proto-oncogene
Mycn mutation were placed in an otherwise
wild-type epidermis, they acted as less fit “loser”
cells but when placed in an epidermis of homo-
zygousMycnmutant cells, they acted as more fit
“winner” cells. An important facet of classical
cell competition is that more fit cells rid the
tissue of neighbors that are less fit. As shown
by Ellis et al. (2019), at early embryonic stages
when the epidermis is only a single-layered ep-
ithelium, this occurs by actively promoting the
death of unhealthy neighbors and engulfing
them. Once the epidermis begins to stratify,
the more fit progenitors shift to expelling their
less fit basal layer neighbors by promoting their
delamination and differentiation.
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WOUND HEALING

After injury, the integrity of the skin must be
repaired and restored quickly. Wound healing
is a highly collaborative process involving inter-
actions and communication among diverse cell
types in the skin. The repair process is separated
into three stages—inflammation, tissue forma-
tion, and tissue remodeling. During inflamma-
tion, diverse immune cells (both skin-resident
and circulating immune cells) are attracted to
the wound site to clear cellular debris and fight
microbial infections. During tissue formation,
granulation tissues (a mixture of immune cells,
fibroblasts, and blood vessels) are formed in the
dermis, and some fibroblasts differentiate to form
highly contractile myofibroblasts. In addition,
both EpdSCs andHFSCs participate in re-epithe-
lialization to make a new epidermis to cover the
wound and tentatively restore the barrier. During
tissue remodeling, granulation tissues resolve,
and the ECM undergoes reorganization and re-
formation. Additional collagen fibers are pro-
duced, which add tensile strength to strengthen
thewound site and form scar tissues. Amyriad of
different cell–cell interactions across epithelium,
fibroblasts, blood vessels, and immune cells are
essential for different phases of wound healing
and have been nicely reviewed (Eming et al.
2014). Here, we focus on the wound healing pro-
cess from the lens of stem cells.

Stem Cell Behaviors during Wound Repair

EpdSCs and their differentiated suprabasal
daughters bothparticipate in re-epithelialization
andaremajorcontributors to theprocesses (Ara-
gona et al. 2017; Park et al. 2017). Cells closest to
the wound form amigratory front, followed by a
proliferation ring that is further away from the
wound. Although both proliferation and migra-
tion of EpdSCs occur during wound healing, in-
hibition of migration leads to a more significant
delay in re-epithelization than inhibition of pro-
liferation, suggesting a particularly crucial role of
migration during re-epithelization (Heller et al.
2014; Aragona et al. 2017; Park et al. 2017).

Cells in the hair follicles also participate
in re-epithelialization. Lineage-tracing experi-

ments with full-thickness (punch biopsy)
wounds have suggested that bulge HFSCs con-
tribute to re-epithelization but do not stay in the
epidermis for the long term (Ito et al. 2005),
while cells above the bulge, located at the junc-
tional zone and isthmus regions, althoughmost-
ly contributing to the renewal of the isthmus
and sebaceous glands under steady state, can
give rise to long-lasting basal epidermal cells
upon wounding (Brownell et al. 2011; Page
et al. 2013). By contrast, lineage tracings on par-
tial-thickness wounds suggest that bulge HFSCs
contribute long term when the epidermis and
junctional zone/isthmus are missing (Ge et al.
2017). These findings collectively point to the
view that it is the closest stem cell population
to the wound site that performs the lion’s share
of wound repair.

In yet another twist on the plasticity of the
skin epithelium, it was shown that a group of
sebaceous duct GATA6+ cells normally only
contribute to cells at the junctional zone and
sebaceous ducts, but can migrate to the epider-
mis upon wounding. Remarkably, the progeny
of these GATA6+ cells first appeared to contrib-
ute to the differentiated suprabasal layer of the
epidermis, but then dedifferentiated to form
EpdSCs within the basal layer of epidermis
(Donati et al. 2017).The circumstances, frequen-
cies, and mechanisms by which stem cell proge-
ny can revert to a stem cell fate are still unfolding.
It seems likely that the ability is unleashed only
under dire conditions when tissue fitness is
threatened. Similar observations have been
made by studies on the epithelia of the lung
and intestine (Tata et al. 2013; Murata et al.
2020), and in all these cases, tissue injury and/
or stem cell death appear to be a prerequisite to
triggering this behavior.

Epithelium-Immune Cell Interactions during
Wounding

Most of the T cells residing in mouse epidermis
are DETCs. Upon wounding, DETCs produce
and secrete factors such as IGF1, FGF7, and
FGF10, to which EpdSCs respond to promote
their proliferation and/or migration (Havran
2000; Sharp et al. 2005). Interestingly, thenumber
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and behavior of DETCs are also influenced by
EpdSCs. EpdSCs near the wound edge up-regu-
late SKINTs (selection andupkeepof intraepithe-
lialT-cell proteins),membersof thePD1familyof
immune interacting proteins (Keyes et al. 2016).
Tregs also play a role in wound healing in part
through limiting the accumulation of interferon γ
(IFN-γ)-producing T cells and proinflammatory
macrophages. Depletion of Tregs using a Treg-
specific diphtheria toxin receptor mouse model
during the inflammation phase leads to a delay
in re-epithelization and increased inflammation
(Nosbaumetal. 2016). Interestingly, longafter the
wound has healed, EpdSCs appear to bear a
“memory” of their interactions with inflammato-
ry immune cells, as evidenced by their ability to
retain certain chromatin changes that occurred at
the time of inflammation months before (Naik
et al. 2017). Although mechanisms are still un-
folding, epigenetic memory of inflammatory ex-
periences sensitizes the cells to react more rapidly
when challenged the second time (Niec et al.
2021).

De Novo Formation of Cell Types
after Large Wounds

Surgeons have long known that epidermis re-
moved from a healthy body site and engrafted
into a third-degree burn site can sustain epider-
mis long term, but cannot regenerate hair folli-
cles or sweat glands. The burn-repaired skin’s
ability to sense and stretch is also compromised.
After decades of research, it has become increas-
ingly clear that there are different stem cells for
hair follicles and sweat glands, and each has their
own niches. The ability of stem cells to regener-
ate these different appendages depends upon an
array of complex, tissue-tailored niche interac-
tions with other skin cell types, including mela-
nocytes, innervations, lymphatics, dermal fibro-
blasts, adipocytes, and immune cells.

Studies on mice have shown that a large
wound can sometimes lead to de novo formation
of the hair follicle in the center of thewound (Ito
et al. 2007). This wound-induced hair follicle
formation recapitulates some features similar
to embryonic hair follicle development and
can undergo hair cycling, but it lacks McSCs

ormelanocytes. Similar to the hair follicle devel-
opment process, regeneration of hair follicles in
these large wounds requiresWNT signaling and
SHH signaling (Ito et al. 2007; Lim et al. 2018;
Phan et al. 2020), and involves dermal γδ T cells
and skinmicrobiota (Gay et al. 2013;Wang et al.
2021).

An additional hurdle in wound repair is scar-
ring. Interestingly, dermal myofibroblasts can
arise from multiple cell populations within in-
jured skin, some of which produce more fibrotic
proteinsthanothers (Plikusetal.2017;Shooketal.
2018). Moreover, inhibiting dermal YAP activity
inmyofibroblasts reduces scarring, providing fur-
ther insights that in the future might be useful for
treating wounds (Mascharak et al. 2021).

CONCLUDING REMARKS

In recent decades, we have witnessed an exciting
blossoming in the field of skin stem cells. Ad-
vances in lineage tracing, imaging, mouse genet-
ics, and high throughput sequencing have delin-
eated many interesting examples of diverse
interactions between stem cells and their local
and systemic environments. These discoveries
have also opened new lines of inquiry at the
crossroads of cell biology, genomics, epigenetic
regulation, neurobiology, immunology, and
physiology. Moving forward, we expect new dis-
coveries will begin to connect these different
levels of understanding, leading to a comprehen-
sive view of dynamic stem cell behaviors from
physiology, niche, down to molecular and met-
abolic changes within stem cells. We also expect
new medical breakthroughs based on this rich
body of discoveries. In the 1980s, Howard
Green’s pioneering approach to culture and ex-
pand keratinocytes began to revolutionize stem
cell biology and regenerative medicine. Four de-
cades later, we are now nearing the goal of being
able to regenerate a fully functional skin with
rich arrays of cell types after severe injury.
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