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Abstract

Cellular differentiation, the fundamental hallmark of cells, plays a critical role in homeostasis. And stem cells not only regu-
late the process where embryonic stem cells develop into a complete organism, but also replace ageing or damaged cells by
proliferation, differentiation and migration. In characterizing distinct subpopulations of skin epithelial cells, stem cells show
large heterogeneity and plasticity for homeostasis, wound healing and tumorigenesis. Epithelial stem cells and committed
progenitors replenish each other or by themselves owing to the remarkable plasticity and heterogeneity of epidermal cells
under certain circumstance. The development of new assay methods, including single-cell RNA sequence, lineage tracing
assay, intravital microscopy systems and photon-ablation assay, highlight the plasticity of epidermal stem cells in response
to injure and tumorigenesis. However, the critical mechanisms and key factors that regulate cellular plasticity still need for
further exploration. In this review, we discuss the recent insights about the heterogeneity and plasticity of epithelial stem
cells in homeostasis, wound healing and skin tumorigenesis. Understanding how stem cells collaborate together to repair
injury and initiate tumor will offer new solutions for relevant diseases.
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Introduction intestine, epidermis, and others. Adult stem cell, committed
progenitors and differentiated functional cells co-create
Adult stem cells are characterized by multipotency,  cellular heterogeneity [1, 2]. The plasticity of adult stem cells
asymmetric division, and have the capacity for self-renewal. shows the lineage determination of a differentiating stem cell
Adult stem cells exist in kinds of organs, such as blood, small is flexible in respones to microenvironmental regenerative

cues [3]. In characterizing distinct subpopulations of skin
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epithelial cells, adult stem cells show remarkable heterogeneity
and plasticity under a particular physiological or pathological
condition [4, 5].

The epidermis functions as a protective barrier for
the body and is crucial in protecting against hostile
environment and retaining bodily fluids inside [6]. The
interfollicular epidermis (IFE) is the major component of the
epidermis, and it prevents microbial intrusion and external
environmental insults. The IFE is a stratified epithelium
in which proliferating cells are anchored to the basement
membrane closest to the dermis [7, 8]. The pilosebaceous
unit (PSU) is a prominent structure associated with the IFE.
The PSU exists important functions within the epidermis
that are mediated via its major components, including
infundibulum, isthmus, sebaceous glands and the hair
follicle [9]. The epidermis and its appendages developed
from multipotent embryonic progenitor keratinocytes,
which receive cues from their environment that instruct
them to commit to a certain differentiation programme and
generate a stratified epidermis, hair follicles or sebaceous
glands [10].The epidermis and its appendages are a highly
dynamic tissue that undergoes constant turnover during
normal steady-state conditions [11, 12]. Multiple stem
cell populations residing in autonomously maintained
compartments facilitate this task [4, 13]. Epidermal stem
cells (EpSCs) locate in different niches have their own
markers and functions [14]. IFESCs locate in the basal layer
of the IFE and replenish the basal layer; IFESCs express
high levels of p1 and a6 integrins, LRIG1 and MCSP [15,
16]. Hair follicle SCs (HFSCs) reside in bulge and possess
specific bulge markers, including CD34, LGRS, Sox9 and so
on; HFSCs maintain the hair lineages [14, 17]. Additionally,
sebaceous gland SCs give rise to differentiated sebocytes
[18]. EpSCs have been studied for possible proliferative
potential since the 1970 s to form stratified squamous
epithelium with more advanced keratinisation by epithelial
cells from human skin biopsies [19]. Subsequently, cellular
heterogeneity defined by marker expression, cell division
rate and ultrastructure, has been studied both in IFE and
PSU [4].

The epidermis and its appendages receive daily assaults,
such as harmful ultraviolet radiation from the sun, scratches
and wounds. It confronts these attacks by undergoing
continual self-renewal to repair damaged tissue and replace
aged cells [10]. In response to injury, different stem cell
populations exhibit functionally flexibility. Upon injury, both
HFSCs and IFESCs near the wound site mobilize toward
it for reepithelializing the wound bed and restoring the
barrier [20-22]. Once HFSCs and IFESCs are recruited to
the IFE, they progressively lose their initial identity and are
reprogrammed to an IFE fate [20]. However, the molecular
mechanisms underlying this plasticity are still not clear. In a
compared chromatin profiles of injured IFE and homeostatic

HFSCs and IFESCs, both IFESC (KIf5) and HFSC (Sox9)
transcription factors are enriched in the open chromatin
regions of injured IFE, which indicate injured IFE get a hybrid
signature [23]. Beside, HFSCs mobilize and re-epithelialize
the injured skin, most HFSC transcription factors will be
silence but Sox9, which remains active until the wound heals
[24]. Moreover, several studies have reported differentiated
suprabasal epidermal cells are able to revert back to a stem
cell state when injured [25, 26].1t is noteworthy that the
wound size can influence cellular plasticity. De novo hair
follicle formation is present in large wounds rather than small
wound. Lineage tracing demonstrated these de novo hair
follicles do not originate from HFSCs but from IFE cells [27].

The most common type of skin cancer is basal cell carci-
noma (BCC), which arises from the deregulated Hedgehog
signaling [28]. BCCs can arise from multiple stem cell popu-
lations, including the hair follicle bulge and the IFE [29].
The originating cells of BCC can influence the subtypes of
BCC that develops, and can also affect the likelihood that
a tumor will form [30]. Whereas inappropriate activation
Hedgehog signaling is associated with the formation of
BCC, deregulated WNT signaling is detected in different
epidermal tumor types. In humans, activating mutations in
[B-catenin have been found in pilomatricomas and trichofol-
liculomas [31].

The stem cells located in IFE and PSU exhibit exten-
sive heterogeneity under homeostasis condition, and highly
plasticity during wound healing and tumorigenesis. In this
Review, we discuss stem cell feature and behavior during
normal tissue homeostasis, wound healing and tumor devel-
opment within the epidermis. We provide an up-to-date view
of the stem cells in epidermis, encompassing the heterogene-
ity and plasticity of multiple discrete stem cell populations
in PSU that are strongly influenced by external cues to main-
tain their identity and function.

Cellular Heterogeneity and Plasticity
of Epidermis

The Specific Populations of Interfollicular Epidermis
and Hair Follicles

Skin is the largest organ in the body, which includes epi-
dermis, underlying dermis and adipose layer [32]. The epi-
dermis consists of interfollicular epidermis (IFE) and its
derivative appendages, including hair follicles, sebaceous
glands, sweat glands [33]. The multi-tasking stratified epi-
dermis, as the skin barrier, plays a pivotal role in protect-
ing organism against environment assaults, preventing the
water loss, regulating the temperature and so on [34]. The
keratinized stratified epidermis is composed of four lay-
ers, including basal layer (Keratin5/Keratin14™"), spinous
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layer (Keratinl/Keratin107"), granular layer (Involucrin™,
Transglutaminase®) and cornified layer (Filaggrin™,
Loricrin*) [35] (Fig. 1a). The renewal of epidermis
depends on the cell division in the deepest basal layers [36,
37]. Afterwards the cells move up to the spinous layers,
granular layers and cornified layers successively, and with
the changing of cell morphological characteristics from
lower layers to upper layers [38]. Under normal conditions,
epidermal stem cells differentiated into keratinocytes that
are shed from epithelial surface constantly. And the ageing
or damaged keratinocytes would be replaced by new cells
at a certain rate [39]. Single-cell RNA sequence (scRNA-
seq) analysis uncovered the transcriptional diversity and
complexity in the skin epithelial cells and highlighted how
epidermal cells were tuned to ensure homeostasis. The
first single-cell mapping of mouse 1,422 epidermal cells
identified 25 populations, including 5 subpopulations from
IFE, and revealed that differentiation and spatial signa-
tures of these populations could assure tissue homeosta-
sis [40]. Human studies of 92,889 epidermal cells from 9
normal and 3 inflamed skin samples showed stereotyped
keratinocyte subpopulations exhibited a distinct composi-
tion at different anatomic sites. In keratinocytes, 12 % of
transcripts differentially expressed between stereotyped
patterns, revealing undescribed gene expression programs
governing epidermal homeostasis [41]. Through scRNA-
seq of follicle-enriched fractions of human skin, the tran-
scriptional signatures of 23 primary cell clusters and line-
age trajectory of epidermal and follicular cell progenitors
were characterized [42].

In addition, hair follicles also possess simple structure and
different stem cell populations, which provide an excellent
model to study cellular heterogeneity and plasticity. Hair fol-
licles harbor a permanent bulge region and undergo a cyclic
regeneration through anagen, catagen and telogen [43, 44]. Hair
follicles consists of hair germ (Glil*, Lgr5™), bulge (Krt15*,
CD34*, Legr5* (lower portion)), isthmus (Lgr6*, Blimp1™), seba-
ceous gland (Lgr6™, Blimp1™) and infundibulum from bottom
to top. The junctional zone (JZ) refers to the sebaceous gland
and upper isthmus that is contiguous to infundibulum [4]. The
location and distribution of hair follicle stem cells are showed
in Fig. 1c. Furthermore, scRNA-seq and single-molecule RNA
FISH analysis landscaped a systematic molecular atlas and iden-
tified 56 subpopulations associated with epithelial and stromal
cells during telogen and anagen in hair follicles, unveiling the
transcriptional dynamics of hair follicles during homeostasis
[45].

The Heterogeneity of Interfollicular Epidermis
and Hair Follicles

The epidermal stem cells (EpSCs) and progenitor cells show
excellent heterogeneity during homeostasis and wound
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healing. The stratum basale contains two mainly cell popu-
lations, including long-lived stem cells and ‘transit ampli-
fying’ progenitor cells, which raises the research boom for
decades [16, 46-48].

Three stochastic and incompatible cell-proliferation
models have been used to illustrate epidermal self-renewal,
including the single-progenitor (SP) model, stem cell-com-
mitted progenitor (SC-CP) model and two stem-cell (2xSC)
model (Fig. 1b) [49]. SP model is the simplest model to
describe the cellular proliferation in the basal layer.

In SP model, either inducible genetic labelling assay or
clone-size distribution analysis supported that the progeni-
tors were capable to produce proliferating cells and differ-
entiating cells equally during homeostasis. However, during
wound healing, the progenitor cells were biased to generate
proliferating daughters excessively rather than slow cycling
stem cells, suggesting that the progenitor cells played a key
role in tissue repair [46, 49, 50]. The stem cell-committed
progenitor (SC-CP) model showed that slow cycling stem
cells produced stem cells and progenitors, and the latter pre-
ferred to differentiate so the renewal of stem cells is essential
for epidermal maintenance [16, 51]. Mascré et al. suggested
that during the wound healing, the stem cells contributed
to reconstruct epidermis but committed progenitors played
a limited role [16]. In addition, 2xSC model shows another
way to expound homeostasis. Basal epidermal cells contain
two types of stem cells, called slow-cycling stem cells and
rapidly-dividing stem cells and both of them participate in
maintaining homeostasis. The slow-cycling stem cells were
known as label-retaining cells (LRCs) while rapidly-dividing
stem cells were called non-LRC cells. The LRCs and non-
LRCs represented two different stem cell populations and
exhibited different patterns of proliferation and differentia-
tion via lineage tracing assay. During homeostasis, two types
of stem cells had distinct territories while they replenished
each other during skin wounding [48].

Of note, scRNA-seq analysis unveiled the transcriptional
states of human and murine epidermis in detail, enhancing
our understanding of heterogenous epidermis in homeosta-
sis and wound healing [52-54]. It was found that the basal
cells harbor two distinct subpopulations transcriptionally,
calling IFE B1 and IFE B2. Both of them express Krt14/
Krt5 at high levels while IFE B1 subpopulations also highly
express Avpil, Krt16, Thbsl, Bhlhe40 additionally, fur-
ther illustrating the diversity of interfollicular epidermis
in mice [40]. Furthermore, in applying scRNA-seq with
other related analysis, it was reported that the mouse epi-
dermal basal cells exhibited four basal cell states, including
Col17a*/Trp63*,Fos™, Cdknla®™ and Mki67" states during
homeostasis. The Col 17a*/Trp63™ state stood for prolifera-
tive states while Fos*, Cdknla*, Mki67™ states represented
non-proliferative states. These four states were spatially
partitioned and showed highly plasticity during wound
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Fig.1 a The epidermis is a stratified structure that is composed of
the basal cell layer and the underneath basement membrane, spinous
layers, granular layers and stratum corneum layers. b Three sto-
chastic and incompatible cell-proliferation models have been used
to illustrate epidermal self-renewal, including the single-progenitor
(SP) model, two stem-cell (2xSC) model and stem cell-committed
progenitor (SC-CP) model. ¢ The heterogeneity of stem cells in hair
follicle. The hair follicle stem cells in junctional zone (J-Z) express
Lrigl. Stem cell in isthmus express Lgr6. Stem cell in bulge (Bu)
area express CD34 and Keratinl5 (K15). Stem cells in lower bulge
and hair germ express Lgr5, and Shh is uniquely expressed in hair
germ. Hair follicle stem cells showed excellent plasticity during
skin wounding. Shh+ hair germ cells could contribute to form new
epidermis, and the progeny of Shh+ cells could survive in new epi-
dermis over 16 weeks post wounding. K15+ bulge cells could con-
tribute to both new epidermis and hair follicle within the wound.
While only a minority of K15+ cell progeny remained at the 50th

A
Trichoadenomas

Skin wound
Ap-catin Lgré+ cells ASmo in K15+ cells

A
Dermatofibroma

day post wound (Short-live hair follicle cell progeny, S-HFP). Both
the Lgr5+ cells and Lgr6+ cells progeny contribute to from new
epidermis and their progeny could been detected in new hair folli-
cle within wound. And the progeny of both Lgr5+ and Lgr6+ folli-
cular cells could been detected after 100 days post wound (Long-live
hair follicle cell progeny, L-HFP). SG, sebaceous gland; DP, dermal
papilla. d Compartmentalization of hair follicle stem cells underlies
different responses to oncogene and skin tumor heterogeneity. Onco-
genic P-catenin expression in Lgr5+ cells led to formation of pilo-
matricomas, while Lrigl+ cells formed trichoadenomas and Lgr6+
cells formed dermatofibromas. Expression of an activated form of
Smoothened (SmoM2), a mediator of Hedgehog (Hh) signaling, by
K15+ bulge does not produce basal cell carcinomas (BCCs). How-
ever, wounding induces these cells from the follicle to the wound site,
where downstream Hh signal transduction is derepressed, and giving
rise to superficial BCC-like tumors. Ap-cat, active form of p-catenin;
ASmo, active form of Smothened
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re-epithelialization [53]. SCRNA-seq analysis of human IFE
uncovered the four specific stem cell populations spatially in
the basal stem cells, supporting the multi-stem cells transi-
tion model rather than SP model during homeostasis [54].
More specific genes or key regulatory mechanisms during
wound healing remains to be illustrated in further studies.

Hair follicles harbor extensive heterogeneity in pilose-
baceous unit, which contains infundibulum, isthmus, seba-
ceous gland, bulge and hair germ [4]. Using K14-H2BGFP
mice to mark label-retaining cells (LRCs),Elaine Fuchs
et al. proved that the majority of LRCs were CD34" bulge
stem cells [17, 55]. And recent data demonstrated that the
periphery of the placode basal layer was the source of bulge
stem cells [56]. However, it was found that quiescent bulge
stem cells do not directly give rise to ‘transit amplifying’
(TA) cells, namely matrix cells, but generate Lgr5* progeni-
tor cells located in the hair germ. Subsequently the Lgr5*
populations divide into TA cells, which further differenti-
ate and migrate to form inner root sheath (IRS) and hair
shaft [57-59]. Furthermore, Lgr5+ cells, which refers to
a population of lower bulge and hair germ in telogen and
outer root sheath (ORS) in anagen, could give rise to all
linage cells during hair cycle and form new hair follicles.
Importantly, Lgr5* lineage tracing cells could repopulate the
compartments like CD34" bulge stem cells [60]. Also, the
study determined that the cultured CD34% bulge cells could
repopulate the entire hair follicles ex vivo after transplan-
tation [17, 55, 61]. Cultured CD34* bulge cells promoted
new hair formation at the site of transplantation and gen-
erated cells in epidermis, ORS, IRS and sebaceous glands
appeared to possess functional SCs [55]. In addition, cul-
tured bulge-derived stem cells which containing about 70 %
CD34™ cells differentiated into vascular endothelial cells,
epidermal cells, and ORS cells of HF after transplantion
[61]. Compared with other SCs, cultured CD34" bulge cells
have differentially expressed genes mainly related with cell
adhesion/extracellular matrix, cytoskeleton. This suggests
CD34* bulge cells maybe more suitable to differentiate and
migrate during wound repair or upon activation of the hair
cycle [55].

Lgr6* cells,which refer to the majority of isthmus, seba-
ceous gland and interfollicular epidermis, play an important
role in maintaining homeostasis of upper hair follicles. The
Lgr6+ progenitor cells renewed themselves by population
asymmetry within each compartment of upper hair follicles,
ensuring homeostasis. However, the transcriptomics eluci-
dated that Lgr6™ cells had no difference with Lgr6~ cells in
gene expression signature [62]. Lgr6* expression is inter-
related with nerve endings/Schwann cells and the Schwann
cells were degenerated following the disappear of Lgr6™*
cells [63].

Extensive heterogeneity of human and mouse hair folli-
cles is revealed by several scRNA-seq analysis. It landscaped
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the molecular signatures and heterogeneous states of dif-
ferent hair follicle populations [40, 42]. In general, recent
researches open new avenues for us to deepen understanding
of hair follicle heterogeneities and push the field of stem cell
biology forward.

The Plasticity of Interfollicular Epidermis

Epidermal stem cells and progenitor cells play a central role
during the wound healing and tissue regeneration [64]. As
early as the 20th century, how the epidermal cells migrate
to the wound site have remained great controversies [65],
which mainly contains two re-epithelialization mechanisms,
a ‘wavefront’ model and a ‘leapfrog’ model [66]. A ‘wave-
front’ model exhibited that basal progenitors could migrate
to wound bed and reconstruct epidermis [67] while a ‘leap-
frog’ model illustrated that the differentiated cells could
leave base membrane and de-differentiate to promote the
re-organization of epidermis [68, 69]. The epithelial cells of
skin have long been deemed to lack of the de-differentiated
capacity, and recent researches reinforce the ‘wavefront’
model [70, 71]. Unexpectedly, the skin epithelial cells have
unparalleled plasticity in response to injury. And Giacomo
Donati et al. opened up new avenues for de-differentiation
of committed cells in the epidermis. Correspondingly, they
illustrated that differentiated Gata6* sebaceous duct cells
involved proliferation and migration during wound healing
and reverted to reattach the base membrane. The process
promoted the regeneration of IFE, which reinforcing the re-
epithelialization mechanism of a ‘leapfrog’ model. Subse-
quently, their lab also showed that Blimp1* cells exhibited
similar de-differentiation potential in response to injury [72].
Of note, these works resolve the debates that whether dif-
ferentiated cells could contribute to epidermal repair and
promote for further investigation about the mechanism of
de-differentiation in skin repair [72]. Noteworthy, it was
found that Col17a+ populations in basal layer and SP1 pop-
ulations in spinous layer showed faster dynamics in wound
site via RNA velocity analysis. It revealed the possibility of
interconversion between basal cells and spinor cells, which
extend the plasticity of interfollicular epidermis [72].
Additionally, it was reported that de-differentiation may
be relevant to inflammatory response, since the crosstalk
between immunity and stem cells made contributions to
reestablish epidermis during wound healing [73]. Wound
healing begins with an inflammatory phase when mac-
rophages and neutrophils are the first involved. Secreted
inflammatory mediators regulate the migration, prolifera-
tion, and differentiation of epidermal stem cells. IL1 pro-
duced by keratinocytes, neutrophils, and macrophages
regulates epidermal stem cells via the caspase 8 signaling
pathway [74]. Absent Aim?2 and its downstream effector,
caspase 1 and IL-1p, enhances the migration of epidermal
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stem cells and accelerates epithelialization [75]. TNF-a
induces AKT phosphorylation in epidermal stem cells, and
AKT signals activate downstream p-catenin signalling [76].
Besides, the TNFR1-dependent and -independent apoptosis
affects the epidermal differentiation [77]. Of note, Th/1/Th2
cytokine modulation of CXCR?2 expression correlates with
proliferation of epidermal keratinocytes [78].

Although the phenomenon of de-differentiation had been
reported, some problems are needed for further study con-
clusively and directly. For instance, whether other differenti-
ated populations could de-differentiate into epidermal stem
cells? Whether the de-differentiated-derived cells play a key
role for lineage differentiation and wound healing? What’s
the specific mechanisms to regulate de-differentiation and
how to raise efficiency of de-differentiation? Further lineage
tracing studies in combination with single cell transcriptome
will provide more evidence to cellular differentiaiton in vivo
and explore its mechanism conclusively. To summarize, the
de-differentiation in skin has shed light on a novel strategy
to understand how the epidermal cells restore homeostasis
based on the cellular plasticity.

The Plasticity of Hair Follicles

The diversity of hair follicle subpopulations has been wildly
studied via the isolated assay, yet in the context of injury,
the hair follicle stem cells (HFSCs) exhibited remarkable
plasticity. The technical developments such as sScRNA-seq
analysis, genetic lineage tracing systems, intravital micros-
copy systems and photon-ablation assay have been deepened
our understanding of cellular plasticity in the hair follicles
[52,79].

During the homeostasis, hair follicle niches are often
compartmentalized as well as heterogeneous. However,
when the niches are damaged, HFSCs would been re-shuf-
fled anatomically and functionally, which could replenish
all epidermal cells [20, 72, 80—82]. Specifically, when the
epidermis suffered injury, the Krt15" bulge stem cells served
as ‘transient amplifying’ cells to replace the missing epider-
mis rapidly, but over time, Krt15% progeny was eliminated
and made limit contribution to wound-induced hair folli-
cle neogenesis (WIHN) (Krt15* progeny persisted in less
than 3 % nascent hair follicle in the WIHN) [20, 27, 73, 83].
Moreover, Vered Levy et al. increased the understanding of
the re-epithelialization during injury. In vivo lineage trac-
ing assay utilizing Shh-cre and Krt15-cre mice illustrated
that both Krt15+ and Shh* progeny could replace epidermal
stem cells after wounding, however, Shh* progeny remained
in the epidermis for months rather than K15% progeny [20,
22]. In addition, Zhu et al. showed that isolated CD34% skin
cells could regenerate hair follicle and sebaceous ex vivo
[84]. Intriguingly, other stem cells in hair follicle, such as
Glil* [85], Sox9* [86], Lgr5* and Lgr6™ cells [52], played

a role in wound repair and their progenies remained in epi-
dermis for a period of time upon wounding (Fig. 1c), in
which Lgr6™ cell progeny existed for a long time when par-
ticipating the re-epithelialization, coupled with contributing
to the formation of new hair follicles in wound. And over
100 days post wounding (dpw), Lgr6* progeny accounted
for 10 % of nascent hair follicles during WIHN [87]. Huang
et al. discovered that Lgr6™ epidermal stem cells exhibited
a pronounced response during the initial stages of wound
re-epithelialization and interacted with nerves essentially
to regulate their fate during wound healing [79]. Lough
et al. also determined that Lgr6+ cells promoted re-epithe-
lialization and hair follicle regeneration after transplanta-
tion into wound bed of nude mice [88]. What’s more, wang
et al. reported that Lgr5* progeny contributed to regenerate
epidermis and WIHN, and 40 % nascent hair follicle con-
tained Lgr5* progeny [76]. Lineage tracing revealed that
Lgr5* progeny migrated out of the HFs and repopulated the
infundibular area; Additionally, keratinocytes originating
from Lgr5+ progeny integrated into the the newly formed
wound epidermis [82, 89]. Intriguingly, according to sin-
gle-cell transcriptomics, comparative works between Lgr5+
and Lgr6+ progeny cells were performed to illustrate their
molecular heterogeneity and transcriptomic convergence in
the context of wound environment. During injury, Lgr5+
lineage tracing cells elevated the gene expression that related
to IFE-like signatures but decreasing the bulge related genes
within 1 day. However, Lgr6* progeny exhibited distinct
transcriptional states that had already received the wound
signals in the normal healthy skin [52]. Sixia Huang et al.
elicited that Lgr6* cells contributed to re-epithelialization
depend on the perineural stem cell niche by transgenic-abla-
tion assay [79] and Glil™ cells showed similar results [85].

Conversely, recent studies had suggested that when the
bulge or hair germ region were ablated by laser, they wound
be repopulated to recover the niche. In addition, laser abla-
tion assay suggested that the hair germ and bulge cells were
not essential for hair follicle regeneration [90]. Intriguingly,
both the bulge stem cells and hair germ cells could inter-
convert into each other after ablation. Besides, the popula-
tions of junctional zone would repopulate bulge cells after
laser ablation [90, 91]. Moreover, after ablation of Lgr5*
hair germ stem cells, CD34" bulge stem cells recover the
Lgr5+ cells via inflammatory response and Wnt signaling
[92]. Besides, IL-1, IL-17, and TNF, promote hair follicle
neogenesis and epithelialization in wound healing [74, 76,
93]. Recent study showed Treg-cell control of a CXCLS5-
IL-17 inflammatory axis promoted migration and differen-
tiation of Lgr5™ hair follicle stem cells in epithelialization
[94]. Intriguingly, although some advanced technologies
have been used for the study, the regulatory mechanisms
involved the plasticity is a yet-unaddressed question and
needs for further investigation.
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Cellular Plasticity and Related Oncogenes
in Skin Tumorigenesis

Oncogenic B-catenin in Skin Benign Tumorigenesis

Benign follicular tumors in skin share heterogenous
characteristics, which show similar portions in normal hair
follicles histologically. Thus, the classification of benign
follicular tumors is based on the microscopic similarities
between the normal hair follicles and neoplasm. The
benign follicular tumors are heterogenous, including
trichoadenoma, trichoblastoma, pilomatricoma [95],
trichofolliculoma, etc [96]. Several benign follicular tumors
are induced by the continuous activation of oncogenic
B-catenin. Recent studies revealed heterogeneities of
follicular stem cells during tumorigenesis, as the activation
of p-catenin in different follicular populations gave rise
to heterogenous benign tumors. Continuous activation of
B-catenin in Krtl14* cells gave rise to follicular tumors
that were similar to human trichofolliculomas and
pilomatricomas [28, 97]. However, continuous activation
of oncogenic P-catenin in Lgr5+4 cells gave rise to
pilomatricomas, while oncogenic f-catenin in Lgr6+ cells
led to format dermatofibromas, and oncogenic p-catenin
in Lrigl+ cells develop into trichoadenomas [98]. The
activation P-catenin under the Krtl5 promoter made no
contributions to form neoplasm even with the upregulation
of Wnt targeted genes, whereas continuous activation of
B-catenin via AKS promoters developed benign tumors
[99]. Therefore, different hair follicle populations displayed
different sensitivities upon activated p-catenin related
benign tumors. However, human sebaceous tumors harbor
Lefl mutation, failing to bind the B-catenin site, which
associated with inactive Wnt signals [100]. Furthermore,
lacking the p-catenin binding site, the overexpression of
DeltaNLef1 transgenic mice via Krt14 promoter gave rise
to sebaceous tumors and exhibited sebaceous differentiation
[101]. Additionally, knockout pB-catenin in Krt14+ cells
elicited the loss of cancer stem cells and regression of
papillomas [102].

Conclusively, activating oncogenic f-catenin in
different follicular stem cells develop into different types
of tumors. Follicular tumors are occurred depending
on the variant sensitivity to oncogenes of different hair
follicle populations. And most of neoplasm exhibits
activation of p-catenin, there’s some evidence that the
tumors prefer to occur in the scalp since most of human
scalp hair follicles are under anagen stage [96], which
shows highly activation of B-catenin. The effect of
oncogenes on different hair cycle stage is an interesting
topic for further exploration.
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The Cellular Plasticity in BCC and SCC

The three main types of skin cancer are basal cell carci-
noma (BCC), cutaneous squamous cell carcinoma (SCC)
and melanoma, which occupy with the most of skin can-
cers and differ in many ways [103]. It has shown that BCC
is occurred more widespread than SCC [104]. Both BCC
and SCC are derived from the cells that residing in skin
interfollicular epidermis and hair follicles, thus sharing the
comparable origins [89, 105, 106]. Generally, BCC shows
the mutation of Patched (PTCH) and Smoothened (SMO),
which relate to Hedgehog signaling pathway [4, 105], how-
ever, SCC is more likely to display the mutation of p53 and
RAS [33, 107].

In addition, emerging evidences supported that the com-
mitted cells could reserve as tumor-initiating cells via direct
reprogramming [108]. For instance, during wound, differ-
entiated cells in IFE promoted the initiation of papillomas
following the activation of MEK [109]. And the differenti-
ated cells could turn into tumor-initiating cells when the
mutations of H Ras were induced under the control of K10
promoter, whose expression were restricted to IFE cells,
and the formation of papillomas were observed without
experimental second ‘hit’ after wounding [110]. Also, it
was reported that BCC was induced by the activation of
Smoothened mutant (SmoM?2) in Krt14+ the basal cells,
which conversed tumor initiating cells to embryonic HF pro-
genitors and promoted the expression of embryonic genes
via reprogramming [111]. Meanwhile, Wnt/B-catenin signal-
ing pathway was activated speedily and the loss of B-catenin
restrained the reprogramming and tumor initiation [111].

Therefore, cellular plasticity may play an important role
in initiating BCC and SCC and further studies will be done
to illustrate what types of cells could dedifferentiate to accel-
erate the tumor regrowth after therapy.

The Heterogenous Origin of BCC and SCC

The constitutive activation of Hedgehog (HH) signaling
develops BCCs whose are thought to be highly invasive
under certain circumstances [112]. Several methods are
used to establish BCC models in mouse epidermis, which
achieved by losing of patch functions [113] or by motivating
the expression of Smoothened mutation (SmoM?2) that served
as an oncogene [114], or through increasing the levels of
Glil [115] and Gli2 [116].

Primarily, PTCH-induced BCCs shared diverse origins in
mouse epidermis. The topical administration of retinoic acid
in Krt6a-Cre:Ptch1™°"° mice, which showed that the Cre
expression and ptch loss were restricted in IFE and infun-
dibulum, developed the BCC formation, indicating that BCC
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was derived from IFE cells after PTCH deletion [117]. The
bulge stem cells exhibited highly self-renewal capacity in the
radiation-driven BCCs in ptc1 "°®”* mice, implicating that
bulge stem cells may be the source of PTCH-induced BCCs
[118]. Likewise, lineage tracing assay suggested that X-ray
driven BCCs in Ptch1(+/-) mice could initiate from Krt15%
bulge stem cells [119].

Whereas, clonal analysis indicated that SmoM?2-induced
BCCs were derived from long-lived stem cells and/or pro-
genitors that existing in interfollicular epidermis and the
upper infundibulum [31, 51]. Intriguingly, Sunny Y et al.
illustrated that during homeostasis, activating the expres-
sion of Smo via the Krt15 promoter does not form BCCs.
However, Krt15" tracing cells would be recruit to the wound
side and these cells contributed to the initiation of BCCs,
which made a connection between wound and cancer [120].
It was speculated that bulge stem cells migrated to IFE and
got IFE fate, developing into the BCCs upon HH signaling.
Of note, Ptch1+/-; K14CreER2; p53ﬂ/ ! mice showed highly
efficiency in initiating BCCs than Ptch1+/-; K15CrePR1;
p53"" mice after administration of tamoxifen and RU-486
respectively [119].

In general, inactivated PTCH-induced BCCs originate
preferentially from HFSCs [89, 119], while SmoM2-induced
BCCs mainly arise in the IFE and upper infundibulum [31,
120]. Besides, increasing evidence unveiled the touch domes
that resided in IFE is served as “hot spots” to promote the
formation of BCCs [121, 122]. In addition, cutaneous nerve-
derived Shh is required for the renewal of touch domes stem
cells in the epidermis [121, 123].

Typically, the two-step methods are applied to develop
SCC, in which mice are treated with DMBA for one time to
serve as a tumor initiator, which induce the mutation of H
Ras, subsequently, the mice are treated with TPA repeatedly
to serve as a tumor promoter [33]. Whole-exome sequencing
analysis uncovered that DMBA/TPA induced SCCs harbor
recurrent mutations of RAS gene, such as Hras, Kras, Rras2
and so on [124].

SCCs exhibit squamous differentiation morphologically,
indicating that SCCs may drive from the cells IFE cells
[125]. What’s more, DMBA treatment for one time and after
one year, TPA administration still could initiate papillomas,
suggesting that the mutation of H Ras originated from long-
lived stem cells [126-128].

The KRAS mutations were triggered under the control
of various promoters, such as Krt19, Krt15 and involucrin,
leading to form papillomas [129], and furthermore, the loss
of p53 in the context of KRAS mutation could develop into
invasive SCCs [130]. And combined Ras mutation with
NOTCH1/2 and CDKN1 mutants played a key role in trig-
gering SCC formation [131]. These studies suggested that
the formation of tumor initiating cells depend on the genetic
lesion rather than on the targeted follicular stem cells [130].

Intriguingly, injury is implicated in developing epithelial
tumors under the condition of activated RAS signals. Fol-
lowing wounding, the tumors were induced by activated
SOS, RAS activator, via the Krt5 promoter [132]. Mean-
while, when the HRAS was activated by the promoter that
activated in suprabasal IFE cells, tumors were restricted to
the wound [110, 133], while the expression of HRAS using
a K5 promoter, papilloma and SCCs were triggered spon-
taneously [134]. Additionally, mice were more sensitive to
develop SCC when carrying gene mutation [135, 136]. The
same mutations were occurred in different populations caus-
ing different types of SCCs, while the SCCs derived from
IFE exhibited well-differentiated states and SCCs originated
from hair follicle stem cells had the potential to promote
tumor metastasis [137]. Thus, the development of epithelial
tumors depends on both intrinsic oncogene insult and extrin-
sic environment. Cellular origin and it related oncogenes in
contributing to different skin tumors are showed in Table 1.

Conclusion

Over several decades, a number of models have been pro-
posed to explain epidermal maintenance. These models
range from the existence of a single common multipotent
stem cell population to no apparent stem cells at all. Stem
cell hierarchy models adapted from the hematopoietic sys-
tem have been used to explain tissue maintenance in most
tissues. However, such models are not necessarily suitable
for cell turnover in a spatially restricted environment such as
the epithelia. Recent evidence provides a more comprehen-
sive view which support multiple discrete stem cell popu-
lations with restricted lineage potential under homeostatic
conditions serve to maintain specific compartments within
the epidermis. The compartmentalization model was origi-
nally proposed within the epithelium of the mammary gland,
where the luminal and basal cell compartments are main-
tained as independent entities [138]. The molecular feature
and function of different stem cells in different compartment
with PSU are welly established, while the interaction and
relationship between these heterogeneous stem cells, dur-
ing both homeostasis and tissue damage, still need further
exploration. The further interpretation of hair follicle stem
cell properties, also their interaction with microenviron-
ment, will be helpful for developing new strategies to treat
hair follicle related disease, such as androgenic alopecia and
alopecia areata.

A better understanding of how the microenvironment
direct stem cell dynamics and tissue compartmentalization
will be important for detecting the specific factors that con-
trol stem cell property and behavior. For example, interac-
tions between the dermis and epidermis in skin are integral
for homeostasis and for the proper expression of stem cell
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Table 1 Cellular origin and it related oncogenes in contributing to different skin tumors

Tumor types Mutant genes The contributed cells for tumors References
Trichofolliculomas/papillomatricomas fB-catenin Krt 147 cells [6,72]
Pilomatricomas f-catenin Lgr5* cells [73]
Dermatofibromas f-catenin Lgr6™* cells [73]
Trichoadenomas B-catenin Lrigl* cells [73]
No tumor B-catenin Krt15% cells [74]
Sebaceous tumors Lefl Krt14* cells [75, 76]
Basal cell carcinoma(BCC) Patched IFE cells/bulge stem cells(major contribution) [80, 93-95]
BCC Smoothened IFE cells [9, 96]
BCC Smoothened (in the con-  Krt15% bulge stem cells [96]

text of wound)
Papillomas KRAS Krt19*, Krt15% and Involucrin™ cells [105]
Invasive squamous cell carcinoma (SCC) P53 and KRAS -- [106]
SCC (DMBA-TPA method) HRAS Long-lived stem cells [102-104]
Papilloma and SCC HRAS Krt57 cells [110]

markers within the PSU [63, 85]. However, the complex-
ity of epidermal stem cells interaction with their niche is
only starting to be revealed. Recent evidence suggests that
the cells in dermis is highly heterogeneous and contains
multiple distinct lineages [139]. Dermal stem cells, mainly
dermal papilla or skin-derived precursors, are recruited for
hair follicle formation during re-epithelialisation [139-141].
Dermal transcriptional repressor Blimp1 is a key mediator
of epidermal TGFp and Wnt/B-catenin signaling to regulate
hair follicle formation and growth [142].

Subsequently, sc-RNA seq revealed differential BMP and
WNT signaling established compartmentalization of epithe-
lial-mesenchymal micro-niches [143]. Myofibroblasts and
their microenvironment are key factors for maintaining skin
homeostasis. Although myofibroblasts have a limited role
in the re-epithelialization process, they can promote matrix
proteins synthesis to induce the faster wound contraction
[144-146]. Future explorations are desired and which will
shed light on the reciprocal relationship between the cells
in epidermis and dermis that control stem cell characteris-
tics and behavior, and how skin tissue compartmentalization
relates to health and disease.

Plasticity is the hallmark of epidermal stem cells, even
embryonic epithelial cells are sensitive to the mesenchyme
to which they are exposed. When contacted with mesen-
chyme tissue from chick wing, epidermis from the leg
produces feathers, by contrast, mesenchyme from leg can
prompt wing epidermis to make scales. The special features
of cellular plasticity seem to be lost in most cells of major-
ity of tissues as development proceeds, but stem cells of the
skin seem retain this valuable potential. If bulge stem cells
exposed to corneal mesenchyme and produce cornea, they
could be used to treat certain types of blindness. Other pos-
sible uses for bulge stem cells might be in treating chronic
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ulcers or hair disorders. While the lose of hair follicle regen-
erating potential hair follicle stem cells during culturing
impede their clinical application to hair disorder. However,
the potential of cultured basal epidermal keratinocytes has
already been realized to treat burns patients [147]. Thus, the
level of plasticity afforded epidermal stem cells is becoming
increasingly important as their valuable potential in regen-
erative medicine continue to be explored.

The stem cells in IFE and hair follicles exhibit extensive
heterogeneity and plasticity in homeostasis, wound heal-
ing and tumorigenesis, which provides an excellent model
to study stem cell biology for decades. New technological
development including scRNA-seq and ATAC seq deepen
our understanding of heterogeneity and plasticity of stem
cells. Numerous studies have unveiled the complexity of the
skin epidermis in different states. Sc-RNA seq analysis will
landscape more detail classification of the heterogeneity in
IFE, hair follicles and tumorigenesis, and open new avenues
for dynamic stem cells behaviors.

Cells are capable to change their fate through lineage
plasticity, including dedifferentiation and interconversion,
whereas, how these cells collaborate to restore homeosta-
sis? And what are the specific mechanisms to regulate the
plasticity in skin epithelial cells? In addition, it’s clear that,
scRNA-seq analysis showed similar characteristics in tran-
scriptome and chromatin accessibility between the cells in
wound and cancer, but how the cells orchestrate the process
of wound healing or cancer initiation? Overall,reciprocal
relationships between cellular states and cellular types in
diverse skin epithelial cells remain for further investigation.

Abbreviations IFE: interfollicular epidermis; scRNA-seq: single-
cell RNA sequence; EpSCs: epidermal stem cells; IRS: inner root
sheath; ORS: outer root sheath; HFSCs: hair follicle stem cells;
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WIHN: wound-induced hair follicle neogenesis; BCC: basal cell car-
cinoma; SCC: squamous cell carcinoma; PSU: pilosebaceous unit;
JZ: junctional zone; SP: single-progenitor; SC-CP: stem cell-com-
mitted progenitor; 2xSC: two stem-cell; LRCs: label-retaining cells;
TA: transit amplifying; S-HFP: Short-live hair follicle cell progeny;
L-HFP: Long-live hair follicle cell progeny; SG: sebaceous gland;
DP: dermal papilla
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