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Abstract

Hair follicles are skin appendages of the mammalian skin that have the ability to periodically and
stereotypically regenerate in order to continuously produce new hair over our lifetime. The ability
of the hair follicle to regenerate is due to the presence of stem cells that along with other cell
populations and non-cellular components, including molecular signals and extracellular material,
make up a niche microenvironment. Mounting evidence suggests that the niche is critical for
regulating stem cell behavior and thus the process of regeneration. Here we review the literature
concerning past and current studies that have utilized mouse genetic models, combined with other
approaches to dissect the molecular and cellular composition of the hair follicle niche. We also
discuss our current understanding of how stem cells operate within the niche during the process of
tissue regeneration and the factors that regulate their behavior.
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1. Introduction

Adult stem cells have the unique capacity to generate all the differentiated cell types within
the tissue, and to self-renew in order to replenish their pool. Due to these features, stem cells
can maintain and regenerate tissues both in homeostasis and after injury. Research in various
tissues suggests that regeneration largely depends on the interactions between stem cells and
the environment where they reside and operate [1,2]. The importance of the
microenvironment is highlighted by the fact that stem cells reside in topographically and
molecularly well-defined locations across different organs in the adult body [3-10]. These
specialized tissue compartments that host the stem cells and every other component
necessary for their function, including neighboring cell populations, molecular signals and
other extracellular components are commonly referred to as “niches” [11-13].
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The skin is the largest organ in the mammalian body and a tissue that is continuously
replenished throughout our lifetime. In the interfollicular epidermis (IFE), which constitutes
the outermost part of the skin, cells in contact with the basement membrane constantly
proliferate and differentiate while gradually being displaced to more superficial layers to
replace cells that are naturally being shed [14,15]. Thus, IFE is maintained uniformly
through a seemingly continuous regeneration process fueled by stem cells dispersed
throughout the basal IFE but the presence and the defined characteristics of an IFE niche is
subject to further research [11,16,17]. In contrast, skin appendages and other accessory
organs, including hair, nails, sebaceous and sweat glands have distinct niches and stem cells
that serve to maintain each respective skin compartment [10,18-21]. In particular, hair
follicles constitute an anatomically and molecularly well-defined stem cell niche. Typically
hair follicles regenerate in cyclic bouts consisting of growth, regression and rest phases that
collectively result in the production of a mature, fully-grown hair shaft that extends over the
surface of the skin [22]. The process of hair growth is stereotypical and elegantly
choreographed so that stem cells and differentiated cell types occupy distinct locations
within the niche, consistent with their particular role in hair growth. Taken together these
features make the hair follicle niche one of the most attractive and intensely studied systems
in mammalian stem cell biology.

While the molecular and cellular composition of the hair follicle stem cell niche is very well
characterized, understanding how all the niche elements work together to stereotypically and
physiologically regenerate a new hair is still a work in progress. Some of the lingering
questions include: 1) how stem cells are activated to commence a new regeneration cycle, 2)
how stem-cell fate and respective contribution to the regeneration program is determined
and 3) what are the dynamic cellular behaviors that lead to a properly regenerated hair? In
this report we will review the current literature and discuss our present understanding of
these fundamental questions.

2. Molecular and cellular composition of the hair follicle niche

The hair follicle undergoes dramatic morphological and molecular changes during the
different phases of the hair cycle, as stem cells in the niche become activated and proliferate
to generate a transiently amplified population that ultimately follows a differentiation
process to build the new hair shaft. In the following segments of this review and for reasons
of clarity we refer to the hair follicle niche at its minimal state during the resting phase of
the hair cycle (Telogen; Fig. 1), unless otherwise stated.

2.1 Bulge and hair germ

Within the hair follicle niche the first stem cell compartment to be identified was the bulge
(Fig. 1). Specifically, pulse-chase experiments using nucleotide analogs in young mice
revealed slow-cycling cell populations residing within the non-cycling, permanent portion of
the follicle [10]. These findings were later expanded with the use of a mouse genetic system
to pharmacologically control the expression of histone H2B linked to green fluorescent
protein (GFP), which allowed further molecular characterization of bulge stem cells [18].
Although the term “bulge” was first introduced to describe certain anatomical characteristics
in the developing human hair, the bulge is not always morphologically well-defined as a
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distinct cell compartment throughout the lifecycle of the hair follicle [23,24]. A more simple
definition of the bulge simply refers to the location within the hair follicle where stem cells
reside [25].

Since a universal marker that can indisputably identify stem cells in adult tissues is still
elusive, researchers have utilized an arsenal of molecular and cell-based assays to purify and
characterize bulge stem cells. Early experiments using micro-dissected rat whiskers showed
that bulge cells display high clonogenic capacity in vitro and multipotency in ex vivo
transplantation and grafting experiments [26,27]. Subsequently, the identification of bulge-
specific molecular markers led to a more detailed characterization of bulge stem cells
[18,28-30]. In vivo lineage tracing experiments showed that the progeny of Keratin 15
(K15) positive stem cells participated in all the epithelial lineages of the hair follicle in full
growth [31]. Furthermore, purification and subsequent transplantation of K15+/integrin a.6+
or CD34+/ integrin a6+ bulge cells, showed a contribution to all the epithelial skin layers
confirming their identity as hair follicle stem cells [31,32]. In addition to these markers,
bulge stem cells in the mouse hair follicle can also be identified based on the expression of
Krt19 [33,34], Lgr5[9,35] as well as the transcriptional factors Glil [36], Hopx [8], Lhx2
[37], Nfatcl [38], Sox9 [39] and Tcf3 [40] (Fig 1). Therefore, bulge stem cells can be
reliably identified and studied by their specific location within the hair follicle niche, their
slow cycling nature and their specific molecular profile.

For many years the bulge was considered the single most important epithelial cell pool,
required for hair regeneration [10,27,41]. The hair germ, which represents an anatomically
recognizable epithelial population situated below the bulge and in direct contact with a
specialized mesenchymal compartment called dermal papilla (DP) [42], was not considered
as a functionally distinct niche compartment (Fig. 1). However, it was later demonstrated
that the hair germ was indeed biochemically different from the bulge [30,43-45]. More
recent studies radically changed the bulge-centric view of the hair follicle niche based on the
discovery that the hair follicle niche has a molecular and functional bi-compartmental
organization [13,46,47]. These studies demonstrated that cells in the hair germ are the first
to express genes indicative of stem cell activation and the first to proliferate at the onset of a
new hair regeneration cycle, before the subsequent bulge proliferation at later growth stages
[46,47], thus establishing the hair germ as a distinct niche population. In contrast to the
bulge, hair germ cells do not express CD34 or Nfatcl but instead display high levels of P-
cadherin [46] (Figl).

infundibulum and sebaceous gland

The isthmus is the epithelial compartment that is situated between the bulge and the base of
the sebaceous gland (Figl). Cells in the isthmus are Krt15- and CD34- but instead express
high levels of Glil, MTS24 and Lgr6 [36,48-50]. However, these markers are only partially
overlapping within the isthmus suggesting a functional heterogeneity of cells that occupy
this compartment. Isthmus cells display stem cell characteristics and can generate hair
follicle lineages either in homeostasis or after grafting in skin reconstitution assays. [36,49].
Another marker specific for stem cells situated in the isthmus is Lrigl [51,52]. Lrig1l+ cells
which occupy the same space as Lgr6+ cells in the isthmus do not participate in hair follicle

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Rompolas and Greco

Page 4

regeneration under physiological conditions [52,53]. Instead, long-term lineage tracing
showed that Lrigl+ cells contribute to the maintenance of the infundibulum [53]. However,
in contrast to the infundibulum different stem cell populations appear to contribute to
sebaceous gland maintenance including Lrigl+ cells and a different population expressing
Blimpl, situated at the base of the sebaceous glands in the junctional zone [19,31,32,52].
Recent studies suggest that Blimpl marks mature sebocytes that are situated suprabasally
and originate from Lrgl+ stem cells distinct from those contributing to the infundibulum
[53,54]. Finally the upper portion of the infundibulum is occupied by another stem cell
population that expresses Sca-1 and can regenerate the IFE but not the hair follicle [49].

3. Defining the hair follicle niche microenvironment

3.1 The mesenchymal niche

The mesenchymal niche is primarily composed by a dense group of dermal fibroblasts
known as the dermal papilla (DP), which are in direct contact with the epithelium at the tip
of the hair follicle (Fig. 1, 2a). Lineage analysis suggests that DP cells derive from the
neural crest at least in the cranial region of the skin but may have a diverse origin in other
parts of the body [55]. The ability of the DP to induce hair growth and its fundamental role
as a signaling center in hair regeneration were demonstrated by pioneering transplantation
experiments using microdissected DPs [56,57]. Subsequently, molecular characterization
and purification of DP cells verified these results by showing their inductive capacity when
co-transplanted with keratinocytes [58,59]. More recently, using laser-induced or genetic
ablation of dermal papilla cells, it was unequivocally demonstrated that the mesenchymal
niche is required for hair growth but not for epithelial hair follicle maintenance at the
quiescent state [47,60]. The origin of the DP, its size, organization and level of interaction
with the epithelium are all factors that significantly affect different aspects of the hair
follicle physiology, including its regenerative capacity, cycling characteristics and hair type
specification [57,60-62]. In addition to the DP, a layer of mesenchymal fibroblasts called
the dermal sheath (DS), lines the outer surface of the hair follicle continuously from the base
of the DP to the upper bulge. The DS displays some similarities with the DP in terms of
origin and gene expression, which has led to the hypothesis of a dynamic cell trafficking
between the two compartments [62—65]. However, the exact role of the DS on stem cell
physiology and hair regeneration is not well understood.

3.2 Molecular signals

Hair follicle physiology is subject to several signaling pathways that converge to regulate
stem cell quiescence, proliferation and differentiation, including Wnt, BMP and FGF18
[18,66-70] (Fig. 2a). BMP, TGF-p and FGF ligands as well as Wnt inhibitors, emanating
from the mesenchymal dermal papilla or from the bulge act collectively to maintain
quiescence in the niche during the resting phase (telogen) [70-73]. Despite the relative
cellular inactivity these signals constantly compete to maintain a delicate balance that when
is tipped primes cells in the hair follicle to commence a new growth phase [46,70].
Activation of canonical Wnt signaling and subsequent stabilization and nuclear localization
of B-catenin is critical for entry into anagen [68,70,74,75]. Proliferation in the matrix also
depends on Wnt signaling [69,76]. Conversely, BMP ligands and receptors regulate the
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terminal differentiation program of the IRS and hair shaft precursors [58]. Notch signaling is
also critical for differentiation in the mature hair follicle [77].

An open question is how these molecular signals act upon individual cells in the hair follicle
niche to induce divergent behaviors at different stages of the hair cycle. In general, BMP
signals repress cell proliferation while Wnt and other signals promote stem cell activation
and growth. Bulge stem cells maintain a slow-cycling behavior due to an overabundance of
BMP and FGF18 signals that are secreted from various sources including the DP, the inner
K6+ bulge layer but also from the bulge stem cells themselves. When BMP suppression is
overcome by activating Wnt signals, proliferation begins first in the hair germ possibly due
the proximity of these cells to the DP which is the likely source of these signals [46]. Hair
follicle growth is then sustained either from continuous signaling activity from the DP or
alternatively due to a cascade of Wnt signals propagated from within the epithelium by a
non-cell autonomous mechanism. All the signaling pathways that act upon the hair follicle
are also subject to systemic regulation. A recent finding that circadian clock genes may be
differentially active in distinct populations of hair follicle stem cells suggests that the
response of the individual niche cells to activating stimuli may also be regulated
systemically[78].

3.3 Other niche factors

Neighboring cell populations with diverse origin and function are also critical for defining
the microenvironment of the niche (Fig. 2a). For example, melanocyte stem cells (MSCs)
are also resident within the hair follicle niche and are tasked with generating the mature
melanocytes that pigment the new hair during growth [79]. The physiology of MSCs and
hair follicle stem cells is tightly linked since the survival and growth of MSCs depends on
signaling from epithelial cells in the hair niche [80,81]. Furthermore, it was recently shown
that the transcription factor NFIB is essential for linking the behavior of both hair follicle
and MSCs [82].

Other cell populations outside the niche are also important for the normal physiology of the
hair follicle (Fig. 2a). Adipocytes constitute a large population situated on the other side of
the basement membrane in the deeper layers of the dermis. Subcutaneous adipose tissue
follows a parallel growth pattern as the hair follicle, becoming thicker during anagen due to
an increased adipocyte proliferation [70,83,84]. Evidence suggests that adipose cells play a
role in regulating different stages of the hair cycle. Mature adipocytes act to keep the hair
follicle niche in quiescence during the rest phase (telogen) by expressing BMP2, while
immature adipocytes induce hair growth [70,84].

Each individual hair follicle is innervated by specialized sensory neurons. Hair follicle
innervation is important for Hh signaling in the niche and the maintenance of a stem cell
population situated above the bulge that expresses Glil [36]. This Glil+ population,
although multipotent, preferentially contributes to the IFE repair following injury but their
role in hair regeneration is not clear. Furthermore, the arrector pili muscle attaches to the
side of the hair follicle at the height of the bulge region and erects the hair shaft based on
signals from the sympathetic nervous system. Bulge stem cells interact with the arrector pili
muscle through integrins and this communication is essential for proper attachment of the
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muscle to the hair follicle [85]. The immune system may also play an important yet not a
well-understood role in hair physiology. A recent finding that dermal & T-cells modulate
hair follicle regeneration after skin injury provides a hint to that direction [86].

Non-cellular components of the hair follicle niche microenvironment such as the
extracellular matrix are critical for regulating stem cell behavior [87]. The extracellular
matrix acts on the niche directly by establishing the basal lamina, with which stem cells
establish direct contacts. Integrins are transmembrane receptors that modulate these
contacts, but also mediate critical signal transduction molecules that confer information
from the environment to regulate fundamental cell functions [88—90]. There is increasing
evidence that the physical forces acting on the niche microenvironment may regulate stem
cell fate [91,92]. The extracellular matrix also provides critical polarity cues to niche stem
cells, which affects their division patterns and their fate [93-95]. All these factors act in
complex and often intersecting patterns to form a diverse niche microenvironment.

4. Stem cell behavior in hair follicle regeneration

Post-natal hair follicles have the ability to undergo spontaneous cycles of regeneration
throughout the lifetime of the organism. This process, which is commonly referred to as the
hair cycle, is highly stereotypic and consists of three distinct phases of growth (anagen),
regression (catagen) and rest (telogen) [22] (Fig. 3). The hair cycle depends on stem cells,
which provide the necessary number and type of specialized cells that are needed to
construct and support the new hair. Understanding how stem cells behave within the niche is
critical for elucidating the mechanism of hair follicle regeneration.

4.1 Stem cell activation and initiation of hair follicle growth

A typical hair cycle begins when after a seemingly uneventful period of quiescence cells
within the niche become activated and begin to proliferate. The molecular characteristics of
stem cell activation and the conditions by which it is triggered are complex and still not well
understood. The first cells to respond and begin proliferation at the onset of a new
regeneration cycle are those situated in the hair germ at the interface with the DP [45-47]
(Fig. 3). It is unclear what prompts cells in the germ to start dividing first. One possibility is
that activating signals from the DP reach this population first due to its close proximity to
the mesenchymal niche [46] (Fig. 2a). It is also possible that hair germ cells are “primed”
for activation, which can be triggered by changes in the niche microenvironment. This
“primed” state of the hair germ may be reflected in the molecular signature of this
population and can be linked to the origin of this compartment as will be discussed in a later
segment [46,72]. Alternatively, it has also been proposed that stem cell activation may occur
first in the bulge during the rest phase of the hair cycle (telogen), prompting bulge cells to
migrate to the hair germ before the onset of hair growth [96].

The precise sequence of cellular events within the niche following stem cell activation was
until recently not well understood. However, recent technological advances have allowed us
to visualize stem cell behavior non-invasively, in live mice [47]. Thus, at these early stages
of hair growth cell divisions within the niche are spatially regulated (Fig. 3a). Specifically,
divisions which occur predominantly in close proximity with the DP are oriented so that the
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axis on which the two daughter cells separate is parallel to the long axis of growth [47]. In
addition, cells in the niche dynamically change their shape to collectively cause a rapid
elongation of the hair follicle [47]. At these early stages there is still no evidence of cell
differentiation and the expanding lower follicle appears molecularly homogeneous [46].
Therefore, regulated cell proliferation and extension are the main drivers of initial hair
follicle growth into the dermis.

A critical component of these initial stages of hair growth is the interplay between the
mesenchymal DP and the epithelial cells within the niche. The DP is both necessary and
sufficient to induce hair growth; it is therefore plausible that the first initiating signals
emanate from the mesenchymal niche [46,47,56] (Fig. 2a). Such signals appear to have a
direct effect on the adjacent epithelial population in the lower hair germ as these cells begin
to proliferate and start to gradually engulf the DP (Fig. 3a, b). As the epithelial population
expands so does the DP as a result of a two-way communication between the two
compartments [62,97,98]. During this process, epithelial cells actively organize in the space
around and in contact with the DP [47] (Fig. 3b). Such re-organization may be setting up the
stage for cell-fate specification and differentiation that is to follow in the subsequent growth
stages [99] (Fig. 3c).

4.2 Cell differentiation and hair production

During the initial stages of hair growth (anagen) intense cell proliferation leads to the
volumetric expansion of the epithelial lower portion of the hair follicle followed by
extensive dispersion of cells within this compartment that progressively engulf the DP (Fig.
3). After this initial relatively uniform growth spur, epithelial cells in contact with the DP
form a layer of highly proliferative precursors that will generate the differentiated cell types
of the new mature hair [99-104] (Fig. 3c). It is currently unclear how these precursors
emerge, but their relative position around the DP is significant, as each of those precursors is
restricted to generating a single differentiated lineage of cells that are expanded as a sole
column parallel to the long axis of growth [99,104]. It is possible that exposure of these
precursors to diverse signals emanating from different parts of the DP preferentially restricts
their potential to a specific inner lineage [40,58,76,105]. The differentiated cells produced
collectively form seven concentric inner root sheath (IRS) and hair shaft layers of the mature
hair follicle [27,106]. At this stage of advanced hair growth, proliferation in the inner follicle
is confined in the area surrounding the DP as the restricted precursors self-renew and
generate transient progenitors that progressively become differentiated post-mitotic cells
[99]. This area of cell proliferation and differentiation is commonly referred to as the matrix.
At this stage of hair growth a column of post-mitotic cells generated in the matrix
spearheads an upward expansion that ultimately reaches the canal from which the new hair
shaft exits from the epidermis. In this gradual process the hair follicle continues to elongate
and expand into the dermis.

The upward expansion of the inner differentiated layers results in the outward displacement
of the proliferative epithelial cells, which populated the expanding lower follicle at the
initial stages of growth. These relatively undifferentiated basal cells become the outer root
sheath (ORS), which envelops the growing hair follicle [35,96,107]. Lineage tracing
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experiments and more recent live imaging data showed that the ORS follows the growth of
the inner layers by expanding downwards and towards the bulb through regionally restricted
cell proliferation and migration [35,72,108,134]. Specifically, as the hair follicle elongates,
proliferation in the upper ORS gradually stops and is only maintained in a narrow zone
which gradually moves downward but at a relatively constant distance from the DP
[108,109,134]. The increasing distance of the upper ORS population from the inductive
influence of the DP may explain their return to quiescence [46,110]. The space in the basal
layer, beyond the proliferative zone of the ORS, is populated by cells that rapidly migrate
downwards to reach the distal tip of the follicle. At the same time, during these advanced
stages of anagen, bulge stem cells begin to divide in order to self-renew their pool within the
niche [46,96,134].

4.3 Hair follicle regression and transition to quiescence

After a period of continuous active hair growth (anagen) which determines the total length
of the new hair, proliferation ceases and the hair follicle begins to rapidly regress (catagen)
due to massive epithelial apoptosis [111]. It is currently not well understood how the
transition from active hair growth to regression is regulated. It is possible that matrix cells
stop fueling the hair growth due to exhaustion or by an unknown internal clock mechanism
[112]. Alternatively signals from the DP or other sources may actively regulate the entry
into the regression phase [113-115]. As regression proceeds, the bulb looses its volume
presumably due to the increased rate of apoptosis of the lower ORS, forming a narrow
epithelial strand that retracts upward and at the end of which trails the DP. It is currently
unknown if the differentiated IRS and hair shaft layers also undergo apoptosis in the same
process. Cells from the ORS that survive the regression phase home back to the niche
forming, at least in part, the new hair germ [45,72,134]. Next the hair follicle enters a rest
phase (telogen), which is characterized by an apparent inactivity at least at the cellular level.
At this stage the hair shaft becomes the club hair which is anchored by the inner bulge cell
layer expressing Keratin 6 [8,72] (Fig. 2a). These K6+ bulge cells lack multipotency but
may play a critical role in maintaining stem cell quiescence in the niche during the rest
phase [72].

5. Modulation of stem cell fate in the hair follicle niche

5.1 Niche heterogeneity and fate during homeostasis

The hair follicle stem cell niche begins to establish already during embryonic life.
Nucleotide pulse-chase experiments showed that slow-cycling cells find resident in the
bulge even before birth [39]. Moreover, these cells display a molecular signature consistent
with a stem cell identity [39]. Sox9, which is one of the early stem cell markers of bulge
cells, is required for niche maintenance and hair regeneration; thus, highlighting the
functional importance of this cell pool [116]. In adult life however, the niche displays a
remarkable level of molecular heterogeneity (Fig. 1, 2). During the rest phase, when the hair
follicle is at its minimal state, many genes are differentially expressed within the niche cell
pool. Cells in the bulge display different levels of integrin a6 depending on their proximity
to the basement membrane [32]. In addition CD34 marks exclusively the bulge, while
expression of Krt15, Krt19, Sox9 and Lgr5 spans across both the bulge and hair germ
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[29,30,34,35,39]. Conversely, P-cadherin shows a pronounced enrichment in the hair germ,
while the transcription factor Glil is preferentially expressed in the hair germ and upper
bulge but not in the bulge itself [36,46]. The picture becomes even more complex due to the
fact that most of these markers variably overlap between the different regions of the hair
follicle niche (Fig. 1). Moreover, the distribution of many niche markers changes
dramatically during active hair growth [32,35,36,46]. An intensely debated question is
whether the molecular heterogeneity of the hair follicle niche signifies a functional
compartmentalization of the niche with the presence of distinct subpopulations that fulfill
different fates during regeneration [13]. Furthermore, it is not clear if the expression of
many of these genes reflects the intrinsic potential and therefore fate of a cell or merely its
current physiological state at the particular position, which the cell occupies within the
niche.

Previous attempts to address these questions relied in genetic lineage tracing approaches
with the use of stem-cell specific promoters [31,35,36,39,72,96,109]. These studies have
provided great insight on the niche dynamics during hair regeneration; however, a single-
cell resolution of the molecular heterogeneity of the niche is critical in directly answering
how cell fate is determined in the hair follicle niche. A combination of conventional genetic
lineage tracing with multiphoton microscopy using live mice, now allows us to visualize and
monitor individual cells and their respective lineages by re-visiting the same undisturbed
niche at various timepoints during full hair regeneration cycles [134]. These experiments
showed that the exact location of Krt19+ or Lgr5+ cells within the niche could reliably
predict their fate and contribution to hair growth [134]. Specifically, marked cells located in
the lower bulge generated ORS lineages while those situated further down in the hair germ
contributed to the IRS and hair shaft layers (Fig. 2b). Cells in the mid and upper bulge often
self-renewed but did not contribute directly to the regenerating portion of the follicle. These
data support the hypothesis that stem cell fate is niche-imposed rather than an intrinsic
property of particular cell populations. Based on this model direct participation in the
regenerating portion of the hair follicle is established anew in every hair cycle during the
transition from quiescence to growth based on their location in the niche and independently
from the self-renewal of the stem cell pool [96,104,134] (Fig. 2b). Consistent with this is the
observation that bulge stem cells can be dispensable for hair growth following partial or
complete ablation of their pool, since neighboring epithelial populations, even those that do
not normally contribute to hair regeneration, can repopulate the lost stem cell pool and
maintain the capacity of the niche to fuel future regeneration programs by dynamically
altering their fate [45,134] Fig. 2b).

After the growth phase of the hair cycle is complete, the niche undergoes reorganization
before it settles to a minimal resting state (telogen). Specifically during hair follicle
regression (catagen), the vast majority of ORS cells undergo apoptosis while those that
survive contribute to establishing the new hair germ compartment [72,134] (Fig. 2b). It has
been proposed that cells in the upper portion of the ORS that have undergone a limited
number of cell divisions can home back and establish a “new” bulge compartment while the
“old” bulge may serve as a reserve for injury response, but the functional distinction
between a “new” and “old” remains to be tested [72]. In addition, it is not clear if cells that
have contributed to hair regeneration after departing from the bulge can return to a quiescent
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state or if these cells have crossed a point of not return and are bound to contribute in
subsequent hair cycle.

5.2 Stem cell plasticity in pathophysiology

It is well established that injury or other pathological conditions such as cancer can alter the
environment of the tissue inducing stem cells to change their normal behavior [117,118].
Lineage tracing of hair follicle populations showed that following injury cells readily leave
the niche to re-epithelialize the epidermis [36,53,119-121]. After leaving the niche these
cells no longer express niche markers but rather switch to an epidermal profile. Evidence
suggest that even though different hair follicle populations respond to repairing the
epidermis, the extent and timing of their contribution varies. Bulge stem cells respond
rapidly to fuel the early stages of wound re-epithelialization but their progeny does not
persist long term [41,120]. In contrast, niche cells situated above the bulge, in the isthmus
and junctional region not only contribute to wound repair but their progeny is able to sustain
epidermal maintenance in stem cell fashion [16,36,53]. Hair neogenesis after extensive skin
wounding raised the possibility of functional compensation by epithelial cells that do not
normally participate in hair regeneration; however, until recently this had not been directly
demonstrated [122,123]. Laser ablation of the entire bulge populations unequivocally
demonstrated that non-hair epithelial cells cross the boundaries between the different niche
compartments to functionally reconstitute the lost cell pool, highlighting the fact that cell
behavior is dictated by the niche microenvironment rather than cellular origin [134] (Fig.
2b).

Stem cells in the hair follicle niche may be mobilized in another kind of pathological
condition, that of cancer. One of the most common types of skin tumors is basal cell
carcinoma (BCC), which is the result of defective Hedgehog signaling [124]. It has long
been hypothesized that BCCs originate from hair follicle stem cells, however the conditions
under which bulge cells can induce a BCC tumor and the extent of their contribution to the
growing tumors are not fully understood [34,125,126]. The finding that wounding stimulates
hair follicle stem cells to participate and promote BCC tumor growth may be a further
indication that changes in the niche microenvironment are critical in modulating stem cell
behavior in pathophysiology as well as in homeostasis [127,128]. Keratoacanthomas are
another class of squamous skin tumors that have the unique property of spontaneous
regression [129,130]. This self-regression feature which recapitulates physiologic hair
follicle regression has led to the hypothesis that Keratoacanthomas may originate from hair
follicle stem cells; however this remains to be tested [131-133]. A still unanswered question
is whether stem cells from the hair follicle or other epithelial niches are initiating skin
tumors or if their participation in the tumoral growth is secondary, caused by changes in the
microenvironment that the tumor is instigating on the niche.

6. Concluding remarks

The process of tissue regeneration relies on stem cells and is modulated through their
interactions with various elements of their microenvironment. The hair follicle in the
mammalian skin is a self-contained mini-organ that periodically and stereotypically
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undergoes cycles of physiological regeneration. The compartmentalized anatomy of the hair
follicle, where different cell types including stem cells occupy distinct locations within the
niche, combined with a molecularly complex microenvironment make the hair follicle an
ideal system to study stem cell biology and the mechanisms that govern tissue regeneration.
While great progress has been made in the molecular characterization of the hair follicle and
the identification of the different cell populations that occupy the niche, we still lack a
critical understanding of the cellular mechanisms that govern hair regeneration. Recent
advances have started to unravel the complex sequence of cellular behaviors that stem cells
adopt during the hair cycle. These studies suggest that the molecular heterogeneity of the
hair follicle niche reflects, at least in part, a functional diversity between the individual cells.
One of the fundamental questions is whether stem cell behavior and therefore fate are
regulated by a cell intrinsic mechanism or if the microenvironment influences different
behaviors in different parts of the niche. Evidence so far point to the latter, however further
studies are needed to fully address this problem. Towards that direction it is imperative that
we identify the precise molecular characteristics of important milestones in the life of a stem
cell, including the transition from quiescence to activation and fate decisions that commit a
stem cell and its progeny to a particular lineage. In addition, it is critical that we dissect the
niche microenvironment to identify all those different factors that act upon a stem cell to
potentially determine its fate. Precise manipulation of the relevant niche factors will
elucidate their role in regulating stem cell behavior. To effectively address all these
problems it is important that we can increase the resolution by which we can study and alter
the molecular heterogeneity of the hair follicle niche, down to a single cell level in vivo.
Answers, to these questions will have far reaching implications that stretch beyond the
confines of skin biology, to understanding the general mechanisms of stem cell biology and
devise effective strategies for future medical applications.
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Figure 1. Anatomy and molecular heterogeneity of the hair follicle niche
Scheme of the mouse hair follicle at the resting phase of the hair regeneration cycle. Hair

follicle stem cells reside in the bulge, while a pool of progenitor cells, which forms the hair
germ, is situated directly below and in contact with the mesenchymal dermal papilla. Other
epithelial cell populations exist in defined anatomical tissue compartments located above the
bulge. The hair follicle niche displays a pronounced molecular heterogeneity, which is
evident by the distribution and level of expression of various genes.
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Figure 2. The hair follicle niche microenvironment and stem cell fate
a) Scheme of the hair follicle depicting the various factors that constitute the niche

microenvironment. b) Scheme of stem cell behavior in homeostasis and after injury. Under
physiological conditions stem cells in the upper portion of the bulge do not participate
directly to hair regeneration and are more likely to self-renew. Cells in the lower bulge
generate precursors that populate the ORS during hair growth, while those that survive the
regressing phase return to the niche to form, at least in part, the new hair germ before the
onset of a new regeneration cycle. Cells in the hair germ directly contribute to hair growth
producing all the differentiated cell types. Following niche injury, non-hair epithelial cells
above the bulge may enter the niche changing their fate to actively participate in hair
regeneration.
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Figure 3. Cell dynamics in the hair cycle
The figure depicts side views of live hair follicles, at rest (telogen) and sequential stages of

hair growth (anagen), as visualized by multiphoton microscopy using a K14-H2BGFP
reporter. At the onset of a new regeneration cycle the lower portion of the hair follicle
begins to rapidly proliferate and expands downwards into the dermis. a) At the initial stages
of hair growth cell proliferation is spatially regulated, occurring predominately within the
hair germ and with an axis of division parallel to the long axis of hair follicle growth. b)
Epithelial nuclei actively re-organize around the mesenchymal dermal papilla progressively
surrounding it while the matrix is formed. c) Epithelial precursor cells in the matrix generate
all the differentiated cell types that form the seven concentric layers of the hair shaft and
inner root sheath (IRS), which expand upwards and toward the surface of the skin. At the
same time the basal outer root sheath (ORS) layer also expands through localized
proliferation and downward cell migration.
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