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Abstract

Stem cells are fascinating because of their potential in regenerative medicine. Stem cell
homeostasis has been thought to be mainly regulated by signals from their adjacent micro-
environment named the “stem cell niche”. However, recent studies reveal that there can be
multiple layers of environmental controls. Here we review these environmental controls using the
paradigm of hair stem cells, because to observe and analyze the growth of hair is easier due to
their characteristic cyclic regeneration pattern. The length of hair fibers is regulated by the
duration of the growth period. In the hair follicles, hair stem cells located in the follicle bulge
interact with signals from the dermal papilla. Outside of the follicle, activation of hair stem cells
has been shown to be modulated by molecules released from the intra-dermal adipose tissue as
well as body hormone status, immune function, neural activities, and aging. The general
physiological status of an individual is further influenced by circadian rhythms and changing
seasons. The interactive networks of these environmental factors provide new understanding on
how stem cell homeostasis is regulated, inspiring new insights for regenerative medicine.
Therapies do not necessarily have to be achieved by using stem cells themselves which may
constitute a higher risk but by modulating stem cell activity through targeting one or multiple
layers of their micro- and macro-environments.
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1. Introduction

Stem cells are fascinating because of their unique potential to differentiate into different cell
types and regenerate tissues and organs. This has great promise for the dreams of therapeutic
possibility in degenerative disorders. From embryonic stem cells, they differentiate into all
derivatives of the three primary germ layers: ectoderm, endoderm, and mesoderm that form
different organs. In the adult, some adult organs still contain dormant multipotent or
unipotent somatic stem cells which can be activated under changing physiological
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conditions or in response to injury. How this activation can be regulated is the key to the
success of regenerative medicine.

The regeneration time, period, and potential of each organ stem cell varied from one to
another (Fig. 1). In some organs, such as the hair follicle, gut and bone marrow, the stem
cells can divide frequently and regularly to replenish the exhausted or damaged cells by
either natural course or injury throughout the whole life. However, in other organs, such as
pancreas and heart, they are not activated spontaneously until a special situation occurrs.
Stem cells were first thought to be regulated by the micro-environment, called stem cell
niche. More recent studies revealed that the stem cell homeostasis can also be modulated by
the so called extra-niche macro-environments (Fig. 2). In the skin, there is intradermal
adipose tissue. Then there are systemic factors at the level of an individual which include
input from hormones, immune and nervous systems, and aging. Stem cell activity is also
modulated by the external environment which includes circadian rhythms and seasonal
changes (Fig. 4). Different mammals have different robustness in their ability to grow and
regenerate hairs (Fig. 5). There have been many reviews on the micro-environment of stem
cells. In this review, we will focus on developing the concept on how the macro-
environment affects stem cell activation. We mainly use hair stem cells for discussion, but
will refer to other organ stem cells as well.

2. Stem cell niche in adult organs

The concept of “niche” is known to be a specialized microenvironment where stem cells
reside, which was first proposed by Schofield [1]. The niche not only emits signals to
maintain the homeostasis of stem cells but also functions as a shelter to filter extrinsic
stimuli that induce apoptosis, differentiation and so on. It is more difficult to identify the
stem cell niche in mammalian tissues due to their complicated anatomic structures as
compared to Drosophilaand Caenorhabditis elegans. However, using lineage tracing
methods by uptake and long-term retention of bromo-deoxyuridine (BrdU) or incorporation
of fluorescently labeled histone 2B during DNA synthesis, slow cycling or so called “label-
retaining” stem cells and their niche could be identified within mammalian tissues.

Different organs have different strategies to regulate their stem cells. In the skin, multi-
potent hair stem cells reside in the bulge area which is located below the sebaceous gland.
Hair stem cells receive cues from the dermal papilla, a population of specialized
mesenchymal cells surrounded by hair matrix cells, to activate into transit-amplifying (TA)
cells migrating downward to replenish matrix cells. After a couple of divisions, TA cells
differentiate to form a new hair shaft. Alternatively, hair stem cells can accept signals from
wounded skin to become epidermal progenitor cells and replace inter-follicular epidermis
(Fig. 1A).

Hematopoietic stem cells (HSCs) are regulated by two types of niches, endosteal
osteoblastic and vascular niches, which are located in bone marrow. These two niches share
structural and functional mediators but exert different functions in modulating HSCs. The
endosteum plays a more stimulatory role under conditions of stress to trigger the
proliferation of HSCs, however, central vascular regions play a homeostatic role during
steady state conditions [2] (Fig. 1B).

Intestinal stem cells (ISCs), which are located at the 4th or 5th position from the bottom of
the crypt, the Paneth cell, could give rise to four different lineages of cells: columnar
enterocytes, mucin-producing goblet cells, Paneth cells, and entero-endocrine cells [3]. The
niche, mesenchymal cells, which can release signals to regulate 1SCs is located adjacent to
the crypt epithelium by the separation of basal lamina (Fig. 1C).
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Neural stem cells (NSCs), the astrocytes (B), are located in the sub-ventricular zone (SVZ),
which is separated from the lateral ventricle (LV) by ependymal cells (E). NSCs can
differentiate into TA cells (C) and then produce neuroblast cells (A). The extracellular
matrix (ECM) rich basal lamina (BL) which directly contacts NSCs serves as the niche [4]
(Fig. 1D) for these stem cells.

Spermatogenesis progresses uniformly over the inner surface of the tubules or the
seminiferous epithelium, which is composed of the basement membrane, Sertoli and
peritubular myoid cells. Specialized sertoli cells, blood vessels, basement membranes,
myoid cells and interstitium are thought to function as the niche to maintain the homeostasis
of undifferentiated spermatogonia or germ line stem cells (GSCs) [5,6] (Fig. 1E).

In the muscle, satellite cells inhabiting a region under the basal lamina of myofibers are
thought to be stem cells due to their self-renewal and myogenic differentiation capabilities
(Fig. 1F). Upon injury, progenitor cells will be produced by activated satellite cells and
migrate from beneath the basal lamina [7]. Host muscle fibers, basal lamina and the
microvasculature are the three major components of the satellite cell niche that modify the
function of muscle stem cells [8].

3. Intra-follicle regulation of hair stem cells

The hair follicle is a unique organ that undergoes cyclic bouts of degeneration and
regeneration throughout life. A hair follicle cycles through anagen (growth), catagen
(involution) and telogen (resting) phases and then re-enters anagen. At the base of this cycle
is the ability of hair follicle stem cells to briefly exit their quiescent status to generate
transient amplifying progeny which differentiate into different hair components, but
maintain a cluster of stem cells. Thus hair follicles can undergo episodic regeneration
physiologically or in response to injury. When they regenerate physiologically, hair follicles
take the opportunity to generate new hair phenotypes to adapt themselves better to the
environment [9]. It is generally believed that a niche microenvironment is important in the
control of stem cell homeostasis in various systems [10]. Because of these properties, the
hair has become a mainstream model for researches in stem cell biology as it represents
rejuvenating power [11].

To keep the hair stem cells under quiescent status, bulge, the microenvironment, expresses
BMPs and Wnt inhibitors, including DKK, Wif, and sFRP to suppress cell growth and
differentiation. Upon anagen initiation, Wnt signals secreted by the dermal papilla will
stabilize the B-catenin which acts on hair stem cells directly within the bulge to reduce the
activation threshold. For hair stem cell activation, Wnts are not sufficient on their own. The
dermal papilla will produce some other signals, including fibroblast growth factor (FGF)
which could coordinate with B-catenin to support hair stem cells to overcome the gate for
activation. Interactions between the bulge and dermal papilla form an intrafollicular
regulation network to govern the homeostasis of hair stem cells [12-14].

4. Extra-follicle macro-environment and stem cell regulation

The hair growth pattern in rats behaves as a wave composed of periodical anagen spreading
through the ventral side of the body to the dorsal side of the body, over the trunk, and
progressively decreasing in width with age [15]. Recently, we revisited this classical
phenomenon with modern stem cell concepts and molecular bases. We found that in the
adult mouse skin (older than 2 month when intra-dermal adipose tissue is mature), in the
hair follicle population, regeneration indeed occurs in waves implying the coordination
among adjacent follicles and the extra-follicular environment [16]. We also found that
periodic expression of dermal bone morphogenic proteins (BMPs) 2/4, which belong to the
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transforming growth factor beta (TGF-B) superfamily regulates this process. BMPs have an
important role during embryonic development on embryonic patterning and early skeletal
formation [17]. Our data showed that Bmp cycling in the intra-dermal adipose tissue is out-
of-phase with the B-catenin cycling within the hair follicle, thus dividing the conventional
telogen into new functional phases: one refractory and the other competent for hair
regeneration; characterized by high and low BMP signaling respectively. BMPs also divide
the conventional anagen into new functional phases: one propagatory and the other
autonomous for propagation of regenerative wave; characterized by low and high BMP
signaling respectively. According to these findings, we introduce the concept that the extra-
follicular macro-environment could regulate the stem cell activity [18].

We further developed this concept through different animal models and mathematical
simulations [19]. We identified some Wnt inhibitors, such as DkkZ and Sfrp4 located in the
dermal region during refractory telogen and autonomous anagen phases, just like the
expression pattern of BmpZ2 (Fig. 2). These two new macro-environmental modulators
served as inhibitors which could block physiological hair wave propagation and inhibit hair
stem cell activation (Fig. 3). Interestingly, not only inhibitors, the inter-follicular macro-
environment could also induce anagen re-entry through releasing the activator PDGFA by
the adipocyte precursor cells located in the inter-follicular dermal region [20]. A lack of
adipocyte precursor cells resulted in bulge stem cell activation defects in £6f1 null mice, this
defect is rescued by transplanting of adipocyte precursor cells.. These data also support the
idea that a fat/follicle axis is very important to the hair regeneration cycle [21].

This type of regulatory mechanism is not limited to hair stem cells, and may exist in other
organs. For example, bone marrow adipocytes are shown to suppress hematopoiesis and
prevent hematopoietic progenitor expansion while preserving the hematopoietic stem cell
pool through diminishing production of growth factors such as GM-CSF and G-CSF [22,23]
and secreting neutrophilin-1 [24], lipocalin 2 [25,26], adiponectin [27] and TNF-a [28,29],
each of which can impair hematopoietic proliferation [30]. As bone marrow adipocytes
interfere with the balance between hematopoietic stem cells (HSCs) and their niche,
osteoblasts, intradermal adipocytes could influence the interaction between hair stem cells
and their niche as well as interactions with the dermal papilla. These two models indicated
the fact that the homeostasis of the stem cells are regulated through summing activators as
well as inhibitors released from both microenvironments (the niche) and the “extra-niche”
macro-environment (Fig. 4A).

5. Systemic factors and stem cell homeostasis

5.1. Sex hormone

Sex hormones, including estrogen and testosterone, are thought to possess the ability to
modify stem cells due to the presence of estrogen and androgen receptors on those cells [31-
36]. 17p-estradiol (E2) can not only attenuate the self renewal of early osteoblast
progenitors [37] but also increase the number of endothelial progenitor cells (EPC) to
differentiate into endothelial cells and accelerate healing of injured vessels through a
caspase-8—dependent anti-apoptotic effect [38]. In addition, mouse mammary stem cells
(MasSCs) are highly responsive to steroid hormone signalling, including estrogen and
progesterone. Pregnancy resulted in increasing in MaSC numbers probably mediated
through paracrine signalling from RANK ligand [39].

During puberty, androgen is definitely the most important hormone in triggering axillary and
pubic hair development in both sexes. However, there exists several biological paradoxes in
androgen regulation of hair follicles [40]. First, the response of hair follicles to androgen
varies significantly. It can stimulate small, thin and colorless vellus hair follicles to become
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longer, thicker and pigmented hairs in androgen responsive hair follicles, e.g. beard hair. It
also elicits no effect on androgen insensitive hairs, such as eyelashes. Alternatively it can
function oppositely to reverse the long, thick and pigmented scalp hair to form tiny
miniaturized hair which may lead to alopecia. Second, the hair in two androgen-dependent
areas: the beard and the axilla, are stimulated to grow by androgens during puberty.
However, while beard growth continues at high levels into old age, axillary hair growth is
maximal in the mid-twenties and decreases slowly over time to prepubertal levels [40].
These discrepancies might result from the fact that dermal papilla derived from different
areas producing hair follicles contain distinct levels of androgen receptors and 5a.-reductase
as well as 17p-hydroxysteroid dehydrogenase (17p-HSD) which generate different kinds of
testosterone metabolites to affect the performance of hair follicles. [41-44].

While alopecia can be caused by keratin mutations, immunological attacks, etc., the major
reason for age related alopecia is more a hair growth problem, which is affected by sex
hormones. Recent work suggests that hair stem cells from the balding region of androgenic
alopecia patients show similar gene expression profile as those from non-balding regions.
However, hair germ cells are deficient, suggesting the failure of proper stem cell activation
[45]. It is interesting to note that in the aging related alopecia, baldness in males is shown as
a region, suggesting the involvement of a region of extrinsic factors in the skin macro-
environment. On the other hand, baldness in females manifests as a reduction of hair fiber
density, implying the defect is intrinsic to the follicle. More studies will be required to
understand these differences.

Sex hormones also affect stem cell activities of other organs. For example, androgen can
stimulate hematopoisis through its direct role in activating TERT gene expression and
increasing telomerase activity by aromatization and through estrogen receptor-a. (ERa) [46].
Besides, both estrogen and testosterone can affect the potential of chondrogenic progenitor
cells (CPCs) and the gene expression of ERa, ERpB, and androgen receptor by regulating the
expression of Sox9, Runx2, type Il collagen, and type I collagen [47]. All of these evidences
support the idea that in addition to the niche and “extra-niche” macro-environment, systemic
factors are also crucial in manipulating the function of stem cells in hair follicles and some
other organs.

The Immune system is important in helping organisms fight against pathogens and
tumorigenesis. Other than its protective role, a recent study showed that the inflammatory
mediator, TAKZ1, which results in activation of NF-xB via Tnf-a can regulate hair follicle
morphogenesis, and is required for anagen induction and maintenance of mature hair
follicles [48]. Wounding of skin can also induce hair follicles to regenerate through
apoptotic signals regulating kinase 1 (ASK1) dependent recruitment and activation of
macrophages[49]. Recent studies also revealed that Tnf-a accelerates wound healing
through paracrine mechanisms [50] and receptor activation of NF-xB (RANK) was
important in controlling the hair cycle [51]. In addition, RANKL-stimulated bone resorbing
osteoclasts could also affect hematopoietic progenitor mobilization by reducing the stem cell
niche components SDF-1 (CXCL12), stem cell factor (SCF) and osteopontin along the
endosteum [52].

5.3. Nervous system

The nervous system also plays an important role in defining properties of the hair stem cell
niche. Neuronal Sonic Hedgehog (Shh) signals to induce G/iZ in neighboring cells to create
a perineural stem cell niche within the telogen bulge. G/i1 positive follicle cells not only
function as multipotent stem cells to regenerate hair follicles cyclically but also become
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epidermal stem cells after wounding under the control of the perineural stem cell niche [53].
The finding that peripheral adrenergic signals are necessary for G-CSF induced mobilization
of murine progenitor cells also supports the idea that the nervous system is involved in stem
cell regulation [54].

In fact, these two major systems, immune and nervous, can work together to modulate stem
cell homeostasis. When stress (physiological or pathological) occurs, enhanced release of
catecholamines and upregulation of B-adrenergic receptor expression on hematopoietic
stems and progenitor cells (HSPCs) is associated with a reduction in SDF-1 levels in the
bone marrow (BM) and an increase in the peripheral blood, as well as increased CXCR4
expression in the BM. This response will trigger expansion and activation of osteoclasts, and
the release of various proteolytic enzymes to egress HSPCs from the BM to the bloodstream
to participate in host defense and organ repair [55]. These observations inspire in us the
concept that all the factors, activators or inhibitors; from the niche, “extra-niche macro-
environment” or systemic factors, will be integrated within a complicated network to
modulate the activity of stem cells; i.e. the input from different aspects will all be “taken
into consideration” by stem cells (Fig. 4B).

Once birth happens, each organism moves toward further growth, maturation and aging
irreversibly. Aging is a physiological process associated with global deterioration of the
tissues and impairment of repair as well as regeneration. It remains an unsolved mystery
whether stem cells, their niche or their “extra-niche” macro-environment is responsible for
this process. The decline of stem cells, including oxidative stress and DNA damage, is by no
means the only factor contributing to age related tissue and organ deterioration. A recent
study using parabiotic mouse experiments indicated that the niche and systemic factors also
act as a major factor in HSPCs aging. The authors discovered that aging induced functional
defects in the HSC regulatory niche cells which triggers aging phenotypes in young HSCs
and more interestingly, this phenomenon could be reversed by systemic young circulating
factors [56]. In addition, exposure of old muscle stem cells (satellite cells) to young serum
increases Notch activation and Notch ligand (Delta) expression. Futhermore, heterochronic
parabiosis could also stimulate aged hepatocyte proliferation and restore the CEBP-a
complex to levels seen in young animals [57,58]. These observations point out the fact that
an age-related decline of progenitor cell activity can be modulated by systemic factors. Our
unpublished data also revealed that increased macro-environmental inhibitors are leading
factors that result in age related alterations of the hair regenerative cycling.

6. External environment modulation

6.1. Circadian rhythm

Circadian rhythms entrained by a light cycle will affect most physiological processes,
including sleep, hormone secretion, cell cycle, and immunity in mammals [59]. Robust
circadian fluctuations existed in HSCs and their progenitors, peaking 5 h after the initiation
of light and reaching a nadir 5 h after darkness. Circulating HSCs and their progenitors
fluctuate in antiphase with the expression of the chemokine CXCL12 in the BM
microenvironment. The cyclic release of HSCs and expression of Cxcl12 is regulated by
core genes of the molecular clock through circadian noradrenaline secretion by the
sympathetic nervous system. These adrenergic signals are locally delivered by nerves in the
BM, transmitted to stromal cells by the p3-adrenergic receptor, leading to decreased nuclear
content of Spl transcription factor and the rapid down regulation of Cxcl12. These data
indicate that a circadian, neurally driven release of HSCs during the animal’s resting period
may promote the regeneration of the stem cell niche and possibly other tissues [60].
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Nocturnin (NOC), a circadian-regulated protein, plays a unique role in regulation of
mesenchymal stem-cell lineage allocation by modulating PPAR-+y activity through nuclear
translocation. These data illustrate a unique mechanism whereby a nutrient responsive gene
influences BMSC differentiation, adipogenesis, and ultimately body composition [61].

Clock and Bmall genes, which control circadian rhythms, could also regulate the hair stem
cell regeneration cycle by delaying anagen progression, by decreasing levels of
phosphorylated Rb and by causing a lack of mitotic cells in secondary hair germ cells. The
delay in anagen progression is likely due to a block at the G1 phase of the cell cycle in the
secondary hair germ cells, as these cells lack phosphorylated Rb and Cdknla (p21)is
upregulated in Bmall~~ mice [62]. In addition, the circadian molecular clock could
establish heterogeneous populations of epidermal stem cells which have a differential
predisposing response to activation or dormancy stimulations. The clock machinery plays an
important role in fine-tuning the homeostasis in tissue coexisting with both dormant and
active populations of stem cells. Neoplastic transformation will ensue if the balance of the
epidermal stem cell clock is altered [63].

6.2. Seasonal influences

Different animals exhibit different levels of robustness in their ability to regenerate hairs
depending on their habits (Fig. 5). Animals in cold regions grow warm downy hairs in
winter, but lose those in summer. This occurs in horses, cows, dogs, etc. In these animals,
secondary hairs are responsible for keeping warmth and their growth is stimulated by change
of seasons. How the season affects the initiation of the regenerative hair cycling and the
duration of anagen is not completely understood. Earlier studies have suggested that photo-
period and / or temperature play an important role in triggering the change. This change
could be mediated systemically by changes of neuro-endocrine hormone secretion which
may involve prolactin, FSH, and beta-endorphins [64,65]. How the systemic changes affect
hair stem cell activity is an issue raised in this review, and the molecular mechanism is yet
to be worked out.

The other question is whether the circadian rhythms described in the last section can also
have direct local effect on the initiation and duration of regenerative cycling in this normal
physiological seasonal change. This remains to be solved.

Although human hair growth is much less robust compared to animals which have to live in
the wild, humans also experience seasonal hair shedding [66]. By observing the scalp hair
condition from healthy women for 6 years, it was found that the telogen rate is low in winter
and high in summer along with a shedding peak by autumn which manifests the fact that
these phenomena might exist for the protection of our scalp against cold in winter and
midday sun in summer from an evolutionary point of view [67].

7. Conclusion

One fundamental issue of stem cell biology is how stem cells are regulated by both the
micro-environment immediately adjacent to stem cells, and by the general macro-
environment that reflects the body’s physiological status. While the stem cell niche plays an
important role, work from different approaches imply that multiple hierarchical layers
control stem cell activity. These multi-layer controls ensure all intrinsic and extrinsic clues
are taken into consideration and allow hair stem cells to sum the total regulators (activators /
inhibitors) in making the decision to either activate or inhibit stem cells (Fig. 4). There is
evidence that similar multi-layer controls also exist that regulate other adult stem cells. For
example, the release of HSCs can also be affected by adipose tissue [30] and circadian
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rhythms [68]. Thus the principles discussed here are likely to be shared commonly by adult
stem cell in different organs.

Stem cells bring great hope for tissue regeneration, treating degenerative disorders and even
for slowing or reversing the aging process. In order to fulfill this dream, scientists have tried
their best to identify and harvest stem cells in various tissues. The wish is to obtain
therapeutic applications by manipulating the functions and abilities of stem cells. However,
the number of stem cells in tissues is very small and it is difficult to definitively identify
them or isolate them or expand their population for applicational usage. This hurdle makes
using stem cells in a treatment strategy tenuous at present. We have learned that the niche,
extra-niche macro-environment, and systemic factors as well as external environment are all
key regulators for the homeostasis of stem cells. The more we know about how the
homeostasis of stem cells is regulated, the closer we will be to overcome diseases associated
with tissue degeneration or wounding. Developing a better understanding of the mechanisms
through which multiple layers of the environment can modulate stem cell activities will
enable us to target some or multiple layers of these environments as a new direction to
regulate stem cells for therapeutic applications (Fig. 4B).
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Figure 1. Adult stem cellsand their microenvironmental niches

Examples of several organs are shown. Recent works show the activities of these niches and
stem cells can be furter affected by “macro-environments“ (Please see Fig. 4).

(A) Hairs. Bulge is the place where hair stem cell resides. Hair stem cell can receive signals
from either the dermal papilla to form a new hair shaft or wounded skin to replace inter-
follicular epidermis. (B) Bone marrow. Endosteal osteoblast and vessel are two major
niches of hematopoietic stem cells (HSCs). The endosteum plays a more stimulatory role
under conditions of stress to trigger the proliferation of HSCs, however, central vascular
regions play a homeostatic role during steady state conditions. (C) Intestinal villi. Intestinal
stem cell (ISCs) which could give rise to four different lineages of cells: columnar
enterocytes, mucin-producing goblet cells, Paneth cells, and entero-endocrine cells located
at the 4th or 5th position from the bottom of the crypt. Mesenchymal cells separated from
the crypt epithelium by the basal lamina serve as a niche to release signals to regulate 1SCs.
(D) Brain. The sub-ventricular zone (SVZ), which is separated from the lateral ventricle
(LV) by ependymal cells (E), is the area where neural stem cells (NSCs), the astrocytes (B),
are identified. The basal lamina (BL), which is extracellular matrix (ECM) rich and directly
contacts NSCs, is the niche that regulates the homeostasis of NSCs. (E) Testis. The inner
surface of the tubules or the seminiferous epithelium is the place where spermatogenesis
takes place. Specialized sertoli cells, blood vessels, basement membrane, myoid cells and
interstitium are thought to function as the niche required to maintain the homeostasis of
undifferentiated spermatogonia or germ line stem cells (GSCs). (F) Muscle. Under the basal
lamina of myofibers is the place where muscle stem cells, satellite cells, reside. The satellite
cell niche is composed of three major components: host muscle fiber, basal lamina and the
microvasculature. When injured, activated satellite cells will produce progenitor cells to
migrate from beneath the basal lamina.
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Figure 2. Extra-follicular macro-environmental modulatorsin theintra-dermal adiposetissue
A group of new extra-niche modulators on hair stem cells are recently found in intra-dermal
adipose tissue (Plikus et al., 2008, 2011). Similar to BmpZ2, Wnt signaling antagonists Dkk1
and Sfrp4 are expressed during refractory telogen (R) and autonomous anagen (A) phases
but not competent telogen (C) and propagating anagen (P) phases. Adopted from Plikus et

al., 2011.
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A 15 days after Wnt3a beads insertion B 30 days after control beads insertion
Anagen induction from beads No anagen induction

Control
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Figure 3. Wnt3a and Dkk1 modulate the propagatory patterns of the regenerative hair wave
Administration of Wnt3a protein coated beads causes premature anagen initiation
surrounding telogen hair follicles (A, C), while administration of Dkk1, a Wnt antagonist,
prevents normal progression of the physiological anagen spreading wave (E). Control BSA
beads can’t induce anagen re-entry (B, D). Red dotted outlines on A, C mark boundaries
between anagen and telogen skin. Adopted from Plikus et al., 2011.
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Figure 4. Concept diagram showing multi-layered environmental regulation of adult organ stem
cells

Outside of the micro-environmental niche of stem cells (green), we categorically named the
rest of environments as “macro-environment”.

A. Regulation of regenerative hair cycling by the intra-dermal adipose modulators.
Extra-follicular inhibitors, including BMP-2, DKK-1 and SFRP are not only expressed
during refractory telogen (R) to inhibit anagen re-entry but also present in autonomous
anagen (A) to stop hair wave propagation. In contrast, intradermal adipocyte precursor cells
could secret PDGFA to activate hair follicular stem cell activity during competent telogen
(C) or propagating anagen (P).

B. Regulation of stem cells by multi-layered environments.

External environment (including circadian rhythm and seasonal change) and systemic
factors (including sex hormone, aging, immune and nervous system) can regulate the
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homeostasis of stem cells directly or through modulating the niche and/or extra-niche
macro-environment. Correspondingly, stem cell could also be modified by the niche and
extra-niche macro-environment, which forms a regulation network to determine the fate of
stem cells by summing all activator and inhibitor signals coming from both intrinsic and
extrinsic environments. The upper half is meant for the situation for all organs. The lower
half is meant for hair stem cells.
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Figure 5. A unifying model of stem cell regeneration in a large population of hair follicles

A. The spectrum of hair regeneration patterns in different animals with robust (rabbit),
medium (mouse) or weak (human) hair regeneration ability.

B. The topology of stem cells and cycling stages of hair follicles underlying the hair wave
patterns in panel A.

Hair stem cells (blue) can become activated by the intrinsic hair cycle clock (Y axis on B).
Sufficient intrinsic activators are required to trigger such kind of hair follicle regeneration,
like adult human scalp (Y axis on A), which can become deficient easily when the intrinsic
activation drops, such as upon alopecia. Alternatively, diffusible signaling molecules used
for regulating hair stem cell activities within each hair follicle can be co-opted to mediate
interactions between neighboring hair follicles. Such signaling couples activation events
among many stem cell clusters at once (X axis on B), which represent the characteristic hair
regeneration patterns like waves in mice and rabbits (X axis on A). Thus, in mouse and
rabbit, hairs can be activated to enter anagen either by factors intrinsic or extrinsic to
follicles. In human adult, hairs can only be activated by factors intrinsic to the follicle.
Therefore, alopecia is prone to develop when such mechanism is weakened. Adopted from
Plikus et al., 2011.
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