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ABSTRACT
Stem cells have the ability to self-renew and differentiate along
multiple lineages, driving tissue homeostasis and regeneration.
Paradigms of unidirectional, hierarchical differentiation trajectories
observed in embryonic and hematopoietic stem cells have
traditionally been applied to tissue-resident stem cells. However,
accumulating evidence implicates stemness as a bidirectional,
dynamic state that is largely governed by the niche, which facilitates
plasticity and adaptability to changing conditions. In this Review, we
discuss mechanisms of cell fate regulation through niche-derived
cues, with a particular focus on epithelial stem cells of themammalian
skin, intestine and lung. We discuss a spectrum of niche-derived
biochemical, mechanical and architectural inputs that define stem cell
states during morphogenesis, homeostasis and regeneration, and
highlight how these diverse inputs influence stem cell plasticity.
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Introduction
Epithelial tissues such as the lung, gastrointestinal tract and skin
undergo continuous cell replacement in a process termed
homeostasis (Blanpain and Fuchs, 2014; Leeman et al., 2014).
This process depends on the dynamic activity of tissue-resident stem
cells and the surrounding environment – the niche – in which they
reside. These same stem cells are also called into action to regenerate
damaged tissue following injury, to facilitate rapid repair and to
prevent tissue overgrowth, in a process that is again regulated by the
niche. Such stem cells receive and respond to various feedback
signals from their immediate environment to be able to react to the
changing needs of tissues. Secreted signals originate from the stem
cells themselves (autocrine), from the neighboring niche cells
(paracrine) or from other tissues (systemic), and generally form part
of central stem cell regulatory pathways. Other forms of signaling,
such as contact-dependent Notch signaling, signaling from the
extracellular matrix (ECM) through adhesion receptors, as well as
mechanical signals from physical and topological cues, can also
provide key signals to stem cells.
The original definition of a stem cell is that it possesses the

capacity for both long-term self-renewal and multi-lineage
differentiation (Becker et al., 1963; Till and McCulloch, 1961).
Although this still holds true, we now know that stem cells are a
heterogeneous population of cells with varying transcriptional

profiles and self-renewing capacities, yet are functionally equivalent
in their ability to maintain tissue homeostasis and restore tissue
integrity upon injury (Goodell et al., 2015; Krieger and Simons,
2015; Wabik and Jones, 2015). The term ‘niche’, which was
originally conceptualized by Schofield (1978), refers to the specific
microenvironment in which stem cells reside. The niche consists of
stem cells themselves as well as their progeny, but also multiple
heterologous cell types and a niche-specific ECM. The niche thus
provides soluble, adhesive and physical signals to stem cells, which
are crucial for maintaining stem cell functions. Owing to the
complex composition of epithelial stem cell niches, they function by
integrating a plethora of signals, both local and systemic, to ensure
appropriate and coordinated responses of stem cells to the changing
needs of tissues (Scadden, 2014).

The traditional paradigm of a unidirectional, hierarchal differen-
tiation trajectory – beginning with a multipotent self-renewing stem
cell and proceeding through transit-amplifying cell stages before
transitioning into the terminal differentiated state – was uncovered in
the embryonic and hematopoietic stem cell fields (Weissman, 2000).
These concepts have further been applied to epithelial tissue-resident
stem cells. However, accumulating evidence suggests that stemness,
especially in the context of epithelial tissues, is a bidirectional,
dynamic state that is largely governed by the stem cell niche, allowing
plasticity and adaptability to changing conditions (Chacón-Martínez
et al., 2017; Ritsma et al., 2014; Rompolas et al., 2013; Sun et al.,
2014; Takeda et al., 2011). These discoveries highlight the importance
of the biochemical composition and biophysical architecture of the
niche, which influence stem cell state and fate (Morrison and
Spradling, 2008; Scadden, 2014). Given this central role of the niche
in regulating epithelial stem cell behavior, the identification of niche
factors and signaling pathways that can promote stem cell function or
enrich for cells with stem cell properties could have significant
implications in regenerative medicine and tissue engineering. In this
Review, we discuss how niche inputs regulate stem cell functions
during morphogenesis, homeostasis and regeneration, focusing
mainly on three well-studied mammalian systems: the lung,
gastrointestinal tract and skin epithelia. We first provide an overview
of the stem cell dynamics within these tissues.We then describe recent
research that has identified key biochemical and biomechanical
signals within the niche that control stem cell fate, and highlight how
these signals facilitate stem cell heterogeneity and plasticity to ensure
robust tissue function and repair.

Stem cells drive dynamic tissue turnover in epithelia
Epithelial tissues are continuous sheets of tightly adherent cells that
line most body surfaces, organs, tracts and cavities. They regulate
water and nutrient absorption, and physically protect tissues from
the external environment. Owing to this front-line defensive
function, epithelial tissues such as the skin epidermis, intestine
and lung must self-renew in order to rapidly replace lost or damaged
cells. Indeed, the intestinal epithelium is one of the fastest self-
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renewing tissues and completely regenerates within 3-5 days
(reviewed in van der Flier and Clevers, 2009). This single-layered
simple epithelium extends invaginations, termed crypts, into the
underlying connective tissue (Fig. 1A). Rapidly cycling intestinal
stem cells (ISCs), which are positive for the marker LGR5, are
located at the crypt base interspaced between Paneth cells (Barker
et al., 2007; Hertzog, 1937), whereas slow-cycling, label-retaining
HOPX+, LRIG+, BMI1+, TERT+, DLL1+ ISCs are located at the +4
position relative to the crypt base (Barker et al., 2007; Montgomery
et al., 2011; Takeda et al., 2011). Once these stem cells migrate out
of their niche, they differentiate either into the absorptive or
secretory lineages and finally into one of four differentiated cell
types: enterocytes, mucin-secreting goblet cells, peptide hormone-
secreting neuroendocrine cells and microbicide-secreting Paneth
cells (reviewed by Crosnier et al., 2006).

The turnover dynamics of the multilayered, stratified skin
epithelium, the epidermis, are very similar to those of the intestinal
epithelium, fully renewing every 7-10 days (Potten et al., 1987).
Epidermal stem cells reside in the basal layer of this stratified
epithelium (Fig. 1B), where they initiate a transcriptional program
of terminal differentiation while moving upwards to give rise to
the spinous layer, the granular layer and, finally, the cornified
layer of dead cells. In addition to the epidermis, the skin harbors
multiple specialized appendices such as the hair follicle, which is
maintained by its own stem cell population: the hair follicle stem
cells (HFSCs, Fig. 1B) (Oshima et al., 2001; Reynolds and
Jahoda, 1991). Hair follicles self-renew through cyclical bouts of
growth (anagen), degeneration (catagen) and rest (telogen). At the
start of the hair cycle, quiescent HFSCs residing in the so-called
bulge niche are triggered to proliferate through complex signaling
crosstalk with neighboring niche cells, and migrate to supply the
cells needed for hair follicle downgrowth (Gonzales and Fuchs,
2017; Müller-Röver et al., 2001).

In contrast to the rapidly renewing intestine and epidermis, the
airways of the lungs are lined by a pseudo-stratified epithelium that
can take as long as 6 months to be replaced, but has a remarkable
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Fig. 1. Niche signals controling lineage hierarchies and dynamics during
homeostasis. (A) In the small intestine, actively cycling LGR5+ intestinal stem
cells (ISCs) are located at the crypt base and are interspaced between Paneth
cells. Slow-cycling, label-retaining (HOPX+, LRIG+, TERT+, BMI+ and DLL1+)
stem cells located at the +4 position relative to the crypt base function as a stem
cell reserve and can replenish LGR5+ ISCs upon their loss. ISCs give rise to
four different lineages: enterocytes, goblet cells, neuroendocrine cells and
Paneth cells. Stromal cells and Paneth cells provide ISCs with essential niche
signals such as WNTs to support intestinal homeostasis. (B) The stratified
epidermis (interfollicular epidermis; IFE) of the skin is continuously renewed by
epidermal stem cells (also termed epidermal progenitor cells). Epidermal
stemness is maintained by autocrine WNT signals and by contact with the
basement membrane. Once these cells initiate differentiation, they move
upwards and give rise to various differentiated layers. The hair follicle is
compartmentalized into multiple micro-niches that are maintained by distinct
stem cell populations. CD34+ hair follicle stem cells (HFSCs) reside in the
bulge niche, where they are activated through signaling with their immediate
progeny (hair germ cells) and mesenchymal dermal papilla cells to initiate
differentiation and hair follicle growth. Further instructive signals are provided
by the surrounding niche basement membrane, proximal dermal fibroblasts
and T cells. (C) The lung airway epithelium consists of basal cells, secretory
cells, ciliated cells and neuroendocrine cells. Basal cells can act as stem cells,
self-renewing and differentiating into secretory and ciliated cells. Interactions
between niche mesenchymal cells and basal stem cells are important for
maintaining basal stem cells in an undifferentiated state. On the other hand,
continuous Notch signaling from basal stem cells to their secretory progeny
supports progeny maintenance and prevents their further differentiation into
ciliated cells.
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ability to regenerate after injury (reviewed by Rock and Hogan,
2011). The airway epithelium consists of basal cells, secretory cells,
ciliated cells and neuroendocrine cells (Fig. 1C), while the alveolar
epithelium, which facilitates gas exchange, contains alveolar type 1
(AT1) and alveolar type 2 (AT2) cells. In mice, basal cells have been
shown to act as the main stem cell population in the proximal airway
epithelium, with the ability to both self-renew and give rise to
multiple cell types, and there is evidence that the same may be true
in humans (Tata and Rajagopal, 2017). AT2 cells can both self-
renew and give rise to AT1 cells, and thus are considered the stem
cell of the alveolar epithelium. Recently, a newly identified subset
of AXIN2+ AT2 cells was shown to constitute a major progenitor
pool in the distal lung and to effectively regenerate the alveolar
epithelium upon injury (Zacharias et al., 2018). It should be noted,
however, that these lineage hierarchies can vary under different
conditions and in different locations of the lung, and care must thus
be taken when discussing and interpreting data relating to these
different cell populations (Chen and Fine, 2016).

Niche signals that originate from stem cell progeny
A major theme that has developed in recent years is the crucial role
of stem cell-to-daughter cell crosstalk in regulating homeostasis and
the appropriate response to injury across multiple tissues. This is
well illustrated by recent research on the regulation of ISC function.
As mentioned above, LGR5+ ISCs reside at the bottom of intestinal
crypts interspersed between their own specialized progeny, the
Paneth cells (Barker et al., 2007; Hertzog, 1937). Paneth cells play a
role in immunity and host-defense, but also secrete important
signaling molecules such as WNT3, EGF and Notch ligand DLL4
(Ganz, 2000; Sato et al., 2011), suggesting that they might signal to
ISCs. In line with this, it has been shown that co-culturing LGR5+

ISCs with a Paneth cell-enriched population or adding exogenous
WNT3A, enhances the efficiency of LGR5+ ISCs in forming
differentiated intestinal organoids in vitro (Sato et al., 2011).
Consistently, depletion of Paneth cells in vivo using three different
genetic mouse models leads to reduced stem cell numbers (Sato
et al., 2011), indicating that daughter cells of LGR5+ ISCs provide
essential niche signals for these stem cells. However, there is
controversy about the role of Paneth cells as two subsequent studies
showed that complete ablation of Paneth cells does not affect
LGR5+ ISC maintenance and proliferation (Durand et al., 2012;
Kim et al., 2012), challenging the initial findings. However, in these
later studies, alternative pathways that upregulate WNT/β-Catenin
signaling are observed. Consistently, later reports showed that
deletion of epithelial Wnt3, although necessary for organoid
cultures, has no effect on stem cell function in adult mice, as
stromal secretion of WNTs could fully support intestinal
homeostasis (Farin et al., 2012; Kabiri et al., 2014; San Roman
et al., 2014). Interestingly, WNT alone is not sufficient to promote
LGR5+ ISC self-renewal, but additional signals from R-spondins
are required.WNT stabilizes R-spondin receptor expression (LGR4,
LGR5, LGR6), enabling R-spondin to drive stem cell expansion
(Yan et al., 2017). Collectively this indicates that Paneth cells are a
dispensable source of WNT in vivo, and thus the outcome of Paneth
cell depletion might be dependent on the approach used and its
indirect impact on the WNT signaling status of the niche. A recent
paper has provided alternative mechanisms to explain the function
of Paneth cells in the ISC niche, albeit only in an in vitro organoid
system. Comparative metabolomics of the two cell types revealed
that LGR5+ ISCs display higher mitochondrial activity compared
to Paneth cells (Rodríguez-Colman et al., 2017). It has previously
been suggested that efficient oxidative metabolism and low ROS

levels are crucial processes for stem cell self-renewal and
quiescence, whereas mitochondrial status, aerobic glycolysis and
ROS production are associated with differentiation (Ho et al., 2017;
Khacho et al., 2016). Following on from this, it was shown that
Paneth cells provide lactate to LGR5+ ISCs, which fuels oxidative
phosphorylation leading to production of ROS and subsequent
enhanced differentiation (Rodríguez-Colman et al., 2017).
Together, these findings suggest that stem cell progeny within the
niche support stem cell functions through multiple mechanisms, but
it seems likely that several niche-resident cells, acting in a redundant
fashion, provide the most crucial signals such as WNT. This would
facilitate robust niche function, ensuring that no particular niche cell
population is indispensable for proper stem cell activities.

A similar feedback mechanism – from progeny back to stem cells
– is seen in the hair follicle, where early HFSC progenitors signal
back to HFSCs to promote their activity during hair regeneration. In
this context, progenitor cell-derived sonic hedgehog (SHH) sustains
HFSC activation during the hair follicle growth phase for as long as
the progeny and the dermal papilla are in close proximity to the
bulge HFSC niche (Hsu et al., 2014). This provides a self-
organizing feedback loop to precisely scale HFSC activation to the
degree of hair follicle growth.

Signals that originate from stem cells
Besides daughter cells sending feedback signals to their parent stem
cells, stem cells themselves signal to their progeny, as exemplified by
a recent study in the lung epithelium (Pardo-Saganta et al., 2015b).
Basal stem cells in the lung continuously signal through the Notch
ligand JAG2 to secretory daughter cells, thereby supporting their
maintenance.Without this signal, a large proportion of secretory cells
terminally differentiate into ciliated cells. Therefore, basal stem cells
regulate homeostasis of their daughter cells, providing an elegant
feedback loop to control the balance between the number of stem cells
and their progeny (Pardo-Saganta et al., 2015b).

Besides paracrine signaling with niche cells, stem cells
participate in self-signaling loops. Stem cells in the epidermis, for
example, express several Wnt genes, and inhibition of WNT
secretion leads to their premature differentiation, indicating that
autocrine WNT signaling maintains the undifferentiated stem cell
state during homeostasis (Lim et al., 2013). During lung injury,
upon the loss of differentiated luminal cells, the epithelium is
restored by basal stem cells (Rock et al., 2009). Subsequently, two
distinct basal cell subpopulations emerge – one defined by
expression of the intracellular domain of Notch2 (N2ICD) and
another by expression of MYB, a transcription factor acting
downstream of Notch signaling (Tan et al., 2013). N2ICD+ cells
differentiate into secretory cells, while MYB+ cells differentiate
into ciliated cells. Consequently, blocking Notch signaling leads
to increased numbers of MYB+ basal stem cells (Pardo-Saganta
et al., 2015a). Similarly, in the intestine, Notch signaling promotes
LGR5+ stem cell proliferation, while preventing differentiation
into to the secretory cell lineage. Accordingly, deletion of Notch
leads to secretory cell hyperplasia (Fre et al., 2005; Stanger et al.,
2005; van Es et al., 2005; VanDussen et al., 2012). Interestingly,
blocking WNT signaling in the intestine rescues this secretory cell
hyperplasia (Tian et al., 2015), indicating that Notch signaling
tunes local WNT activity, thereby coordinating balanced self-
renewal and differentiation within the niche. Collectively, this
intricate complexity of the sources, factors and contexts of niche
signals is beginning to reveal how stem cell behavior is adjusted to
ensure precise lineage output responses to maintain or restore
tissue integrity.
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Other cell types that signal in the niche
Stromal cells within the niche are also active players in maintaining
adult stem cells, acting via the secretion of key signaling factors
such as WNT, Notch and BMP (Roberts et al., 2017). In the hair
follicle, both the mesenchymal cells of the dermal papilla and
dermal adipocyte precursor cells secrete factors that activate stem
cells (Sennett and Rendl, 2012). More globally, waves of BMPs
secreted by dermal fibroblasts are involved in maintaining the
synchronized quiescent state of HFSCs (Plikus et al., 2008). The
interaction between fibroblasts and stem cells has also been shown
to be important for establishing a functional basal stem cell niche in
the lung airway (Ruiz et al., 2014). Using kidney capsule
engraftments and culture of lung explants, airway epithelium
basal stem cells were found to act via SDF1 to recruit and activate
fibroblasts, which subsequently secrete TNFα and reciprocally
activate the basal stem cells, generating a self-sustained feedback
loop. Activated basal stem cells showed increased SDF1 expression,
which in turn induces fibroblasts to express IL8 and VEGF, factors
that promote angiogenesis and recruitment of endothelial cells.
Interestingly, the basal stem cells in close proximity to fibroblasts
remain in an undifferentiated state to ensure self-renewal capacity
(Ruiz et al., 2014). Similar self-organizing feedback loops have
been observed during lung regeneration, where niche cells play key
roles in lung stem cell regulation. For example, endothelial cell
signaling plays a key role in lung bronchioalveolar stem cell
differentiation (Lee et al., 2014). Bronchioalveolar stem cells can
differentiate into multiple lineages, but BMP4 signaling in
endothelial cells induces thrombospondin 1 expression, which
subsequently acts on bronchioalveolar stem cells to trigger their
specific differentiation into the alveolar lineage. Interestingly, BMP
is upregulated in bronchioalveolar stem cells and AT2 cells after
alveolar injury, and expression of thrombospondin 1 is required for
efficient injury repair (Lee et al., 2014), demonstrating how stem
cells rely on feedback signals from the niche to regulate their
regenerative functions.
Roles for distinct stromal sub-types have also been uncovered.

The mesenchymal niche of the lung epithelium, for example,
appears highly heterogeneous and specialized: each mesenchymal
lineage has a distinct localization and transcriptional profile, leading
to niche-specific regulatory functions (Zepp et al., 2017). The
mesenchymal niche of alveolar stem cells is PDGFRα positive,
responds toWNT signals and promotes AT2 cell self-renewal (Zepp
et al., 2017). Similarly, a distinct region-specific population of
LGR6+ mesenchymal niche cells regulates airway progenitor
differentiation and self-renewal via FGF10 signaling. The
epithelial progenitors, in turn, signal to mesenchymal cells via
WNT signaling, promoting their proliferation (Lee et al., 2017). A
self-organizing niche feedback loop between the mesenchyme and
stem cells has also been observed in the mucociliary epithelium of
the trachea. In this context, BMP signaling through SMAD1/5/8 is
transiently decreased upon injury by reduced expression of BMP
ligands in the mesenchyme, as well as decreased expression of BMP
receptors and increased expression of BMP antagonists in both the
epithelium and the mesenchyme (Tadokoro et al., 2016). This leads
to accumulation and multilayering of basal stem cells. Interestingly,
this expansion is followed by active extrusion of apoptotic cells
from the crowded epithelium through constriction of their
neighbors, restoring homeostatic cell density. These findings
suggest that BMP signaling normally reduces proliferation and
might be important for maintaining the steady state; counteracting
this signaling after injury restores the damaged tissue (Tadokoro
et al., 2016). Collectively, these findings suggest that the presence of

self-organizing feedback circuits between stem cells and their
surrounding niche cells could function as checkpoints to prevent
stem cell differentiation in the absence of properly maintained niche
homeostasis or during regenerative growth, which can then be
switched off to allow differentiation once homeostasis is re-
established.

Emerging data implicate immune cells as another important
component of stem cell niches. Specifically, regulatory T cells
(Tregs) have an important immunosuppressive function (Bettelli
et al., 2006) and play a role in injury repair (Arpaia et al., 2015;
Nosbaum et al., 2016). A subset of highly activated Tregs
accumulates around hair follicles during late telogen and
colocalizes with HFSCs, whereas they are less abundant during
anagen (Ali et al., 2017). Hair depilation in mice triggers onset of
the anagen growth phase, but mice depleted of Tregs show a
markedly reduced anagen induction and hair regrowth,
accompanied with shortened hair follicles. HFSCs isolated after
depilation were shown to have differential expression of Notch
target genes in Treg-depleted mice. Furthermore, the deletion of
Jag1 in Tregs results in a reduction of key differentiation genes in
HFSCs. These results suggest that Tregs support HFSC function
through JAG1-Notch signaling (Ali et al., 2017). Interestingly,
colocalization of Tregs with adult stem cells has also been observed
in the hematopoietic stem cell niche, where they generate an
immunoprivileged microenvironment that promotes stem cell
persistence (Fujisaki et al., 2011). Whether the trophic function of
Tregs represents a general feature of adult stem cell niches, and
whether other immune cells contribute to stem cell-niche signals,
remains an interesting avenue for future research.

Niche signals modulate cellular plasticity following injury
In the classical view of strict cell hierarchy within tissues, stem cells
reside on top of a lineage hierarchy, and once they make the decision
to commit to differentiation the process is irreversible (Sánchez
Alvarado and Yamanaka, 2014). In recent years, this concept has
been challenged as numerous studies demonstrate that progenitor
cells and even more differentiated cell types exhibit enormous
plasticity (Fig. 2), endowing themwith the ability to transdifferentiate
and dedifferentiate under certain homeostatic and regenerative
conditions in processes orchestrated by the niche (Chacón-Martínez
et al., 2017; Ritsma et al., 2014; Rompolas et al., 2013; Sun et al.,
2014; Takeda et al., 2011).

Dedifferentiation refers to the process in which differentiated
cells revert to a less differentiated state within their lineage. In
mammalian epithelia, the advent of lineage tracing has begun to
unearth the widespread nature of dedifferentiation of stem cell
progeny back to stem cell states. Such studies have revealed that cell
fate plasticity is particularly apparent during injury and subsequent
regeneration, when tissue and niche architecture are disrupted and
remodeled. For example, the replenishment of LRG5+ ISCs after
their genetic ablation suggests that these stem cells are dispensable
for tissue homeostasis, as slow-cycling BMI1+ cells have the ability
to mobilize into the empty niche and dedifferentiate into LGR5+

ISCs (Muñoz et al., 2012; Tian et al., 2011). In a similar fashion,
LGR5+ progeny such as DLL1+ secretory progenitors and label-
retaining cells, located at crypt position +3/+4, were shown to have
the ability to regenerate LGR5+ ISCs in vivo upon acute stem cell
loss (Buczacki et al., 2013; van Es et al., 2012). Of note, while in
vitro cultures of FACS-purified LRG5+ cells give rise to organoids,
also known as mini-guts (Sato et al., 2009), purified DLL1+ cells do
not generate organoids using standard culture conditions (in the
presence of EGF, Noggin and R-spondin1). However, the addition
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of WNT3 to the culture medium allows full organoid formation by
DLL1+ cells, suggesting a crucial role of niche-derived WNT
signaling in secretory progenitor dedifferentiation (van Es et al.,
2012). Interestingly, the loss of LGR5+ ISCs (induced by diphtheria
toxin administration in a genetic mouse model to lineage trace
enterocyte precursors, which are characterized by the expression of
the alkaline phosphatase intestinal ALPI), revealed the ability of
enterocytes to dedifferentiate into LGR5+ ISCs. Of note, ALPI+

cells lose this plasticity as they differentiate and move out of the
crypt niche. Single-cell gene expression analyses revealed that
regeneration of LGR5+ cells by ALPI+ enterocytes does not involve
transition through a DLL1-expressing progenitor cell state (Tetteh
et al., 2016), indicating that several routes of dedifferentiation exist.
Together, these studies have revealed a high degree of plasticity
within the intestine in response to injury, which is guided by the
positioning of cells in the crypt niche and the WNT-enriched
signaling microenvironment of the crypt (Fig. 2A).
A similar dedifferentiation phenomenon has been observed in the

gastric epithelium, where Troy+ (TNFRSF19+) and LGR5+

differentiated chief cells populate the base of gastric glands.
These cells do not have stem cell functions during homeostasis.
However, upon damage-induced loss of stem cells in the isthmus
region adjacent to the opening of the gland, chief cells become
active and are able to replenish isthmus stem cells as well as parietal,
mucous and neuroendocrine cells in a WNT-dependent manner
(Leushacke et al., 2017; Stange et al., 2013). Taken together, these
findings show that, upon stem cell loss after injury, exposure to
defined stem cell-niche signals such as WNT instructs multiple
classes of early progeny to re-acquire a stem cell state.
Similar roles of differentiated cells as stem cell reservoirs have

been identified in other tissues such as the skin interfollicular

epidermis (IFE) and the hair follicle during regeneration following
injury (Fig. 2B). Unlike HFSCs, IFE stem cells constantly
proliferate to renew the epidermis. Although initially thought to
be maintained by quiescent stem cells and rapidly dividing transit-
amplifying cells (Barrandon and Green, 1987; Potten and Morris,
1988), a single progenitor population with equal probability to self-
renew and differentiate has been suggested to be responsible for
maintaining the IFE (Clayton et al., 2007; Mascré et al., 2012;
Rompolas et al., 2016). However, the existence of functionally
heterogeneous stem cell populations in specific locations of the
mouse tail epidermis has been reported (Gomez et al., 2013; Mascré
et al., 2012; Sada et al., 2016). In addition, a degree of transcriptional
heterogeneity and the existence of an LGR6+ subpopulation within
the mouse back skin IFE has been observed (Füllgrabe et al., 2015;
Joost et al., 2016; Snippert et al., 2010a), but the functional
significance of this heterogeneity is unclear. Thus, although the
precise molecular identity of the IFE stem cell remains elusive,
transcriptional and functional heterogeneity is most likely controled
by anatomical location and therefore region-specific, currently
unknown, niche signals.

HFSCs represent further evidence of niche-induced plasticity.
These stem cells do not normally contribute to IFE maintenance but
migrate to sites of epidermal wounds, occupy the IFE niche and,
through currently unknown signals from this new niche,
subsequently adopt IFE fate and contribute to tissue repair after
injury (Blanpain et al., 2004; Claudinot et al., 2005; Ito et al., 2005).
Interestingly, in vivo two-photon imaging coupled to lineage tracing
and laser ablation revealed that HFSCs are in fact dispensable for
hair regeneration; their committed, immediate progeny, as well as
other K14+ cells located in the IFE, infundibulum and sebaceous
glands, can repopulate the empty stem cell niche, adopt stem cell
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Fig. 2. Niche-controled differentiation trajectories and plasticity in epithelia. (A) In the intestine, progenitors and also enterocytes can dedifferentiate to
LGR5+ intestinal stem cells (ISCs) throughWNT-mediated niche signals. (B) In the skin, the immediate progeny of hair follicle stem cells (HFSCs) as well as more
distant populations located in the interfollicular epidermis (IFE), infundibulum and sebaceous glands can repopulate the bulge stem cell niche upon HFSC loss.
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HFSCs are able to migrate into the IFE to regenerate the epidermis and, vice versa, IFE stem cells can generate hair follicles upon transplantation. Although
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features and actively contribute to subsequent hair regeneration
cycles (Rompolas et al., 2013). Similarly, diphtheria toxin-mediated
ablation of the LGR5+ subpopulation of HFSCs initially results in
abrogation of hair follicle regeneration, but eventually the LGR5+

stem cells as well as normal hair growth is restored by the CD34+

HFSC population (Hoeck et al., 2017). Niche-derived signals
contributing to this phenomenon could emanate from the
surrounding ECM (Morgner et al., 2015), from contiguous stem
cell progeny (Hsu et al., 2011; van Es et al., 2012) and/or from
neighboring mesenchymal cells (Chi et al., 2013). For example, it
has been shown that the hair follicle bulge ECM niche has a specific
composition, with very low levels of the basement membrane
protein laminin 511 compared with the adjacent hair germ that
harbors the activated progeny, and that contact of stem cells with
laminin 511 induces WNT signaling (Morgner et al., 2015). This
establishes a mechanism by which a niche-specific ECM could
control stem cell differentiation. Intriguingly, disrupting the
physical contiguity between the epidermal and mesenchymal
niche components impairs the dedifferentiation of committed
epidermal cells into HFSCs and subsequent hair regeneration
(Rompolas et al., 2013). This indicates that direct epidermal-dermal
proximity within the niche is indispensable for specifying the HFSC
fate during dedifferentiation. On the other hand, exogenous
manipulation of key niche factors such as SHH is sufficient to
trigger dedifferentiation of progenitors to the HFSC state in vitro
(Chacón-Martínez et al., 2017).
Cellular plasticity within the lung has also been reported

(Fig. 2C). In the proximal airway, committed secretory cells can
dedifferentiate into basal stem cells upon acute loss of these stem
cells (Tata et al., 2013). Using diphtheria toxin to specifically ablate
CK5+ basal stem cells, secretory cells were found to proliferate
rapidly to compensate for basal stem cell loss. Around 8% of these
cells lost markers of secretory cells, while gaining expression of
basal stem cell markers (Tata et al., 2013). Interestingly, the
dedifferentiation process of secretory cells is modulated by direct
cell-cell contact with basal stem cells (Tata et al., 2013) and by the
mechanosensitive transcription factor YAP (Zhao et al., 2014),
which points to a reciprocal mechanism that relies on single-cell
level interactions and sensing the density of the stem cell layer to
ensure tissue integrity.
Collectively, these findings imply that localized signals from the

mesenchyme, proximal progenitors and the ECM most likely
provide the necessary signals for progenitors entering the niche to
take over a stem cell (or stem cell-like) state. However, the role of
inflammatory and danger signals produced from ablated cell
populations has not been sufficiently addressed so far, and it is
possible that such signals may also contribute. It is also conceivable
that environmental insults trigger unexpected cellular responses to
ensure tissue level function, but whether dedifferentiation has a role
in tissue homeostasis has not been extensively studied. In vivo
lineage tracing and in vitro organoid cultures of HOPX+ cells, slow-
cycling label-retaining cells located at the +4 position have
demonstrated that, under homeostatic conditions, the progeny of
these cells can populate the entire crypt base, including regions
where LGR5+ ISCs reside. Likewise, LGR5+ ISCs give rise to
HOPX+ cells, indicating that intestinal adult stem cells located in
distinct niches display plasticity under homeostatic conditions
(Takeda et al., 2011). A potential caveat here is that HOPX and other
+4 markers have been shown to exhibit broader expression patterns,
even overlapping with LGR5+ cells (Muñoz et al., 2012), and thus
the presence of HOPX transcript cannot be used as a proxy for stem
cell identity (Li et al., 2014). However, a marker-free tracing study

of these quiescent +4 label-retaining cells later showed that these
cells can indeed, in response to injury, give rise to LGR5+ ISCs
(Buczacki et al., 2013). Further studies are thus required to fully
establish the role of +4 cells in homeostasis. One way to interpret all
these findings is to postulate that positioning of a cell within the
anatomic tissue structure, and thereby its exposure to local niche
factors, determines cell identity, preventing stem cell loss and
ensuring robust tissue function. Future studies addressing these
aspects in homeostatic and regenerative dedifferentiation will
hopefully provide a better understanding of this process.

Niche architecture regulates stem cell fate
Cell division has been regarded as a crucial step in cell fate
commitment. Developmental studies have established that
asymmetric cell divisions generate two daughter cells with
intrinsically distinct fates: a stem cell and a committed progenitor
that goes on to differentiate. In contrast, symmetric cell divisions
generate either two identical stem cells, which enables self-renewal,
or two committed progenitors to ensure differentiation (Williams
and Fuchs, 2013). The type of cell division that occurs, and thereby
the decision to either differentiate or self-renew, was thought to be
cell-autonomous in epithelia, similar to stem cells in various other
model organisms such as C. elegans (reviewed by Cowan and
Hyman, 2004). However, single-cell lineage tracing studies of
LGR5+ ISCs as well as LGR5+ gastric and pyloric stem cells in their
in vivo niche have uncovered that differentiation follows a stochastic
drift model wherein spatial niche constraints orchestrate non-cell
autonomous fate decisions (Leushacke et al., 2016, 2013; Lopez-
Garcia et al., 2010; Snippert et al., 2010b). In this model, tissue
homeostasis is accomplished at the population level by neutral
competition of stem cells, rather than by predefined cell-
autonomous fate decisions of single cells. Furthermore, and in
line with the decisive role of niche constraints, imaging studies in
the skin and the intestine have shown that the functional
heterogeneity of stem cells can be traced back to their anatomical
position within the niche (Ritsma et al., 2014; Rompolas et al.,
2013). In the hair follicle, the main determinant of whether or not a
stem cell is likely to participate in the regeneration process is based
on its proximity to the niche borders. Within the bulge niche, stem
cells in the lower half are more likely to proliferate and generate
differentiated progeny, whereas cells located in the upper half are
either quiescent or generate only low numbers of spatially restricted
progeny (Rompolas et al., 2013). In a similar fashion, intestinal
transit-amplifying cells are generated upon stem cell division by
their physical displacement from the stem cell niche (Ritsma et al.,
2014; Snippert et al., 2010b). This fate change can also be triggered
by the cell division of neighboring cells, uncoupling fate
determination from cell division (Ritsma et al., 2014). Moreover,
in lung alveoli, the physical proximity of AXIN2+ AT2 alveolar
stem cells to single WNT-producing fibroblasts controls stem cell
differentiation and transdifferentiation through WNT signaling
(Nabhan et al., 2018). Daughter cells of these alveolar stem cells
move away from the WNT source and thus differentiate due to lack
of constant WNT signaling. Altogether, these findings indicate that
close physical proximity to niche signals determines stemness and
that stem cells stochastically differentiate through competition for
niche space. Interestingly, similar principles have been observed in
the well-characterized stem cell niche of the Drosophila gonad,
where niche cells secrete crucial stem cell factors such as BMP
ligands but also additional factors that limit their diffusion, thereby
restricting the signal to cells in direct proximity of the niche
(reviewed by Lehmann, 2012).
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Mechanical cues modulate stem cell dynamics and
organization
Consistent with the idea of niche space being the rate-limiting step
for stem cell differentiation, it was recently shown that cell density
and lateral crowding play crucial roles in maintaining tissue
homeostasis by regulating stem cell fate decisions at the single-
cell level in the embryonic IFE (Miroshnikova et al., 2018). The
basal layer of the actively stratifying embryonic IFE exists in a
mechanically jammed, solid-like state. Proliferation in this jammed

cell layer causes crowding and local cell stress anisotropy, which
trigger differentiation and, at the same time, induce mechanical
changes in these differentiating cells. Specifically, it has been
shown that a differentiation-associated reduction in cell cortical
tension and increased cell-cell adhesion subsequently trigger
delamination of the differentiating cells from the basal cell layer
(Miroshnikova et al., 2018), providing a robust self-organizing
mechanism for embryonic epidermal stratification (Fig. 3A). Live
imaging of the adult homeostatic IFE has also shown that the space

Crowding Delamination

Stress
anisotropy

A  Embryonic epidermis

Self-organizing
niche size

Delamination Neighbor mitosis

Reduced cell
density

B  Adult epidermis

Self-organizing
niche size

Apoptosis Neighbor mitosis

Loss of
E-cadherin
junctions

C  Adult intestine
E-cad EGF signaling EGF

signaling

Self-organizing
niche size

Injury-induced
stem cell loss

Committed cell
de-differentiation

Cell contact-
mediated
signaling

D  Adult airway

Self-organizing
niche size

Key

IFE cell

Delaminating
IFE cell

Dividing
ISC

ISC Enterocyte

Apoptotic
enterocyte

Basal stem
cell

Apoptotic
basal cell

Secretory
cell

Dividing
IFE cell

Differentiating
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Fig. 3. Coordination of cell fate controls niche size.
Epithelial stem cell niches sense changes in cell density
that trigger fate changes in neighbors, generating self-
organizing feedback loops to control niche size. (A) In the
actively stratifying embryonic epidermis, cell divisions in
the expanding epidermis lead to crowding and
subsequent stress anisotropy within the cell layer. This
triggers differentiation and subsequent delamination. (B)
In the homeostatic adult epidermis, cell loss in the
terminally differentiated cell layers triggers differentiation
and delamination in the basal layer, liberating space. This
alters basal cell size of the neighbors of the delaminating
cell, triggering cell division of the largest cell to restore
homeostatic cell density. (C) In the D. melanogaster
intestine, apoptosis signals neighboring stem cells to
divide (red arrows) through loss of cell-cell contacts
mediated by E-cadherin. This increases EGF signaling in
stem cells to restore cell density. (D) In the lung proximal
airway epithelium, basal stem cell loss through injury (red
lightning) triggers secretory cells to dedifferentiate (red
arrows) into functional basal stem cells through a cell
contact-dependent signal. EGF, epidermal growth factor;
IFE, interfollicular epidermis; ISC, intestinal stem cell.
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liberated by delamination of a epidermal cell triggers the division
of its neighboring cell (Mesa et al., 2017 preprint), which is
consistent with the idea that basal cell density affects stem cell fate
decisions in the epidermal layer. Interestingly, whereas in the
actively stratifying embryonic epidermis cell divisions trigger
crowding, in the homeostatic adult tissue cell divisions do not
impact delamination but divisions occur in response to delamination
(Fig. 3B). This could indicate that delamination and stem cell
divisions are mechanically coupled in both the embryonic and
adult epidermis, but that stem cells in the embryo are constantly
cycling to provide sufficient material for the growing tissue,
whereas adult stem cells divide only upon demand to replace
terminally differentiated dying cells. A similar mechanism of cell
density-driven homeostasis seems to operate in the Drosophila
midgut (Fig. 3C), where stem cell division is triggered by removal
of apoptotic cells in a process dependent on cell-cell contacts and
their ability to coordinate EGF signaling (Liang et al., 2017).
Another recent study in the adult Drosophila midgut further
highlights the importance of mechanical signals, in particular
mechanical stress in epithelial stem cell homeostasis. Here, a
specific population of enteroendocrine precursor cells senses
mechanical stimuli that regulate their differentiation in a process
mediated by intracellular calcium increase through the stretch-
activated calcium channel Piezo, allowing these cells to respond
to gut compression or extension (He et al., 2018). Similarly,
mechanical tension in response to injury has been shown to
promote alveolar regeneration in the lung (Liu et al., 2016.
Fig. 3D).
Mechanical signals are involved not only in determining the fate

of individual cells, but also in establishing and positioning stem
cell niches themselves. In the developing chick gut, buckling forces
fold the epithelium, causing local tissue folds with high SHH
concentrations. These high SHH microenvironments alter adjacent
mesenchymal cell fate to form local signaling centers that signal back
to the epithelium to establish intestinal crypts as stem cell niches
(Shyer et al., 2015). Similarly, force-driven structural rearrangements
are not only crucial for creating the hair follicle shape but also trigger
lineage commitment in the developing avian skin. Here, spontaneous
dermal cell aggregation and contractility compress the epidermis
focally, leading to the mechanosensitive activation of β-catenin and
subsequent initiation of the hair follicle-specific transcriptional
program (Shyer et al., 2017). Early studies of follicle patterning
hypothesized that a molecular pre-pattern emerges first and changes
cellular behaviors, which then cause changes in tissue structure
(Noramly and Morgan, 1998; Widelitz and Chuong, 1999).
However, the study by Shyer and co-workers now indicates that
initial follicle fate markers, such as β-catenin, are turned on
simultaneously with architectural changes, instead of preceding
them, and that the developing skin is able to form spaced aggregates
without β-catenin activation, suggesting that pre-patterning does not
occur (Shyer et al., 2017). Collectively, these studies highlight that
themechanical regulation of stem cell positioning, density, contractility
and compression within the niche provide key instructive signals that
contribute to providing robust, self-organizing principles that
control stem cell functions (Fig. 3).

Conclusions and perspectives
Recent developments in the fields of single cell sequencing, high
resolution imaging and bioengineering have made it possible to
make significant leaps in our understanding of adult stem cell
biology. It has become evident that the stem cell niche provides a
spectrum of cues that ensure plasticity of the stem cell compartment

and prevent stem cell loss. Furthermore, the precise location of
stem cells within their niche provides additional fine-tuning of
transcriptional programs, thereby facilitating stem cell heterogeneity,
which is important for regulating the appropriate responses to the
rapidly changing needs of the tissue. A key emerging paradigm is the
presence of self-organizing feedback loops that are based on direct
cell-cell contact and density sensing. These self-organizing
circuits allow coordinated behaviors of stem cells within a niche.
Coupling stem cell loss to neighbor division, or vice versa,
provides simple and efficient control of niche size and tissue
architecture, and could represent a universal feature of stem cell
regulation, at least in epithelia.

Despite these recent advances, several key questions remain
unanswered regarding the precise molecular mechanisms of stem
cell heterogeneity and plasticity. In particular, it will be important to
understand which regulatory mechanisms and phenomena are
relevant for homeostasis and which of them are used primarily or
even exclusively in response to stress or damage. In addition, more
comprehensive characterization of stem cell niches is still required,
as the roles of inflammatory cells, neuronal cells and other niche-
proximal cell types are only beginning to emerge. Moreover, many
tissues show a decline in regenerative potential during aging
coupled with a loss of stem cell homeostasis and function (López-
Otín et al., 2013; Signer and Morrison, 2013); in fact, a direct
mechanistic link between organismal lifespan and stem cell activity
has been demonstrated, pioneered by work in Drosophila ISCs
(Biteau et al., 2010). Thus, understanding how aging affects the
composition and function of stem cell niches and whether niche-
targeted therapies could be used to enhance tissue homeostasis and
regeneration potential during aging will be exciting avenues of
future research.

Our increasing understanding of the regulatory networks and
environmental factors dictating stem cell functions has already
enabled the design of in vitro stem cell models, such as organoids
(Latil et al., 2017; Nichane et al., 2017; Sato et al., 2009; Yin et al.,
2014) and other self-organizing stem cell cultures (Chacón-
Martínez et al., 2017, Harrison et al., 2017; Tewary et al., 2017;
Turner et al., 2017). These in vitro tools enable mechanistic
interrogation of key components of niches and their contribution
(chemical, mechanical and physical) to self-renewal, plasticity and
differentiation, as well as precise manipulation of both stem cells
and niche components through new technologies such as gene
editing. These models are rapidly advancing basic and applied
research (Huch et al., 2017), and are also being expanded to disease
models and predictive tools of drug-treatment outcomes, as
exemplified by the recently established human cancer organoid
biobanks (Sachs et al., 2018; Vlachogiannis et al., 2018). The better
we understand the complexity of niches and how they regulate stem
cell plasticity and self-organization, the better we will be able to
harness the potential of stem cells for use in regenerative therapies
and personalized medicine.
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