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Abstract

Stem cell behavior is tightly regulated by spatiotemporal
signaling from the niche, which is a four-dimensional micro-
environment that can instruct stem cells to remain quiescent,
self-renew, proliferate, or differentiate. In this review, we
discuss recent advances in understanding the signaling cues
provided by the stem cell niche in two contrasting adult tissues,
the rapidly cycling intestinal epithelium and the slowly renew-
ing skeletal muscle. Drawing comparisons between these two
systems, we discuss the effects of niche-derived growth fac-
tors and signaling molecules, metabolic cues, the extracellular
matrix and biomechanical cues, and immune signals on stem
cells. We also discuss the influence of the niche in defining
stem cell identity and function in both normal and pathophys-
iologic states.
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Introduction

Tissue homeostasis is maintained throughout an organ-
ism’s lifespan by adult stem cells (SCs) whose activity is
tightly regulated, depending on the function and pro-
liferative requirements of the tissue. Epithelia, such as
the intestinal lining or the epidermis, are subject to

frequent damage because they act as a barrier between
the organism and its environment. Therefore, they
generally require rapid turnover to replace lost or
damaged cells [1]. In contrast, slow turnover tissues,
like skeletal muscle or the brain, tend to maintain SCs in
a quiescent state until regeneration is stimulated [2,3].
The proliferative potential of different adult SCs not
only is defined by their intrinsic properties, but also
relies on the SC niche, a four-dimensional microenvi-
ronment where the SCs reside and respond to spatially
and temporally coordinated biochemical and biophysical
signals provided in an autocrine, juxtacrine, paracrine, or
systemic manner.

Decades of studies have provided insight into the highly
dynamic molecular communications between SCs and
their niches. Here, we review recent advances in our
understanding of the niche signals that regulate quies-
cence, self-renewal, and differentiation of SCs, focusing
as examples on the niche of intestinal SCs (ISCs) as a
model for fast-turnover tissue SCs and muscle SCs
(MuSCs), also called satellite cells, as a model for slow-
turnover tissue SCs (Figure 1).

Homeostatic signals in the SC niche

The single-layered intestinal epithelium is continuously
renewed by a pool of actively dividing ISCs located at
the bottom of epithelial cavities called crypts of
Lieberkiihn. Each ISC divides daily to give rise to transit
amplifying ('TA) progenitors that further divide and give
rise to differentiated lineages (absorptive or secretory)
as they migrate up the crypt and into the villus
compartment, in the small intestine, or intercrypt
epithelium, in the colon (Figure 1a) [4]. Both this
compartmentalization and the establishment of unique
markers for ISCs, most notably the R-spondin receptor
LGRS5 [5], make this an ideal model to study fast-
cycling SCs. Alongside the ISCs at the bottom of small
intestinal crypts are Paneth cells, secretory progenitors
that produce not only antimicrobial peptides that pro-
tect the crypt environment but also key ISC niche sig-
nals. In the colon, ISCs are intercalated between
secretory cells called deep crypt secretory (DCS) cells
that play a similar niche function [6]. Beneath this
epithelial layer is a basement membrane and then the
lamina propria populated with stromal fibroblasts,
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immune cells, vasculature, nerve cells, and smooth
muscle (Figure 1a).

Similar cellular components exist in the muscle niche, as
myofibers, the structural and functional elements of the
skeletal muscle, are surrounded by complex vascular
networks, motor neurons, and connective tissue with
various stromal populations. The quiescent MuSCs
reside in a distinct enclosed membrane compartment on
the periphery of the myofiber [3] (Figure 1b). Upon
muscle injury or myofiber degeneration, healthy MuSCs
activate the myogenic program and migrate toward the
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review, we focus primarily on the most recent studies on
MuSCs from adult skeletal muscle.

Drawing comparisons between these two systems, we
will discuss the effects of niche-derived growth factors,
metabolic cues, biomechanical cues, and immune sig-
nals on SC function.

Growth factors and secreted signals in the
ISC and MuSC niches

The best-established pathways in the ISC niche are the
Wnt/B-catenin and Notch signaling cascades [7,8]

center of the myofiber to complete differentiation by
fusing within the myofiber, thereby repairing and
maintaining the myofiber contractile unit. While head
muscles are derived from cranial mesoderm, all body
muscles arise from somites from the paraxial mesoderm
and, in the adult, all MuSCs express the canonical
transcription factor paired box 7(PAX7) [3]. In this

(Figure 2). Canonical Wnt signals, notably WN'T3 from
Paneth cells and WN'T2b from the mesenchyme, create
a gradient starting at the crypt bottom. In canonical Wnt
signaling, these ligands bind Frizzled receptors and
activate downstream signaling that results in P-catenin
accumulation and translocation to the nucleus, where it

Figure 1
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Fast- and slow-turnover tissue SC niches. (a) The small intestinal SC niche. The single-layered intestinal epithelium is folded upon itself, creating
invaginations into the underlying mesenchyme, called crypts of Lieberkiihn. Three to sixteen (depending on the study) ISCs [4], which express the R-
spondin receptor LGR5 [5], reside at the bottom of these crypts. Each ISC divides daily to give rise to proliferating transit amplifying cells that further divide
and differentiate as they migrate up the crypt and into the overlying villus compartment in the small intestine (a) or into the intercrypt epithelium in the
colon (a’). Sandwiched between the ISCs at the bottom of the crypt, terminally differentiated Paneth secretory cells produce several of the key growth
factors required for the maintenance and proliferation of ISCs. In the small intestine, these are the Paneth cells (a) whereas in the colon, these are deep
crypt secretory cells (a’). Niche signals also come from the underlying mesenchyme, most notably from stromal fibroblasts. The stiffness of the basement
membrane and underlying extracellular matrix act as key signals for ISC maintenance, and immune cells and cytokines also contribute to the ISC niche.
(b) The skeletal muscle SC niche. MuSCs are enclosed in a membrane compartment between the basal lamina (a thin sheet-like layer of proteoglycans,
collagen, laminin) and the myofiber plasma membrane. In this microenvironment, MuSCs are surrounded by extracellular matrix, where they respond to a
diversity of biochemical and biophysical signals that regulate SC function and tissue homeostasis [54,134]. These signals come from the circulation as
well as from the MuSCs themselves, endothelial cells, myofibers, fibroblasts and pericytes, fibroadipogenic progenitors, immune cells, and also from
adjacent motor neurons through neuromuscular junctions [135]. Upon activation, MuSCs divide symmetrically for self-renewal and expansion or
asymmetrically for differentiation. Self-renewal also can occur by asymmetric division, producing one quiescent daughter and one myoblast daughter.
Activated satellite cells proliferate as myoblasts, eventually differentiating through a process that involves expression of the myogenic transcription factors
MYF5 and MYOD, followed by expression of the differentiation factor myogenin (MYOG), and later yet, loss of expression of PAX7, setting up a myogenic
program in committed myoblasts to migrate and fuse with multinucleated existing or damaged myofibers [135].
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can interact with transcription factors, in this case TCF/
LEF [9], driving a pro-proliferative transcriptional pro-
gram as well as expression of the ISC marker and R-
spondin receptor LGRS in ISCs. Wnt signals were also
recently shown to play an essential role in the MuSC
niche (Figure 3), where WN'T'4 in particular is essential
to keep MuSCs quiescent [10], as deletion of WNT4
from myofibers induced activation and proliferation of
MuSGCs. In this context, WNT4 signaling acts non-
canonically through Rho GTPase and cytoskeletal
remodeling [10]. In addition, Wnt signaling through B-
catenin plays a role during myoblast differentiation
[11—13], although this is once again independent of
TCF/LEF transcription factors [9] and instead involves
cooperation with myoblast determination protein 1
(MYOD) and d-catenin-dependent membrane func-
tions of B-catenin [11].

Direct contact between cells expressing Notch ligands
and their neighbors expressing a NOTCH receptor re-
sults in cleavage of the NOTCH intracellular domain
(NICD), which can directly act as a transcription factor
in the nucleus [7,14]. Notch signaling is crucial for the
maintenance of quiescence in MuSCs, which express
the NOTCHI1 receptor. Notch signals in MuSC were
recently shown to occur through transcriptional regula-
tion of the mirtron miR-708, which antagonizes cell

Figure 2

migration by targeting the transcripts of the focal-
adhesion-associated  protein  TENSIN3  [15,16]
(Figure 3). In the intestine, ISCs also express
NOTCH1, which upon ligand binding leads to repres-
sion of secretory lineage commitment by inhibiting
expression of the transcription factor ATOH1 [17,18]
and is also crucial for ISC maintenance and proliferation
in the crypt [17,18], although the downstream mecha-
nisms of the latter function remain unclear (Figure 2).
Thus, Notch signaling is important for the maintenance
of the SC pool in both of these fast- and slow-turnover
tissues.

In addition to Wnt and Notch ligands, other signals also
play important roles in these two systems. Ex-vivo in-
testinal organoid systems, where ISCs or whole crypts
are cultured without mesenchyme, allow the exploration
of the minimal niche signals required for proper ISC
function [19]. The requirement for exogenous EGF
(epidermal growth factor), BMP (bone morphogenic
protein) inhibitors, and R-spondins for ISC mainte-
nance in this system suggests a crucial role of these
signals in the ISC niche. Likewise, using activated
MuSCs co-cultured with myoblast progenitors, growth
factors such as heparin binding EGF-like growth factor
and vascular endothelial growth factor A (VEGFA) were
identified as key players in the process of muscle

Maintenance & Self-renewal

Differentiation
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Signaling pathways in the intestinal SC niche. Localized signaling pathways in the ISC niche regulate their maintenance, self-renewal, and

engagement toward differentiation. ISCs express NOTCH1, which directly interacts with its ligands, notably DLL1 and DLL4, on neighboring Paneth cells
[18]. The resulting activation of Notch signaling in ISCs is important for the maintenance and proliferation of ISCs. Paneth cells also produce EGF ligands
that stimulate pro-proliferative MAPK signaling in ISCs. Short-range Wnt signals from Paneth cells and stromal fibroblasts are crucial in this niche, driving
proliferation throughout the crypt as well as maintenance of ISCs through canonical Wnt/B-catenin signaling. Wnt/B-catenin signaling drives expression of
the ISC marker Lgr5, the protein product of which receives R-spondin ligands secreted by stromal fibroblasts. R-spondin stimulates Wnt/B-catenin
signaling, but also independently primes the ISC state. Recent studies have demonstrated an effect of extracellular matrix (ECM) stiffness in regulating
ISC self-renewal, notably through YAP signaling, whereas softer matrices stimulate differentiation. Signals from immune cells can also affect the balance
between self-renewal and differentiation in the crypt, with anti-inflammatory IL-10 promoting self-renewal, while pro-inflammatory IL-17, IL-13, or IFNY
promote proliferation and differentiation. Additionally, ISCs are subject to immune clearance, as they express high levels of MHC class | (unlike quiescent
MuSCs). Conversely, ISCs can modulate immunity by acting as a non-conventional antigen-presenting cell that expresses high levels of MHC class Il
compared to the rest of the epithelium. In the context of injury response, some of these signals are upregulated: stromal cells upregulate expression of R-
spondins and express EGF family ligands like AREG. Immune signaling in the niche is also increased during injury response.
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organoid formation [20]. Furthermore, in skeletal
muscle, FGF (fibroblast growth factor) and MAPK
(mitogen-activated protein kinase) signaling also regu-
late MuSC proliferation and myogenic commitment:
FGF signaling from myofibers, satellite cells, and fibro-
blasts promotes proliferation and self-renewal [21],
whereas p38 MAPK has been implicated in both self-
renewal and differentiation [21—24].

In addition to understanding the downstream effects of
these pathways, a major focus has been identifying the
signal sources within the SC niche. Notch signaling in-
volves direct membrane contact between neighboring
cells, and secreted Wnt signals act within a restricted
range in the ISC niche [25]. In the MuSC niche, the
source of Notch ligands was unclear until 3D imaging in
mice recently showed that up to 80% of MuSCs were in
direct contact with the capillaries [26], and blocking
either global or MuSC-derived vascular endothelial
growth factor A (VEGFA) downregulated Notch
signaling in MuSCs. Indeed, endothelial cells express
the Notch ligand DLIL4 that is required for self-renewal
and maintenance of the PAX7 MYOD™ quiescent
MuSC in culture [26].

Because of their localization alongside ISCs at the crypt
bottom in the small intestine, Paneth cells were long
thought to constitute the ISC cellular niche, and these
cells produce not only Wnt signals, but also Notch li-
gands DLIL1 and DLLLL4 and EGF-family ligands [18,27].
In the colon, DCS cells have a similar transcriptomic
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signature and also provide Notch ligands and EGF li-
gands to ISC, although they notably do not produce any
Wnts [6,28] Recently, stromal fibroblast populations
identified by markers including PDGFRa, CD34,
FOXL1, and GLI1 were found to serve as additional,
mesenchymal sources of Wnt signals for ISC mainte-
nance [29—32]. These markers label heterogeneous,
partially overlapping stromal populations; all markers are
present on telocytes, cells with long processes that can
directly interact with ISCs, consistent with the idea of
short-range Wnt signaling. In addition to Wnts, R-
spondins are also produced by stromal fibroblasts
labeled by either PDGFRa or GLI1 [31,33] (Figure 2).
Although R-spondins were initially described to amplify
Wnt signals by regulating receptor turnover at the
membrane [34,35], an additional role of R-spondins in
ISC self-renewal, distinct from the proliferative effects
of Wnt signaling, was recently brought to light: blocking
R-spondin signaling either systemically or specifically
from GLI1" stromal cells disrupts ISC numbers, even in
the presence of a strong Wnt signal [33,36,37]. R-
spondin signals also play a role in the regeneration of
both fast- and slow-turnover tissues, including the
gastric epithelium and liver [38—40], where some SC
populations also express ILgr5, although whether the
effects of R-spondin act strictly by amplifying Wnt
signaling in these tissues remains to be explored. R-
spondins also play a role in myogenic cell differentiation
during regeneration in the muscle, acting both on ca-
nonical Wnt/B-catenin activation and non-canonical Wnt
signaling through cytoskeletal remodeling networks in

Figure 3
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Signaling pathways in the muscle SC niche. Signaling in the MuSC niche regulates the maintenance of quiescence or activation toward self-renewal or
differentiation of the MuSC. MuSCs produce VEGFA that promotes direct contact with DLL4-expressing endothelial cells. This stimulates Notch signaling,
involving the mirtron miR708, which antagonizes cell migration by targeting the focal adhesion protein TENSINS, as well as transcriptional repressors
from the Hes/Hey family. Notch activation has thus been associated with maintenance of quiescence of MuSCs. Inhibition of Notch signaling, notably by
the secretion of the metalloprotease ADAMST1 during inflammation, can promote exit from quiescence and differentiation of MuSC. Interactions of
MuSCs with the surrounding extracellular matrix regulate maintenance of quiescence or activation toward self-renewal or differentiation of the MuSCs
within the niche [26,135,136]. Additionally, the integrity of cell adhesion molecules such as Cadherins and interactions with Collagen V through the
calcitonin receptor CALCR are believed to maintain the quiescent MuSC pool. Recent work has additionally shown a role for myofiber-derived WNT4 in
MuSC quiescence through Rho GTPase and the cytoskeletal remodeling. On the other hand, FGF signals from myofibers, satellite cells, and fibroblasts
[21] are known to promote activation of MuSCs, whereas MAPK signaling has been implicated in both self-renewal and differentiation. IL-6 promotes
proliferation and, along with its derivative Oncostatin M, can signal through the JAK-STAT pathway to promote the re-establishment of MuSC quiescence
following injury. The transcriptional regulators YAP and TAZ stimulate myoblast proliferation differentially; while TAZ enhances myogenic differentiation,
YAP promotes self-renewal. Lastly, regulatory T cells in the muscle stimulate myoblast differentiation from MuSCs during regeneration by secreting the

EGF-like growth factor amphiregulin (AREG).
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Table 1

Signaling pathways and their role in the ISC and MuSC niches.

ISC niche
Source Ligand Effectors in ISC P g D
Rho GTPase and
Paneth cell . cytoskeletal
(small intestine) Wit FRIZZLED/LRP > RUCIREE Wi remodeling > YAP
disassembly of the B- repression
WNT catenin destruction v vl v B-catenin enhances
signaling complex = B-catenin + MYOD
Stromal Wnt2b TCF/LEF transcriptional Other WNT transcriptional v
fibroblasts activity ligands activity
B-catenin + a-
catenin
NOTCH activation
> HES/HEY
Paneth cell Notch1 receptor > Endothelial DLL4 induction, ATOHT |,
Notch | (smallintestine), DLL1 NCID > ATOHT | , , el MEEEESE,
DCS cells DLL4 repression, TENSINS repression
(Colon) HES1 activation via miR708
M1 .
v v
macrophages ADAMTS1 NOTCH repression
LGR5 > block WNT
receptor turnover at
membrane > enhanced
RSN Stromal R-spondin3 canonical Wnt/B-catenin PAX7+ muscle R-spondin1 Canonical Wnt/f- v
P fibroblasts R-spondin1 signaling progenitors P catenin signaling
LGR5 > WNT-
independent signaling
Paneth cell
(Small intestine), EGF
e el Regulatory T
EGF / MAPK (colon) MAPK pathway v ] n? hocyr{es AREG p38 MAPK pathway v v
Innate lymphoid ymp
cells, stromal AREG
fibroblasts
Myofibers,
stromal
v v
FGF fibroblasts, FGF2, FGF6
MuSC
mTOR-mediated
Diet Fatty acids FAO metabolic switch v
Metabolism v glycolysis
Paneth cells cyclic ADP mTOR activation, SIRT1 inhibition > v v
(small intestine) ribose SIRT1 activation epigenetic changes
Extracellul broninets & Soft matrix v
xirace iar | - torobas's MuSC CollagenV CALCR v
matrix intestinal X X Nuclear YAP v v
epithelial cells Stiff matrix accumulation
N-cadherin, M-
Cell-cell N-cadherin, cadherin >
Adhesion yeiazr M-cadherin cytoskeletal
rearrangements
IFNy and pro- . .
inflammatory TA cell proliferation, g [ IL-6 STAT3 v
n apoptosis
cytokines
: Innate lymphoid Lymphocytes,
Cytokines cals IL-22 STAT3 Myofibers
Oncostatin M STAT3, MEK v v
REgefteny 1 IL-10 STAT3 v
lymphocytes
YAP + TEAD1/4 >
. transcription of
Met(::higlcal targets including v v
! BMP4, CD34,
Hippo Matrix stiffness, Nuclear YAP v v T P'\\/IZYf?I'E'\QET >
Pathway Mechanical cues accumulation L
transcriptional
downregulation of v v
PAX7, upregulation
of MYF5 and
Myogenin

Q: quiescence; P: proliferation; SR: self-renewal; D: differentiation.

myocytes, but not in MuSCs directly [41]. The pres-
ence of multiple, seemingly redundant cellular niche
components (e.g., both Paneth cells and stromal fibro-
blasts producing Wnt) creates a robust SC niche where

tissue renewal can be ensured even after disruption of
individual niche components and also allows for fine-
tuning of SC behavior through diverse but cooperative
signaling pathways (e.g., Wnt and R-spondin signals).
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Metabolic interplay in the ISC and MuSC
niches

It has long been thought that SCs, in order to prevent the
accumulation of mutations, should favor an anaerobic
glycolytic metabolism that maintains low levels of reac-
tive oxygen species (ROS). This has been described in
hematopoietic SCs, where oxidative metabolism, specif-
ically fatty acid oxidation (FAO), is induced only upon
activation [42,43]. However, this scheme does not seem
to be as widespread in adult SCs as previously thought.

Upon muscle demands to regenerate, healthy MuSCs
can be primed for regeneration by shifting from FAO to
glucose catabolism [3]. This metabolic reprogramming
is under the control of mammalian target of rapamycin
(mTOR) signaling, which in turn controls mitochondrial
metabolism (Table 1) [44]. This transition decreases
intracellular NAD™ levels and, in turn, decreases the
activity of the NAD-dependent protein deacetylase
SIRT1, ultimately resulting in epigenetic alterations
that further drive activation and differentiation
(Table 1) [45]. Excessive FAO, however, results in high
levels of ROS and myofiber degeneration in cachectic
cancer models [46]. In this pathological context, phar-
macologic inhibition of FAO leads the MuSCs
toward glycolic metabolism and myogenic activation,
resulting in myofiber formation and increased muscle
mass [46]. Whether and how niche factors are involved
in inducing this metabolic switch in MuSCs remains an
open question.

Likewise, ISCs have high mitochondrial activity, and the
ROS generated by their metabolism can drive ISC
proliferation through the p38 MAPK pathway [47].
Interestingly, the high glycolytic activity of neighboring
Paneth cells supports the mitochondrial metabolism and
function of ISCs, presumably by providing them with
lactate [47]. ISC function does not, however, depend on
pyruvate oxidation; in fact, blocking pyruvate transport
into mitochondria enhanced ISC function by stimu-
lating FAO [48]. Two recent studies have supported the
notion that FAO could act as a primary fuel for ISC
metabolism [49,50] and that regulators of this pathway,
like PPARS and HNF4, play key roles in regulating ISC
function [49,50]. It comes as no surprise that changes in
diet and therefore in the luminal levels of metabolic
substrates should affect ISC function. A high fat diet
increases the availability of fatty acids and results in an
expansion of ISC independently of other niche cells in
both the small intestine and colon [51]. Surprisingly, a
short-term fast also results in enhanced ISC function by
stimulating PPARS in ISC [51]. While prolonged caloric
restriction also promotes ISC self-renewal in the small
intestine, it does so indirectly by modulating Paneth cell
secretion of cyclic ADP ribose, which in turn increases
intracellular NAD™ and stimulates SIRT'1 and mTOR in
ISC [52,53]. These studies show that while ISCs have
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the intrinsic ability to respond to acute changes in
nutrient availability, niche cells can ultimately override
nutrient sensing in ISC during prolonged nutrient-low
conditions.

Thus, FAO and metabolic switches are emerging as key
regulators of SC maintenance in several adult tissues,
highlighting the role of local metabolites in the SC
niche.

Biomechanical cues and extracellular
matrix regulate SC behavior

Within their niche, MuSCs are asymmetrically exposed
to microenvironmental signals, with factors associated
with the myofiber plasma membrane presented to the
apical surface of MuSCs and factors associated with the
basal lamina presented to the basal surface of MuSCs
[54] (Figure 1b). This basal lamina is a network of
extracellular matrix (ECM) components, including type
IV collagen, laminin, fibronectin, and proteoglycans that
can bind an array of soluble glycoproteins, including
bFGFand Wnt ligands derived from MuSCs themselves,
the myofiber, or systemically [54]. One key ECM signal
affecting MuSC function is Collagen V, which is pro-
duced by the MuSC and deposited under the basement
membrane [55]. This signal is received by the plasma
membrane calcitonin receptor (CALCR) on the MuSC,
in order to maintain quiescence and prevent exhaustion
of the MuSC pool [55,56] (Figure 3, Table 1).

Similarly, while the apical side of intestinal epithelial cells
is exposed to the intestinal lumen, their basal side is in
direct contact with a network of type IV collagen, laminin,
and proteoglycans that form the basement membrane [57]
(Figure 1a),and beneath it are the ECM and mesenchymal
cells that make up the lamina propria. Both the composi-
tion of this ECM and consequent mechanical cues have
recently emerged as integral to the maintenance of ISCs.
For example, the need to embed intestinal organoids in
Matrigel, highlights the importance of the basement
membrane and the laminin-enriched ECM underlying the
intestinal crypts z vivo. In fact, embedding organoids in
matrices of different compositions revealed that while
soft, laminin-based matrices favor differentiation and
organoid formation, stiff, fibronectin-based matrices favor
ISC expansion, resulting in spheroid formation [58].
Similarly, MuSCs and muscle organoids have been
cultured in 2D and 3D Matrigel [20] as well as over fibrin
hydrogels [59] and under uniaxial tension to stimulate
healthy and dystrophic muscle models [60].

Another theme emerging in parallel to the integral role of
the ECM and mechanical cues has been the role of the
Hippo pathway and its downstream effectors YAPand TAZ
in SC self-renewal and early regeneration following injury
[61—65]. Although the upstream effectors of this are still
poorly understood, Hippo signaling in mammals acts
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through kinases MST'1/2 and LATS1/2 to regulate phos-
phorylation of YAP and TAZ and thereby their nuclear
translocation, where they can interact with TEAD tran-
scription factors [66]. This pathway regulates growth in
several organs, notably by modulating Wnt signaling, and it
has also been shown to serve as a relay of mechanical
stresses [67]. Nuclear localization of YAP was directly
linked to ISC self-renewal in response to matrix stiffness
[58] (Figure 2, Table 1). Altering the matrix composition
can also shift intestinal organoids to a more regenerative
profile associated with the re-acquisition of fetal ISC
properties, and this process was shown to involve YAP
relocalization [68]. In skeletal muscle, YAP/TAZ signaling
isincreased upon MuSC activation [10,69,70], but the two
effectors of the Hippo pathway play complementary roles
in this tissue; although YAP stimulates MuSC activation
and self-renewal, TAZ seems to enhance myogenic dif-
ferentiation (Figure 3, Table 1) [69]. YAP signaling was
also recently linked to upstream biomechanical signals in
MuSCs, as YAP nuclear expression is repressed down-
stream of WN'T4-Rho GTPases in quiescent MuSCs [10].

In addition to tension from the underlying matrix, forces
from adhesion to neighboring cells, proliferation and
crowding [71], or tissue contractility [72,73] can also act
as important mechanical cues for SC maintenance and
differentiation in various tissues. Cadherins are a major
class of cell—cell adhesion molecules, expressed in the
muscle niche at sites of direct contact between MuSCs
and myofibers [74]. Cadherin-deficient MuSCs (N-
cadherin and M-cadherin double mutants) have
increased committed (PAX T MYOD™) and differenti-
ated (PAX7Myogenin™) progenitors and fibers with
centrally located nuclei indicating regeneration. This
suggests that Cadherin-mediated adhesion is required
for MuSC quiescence (Figure 3, Table 1) and that partial
disruption of these adhesive junctions leads to MuSC
activation [74].

Cytokines and other immune cell-derived
signals

Over the past few years, the interaction between SCs
and immune cells has generated increasing interest,
with immune cells emerging as key components of the
niche and strong regulators of SC behavior [75]. Using a
murine model in which GFP is expressed by various
tissue SCs, and T cells are engineered to specifically
recognize GFP loaded on MHC class I, it was revealed
that although fast-cycling epithelial SCs (including
ISCs, ovarian SCs, and mammary SCs) are subject to T
cell clearance, quiescent SCs (like MuSCs or hair follicle
bulge SCs) escape immune clearance by downregulating
their antigen presentation machinery [76]. Interest-
ingly, once quiescent SCs are activated and they pro-
liferate, they upregulate antigen presentation and in
turn become subject to immune surveillance. Thus, the

proliferative status of SCs helps determine their inter-
action with immune cells in their microenvironment.

Conversely, ISCs express high levels of MHC class 11
(MHCII) compared to the rest of the intestinal
epithelium and can act as non-conventional antigen-
presenting cells [77]. This ISC-immune crosstalk af-
fects not only the recruitment of immune cells in the
mesenchyme surrounding the crypts but also SC
number, as deletion of either ISC-specific MHCII or of
T-cells results in an expansion of the ISC pool. The
ISC—immune cell interactions are in part mediated by
cytokine signaling; pro-inflammatory T helper cell sub-
sets and cytokines-like Interferon-y (IFNvy) reduce ISC
numbers by favoring TA cell proliferation and ISC
apoptosis [77,78], whereas regulatory T cell signals like
IL-10 enhance ISC self-renewal [77] (Figure 2,
Table 1).

Recent work has also demonstrated the importance of
circulating cytokines in regulating MuSC and myofiber
function. The pro-inflammatory IL.-6 pathway has been
a particular focus, because the cytokine is upregulated
following exercise, and studies with IL-6-deficient ani-
mals indicated a role for IL-6 in MuSC and myoblast
proliferation via STAT3 signaling [23,79]. Another
member of the IL-6 family of cytokines secreted by
myofibers, Oncostatin M, is key in the re-establishment
of MuSC quiescence following activation [23]. Regula-
tory T cells in the muscle stimulate myoblast differen-
tiation from MuSCs during regeneration by secreting
the EGF-like growth factor amphiregulin (AREG)
[75,80] (Figure 3, Table 1). As regulatory T cells also
affect SC behavior in other tissues, notably in the hair
follicle and hematopoietic SC niche [81,82], such
crosstalk could be a common feature of SC niches.

In addition to T cells, innate immune cells also play an
important role in SC niches. As repair progresses in the
muscle after injury, inflammatory M1 macrophages first
promote MuSC activation by secreting the metal-
loprotease ADAMTS1, which suppresses Notch
signaling in MuSC [83], and then are replaced by
regenerative M2 macrophages, which stimulate differ-
entiation into myoblasts [75,84]. Likewise, upon intes-
tinal damage, macrophages [85,86] as well as innate
lymphoid cells (ILCs) [87,88] and stromal fibroblasts
[30,31,89,90] upregulate expression of growth factors
like WN'T and AREG and of pro-inflammatory cytokines
and wound repair factors that promote ISC expansion
and regeneration. For example, in response to genotoxic
injury, tissue-resident group 3 ILCs produce 11.-22, a
cytokine of the IL.-10 superfamily that acts through
STAT3 signaling to both drive ISC expansion [87] and
stimulate the DNA damage response in ISCs [91].
Thus, this innate immune signal favors intestinal
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regeneration while protecting the genomic integrity of
the ISC pool. Altogether, these findings highlight the
role of both innate and adaptive immune cells and their
interaction with SCs and their niche to promote optimal
tissue repair.

The niche can define SC identity and
heterogeneity

Historically, SCs have been postulated to either divide
asymmetrically, giving rise to both a new SC and a
differentiating daughter cell, or symmetrically, favoring
either expansion of the SC pool or regeneration of the
differentiated tissue. Over the past decade, various
studies have supported the idea that daughter cell fate
can be regulated at the level of the entire SC population
rather than in terms of individual SCs. Studies on the
intestine strongly support this model: at the crypt
bottom, the niche space within which ISCs continuously
divide is defined by a gradient of signals from Paneth
and mesenchymal cells, and exiting this defined niche
leads cells to differentiate [92—94]. Symmetrically
dividing ISCs therefore stochastically compete for niche
occupancy and, over time, ISCs originating from a single
clone will neutrally come to fill the niche space in a
process called neutral drift.

Although several cell-intrinsic mechanisms have been
described to regulate cell fate upon asymmetric di-
visions of MuSCs, cell adhesion and the polarized niche
architecture play a central role in determining the fate of
asymmetrically dividing MuSC daughters (reviewed in
Ref. [95]). Moreover, soluble niche signals can also favor
symmetric divisions to drive either MuSC self-renewal
or increased differentiation for repair. Therefore, as in
the intestine, niche signals can determine MuSC fate.
Studies in other epithelia like the hair follicle or lung
alveoli also support this notion of niche-defined SC
identity, further implying that functional and tran-
scriptional heterogeneity within SC populations are
directly linked to position within the niche or proximity
to mesenchymal micro-niches [96—98].

Recent evidence also supports the idea of neutral drift
in the MuSC niche; although slow turnover of these SCs
makes the process more difficult to study, examination
of MuSC clonal complexity during aging and injury
revealed that, whereas clonal heterogeneity was
conserved with homeostatic aging, under repetitive
injury, MuSCs undergo symmetric expansion during
tissue repair resulting in a reduction of clonal
complexity [99]. Uninjured muscles may preserve
MuSCs in a highly polarized niche with repeated
asymmetric division whereas, upon injury, disruption of
this niche with loss of polarization and non-uniform
contact with the neighboring matrix could favor serial
rounds of symmetric division [99]. Thus, in the context
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of successive muscle injury, neutral drift dynamics are
observed in MuSCs and are likely driven by the niche.

In addition to the rapidly-cycling, /gr5-expressing ISC
population, a relatively quiescent [100], label-retaining
[101] population of ISCs has been extensively
described in the literature as residing at the +4 position
from the crypt bottom and being capable of replenishing
the fast-cycling ISC pool after injury [102]. However,
whether this is a unique SC pool or a subpopulation of
the same Z,gr5" ISC pool has sparked much debate and
controversy [103,104]. It is possible that cells at this
particular position in the crypt—toward the border of
the ISC niche—are exposed to different levels of niche
signals that results in slower cycling or stronger resis-
tance to injury [25,105]. Another possibility is that these
“reserve SCs” are actually committed progenitors
capable of reverting back into ISCs. In fact, over the past
few years, studies have demonstrated a high degree of
plasticity within the intestinal crypt, such that upon
injury and loss of Lgr5t 1SCs, committed progenitors
and even terminally differentiated Paneth cells can de-
differentiate and replenish the Zgr5™ ISC pool [106—
110]. Mechanistically, such de-differentiation has been
shown to involve not only cell-intrinsic events like
chromatin remodeling [108] but also microenviron-
mental cues including activation of Notch signaling
[111,112] and a transient re-acquisition of a fetal ISC
phenotype [68,113] involving pro-inflammatory IFNy
signaling [113] or ECM remodeling [68]. Interestingly,
regeneration of the Zgr5t SC pool in the hair follicle is
also associated with inflammatory responses [114].
These studies highlight a contribution of the niche to
driving the de-differentiation of committed progenitor
cells back into multipotent SCs; how these signals
reprogram differentiated cells into SCs and whether
similar microenvironmental cues are involved in plas-
ticity in other tissues, including slow-cycling tissues,
remain to be determined.

Niche dysfunction in aging and pathology

In the slow-turnover skeletal muscle, aged MuSC
function decreases over time, suggesting a dysregulation
of MuSC quiescence, activation, or self-renewal. Recent
studies have asked whether the niche plays a role in this
process [23,115]. In aged muscle, the Notch ligand
DLL1 level was decreased in myofibers, and MuSCs
failed to induce Notch signaling during regeneration
[23,115]. Defects in JAK-STAT as well as FGF and TGF
signaling are also dysregulated in the aged niche, with
detrimental effects on the maintenance and prolifera-
tion of aged MuSCs [23,115]. Recent evidence from
human cells points to increased histone H3K27ac (an
active enhancer mark) in aged muscle, resulting in up-
regulation of ECM genes and thereby alterations in the
MuSC niche environment that lead to decreased

www.sciencedirect.com

Current Opinion in Cell Biology 2020, 63:88—101


www.sciencedirect.com/science/journal/09550674

96 Cell Signalling

myogenic potential and increased fibrogenic conversion
of MuSC [116]. Decline of MuSC number and function
during aging has been reported in post-menopausal
women, where loss of estradiol and estrogen receptors
results in decreased MuSC survival because of mito-
chondrial caspase-induced apoptosis and impaired self-
renewal and muscle regeneration [117]. Further eluci-
dation of the niche signaling pathways will provide
detailed information about the spatiotemporal in-
structions that drive MuSC decisions and might be
compromised in a variety of diseases, including aging
sarcopenia, and muscular dystrophy.

Recent studies in ISCs have similarly reported a
decrease in regenerative capacity of ISCs with age
[49,118], linked both to cell-autonomous defects [49]
and non-cell-autonomous mechanisms like loss of niche-
derived Wnt signals [118]. Dysregulation of the ISC
niche has also been assessed in the context of colorectal
cancer (CRC) and inflammatory bowel disease (IBD).
For example, whereas increases in signals like Wnt or R-
spondin that will enhance ISC numbers or proliferation
generally increase the risk for CRC, the opposite can
surprisingly have the same effect, by decreasing the size
of the ISC pool and thereby enhancing the mutation
fixation rate [119,120]. Just as niche signals can affect
tumorigenesis, both the clonogenicity of CRC cells and
their resistance to treatment depend on signals from the
surrounding mesenchymal niche [121,122]. Further-
more, intestinal tumors display plasticity akin to that
observed in the homeostatic crypt, as cancer SCs are
rapidly replenished after ablation by remaining tumor
cells [123,124]. Understanding which niche signals are
required for this phenomenon may open the door to new
therapeutic targets, with the potential complication
that, as tumor cells accumulate murtations, their
dependence on niche signals gradually diminishes
[125,126]. Likewise, in IBD, the stromal cell popula-
tions are altered, with the notable expansion of fibro-
blast populations known to sustain the ISC niche
[30,31,90,127]. Thus, the pro-inflammatory environ-
ment in IBD likely affects the regenerative capacity of
ISC.

Conclusions and future directions

Recent advances have expanded our understanding of
SC niche signals and components and of how the niche
mediates tissue regeneration, in both homeostasis and
disease. Although this review focused on the ISC and
MuSC niches, parallels to other fast- and slow-turnover
tissues are increasingly apparent in the literature,
revealing common trends in how SC function is regu-
lated. One such trend is the convergence of multiple
pathways to maintain niche robustness while also
allowing context-dependent modulation of SC behavior.
Another is the importance of heterogeneous niche
components in defining the identity and behavior of

SCs. These findings raise many questions regarding how
cross-talk modulates SCs in their tissue-specific niches:
What is the importance of the spatial and temporal
distribution of niche signals on SC behavior? How do
SCs integrate simultaneous cues from the niche? Do
analogous cell populations play similar roles in different
tissue SC niches? Are common signaling pathways
involved? How does such cross-talk affect pathology?
Recent technical developments, for example, single-cell
RNA profiling of niche cells, will help to shed light on
the niche components in the muscle, gut [31,32,90] and
other tissues [96,128—131]. Another exciting develop-
ment in the SC niche field is the i vitro differentiation
of tissues designed to recreate as much as possible the
niche’s naturally occurring cell to cell and ECM in-
teractions [59,60,132,133]. For instance, human orga-
noids fully derived from induced pluripotent SCs
contain multilineage, isogenic cellular constituents of
the tissue. As has been done previously for the gut
[132], this was recently established for skeletal muscle,
including vascular endothelial cells, pericytes, and
motor neurons [60]. These new organoid models are
laying the foundation for developmental studies, un-
derstanding SC—niche interactions in pathology and
therapy development [133].
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