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The intestinal epithelium comprises a monolayer of polarised columnar cells organised along the crypt-villus axis. Intestinal stem
cells reside at the base of crypts and are constantly nourished by their surrounding niche for maintenance, self-renewal, and
differentiation. The cellular microenvironment including the adjacent Paneth cells, stromal cells, smooth muscle cells, and
neural cells as well as the extracellular matrix together constitute the intestinal stem cell niche. A dynamic regulatory network
exists among the epithelium, stromal cells, and the matrix via complex signal transduction to maintain tissue homeostasis.
Dysregulation of these biological or mechanical signals could potentially lead to intestinal injury and disease. In this review, we
discuss the role of different intestinal stem cell niche components and dissect the interaction between dynamic matrix factors
and regulatory signalling during intestinal stem cell homeostasis.

1. Introduction

The intestinal epithelium is a monolayer of cells covering
the entire lumen of the gut that constitutes an important
barrier against the external environment. Both small and
large intestine share similar glandular crypt structure
where intestinal stem cells (ISCs) reside. Crypts are
formed by epithelial invaginations into the extracellular
matrix (ECM), cushioned by supportive stromal cells.
The ISCs, marked by the leucine-rich repeat-containing
G protein-coupled receptor 5 (Lgr5), reside at the crypt
base alongside their neighbouring Paneth cells [1]. The
ISCs divide and give rise to daughter cells entering the
transit-amplifying (TA) zone. The TA cells will then pro-
liferate and migrate upwards towards the crypt-villus junc-
tion, where they terminally differentiate into all different
cell types, including enterocytes, goblet cells, enteroendo-
crine cells, and tuft cells, before reaching the villus tip
and being exfoliated into the lumen, with the exception
of Paneth cells that will migrate downwards back to the
stem cell zone. The whole ISC proliferation-differentiation
journey from the base of the crypt to the villus tip lasts
approximately 3–5 days [1–3].

ISCs in the crypt base are maintained by their sur-
rounding niche for precise regulation of self-renewal and
differentiation under homeostasis. The ISC niche can be
categorised fundamentally into two major components:
the “physical” niche and the “cellular” niche. The physical
niche refers to the ECM, which comprises an intricate
network of fibrous structural proteins (proteoglycans and
glycoproteins) that act as scaffolding to maintain the
three-dimensional architecture of the intestine. Examples
of ECM components surrounding the intestinal crypts
include fibronectins, laminin isoforms, collagens, and gly-
cosaminoglycans (GAGs) [4–11]. The cellular niche refers
to the stromal microenvironment that comprises all the
resident cells embedded within the ECM. These include
pericryptal myofibroblasts, fibroblasts, endothelial cells,
pericytes, immune cells, neural cells, and smooth muscle
cells, which secrete a wide range of matrix components
and growth factors for the control of ISC proliferation
and differentiation [12, 13]. In addition, Paneth cells con-
stitute another important cellular niche intrinsically within
the intestinal crypt. Paneth cells are direct neighbours of
LGR5+ stem cells that provide crucial niche factors and
signals to support ISC homeostasis [3].
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Communication between the ISCs and their niche is
regulated by multiple signalling pathways such as the Wnt/
β-catenin cascade, Notch signalling, Transforming growth
factor (TGF-β)/bone morphogenic protein (BMP) pathways,
and Hedgehog pathways. Perturbations of these pathways or
ECM homeostasis due to inflammation, toxins, chemother-
apy, and nutritional deprivation can substantially affect the
ISC niche, leading to increased susceptibility to intestinal dis-
eases. The ECM is also suggested to act as a reservoir for
growth factors via heparin sulfate proteoglycan binding,
which may assist in establishing morphogen gradients [14].
These growth factors may also be released upon ECM degra-
dation. In this review, we discuss the contributions of the
ECM and cellular microenvironment to the ISC niche and
highlight the signalling pathways involved in ISC regulation.

2. The Cellular Niche

The mesenchymal compartment of the intestinal lamina pro-
pria contains multiple stromal cell populations with distinct
phenotypes and function. These include fibroblasts, myofi-
broblasts, endothelial cells, pericytes, neural cells, smooth
muscle cells, and immune cells (Figure 1). The role of
intestinal stromal cells in mucosal immunity and homeo-
stasis has been extensively summarised and discussed in
several comprehensive reviews, therefore will not be
addressed in this review [13, 15, 16]. We will focus on
the role of other mesenchymal cells as well as the Paneth
cells in ISC homeostasis.

2.1. Mesenchymal Cells. Fibroblasts and myofibroblasts con-
stitute the major cell components in the lamina propria.
Fibroblasts drive wound healing but also have pathological
implications in a range of diseases, including carcinogenesis,
in various organs. Intestinal subepithelial myofibroblasts
(ISEMFs), a member of the fibroblast family, are located in
pericryptal regions throughout the lamina propria [17].
TGF-β is thought to be a key factor inducing myofibroblast
differentiation [18]. ISEMFs play a pivotal role in the ISC
niche by secreting crucial factors such as Wnt ligands and
BMP antagonists for stem cell maintenance [13, 19, 20].
ISEMFs exhibit characteristics of both fibroblasts and
smooth muscle cells with contractile ability. Upon wound
healing, an inflammatory response triggers ISEMFs to secrete
the matrix metalloproteinases (MMPs) for matrix remodel-
ling [21]. Once the healing process resolves, ISEMFs will
undergo apoptosis mediated in part by IL-1β [18, 22]. Exces-
sive ECM deposition, on the other hand, is associated with a
pathological persistence of activated ISEMFs such as in
inflammatory bowel disease [22, 23].

Smooth muscle cells, present in close association with
ISEMFs, form a thin layer of muscle (muscularis mucosa)
to separate the lamina propria from the submucosa. The
smooth muscle cells contract and relax to keep the muscu-
laris mucosal layer under constant agitation [13]. This func-
tion serves to expel potentially toxic luminal contents out of
the crypts and away from the ISC niche. Similar to ISEMFs,
smooth muscle cells also express BMP antagonists to repress

the differentiative BMP signal and maintain the Wnt activity
in the crypt base [20].

Endothelial cells present in the lamina propria appear to
be important in maintaining epithelial homeostasis. Previous
data showed that radiation-induced injury triggered rapid
endothelial apoptosis prior to epithelial death in vivo [24].
Importantly, loss of epithelial stem cells did not occur when
endothelial apoptosis was blocked by basic fibroblast growth
factor (bFGF) treatment or by genetic deletion of the acid
sphingomyelinase (ASMase)—a gene that is required for
radiation-induced endothelial apoptosis. Endothelial cells
are also implicated in the induction of intramucosal immune
responses [16, 25]. Further investigation is required to fully
understand their niche role in ISC homeostasis.

Pericytes are periendothelial myofibroblast-like contrac-
tile cells wrapping around the capillaries, which regulate
angiogenesis and capillary wall permeability via paracrine
signalling [26]. However, the identity of the pericytes
remains controversial regarding their ontogeny and prog-
eny. Distinction between populations of pericytes and
myofibroblasts is challenging since they express similar
molecular markers [27]. Subsets of pericytes have been
reported to be multipotent progenitors that may participate
in tissue regeneration [28]. The specific role of pericytes in
the ISC niche remains unclear. It is believed that pericytes
may function similarly as ISEMFs based on their close
developmental origin and identity [26, 27].

Neural cells are important for the intestinal epithelial
growth. Bjerknes and Cheng showed that enteric neurons
participate in the feedback loop that regulates epithelial
growth and repair by expressing the glucagon-like peptide 2
(GLP-2) receptor [29]. The enteric nervous system consists
of a large number of neurons and enteric glia cells (EGCs)
that are interconnected to form the two ganglionated plexu-
ses—the myenteric and the submucosal plexuses. EGCs are
located both within the ganglia and in the extraganglionic
regions, such as the lamina propria with close proximity to
the intestinal crypts [30, 31]. In addition to their neuropro-
tective function, these mucosal EGCs are thought to play
crucial roles in maintaining the intestinal epithelial barrier.
Recent data show that EGC homeostasis postnatally is
dependent on functional host-microbe interactions, indi-
cating their role in regulating immune responses in the
gut [32]. The EGCs also exert protective functions on
the intestine by secreting factors such as epidermal growth
factor (EGF) and TGF-β isoforms following inflammation
or injury [33, 34].

2.2. Paneth Cells as ISC Niche. The sole importance of the
stromal microenvironment as the ISC niche was challenged
when ISC-derived epithelial culture was first established in
2009 in the absence of the mesenchymal niche [35]. The
study showed that a single Lgr5-expressing ISC was able to
grow three dimensionally into crypt-villus budding orga-
noids with full proliferation and differentiation potential in
a Matrigel-based culture. The specialised cells intermingled
with ISCs at the crypt base—the Paneth cells, are later
revealed to provide essential niche signals to their neigh-
bouring stem cells [3]. Paneth cells are regarded as
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multifunctional guardians of the stem cell niche. They secrete
antibacterial peptides such as lysozyme and defensins to ster-
ilise the niche and are crucial for the mucosal defence mech-
anisms [36, 37]. In addition, they express signalling factors
such as EGF, TGF-α, Wnt3, and the Notch ligand Dll4, which
provide essential trophic support to ISCs [3]. Paneth cell
depletion in vivo resulted in simultaneous loss of Lgr5+ stem
cells, indicating its essential niche role in the gut.

3. The Physical Niche: Extracellular Matrix

Separating the mesenchymal compartment from the epithe-
lial compartment is the basement membrane, which consists
of two layers: the basal lamina positioned directly beneath
epithelial cells and the underlying reticular sheet of matrix
that anchors the epithelium to the lamina propria [38]. The

basement membrane is a specialised ECM that is jointly pro-
duced by both epithelial and stromal cells and is mainly com-
posed of laminins, collagen IV, and fibronectin. The presence
of the basement membrane at the epithelial-mesenchymal
interface is believed to play a crucial role in regulating
epithelial cell homeostasis (comprehensively discussed in
previous reviews [17, 39]). In the underlying connective
tissue (lamina propria), several specific isoforms of the
ECM components such as fibronectins, laminins, collagens,
GAGs (e.g., heparan sulfate proteoglycans—also known as
perlecan), and integrins are reported to be enriched at the
intestinal crypt base, suggesting their potential role in ISC
regulation [4–11, 38, 40–42]. A very recent study on matrix
reconstitution of the matrix for intestinal organoid culture
using minimal essential components provides direct and sig-
nificant insight into the biochemical and biophysical roles of
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Figure 1: The intestinal stem cell niche. The intestinal epithelium comprises a monolayer of polarised columnar cells organised along the
crypt-villus axis. Intestinal stem cells reside at the base of the crypts and continuously generate transit-amplifying (TA) daughter cells that
differentiate into various mature cells in the villi (enterocytes, goblet cells, enteroendocrine cells, tuft cells, or Paneth cells). The crypt
surrounding microenvironment is made up of both physical/structural and cellular niche to regulate ISC homeostasis. The physical niche
includes collagen fibres, integrins, fibronectin filaments, laminins, and glycosaminoglycan, which form a highly structured network named
as the extracellular matrix (ECM). The cellular niche includes pericryptal myofibroblasts, fibroblasts, endothelial cells, neural cells, and
smooth muscle cells. The ECM and cellular niche interact and communicate with each other via different signalling pathways such as the
Wnt, Notch, TGF-β/BMP, Eph/ephrin, and Hedgehog pathways for stem cell maintenance.
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the ECM in ISC homeostasis [43]. Here, we discuss the role
of ECM in the ISC niche through various biological and
mechanical parameters (Figure 1).

3.1. Biochemical ECM Roles in the ISC Niche. Collagen is the
main structural protein in the ECM and is the most abundant
protein in our body. The collagen superfamily contains at
least 19 different subtypes, with types I, III, IV, and
VI uniformly distributed in the healthy intestinal ECM
[11, 44, 45]. However, increasing evidence suggests that type
VI collagen (which interacts closely with type IV collagen of
the basement membrane) is the key regulator for the
mechanical microenvironment of the intestinal crypt cells
via fibronectin and RGD (Arg-Gly-Asp)-dependent crypt cell
interactions [4, 7]. Indeed, intestinal epithelial crypt cells
have been demonstrated to secrete type VI collagen into the
basal lamina of the intestinal basement membrane [7].
Increases in ECM collagen deposition augment tissue stiff-
ness which alters integrin focal adhesions, growth factor
receptor signalling, and acto-myosin and cytoskeletal-
dependent cell contractility [46].

Laminin is one of the major glycoprotein constituents of
the intestinal crypt basement membrane and is recognised to
be particularly important in the establishment of epithelial
cell polarity [10, 47]. Laminin subtypes are key components
of small intestine and colon basement membranes. Laminin
α1 and laminin α2 were shown to be enriched at the crypt
regions, while laminin α5 was expressed strongly at the villus
basement membrane [39, 47, 48]. Laminin α5 is believed to
play a crucial role in establishing the mucosal pattern of
the small intestine by maintaining the villus architecture
[48, 49]. The recent study on the designer matrices for intes-
tinal organoid culture has further demonstrated that
laminin-111 (α1β1γ1) is important to enhance ISC survival
and proliferation [43].

Fibronectin is a high molecular weight adhesive glycopro-
tein found in a wide range of tissues and plays important
roles in cell adhesion, migration, growth, and differentiation.
Fibronectin contains binding sites for many ECM proteins
such as collagens, GAGs, and RGD peptides for cell surface
receptors of the integrin superfamily, suggesting its multi-
functional role in the ECM [5]. Intestinal fibronectin is
secreted by fibroblasts as well as being expressed by epithelial
cells and is located throughout the lamina propria [9, 40, 50].
Altered fibronectin deposition patterns are correlated with
several intestinal disease states. For instance, upregulation
of FN throughout epithelial cells is associated with intestinal
fibrosis such as inflammatory bowel disease [5]. Strain forces
exerted in the ECM in vitro have been shown to induce
fibronectin-mediated epithelial cell migration by activating
the extracellular signal-regulated kinase (ERK) and myosin
light chain (MLC) signalling pathways, indicating the impor-
tance of fibronectin in wound closure and epithelial migra-
tion [51]. Fibronectin is also postulated to be an activator of
the nuclear factor-κB (NF-κB) signalling pathway in the con-
text of intestinal inflammation [5].

Integrins are heterodimeric receptors, consisting of α
and β subunits that link the ECM with the intracellular
cytoskeleton as part of the RGD-adhesion system, mediating

cell anchorage, intracellular signalling, and mechanotrans-
duction [4, 52]. Several integrin subunits and signalling com-
ponents were previously shown to be expressed at high levels
in the ISCs of the Drosophila midgut [53]. The study further
demonstrated that integrin signalling is required for the
maintenance and proliferation of intestinal stem cells but dis-
pensable for multiple lineage differentiation. β1 integrins
have also been identified as key regulators for ISC prolifera-
tion and homeostasis by mediating Hedgehog signalling in
a mouse genetic study [54]. The transmembrane α5β1 integ-
rin receptor has been shown to regulate many fibronectin-
dependent biological effects in human tissues [55]. Integrin
α8β1 is another crucial mediator of intestinal crypt cell-
matrix interaction via the focal adhesion kinase (FAK) sig-
nalling pathway [56–58]. Intestinal epithelial cells have also
been shown to be regulated by integrin-linked kinase (ILK)
through a fibronectin-dependent mechanism [59]. Overall,
these studies suggest an essential role for integrins, in partic-
ular β1 integrins in promoting ISC homeostasis.

Glycosaminoglycan molecules are thought to provide
lubrication and structural integrity to cells in the intestinal
ECM owing to their high viscosity and low compressibility,
thereby providing a passageway between cells to facilitate cell
migration [60, 61]. GAGs can function to organise collagen
fibre deposition, stimulate angiogenesis, and inhibit coagula-
tion [62]. The specific GAGs of physiological interest in the
intestine are heparan sulfate, hyaluronic acid, heparin, and
chondroitin sulfate [63]. Heparan sulfate proteoglycan
(HSPG) is one of the most well-studied GAGs in the intes-
tine. HSPGs are present in the ECM as linear polysaccha-
rides, which are able to bind Wnt, Hedgehog, TGF-β, and
FGF proteins in Drosophila and Xenopus studies [8, 64–66].
Intestine-specific HSPGs are found on the basolateral surface
of intestinal epithelial cells and have been shown to promote
intestinal regeneration by modulating Wnt/β-catenin signal-
ling pathway, suggesting their role in ISC homeostasis [8, 67].
Hyaluronic acid is another chemically simple, high molecular
weight, and nonbranching polymer of N-acetyl-glucosamine
repeats that exists abundantly throughout the matrix. During
disease processes such as in excessive inflammation, these
polymers are cleaved to fragments of lower molecular weight
that take on signalling roles [68, 69]. Hyaluronic acid binds to
CD44, which is expressed on the plasma membrane of many
cell types including ISCs [69]. It also binds to the Toll-like
receptors TLR2 and TLR4, which are widely distributed in
the gastrointestinal tract to mediate the host response to
both commensal and pathogenic bacteria [70]. It has been
shown that hyaluronic acid administration enhanced intes-
tinal crypt survival of radiation-induced enteritis mediated
through TLR4 and cyclooxygenase-2 (COX-2) [70, 71].
Together, the data suggest that GAGs constitute an impor-
tant niche for ISC homeostasis.

3.2. Biomechanical ECM Roles in the ISC Niche. The biome-
chanical influence of the microenvironment is believed to
play important roles in developmental processes, stem cell
fate, and lineage determination [72]. Biophysical factors such
as cell shape, ECM stiffness, and topography can all contrib-
ute to stem cell regulation. Cells perceive physical stimuli via
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direct contact to the cell adhesion molecules, which allow the
cytoskeleton to communicate with the adjacent ECM struc-
tures. This enables microenvironmental forces to be sensed
and translated into intracellular messages, in a process
termed mechanotransduction, to regulate a wide array of
physiological processes [73]. The development of in vitro
technology for the study of the matrix in the past decade
has significantly advanced our understanding of the
mechanical regulation of stem cell homeostasis. For exam-
ple, a recent study using intestinal organoid cultures in cus-
tomized matrices demonstrated that high matrix stiffness
enhanced ISC expansion through yes-associated protein 1
(YAP)/Hippo pathway-dependent mechanism, whereas soft
matrices promoted differentiation [43]. The Hippo signal-
ling pathway is a key player of the ECM mechanotransduc-
tion that controls organ size by sensing the external
mechanical forces (discussed in detail in the next section).
The downstream key regulator YAP displays nuclear trans-
location and activation in response to mechanical tension,
indicating its importance in cellular mechanosensing and
mechanotransduction [74, 75].

In many organs, ECM topography undergoes constant
dynamic remodelling whereby components are deposited,
degraded, or modified by cues conveyed to the matrix by
the surrounding cells [62]. The process of intestinal ECM
remodelling is strongly associated with angiogenesis, cell
migration, and differentiation as well as tumourigenesis,
while ECM deposition and destruction occur via matrix
metalloproteinases (MMPs) [76]. MMPs comprise a large
family of at least 25 zinc-dependent endopeptidases capa-
ble of degrading all components of the ECM. They are
classified according to substrate specificity and are associ-
ated with human diseases such as rheumatoid arthritis
and cancer [77]. Intestinal organoids cultured in RGD-
based hydrogels that were susceptible to MMP-mediated
degradation demonstrated a proinflammatory phenotype
with reduced stem cell maintenance [43]. The findings
provide direct evidence that the ECM comprises an essen-
tial niche role for the regulation of ISCs.

4. Signalling Pathway Regulation in the ISC
Niche

The cellular and mechanical niche components in the
intestinal crypt communicate with each other via different
signalling regulatory pathways to maintain the optimal
microenvironment for ISC homeostasis. Here, we discuss
the major signalling pathways that are essential for stem
cell maintenance and repair (Figure 1).

4.1. Wnt. Wnt signalling is an evolutionary conserved path-
way that plays a crucial role for the maintenance and prolif-
eration of intestinal stem cells [78, 79]. Wnt ligands are
secreted by various ISC niche cells, including the Paneth cells
and the stromal cells surrounding the crypt [3, 80, 81].
Expression analysis in the intestine showed that Wnts 3, 6,
and 9b are secreted predominantly by epithelial cells,
whereas Wnts 2b, 4, 5a, and 5b are secreted by the mesen-
chyme [82]. Paneth cell-secreting Wnt3 constitutes the

essential ISC niche factor for the stromal-free intestinal orga-
noid culture in vitro [3, 83]. Interestingly, Wnt3 deletion or
Paneth cell depletion in vivo in the gut did not affect intesti-
nal homeostasis, suggesting a redundant role of Wnt ligands
from the stromal microenvironment [80, 83].

R-spondin is a potent Wnt agonist that potentiates Wnt
signalling in the presence of Wnt ligands via LGR-
dependent mechanism [84]. A more recent study further
demonstrates distinct, nonequivalent roles of Wnt and R-
spondin ligands in ISC homeostasis using lineage tracing
mouse models. While Wnt proteins confer a basal compe-
tency by maintaining R-spondin receptor expression
(LGR4-6, RNF43, and ZNRF3 receptors), they are unable to
induce ISC self-renewal and expansion alone in vivo without
the presence of R-spondin ligands. The data suggest that
R-spondin, rather than Wnt, plays the dominant role in
controlling the size of the Lgr5+ ISC pool [85]. R-spondin
proteins are secreted by the intestinal stromal niche to pro-
mote crypt proliferation and ISC maintenance [81, 84, 86].
Indeed, ex vivo stromal cell-free intestinal organoid culture
is also dependent on the presence of R-spondin [35]. Deple-
tion of Foxl1-expressing pericryptal mesenchymal cells
in vivo led to suppression of Wnt activity and ISC prolifera-
tion due to the loss of Wnt ligands and R-spondin [87], sup-
porting the important roles of Wnt and R-spondin in ISC
maintenance. Similarly, another recent study shows that the
CD34+ gp38+ pericryptal mesenchymal cells (also express
Foxl1) are the major intestinal source for the ISC niche fac-
tors such as Wnt2b, R-spondin, and Gremlin1 [88]. These
cells are in close proximity with Lgr5+ ISCs that constitute
the key ISC microenvironment by promoting Wnt signal-
ling and antagonising the BMP signalling (see below). On
the other hand, several secretory Wnt antagonists such as
SFRP-1 and Dkk-3 are also expressed in the stromal cells
[82], suggesting the crucial role of ISC stromal niche in
controlling the Wnt activity at the “just-right” level for
stem cell homeostasis.

4.2. BMP.Mesenchymal-derived BMPs belong to the TGF-β
family. TGF-β/BMP signalling inhibits intestinal epithelial
stem cell expansion and promotes epithelial differentiation
in the crypt [89, 90]. In contrast to Wnt signalling, BMP
signals are activated in the villus and are suppressed toward
the base of the crypt [89, 91]. Bmp4 is expressed throughout
the lamina propria, while the BMP receptor (Bmpr1a) is
expressed in the epithelial cells towards the villus [89].
BMP antagonists such as Gremlin1, Gremlin2, and Chordin
are secreted by the ISEMFs and smooth muscle cells at the
human colonic crypt bottom to repress BMP signalling, while
BMP ligands are expressed in the upper colonic crypt to drive
differentiation [20]. Similar to human colon, the BMP
antagonist Noggin is also expressed at the stromal niche
surrounding the crypt in the small intestine [89]. Trans-
genic expression of Noggin in the intestinal epithelia led
to de novo crypt formation [92]. Another secreted pro-
tein, angiopoietin-like protein 2 (ANGPTL2), is also
expressed by ISEMFs to inhibit Bmp2 and Bmp7 expres-
sion via integrin α5β1/NF-κB signalling and maintain
ISC homeostasis [93].
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Crosstalk betweenWnt and BMP signalling is believed to
play a key role in ISC homeostasis. Previous studies showed
that deletion of Bmpr1a in mouse intestine caused rapid
expansion of the stem cell compartment by enhancing Wnt
activity [89]. Recent data further demonstrate that epithelial
BMP signalling is crucial to restrict ISC expansion by direct
Smad4-mediated repression ofWnt/stem cell signature genes
[90]. Importantly, the stromal cells surrounding the intesti-
nal crypt base secrete both Wnt (Wnt and R-spondin
ligands) and BMP factors (Bmp antagonists such as Gremlin
and Noggin) together to drive ISC proliferation [20, 87, 88].
R-spondin and Noggin also constitute the key growth factors
for the stromal cell-free intestinal organoid culture, which
can be replaced by coculturing with mesenchymal cells
[35, 87, 88]. Together, these findings suggest that ISC stro-
mal cells play an indispensable role for ISC homeostasis by
modulating both Wnt and BMP signalling pathways.

4.3. Notch. Notch signalling is crucial for ISC maintenance
and fate decision, where Notch inhibition resulted in reduced
stem cell proliferation [94, 95]. The Notch signalling pathway
is regulated through the presentation of the membrane-
bound Notch ligand to an adjacent cell expressing the Notch
receptor, suggesting the importance of close proximity
between ISCs and their niche [96]. Notch receptor and ligand
transcripts have been detected in both epithelial and mesen-
chymal cells of the developing and adult rodent intestine
[97–99]. Paneth cells express the Notch ligands delta-like 1
and 4 (Dll1 and Dll4) and present these ligands to their adja-
cent Notch receptor-expressing ISCs for Notch activation
[3]. Simultaneous deletion of Dll1 and Dll4 resulted in loss
of ISCs and crypt proliferation, suggesting that Notch activa-
tion is required for ISC homeostasis [100]. Activation of
Notch has also been shown to be crucial during intestinal
epithelial regeneration [101].

Notch signalling is also important in lineage specification
at the progenitor cells. Notch activation drives absorptive lin-
eage differentiation, while Notch inactivation drives atonal
homolog 1- (Atoh1-, also known asMath1) dependent secre-
tory lineage differentiation [100, 102–108]. Atoh1 depletion
in the intestine resulted in expansion of the crypt prolifera-
tive zone and promoted enterocyte over secretory cell differ-
entiation [109]. On the other hand, disruption of Notch
signalling caused rapid conversion of all proliferative crypt
cells into goblet cells [105, 110, 111]. The ISC-specific marker
Olfactomedin 4 (Olfm4) was shown to be a direct Notch tar-
get in the intestine [94]. Interestingly, murine Olfm4 has
been described as a secreted ECM glycoprotein that pro-
motes cell adhesion and binds to cell surface cadherins and
lectins, suggesting a potential link between Notch signalling
and the ECM niche [112].

4.4. Eph/ephrin. Cell positioning along the intestinal crypt-
villus axis is controlled by the Eph/ephrin-mediated interac-
tion and repulsion among the epithelial cells and is crucial for
ISC homeostasis [113, 114]. Eph tyrosine kinase receptors
and their ephrin ligands are expressed in most adult stem cell
niches, often in counter gradients to regulate tissue boundary
and stem cell proliferation [115]. In vivo studies and gene

expression profiling experiments have shown that EhpB2
and EphB3 are both Wnt target genes and are expressed in
the proliferative cells at the crypt bottom [113]. Deletion of
both EphB2 and EphB3 in mouse intestine altered the posi-
tioning of proliferative and differentiated cells and caused
mislocation of the Paneth cells scattering along the crypt-
villus axis. In contrast to the EphB receptors, ephrin-B1
ligand is expressed in the differentiated cells in an opposite
gradient [113]. Interaction of the receptor with its ligand pre-
vents proliferating cells from migrating into the differenti-
ated cell territory, thereby promoting compartmentalisation
of the epithelial cells along the crypt-villus axis [113, 116].
In addition to the EphB family, multiple EphA receptors
and their ligands are also expressed differentially in human
colonic crypts. EphA1, EphA4, and EphA7 are expressed at
the crypt bottom, while EphA2, EphA5, and the ephrin-A1
ligand are enriched at the upper colonic crypts [20]. The role
of EphA-ephrin-A signalling in ISC homeostasis is yet to be
determined. Together, Eph-ephrin signalling is believed to
maintain ISC homeostasis by restricting the ISCs and Paneth
cells at the crypt bottom for exposure to the key stem cell
niche factors.

4.5. Hippo.Hippo signalling pathway is highly conserved and
plays a central role in organ size control, stem cell renewal,
and regeneration via extracellular mechanical forces [117].
The transcriptional coactivators YAP and TAZ have been
shown to transduce mechanical cues to mediate biological
effects in response to ECM elasticity and cell shape. YAP
and TAZ are translocated to the nucleus for transcriptional
activation in stiff matrix, while the two effector proteins are
excluded from the nucleus in soft matrix [118]. Recent stud-
ies suggest an important role of Hippo signalling in regulat-
ing intestinal homeostasis and regeneration [119–121]. The
effector protein YAP is mainly expressed throughout the
intestinal crypt and promotes intestinal regeneration [119].
YAP and TAZ have been shown to induce both proliferation
of crypt progenitor cells and differentiation of ISCs into gob-
let cells via TEADs- and Klf4-mediated transcription regula-
tion, respectively [122]. YAP/TAZ-deletion was also found to
impair intestinal organoid formation and prevent Apc loss-
induced lethality by Wnt-mediated mechanism [123]. On
the other hand, an inhibitory role for YAP in intestinal regen-
eration has been proposed. Overexpression of a constitutively
active YAP-S127A mutant in mouse intestine led to the loss
of proliferative crypts and Wnt signal suppression, whereas
depletion of YAP in the gut caused hyperactive Wnt signal-
ling and expansion of ISCs and niche cells during regenera-
tion [120]. These paradoxical observations could possibly
be explained by the complexity of the Hippo pathway such
as cell-ECM interaction, nuclear-cytoplasmic shuttling of
YAP/TAZ, and its crosstalk with Wnt signalling cascade.
Further investigation on the effect of ECM dynamics to ISC
maintenance in the context of Hippo signalling regulation
will help understand the mechanical-cytoskeletal cues on
stem cell homeostasis and regeneration.

4.6. Hedgehog. Hedgehog signalling is involved in stem cell
maintenance, organogenesis, and tissue repair/regeneration
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[124]. Paracrine Hedgehog signalling is crucial for intestinal
crypt-villus axis formation during development. Expression
of the two ligands Sonic Hedgehog (Shh) and Indian
Hedgehog (Ihh) is limited to the intervillus pockets of the
developing epithelium, while the expression of the receptors
patched 1 (Ptch1) and patched 2 (Ptch2) and the effectors
Gli1, Gli2, and Gli3 is restricted to the underlying mesen-
chyme [125]. Ihh is expressed in the differentiated epithe-
lial cells in the villi of the adult small intestine and is
crucial for epithelial integrity and wound healing [126].
Blockade of Hedgehog signalling inhibited villi formation
and maintained intestinal crypt proliferation by enhancing
Wnt/β-catenin activity [125]. Deletion of Shh or Ihh showed
multiple gastrointestinal defect and reduced smooth muscle
cells [127]. Intestinal-specific deletion of Ihh resulted in dis-
ruption of mesenchymal architecture and ECM deterioration
via the loss of Bmp signalling and increased MMP synthesis
[128]. In addition to regulating smooth muscle and myofi-
broblasts during development, Hedgehog signalling is also
required to induce Bmp4 expression in the stromal niche to
regulate enteric neural cell differentiation [129]. Together,
the data suggests that paracrine Hedgehog signalling from
epithelial to mesenchymal cells promotes stromal niche
formation, which in turn affects epithelial proliferation
and differentiation. Hedgehog signalling in the gut repre-
sents one of the best examples of the close regulation
between ISCs and their niche.

5. Conclusion and Future Perspectives

The cellular and ECM niches together constitute a dynamic
microenvironment that is critical for intestinal tissue homeo-
stasis. In this review, we provide an overview of the biochem-
ical and mechanical cues originating from the matrix, as well
as various vital signalling pathways derived from different
cellular niche components that are important for the regula-
tion of ISC maintenance and differentiation. Matrix proteins
function in the ISC niche to provide the structural scaffold
for maintaining the crypt-villus axis formation, transduce
intracellular signalling via integrin binding, and act as a
reservoir of growth factors that may be released upon pro-
teolysis. Integrin-mediated stem cell anchoring has been
recently shown to be crucial for the maintenance of the
stem cell compartment in the epidermis, where human
epidermal stem cells express high levels of β1 integrins
[130]. It will be interesting to further explore the role of
the integrin-mediated anchoring mechanism in compart-
mentalisation of the ISCs and Paneth cells in the intestine
apart from the Eph/ephrin signalling.

ECM remodelling can influence the accessibility and the
biological cues of the ISC niche. Given the growing evidence
of the pivotal role of the microenvironment in inflammatory
bowel disease and cancer, ECM components may represent
appealing therapeutic targets. Recent studies suggest that epi-
genetic modification such as histone methylation and acety-
lation may regulate ISC proliferation and differentiation
[131]. Further investigation on the potential link between
the microenvironment and epigenetic mechanisms may pro-
vide an additional level of stem cell regulation. Recent

advances on intestinal tissue engineering further highlight
the significance between ISCs and their niche (both physical
and biological). A greater understanding of the interplay
between different cell populations in the ISC niche and their
influence on ECM will shed light on both disease manage-
ment and regenerative medicine.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Laween Meran and Anna Baulies contributed equally.

Acknowledgments

This review is a snapshot of ISC niche at the current status,
and the authors apologize to many colleagues whose work
could not be cited here due to space limitation. This work
was supported by the Francis Crick Institute which receives
its core funding from Cancer Research UK (FC001105), the
UK Medical Research Council (FC001105), the Wellcome
Trust (FC001105), and the European Union’s Horizon 2020
research and innovation programme (668294). Laween
Meran is funded by the NIHR Great Ormond Street Hospital
Biomedical Research Centre.

References

[1] N. Barker, J. H. van Es, J. Kuipers et al., “Identification of stem
cells in small intestine and colon by marker gene Lgr5,”
Nature, vol. 449, pp. 1003–1007, 2007.

[2] S. J. Leedham, M. Brittan, S. A. McDonald, and N. A. Wright,
“Intestinal stem cells,” Journal of Cellular and Molecular
Medicine, vol. 9, pp. 11–24, 2005.

[3] T. Sato, J. H. van Es, H. J. Snippert et al., “Paneth cells consti-
tute the niche for Lgr5 stem cells in intestinal crypts,” Nature,
vol. 469, pp. 415–418, 2011.

[4] Y. D. Benoit, J. F. Groulx, D. Gagne, and J. F. Beaulieu, “RGD-
dependent epithelial cell-matrix interactions in the human
intestinal crypt,” Journal of Signal Transduction, vol. 2012,
Article ID 248759, 10 pages, 2012.

[5] V. L. Kolachala, R. Bajaj, L. Wang et al., “Epithelial-derived
fibronectin expression, signaling, and function in intestinal
inflammation,” The Journal of Biological Chemistry,
vol. 282, pp. 32965–32973, 2007.

[6] P. Simo, P. Simon-Assmann, F. Bouziges et al., “Changes in
the expression of laminin during intestinal development,”
Development (Cambridge, England), vol. 112, pp. 477–487,
1991.

[7] J. F. Groulx, D. Gagné, Y. D. Benoit, D. Martel, N. Basora, and
J. F. Beaulieu, “Collagen VI is a basement membrane compo-
nent that regulates epithelial cell-fibronectin interactions,”
Matrix Biology : Journal of the International Society for
Matrix Biology, vol. 30, pp. 195–206, 2011.

[8] S. Yamamoto, H. Nakase, M. Matsuura et al., “Heparan
sulfate on intestinal epithelial cells plays a critical role in
intestinal crypt homeostasis via Wnt/beta-catenin signaling,”
American Journal of Physiology Gastrointestinal and Liver
Physiology, vol. 305, pp. G241–G249, 2013.

7Stem Cells International



[9] P. Simon-Assmann, M. Kedinger, and K. Haffen, “Immuno-
cytochemical localization of extracellular-matrix proteins in
relation to rat intestinal morphogenesis,” Differentiation;
Research in Biological Diversity, vol. 32, pp. 59–66, 1986.

[10] P. Simon-Assmann, B. Duclos, V. Orian‐Rousseau et al.,
“Differential expression of laminin isoforms and alpha
6-beta 4 integrin subunits in the developing human and
mouse intestine,” Developmental Dynamics : An Official
Publication of the American Association of Anatomists,
vol. 201, pp. 71–85, 1994.

[11] P. Simon-Assmann, M. Kedinger, A. De Arcangelis, V.
Rousseau, and P. Simo, “Extracellular matrix components
in intestinal development,” Experientia, vol. 51, pp. 883–
900, 1995.

[12] T. H. Yen and N. A. Wright, “The gastrointestinal tract stem
cell niche,” Stem Cell Reviews, vol. 2, pp. 203–212, 2006.

[13] D. W. Powell, I. V. Pinchuk, J. I. Saada, X. Chen, and
R. C. Mifflin, “Mesenchymal cells of the intestinal lamina
propria,” Annual Review of Physiology, vol. 73, pp. 213–
237, 2011.

[14] R. O. Hynes, “The extracellular matrix: not just pretty fibrils,”
Science, vol. 326, pp. 1216–1219, 2009.

[15] B. M. Owens, “Inflammation, Innate immunity, and the
intestinal stromal cell niche: opportunities and challenges,”
Frontiers in Immunology, vol. 6, p. 319, 2015.

[16] B. M. Owens and A. Simmons, “Intestinal stromal cells in
mucosal immunity and homeostasis,” Mucosal Immunology,
vol. 6, pp. 224–234, 2013.

[17] M. Roulis and R. A. Flavell, “Fibroblasts and myofibroblasts
of the intestinal lamina propria in physiology and disease,”
Differentiation; Research in Biological Diversity, vol. 92,
pp. 116–131, 2016.

[18] D. W. Powell, R. C. Mifflin, J. D. Valentich, S. E. Crowe, J. I.
Saada, and A. B. West, “Myofibroblasts. II. Intestinal sube-
pithelial myofibroblasts,” The American Journal of Physiol-
ogy, vol. 277, pp. C183–C201, 1999.

[19] A. Gregorieff and H. Clevers, “Wnt signaling in the intestinal
epithelium: from endoderm to cancer,” Genes & Develop-
ment, vol. 19, pp. 877–890, 2005.

[20] C. Kosinski, V. S. Li, A. S. Chan et al., “Gene expression
patterns of human colon tops and basal crypts and BMP
antagonists as intestinal stem cell niche factors,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 104, pp. 15418–15423, 2007.

[21] S. L. Pender, S. P. Tickle, A. J. Docherty, D. Howie, N. C.
Wathen, and T. T. MacDonald, “A major role for matrix
metalloproteinases in T cell injury in the gut,” Journal of
Immunology (Baltimore, Md. : 1950), vol. 158, pp. 1582–
1590, 1997.

[22] D. W. Powell, R. C. Mifflin, J. D. Valentich, S. E. Crowe, J. I.
Saada, and A. B. West, “Myofibroblasts. I. Paracrine cells
important in health and disease,” The American Journal of
Physiology, vol. 277, pp. C1–C9, 1999.

[23] J. B. Pucilowska, K. L. Williams, and P. K. Lund, “Fibro-
genesis. IV. Fibrosis and inflammatory bowel disease: cel-
lular mediators and animal models,” American Journal of
Physiology Gastrointestinal and Liver Physiology, vol. 279,
pp. G653–G659, 2000.

[24] F. Paris, Z. Fuks, A. Kang et al., “Endothelial apoptosis as the
primary lesion initiating intestinal radiation damage in
mice,” Science, vol. 293, pp. 293–297, 2001.

[25] T. Matsumoto, A. Kitano, S. Nakamura et al., “Possible role of
vascular endothelial cells in immune responses in colonic
mucosa examined immunocytochemically in subjects with
and without ulcerative colitis,” Clinical and Experimental
Immunology, vol. 78, pp. 424–430, 1989.

[26] A. Armulik, G. Genove, and C. Betsholtz, “Pericytes:
developmental, physiological, and pathological perspec-
tives, problems, and promises,” Developmental Cell, vol. 21,
pp. 193–215, 2011.

[27] R. C. Mifflin, I. V. Pinchuk, J. I. Saada, and D. W. Powell,
“Intestinal myofibroblasts: targets for stem cell therapy,”
American Journal of Physiology Gastrointestinal and Liver
Physiology, vol. 300, pp. G684–G696, 2011.

[28] A. Birbrair, T. Zhang, Z. M.Wang, M. L. Messi, A. Mintz, and
O. Delbono, “Pericytes at the intersection between tissue
regeneration and pathology,” Clinical Science (London,
England : 1979), vol. 128, pp. 81–93, 2015.

[29] M. Bjerknes and H. Cheng, “Modulation of specific intestinal
epithelial progenitors by enteric neurons,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 98, pp. 12497–12502, 2001.

[30] Y. B. Yu and Y. Q. Li, “Enteric glial cells and their role in the
intestinal epithelial barrier,” World Journal of Gastroenterol-
ogy, vol. 20, pp. 11273–11280, 2014.

[31] J. B. Furness, “The enteric nervous system and neurogas-
troenterology,” Nature Reviews Gastroenterology & Hepatol-
ogy, vol. 9, pp. 286–294, 2012.

[32] P. S. Kabouridis, R. Lasrado, S. McCallum et al., “Microbiota
controls the homeostasis of glial cells in the gut lamina pro-
pria,” Neuron, vol. 85, pp. 289–295, 2015.

[33] M. Neunlist, P. Aubert, S. Bonnaud et al., “Enteric glia
inhibit intestinal epithelial cell proliferation partly through
a TGF-beta1-dependent pathway,” American Journal of
Physiology Gastrointestinal and Liver Physiology, vol. 292,
pp. G231–G241, 2007.

[34] L. Van Landeghem, J. Chevalier, M. M. Mahé et al., “Enteric
glia promote intestinal mucosal healing via activation of focal
adhesion kinase and release of proEGF,” American Journal of
Physiology Gastrointestinal and Liver Physiology, vol. 300,
pp. G976–G987, 2011.

[35] T. Sato, R. G. Vries, H. J. Snippert et al., “Single Lgr5 stem
cells build crypt-villus structures in vitro without a mesen-
chymal niche,” Nature, vol. 459, pp. 262–265, 2009.

[36] C. L. Bevins and N. H. Salzman, “Paneth cells, antimicrobial
peptides and maintenance of intestinal homeostasis,” Nature
Reviews Microbiology, vol. 9, pp. 356–368, 2011.

[37] E. M. Porter, C. L. Bevins, D. Ghosh, and T. Ganz, “The mul-
tifaceted Paneth cell,” Cellular and Molecular Life Sciences :
CMLS, vol. 59, pp. 156–170, 2002.

[38] G. W. Laurie, C. P. Leblond, and G. R. Martin, “Localiza-
tion of type IV collagen, laminin, heparan sulfate proteo-
glycan, and fibronectin to the basal lamina of basement
membranes,” The Journal of Cell Biology, vol. 95,
pp. 340–344, 1982.

[39] P. Simon-Assmann, C. Spenle, O. Lefebvre, and M. Kedinger,
“The role of the basement membrane as a modulator of
intestinal epithelial-mesenchymal interactions,” Progress in
Molecular Biology and Translational Science, vol. 96,
pp. 175–206, 2010.

[40] A. Quaroni, K. J. Isselbacher, and E. Ruoslahti, “Fibronectin
synthesis by epithelial crypt cells of rat small intestine,”

8 Stem Cells International



Proceedings of the National Academy of Sciences of the United
States of America, vol. 75, pp. 5548–5552, 1978.

[41] I. C. Teller, J. Auclair, E. Herring, R. Gauthier, D. Ménard,
and J. F. Beaulieu, “Laminins in the developing and adult
human small intestine: relation with the functional absorp-
tive unit,” Developmental Dynamics : An Official Publication
of the American Association of Anatomists, vol. 236,
pp. 1980–1990, 2007.

[42] J. F. Beaulieu, “Differential expression of the VLA family
of integrins along the crypt-villus axis in the human small
intestine,” Journal of Cell Science, vol. 102, Part 3, pp. 427–
436, 1992.

[43] N. Gjorevski, N. Sachs, A. Manfrin et al., “Designer matrices
for intestinal stem cell and organoid culture,” Nature,
vol. 539, pp. 560–564, 2016.

[44] M. Hilska, Y. Collan, J. Peltonen, R. Gullichsen, H. Paajanen,
and M. Laato, “The distribution of collagen types I, III,
and IV in normal and malignant colorectal mucosa,”
The European Journal of Surgery = Acta Chirurgica,
vol. 164, pp. 457–464, 1998.

[45] D. S. Followill and E. L. Travis, “Differential expression of
collagen types I and III in consequential and primary fibrosis
in irradiated mouse colon,” Radiation Research, vol. 144,
pp. 318–328, 1995.

[46] A. M. Handorf, Y. Zhou, M. A. Halanski, andW. J. Li, “Tissue
stiffness dictates development, homeostasis, and disease
progression,” Organogenesis, vol. 11, pp. 1–15, 2015.

[47] I. C. Teller and J. F. Beaulieu, “Interactions between laminin
and epithelial cells in intestinal health and disease,” Expert
Reviews in Molecular Medicine, vol. 3, pp. 1–18, 2001.

[48] Z. X. Mahoney, T. S. Stappenbeck, and J. H. Miner, “Laminin
alpha 5 influences the architecture of the mouse small intes-
tine mucosa,” Journal of Cell Science, vol. 121, pp. 2493–
2502, 2008.

[49] M. Kedinger, O. Lefebvre, I. Duluc, J. N. Freund, and P.
Simon-Assmann, “Cellular and molecular partners involved
in gut morphogenesis and differentiation,” Philosophical
Transactions of the Royal Society of London Series B, Biologi-
cal Sciences, vol. 353, pp. 847–856, 1998.

[50] J. F. Beaulieu, P. H. Vachon, and S. Chartrand, “Immunolo-
calization of extracellular matrix components during organo-
genesis in the human small intestine,” Anatomy and
Embryology, vol. 183, pp. 363–369, 1991.

[51] J. Zhang, C. R. Owen, M. A. Sanders, J. R. Turner, and M. D.
Basson, “The motogenic effects of cyclic mechanical strain on
intestinal epithelial monolayer wound closure are matrix
dependent,” Gastroenterology, vol. 131, pp. 1179–1189, 2006.

[52] M. Barczyk, S. Carracedo, and D. Gullberg, “Integrins,” Cell
and Tissue Research, vol. 339, pp. 269–280, 2010.

[53] G. Lin, X. Zhang, J. Ren et al., “Integrin signaling is required
for maintenance and proliferation of intestinal stem cells in
Drosophila,” Developmental Biology, vol. 377, pp. 177–187,
2013.

[54] R. G. Jones, X. Li, P. D. Gray et al., “Conditional deletion
of beta1 integrins in the intestinal epithelium causes a loss
of Hedgehog expression, intestinal hyperplasia, and early
postnatal lethality,” The Journal of Cell Biology, vol. 175,
pp. 505–514, 2006.

[55] F. Schaffner, A. M. Ray, and M. Dontenwill, “Integrin alpha5-
beta1, the fibronectin receptor, as a pertinent therapeutic tar-
get in solid tumors,” Cancers (Basel), vol. 5, pp. 27–47, 2013.

[56] Y. D. Benoit, C. Lussier, P. A. Ducharme et al., “Integrin
alpha8beta1 regulates adhesion, migration and proliferation
of human intestinal crypt cells via a predominant RhoA/
ROCK-dependent mechanism,” Biology of the Cell, vol. 101,
pp. 695–708, 2009.

[57] Y. D. Benoit, J. F. Larrivée, J. F. Groulx, J. Stankova, P. H.
Vachon, and J. F. Beaulieu, “Integrin alpha8beta1 confers
anoikis susceptibility to human intestinal epithelial crypt
cells,” Biochemical and Biophysical Research Communica-
tions, vol. 399, pp. 434–439, 2010.

[58] V. Bouchard, C. Harnois, M. J. Demers et al., “B1 integrin/
Fak/Src signaling in intestinal epithelial crypt cell survival:
integration of complex regulatory mechanisms,” Apoptosis :
An International Journal on Programmed Cell Death,
vol. 13, pp. 531–542, 2008.

[59] D. Gagne, J. F. Groulx, Y. D. Benoit et al., “Integrin-linked
kinase regulates migration and proliferation of human intes-
tinal cells under a fibronectin-dependent mechanism,” Jour-
nal of Cellular Physiology, vol. 222, pp. 387–400, 2010.

[60] S. H. Murch, T. T. MacDonald, J. A. Walker-Smith, P.
Lionetti, M. Levin, and N. J. Klein, “Disruption of sulphated
glycosaminoglycans in intestinal inflammation,” Lancet,
vol. 341, pp. 711–714, 1993.

[61] J. P. Hodde, S. F. Badylak, A. O. Brightman, and S. L.
Voytik-Harbin, “Glycosaminoglycan content of small intesti-
nal submucosa: a bioscaffold for tissue replacement,” Tissue
Engineering, vol. 2, pp. 209–217, 1996.

[62] C. Bonnans, J. Chou, and Z. Werb, “Remodelling the extra-
cellular matrix in development and disease,” Nature Reviews
Molecular Cell Biology, vol. 15, pp. 786–801, 2014.

[63] L. Kjellen and U. Lindahl, “Proteoglycans: structures and
interactions,” Annual Review of Biochemistry, vol. 60,
pp. 443–475, 1991.

[64] D. J. Bornemann, J. E. Duncan, W. Staatz, S. Selleck, and
R. Warrior, “Abrogation of heparan sulfate synthesis in
Drosophila disrupts the Wingless, Hedgehog and Decapen-
taplegic signaling pathways,” Development (Cambridge,
England), vol. 131, pp. 1927–1938, 2004.

[65] C. Fuerer, S. J. Habib, and R. Nusse, “A study on the
interactions between heparan sulfate proteoglycans and
Wnt proteins,” Developmental Dynamics : An Official Publi-
cation of the American Association of Anatomists, vol. 239,
pp. 184–190, 2010.

[66] B. Ohkawara, T. S. Yamamoto, M. Tada, and N. Ueno,
“Role of glypican 4 in the regulation of convergent exten-
sion movements during gastrulation in Xenopus laevis,”
Development (Cambridge, England), vol. 130, pp. 2129–
2138, 2003.

[67] M. Oshiro, K. Ono, Y. Suzuki, H. Ota, T. Katsuyama, and N.
Mori, “Immunohistochemical localization of heparan sulfate
proteoglycan in human gastrointestinal tract,” Histochemis-
try and Cell Biology, vol. 115, pp. 373–380, 2001.

[68] R. Stern, A. A. Asari, and K. N. Sugahara, “Hyaluronan
fragments: an information-rich system,” European Journal
of Cell Biology, vol. 85, pp. 699–715, 2006.

[69] C. A. de la Motte, “Hyaluronan in intestinal homeostasis and
inflammation: implications for fibrosis,” American Journal of
Physiology Gastrointestinal and Liver Physiology, vol. 301,
pp. G945–G949, 2011.

[70] T. E. Riehl, L. Foster, and W. F. Stenson, “Hyaluronic acid
is radioprotective in the intestine through a TLR4 and

9Stem Cells International



COX-2-mediated mechanism,” American Journal of Physiol-
ogy Gastrointestinal and Liver Physiology, vol. 302,
pp. G309–G316, 2012.

[71] L. Sherman, J. Sleeman, P. Herrlich, and H. Ponta, “Hya-
luronate receptors: key players in growth, differentiation,
migration and tumor progression,” Current Opinion in Cell
Biology, vol. 6, pp. 726–733, 1994.

[72] F. Guilak, D. M. Cohen, B. T. Estes, J. M. Gimble, W. Liedtke,
and C. S. Chen, “Control of stem cell fate by physical interac-
tions with the extracellular matrix,” Cell Stem Cell, vol. 5,
pp. 17–26, 2009.

[73] A. W. Orr, B. P. Helmke, B. R. Blackman, and M. A.
Schwartz, “Mechanisms of mechanotransduction,” Develop-
mental Cell, vol. 10, pp. 11–20, 2006.

[74] M. Aragona, T. Panciera, A. Manfrin et al., “A mechanical
checkpoint controls multicellular growth through YAP/TAZ
regulation by actin-processing factors,” Cell, vol. 154,
pp. 1047–1059, 2013.

[75] S. Dupont, L. Morsut, M. Aragona et al., “Role of YAP/TAZ
in mechanotransduction,” Nature, vol. 474, pp. 179–183,
2011.

[76] A. Said, J.-P. Raufman, and G. Xie, “The role of matrix metal-
loproteinases in colorectal cancer,” Cancer, vol. 6, p. 366,
2014.

[77] A. Page-McCaw, A. J. Ewald, and Z. Werb, “Matrix metallo-
proteinases and the regulation of tissue remodelling,” Nature
Reviews Molecular Cell Biology, vol. 8, pp. 221–233, 2007.

[78] H. Clevers and R. Nusse, “Wnt/beta-catenin signaling and
disease,” Cell, vol. 149, pp. 1192–1205, 2012.

[79] L. Novellasdemunt, P. Antas, and V. S. Li, “Targeting Wnt
signaling in colorectal cancer. A review in the theme: cell
signaling: proteins, pathways and mechanisms,” American
Journal of Physiology-Cell Physiology, vol. 309, pp. C511–
C521, 2015.

[80] H. F. Farin, J. H. Van Es, and H. Clevers, “Redundant sources
of Wnt regulate intestinal stem cells and promote formation
of Paneth cells,” Gastroenterology, vol. 143, pp. 1518.e7–
1529.e7, 2012.

[81] Z. Kabiri, G. Greicius, B. Madan et al., “Stroma provides an
intestinal stem cell niche in the absence of epithelial Wnts,”
Development (Cambridge, England), vol. 141, pp. 2206–
2215, 2014.

[82] A. Gregorieff, D. Pinto, H. Begthel, O. Destrée, M. Kielman,
and H. Clevers, “Expression pattern of Wnt signaling compo-
nents in the adult intestine,” Gastroenterology, vol. 129,
pp. 626–638, 2005.

[83] A. Durand, B. Donahue, G. Peignon et al., “Functional intes-
tinal stem cells after Paneth cell ablation induced by the loss
of transcription factor Math1 (Atoh1),” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, pp. 8965–8970, 2012.

[84] W. de Lau,W. C. Peng, P. Gros, and H. Clevers, “The R-spon-
din/Lgr5/Rnf43 module: regulator of Wnt signal strength,”
Genes & Development, vol. 28, pp. 305–316, 2014.

[85] K. S. Yan, C. Y. Janda, J. Chang et al., “Non-equivalence of
Wnt and R-spondin ligands during Lgr5+ intestinal stem-
cell self-renewal,” Nature Advance Online Publication,
vol. 545, 2017.

[86] K. A. Kim, M. Kakitani, J. Zhao et al., “Mitogenic influence of
human R-spondin1 on the intestinal epithelium,” Science,
vol. 309, pp. 1256–1259, 2005.

[87] R. Aoki, M. Shoshkes-Carmel, N. Gao et al., “Foxl1-express-
ing mesenchymal cells constitute the intestinal stem cell
niche,” Cellular andMolecular Gastroenterology and Hepatol-
ogy, vol. 2, pp. 175–188, 2016.

[88] I. Stzepourginski, G. Nigro, J. M. Jacob et al., “CD34+ mesen-
chymal cells are a major component of the intestinal stem
cells niche at homeostasis and after injury,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 114, pp. E506–E513, 2017.

[89] X. C. He, J. Zhang, W. G. Tong et al., “BMP signaling inhibits
intestinal stem cell self-renewal through suppression of Wnt-
beta-catenin signaling,” Nature Genetics, vol. 36, pp. 1117–
1121, 2004.

[90] Z. Qi, Y. Li, B. Zhao et al., “BMP restricts stemness of intesti-
nal Lgr5+ stem cells by directly suppressing their signature
genes,” Nature Communications, vol. 8, article 13824, 2017.

[91] I. V. Pinchuk, R. C. Mifflin, J. I. Saada, and D. W. Powell,
“Intestinal mesenchymal cells,” Current Gastroenterology
Reports, vol. 12, pp. 310–318, 2010.

[92] A. P. Haramis, H. Begthel, M. van den Born et al., “De novo
crypt formation and juvenile polyposis on BMP inhibition
in mouse intestine,” Science, vol. 303, pp. 1684–1686, 2004.

[93] H. Horiguchi, M. Endo, K. Kawane et al., “ANGPTL2
expression in the intestinal stem cell niche controls epithelial
regeneration and homeostasis,” The EMBO Journal, vol. 36,
pp. 409–424, 2017.

[94] K. L. VanDussen, A. J. Carulli, T. M. Keeley et al., “Notch
signaling modulates proliferation and differentiation of
intestinal crypt base columnar stem cells,” Development
(Cambridge, England), vol. 139, pp. 488–497, 2012.

[95] A. Philpott and D. J. Winton, “Lineage selection and plasticity
in the intestinal crypt,” Current Opinion in Cell Biology,
vol. 31, pp. 39–45, 2014.

[96] K. G. Guruharsha, M.W. Kankel, and S. Artavanis-Tsakonas,
“The Notch signalling system: recent insights into the com-
plexity of a conserved pathway,” Nature Reviews Genetics,
vol. 13, pp. 654–666, 2012.

[97] N. Schroder and A. Gossler, “Expression of Notch pathway
components in fetal and adult mouse small intestine,” Gene
Expression Patterns : GEP, vol. 2, pp. 247–250, 2002.

[98] G. R. Sander and B. C. Powell, “Expression of notch receptors
and ligands in the adult gut,” The Journal of Histochemistry
and Cytochemistry : Official Journal of the Histochemistry
Society, vol. 52, pp. 509–516, 2004.

[99] H. Shimizu, S. A. Woodcock, M. B. Wilkin, B. Trubenová, N.
A. Monk, and M. Baron, “Compensatory flux changes within
an endocytic trafficking network maintain thermal robust-
ness of Notch signaling,” Cell, vol. 157, pp. 1160–1174, 2014.

[100] L. Pellegrinet, V. Rodilla, Z. Liu et al., “Dll1- and dll4-
mediated notch signaling are required for homeostasis of
intestinal stem cells,” Gastroenterology, vol. 140,
pp. 1230.e1–1240.e7, 2011.

[101] R. Okamoto, K. Tsuchiya, Y. Nemoto et al., “Requirement of
Notch activation during regeneration of the intestinal epithe-
lia,” American Journal of Physiology Gastrointestinal and
Liver Physiology, vol. 296, pp. G23–G35, 2009.

[102] J. Jensen, E. E. Pedersen, P. Galante et al., “Control of endo-
dermal endocrine development by Hes-1,” Nature Genetics,
vol. 24, pp. 36–44, 2000.

[103] S. Fre, M. Huyghe, P. Mourikis, S. Robine, D. Louvard,
and S. Artavanis-Tsakonas, “Notch signals control the fate

10 Stem Cells International



of immature progenitor cells in the intestine,” Nature,
vol. 435, pp. 964–968, 2005.

[104] B. Z. Stanger, R. Datar, L. C. Murtaugh, and D. A. Melton,
“Direct regulation of intestinal fate by Notch,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 102, pp. 12443–12448, 2005.

[105] J. H. van Es, M. E. van Gijn, O. Riccio et al., “Notch/gamma-
secretase inhibition turns proliferative cells in intestinal
crypts and adenomas into goblet cells,” Nature, vol. 435,
pp. 959–963, 2005.

[106] O. Riccio, M. E. Van Gijn, A. C. Bezdek et al., “Loss of intes-
tinal crypt progenitor cells owing to inactivation of both
Notch1 and Notch2 is accompanied by derepression of
CDK inhibitors p27Kip1 and p57Kip2,” EMBO Reports,
vol. 9, pp. 377–383, 2008.

[107] F. Gerbe, J. H. van Es, L. Makrini et al., “Distinct ATOH1 and
Neurog3 requirements define tuft cells as a new secretory cell
type in the intestinal epithelium,” The Journal of Cell Biology,
vol. 192, pp. 767–780, 2011.

[108] S. Fre, E. Hannezo, S. Sale et al., “Notch lineages and activity
in intestinal stem cells determined by a new set of knock-in
mice,” PLoS One, vol. 6, article e25785, 2011.

[109] N. F. Shroyer, M. A. Helmrath, V. Y. Wang, B. Antalffy, S. J.
Henning, and H. Y. Zoghbi, “Intestine-specific ablation of
mouse atonal homolog 1 (Math1) reveals a role in cellular
homeostasis,”Gastroenterology, vol. 132, pp. 2478–2488, 2007.

[110] J. Milano, J. McKay, C. Dagenais et al., “Modulation of notch
processing by gamma-secretase inhibitors causes intestinal
goblet cell metaplasia and induction of genes known to
specify gut secretory lineage differentiation,” Toxicological
Sciences : An Official Journal of the Society of Toxicology,
vol. 82, pp. 341–358, 2004.

[111] J. H. van Es, N. de Geest, M. van de Born, H. Clevers, and B.
A. Hassan, “Intestinal stem cells lacking the Math1 tumour
suppressor are refractory to Notch inhibitors,” Nature Com-
munications, vol. 1, p. 18, 2010.

[112] W. Liu, L. Chen, J. Zhu, and G. P. Rodgers, “The glycoprotein
hGC-1 binds to cadherin and lectins,” Experimental Cell
Research, vol. 312, pp. 1785–1797, 2006.

[113] E. Batlle, J. T. Henderson, H. Beghtel et al., “Beta-catenin and
TCF mediate cell positioning in the intestinal epithelium by
controlling the expression of EphB/ephrinB,” Cell, vol. 111,
pp. 251–263, 2002.

[114] E. Batlle, J. Bacani, H. Begthel et al., “EphB receptor activity
suppresses colorectal cancer progression,” Nature, vol. 435,
pp. 1126–1130, 2005.

[115] M. Genander and J. Frisen, “Ephrins and Eph receptors in
stem cells and cancer,” Current Opinion in Cell Biology,
vol. 22, pp. 611–616, 2010.

[116] H. Clevers and E. Batlle, “EphB/EphrinB receptors and Wnt
signaling in colorectal cancer,” Cancer Research, vol. 66,
pp. 2–5, 2006.

[117] B. Zhao, K. Tumaneng, and K. L. Guan, “The Hippo pathway
in organ size control, tissue regeneration and stem cell self-
renewal,” Nature Cell Biology, vol. 13, pp. 877–883, 2011.

[118] G. Halder and R. L. Johnson, “Hippo signaling: growth con-
trol and beyond,” Development (Cambridge, England),
vol. 138, pp. 9–22, 2011.

[119] J. Cai, N. Zhang, Y. Zheng, R. F. de Wilde, A. Maitra, and
D. Pan, “The Hippo signaling pathway restricts the

oncogenic potential of an intestinal regeneration program,”
Genes & Development, vol. 24, pp. 2383–2388, 2010.

[120] E. R. Barry, T. Morikawa, B. L. Butler et al., “Restriction of
intestinal stem cell expansion and the regenerative response
by YAP,” Nature, vol. 493, pp. 106–110, 2013.

[121] V. S. Li and H. Clevers, “Intestinal regeneration: YAP-tumor
suppressor and oncoprotein?,” Current Biology, vol. 23,
pp. R110–R112, 2013.

[122] M. Imajo, M. Ebisuya, and E. Nishida, “Dual role of YAP and
TAZ in renewal of the intestinal epithelium,” Nature Cell
Biology, vol. 17, pp. 7–19, 2015.

[123] L. Azzolin, T. Panciera, S. Soligo et al., “YAP/TAZ incorpora-
tion in the beta-catenin destruction complex orchestrates the
Wnt response,” Cell, vol. 158, pp. 157–170, 2014.

[124] G. R. van den Brink, “Hedgehog signaling in development
and homeostasis of the gastrointestinal tract,” Physiological
Reviews, vol. 87, pp. 1343–1375, 2007.

[125] B. B. Madison, K. Braunstein, E. Kuizon, K. Portman,
X. T. Qiao, and D. L. Gumucio, “Epithelial hedgehog
signals pattern the intestinal crypt-villus axis,” Development
(Cambridge, England), vol. 132, pp. 279–289, 2005.

[126] W. A. van Dop, J. Heijmans, N. V. Büller et al., “Loss of
Indian Hedgehog activates multiple aspects of a wound heal-
ing response in the mouse intestine,” Gastroenterology,
vol. 139, pp. 1665.e1–1676.e10, 2010.

[127] M. Ramalho-Santos, D. A. Melton, and A. P. McMahon,
“Hedgehog signals regulate multiple aspects of gastrointesti-
nal development,” Development (Cambridge, England),
vol. 127, pp. 2763–2772, 2000.

[128] C. Kosinski, D. E. Stange, C. Xu et al., “Indian hedgehog
regulates intestinal stem cell fate through epithelial-
mesenchymal interactions during development,” Gastroen-
terology, vol. 139, pp. 893–903, 2010.

[129] A. Sukegawa, T. Narita, T. Kameda et al., “The concentric
structure of the developing gut is regulated by Sonic hedge-
hog derived from endodermal epithelium,” Development
(Cambridge, England), vol. 127, pp. 1971–1980, 2000.

[130] F. Watt and M. Engineered, “Microenvironments to direct
epidermal stem cell behavior at single-cell resolution,” Devel-
opmental Cell, vol. 38, pp. 601–609, 2016.

[131] A. Roostaee, Y. D. Benoit, S. Boudjadi, and J. F. Beaulieu,
“Epigenetics in intestinal epithelial cell renewal,” Journal of
Cellular Physiology, vol. 231, pp. 2361–2367, 2016.

11Stem Cells International



Submit your manuscripts at
https://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 201

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


