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Enterocytes originating from gastrointestinal stem cells are basic building blocks of villi and crypts in human intestine. Little is
known about intestinal stem cells (ISCs), their interaction with niche, and key pathways in their regulation. In this paper, we have
reviewed the characteristics of ISC, its interaction with niche, and the understanding of key signaling pathways like Wnt. A better
understanding of all of this will help to better utilize novel therapies like mesenchymal stromal cells (MSCs), R-spondin1, and
sulindac in various disorders like colon cancer, gra-versus-host disease, intestinal polyposis, and radiation-related bowel injuries.

1. Introduction

e intestinal epithelium is composed of �ve primary cell
types: the common absorptive enterocyte, the enteroen-
docrine cell, the mucous-secreting goblet cell, the tu cell,
and the Paneth cells [1, 2]. e epithelium of mammalian
intestine undergoes rapid turnover to be replenished every
3–5 days [3]. Proliferation occurs near the base of the crypts,
with cell maturation occurring as they migrate along the
crypt/villus axis. e crypt is the monoclonal proliferative
compartment of the intestinal epithelium. e villus repre-
sents the differentiated polyclonal compartment, as its cells
derive from several crypts. Potten and his colleagues showed
in an adult mouse model that every villus has approximately
7000 cells in the duodenum and each villus is surrounded
by approx 15 crypts containing 350–400 cells. ere are
approximately one million crypts in the human small intes-
tine [4]. Enterocytes are the most common epithelial cells
and are responsible for absorption of nutrients and water
via active and passive transport. Goblet cells secrete mucins
and other proteins that are used for lubrication and as a
barrier defense against pathogens, and Paneth cells secrete
lysozyme to prevent bacterial infection [5, 6]. Driven by the
Notch signaling pathway, enteroendocrine cells having ten
different subtypes comprise 1% of total epithelium. ey are

responsible for secreting a variety of hormones that partici-
pate in glucose homeostasis [7], satiety (ghrelin), pH balance
(secretin), gall bladder contraction (cholecystokinin), gut
motility (neurotensin and motilin), and the regulation of
pancreatic and pituitary hormone secretion (somatostatin)
[8–10].

2. Intestinal Stem Cells (ISCs)

Maintenance of the functional integrity of intestinal epithe-
lium is a challenging task which is done by small numbers of
long-lived multipotent cells called intestinal stem cells (ISCs)
[11]. e discovery of the ISC remained elusive till early in
the 21st century because of the lack ofmolecularmarkers and
the difficulty of culturing. Potten and his colleagues inferred
its localization at crypt bases by demonstrating retention
of DNA-labeling agents at position 4 (4 cells above the
crypt base) for many weeks in the irradiated mouse model
[12]. Cheng and his colleagues in 2006 showed that some
proliferative cells, called crypt base columnar cells (CBCs),
residing below the +4 position and intermingled with Paneth
cells, had features consistent with those of ISC [13]. In 2007,
Barker et al. discovered Lgr5, a gene encoding a G protein-
coupled receptor, whose expression was restricted to CBCs as
genetic marker of ISC in Cre recombinase mousemodel [14].
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ese mice harbor heterozygous Lgr5-EGFP-IRES-creERT2
“knock-in” allele that abolishes Lgr5 gene function and
expresses EGFP and CreERT2 fusion proteins from the Lgr5
promoter/enhancer elements. EGFP �uorescence is observed
in crypt base columnar cells in small intestine (a.k.a. stem
cells of the small intestine) and colon. Cre-ERT2 fusion gene
activity is inducible; it is observed in the same cells only
following tamoxifen administration. In the same paper, they
also made clear that +4 cells are distinct from CBCs in
view of low-dose radiation (less than 1 gray) sensitivity. In
2008, Sangiorgi and Capecchi linked another marker called
Bmi1 (chromatin remodeling protein) to ISCs, similar to
hematopoetic and neural stem cells.ey could demonstrate,
in similar Cre recombinase mouse model, expression of
Bmi1 in long-lived cell clones of different intestinal lineages.
Ablation of Bmi1 by targeted expression of diphtheria toxin
resulted in depletion of the entire epithelium [15]. It is likely
that Bmi1 and Lgr5 may not represent the same population
of cells, as Lgr5 is expressed throughout the gastrointestinal
tract including stomach, small intestine, and colon crypts,
whereas Bmi1 expression is restricted to the most proximal
half of the small intestine. Due to cell cycle differences, crypt
Bmi1+ cells generate progeny with relatively slow kinetics
compared to Lgr5+ ISCs. In 2009, two different groups were
able to successfully propagate and maintain ISC in long-
term culture [16, 17]. Sato et al. used laminin-rich Matrigel
and growth medium containing the Wnt agonist R-spondin,
epidermal growth factor, and Bmp antagonist Noggin. ey
were able to create organoids, comprising more than 40 crypt
domains surrounding a central lumen lined by a villus-like
epithelium, and organoids were cultured for more than 8
months without losing their characteristics [16]. Ootani et
al. used 3D matrix of type I collagen gel under an air-liquid
interface for sustained in vitro intestinal epithelial culture of
Wnt-dependent stem cells [17].

3. Stem Cell Niche

e intestinal crypt-niche interaction is important in the
function, maintenance, and proliferation of progenitor
stem cells found at the bases of intestinal crypts. e
cells in the ISC niche consist of microvascular endothe-
lial cells, mesenchyme-derived intestinal subepithelial myo�-
broblasts (ISEMFs), pericryptal macrophages, enteric neu-
rons, intraepithelial lymphocytes (IELs), and microbes [18].
ISEMFs are located in the lamina propria in close proximity
to the crypt cells and migrate upward from the crypt base
to the villous tip along with maturing epithelial cells, estab-
lishing signaling crosstalk and regulating epithelial cell dif-
ferentiation [18, 19]. ISEMFs have qualities of both smooth
muscle cells and�broblasts and interact via various conserved
intracellular pathways such as Wnt, Bmp, and Notch. ey
exert their function on neighboring epithelial cells via both
direct contact and paracrine modalities [19, 20]. ISEMFs
also interact with pericryptal macrophages with subsequent
release of PGE2 that could reduce apoptosis of enterocytes
[20]. Pericryptal macrophages form synapses with crypt stem
cells and secrete growth factors to stimulate ISC proliferation

upon activation of Toll-like receptors sensing the entry of
bacteria and other intestinal pathogens [21]. Like ISEMFs,
Paneth cells have also been implicated in the regulation of
proliferation and differentiation of ISCs [22].

e functional role of the ISC niche is very well demon-
strated by the protective role of autologous BM stromal
cell transplant (BMASCT) aer lethal high-dose abdominal
radiation (12–20Gy) [23].e authors of this study observed
that BMASCT restores the ISC niche including the peri-
cryptal macrophages, endothelial, cells and ISEMF, leading
to better restoration of the function and architecture of
intestinal villi [23].

4. Signal Transduction Pathways for
Regeneration andMalignancy

Wnt signaling plays a very important role in the regulation of
intestinal epithelial cell proliferation during their maturation
or regeneration [24]. Wnt proteins form a family of highly
conserved secreted signaling molecules that regulate cell-to-
cell interactions during embryogenesis.Wnt signals are trans-
duced through two pathways, canonical and noncanonical,
determining cell fate and cell motility, respectively [19]. Wnt
proteins bind to receptors of the Frizzled and LRP families on
the cell surface. rough several cytoplasmic relay compo-
nents, the signal is transduced to beta-catenin, which enters
the nucleus to activate transcription of Wnt target genes
transgenic expression of the secretedWnt inhibitorDickkopf-
1 (Dkk-1) leading to reduced small intestinal epithelial
proliferation and loss of crypts [25]. Conversely, injection of
R-spondin, aWnt agonist which protects against ISC damage,
enhances restoration of injured intestinal epithelium and
inhibits subsequent in�ammatory cytokine cascades [26].
Upregulation of Wnt family ligands and downregulation of
Wnt inhibitors occur during the early stage of carcinogenesis
mediated by chronic in�ammation [27]. Similarly, 𝛽𝛽-catenin
and APC proteins, which are components of the Wnt/𝛽𝛽-
catenin signaling canonical pathway, play a critical role in
oncogenesis of colorectal cancer [24].

5. Human Diseases Correlation

In the bowel, the mucosal stem cells in the base of the
colonic crypts may accumulate mutations and hence lead to
tumor development. ese stem cells are characterized by
their capacities for long life and self-renewal. Normal colonic
stem cells exhibit an incredible rate of cell production and
turnover in order to maintain the colonic mucosa. Cancer
may therefore develop as a result of alteration of this process
through the accumulation of mutations and damage within
the controlling stem cells. Methods of investigating gastroin-
testinal stem cells (GSCs) in the human have proved to be
di�cult. e �rst studies of clonality in the gastrointestinal
mucosa in humans utilized the human colorectal carcinoma
cell line HRA19, which produces single-cell clones that can
be grown as polarized monolayers in vitro. When engraed
subcutaneously into nude mice, these clones produce tumors
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that are histologically identical to the original tumor, con-
taining columnar, goblet, and neuroendocrine cells. us,
these malignant epithelial cells are multipotential and can
produce every differentiated cell type in the human colorectal
epithelia [7]. e malignant counterpart of the normal ISC
is characterized by being CD133+ enriched, which can
signi�cantly increase the capability of these cells to initiate
tumor growth [28, 29]. In humans and mice with APC gene
mutations, the loss of the APC tumor suppressor leads to
increased expression of 𝛽𝛽-catenin, resulting in cellular “pro-
liferation and resistance to apoptosis” [28–31]. ough of
various nature, these APC mutations will result in stabilizing
𝛽𝛽-catenin and the perpetual activation of the Wnt program
whether or not an extracellular signal is present [32]. LGR5,
an intestinal stem cell marker that is a Wnt target, may have
a role in each stage of colorectal cancer (CRC) stage and lead
to cancer progression.is also appears to be true for another
precancerous condition, Barrett’s Esophagus, suggesting that
it will likely serve as a useful cancer stem cell marker [33, 34].
While increased Wnt/𝛽𝛽-catenin pathway signaling leads to
an increase in the proliferative capacity of cancer stem cells,
the BMP pathway inhibits their proliferation [35]. He et
al. showed that BMP signaling suppresses Wnt signaling to
ensure a balanced control of stem cell self-renewal. us,
BMP signaling may control the duplication of intestinal stem
cells, suggesting the possibilities of new drug development
for the control of colon cancer. A similar role of GSC
in gastric cancer has been observed. Patients with chronic
atrophic gastritis, when infested by Helicobacter pylori, are
prone to gastric cancer, indicating that proliferating and
nonproliferating GSCs provide a habitat for this bacteria that
can lead to increased risk of cancer development [36].

In conclusion, increasing evidence supports the pres-
ence of a cancer stem cell as the cause of gastrointestinal
tumor establishment, progression, relapse, and metastasis.
Identi�cation of the origin of the GSC remains elusive in
human CRC; however, progress is being made in mouse
models of intestinal cancer. e precise role of the GSC in
these tumorigenic steps of CRC also remains unclear. Addi-
tionally, the interaction of colorectal GSC with the cellular
microenvironment, both at the site of tumor initiation and
at sites of metastatic deposit, must be further investigated.
is is particularly needed given the importance of the
microenvironmental niche in the function and maintenance
of somatic stem cells.

6. Therapeutic Application

e intestinal mucosa has an amazing proliferative capacity,
enabling normal homeostasis as well as rapid restoration of its
physiological functions following injury.e ability to do this
resides with the epithelial stem cells. Recent advances toward
the isolation and characterization of epithelial stem cells have
paved the way for exploring novel therapeutic approaches for
gastrointestinal disease. Possible stem cell-based therapy of
gastrointestinal disorders ranges from the repair of damaged
mucosa to the engineering of arti�cial intestinal constructs
for patients with short bowel syndrome. As mentioned

before, aberrant activation of Wnt/𝛽𝛽-catenin signaling is
observed in many human cancers, with genetic mutations of
Wnt signaling pathway components being primarily respon-
sible for this aberrant activation. Dysregulation of different
components of this pathway can lead to different types of gas-
trointestinal cancer [37]. Inhibitors of this complex and large
Wnt/𝛽𝛽-catenin signaling pathway have been developed for
the treatment of cancers. ese fall generally into two broad
categories: biological inhibitors, such asmonoclonal antibod-
ies, recombinant small inhibitory nucleic acids (siNAs), and
other small molecules such as NSAIDs, and imatinib [38]. In
a very elegant group of experiments in amousemodel, Qiu et
al. [39] recently delineated the mechanism by which NSAIDs
can prevent colon cancer at the cellular level.ey found that
dietary sulindac removed intestinal stem cells with𝛽𝛽-Catenin
accumulation, suppressed 𝛽𝛽-Catenin phosphorylation, and
induced apoptosis in intestinal stem cells of APCMin/+ mice.
NSAIDs also induced apoptosis in human colonic polyps and
removed cells with aberrant Wnt signaling. While Wnt/𝛽𝛽-
catenin signaling pathway antagonists and inhibitors can be
used to stop the growth and spread of cancer, agonists of this
pathway have been shown to promote gut healing. Takashima
et al. [26] have recently shown that theWnt signaling pathway
agonist R-spondin1 (R-Spo1) protected against ISC damage,
enhanced restoration of injured intestinal epithelium, and
inhibited subse�uent in�ammatory cytokine cascades in
mismatched murine bone marrow transplant recipients.

While the use of this approach helped gut damage
healing by promoting the rapid growth of the ISCs, Van’t
Land et al. [40] have shown earlier in a rat model for
induced small intestinal damage that oral supplementation
of rats exposed to methotrexate with a Transforming Growth
Factor-𝛽𝛽2 enriched fraction prepared from bovine milk by
reversibly arresting growth of epithelial stem cells can pro-
tect small intestinal epithelial cells against cell-cycle-speci�c
chemotherapeutic agents by arresting the cells in G1-phase.
Administration of TGF-𝛽𝛽2 has also been shown to reduce
the chemotherapy-associated weight loss and ileal villous
atrophy by reducing cell proliferation in the normal stem cell
population.

In a very interesting publication, Lam et al. [41] described
in detail the mechanisms by which a four-herb Chinese
medicine formula reduces chemotherapy-induced gastroin-
testinal toxicity. is formula acts at the level of the gas-
trointestinal progenitor and stem cells.e herbal compound
PHY906 appeared to be responsible. It induced the expres-
sion of the stem cell markers CD44, Lgr5, Ascl2, and Olfm4
and increased the expression of Wnt signaling components
4 days aer CPT-11 chemotherapy. ese results suggest
that PHY906 may promote progenitor cell regeneration aer
CPT-11 treatment by stimulating Wnt signaling.

7. Cellular Therapy

Multipotent mesenchymal stromal cells (MSCs) are a rare
population of cells possessing stem cell characteristics. Evi-
dence is mounting that such multipotent progenitors may
reside within the perivascular niche of several organs, and



4 ISRN Stem Cells

they are candidates for cellular therapy in different settings,
ranging from in�ammatory bowel disease (IBD) to gra-
versus-host disease (GVHD). MSCs can be derived from
a variety of tissues including the bone marrow [42, 43].
Recently, Lanzoni et al. [44] were able to isolate a population
of MSCs from intestinal tissue. is population of cells
was extensively expandable, showed typical markers of this
cell type (CD29+, CD44+, CD73+, CD105+ and CD166+,
CD14−, andCD34− andCD45−), andwere able to induce the
differentiation and organization of intestinal epithelial cells.
e isolation of these stem cells may open new possibilities
for therapeutic enhancement of intestinal tissue regeneration.

MSCs do not have to be strictly originating from the
intestine to be considered for intestinal tissue engineering
or cellular therapy. In a very interesting tissue engineering
model by Sîrbu-Boiţe et al. [45], MSCs obtained from human
and rat bone marrows were cultured and seeded into a
collagen scaffold.ree-dimentional patches were sutured in
areas of the rat gut and have shown to integrate with the
rest of the gut and promote gut functionality and healing.
Even more simply, researchers have also shown that local
injection of these cells in damaged gut can directly induce
healing. Hayashi et al. [46] showed that topical implantation
of MSCs freshly isolated from rat bone marrow into a model
of colitis signi�cantly accelerated healing of the damaged
mucosa compared with vehicle-injected controls. e MSCs
expressed vascular endothelial growth factor (VEGF) and
transforming growth factor (TGF)-𝛽𝛽1 in vitro and aer
the implantation. Other researchers have also shown that
locally transplanted bone-marrow-derived MSC improved
ischemic colonic anastomotic sites in animal models [47].
Bone-marrow-derivedMSCsmay not be the only type of cells
in the bone marrow that can help repair damaged intestinal
epithelia. Okamoto et al. [48] reported their discovery of
a bone-marrow-derived epithelial cell that promoted the
regeneration of damaged epithelia in the human intesti-
nal tract. ese cells were donor-derived aer allogeneic
bone marrow transplant and have persisted for years. ey
proliferate following intestinal epithelial injury by GVHD.
Precise analysis of epithelial cell lineages revealed that, during
epithelial regeneration, secretory lineage epithelial cells that
originated from bone marrow signi�cantly increased in
number. eir conclusion was that bone marrow may serve
as a useful source for intestinal epithelial cell precursors.
However, the precise role of the bone marrow derived MSC
in IBD and their interactionwith the gastrointestinal tract are
not completely settled or well understood. Nemoto et al. [42]
showed very nicely in an animal model that IL-7 produced
by MSC from IL-7−/− X RAG-1−/− mice transplanted with
IL-7 was sufficient, and BM MSC expressed IL-7 only in
the BM and not in the colon and lead to the development
of IBD and colitis when injected with CD4+CD45RBhigh.
is recent and elegant work has shed a new light on the
dynamic and complex interaction between the BM-derived
MSCs and IBD. is work comes to validate what clinicians
have observed in a clinical model few years ago. Dean et
al. [49] evaluated the association of serum IL-7 levels in 31
patients who received reduced intensity allogeneic stem cell

transplant. Of the 31 patients, 14 patients developed acute
gra-versus-host disease (GVHD) (of any site, gut, liver, or
skin). Almost 60% (8/14) developed gut acute GVHD. Acute
GVHD correlated signi�cantly with higher IL-7 levels on day
+7 and day +14 aer transplant. IL-7 levels at day +14 also
correlated with the severity of acute GVHD. So, if we try
to connect the BM-derived MSC puzzle together, they seem
to have a complex and dynamic role in both inciting and
healing IBD. While on the cellular level they can participate
by themselves in local tissue regeneration of the damaged gut
and repair of the IBD in�ammation, they can also have an
inciting role leading to more cytokine-driven in�ammation
and IBD and IBD-like disease in the form of GVHD.e �nal
participation and the role they play can be a balance of both
directions and seem to be dependant on a multitude of other
factors.

8. Summary

In summary, identi�cation of ISCs, and an understanding
of niche and signaling pathways have lead to a better
understanding of various diseases like GI cancers, polyp
formation, radiation and chemotherapy-induced intestinal
damage, in�ammatory bowel diseases, and so forth. A better
understanding has also lead to the development of re�ned
animal disease model to test new drugs and biologic and
cellular therapies for malignant and nonmalignant gastroin-
testinal disorders paving the way for novel therapies for
mankind.
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