The Intestinal Stem Cell Niche
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1 Intestinal Anatomy and Physiology

The mammalian small intestine and colon comprise the parts of the gastrointestinal
system that perform the crucial function of nutrient absorption from food products
digested in the stomach and also form an effective barrier against xenobiotics and
microbes present in the gut lumen. In accord with the important function of the
intestine for survival and the mechanical and chemical stressors that the intestinal
epithelium is exposed to, the intestine is also one of the most rapidly proliferating
tissues in the body. The entire small intestinal epithelium is capable of turning over
in 3-5 days [1-3], compared to other tissues such as the skin with a turnover time of
40-56 days [4], or heart with a turnover time in years [5, 6].

The luminal surface of the small intestine is made up of a layer of simple
columnar epithelium organized into multiple finger-like projections called villi,
which serve to increase its absorptive surface area. Between these villi lie the crypts
of Lieberkiihn, invaginations of the epithelial surface containing multipotent adult
stem cells that maintain the proliferation and homeostasis of the small intestine. As
these stem cells divide, they produce committed progenitors, known as transit
amplifying cells, that continue to rapidly divide and move upward from the crypts
to the villi where they differentiate into three major cell types: (i) enterocytes, the
main absorptive cell type that comprise 80 % of the intestinal epithelium,
(ii) enteroendocrine cells that produce hormones controlling intestinal function and
metabolic homeostasis, and (iii) mucous-producing goblet cells that aid in the
transport of material through the gut lumen [7]. The only cell type that does not
undergo this upward migration is the Paneth cell, which remains at the base of the
crypts within the intestinal stem cell niche, producing anti-microbial substances
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such as cryptdins, lysozyme and a multitude of signaling molecules (Fig. 1a).
Unlike the other differentiated cell types, the Paneth cells do not cycle rapidly and
can remain in the small intestinal crypts for 3—6 weeks. When the cells at the tip of
the villus die, they are shed into the intestinal lumen and removed from the body
[8]. The colon is similar to the small intestine except that it does not possess villi
but has a flat epithelial surface and serves primarily to absorb water from the
contents of the lumen. Furthermore, Paneth cells are only found in the ascending
colon and it has thus been proposed that c-kit positive secretory cells may serve the
same function in rest of the colon [9]. Immediately underlying the basement
membrane of the epithelial layer is the lamina propria, which is a layer of con-
nective tissue containing fibroblasts, myofibroblasts, nerves, blood vessels and
lymphatic vessels. Besides providing structural support to the intestine, it also
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Fig. 1 a Two different intestinal stem cell populations exist at the base of the crypts of
Lieberkiihn, the crypt base columnar cells and +4 position stem cells. These stem cells are
surrounded by the intestinal stem cell niche, which is made up of Paneth cells interspersed between
the crypt base columnar cells, as well as the surrounding stromal cells such as subepithelial
myofibroblasts. This intestinal stem cell niche provides the correct signaling milieu in vivo for the
controlled proliferation and differentiation of the stem cells. Wnt signaling is required for stem cell
proliferation, while Notch signaling inhibits differentiation to the secretory lineage and are thus
highest at the base of the crypt. Wnt signaling is also inhibited by BMP signaling which exists in
an increasing gradient along the crypt-villus axis. Hedgehog signaling has diverse effects including
increased BMP signaling, inhibited Wnt signaling and restricting niche-specific subepithelial
myofibroblasts to the base of the crypt. b The stromal component of the stem cell niche plays a
crucial role in most of the signaling pathways regulating the niche. Subepithelial myofibroblasts
are sources of Wnt and R-spondins (Wnt agonists), as well as BMP antagonists such as
gremlim1/2 and chordin-like 1. Their corresponding Wnt receptors, FZD and LGRS can be found
on the adjacent epithelial crypt base cells while BMP receptors are found at and above the +4
position of the epithelium. Other stromal cells also contribute by secreting Noggin (BMP
antagonist) at the crypt base and BMP in an increasing gradient from the crypt to the villus.
Similarly, Hedgehog is secreted by epithelial cells while its receptor, Patched, is found in the
mesenchyme. This signaling is important to the localization of the subepithelial myofibroblasts and
formation of the crypts. Notch-1 and Notch-2 receptors are found on both +4 stem cells as well as
the crypt base columnar stem cells. Despite the fact that the two stem cell populations have
different characteristics and expression profiles, significant plasticity exists within the small
intestine, allowing for the inter-conversion of these populations
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supplies blood to the epithelium and transports away absorbed nutrients from the
intestinal lumen. We describe the self-renewal of the murine small intestine and the
molecular pathways that regulate the differentiation of the stem cells into various
epithelial cell types.

2 Intestinal Stem Cells

The renewal of each individual crypt is driven by a very small number of tissue
stem cells. The first evidence for clonality of the human intestinal and colonic
crypts and the stem cell derivation of all the epithelial lineages came from two
studies. The first utilized in situ hybridization of a Y chromosome-specific probe on
a XO/XY individual with familial adenomatous polyposis to demonstrate that each
individual intestinal crypt possesses either XO or XY cells but not both. However,
the villus epithelium comprises of a mixture of XO and XY cells [10], indicating
that the villi derive from the stem cells of more than one crypt. The second study
looked at female subjects heterozygous for a mutation on the X-linked gene,
glucose-6-phosphate dehydrogenase (G6PD). Due to X-inactivation, these indi-
viduals are functionally mosaic and thus have a mixture of cells with low or high
GO6PD activity in the intestinal epithelium. Both the colonic and intestinal crypts
however have only one phenotype, with no evidence of mixing [11]. More recently,
a study utilizing R26R-Confetti;Lgr5-EGFP-CreERTZ2 mice shows that competition
between stem cells at the crypt base for access to the stem cell niche maintains the
stem cell population. Fate mapping studies using these mice demonstrate that crypts
drift towards clonality within a period of 1-6 months. Stem cells further from the
boundary of the niche experience a survival advantage and hence are more likely to
colonize the crypt, consistent with the above observations [12, 13].

The key characteristics of stem cells are their capability to proliferate indefinitely
to produce more stem cells, and their ability to differentiate into different cell types.
Another characteristic of stem cells is quiescence that protects them from external
chemical or physical stressors, as well as modifications of the genome from rep-
licative errors or aging [14].

Two models have been proposed to explain the location and identity of small
intestinal stem cells within the crypt, (i) the +4 position model and (ii) the stem cell
zone model. The +4 model is based on the existence of a unique population of
highly radiosensitive cells located 4 cells from the base of the crypt. This radio-
sensitivity has been theorized to be a safety mechanism to prevent stem cells from
transmitting any DNA damage to their progeny [15]. These cells may also be highly
sensitive to tamoxifen, which complicates interpretation of lineage tracing studies,
as discussed later [16]. The stem cell zone model on the other hand argues that stem
cells exist at the base of the crypt between positions 1-4 [17]. In vivo studies using
lineage tracing and genetically engineered mice, as well as ex vivo studies using
organoid assays (described below) have facilitated the identification of various
markers for both of these populations.
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For a rapidly proliferating tissue like the intestine, the adult stem cells have been
theorized to be in two compartments, with one set remaining in a quiescent state as
“back-up” while the other proliferates to maintain tissue homeostasis. Upon injury
or degeneration of the active population, the quiescent population adapts its phe-
notype to replenish or support the proliferating cells [18, 19]. Evidence suggests
that the +4 population of cells represents this quiescent stem cell population, while
Lgr5, a cell marker described in greater detail below, marks the rapidly proliferating
compartment.

2.1 In Vivo Assays for Identifying Intestinal Stem Cells

One of the most useful methods of identifying stem cell populations is to find a
unique set of markers that can reliably distinguish them from other cell types. These
markers facilitate the visualization, targeting and manipulation of stem cells and
also allow sorting of these stem cells into pure populations for ex vivo analysis. One
such analytical technique is lineage tracing whereby a label expressed in a single
cell is transmitted to all of its progeny, allowing that single cell’s fate and behavior
to be studied without affecting the normal function of the cell or its neighbors [20].
Alternatively, label-retaining experiments use a label that is incorporated into the
nuclear material or cell membrane, and is lost with successive cell divisions,
allowing the cycling rate of specific cell types to be quantified.

Multiple strains of genetically engineered mice have been generated to test the
effects of specific genes on intestinal homeostasis and function in vivo. These
studies have largely benefited from the use of Cre recombinase, which allows for
precise gene regulation by site-specific recombination between loxP recognition
sites [21]. Moreover, use of tissue specific promoters or inducible Cre also permits
spatio-temporal regulation of gene expression [22, 23].

2.2 Ex Vivo Assays for Identifying Intestinal Stem Cells

Recent improvements in in vitro culturing techniques of the intestinal epithelium
have also contributed to our understanding of the intestinal stem cells and its niche.
Short-term primary culture of the intestine has been carried out for many years
[24, 25]. However, while these in vitro cultures were useful for imaging and
experimentation, they could not truly recapitulate the in vivo physiology, behavior
or proliferative potential of the intestinal stem cells. Two techniques have been
developed to overcome this limitation. In the first, intestinal epithelial cells are
cultured without any mesenchymal support, while the second utilizes an air-liquid
interface and includes both epithelial and stroma elements.

The first method utilizes matrigel, a mixture of extracellular proteins includings
laminins and collagens to provide both 3-dimensional support and signaling factors
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for cell growth. Addition of R-Spondinl (a Wnt agonist), epidermal growth factor
and Noggin (a bone morphogenic protein (BMP) antagonist) into the culture
medium mimics the normal intestinal crypt environment and signaling milieu.
Using this method, isolated intestinal crypts without mesenchyme and even single
cells can be successfully cultured ex vivo for more than 8 months and can be
serially replated without loss of replating efficiency [26]. These “organoids” are
made up of a single layer of villus-like epithelium, forming multiple crypt and
villus-like structures around a central lumen into which apoptotic cells are shed,
with their morphology closely resembling normal intestinal physiology. All ter-
minally differentiated cell types of the intestine can be found throughout the
organoid. Follow up studies on this technique show that increased organoid forming
efficiency, with increased self-renewal and reduced differentiation of the single
cells, can be achieved by adding a GSK3 inhibitor, CHIR99021, and high con-
centrations (1-2 mM) of valproic acid [27].

An air-liquid interface is introduced in the second technique to improve oxy-
genation of the cells, while a collagen gel and mesenchymal cells are included in
the culture instead of individual signaling molecules to simulate the in vivo
3-dimensional intestinal stem cell niche. Cultures from murine neonatal intestine
are able to grow up to 350 days in culture as cystic structures with representation of
all the differentiated cell types of the intestine. Crypt-like structures and villus-like
projections are also observed. There is however a decrease in proliferative capacity
with time and with increasing age of the intestine, either due to developing mes-
enchymal defects with age or intrinsic defects in the intestinal stem cells. The
induction of Wnt signaling by an exogenous R-spondin fusion protein improves
proliferation and also increases the presence of putative stem cells [28].

Both these techniques capture the importance of the intestinal stem cell niche in
the provision of structural support and an appropriate microenvironment in vivo for
normal function of intestine stem cells. Numerous applications of this technology
are currently being explored for therapeutic benefit such as creating patient-specific
cystic fibrosis disease models from biopsy samples or growing replacement tissue
for patients with diseased or dysfunctional intestines [29, 30].

2.3 Cell Specific Markers of the +4 Position

The initial discovery of the +4 position crypt cell notes its distinguishing charac-
teristics, such as label-retention, slower cell cycling time, extreme radiosensitivity,
involvement in post-injury regeneration and role as an origin for crypt cell
migration [31, 32]. Further study of its label-retaining phenotype reveals the many
safeguards these cells possess specifically to protect their genomic integrity, such as
selective segregation of the DNA template and rigorous apoptotic pathways. By
selectively segregating their DNA template, the newly synthesized strand (and any
introduced mutation) is passed on to the proliferating and differentiating progeny
and eventually lost while the original DNA strand remains in the stem line, known
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as the “immortal strand” hypothesis [33]. Meanwhile, the apoptotic pathways
ensure that any errors in the template strand from environmental stressors are
quickly eliminated [34]. Several markers of this intestinal stem cell population
including Bmi 1, Dcamkl-1, mTert and Hopx have been reported.

Bmil, a component of Polycomb group repressor complex, is required for the
self-renewal of hematopoietic and neural stem cells. Given its broad tissue distri-
bution, it was proposed to function in regulating self-renewal of other tissues. In
situ hybridization and Bmil-EGFP reporter mice confirm expression of Bmil in the
small intestinal crypts, specifically at the +4 position. Lineage tracing using Bmil-
IRES-CreERT2;R26R-LacZ mice also indicates that Bmil+ cells are both
self-renewing, and capable of differentiation into all terminal cell types of the small
intestine, fulfilling the criteria of stem cells [35, 36, 61]. The Bmil+ cells can also
generate epithelial organoids in culture. Follow-up studies using Bmil as a specific
marker for these cells confirm that a few Bmil-expressing cells retain label and are
in fact slow cycling. Furthermore, stimulation of the Wnt pathway in these cells
through B-catenin induction causes adenoma formation while ablation of the Bmil+
cells through cell-specific expression of diphtheria toxin leads to a loss of intestinal
crypts, capturing the importance of these stem cells for crypt proliferation [35, 36].
However, while Bmil expression is prominent in the duodenal crypts, it is poorly
expressed in the ileal crypts [36], suggesting the existence of other stem cell
populations that do not express Bmil.

Doublecortin and Ca2+/calm0dulin—dependent kinase-like 1 (Dcamkl-1), a
microtubule-associated protein kinase, is also highly expressed around the +4
position (49 % of DCAMKL-1+ cells are in the +4 position and only 4 % of crypts
contain DCAMKL-1+ crypt base columnar cells). Co-staining of DCAMKL-1 with
proliferating cell nuclear antigen (PCNA) verifies its expression in quiescent PCNA
negative, label-retaining cells [37]. While the expression of DCAMKL-1 is lost in
the proliferative crypts 84 h after a dose of ionizing radiation greater than 8 Gy, its
presence can be detected 7-10 days later, indicating that these cells and their
appropriate niche can be regenerated within the intestine. Furthermore, pulse
labeling with BrdU during this regeneration period shows that while BrdU labeled
cells are present in the upper crypt and villi at day 7, only rare cells in the lower
crypts are still labeled on day 10. On day 10, cells at the +4 position co-express
BrdU and DCAMKL-1, but do not express PCNA, indicating a role of the
DCAMKL-1+ population in regeneration after injury before their return to quies-
cence [37]. DCAMKL-1 positive cells isolated from a mouse small intestine are
capable of generating spheroids that when dissociated and injected into nude mice
form nodular structures that stain positive for glandular (cytokeratin 14), secretory
(Math1) and epithelial progenitor/stem cell markers (Msi-1). DCAMKL-1 as a stem
cell marker is still controversial, as lineage tracing studies have not been reported.
Co-expression of DCAMKL-1 with tuft cell differentiation markers [38] and its
expression in a subset of enteroendocrine cells indicates that its expression may not
be limited to intestinal stem cells [39].

Other cell specific markers proposed to identify +4 stem cells include Hopx and
Tert. Hopx is an atypical homeobox gene and analysis of Hopx-LacZ knock-in mice
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shows expression of Hopx in the crypts along the entire length of the intestine with
the strongest expression at +4 position [40]. The location of Hopx+ cells in the
intestinal crypt is distinct from the Lgr5+ cells. After irradiation, Hopx+ cells show
label-retention following pulse labeling with BrdU and 14 days of regeneration.
Moreover, lineage tracing studies using Hopx-IRES-ERCre; ROSA-LacZ mice show
that Hopx+ cells repopulate the entire length of the crypt and villus and are capable
of producing all the differentiated cell types of the intestine. Progeny of the Hopx+
cells persist for at least 13 months in the crypts despite the entire intestinal epithelial
turnover rate being 5 days. Hopx-IRES-ERCre/ROSA-mTmG mice also confirm
these results [40]. Most importantly, this study demonstrates a bidirectional rela-
tionship between the active and quiescent stem cells in their niches as discussed
later.

The Tert gene encodes telomerase reverse transcriptase, a protein required to
maintain telomere length and thus protect against cellular senescence in stem cells.
Slow cycling cells expressing mTert-GFP localize to the +4 position and have
strong overlap with the Bmil+ cells but are distinct from the Lgr5+ cells [41].
Similar to Bmil and Hopx, lineage tracing studies using mTert-CreER;ROSA26
LacZ mice show that mTert expressing cells contribute to the regeneration of the
intestinal epithelium and production of all four differentiated cell types after injury.
However, in contrast to the original model, these cells are described to be
radiation-resistant [41]. These studies suggest that mTert may mark an independent,
quiescent and radiation resistant pool of intestinal stem cells.

An alternative method to label quiescent or very slowly dividing cells uses
transient transgenic expression of a fluorescent histone (H2B-GFP). This marks a
slow-cycling population of cells at the +4 position of the small intestinal crypt that
do not express the proliferation markers Ki67 and phospho-histone H3.
Interestingly and consistent with the findings in mTert-expressing cells, this pop-
ulation is also radiation resistant [42].

2.4 Cell Specific Markers of the Stem Cell Zone Model

Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) is the first
specific genetic marker for the stem cell zone model [43]. Wnt signaling is known
to be important in intestinal self-renewal, and Lgr5 has been identified as an
intestinal Wnt/B-catenin target gene. Lgr5 is expressed only in proliferating, slender
cells at the base of the intestinal crypt in between Paneth cells and below the +4
cells, termed crypt base columnar (CBC) cells. Lineage tracing experiments dem-
onstrate that Lgr5 expressing cells are both actively self-renewing and pluripotent,
suggesting they could be the intestinal stem cell [43]. However, more recently,
Bulavin and co-workers have argued that all lineage tracing studies in the intestine
are complicated by the finding that the dose of tamoxifen required to activate
CreER also kills the +4 cells. In this model, the committed progenitor CBC/Lgr5
+ cell may be recruited to become a +4 stem cell after radiation or tamoxifen
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damage to the +4 cells. This would lead to marking of +4 cells by Lgr5-driven Cre
[16]. Thus, studies with Lgr5:CreER and tamoxifen may in fact also be studying the
biology of the +4 cell.

The identification of Lgr5 as a marker for the crypt base columnar cells allowed
for more in depth study on their properties and has revealed that these cells rep-
resent a rapidly proliferating population that does not possess the protective
mechanisms for their genome as found in the +4 cell [37, 43]. The Lgr5+ crypt base
columnar cells are actively cycling, as evidenced by their labeling kinetics and
expression of proliferation markers Ki67 and phospho-histone H3. These cells are
more radiation resistant compared to the label-retaining cells in the +4 position [43].
Further studies have shown that unlike the +4 position cells, Lgr5+ cells are not
label-retaining and undergo symmetrical division with random segregation of
chromosomes, implying that the “immortal strand” hypothesis is not a protective
mechanism in these cells [44, 45]. This may be more consistent with Lgr5 cells
being committed long-term progenitor cells, rather than immortal stem cells.

One theory of stem cell homeostasis is that the stem cells divide asymmetrically,
producing one stem daughter cell, and one differentiating daughter cell (also known
as the transit amplifying cell) to self-renew and produce differentiated progeny with
each division. In the Lgr5 + putative stem cells however, homeostasis appears to be
controlled by neutral drift dynamics instead. In the neutral drift theory, during
symmetrical division the parent stem cell produces two identical daughter cells with
potential to follow either fate resulting in two stem cells, two differentiated
transit-amplifying cells or one of each. This being so, the regulation of the crypt
follows a stochastic model in which the stem cells adopt fates depending on their
environment such as the loss of neighboring stem cells or overcrowding within the
niche [12, 13, 46]. This model implicates the stem cell niche as a key regulator of
stem cell homeostasis instead of simply intrinsic properties of the stem cell itself.

Based on the gene expression signature of the Lgr5+ cells, other proposed stem
cell markers have been identified, including various Wnt target genes such as Ascl2
(Achaete scute-like 2) [47], Tnfrsf19 (TNF receptor superfamily member 19), Ring
finger nuclease 43 (Rnf43)/Zinc and ring finger 3 (Znrf3) [48] as well as Olfin4 [49].
Ascl2 is a basic helix loop helix transcription factor that together with B-catenin and
Tcf4 regulates the expression of various genes including Lgr5 [50]. Ectopic
expression of Ascl2 in the intestinal epithelium induces hyperproliferation. Rnf43
and Znrf3 are E3 ubiquitin ligases that negatively regulate the Wnt/B-catenin
pathway by ubiquitinating Wnt receptors Frizzled and LRP6 on the cell surface.
This ubiquitination targets the Wnt receptors for internalization and lysosomal
degradation. Demonstrating their importance in regulation of crypt homeostasis,
deletion of both Rnf43 and Znrf3 genes in mice results in greater numbers of
proliferating cells, increased levels of B-catenin in these hyperproliferative cells,
enlarged crypts and adenoma formation [48, 51]. Furthermore, loss of function
mutations in RNF43 are found in several human cancers [52].
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2.5 Other Stem Cell Specific Markers

Lrigl (Leucine rich repeats and immunoglobulin like domains 1) is a transmem-
brane protein and a negative feedback inhibitor of ErbB signaling. Lrigl positive
cells are located primarily at positions 1-5, thus it was initially reported as a marker
for the crypt base columnar stem cells [53]. However, a study using Lrig/ reporter
(Lrigl-IRES-CreER;ROSA-LacZ) mice and Lrigl-specific antibody shows these
cells to be distinct from the Lgr5+ population [54]. Lineage tracing studies also
demonstrate that Lrigl+ cells can repopulate the crypt and the villus and generate
all the differentiated progeny. Knock out of APC in the Lrigl-expressing cells also
leads to adenoma formation, demonstrating their stem cell potential (keeping in
mind the caveat regarding the effects of tamoxifen on stem cell dynamics).
Moreover, BrdU labeling and Ki67 staining shows this cell population to be slowly
cycling and less proliferative than the Lgr5+ cells, but more proliferative than the
Bmil and mTert expressing cells. The authors propose that these cells serve as an
intermediate population between the stem cell zone and the +4 position models
[54].

Musashi-1, an RNA-binding protein, is expressed in both the +1 and +4 cells of
the intestinal crypts and may therefore serve as a general marker of the intestinal
stem cell [55-57].

Evidence has emerged of extensive plasticity of cell populations in the intestine
and of interactions between these different putative stem cell populations [58]. As
described above, long-term lineage tracing studies have demonstrated that mTert,
Bmil and Hopx are bona-fide intestinal stem cell markers and that the Bmil+ and
mTert+ cells reside at +4 position whereas Lgr5S marks the mitotically active stem
cells that are distinct from the mTert, Bmil and Hopx+ population. Lgr5+ cells are
sensitive to Wnt perturbations, ablated by irradiation and contribute to homeostatic
regeneration. The finding that Lgr5 marks a distinctive, highly proliferative pop-
ulation of the small intestinal and colonic stem cells has challenged the existence of
quiescent stem cells. Specific elimination of Lgr5 expressing cells by knocking a
human diphtheria toxin receptor gene into the Lgr5 locus does not change intestinal
epithelial homeostasis, implying either that this cell population is not essential for
intestinal function or that other cell populations are capable of compensating for its
loss [59]. The only notable difference upon ablation of Lgr5+ cells is the increase of
enteroendocrine cells in the crypts [35]. Following cessation of diphtheria treat-
ment, the Lgr5+ cells rapidly regenerate in the intestinal crypts in vivo and in
organoid cultures. However, depletion of Lgr5+ cells during radiation induced
damage or Wnt pathway inhibition leads to the complete loss of intestinal archi-
tecture [59, 60]. This implies that these cells are not essential for normal intestinal
homeostasis but are required for regeneration of intestinal epithelium following
damage.

Tian et al. demonstrate that Bmil+ cells can give rise to Lgr5+ cells in the small
intestinal crypts after ablation of the Lgr5+ population under both normal condi-
tions and during post-injury regeneration [35]. An independent study also
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demonstrates that Bmil and Lgr5 mark two functionally distinct intestinal stem cells
in vivo [61]. Interconversion between Hopx expressing cells and Lgr5 expressing
cells occurs as demonstrated by gene profiling and single cell organoid cultures [40,
61]. The Hopx positive +4 cells represent the quiescent population of reserve
intestinal stem cells that are resistant to irradiation. Consistent with this model, a
single Hopx expressing cell is able to generate rapidly proliferating Lgr5+ cells.
Conversely, isolated single Lgr5 expressing cells from Lgr-EGFP-ERCre;Hopx:
LacZ mice, cultured ex vivo to form organoids, are initially negative for Hopx, but
express Hopx after 7 days. B-Gal expression (marking Hopx+ cells) also overlaps
with GFP expression (derived from the Lgr5 locus) in the organoids derived from
crypts of these mice [40]. Further in vivo fate mapping studies of the Lgr5 cells
with Lgr-EGFP-ERCre;Hopx:LacZ;R26mTmG/+ mice provide evidence that the
slow cycling intestinal stem cells at +4 position dynamically interconvert with the
rapidly cycling Lgr5+ cells in the crypt base.

Following intestinal damage, certain non-stem cell populations are also able to
regain stem-like properties. For example, DIl1+ secretory precursor cells normally
produce short-lived secretory clones but are capable of reverting to
organoid-producing Lgr5+ stem cells in vitro upon Wnt stimulation, as well as
reverting to Lgr5+ stem cells in vivo upon irradiation [62]. Similarly,
label-retaining Paneth or enteroendocrine precursors are also capable of replen-
ishing the stem cell population and differentiating into multiple lineages under
regenerative and post-injury conditions [63].

Taken together, these studies indicate that the intestinal epithelium possesses a
highly complex signaling network to ensure maintenance of multiple cell popula-
tions with differing proliferative capabilities and differentiation states, and to allow
the transition between these populations in response to insults or damage. This
functional redundancy complicates the study of the normal physiology of the
intestine because experimental techniques can be biased towards or against specific
populations. For example, as mentioned above, +4 position stem cells are killed
preferentially by tamoxifen in lineage tracing experiments causing them to be
replaced by the Lgr5+ stem cells, which thus become over-represented. A question
that is also raised by these discoveries is what signaling pathways regulate this
plasticity and which components of the stem cell niche are responsible.

3 Lineage Specification of Intestinal Stem Cells

Intestinal homeostasis requires appropriate lineage specification of the intestinal
stem cells. As mentioned earlier, intestinal stem cells differentiate into four major
cell types that populate the intestinal epithelium: the absorptive enterocytes and the
three secretory cell types—enteroendocrine cells, goblet cells and Paneth cells. The
fate of these cell types is determined by various molecular signals.

Enterocytes, also termed columnar cells, constitute more than 80 % of the
intestinal epithelium. Caudal-related homeobox transcription factor (Cdx!), thyroid
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hormone and Kruppel-like factor (KIf4) regulate the differentiation of enterocytes
[64—68]. Notch signaling plays an important role in regulating the differentiation of
secretory versus absorptive cell lineages. A basic helix-loop-helix transcription
factor, Math1/ATOHI, which is regulated by the Delta-Notch signaling pathway
regulates the development of a common secretory cell progenitor [69, 70]. Further
differentiation of secretory precursors to enteroendocrine cells involves two other
basic helix-loop-helix transcription factors Neurogenin 3 and NeuroD, as well as a
pancreatic-duodenal homeobox 1 gene (PdxI) [71, 72]. Spdef, an Ets-domain
transcription factor and Sox9, an HMG-box transcription factor, are both Wnt target
genes and promote terminal differentiation to goblet and Paneth cells [73-75].

4 The Intestinal Stem Cell Niche

The intestinal stem cell niche is essential for the maintenance of intestinal
homeostasis by providing a suitable microenvironment and signaling milieu for the
self-renewal and differentiation of stem cells [76-79]. The stem cell niche has
multiple components, which may be divided into two separate parts: a specialized
and a non-specialized niche. The specialized niche consists of the basement
membrane and one or a few epithelial cell types that lie next to and locally regulate
the stem cells. The non-specialized niche is comprised of the mesenchymal cells
that lie in the lamina propria underneath the basement membrane and provide
broader regulation of the stem cells. These include the mesenchymal stem cells,
fibroblasts, myofibroblasts, vascular endothelium, lymphatic vessels, adipocytes,
neurons and blood cells [80]. Two key signaling pathways controlling the intestinal
stem cell niche are Wnt and Notch, while additional signaling pathways such as
Bmp and Hedgehog are also involved.

4.1 Wnt Signaling

Wnt/B-catenin signaling is integral to normal intestinal homeostasis and is essential
for the proliferation of the epithelial cells in the crypts [81]. Wnts are autocrine or
paracrine signaling proteins essential for embryonic development, cell proliferation
and differentiation. They are highly conserved across species and can stimulate
multiple downstream pathways including the Wnt/B-catenin pathway, planar cell
polarity pathway and Wnt/calcium pathway. Wnts act as ligands for the Frizzled
family of receptors and also interact with co-receptors such as lipoprotein
receptor-related proteins, (LRP5/6) and receptor tyrosine kinases (Ryk and Ror and
Tyrosine-protein kinase-like 7 (PTK?7)). Binding of Wnts to their receptors leads to
the recruitment of Disheveled to the Frizzleds and this plays a crucial role in
determining which downstream pathway is activated. In the Wnt/B-catenin pathway
in the absence of Wnt ligand, a degradation complex composed of an Axin and
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APC scaffold facilitates the phosphorylation of f-catenin by GSK3 and CK1, which
then targets B-catenin for ubiquitination by B-TrCP and proteosomal degradation
[82]. Binding of Wnts to their receptors inhibits GSK3 and prevents the degradation
of B-catenin leading to its cytoplasmic accumulation and eventual translocation to
the nucleus. In the nucleus, -catenin acts as a co-activator of transcription factors,
TCF and LEF, triggering the transcription of numerous Wnt target genes. These
target genes are then responsible for the migration and proliferation of the intestinal
stem cell compartment [83, 84]. It should be noted that alternative pathways
downstream of Wnt have been proposed [84].

Functional studies have demonstrated the importance of the Wnt/B-catenin
pathway in regulating proliferation and differentiation of intestinal stem cells.
Knockout of the downstream -catenin effector Tcf-4 in mice prevents the prolif-
eration of cells in the inter-villus region of the small intestine resulting in lethality
within 24 h of birth [85]. Knockdown of f-catenin itself results in a similar loss of
intestinal architecture and function [86, 87]. Inhibition of the Wnt pathway
upstream using a Wnt inhibitor, Dkk1, confirms these results. Dkk1 interacts with
LRP5/6 causing its internalization, thus inhibiting the interaction of Wnts with
Frizzleds and LRP5/6 on the «cell surface. Homozygous intestinal
epithelium-specific expression of DKkl results in the development of grossly
abnormal intestines with shorter and fewer villi as compared to non-transgenic
controls [88]. A dramatic reduction in the size and number of crypts, goblet cells,
enteroendocrine cells and Paneth cells, demonstrates the importance of Wnts for
both proliferation and differentiation of the secretory lineage [88]. Transient
adenoviral expression of Dkkl in adult mice produces a similar phenotype of
reduced proliferation in the small intestine and colon and progressive loss of crypts,
villi and glands [89]. Finally, small molecule inhibitors of PORCN, which block
Wht secretion, also produce a lack of proliferation in the small intestine [60]. Thus,
Whnt production and Wnt signaling is essential for the proliferation of the intestinal
stem cell compartment.

Conversely, too much Wnt/B-catenin activity is detrimental. Activation of the
Wnt signaling pathway by overexpressing Wnt agonist R-spondin 1 results in
massive proliferation of intestinal crypts [28]. Apc™™* mice carrying a mutation in
one allele of Apc spontaneously develop multiple adenomas in the intestinal epi-
thelium, mimicking the human disease, familial adenomatous polyposis, caused by
the truncation of APC. A key difference between the human disease and murine
model is that the polyps are predominantly colonic in humans but present in the
small intestine in mice [90]. Further study of these Apc™™* mice has also shown
that different APC mutations result in different levels of activation of the Wnt
pathway and hence different degrees of polyposis, indicating the fine control of Wnt
signaling on phenotype [91, 92]. Activating the Wnt signaling pathway while
simultaneously inhibiting the BMP pathway in normal human intestinal epithelial
crypt cells increases their proliferation and induces a gene expression profile similar
to that of crypt-base columnar cells [93]. Conversely, stimulation of Wnt signaling
by expression of a Lefl/B-catenin fusion protein in progenitor cells in the small
intestine of a chimeric mouse results in apoptotic cell death only of the cells
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expressing Lef-1/B-catenin. Cells without Lefl/B-catenin expression show normal
apoptosis, and the intestine as a whole is morphologically and histologically normal
[94].

Wnhts are also essential for intestinal proliferation ex vivo. R-spondinl, a Wnt
sensitizer, is an essential component for culturing intestinal organoids [26, 28].
R-spondins (RSPOs) are a family of four proteins containing thrombospondin
repeats that enhance Wnt signaling by binding to LGRS and its paralogs, LGR4 and
LGRS, together with the E3 ubiquitin ligases RNF43/ZNRF3, thus inhibiting the
activity of the latter [51, 95, 96]. This causes the accumulation of Frizzled receptors
on the cell surface, and hence an increased sensitivity to Wnts. Chromosomal
translocations resulting in increased expression of RSPO2 and RPSO3 have been
identified in a number of human cancers including colorectal cancers. Consistent
with their importance in the Wnt/B-catenin pathway, RSPO fusions are only found
in colorectal cancers that do not have APC or -catenin mutations [97]. While the
role of Wnts in regulating intestinal homeostasis is well established, the cells
making R-spondins and Wnts in the stem cell niche are still being defined [60].

One important conclusion from these studies is that the level of Wnt signaling in
the small intestinal crypts is carefully modulated in normal homeostasis such that
only cells which receive optimal amounts of Wnt will be able to survive and
proliferate [98]. Excessive Wnt signaling results in unrestrained proliferation and
neoplastic growth, indicating the existence of a complex regulatory network in vivo
that maintains precise levels of Wnt signaling and therefore normal activity of the
intestinal stem cells.

4.2 Notch Signaling

The Notch pathway plays a central role in cell fate decisions and differentiation of
the intestinal epithelium. Notch is a single transmembrane receptor that undergoes
proteolytic cleavage by y-secretase upon ligand binding, freeing an intracellular
domain (NICD) that translocates to the nucleus. The NICD then binds to the
transcription factor CLS (or CBF1) to regulate transcription. There are four Notch
receptors and several ligands, such as Delta-like and Jagged in mammals.

Notch signaling mostly works at very short distances, such as through contact of
adjacent cells or by expression of ligand and receptor on the same cell [99, 100].
Studies using lineage tracing have confirmed the endogenous expression of Notch-1
and Notch-2 receptors specifically in the crypt stem cells, at both the +4 position
and crypt base (Fig. 1b). Notch signaling is also active in the intestinal crypt stem
cells and progenitors, but not in any of the three differentiated secretory cell types
[101]. Similar to the Wnt pathway, Notch signaling is essential for maintaining the
undifferentiated and proliferative state of the crypts. Labeling of all the cell types in
lineage tracing experiments demonstrates activation of the Notch signaling in the
adult intestinal stem cells [102].
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The Notch pathway is also a key regulator of absorptive versus secretory cell fate
decisions in the intestine. Notch signaling stimulates the expression of
Hairy/Enhancer of Split (Hes1), which then inhibits the function of several basic
helix-loop-helix transcription factors including Math1, which is critical for differ-
entiation of the secretory lineage [103, 104]. Constitutive activation of the Notchl
receptor in the intestinal epithelium using the Villin promoter results in postnatal
lethality, 3 days after birth. The mice have grossly abnormal intestinal architecture
with impaired differentiation of the secretory lineage. Their intestines lack goblet
cells and have reduced enteroendocrine and Paneth cells, but increased numbers of
proliferating intestinal progenitors. This is accompanied by upregulation of Hesl
and downregulation of Math1 and neurogenin-3, while the components of the Wnt
pathway such as B-catenin nuclear translocation and levels of Tcf4 or Lefl are not
affected [100].

Consistent with the importance of Notch signaling in promoting absorptive cell
differentiation, inhibition of the Notch signaling pathway either through conditional
knock out of the common downstream transcription factor CSL, or by using a y-
secretase inhibitor, causes a phenotype opposite to the constitutive Notchl
knock-in. In this case, proliferative crypt cells terminally differentiate to goblet
cells, and proliferation of the intestinal epithelium ceases. The Paneth cell and
enteroendocrine cell numbers and location remain normal and Wnt signaling
remains active [105]. Likewise, conditional inactivation of both the Notchl and
Notch2 receptors also results in complete conversion of the intestinal epithelial cells
to goblet cells [106]. The Hesl™~ mice also have more goblet cells and less
enterocytes compared to wild-type controls, but show no difference in the prolif-
eration of the intestinal precursors [103]. Inhibition of the Notch pathway by
deletion of both Notch ligands DIl and DIl4 confirms these findings, with the
complete differentiation of progenitors into goblet cells and loss of the proliferative
crypt compartment [106]. Staining for Olfm4 using in situ hybridization also shows
the absence of crypt base columnar stem cells in these mice. Taken together, these
studies indicate that the Notch pathway is essential for the balance between pro-
liferation and appropriate differentiation in the intestine crypt.

4.3 Bone Morphogenic Proteins (BMP)

BMPs, originally discovered to induce bone formation, belong to a family of
growth factors that are integral to the normal development of various tissues. BMP4
is expressed in the intravillus mesenchyme of adult mice. The BMP receptor
Bmprla is expressed highly in +4 position stem cells and in an increasing gradient
along the crypt-villus axis but not in the proliferating cell zone [107] (Fig. la).
This BMP signaling axis is believed to inhibit intestinal stem cell proliferation and
self-renewal, thus maintaining the highly proliferative stem cell population only at
the base of the crypts and promoting differentiation as cells move up the crypt.
Consistent with this theory, expression of the BMP antagonist Noggin under the
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Villin promoter leads to increased proliferation causing the development of ectopic
epithelial invaginations containing proliferating cells that later develop into
crypt-villus units. These crypt-villus units are grossly normal, with all terminally
differentiated cell types. After several months, these mice develop intestinal polyps
characterized by branched villi with dilated cysts similar to the human disease,
juvenile polyposis [108]. Studies inhibiting BMP signaling by conditionally inac-
tivating the BMP receptor Bmprla confirm this phenotype and suggest cross-talk
with the Wnt pathway by inhibition of B-catenin activity [107, 109]. Likewise
Smad4*'~ mice also develop inflammatory polyposis lesions albeit at a later stage
[110]. Studies in human colonic epithelium concur with the findings of BMP
activity and interactions with the Wnt pathway [111, 112]. The requirement for
Noggin to culture organoids ex vivo also reinforces the importance of inhibiting
BMP signaling for self renewal and proliferation of intestinal stem cells [26].

4.4 Hedgehog

In the Hedgehog pathway, the binding of Hedgehog (Hh) ligands to Patched
receptor relieves the inhibition of smoothened (SMO), leading to activation of Gli
transcription factors, which then accumulate in the nucleus and control transcription
of Hh target genes. The Hedgehog pathway, acting through Sonic (Shh) and Indian
(Ihh) hedgehog proteins, is required for morphogenesis and embryonic develop-
ment in a multitude of tissues. In the mouse, evidence of its role in the limbs, central
nervous system [113] and foregut [114], among others, has been previously
described. Ramalho-Santos and coworkers demonstrate that in the small intestine,
both Shh (at very low levels) and Ihh are expressed at the base of the villi. Ihh is
expressed throughout the epithelium in the colon and Shh is expressed mostly in the
crypts (Fig. 1b). Importantly, they also demonstrate that hedgehog signaling is
integral to anterior-posterior patterning, radial patterning, as well as proliferation
and differentiation of the epithelial stem cells in the gastrointestinal tract. The
intestines of Ihh~'~ and Shh™"~ mice show numerous intestinal abnormalities both
gross and microscopic. Ihh~'~ mice have smaller villi and less proliferation in the
stem cell compartment, whereas Shh™"~ mice show overgrown duodenal villi [115].
Inhibition of the Hedgehog pathway by expression of a pan-hedgehog inhibitor,
Hhip, in the epithelial cells using the Villin promoter results in hyper-proliferation
of the epithelium with formation of ectopic crypt-like structures and mislocalization
of cells in the underlying stroma. This is accompanied by abnormally high and
ectopic Wnt signaling [116]. This interaction of the Hedgehog pathway with the
Wnt pathway is also demonstrated in rat colons. Expression of Wnt target genes is
inhibited by ectopic expression of Ihh in vitro, and is restricted to the colon crypt
base by Hedgehog signaling in vivo [117]. Besides inhibition of the Wnt pathway
and a concomitant decrease in epithelial precursors, activation of Hedgehog sig-
naling in the colon also increases epithelial Bmp signaling [118].
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These signaling pathways are extremely complex and involve numerous inter-
connections and regulatory feedback loops. Numerous other signaling molecules
and transcription factors have also been implicated including Forkhead [119],
Yes-associated protein [120], Epithelial growth factor [26], Glucagon-like
peptide-2 [121] and many more.

5 The Stem Cell Niche

5.1 Paneth Cells

In the small intestine, the Paneth cells are located at the base of the crypts, interspersed
with the putative crypt base columnar stem cells just below the +4 position (Fig. 1a).
The Paneth cell population is unique in that firstly, it is the only differentiated cell type
which migrates down into the crypt instead of up into the villi, and secondly it has a
much slower cycling time of around 60 days compared to the other differentiated cells
with cycling times of 3—5 days [122]. The Paneth cells play a non-essential role in the
physiology of the intestine. They secrete antimicrobial peptides that control gut flora
as well as factors important for the development of the villus microvasculature [123].
Paneth cells also express components of the signaling pathways such as Wnt3,
Wntll, EGF, Tgf-a and DIl4, and therefore were originally hypothesized to be
essential for intestinal proliferation and stem cell maintenance. The ability of the
Paneth cells to support epithelial proliferation ex vivo is demonstrated by their
enhancement of organoid forming efficiency when combined with Lgr5+ crypt base
columnar stem cells compared to single Lgr5+ cells. Addition of exogenous Wnt3A
in the absence of Paneth cells can also recapitulate this increase in organoid forming
efficiency [124]. The adjacent location of the Notch ligand-expressing Paneth cells
and the Notch receptor-expressing Lgr5+ crypt base columnar cells has been cited in
support of a role for Paneth cells in Notch signaling [101].

Despite the role of Paneth cells ex vivo, the importance of their role in the
intestinal stem cell niche in vivo has been called into question. Several different
approaches to ablating the Paneth cells from the intestinal epithelium have not
compromised intestinal proliferation. For example, even after more than 95 % of
Paneth cells are killed by the expression of an attenuated diphtheria toxin gene under
the Paneth cell-specific cryptdin-2 gene, no changes in tissue architecture, prolif-
eration or differentiation are seen [125]. Growth factor independent 1 (Gfil) deficient
mice have no apparent Paneth cells, fewer goblet cells and more enteroendocrine
cells and show normal crypt-villus structure and proliferation as assessed by both
Ki67 staining and BrdU incorporation [126]. Deletion of Sox9 in the intestinal
epithelium also results in the absence of differentiated Paneth cells in the intestinal
crypts but these crypts are larger and full of proliferating cells. Sox9~ mice have
normal body weight for up to 1 year [75]. The role of Sox9 in the development of
Paneth cells and goblet cells was confirmed by an independent study [74].
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Counter arguments to the redundancy of Paneth cells claim that the ablation of
Paneth cells in many of the above techniques is incomplete with enough Paneth
cells remaining to sustain the normal function of the intestine. For instance, Gfil ™'~
mice produced in two independent studies show Paneth cells are still present albeit
in reduced numbers [124, 127]. Similarly, with cryptdin-controlled toxin expression
and Sox9 deletion, depletion of Paneth cells is incomplete (95 % ablation) or
temporary [124]. A more recent reassessment of this question utilizes an intestinal
epithelial specific Afohl (Mathl) knockout. Atohl is essential for differentiation of
all secretory lineages upstream in their pathways, and also for Paneth cell survival.
Therefore, this experiment maintains a complete and permanent absence of Paneth
cells in the intestine. In crypts where Afohl is deleted, no Paneth cells are present,
and Lgr5+ crypt base columnar cells occupy the whole crypt base with increased
proliferation, normal differentiation and intact Wnt signaling [128]. These con-
clusions were replicated in a second study that additionally demonstrates that while
loss of Paneth cells in vivo produces no phenotype, Mathl-deficient crypts could
not be cultured as organoids without exogenous Wnt supplementation [129].

These studies, taken as a whole, show that ex vivo Paneth cells supply important
signaling factors such as Wnts, but that in vivo they are fully dispensable and not
needed to sustain intestinal stem cells. This implies either functional redundancy, or
that in vivo there is a different source of Wnts and other key factors that support the
intestinal stem cell niche. This source has been proposed to be the underlying
mesenchyme surrounding the niche [60].

5.2 Mesenchyme Provides Signals to the Intestinal Stem
Cell Niche

The intestinal mesenchyme contains many different cell types that perform func-
tions ranging from immune regulation to maintenance of proliferation and differ-
entiation [130]. Recently, numerous studies have highlighted the role of the
mesenchyme in regulating various signaling pathways essential for intestinal
homeostasis.

Whnt signaling is required for the maintenance of intestinal homeostasis and
various studies provide data to support the essential role of the stroma as the source
of Wnts (Fig. 1b). Organoid cultures are one avenue of studying the role of the
intestinal mesenchyme on stem cell function by allowing the isolation of compo-
nents in an in vitro system. As described before, the Paneth cells produce Wnts and
are therefore essential for the ex vivo culture of intestinal crypts, when supple-
mented with significant quantities of RSPO1. However, in the presence of mes-
enchymal cells, Wnt3 produced by Paneth cells is not required for ex vivo culture
[131]. Furthermore, murine and human subepithelial myofibroblasts can support
human intestinal organoid formation as well as increase the duration of ex vivo
survival of organoids [132]. Epithelial and myofibroblast co-cultures implanted
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subcutaneously into mice form enteroids while crypt mono-cultures cannot, [132,
133] demonstrating that myofibroblasts can also provide support to isolated intes-
tinal epithelium in vivo without supply of exogenous factors. This effect of myo-
fibroblast co-culture holds true with whole crypts as well as single Lgr5+ stem cells.

In addition to Whnts, the stroma is also an important source of the Wnt agonists,
R-spondins (Fig. 1b). The subepithelial myofibroblasts express high levels of
R-spondins that are sufficient to sustain organoid growth even in the absence of
exogenously  supplied R-spondins [60]. Supplementing organoid or
organoid/myofibroblast co-cultures with exogenous R-spondin does not enhance
the enteroid forming efficiency, but leads to formation of larger and more complex
enteroids in the co-cultures [133]. Similarly, co-culture of colonic crypts with
immortalized colonic myofibroblasts also results in a significantly higher efficiency
of colonoid formation than crypts alone or in co-culture with L cells or a cell line
from a young adult mouse colon (YAMC) [134].

PORCN is a membrane bound O-acyl transferase that post-translationally
palmitoleates all mammalian Wnts at a conserved serine residue, and is essential for
the secretion and binding of Wnts to the Frizzled receptors [135-137]. Complete
inhibition of Wnt secretion from the epithelium in the Porcn™*/Villin* mice
prevents the formation of organoids from the isolated crypts ex vivo unless supplied
with exogenous Wnt3A, consistent with the critical role of Wnt signaling [60].
Importantly, intestinal proliferation, homeostasis and regenerative response to
radiation damage are not affected in Porcn/"*/Villin™ mice. This study provides
evidence that the Wnts from the stroma are sufficient for maintaining the intestinal
epithelium.

Mesenchymal cells are also an important source of BMPs. BMP4 is expressed in
the intestinal intra-villus mesenchyme and phosphorylated SMADI, 5 and 8 are
observed in the nuclei of the villus epithelial cells indicative of paracrine BMP
signaling to the adjacent villus epithelium [108]. This expression extends to the
intercrypt mesenchymal cells, including those next to the +4 position putative stem
cells (Fig. 1b). The stromal BMP signal appears to geographically restrict the
crypt-forming region, since the crypts appear de novo at any place in the epithelium
when BMP signaling is blocked. Noggin, a BMP antagonist, is expressed mostly in
the submucosal layer at the crypt base and in lesser amounts near the +4 position
[107] (Fig. 1b). Other BMP antagonists such as gremlinl/2 and chordin-like 1 are
secreted by the myofibroblasts located near the crypts of the human colon [111].
Thus, the intestinal mesenchyme produces both activating and inhibitory signals
that set up a gradient along the crypt-villus axis, limiting BMP activity at the crypt
base and promoting proliferation of the epithelial stem cells (Fig. 1a).

Components of the Hedgehog signaling pathway are also expressed in both the
epithelial and mesenchymal layers of the intestine. Specifically, Shh and Ihh are
expressed in the epithelium while their receptors Ptchl and Ptch2 as well as three
downstream Gli transcription factors and target genes are expressed in the mes-
enchyme [116, 138] (Fig. 1b). This strongly suggests that Hedgehog signaling is
paracrine from the epithelium to the mesenchyme. Furthermore, expression of a
Hedgehog inhibitor in the intestinal epithelium results in mislocalization of the
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subepithelial myofibroblasts to the villus tips, near ectopic pre-crypt structures and
proliferating epithelium [116]. Deletion of epithelial-specific Ihh also results in the
absence of subepithelial myofibroblasts at the crypt base accompanied by abnormal
proliferation and ectopic crypt-like structures of the epithelium. This phenotype is
not observed when the Hedgehog pathway is inhibited in the epithelium itself by
the deletion of Smoothened. This implies that the loss of myofibroblasts and their
paracrine signaling is responsible for the abnormalities observed instead of auto-
crine Hedgehog signaling [139]. How this paracrine signal is transmitted from the
producing mesenchymal cells to the receiving epithelial cells is still not fully
understood but actin-based signaling filopodia called cytonemes have been pro-
posed as the mechanism [140]. While more thoroughly studied in Drosophila
systems, these cytonemes have been identified in vertebral development as well and
may explain the precise spatial and temporal control of signaling in the intestinal
stem cell niche [141].

5.3 An Integrated Model of the Intestinal Stem Cell Niche

The data in aggregate supports the conclusion that there are at least two different
intestinal stem cell populations, quiescent and rapidly proliferating, which maintain
normal intestinal homeostasis. Upon damage to the intestinal epithelium, these stem
cells are capable of interconverting to replace the lost populations. The bidirectional
signaling between the intestinal stroma and epithelium plays a key role in regulating
the proliferation, differentiation and plasticity of the intestinal stem cells. As
detailed above, subepithelial myofibroblasts are the main source of Wnt and
R-spondins and are sufficient to sustain intestinal homeostasis even in the absence
of epithelial Wnts. Receptors of the Wnt ligands (FZDs) and their agonists (LGRs),
on the other hand, are abundant on the epithelial cells. Hedgehog signaling is also
paracrine from the epithelium, which secretes Hedgehog, to the myofibroblasts
bearing the receptors Patched. Hedgehog signaling regulates the localization of the
subepithelial myofibroblasts at the base of the crypts and its inhibition leads to
mislocalization of the subepithelial myofibroblasts to the tips of the villi.
Additionally, BMP signaling, which allows for the differentiation of the epithelial
cells by regulating Wnt signaling, is also bidirectional in an increasing gradient to
the tip of the villi. Mesenchymal cells secrete BMPs, while their receptors are
expressed by the +4 position cells. Taken together, subepithelial myofibroblasts and
other stromal cells in the intestinal stem cell niche are source of the signals that
regulate the proliferation, differentiation and plasticity of these intestinal stem cells
(Fig. 1b).



154 C.Y. Chee et al.

5.4 Relevance of the Stem Cell Niche to Disease States
and Therapeutics

Dysregulation of signaling in the stem cells or their niche can result in abnormal
proliferation of the intestinal epithelium, which can then progress to cancer.
Consistent with the role of Wnt signaling in intestinal homeostasis, one of the most
common mutations found in human colon cancer is the inactivation of the APC
gene, which results in stabilization of B-catenin and activation of additional path-
ways [142]. The loss of APC results in abnormal proliferation and neoplastic
formation in the colon and is therefore integral to the development of familial
adenomatous polyposis [143]. Dysregulation of the BMP signaling pathway caused
by mutations of BMPR1A [144] and SMAD4 [145] results in juvenile polyposis,
characterized by the formation of multiple polyps in the gastrointestinal tract and an
increased risk of gastrointestinal adenocarcinomas. The cancer stem cell niche may
also be integral for the maintenance of the cancer phenotype or the process of
metastasis by cytokine and growth factor regulation, as well as by activation of
inflammatory pathways [146, 147].

A profound understanding of the stem cell niche and its signaling pathways has
permitted the long term ex vivo organoid culture of intestinal stem cells. Beyond
their use in experimental analyses, these organoid cultures can be used to develop
disease models from human patient biopsies for in depth study of disease patho-
physiology as well as testing of novel therapeutics [29]. The ability to generate
tissue-engineered small intestine for re-implantation into patients with short bowel
syndrome or other intestinal diseases has also been explored. These
tissue-engineered small intestines are created by attaching clusters of epithelial and
mesenchymal cells isolated from the intestine onto scaffolds, and then implanting
these loaded scaffolds into rats [148]. Human derived tissue-engineered small
intestines have been produced by implantation into immunodeficient mice [149,
150]. In-depth knowledge of the intestinal stem cell niche can help improve the
efficacy of these techniques [151].

6 Conclusion

The model of the intestinal stem cell and its niche is constantly evolving, as new
pieces of the puzzle are discovered and fit into place. It appears that there are two
different stem cell populations in the intestinal epithelium that control normal
homeostasis—a rapidly proliferating population at the base of the crypt expressing
markers like Lgr5, Ascl2, Olfm4, Rnf43 and Znrf3 and a quiescent population at the
+4 position expressing Bmil, Hopx and mTert. A great deal of plasticity exists
within the intestine as these two stem cell populations are able to interconvert, and
other intestinal epithelial cell types also have the potential to regain stemness
post-injury. A complex array of signaling pathways involving both the epithelium
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and its underlying mesenchyme are involved in regulation of the stem cell niche.
Crosstalk between different pathways, as well as spatial control and redundancy of
signaling factors in the mesenchyme and epithelium allow for fine regulation of
development and homeostasis. An improved understanding of the intestinal stem
cell niche has also led to progress in the development of an in vitro model system of
the intestine allowing for more physiologically relevant study of disease patho-
physiology and testing of novel therapeutics. An integral part of understanding the
behavior of these intestinal stem cells is characterizing the surrounding niche.
Further studies to identify the source of the signaling molecules in the niche will
provide an insight into how the sub-compartmentalization of the intestinal stem
cells is maintained.
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