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Abstract

The intestinal epithelium contains a rapidly proliferating and perpetually differentiating
epithelium. The principal functional unit of the small intestine is the crypt-villus axis. Stem cells
located in the crypts of Lieberkiihn give rise to proliferating progenitor or transit amplifying cells
that differentiate into the four major epithelial cell types. The study of adult gastrointestinal tract
stem cells has progressed rapidly with the recent discovery of a number of putative stem cell
markers. Substantial evidence suggests that there are two populations of stem cells: long-term
quiescent (reserved) and actively cycling (primed) stem cells. These are in adjoining locations and
are presumably maintained by the secretion of specific proteins generated in a unique
microenvironment or stem cell niche surrounding each population. The relationship between these
two populations, and the cellular sources and composition of the surrounding environment remains
to be defined, and is an active area of research. In this review we will outline progress in
identifying stem cells and defining epithelial-mesenchymal interactions in the crypt. We will
summarize early advances using stem cells for therapy of gastrointestinal disorders.

Introduction: Intestinal epithelial renewal and the crypt stem cell

The intestinal epithelium contains a rapidly proliferating and perpetually differentiating
epithelium. The principal functional unit of the small intestine is the crypt-villus axis (Figure
1). Stem cells located in the crypts of Lieberkihn give rise to proliferating progenitor or
transit amplifying cells that differentiate into the four major epithelial cell types. These
include columnar absorptive cells or enterocytes, mucous secreting goblet cells,
enteroendocrine cells and Paneth cells. Enterocytic, goblet and enteroendocrine cell
differentiation takes place during migration upward from the crypt to the tips of the adjacent
villi or surface epithelium, whereas Paneth cells complete their differentiation at the crypt
basel' 23, The colon, devoid of villi, is lined by a flat surface epithelium with similar crypt
invaginations, although Paneth cells are not present*. The crypt-villus unit is surrounded by
supporting lamina propria/mesenchymal cells .

Contact information: Deborah C. Rubin, M.D., Professor of Medicine and Developmental Biology, Division of Gastroenterology,
Washington University School of Medicine, 660 South Euclid Avenue Box 8124, Saint Louis, MO 63110, 314 362 8935 phone, 314
362 8959 Fax, drubin@wustl.edu; Anisa Shaker, M.D., Instructor in Medicine, Division of Gastroenterology, Washington University
School of Medicine, 660 South Euclid Avenue Box 8124, Saint Louis, MO 63110, 314 362 4571, 314 362 8959, ashaker@wustl.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shaker and Rubin

Page 2

The study of adult gastrointestinal tract stem cells has progressed rapidly with the recent
discovery of a number of putative stem cell markers. Substantial evidence suggests that
there are two populations of stem cells: long-term quiescent (reserved) and actively cycling
(primed) stem cells. In this model, baseline regeneration is accomplished by a “primed
subpopulation” of active stem cells, whereas quiescent stem cells function as a reserve
subpopulation that responds to injury 8 7. These are in adjoining locations and are
presumably maintained by the secretion of specific proteins generated in a unique
microenvironment or stem cell niche surrounding each population 6 7. The relationship
between these two populations, and the cellular sources and composition of the surrounding
environment/niche remains to be defined, and is an active area of research.

The precise location of the gut stem cell is still a matter of some debate. Early studies
suggested its location at the base of the intestinal crypt, supplying proliferative progenitors
required for epithelial regeneration.8: © More recent studies have confirmed these data,
indicating the presence of actively cycling cells in the crypt base that have the qualities of
stem cells and appear to be responsible for intestinal homeostasis & 7: 10, On the other hand,
preferential DNA label retention of agents such as bromodeoxyuridine or [3H] thymidine
localized the intestinal stem cell (ISC) to the 4+ position above the crypt base and above the
Paneth cells 11713, These are the quiescent stem cells thought to be responsible for repair
following injury® 7. The number of stem cells per intestinal crypt is commonly estimated to
be between 4 and 6 cells per crypt.

In this review we will outline progress in identifying stem cells and defining epithelial-
mesenchymal interactions in the intestinal stem cell niche. We will summarize early
advances using stem cells for therapy of gastrointestinal disorders

Adult intestinal stem cells

Intestinal stem cells are defined as long-lived cells that exhibit self-renewal and multi-
potency, or the ability to differentiate into multiple cell types. Correct identification of
intestinal stem cells requires demonstration of these properties in vitro and in vivo.

Identification: Morphology, clonal marking and lineage tracing

Prior to the isolation of definitive stem cell markers, indirect strategies were employed to
identify stem cells, including DNA label retention!3. This mode of stem cell identification
was based on the hypotheses 1. That stem cells were quiescent and 2. stem cells hold on to
the original DNA strands and assign newly synthesized strands to transit amplifying
daughter cells, a hypothesis originally proposed by Cairns in 1975 °. Although the precise
mechanism for label retention remains unclear, studies have demonstrated asymmetric DNA
template segregation in intestinal stem cells, using specific labels for new and old
chromatids13. The utility of label retention as a means for marking intestinal stem cells
marker is limited by the possibility that non-stem postmitotic cells may also be label-
retaining®. In fact, clonal analysis by Bjerknes and Cheng & 12 suggested that
undifferentiated, proliferative, non-label retaining cells called crypt base columnar cells
(CBC) residing below the +4 position in between the Paneth cells had stem cell properties.

Initial attempts to identify intestinal stem cells and demonstrate crypt monoclonality also
depended heavily on in vivo assays that exploited the proliferative capacity of the intestinal
crypts. For example, regeneration assays in response to radiation or chemotherapeutic agents
such as 5-fluorouracil, using X chromosome inactivation as a surrogate marker 4 were
utilized. Interpretation of these studies was difficult secondary to the inability to clearly
distinguish the contribution of short lived progenitor cells from stem cells.
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Lineage tracing, in which stem cell activity is retrospectively evaluated by investigation of
cellular descendents, has demonstrated two stem cell populations in the crypt base.

Intestinal stem cell markers

Two putative stem cell markers that have been rigorously evaluated in vivo are leucine-rich
repeat containing G-protein-coupled receptor (Lgr5)14 and Bmi11®. Others, including
Dcamkll (double cortin and calcium/calmodulin-dependent protein kinase-like-1),
Musashi-1, a microtubule associated kinase, f1-integrin, phosphorylated PTEN, 14-3-3£,
phosphorylated Akt, and sFRP-5 (secreted frizzled-related protein 5), a Wnt antagonist, have
been proposed as intestinal stem cell markers based on their position in the crypt base, just
above Paneth cells (reviewed in 16: 17). Other markers of the CBC population, include
olfactomedin 4 (OIfm4) and Achaete scutelike 2 (Ascl2)!8: 19,

The Lgr5 gene, also known as Gpr49, was initially identified in colon cancer cells as a Wnt
target gene, and is also over expressed in ovarian and liver cancers. It is an orphan G
protein-coupled receptor with a large leucine-rich extracellular domain and seven
transmembrane domain®. Although the molecular function of Lgr5 is unknown, Lgr5
deficient mice have tongue and lower jaw malformations that lead to aerophagia and early
neonatal death®. Analyses of mice with a lac-Z or an enhanced green fluorescent protein
(EGFP) knock-in allelel?, as well as in situ hybridization studies, showed that Lgr5
expression is limited to the CBC cells. Immunostaining of murine small intestine to detect
GFP, for instance, demonstrates that Lgr5 is present only in CBC cells located between
Paneth cells (Figure 2a). Of note, bromodeoxyuridine labeling studies indicate that these are
rapidly cycling cells. Finally, distinct from +4 cells, CBC cells are much less sensitive to
low dose (1 Gray) irradiation14,

Lineage tracing/gene fate mapping using an inducible Cre knock-in allele in combination
with the Rosa26-lacZ reporter strain, has demonstrated in vivo that Lgr5+ CBC cell fulfills
the definition of the stem cell in the small intestine and colon. These cells undergo self-
renewal and are multipotent, giving rise to all intestinal epithelial lineages; epithelial clones
were also noted to be long-lived4. Sorted Lgr5+ cells can form crypt-villus organoids in
culture?0, Gene signature evaluation of purified Lgr5 positive stem cells has led to the
identification of Achaete scutelike 2 (Ascl2)1?, a basic helix-loop-helix transcription factor.
Ascl2 is detected in adenomas. Its expression in the intestinal epithelium is under the control
of the Wnt pathway and is limited to Lgr5+ stem cells. Gain- and loss-of-function studies
have demonstrated that Ascl2 is essential for maintenance and regulation of Lgr5 intestinal
stem cells1®.

Whnt pathway activation leads to the expression of target genes active in crypt cell
proliferation as well as in colorectal cancer. Interestingly, examination of large adenomas
that developed in Lgr5-GFP mice crossed with mice with a Cre inducible floxed Apc allele
demonstrated that unlike other Wnt target genes, expression of Lgr5-GFP is restricted to a

few cells; suggesting the role of this marker in identification of a putative cancer stem cell %
21

Markers for the +4 stem cell population have also been investigated. Lineage tracing/gene
fate mapping and cell ablation using an inducible Cre knock-in allele to the Bmil locus, has
demonstrated that Bmil, a member of the Polycomb group gene family, is a marker of the
ISC population located at the 4+ position in the small intestine crypt. Small intestinal in situ
hybridization with a Bmil probe, demonstrates that Bmil mRNA expression occurs only in
crypt bottoms located above Paneth cells (Figure 2b, red arrow). Bmil+ cells, specific to the
proximal small intestine, are long-lived and multipotent, giving rise to all epithelial
differentiated cell lineages 1° and thus fulfilling the criteria that define stem cells. However,
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this marker occasionally identifies cells intermingled with Paneth cells at the crypt base;
analysis of Lgr5 stem cells has shown that BmilRNA is enriched in this population of stem
cells, thus expression of these two markers may not be exclusive to one stem cell
populationl®,

Low levels of Lgr5 mRNA and protein in CBC cells render it difficult to use as a marker18.
Gene signature evaluation of Lgr5 + stem cells has led to the identification of
Olfactomedin-4 (Olfm4), a member of the bone morphogenetic protein (BMP) antagonist
family expressed in murine small intestine but not in murine colon8. In humans, however,
OlIfm4 is highly expressed in both colon and small intestine crypt base columnar cells as
well as in a subset of cells within adenocarcinomas!®. Unlike Ascl2, Olm4 is not detected in
adenomas, suggesting it is not expressed under control of the Wnt pathway°. Prominin1 is
another marker that co-localizes with Lgr5+ cells but is also found in proliferating
progenitor cells?2,

In vitro culture of intestinal stem cells

Recent studies have reported novel methodology that permits the long term maintenance of
stem/early progenitor cells and the generation of crypt-villus structures with the architecture
of intestinal crypts20: 23, Lgr5+ stem cells can be maintained in long-term culture and
differentiate into crypt-villus like units 20 if grown in laminin-rich Matrigel in the presence
of the Wnt agonist R-spondin 1, the Bmp antagonist Noggin, a Notch agonist peptide,
epidermal growth factor and the Rho kinase inhibitor Y-27632 which inhibits embryonic
stem cell anoikis2%: 24, A single Lgr5+ stem cell thus can give rise to crypt-villus-like
structures in the presence of the appropriate extracellular signals, which are derived from the
underlying mesenchyme in vivo. This highlights the contribution of the adjacent
mesenchyme to maintenance of the stem cells. Interestingly, although the isolated cells and
structures were exposed to the same extracellular factors, expression of nuclear B-catenin
remained highest at the crypt base, and crypt-villus domains were established, suggesting
that the differential response to extracellular signals along the crypt-villus axis 20 is intrinsic
to the epithelium.

However, others have shown that mesenchymal derived cells are required for long term
culture of intestinal stem cells 23, Utilizing a microenvironment consisting of an air-liquid
interface 3D collagen gel to improve oxygenation, as well as myofibroblasts and stem cell
niche signaling molecules, long-term culture of intestine and colon has been established?3,
Intact Wnt and Notch signaling, recognized as active in the ISC niche, were confirmed to be
required for the in vitro cultures. Growth of myofibroblasts correlated with the long term
viability and proliferation of the cultures. The presence of ISCs was confirmed by
examining Lgr5 and Bmil expression. Successful stem cell propagation using this culture
system should advance the study of intestinal stem cell niche and ISC-niche interactions.

Stem cell niche: the tissue restricted microenvironment

Intestinal stem cell niche characterization has thus far lagged behind other organs such as
the hematopoietic and neural systems. The stem cell niche is a complex, dynamic milieu that
adapts in response to environmental cues?®. This stromal microenvironment surrounding the
stem cell, consists of extracellular matrix, neural cells, lymphocytes, macrophages,
endothelial cells, fibroblasts, smooth muscle cells, and myofibroblasts 23 25 26, Niche
generated signals most likely work in concert with intrinsic stem cell properties to regulate
stem cell behavior25. A key property of the stem cell niche is its capability of regulating
stem cell proliferation and differentiation even in the absence of stem cells 27 28,
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Constituents of the stem cell niche

The stem cell niche likely contains several different types of cells; each with a specific
contribution to the regulation of stem cell behavior. One of the most extensively studied
components is the intestinal subepithelial myofibroblast, which supports ISCs and affects
adjacent epithelial cells 2: 28, |ocated in the lamina propria, in a strategic position adjacent
to the crypts, intestinal subepithelial myofibroblasts regulate stem cell behavior through the
elaboration of growth factors and cytokines 2: 2%: 30 Intercellular signaling pathways, such
as Bmp, Wnt, and Notch, are conserved in stem cell biology across tissues and species. The
microenvironment surrounding one of the putative intestinal stem cells, the Lgr5+ stem cell,
is characterized by prominent Wnt activity and inhibition of Bmp signaling with the
presence of Bmp inhibitors noggin and gremlin. On the other hand, the microenvironment
surrougding the +4 intestinal stem cell is characterized by the Wnt inhibitor sSFRP5 and
BMP4°,

Endothelial cells that are part of the surrounding crypt microvasculature, enteric neurons,
intraepithelial lymphocytes (IELs) and microbes 2 have also been cited as niche constituents.
The intestine also houses indigenous microbes, several components of which regulate crypt
cell proliferation as well as activity of the enteric nervous system 2.

Finally, in the Drosophila midgut, intestinal stem cell progenitor cells appear to generate a
transient niche cell via Notch signaling 3; these niche cells in turn regulate establishment of
the gut stem cell via Decapentaplegic (Bmp2/4 homolog) signaling 31. These findings
suggest a role for epithelial cells in generating the stem cell niche and provide an additional
model for regulation of intestinal stem cell behavior. Investigation of this novel mechanism
in the mammalian intestine is ongoing.

An intriguing but poorly understood component of the niche is the mesenchymal stem cell
(MSC). This cell type is characterized by a fibroblast-like phenotype and the ability to
adhere to plastic tissue culture plates. MSCs have demonstrated immunomodulatory
potential through secretion of prostaglandin E2 and improvement of vasculogenesis. This
population has been isolated from a variety of sources including bone marrow, adipose
tissue, and intestinal tissue and depending on the growth conditions, can differentiate into
multiple mesenchymal lineages32. Several ongoing studies are investigating the role of
MSC:s as therapy for inflammatory bowel disease, graft versus host disease, radiation
induced enteritis and colitis (see below).

Epithelial-mesenchymal interactions: Bmp and Hedgehog signaling

Epithelial-mesenchymal interactions, critical to proper gut development and intestinal
organogenesis, are conserved throughout evolution. Diffusible Wnt, Hedgehog (Hh),
transforming growth factor-p and bone morphogenetic proteins are implicated in molecular
cross-talk between epithelium and underlying mesenchyme?: 33, Mesenchymal Bmps act on
small intestinal epithelium in a paracrine fashion to inhibit crypt cell proliferation and crypt
fission 34 35, Recent studies suggest a role for Bmp antagonists, such as gremlin and
chordin, as crucial components of the intestinal epithelial stem cell niche 2°. Mutations in
mesenchymal genes such as the transcription factor forkhead homolog 6 (Fkh6) and
transcription factor Nkx2-3, result in an increase in crypt cell proliferation’. Bmp signaling
is altered in each of these models’. Deletion of epimorphin, a mesenchymal/myofibroblast
protein, and member of the syntaxin family of membrane-bound intracellular vesicle
docking proteins, results in protection from dextran-sodium sulfate induced colitis and
inflammation induced carcinogenesis, in association with disruption in Bmp signaling 36: 37,
Epithelial derived ligands in turn signal to the underlying mesenchyme. For example, Hh
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ligands produced in the epithelium, signal to the underlying mesenchyme which expresses
signaling targets Gli-1, Ptch-1, and Hhip 38-40,

Transgenic mice expressing the pan Hh inhibitor Hhip show that Hh signaling is paracrine,
from epithelium to Ptch-1-expressing mesenchymal cells including intestinal subepithelial
myofibroblasts (ISEMFs), resulting in increased epithelial proliferation 3% and inflammation
in the setting of long-term inhibition 38. In turn, active Hh signaling has also been identified
as antagonistic to Wnt signaling, promoting colonic epithelial differentiation 4143,

The relevance of epithelial-mesenchymal interactions in the study of the intestinal stem cell
becomes most obvious during attempts at in vitro evaluation of ISCs. Isolated intestinal
epithelium survives anoikis/apoptosis only if interaction with constituents of extracellular
matrix, including collagen, is restored?. In addition, as described above, the ability to culture
LGR5+ cells and generate the crypt/villus axis in vitro is dependent on the inclusion of stem
cell niche derived soluble factors.

Signaling in the crypt: Wnt pathway

Whnt signaling is central to maintenance of the intestinal stem cell, as evidenced by depletion
of stem cells in the setting of Wnt signaling abrogation. Deletion of TCF4, an end target of
Wht signaling2®, or p-catenin mutation, results in diminution of the proliferative
compartment and loss of entire crypts3. Similarly, transgenic expression of the secreted Wnt
inhibitor Dickkopf-1 (Dkk-1) leads to reduced small intestinal epithelial proliferation and
loss of crypts 44. A similar but even more profoundly abnormal phenotype is produced by
adenoviral expression of DKK-1 in adult mice 4°. Transgenic expression of the Wnt agonist
R-spondin, on the other hand, results in augmentation of crypt proliferationl’. Bmp signals
generated in the mesenchyme in turn inhibit stem cell self-renewal through modulation of
Wht activity30.

Evaluation of Wnt target gene expression in the small intestinal epithelium has demonstrated
active Wnt signaling in the crypt base 17. Similarly gene expression profiling along the
human colonic crypt villus axis has demonstrated differential expression of Wnt signaling
pathway along the crypt-villus axis of the human colonic crypt2?. The crypt top was
characterized by APC, WNT5B, and TCF4; while the crypt bottom, the putative stem cell
niche, was characterized by expression of AXIN2, TCF3, and several secreted WNT
inhibitors including DKK3, SFRP1, SFRP2, FZD2, FZD3, FZD7, and FZDB2°, Similarly,
members of the BMP pathway contribute to the colonic epithelial stem cell niche by
modulation of the Wnt pathway; the crypt base was characterized by the BMP antagonists
GREM1, GREM2, AND CHRDL1 which were expressed by surrounding pericryptal
subintestinal myofibroblasts 2°. This combination of signaling characterizes the stem cell
niche and regulates intestinal stem cell behavior 2°.

Stem cell therapy for gastrointestinal disorders

Recent breakthroughs in the identification of intestinal stem cell markers will undoubtedly
fuel novel research that will focus on treatment of gastrointestinal disorders. Diseases in
which there is impaired regeneration or function of the small intestine or colon, such as in
short bowel syndrome, inflammatory bowel disease, ischemic bowel, or following
irradiation, are most likely to be the first targets for novel therapies. However, at the present
time, stem-cell based therapies for gastrointestinal disorders have predominantly focused on
the use of bone marrow derived stem cells and mesenchymal stem cells, to treat diverse
disorders such as inflammatory bowel disease and graft vs. host disease in humans.
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Bone marrow derived stem cells have been used to treat refractory Crohn's disease in
humans, with induction of remission following autologous hematopoietic stem cell
transplantation 46: 474849 | ong-term remissions have been reported 20. Although the
precise mechanisms for healing remain undefined, animal models suggest that this occurs
through enhanced mucosal repair, as bone marrow cells contribute activated myofibroblasts
and epithelial cells, and promote neovascularization 153,

Mesenchymal stem cells differentiate into several tissues including bone, cartilage and fat
and are thought to be important for tissue repair 32. A single patient with a perforated colon
and peritonitis due to tissue toxicity from allogeneic hematopoietic stem cell transplantation
was treated with two treatment courses of mesenchymal stem cells with resolution of
peritonitis °4, although the patient died several weeks later from disseminated fungal
infection. One patient with severe graft-versus-host disease and refractory diarrhea received
haploidentical mesenchymal stem cells, resulting in at least a one year remission °2. Mice in
which inflammatory bowel disease was induced by trinitrobenzene sulfonic acid, showed
reduced disease severity when treated with human adipose-derived mesenchymal stem cells.
Diminished severity of colitis was associated with down-regulation of Th-1 immune
responses®8. Similarly, infusion of human bone—-marrow derived mesenchymal stem cells
into irradiated mice accelerated recovery from radiation induced intestinal damage®’. These
studies suggest potential therapeutic benefit for mesenchymal stem cells as enhancers of
epithelial repair in a variety of gastrointestinal disorders.

Although not covered in this review, another exciting area of research focuses on enteric
nervous system stem cells and regeneration. For example, enteric nervous system stem cells
were derived from human gut mucosal biopsies from children. Transplantation into
aganglionic chick and human gut in organ culture showed formation of enteric neurons, glia
and organized ganglia °8

Conclusions: what does the future hold?

Remarkable progress has occurred in the past several years in identifying and characterizing
adult intestinal stem cells and their interactions with mesenchymal cells of the stem cell
niche. Although therapeutic trials for intestinal disorders in animal models have lagged
behind those in other organs, the next few years will likely see rapid and substantial progress
in the translation of these critical basic biological discoveries. Regenerative therapies will be
developed using hematopoietic, mesenchymal and adult intestinal stem cells cultured in the
appropriate niche environments. Eventual expansion into human trials is highly likely,
particularly for debilitating disorders such as short bowel syndrome, radiation induced
injury, or refractory, unremitting Crohn's disease, for which there are few or no effective
therapies.
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Figure 1.

Schematic illustration of the crypt-villus axis, the functional unit of the intestinal
epithelium. Stem cells, located in the crypt base, give rise to transit amplifying cells that
differentiate into the four major epithelial cell types: enterocytes, goblet cells,
enteroendocrine cells, and Paneth cells. The colon lacks villi and is lined by a flat surface
epithelium with similar crypt invaginations. The crypt-villus unit is surrounded by
supporting lamina propria/mesenchymal cells, including subepithelial myofibroblasts. Two
putative populations of stem cells exist; 1. a quiescent/reserved population that consists of
label retaining cells (LRC +4) located above the basally situated Paneth cell and 2. an
actively cycling/primed population that consists of crypt base columnar (CBC) cells.
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Figure 2b

NATURE GENETICS 2008. 40(7): 915-920
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Figure 2.

Figure 2A. The intestinal stem cell marker Lgr5, is expressed in CBC (crypt base columnar)
cells located in between Paneth cells. [ANNUAL REVIEW OF PHYSIOLOGY by Laurens
G. van der Flier and Hans Clevers. Copyright 2009 by ANNUAL REVIEWS, INC..
Reproduced with permission of ANNUAL REVIEWS, INC. in the format Journal via
Copyright Clearance Center].

Figure 2B. The intestinal stem cell marker Bmil (red arrowhead) is expressed in the crypt
base above the Paneth cells [Reprinted by permission from Macmillan Publishers Ltd:
Nature Genetics 40(7): 915-920, 2008].
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