1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JSurg Res. 2011 May 1; 167(1): 1-8. doi:10.1016/j.jss.2010.04.037.

Intestinal Stem Cells and their Roles during Mucosal Injury and
Repair

Matthew D. Neal, Ward M. Richardson, Chhinder P. Sodhi, Anthony M. Russo, and David J.
Hackam

Division of Pediatric Surgery, Department of Surgery, Children’s Hospital of Pittsburgh of UPMC
and the University of Pittsburgh

Abstract

The ability of the host to respond to intestinal injury requires the regeneration of native tissue
through a highly orchestrated response from the intestinal stem cells, a population of cells located
within the intestinal crypts that have the capability to repopulate the entire villous. The field of
intestinal stem cell biology is thus of great interest to surgeons and non-surgeons alike, given its
relevance to diseases of intestinal injury and inflammation such as inflammatory bowel disease,
trauma, and necrotizing enterocolitis. The field of intestinal stem cell research has been advanced
recently by the identification of the putative marker, Lgr5, which has allowed for the isolation and
further characterization of the intestinal stem cell. Under the control of the WNT signaling
pathway, Lgr5 marks the rapidly dividing cells of the intestinal crypt, and identifies a population
of cells that is capable of regenerating the entire villous. We now review the identification of Lgr5
as an intestinal stem cell marker, identify controversies in the intestinal stem cell field, and
highlight the response of the intestinal stem cell to injury within the intestinal mucosa that may
occur clinically.

Introduction

The intestinal mucosa is readily disrupted as a result of insults such as traumatic injury,
surgical resection or diseases of inflammation such as Crohn's disease, ulcerative colitis and
necrotizing enterocolitis. In response to mucosal disruption, the host initiates a healing
response resulting in restoration of mucosal integrity and regeneration of the mucosal
architecture. A major component of this response is the ability of the host to generate
intestinal tissue de novo, a highly complex and integrated process that involves the precise
function of intestinal progenitors, which have also been termed “intestinal stem cells”. It
therefore stands to reason that the factors that regulate the activity of intestinal stem cells
will play a dominant role in the ability of the host to respond to injury within the intestinal
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tract. By extension, it remains critically important for individuals working within the field of
intestinal inflammation and injury to have a working understanding of this important field.

What are “stem cells”?

The term “stem cell” has been used in multiple different contexts — both lay and scientific,
and means different things to different people. Beyond the scientific interest in stem cells in
general, there is also significant political interest, as successive American presidents have
sought involvement in the regulation of stem cell research. Given this frame of reference, it
is important to clarify the definition of what constitutes a “stem cell”, which, for the purpose
of the current discussion, is any cell that has three properties: the capability of being able to
divide and renew itself (and therefore become another stem cell or a more specialized cell),
a state of relative unspecialization, and the ability to give rise to specialized cell types under
certain conditions. Each of these properties alone would represent quite a difficult task for
any cell to undertake; the ability to undertake all three tasks is left to a vanishingly small
minority of cells throughout the body. Stem cells can be thought of as occurring in two
discrete varieties, the first of which includes the “embryonic stem cells” — cells that are
derived from embryos that develop from eggs that have been fertilized in vitro, and that
have the ability to give rise to all cell types of the organism from which they were harvested.
The current discussion — which focuses on intestinal stem cells — will not address embryonic
stem cells, despite their huge importance to the fields of regenerative medicine and surgery.
The second category of stem cells includes the “somatic stem cells”, which are
undifferentiated cells that reside within a particular micro-environment, or niche, within the
body, and that are found among differentiated cells within a tissue. The primary roles of
somatic stem cells are to maintain and repair the tissue in which they are found. As might be
imagined, proving the “stemness” of such a population is not an easy task, and requires the
combination of sophisticated lineage tracing and transplantation experiments. The intestinal
stem cells represent one such category of somatic stem cells, in that they remain
undifferentiated, yet have the ability to differentiate into each of the varying cells that exists
within the intestinal epithelium, and therefore have captivated the interest of surgeons and
non-surgeons as they seek to understand the ability of the host to respond to injury.

Molecular and biochemical characterization of intestinal stem cells

The recent identification of specific markers of the intestinal stem cell (ISC) has led to an
explosion of interest in the biology of these previously elusive progenitors (Figure 1). In
recent years, considerable attention in the field has been devoted to the role of intestinal
stem cells in carcinogenesis. However, an evolving body of literature suggests that the
intestinal stem cell may also play a pivotal role in response to injury and inflammation. The
initial description of a multipotent region of the intestinal crypt dates back to the work of
Cheng and Leblond, who, in 1974, described the derivation of the four types of intestinal
epithelial cells, enteroendocrine, goblet, Paneth, and enterocytes from progenitor cells that
reside in the intestinal crypts of Lieberkiihn.1-2 Subsequent to these findings, the nature of
the crypt based progenitors remained largely unknown until studies in the late 1990s
demonstrated that cells residing within a specific position of the intestinal crypts were
capable of long-term retention of labels such as bromodeoxyuridine (BRDU) or [3H]
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thymidine.34 Dubbed “label-retaining cells” or LRCs, these candidates for the intestinal
stem cell were described to reside at a specific position above the Paneth cells, the so-called
+4 position, indicating their location of 4 cells above the crypt base.> Although this
represented some of the most convincing work to date regarding the location of the ISC, the
identification of cells interspersed with Paneth cells at the base of the crypt which were
found to represent undifferentiated precursors — termed crypt-based columnar cells
(CBCs)87 - raised questions regarding the nature and definition of the ISC. In 2007, the
Clevers laboratory from the Hubrecht Institute in the Netherlands identified a putative ISC
marker, Lgr5, thereby allowing for the isolation and propagation of LGRS (+) cells. Lgr5 is
a G-protein coupled receptor of unknown function, which is a target of the WNT signaling
pathway. Although the function of the protein is currently unknown, it bears distinct
resemblance to the receptors for TSH, FSH, and LH. In addition, LGR5 has a complex
expression pattern during embryogenesis, and deficiency of LGR5 in mice leads to death
shortly after birth due to anatomic malformations of the tongue and lower jaw.8 Through an
elegant series of lineage tracing experiments using a tamoxifen-inducible Cre recombinase
knocked-in to the Lgr5 allele, Clevers and colleagues demonstrated that Lgr5 positive cells
originated in the identical position of the previously named CBCs, and could differentiate
into all cell types found within the intestinal epithelium.® In subsequent studies, Clevers and
colleagues showed that Lgr5 positive cells, when cultured in vitro on a biological matrix
without associated mesenchyme, were sufficient to produce a crypt-villous structure, further
strengthening the argument that Lgr5 represents a putative 1ISC marker.10 The Lgr5 positive
cells are sensitive to inactivation of the cell cycle protein CDC25, suggesting their
proliferative phenotype, which, along with their lack of label retention, distinguishes them
from the cells found at the +4 position.1! Thus, Lgr5 was vaulted to the top of a short list of
pre-exisiting potential stem cell markers (Table 1). It is of particular interest in the stem cell
field that LGRS is thought to serve as a definitive marker of intestinal stemness. Many other
adult stem cell types require multiple markers for identification, however, the lineage tracing
performed by Clevers, et al, confirms the ability of Lgr5 positive cells to self-renew, actively
divide, and give rise to all four epithelial subtypes, which, collectively, are properties not
shared by other markers identified to date.

Despite the enthusiasm for Lgr5 as the definitive marker of I1SCs, further research reignited
the controversy over the exact location of the intestinal stem cell after the discovery of an
additional candidate marker. Using a similar approach to Clevers, Sangiorgi and Capecchi
identified Bmi1 as a gene of interest for marking the pluripotency of intestinal stem cells.12
Bmil positive cells are known to be involved in self-renewal in neuronal and hematopoetic
stem cells, and overexpression of the gene in tumor cells has been shown to lead to
immortalization secondary to increased telomerase activity.13 Expression of Bmil appears
critical to controlling aging and damage response, as mice deficient in Bmil exhibit
impaired mitochondrial function, increased reactive oxygen species, abnormalities of DNA
damage repair, and decreased life span.14 Similar to Lgr5, Bmil positive cells have been
shown through lineage tracing experiments to give rise to all intestinal epithelial subtypes.
These cells appear to occupy the previously described +4 position and are distinct from the
CBCs.®> Whereas Lgr5 positive cells are known to be rapidly dividing, some have argued
that Bmi1 positive cells are more quiescent, although this remains controversial.1> However,

J Surg Res. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Neal et al.

Page 4

cells in the +4 position which express the ISC marker Musashi-1 have been shown to
represent a quiescent population of multipotent cells, confirming their distinction from Lgr5
positive cells.}! These findings suggest at least two separate cell types in two distinct
positions representing the intestinal stem cells, although the relationship between the two
remains unknown (Figure 2, Panel A).1°> Regardless of the controversies and differences
between those that advocate for one position over another as the definitive stem cell
compartment, at least one fact has become clear from analysis of this body of work:
definitive markers identifying multipotent intestinal epithelial progenitors now reliably exist
and provide a critical new tool for the study of intestinal stem cell biology.

Signaling pathways within the Intestinal Stem Cells

The epithelium of the small intestine is regenerated completely every 4-5 days. This brisk
turnover of cells is fueled by the rapidly dividing intestinal stem cells in the intestinal crypt
which give rise to transient amplifying cells (TAC) (Figure 2, Panel A), which are further
responsible for differentiation into the four types of epithelial cells.2 Control of proliferation
within the intestinal crypts occurs via the WNT signaling cascade, which acts as a switch
between proliferation and differentiation.18 WNT signaling is highly upregulated in the
intestinal crypts as opposed to the villi, indicating the proliferative nature of the crypt
bottom.1” Signaling via WNT occurs in a highly orchestrated manner (Figure 2, Panel B). In
brief, following activation of WNT, signaling occurs through Frizzled and low-density
lipoprotein receptor— related protein (LRP) receptors, resulting in translocation of free -
catenin to the nucleus. After coupling of B-catenin to various transcription factors, the
complex is responsible for transcription of target genes, including Lgr5. Inactivation of the
j3-catenin pathway occurs via phosphorylation by a degradation complex which involves,
amongst other factors, the tumor suppressor adenomatous polyposis coli (APC), Axin, the
phosphoprotein Dishevelled (DSH), casein kinase | (CKI), and the constitutively active
kinases glycogen synthase kinase 3p (GSK3).18:19 While both WNT and Notch signaling are
required for ISC maintenance, TGF-$ and bone morphogenetic protein (BMP) have been
identified as negative regulators.2? The source of these signals is hypothesized to be the
stem cell niche, which is defined as the microenvironment surrounding the 1SCs.21.22
Additional features regarding the WNT signaling cascade may be found in the following
excellent reviews: van der Flier, Ann Rev Phys, 2009; Clevers, Cell, 2006; Logan, Ann Rev
Cell Dev Biol, 2004.218.19

The activation of intestinal stem cells via WNT ligands has been shown to be critical for
proliferation based on a number of studies demonstrating impaired proliferation in the
presence of WNT inhibitors such as Dickkopf-1,23 p-catenin deletion,24 and mutation of
critical WNT signaling transcription factors.25> Conversely, mutation of WNT regulators,
including c-myc and APC, has been implicated in the development of colorectal cancer.2
The activation of the WNT agonist, R-spondin, has been shown to produce a phenotype of
hyperproliferative crypts.28 This strengthens the association with WNT signaling as a
driving force of intestinal stem cell proliferation. It has been suggested that the role of the
rapidly dividing CBC stem cell population under WNT control is to provide an emergency
supply of progeny in the face of injury, while the quiescent +4 cells divide infrequently to
prevent errors inherent in DNA replication and preserve long-term potential.2’
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The Role of Intestinal Stem Cells in Injury and Repair

Having introduced the concept and reviewed a brief history of the intestinal stem cell, we
will now focus on the emergence of ISCs as a critical responder to injury and inflammation.
Four injury models are presented here with a review of the corresponding literature in order
to gain an understanding of the intestinal stem cell response to injury and repair.

i. The Drosophila experience

ii. Radiation

Drosophila have provided an important model for assessing the intestinal stem cell and the
response to injury. A finding that is unique to Drosophila as compared to mammals is that
the intestinal stem cells of the Drosophila midgut are the only cells capable of undergoing
mitosis and are identified using a specific marker, Delta.28 This provides a means of
controlling for damage response not found in mammalian tissue where the involvement of
multiple local and systemic cell types makes interpretation of response more complex.
Recently, multiple groups have independently shown that intestinal stem cells in Drosophila
are capable of responding to the presence of bacteria. Buchon and colleagues demonstrated
that bacterial infections in Drosophila result in a significant increase in ISC proliferation and
epithelial renewal as well as activation of defense mechanisms such as oxidative burst.
These pathways, which are thought to include JAK-STAT and JNK, are also activated, to a
lesser degree, by indigenous gut microbiota.2930 This evidence, coupled with findings from
similar studies performed by Chatterjee and Ip which showed an increase in both
proliferation and differentiation in ISCs exposed to bacteria, suggests that Drosophila
midgut stem cells can response to microbial injury and initiate tissue repair.28 Proliferation
of the intestinal stem cell compartment triggered by bacterial infection in Drosophila has
also been linked to tumorigenesis and intestinal dysplasia, indicating that interaction with
bacteria may trigger a pathologically increased response by 1SCs.31

colitis

The response of the mouse intestinal epithelium following radiation has been the most
extensively characterized model of intestinal stem cell injury and proliferation to date.32
Assays to assess for crypt cell survival following radiation injury date back over forty
years.33:34 The rapidly dividing and actively proliferating cell populations of the intestinal
crypt, including the CBCs and TACs, are keenly susceptible to radiation injury. Radiation
injury results in crypt apoptosis and the clinical development of the gastrointestinal (GI)
syndrome, which can result in severe and debilitating diarrhea. The pathogenesis of acute
radiation Gl syndrome is incompletely understood, however the loss of crypt stem cells has
been suggested to be responsible,3° although other authors claim that loss of villous
endothelial cells leads to GI syndrome.36 Regardless of the specific cell that is injured, the
response of the ISC to drive reconstitution and healing has been of great interest. Early
studies in the field suggested an important role for, among others factors, prostaglandins in
the regulation of intestinal stem cell growth and migration after radiation injury.32:3” Cohn
and colleagues, using a functional assay for quantifying stem cell survival, showed that
production of prostaglandins by cyclooxygenase-1 (COX 1) was protective following ISC
radiation injury.32 More recently, a number of authors have attempted to elucidate the
mechanism governing intestinal progenitor cell radiosensitivity. The roles of p53 and Ataxia
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telangiectasia mutated (ATM) protein kinase have been studied as regulators of crypt
apoptosis.38 The BH3-only, Bcl-2 family protein p53 upregulated modulator of apoptosis
(PUMA) has been shown by multiple groups to play an essential role in both p53-dependent
and —independent apoptosis.3*3940 Qju and colleagues have shown that PUMA-deficient
mice exhibit blocked crypt apoptosis following radiation and that suppressing PUMA leads
to radioprotection and prolonged survival in the intestinal stem cells.3° This critical role for
PUMA in radiation induced intestinal stem cell injury has provided significant molecular
insight into the response of intestinal stem cells to injury. Given this and the findings of
others suggesting an essential role for p53 mediated growth arrest following DNA damage
in ISCs, it appears that regulation of p53 activity in intestinal stem cells has emerged as a
key concept in the injury response of these progenitor cells.*! Despite the strength of these
observations indicating that p53 apoptosis mediates failure of ISC proliferation, evidence
exists to support the ability of organisms to overcome this insult. Through a series of
transgenic studies resulting in the deletion of the key p53 inhibitor, Mdm2, Valentin-Vega
and colleagues have shown that although these mutants develop early intestinal
abnormalities, specifically in the crypts, the organisms are able to overcome this and
actually expand their stem cell population, resulting in compensation and survival.#2
Fascinatingly, this expansion of ISCs occurs through WNT activation in similar fashion to
intestinal neoplastic processes. However, these mice expand their ISCs without developing
tumors, suggesting a molecular mechanism by which these cells can halt proliferation upon
reaching homeostasis.

iii Chemical injury to the intestine

Mouse models of chemical colitis, especially dextran sodium sulfate (DSS) and 2, 4, 6-
trinitrobenzenesulfonic acid (TNBS) colitis, are of particular interest to surgeons given the
relevance to inflammatory bowel disease and other disorders of infectious/inflammatory
colitis. Although the more rapid turnover of cells in the small intestine as compared to the
large intestine leads some to hypothesize that more ISC proliferation is required in the small
bowel, the mechanisms of injury repair are likely similar to the colon.*3 An expansion of
crypts surrounding ulcers formed in the colon** as well as an increase in crypt cells staining
positive for the proliferation marker, proliferating cell nuclear antigen (PCNA)*3 have been
observed following induction of chemical colitis. Although much attention has been devoted
to the response of mesenchymal stem cells in models of colitis,*>~47 the specific role of the
intestinal stem cell in response to colitis has not been well studied (perhaps due to the prior
lack of reliable markers). In fact, only one study exists in the literature specifically assessing
the response of ISCs to a model of DSS colitis. Despite an observed increase in proliferation
during administration of DSS, Fukui demonstrated an initial decrease in the expression of
the 1ISC marker, Musashi-1 followed by a subsequent increase during the healing or
regenerative phase of the model.*3 Similarly, in a model of doxorubicin-induced intestinal
injury, an initial decrease in the expression of DCAMKL1 was observed after injury,
however, no significant change in Lgr5 mRNA expression was noted.*8 Interestingly, both
Musashi-1 and DCAMKL1 are thought to represent markers of the +4 position, while Lgr5
clearly arises from the CBC cells, suggesting a different response to injury based on stem
cell position.
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iv. Bacterial injury to the intestine

It has recently been shown that bacteria and bacterial by-products are important regulators of
the B-catenin pathway, leading to effects on intestinal epithelial proliferation.4%0 Qur lab
has shown that the gram negative bacterial toxin lipopolysaccharide (LPS) inhibits -catenin
signaling via activation of GSK3p, leading to a marked inhibition in enterocyte proliferation
both in vitro and in vivo, within the newborn small intestine.4® This particular finding links
activation of the innate immune receptor for LPS, namely Toll like receptor 4 (TLR4), with
the inhibition of enterocyte proliferation in the neonatal small bowel, and is thought to
contribute to the pathogenesis of necrotizing enterocolitis, a devastating disease of
premature infants that is characterized by impaired enterocyte proliferation and enhanced
TLR4 signaling in the small bowel.#9:51-53 Sjgnificantly, Abreu and colleagues have shown
that TLR4 activation leads to increased enterocyte proliferation in models of colitis,
suggesting either an effect that may be dependent upon developmental factors as well as on
the location of the intestine in which the signaling occurs.>4:55 These findings are supported
by work from a variety of authors that show differences in proliferation in germ-free animals
as well as after activation of various toll-like receptors including TLR4.%6-59 Recent
evidence has emerged supporting AvrA, a bacterial effector protein present in certain types
of Salmonella and E. coli, as a specific regulator of p-catenin.89-81 Given the association
with B-catenin, Liu and colleagues sought to address whether infection with Salmonella
resulted in a change in intestinal stem cell proliferation in a mouse model. The authors found
that AvrA specifically upregulated the expression of a number of WNT genes and resulted

in an increase in phosphorylation of B-catenin, which led to a significant increase in crypt
proliferation.52 It is of interest that this study shows a pathogenic organism (Salmonella
typhimurium) induces proliferation, which is widely held to be a mechanism of injury
repair.49.:63 However, the authors do note in their discussion that the putative stem cell
marker, Lgr5, was significantly decreased in their model,%2 which again points to the need
for clarity in exactly which cells of the intestinal crypt are responding to injury.

Forming a Necessary Niche: Getting Along with Your Stem Cells

In parallel with the emerging interest in the response of intestinal stem cells to injury is the
recognition of the importance of the stem cell niche. The concept that the surrounding
microenvironment regulates progenitor cell response has been covered thoroughly by
multiple excellent reviews.54-66 One manifestation of the importance of the stem cell niche
is the phenomena of crypt fission, a physiological mechanism of crypt reproduction in
response to injury, which likely requires communication between adjacent progenitor cells
to coordinate a response to injury. In addition to the role of the epithelial cells themselves,
other cell types play a critical role in effective epithelial healing, including macrophages,
endothelial cells and dendritic cells.#4:52:57.63 Moreover, mesenchymal stem cells, which are
multi-potent connective tissue progenitors, interact with the intestinal epithelium and
progenitor cells to both maintain homeostasis and drive the response to injury.87-6 There is
data emerging to suggest that these mesenchymal stem cells may play a key role in the
response to injury. As an example, Sémont and colleagues have recently shown that giving
bone-marrow derived mesenchymal stem cells can improve small intestinal renewal and
help to drive epithelial regeneration following radiation injury.’®
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Conclusions and future directions

The recent identification of reliable markers for intestinal stem cells has opened the door to
an array of studies that promise to shed light upon not only the location and precise
description of the intestinal stem cell, but also on the role of this discrete cellular population
in the response to injury to the intestinal mucosa. Future questions in the field include the
understanding of the specific cells within the crypt that may be involved in the injury
response, and how they interact with their surroundings. Furthermore, the exact function of
the promising stem cell marker, LGRS5, remains unknown. Given its homology to other
ligand receptors, there is likely a “hidden” signaling role for this protein that may help to
unlock the secrets of stem cell behavior embedded in the intestinal crypts. Transgenic
experiments that involve conditional deletion of stem cell markers as well as overexpression
may help to elucidate this question. In addition, these markers almost certainly interact with
other cellular receptors and regulators of gene expression. A thorough search for
associations at the cellular level with pattern recognition receptors and known molecular
machinery of injury response will be key to linking intestinal stem cell response to injury. It
is hoped that through the study of intestinal stem cells, both surgeons and non-surgeons alike
with gain novel therapeutic insights into the manner in which the body repairs itself after
injury, and in so doing, will offer renewed hope for our patients with diseases of intestinal
inflammation.
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Figure 1. Frequency of literature citations for intestinal stem cells over 15 years
A literature search was performed on PubMed for “intestinal stem cell,” which revealed 93

publications. With limitations of English language and a timeline of the last 15 years, three
publications were excluded and the years of publication of the remaining 90 were charted,
demonstrating a significant increase over the past five years.
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Figure 2. Schematic of the intestinal stem cell compartment and WNT signaling
Panel A: Crypt based columnar (CBC) cells residing in interspersed between Paneth cells in

the intestinal crypt express the putative stem cell marker Lgr5 and represent actively
dividing cells. Cell located in the +4 position are referred to as label-retaining cells (LRC)
and are thought to represent quiescent stem cells. The proliferative zone superior to these is
populated by transient amplifying cells (TACs), which further differentiate into absorptive,
goblet, enteroendocrine, and Paneth cells.

Panel B: WNT proteins bind to the cell surface receptor Frizzled in addition to the
transmembrane receptor LRP. This binding event activates Dishevelled (DSH) family
proteins, and this complex is responsible for the inhibition of a second complex of proteins
includes axin, GSK-3, and the protein APC. The axin/GSK-3/APC complex controls
degradation of f-catenin. After the degradation complex is inhibited, stabilized, free
cytoplasmic f3-catenin is able to enter the nucleus and interact with TCF transcription factors
to promote specific gene expression, such as Lgr5.
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Table 1

Proposed Major Intestinal Stem Cell Markers and Location

Marker Location
Lgr5/GPR49 Crypt based columnar cells
Bmil +4 position
OLFM4 Crypt based columnar cells
Musashi-1 Crypt base, cell positions 1-10
DCAMKL1 | Position 4-6, also some villous expression
BMPR1a Label-retention cells (position 4-9)
Eph receptors Position 4-6
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