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Abstract
Critical to the identification of putative stem cell populations is the ability to evaluate their functional potential. Within this work I describe the development of a robust culture system which enables regeneration of the intestinal epithelium from isolated crypts and
single intestinal stem cells. To discriminate putative quiescent intestinal stem cells (ISCs)
from rapidly cycling Lgr5+ ISCs a tetracycline inducible H2BGFP labeling strategy was
employed. Distinct populations of label and non-label retaining cells were separated via
fluorescent activated cell sorting (FACS). Analysis of stem cell potential, using the intestinal in vitro culture system developed herein, revealed that CD166high label retaining cells
(LRCs) and non-LRCs contain functional intestinal stem cells (ISCs). Gene expression
analysis of these populations confirmed the expression of stem cell genes including Lgr5.
Coupled with the identification of long term BrdU retaining Lgr5+ cells, this work demonstrates the existence of both active and quiescent Lgr5+ ISCs.
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1.
Introduction
The small intestinal architecture is composed of contiguous villi and crypts. Villi,
which are lined by a single layer of columnar epithelium, extend into the intestinal lumen
and contain terminally differentiated cells; crypts, which harbor the proliferative potential
of this tissue, are the result of epithelial invaginations into the gut mucosa. Villi consist of
three types of mature epithelial cells: enterocytes that function to absorb nutrients, goblet
cells that secrete a protective mucus barrier, and enteroendocrine cells that release gastrointestinal hormones. The crypts are mainly occupied by undifferentiated cells; however, differentiated Paneth cells that secrete antibacterial peptides into the crypt lumen reside at the
crypt base (Cheng 1974; Cheng 1974; Cheng and Leblond 1974; Cheng and Leblond 1974;
Cheng and Leblond 1974). The colonic epithelium is similar to that of the small intestine
except for the absence of villi and Paneth cells. Since intestinal development and stem cells
have been well characterized in the small intestine this has been the focus for my thesis.
The well-compartmentalized structure of the small intestine is advantageous for analysis of
developmental processes; however, study within this tissue has been limited by the lack of a
robust in vitro culture system for primary intestinal epithelial cells. Recently, studies using
transgenic and knockout mice have shed light on the molecular mechanisms underlying the
fetal development of intestine as well as homeostatic epithelial regeneration in the adult.
Through these studies, several signaling pathways such as the Wnt, bone morphogenic protein (BMP), phosphatidyl inositol (3,4,5) triphosphate kinase (PI3K) and Notch cascades
have been revealed to play critical roles in regulating proliferation and controlling stem cell
self-renewal and differentiation in normal tissue. Aberrant signaling of these pathways il-
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lustrates mechanisms of intestinal tumorigenesis. The following is a synopsis of recent findings in intestinal development as well as intestinal stem cells.

1.1 Intestinal Development
The intestinal epithelium is specified from endoderm formed during gastrulation and
remains as a stratified cuboidal epithelium until midgestation in most vertebrates (de Santa
Barbara, van den Brink et al. 2003). During mid-to-late gestation, the basic tissue architecture of the intestine is established through epithelial-mesenchymal interactions. Induced by
signals from mesoderm-derived mesenchyme, the endoderm-derived epithelium evaginates
to form villi and intervillus regions. The intervillus regions consist of undifferentiated and
actively dividing cells (a group of cells with stem cell properties) that eventually invaginate
into the mucosa to form crypts in the first few days after birth which continue to develop
during the next several weeks in the rodent (Schmidt, Winton et al. 1988; Calvert and Pothier 1990). The underlying molecular mechanism regulating this morphogenetic process remains poorly understood, but accumulated evidence suggests that Wnt and Hedgehog (Hh)
signals interact to play a critical role. Initial studies demonstrated that active Wnt signaling
was present in intervillus regions and was thought to inhibit differentiation and stimulate
proliferation, as indicated by experiments where inhibition of Wnt signaling by Tcf4 disruption halted the proliferation of endoderm and depleted endodermal stem/progenitor cells
(Korinek, Barker et al. 1998). These experiments also showed that proliferative cells in the
intervillus region were replaced by mature enterocytes usually seen in the villus (Korinek,
Barker et al. 1998). However, recent findings indicate that Wnt signaling within the developing intestine may be more complex.
Briefly, Wnt signaling involves the engagement of the Wnt receptor complex, com-
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prised of a Frizzled receptor and LRP (low density lipoprotein (LDL) related protein) coreceptor, by a Wnt ligand. This results in the dissociation of a complex which in the absence of Wnt signaling targets β-catenin for proteosomal degradation. Thus, in the presence
of active Wnt signaling, β-catenin accumulates in the cytoplasm resulting in subsequent nuclear translocation and activation of gene transcription (see section 1.3.1 for a more detailed
description of the Wnt signal transduction pathway). Shivdasani and colleagues used TOPGAL and Axin2LacZ transgenic mice to investigate Wnt signaling activity in the developing
intestine. TOP-GAL mice contain a transgenic insertion comprised of three consensus lymphoid enhancer factor (LEF)/ T cell factor (TCF) binding sites upstream of a minimal Fos
promoter which drives expression of β-galactosidase (LacZ). The Axin2LacZ mouse strain
consists of an in-frame insertion of LacZ at the translational start site for endogenous Axin2,
a Wnt responsive gene. Both of these transgenic mice express LacZ in the presence of nuclear β-catenin and TCF/LEF factors, the downstream effectors of the Wnt pathway. Using
these strains, active Wnt signaling was demonstrated exclusively within the villus epithelium from embryonic day 16 (E16) to post-natal day 2 (P2) and was not detected within the
intervillus region until P2. However, by E14, villus and intervillus regions displayed unique
genetic signatures, and by E17.5 proliferative cells were restricted to intervillus regions. In
addition, while nuclear β-catenin and c-MYC expression corresponded to the villus cells
with Wnt activity, as measured using TOP-GAL and Axin2LacZ transgenic mice, other
known Wnt target genes and pathway components such as CD44, CyclinD1 and Tcf4 were
present within the intervillus region (Kim, Mao et al. 2007). These results suggest that Wnt
signaling and proliferation may be uncoupled during early development and perhaps Wntindependent mechanisms drive early epithelial proliferation (Kim, Mao et al. 2007). Fur-
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thermore, Wnt signaling may play an important role in initial villus formation. Indian
hedgehog (Ihh) is also expressed in the intervillus region, while its receptor, Patched, is expressed in the adjacent mesoderm (Madison, Braunstein et al. 2005). Since Hh inhibition
compromises villus formation, this signal is thought to act as a morphogen within the intestine as in other tissues (Bitgood and McMahon 1995). It still remains unclear whether Ihh
signaling is dependent on Wnt activation or completely independent. Expression of BMPs
mainly in mesoderm-derived mesenchymal cells is regulated by Hh signaling, and BMP
signaling also plays a role in regulating morphogenesis during intestinal development
(Bitgood and McMahon 1995). Inhibition of BMP signaling by overexpression of its inhibitor, Noggin, or conditional inactivation of its receptor, BMPR1A, causes ectopic crypt formation, suggesting a role for BMP signaling in restricting crypt numbers (Haramis, Begthel
et al. 2004; He, Zhang et al. 2004; Batts, Polk et al. 2006).

1.2 Intestinal Stem Cells
The existence of intestinal stem cells (ISCs) has been supported by studies with both
chimeric and heterozygous mutant mouse strains which indicated that intestinal crypts were
monoclonal in nature (Roth, Hermiston et al. 1991; Hermiston, Green et al. 1993; Bjerknes
and Cheng 1999). ISCs are defined as cells that give rise to all types of mature intestinal
epithelial cells and are replenished through self-renewal. How stem cells fulfill these two
tasks simultaneously is key to understanding intestinal regeneration. It was proposed that
under homeostatic conditions, an ISC usually divides asymmetrically, thus giving rise to
one stem cell and another committed cell, which differentiates toward one of the four types
of mature epithelial cells. After intestinal injury, such as irradiation or chemotherapy, ISCs
could undergo symmetric division (giving rise to two stem cells) to replace damaged ISCs

4

(Booth and Potten 2000).
While it has been proven that intestinal crypts harbor the stem cells of this tissue,
the exact location of these cells has remained unclear. In 1981, Bjerknes and Cheng proposed the existence of a stem cell-permissive microenvironment in crypt positions 1-4 (Figure 1-1) (Bjerknes and Cheng 1981). Initial experiments showed that chemical treatment of
mice could mutate the lectin expression profile of a single morphologically columnar cell.
These cells, termed crypt based columnar cells (CBCs), initially characterized and proposed
as intestinal stem cells by Cheng and Leblond in 1974 (Cheng and Leblond 1974), were interspersed between Paneth cells at the crypt base and were shown to give rise to mutant
clones containing multiple cell types (Figure 1-1 A and B). In addition to their mixed cell
population, the generation time for these clones indicated a stem cell or long-term progenitor origin (Bjerknes and Cheng 1999). However, these studies failed to show any mutated
clones consisting of all four types of mature cells, as enteroendocrine cells were not identified in these mixed clones.
Studies from other stem cell systems, including bone marrow and hair follicle, indicated that adult stem cells in mammals, in general, were either in a prolonged quiescent
state or extremely slow cycling (Cheshier, Morrison et al. 1999). Based on this feature, a
technique called long term label retention was developed to assist localization of putative
stem cells, referred to as label retaining cells (LRCs), in the hair follicle as well as in hematopoeitic tissues (Cotsarelis, Sun et al. 1990; Zhang, Niu et al. 2003). Using this technique,
C. Potten localized LRCs or putative intestinal stem cells to a position, on average, 4 cells
up (+4) from the crypt base, directly above the Paneth cell zone (Figure 1-1 A and
B)(Marshman, Booth et al. 2002; Potten, Owen et al. 2002; He, Zhang et al. 2004). For
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simplicity, we refer to this cell type as a +4 LRC; however, the +4 position is an average
location and may vary depending on the crypt being analyzed. It is worthwhile to point out
that not all +4 cells are putative stem cells as there are an estimated 16 cells in a ring at position +4, among which only 4-6 stem cells were proposed to reside (Figure 1-1 B)
(Marshman, Booth et al. 2002). Until recently the slow cycling +4 LRC was generally accepted as the putative ISC with the caution that direct functional or genetic characterization
of stem cell properties had yet to be performed.
Recent work presented by Clevers and colleagues has identified a single marker,
Lgr5 (leucine-rich repeat-containing G-protein coupled receptor 5), an orphan receptor, that
specifically labels stem cells in the mouse small intestine as well as in some other adult tissues (Barker, van Es et al. 2007). This elegant work has reanimated the debate over the location of intestinal stem cells. Previously, van de Wetering et al. demonstrated that a
number of Wnt target genes were upregulated in colorectal cancer (CRC) (van de Wetering,
Sancho et al. 2002). In undertaking a systemic approach to determine if any of these genes
were specific to a single cell type within the crypt, they found that Lgr5 was exclusively
expressed in CBCs. They generated Lgr5 reporter mice, Lgr5GFPIRESCreERT2, where a
cassette containing green fluorescent protein (GFP) followed by an internal ribosomal entry
site (IRES) and a tamoxifen inducible Cre recombinase (CreERT2) was inserted at the
translation start site within the endogenous Lgr5 locus. In addition, they crossed
Lgr5GFPIRESCreERT2 mice with a Rosa26LacZ strain which contains a loxP flanked stop
codon upstream of the LacZ gene inserted within the endogenous Rosa26 locus. These mice
allowed lineage tracing experiments, where tamoxifen administration resulted in Cremediated removal of the stop codon upstream of LacZ resulting in permanent expression of
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this gene within Lgr5 expressing cells and their progeny. These experiments demonstrated
that Lgr5+ CBCs are multipotent for all mature intestinal epithelial cells, undergo selfrenewal, persist for long periods, and are resistant to irradiation (Barker, van Es et al. 2007).
Thus, these cells possess stem cell characteristics. In contrast to the current dogma that
adult stem cells are slow cycling or maintained in a prolonged quiescent state, the Lgr5
marked intestinal stem cells are rapidly cycling (divide every 24 hours) under homeostatic
conditions (Barker, van Es et al. 2007). Stem cells undergoing replication so often would be
more likely to develop and accumulate mutations. An underlying mechanism within CBCs
for preventing and repairing acquired mutations remains poorly understood. Future work
will be helpful to further our understanding of the nature of the Lgr5 marked stem cells.
It is very puzzling that two types of stem cells have been proposed in the field, with
one based on the quiescent feature of adult stem cells (+4 LRCs) and the other defined by
functional and genetic evidence (Lgr5+ CBCs). The identification and confirmation that
CBCs have stem cell properties represents a breakthrough in a longstanding effort to definitively locate ISCs; however, this seminal accomplishment might not exclude the possibility
that +4 LRCs are also intestinal stem cells. Indeed, several lines of evidence support +4
LRCs as ISCs. Many studies have identified molecules that co-localize with +4 LRCs, in an
attempt to discover specific stem cell markers. For example, Musashi-1 expressing cells
include +4 LRCs that are detected at sites where crypt fission, a stem cell property in supporting regeneration, is initiated (Figure 1-1 B)(He, Yin et al. 2007). Although Musashi-1
functions as an mRNA binding protein and inhibits transcription of mNumb, a Notch signaling pathway inhibitor, it is unknown whether Musashi-1 plays a functional role in ISC
regulation or intestinal differentiation (Imai, Tokunaga et al. 2001). sFRP5, a Wnt signaling
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antagonist known to be expressed in quiescent skin stem cells, identified as LRCs within
the bulge area of the hair follicle, is also present at the mRNA level in +4 cells (Figure 1-1
B) (Tumbar, Guasch et al. 2004; Gregorieff, Pinto et al. 2005). In addition, phosphorylated
(P)-phosphatase and tension homologue (PTEN) and P-Akt, as well as P-β-catenin , shown
to have enhanced activity following Akt phosphorylation at S552, are predominantly expressed in +4 LRCs and likely reflect the active state of these cells (Figure 1-1 B) (He,
Zhang et al. 2004; He, Yin et al. 2007). While some of these molecules, such as Musashi-1,
are also expressed in CBCs and early progenitors, co-localization with +4 LRCs seems to
specify a unique cell within the crypt. Moreover, recent evidence indicates that apoptosis in
the +4 LRCs may protect against intestinal cancer in mice (Demidov, Timofeev et al.
2007). In this study Wip1 phosphatase, shown to be primarily expressed in +4 LRCs, was
deleted leading to p53-mediated apoptosis of these cells which mitigated polyp and eventual adenocarcinoma development in APCmin mice (Demidov, Timofeev et al. 2007). Nevertheless, functional characterization is still required to determine whether the +4 LRCs
possess stem cell properties.
Although specific ablation of +4 cells yielded no apparent phenotype, implying that
+4 cells are in fact not stem cells and not requisite for intestinal epithelial regeneration, a
number of alternatives might need to be explored. First, it is possible that since multiple
cells exist within the annulus at the +4 position, other cells as well as stem cells may be
present at this location; thus proof that the cells eliminated were the LRCs that also express
the putative ISC markers described earlier would be required. Second, it is plausible that
two types of stem cells (CBCs and +4 LRCs) reside within the crypt, enabling restoration of
either stem cell after injury (Figure 1-1 C).
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We propose the following three possibilities to reconcile the controversial observations presented regarding ISC localization. First, CBCs represent the true intestinal stem
cell while the +4 LRC is an anomaly of the long term retention assay. Second, +4 LRCs
represent the actual intestinal stem cells, though recent evidence does not support this
model. Third, that both CBCs and +4 LRCs are stem cells, as mentioned in the preceding
paragraph. This third possibility merits further investigation as our current studies have
proposed that two subpopulations of hematopoeitic stem cells with distinct states (long term
quiescence vs. active cycling) exist within the bone marrow (Haug, He et al. 2008). In addition, the fact that Lgr5 is a Wnt responsive gene and labels cells preferentially at the base of
epithelial invaginations (e.g. the crypts within the stomach, small intestine and colon) may
indicate that expression of this receptor enables these cells to respond to signals emanating
from the mesenchyme at the base of these structures. Evidence has indicated that stem cells
within the stomach and hair follicle are located in areas distinct from the base of the epithelial invaginations, such as the neck and bulge regions, respectively (Cotsarelis, Sun et al.
1990; Karam and Leblond 1993; Morris and Potten 1999; Bjerknes and Cheng 2002; Blanpain, Lowry et al. 2004; Tumbar, Guasch et al. 2004). Therefore, perhaps these traditional
locations, initially identified using long term label retaining assays, identify stem cells that
exist in a prolonged quiescent state, reflecting their inhibitory microenvironment, whereas
the Lgr5 + cells represent a population of stem cells more ready to respond to stimulating
signals, for example BMP antagonists like Noggin or Gremlin generated from adjacent
mesenchymal cells (He, Zhang et al. 2004; Kosinski, Li et al. 2007). This would explain
both the slow cycling +4 LRC as well as the more rapidly cycling CBC. Thus, it may be
that in rapidly renewing adult tissues two stem cell compartments co-exist and work coor-
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dinately. The more active stem cell serves to maintain the regenerative capacities of these
tissues under homeostatic conditions, while the other, less affected by environmental stress
due to its quiescent state, is held in reserve (Figure 1-1 C).
Certainly, additional experimental data is required to determine if this stem cell subcompartmentalization is maintained in the intestine. For instance, specific ablation of Lgr5+
CBCs will indicate the singular importance of these cells as well as demonstrate whether +4
LRCs have the capacity to give rise to CBCs. Conversely, elimination of +4 LRCs, using a
marker that is restricted to this cell type, would signify its exclusive status and reveal if
CBCs are also able to replace lost +4 LRCs. Ultimately, it may be required to ablate both
cell types to confirm their mutual identity as ISCs. Finally, future experiments, perhaps
even live imaging, may be able to demonstrate cell migration and lineage potential within
the crypt and delineate the migratory patterns for these stem and progenitor cells and their
respective progeny.
Localization of intestinal stem cells is crucial because currently the study of ISCs is
based on indirect evidence in the form of tissue sections from normal or mutant mice. The
lack of an in vivo method for functional characterization of these cells as well as the inability to culture these cells in vitro requires that insights into stem cell regulatory pathways
within the intestine be derived solely from molecular histochemical analysis. However,
many important signaling pathways have been implicated, using currently available methods, in regulating stem cells as well as driving proliferation and differentiation with the intestinal epithelium. The putative ISC markers described above reflect the underlying
signaling pathways that may play a role in regulation of stem cell fate. These include Wnt,
BMP, PTEN-controlled PI3K/Akt, and Notch pathways. Looking into the functions of these
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pathways in the context of intestinal development, epithelial cell regeneration, and tumorigenesis will shed light on the roles of these signaling pathways in stem cell regulation.
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Figure 1-1 Model for 2 Types of Intestinal Stem Cells
(A) Pictorial representation of crypt-villus structure in the small intestine. A gradient of BMP signaling, known
to inhibit proliferation, is established along the crypt-villus axis, with relatively high activity throughout the
villus and correspondingly less activity within the crypt. An opposing gradient of Wnt signaling, providing an
important proliferative stimulus, is highest at the crypt base and decreases toward the crypt-villus junction. In
addition a very restricted gradient of BMP antagonists originates from stromal cells near the crypt base and
assists Wnt signaling in ISCs. (B) An enlarged view of a small intestinal crypt depicting 2 different stem cell
regions; a quiescent stem cell zone and an active stem cell zone. +4 LRCs are normally maintained in a
quiescent state through direct interaction with and signals generated from the niche, such as pericryptal
myofibroblasts and adjacent enteroendocrine cells within the +4 annulus. CBCs, continually activated by
signals generated from stromal cells at the crypt base, such as pericryptal myofibroblasts and smooth muscle
cells, are responsible for most of the regenerative capacity of the intestine under homeostatic conditions. (C)
Under various conditions of stress or injury, +4 LRCs may undergo transient activation to generate progenitors
as well as CBCs. In addition, CBCs may be capable of regenerating lost +4 LRCs. Both intrinsic and extrinsic
molecules known to associate with +4 LRCs, in both quiescent and transiently active states, as well as CBCs
are listed.
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1.3 Signaling Mechanisms Controlling Intestinal Stem Cell SelfRenewal, Proliferation, and Differentiation
1.3.1 Wnt Signaling
Wnt signals play an important role in the development and renewal of the intestinal
epithelium. The Wnt pathway is known to be involved in several different processes: maintaining stem/progenitor cells via cell cycle control and inhibition of differentiation, controlling migration and localization of epithelial cells along the crypt-villus axis, and directing
early secretory lineage development as well as terminal differentiation of Paneth cells. In
addition, alterations in Wnt activity are known to play a significant role in neoplastic development within the intestine (reviewed in (Sancho, Batlle et al. 2004; Radtke and Clevers
2005; de Lau, Barker et al. 2007)).
Wnt signaling includes canonical (β-catenin/TCF dependent) and non-canonical (βcatenin/TCF independent) pathways. Since non-canonical Wnt signaling has not been described within the intestine, we will focus herein on canonical signaling. In the absence of
Wnt ligands, free cytosolic β-catenin, not involved in junctional complexes at the membrane, is sequestered and targeted for degradation via the β-catenin destruction complex.
This complex is composed of tumor suppressors APC and Axin that act as protein scaffolds
as well as casein kinase I (CKI) and glycogen synthase kinase 3β (GSK3β). Upon binding
of β-catenin to the destruction complex, CKI phosphorylation of Ser 45 at the N-terminus
of β-catenin and the subsequent Ser/Thr phosphorylations by GSK3β result in its ubiquitination and proteosomal degradation by β-TrcP (an F-box containing E3 ubiquitin ligase)
(Rubinfeld, Albert et al. 1996; Hart, Concordet et al. 1999; Amit, Hatzubai et al. 2002).
Within the nucleus, lymphoid enhancer factor (LEF)/T-cell factor (TCF) transcription fac13

tors remain bound to co-repressors such as Groucho and repress Wnt pathway target genes
(Cavallo, Cox et al. 1998; Roose, Molenaar et al. 1998). To date, nineteen different Wnt
ligands have been described in mammals. These soluble cysteine-rich glycoprotein ligands
act in an autocrine or paracrine manner to initiate Wnt signals through the engagement of
the Wnt receptor complex composed of a Frizzled receptor (FZD 1-8) and a LDL related
protein co-receptor (LRP5 or LRP6). Activation of FZD/LRP receptors results in the inactivation of the β-catenin destruction complex. Although not completely understood, the
mechanism is thought to occur through Disheveled (Dsh), a protein which can bind the cytoplasmic tail of FZD receptors as well as Axin (Kishida, Yamamoto et al. 1999; Wong,
Bourdelas et al. 2003). Importantly, Dsh may facilitate recruitment of Axin to the LRP coreceptor thereby removing this important scaffold and destabilizing the β-catenin destruction complex. Interestingly, Axin binding to the cytoplasmic tail of LRP co-receptors is dependent on phosphorylation of a repetitive PPPsP motif (Tamai, Zeng et al. 2004). Upon
destabilization of the destruction complex, β-catenin translocates to the nucleus where it
binds LEF/TCF transcription factors and displaces the co-repressor Groucho. The βcatenin-LEF/TCF complex drives the transcription of Wnt target genes (Figure 1-2). In addition to β-catenin and LEF/TCF transcription factors, other proteins such as Pygopus,
BCL9.1 and BCL9.2 may facilitate chromatin binding as well as β-catenin nuclear import
or retention (de Lau, Barker et al. 2007).
The ligands thought to be responsible for canonical Wnt signaling within the small
intestine, Wnt3, Wnt6 and Wnt 9B, are restricted to crypt epithelial cells (Gregorieff, Pinto
et al. 2005). Crypt epithelial cells also express the corresponding Wnt receptors, frizzled 5,
6, 7 and co-receptors LRP5 and 6. Since Wnt signals and Wnt receptor expression are not
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seen in the myo-epithelial mesenchyme surrounding the crypt, a self-stimulating Wnt
mechanism was proposed (Gregorieff, Pinto et al. 2005).
Experimental alterations in the Wnt pathway have proven its importance as a stimulus for proliferation in the intestine. Tcf4 null mice display intestinal defects during embryonic development. The intervillus regions (crypt precursors), normally containing highly
proliferative cells, are shown to be composed entirely of non-cycling differentiated cells
resembling those found along the villus (Korinek, Barker et al. 1998). Transgenic or adenoviral expression of Dickkopf homologue 1 (Dkk1), a soluble Wnt inhibitor, results in loss of
crypts and decreased villus size and numbers in adult mice (Pinto, Gregorieff et al. 2003;
Kuhnert, Davis et al. 2004). Furthermore, crypt loss was also seen upon conditional loss of
β-catenin in the intestinal epithelium (Ireland, Kemp et al. 2004). Human patients with familial adenomatous polyposis (FAP) inherit inactivating mutations in one of the APC encoding alleles, predisposing them to numerous intestinal adenomas and subsequent
carcinoma development upon loss of heterozygosity (LOH) (Groden, Thliveris et al. 1991;
Joslyn, Carlson et al. 1991; Nakamura, Nishisho et al. 1991; Miyoshi, Ando et al. 1992;
Korinek, Barker et al. 1997). Loss of functional APC allows for the constitutive expression
and nuclear localization of β-catenin, resulting in overactive target gene expression and an
enlargement in crypt size due to an increase in proliferative cells. In fact, mutations in the
Wnt signaling cascade, including APC, may be the initiating event in most human colorectal cancers (Bienz and Clevers 2000). These experiments and others provide overwhelming
evidence for the importance of Wnt signaling in controlling crypt cell proliferation.
However, while global crypt epithelial cell proliferation in response to Wnt signaling is clear, the effects of Wnt on specific cell populations such as ISCs and progenitors
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continue to be explored. In fact, recent studies suggest that ISCs and progenitors respond
differentially to the same Wnt signals. In light of these results, accumulating evidence supports that other pathways may coordinate with Wnt signaling to distinguish the response of
stem vs. progenitor cells to Wnt. In addition, it is possible that cell-niche interactions as
well as receptor expression differences between these two cell types could lead to differing
effects in the presence of similar Wnt stimulatory signals. Recently, using a VillinCreERT/β-cateninfx/fx mouse model, Fevr, et al. showed that β-catenin loss within the intestinal epithelium resulted in the absence of proliferating cells within 2 days, loss of crypts
within 4 days, and death from intestinal failure by 6 days (Fevr, Robine et al. 2007). They
also demonstrated that long term 3H-thymidine labeled cells, corresponding to putative +4
LRCs, differentiated into non-cycling Fatty Acid Binding Protein (FABP) expressing enterocytes within a few days under these conditions. These results suggest that Wnt signaling
maintains putative ISCs in an undifferentiated state in addition to driving self-renewal and
proliferation within putative ISCs and progenitors respectively (Figure 1-2). Interestingly,
they also demonstrated active Wnt signaling, evaluated by Conductin(Axin2) driven LacZ,
to be greatest in Paneth cells and positions 2-6 corresponding to a region where ISCs are
thought to be located, whereas Wnt signaling was present but less prominent in positions 610 where the transit amplifying (TA) progenitors reside. These results were confirmed
based on mitotic figure frequency (Fevr, Robine et al. 2007). This evidence seems to indicate that Wnt signaling is more active in stem/early progenitors than in TA progenitors,
perhaps resulting in different Wnt mediated effects within these two populations. In other
tissues where stem cell location has been well defined, Wnt signaling has been shown to
have specific roles in regulating stem cell behavior. For instance, Wnt activity directs fol-
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licular lineage development from epidermal stem cells located in the bulge region
(Huelsken, Vogel et al. 2001). In addition, TCF3 is preferentially expressed in these cells
implicating Wnt signaling in the maintenance of this cell type (Nguyen, Rendl et al. 2006).
Furthermore, self-renewal in hematopoeitic stem cells (HSCs) has been demonstrated to be
regulated by the Wnt pathway (Reya, Duncan et al. 2003). Finally, Wnt activation increased
the number of neural progenitor cells presumably derived from neural stem cells (NSCs)
(Zechner, Fujita et al. 2003).
Cellular differentiation within the intestine is a very ordered process, whereby cells
are generated near or at the crypt base and then proceed to migrate toward the villus during
which time they mature and differentiate. Therefore, the position of an intestinal epithelial
cell within the crypt is directly related to its differentiation and proliferative status.
Eph/Ephrin molecules, known to play a role in maintaining cellular boundaries as well as
establishing migratory paths, have been identified as Wnt pathway target genes and shown
to segregate cells along the crypt-villus axis (Xu, Mellitzer et al. 1999; Shih, Wang et al.
2001; Batlle, Henderson et al. 2002; van de Wetering, Sancho et al. 2002). Expression of
these molecules, namely EphB receptors and Ephrin-B ligands, within the intestine is regulated via the β-catenin/TCF transcription complex (Figure 1-3). Thus, Wnt signaling plays a
critical role in defining intestinal epithelial cell state by regulating differentiation and proliferation as well as location. In APC mutant mice, in addition to enlargement of crypt size,
normal migration up the crypt-villus axis is inhibited such that the proliferative crypt progenitors maintain their attraction to the mesenchyme (Sansom, Reed et al. 2004; Andreu,
Colnot et al. 2005). In adult mice, deletion of EphB2 results in mislocalization of early progenitors, normally located just above Paneth cells, to positions throughout the crypt and vil-
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lus. Similarly, deletion of EphB3 results in aberrantly localized Paneth cells. In addition,
loss or inhibition of upstream components of the Wnt pathway has similar effects on cell
localization providing further evidence that EphB/Ephrin-B expression is controlled via the
Wnt pathway (Pinto, Gregorieff et al. 2003; Kuhnert, Davis et al. 2004; Fevr, Robine et al.
2007).
Along with Wnt signals, EphB receptors and Ephrin-B transmembrane ligands are
distributed in a gradient along the crypt and villus. EphB2, not present on Paneth cells, is
expressed on CBCs and decreases in expression from just above the Paneth cells towards
the crypt top, while EphB3 expression is restricted to CBCs and Paneth cells at the crypt
base (Batlle, Henderson et al. 2002). This gradient of EphB receptor expression mirrors the
Wnt gradient within the crypt, as Wnt signals are strongest near the base and become more
diffuse towards the crypt-villus junction (Batlle, Henderson et al. 2002). Conversely, Ephrin-B1 and Ephrin-B2 are expressed on differentiated cells along the villus, decreasing from
the crypt-villus junction towards the base of the crypt where Paneth cells display a complete
absence of Ephrin-B ligand expression (Batlle, Henderson et al. 2002). Thus, differential
EphB2 and Ephrin-B expression ultimately specifies crypt cell position due to the repellant
effects of EphB-Ephrin-B interaction. As cells migrate upward along the crypt and farther
from the Wnt source, present at the crypt base, EphB expression decreases and Ephrin-B
ligand expression increases, thereby preventing downward migration. In addition, since Paneth cells only express EphB3, their upward migration is prohibited, and subsequently they
are forced to remain at the crypt base (Figure 1-3). Besides the role of EphB/Ephrin-B signaling in regulating intestinal cell migration under homeostatic conditions, EphB2 expression correlates with tumor progression within the intestine. While all dysplastic aberrant
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crypt foci, the earliest stage of tumor development, retain EphB receptor expression, extensive loss is observed at later stages (Batlle, Bacani et al. 2005). In fact, almost all adenocarcinomas display significant reduction of EphB2 expression indicating that the acquisition of
invasive properties may require downregulation of this molecule (Batlle, Bacani et al.
2005). Furthermore, recent reports have indicated that lack of EphB2 expression is a poor
prognostic indicator in human CRC underscoring its importance (Jubb, Zhong et al. 2005;
Lugli, Zlobec et al. 2007). Interestingly, although inactivating mechanisms such as mutation
and promoter methylation have been explored, the mechanism of EphB downregulation in
CRC remains unknown. Of note, recently EphB receptors have also been shown to positively affect progenitor proliferation independent of migration. Specifically, upon loss of
EphB2/EphB3, stem/progenitor cell proliferation decreased while constitutive activation
resulted in increased cell cycle re-entry (Holmberg, Genander et al. 2006). Thus, the tumor
suppressor role of EphB receptors is likely related to migrational effects, while Eph driven
proliferation which contributes to adenoma growth may be governed by other mitogenic
signals upon loss of EphB expression and subsequent invasion (Holmberg, Genander et al.
2006).
Wnt signaling has also been shown to affect cell fate determination. Tcf4 null mice
contain goblet cells and enterocytes but lack enteroendocrine cells (Korinek, Barker et al.
1998). Transgenic overexpression of Dkk1 results in normal enterocytes but almost complete absence of secretory cell types (Pinto, Gregorieff et al. 2003). However, mutating
APC, to constitutively activate the Wnt pathway, results in a decrease in differentiation of
all but Paneth cells (Sansom, Reed et al. 2004; Andreu, Colnot et al. 2005). Thus, increased
Wnt signals in secretory progenitors could impede terminal development by maintaining
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progenitors in an undifferentiated state. Coupled with the fact that canonical Wnt signaling
does not occur among differentiated cells along the villus, these data suggest that Wnt signaling may be used to program immature cells toward a secretory fate while they remain
within the crypt (Figure 1-4).
Even though Wnt signals have been shown to affect early secretory lineage development, possibly via effects on an early secretory progenitor, Wnt activation also has divergent effects on the maturation of specific secretory cell types. For instance, recent results
suggest that Wnt signaling is not required for enteroendocrine maturation. In fact, as enteroendocrine cells mature, they lose their ability to respond to aberrant Wnt pathway activation (Wang, Giel-Moloney et al. 2007). In contrast, Wnt activity has been demonstrated
to play a critical role in Paneth cell development, providing an example of the paradoxical
roles of Wnt signaling within the intestine (Figure 1-4). Initial experiments indicated that
Fz-5 was specifically expressed in Paneth cells, and conditional deletion of Fz-5 resulted in
immature Paneth cells randomly scattered throughout the crypt-villus axis (van Es, Jay et al.
2005). These results are explained by Wnt dependent expression of EphB3, MMP-7 and
Cryptdin which are crucial in Paneth cell localization and maturation (van Es, Jay et al.
2005). Recently, Sox9 was also identified as a crucial Wnt dependent gene in Paneth cell
maturation, as the Sox9 conditional knockout displays a complete absence of Paneth cells
(Bastide, Darido et al. 2007; Mori-Akiyama, van den Born et al. 2007). The difference between the Fz-5 and Sox-9 conditional knockout mice has yet to be explained, although these
experiments used different promoter elements to drive Cre expression. Additionally, it is
possible that Sox-9 expression precedes Fz-5 dependent Paneth cell maturation. Interestingly, Sox9 knockout affects more than just early Paneth cell commitment since Sox9 mu-
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tant mice display an increase in crypt cell proliferation as well as an increased number of
cells expressing c-MYC and CyclinD1, indicating that Sox9 may play a role in negative
feedback of the Wnt pathway (Bastide, Darido et al. 2007). Furthermore, Sox9 deletion in
CRC cell lines resulted in the downregulation of several groucho-related co-repressors,
which bind TCF transcription factors to form inactivation complexes (Bastide, Darido et al.
2007). Also, in the absence of Sox9 there is a 40% reduction in goblet cells in the small intestine as well as distinct effects on morphology and proliferation within the colon (Bastide,
Darido et al. 2007). These results suggest that along with driving early Paneth cell commitment, Sox9 plays a more global role perhaps in regulating Wnt effects like proliferation
via negative feedback control as well as affecting secretory lineage development, specifically with regard to Paneth cells and perhaps goblet cells (Figure 1-4).
It is interesting to speculate concerning the effect of Paneth cell absence on CBCs.
Since Paneth cells lie immediately adjacent to CBCs, it is possible that this mature cell type
constitutes part of an intestinal stem cell niche. In fact, Sox9 mutants display an increase in
Musashi-1 expressing cells within the crypt (Bastide, Darido et al. 2007). Although this increase was attributed to a direct effect of Sox9 within ISCs/progenitors, it may be possible
that the increased proliferation seen in Sox9 mutant mice was due to absence of niche ISC
regulation. It was also recently proposed that enteroendocrine cells, known to exist within
the annulus at the +4 position and to secrete growth inhibitory peptides, could represent a
possible stem cell niche facilitating quiescence in the +4 LRC (Radford and Lobachevsky
2006) (Figure 1-1 B).
In summary, Wnt signaling is known to play several roles within the intestine. It
acts as a permissive signal within the crypt, through upregulation of β-catenin target genes
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such as c-MYC and CyclinD1, to promote cell proliferation (Figure 1-2). In addition, it
maintains stem/progenitors in an undifferentiated state. Wnt signals may also be interpreted
in a context dependent manner and thus mediate cell specific effects between stem cells and
progenitors. In addition, the Wnt gradient defines EphB expression and subsequent compartmentalization into Paneth cell, proliferative and differentiation zones along the cryptvillus axis, thereby indirectly maintaining stem cell or progenitor status (Figure 1-3). Furthermore, Wnt signaling may be involved in specifying secretory lineage development
through an early tri-potential progenitor, whereas Wnt-dependent maturation of these cell
types is lineage specific (Figure 1-4).
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Figure 1-2 Signaling Pathways Within the Crypt – ISC Activation
Outline of Notch, Wnt, PI3K, and BMP pathways and their potential points of interaction. As mentioned, most
of the data regarding pathways involved in regulating ISC activation are based on +4 LRCs. Normally +4 LRCs
are maintained in a quiescent state through canonical BMP signaling via the transcriptional effects of SMADs
and/or possible regulation of PTEN and subsequent inhibition of PI3K signaling. In addition, Wnt inhibitors,
such as secreted frizzled-related proteins (sFRPs), act to hinder Wnt mediated effects. Transient activation of +4
LRCs is coordinately regulated by Wnt pathway activation, expression of BMP antagonists, such as Noggin that
abrogate BMP inhibition, as well as PI3K activity. Induction of the PI3K pathway results in Akt activation and
subsequent C-terminal S552 phosphorylation of β-catenin which likely affects the nuclear activity of this
molecule. Thus, Akt assists Wnt-induced β-catenin activation that promotes cell cycle entry and progression
within these putative ISCs. Evidence also suggests that Notch pathway activation may be permissive for Wnt
induced crypt cell proliferation.
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Figure 1-3 Signaling Pathways Within the Crypt - Migration
Interaction between Ephrin B ligands and EphB receptors directs cellular localization and migratory behavior
within the crypt. Cell location dictates cell state by defining exposure levels to secreted molecules and niche
interactions. A gradient of Ephrin B1/B2 ligands exists within the crypt with cells at the crypt-villus junction
expressing high levels of these molecules. An opposing gradient of EphB2 expression exists beginning at the
crypt base. Thus the level of Ephrin B ligand and Wnt-induced EphB expression determines cell location.
Interestingly, Paneth cells express EphB3 and no Ephrin B ligands, thereby restricting these cells to the crypt
base. CBCs express both EphB3 and EphB2 while +4 LRCs express high levels of EphB2, restricting their
upward migration of these cell types and ensuring that they are localized near their respective niches.
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Figure 1-4 Signaling Pathways Within the Crypt - Differentiation
Intestinal stem cells are thought to give rise to both secretory and absorptive progenitors, which are
responsible for generating the mature cell types within their respective lineages. As putative ISCs, both +4
LRCs and CBCs may be able to produce both progenitor types as well as regenerate one another; however,
thus far only CBCs have been shown to directly contribute to the major intestinal epithelial lineages.
Secretory progenitors are directed and maintained through expression of Math-1 and Wnt-induced Sox9.
Further expression of lineage specific transcription factors, such as Klf-4 for goblet cells, Ngn-3 for
enteroendocrine cells, and β-catenin for Paneth cells promote maturation of these terminally differentiated
secretory cells. Although Wnt signals are important for secretory progenitor maintenance and terminal Paneth
cell maturation, BMP signals have recently been implicated in directing maturation of all 3 secretory cell
types. Notch signaling activates Hes1, a bHLH transcription factor, which inhibits Math-1 and directs
development of an absorptive progenitor and ultimately mature enterocytes.
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1.3.2 Other Signaling Networks
While Wnt signals within the intestine are involved in many roles, other pathways,
including BMP, PTEN controlled PI3K, and Notch signaling networks have been shown to
work in concert with canonical Wnt signaling in controlling cell proliferation and fate determination within the intestine. Moreover, the intestine has been shown to display intricate
and complex coordinate signals ultimately responsible for the observed status of both normal and tumorigenic tissue.

1.3.2.1

BMP Signaling

BMPs belong to the TGF-β family and bind to the complex of BMP receptor type I
(IA, IB, or ALK2) and type II (II, Activin receptor IIA or IIB). This engagement results in
phosphorylation of downstream Smad proteins. Phosphorylated Smad1, 5, or 8 associates
with Smad4, and the heterodimeric complex translocates into the nucleus and activates transcription (Figure 2). BMP signaling has been shown to be important in both intestinal development and homeostasis. BMP4 is expressed by mesenchymal cells within the
intravillus mesenchyme in both fetal and adult intestine (Haramis, Begthel et al. 2004). Corresponding expression of BMPR1A as well as active BMP signaling, indicated by phosphorylation of Smad1, 5, and 8, is seen throughout the villus epithelium (Haramis, Begthel
et al. 2004; He, Zhang et al. 2004). In the adult, BMP4 has also been identified in mesenchymal cells surrounding the crypt, specifically adjacent to +4 LRCs which, along with Paneth cells, highly express BMPR1A within the crypt and also display signs of active BMP
signaling (He, Zhang et al. 2004). In addition, expression of Noggin, a BMP antagonist, has
been detected in the submucosal region adjacent to the crypt base as well as dynamically in
+4 cells (He, Zhang et al. 2004). While, BMPR1A, BMP2 , and BMP4 null mice are em26

bryonic lethal, conditional ablation of BMPR1A has revealed that BMP signals serve to antagonize crypt formation and ISC self-renewal, suggesting a role for BMP signaling in restricting the physical space for each crypt by controlling the ISC number (Haramis, Begthel
et al. 2004; He, Zhang et al. 2004). In addition, these results have implied that while Wnt
signaling is necessary for ISC activation, other signals may also be involved. Active Wnt
signaling is present throughout the stem/progenitor compartment, indicated by phosphorylated LRP6: however, nuclear β-catenin is primarily present in cells near the crypt base including +4 LRCs (He, Zhang et al. 2004). Moreover, the dominant expression of BMPR1A
on these cells, as well as BMP ligand and Noggin expression by adjacent stromal cells,
suggests that BMP/Noggin signaling also plays a role in controlling activation and proliferation of +4 LRCs (He, Zhang et al. 2004) (Figure 1B). These results also support the idea,
as indicated in the previous section, that Wnt signaling effects may be context dependent
and thus exert different effects on ISCs versus progenitors. Additionally, other molecules,
ultimately providing a link between the BMP and Wnt pathways, were identified from these
experiments.
Nuclear β-catenin was significantly increased upon both BMPR1A inactivation and
overexpression of Noggin, suggesting crosstalk between BMP and Wnt pathways. Specifically, BMPR1A mutants displayed greater numbers of crypts and ISCs, expressing nuclear
β-catenin, in polyp regions than did normal mice (He, Zhang et al. 2004). Noggin treatment
of ex vivo cultured intestine also led to increased nuclear β-catenin in the stem cell compartment (He, Zhang et al. 2004). Moreover, recent analysis of stromal fibroblasts in multiple human tumors showed increased expression of BMP antagonists such as Gremlin1.
Indeed, these Gremlin1 expressing stromal fibroblasts were required to support tumor cell
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expansion in vitro (Sneddon, Zhen et al. 2006). While direct analysis of BMP antagonists
on Wnt pathway activity was not performed in these experiments, others have shown increased nuclear β-catenin in tumor cells at the invasive front just adjacent to surrounding
stromal cells (Brabletz, Jung et al. 2001). It is thought that this increase in nuclear β-catenin
is associated with an epithelial to mesenchymal (EMT) transition involved in tumor invasion (Hlubek, Brabletz et al. 2007). In separate experiments, Gremlin1, Gremlin2 and
Chordin1, all BMP antagonists, were found to be expressed in intestinal subepithelial myofibroblasts at the crypt base (Kosinski, Li et al. 2007). In addition, treatment of intestinal
epithelial cell lines with Gremlin1 induced a significant increase in Axin2, a Wnt target
gene (Kosinski, Li et al. 2007). Taken together these results suggest that BMP antagonists
likely coordinate with Wnt signals to provide a niche permissive for both ISC and tumor
cell self-renewal and proliferation (Figure 1A).
Interaction between BMP and Wnt signaling pathways has been found in flies during development (reviewed in (von Bubnoff and Cho 2001)). However, how these two
pathways interact in the intestinal system in the mammalian adult is not well understood.
One possibility is that the canonical BMP-Smad pathway influences transcription of Wnt
pathway components. In humans, genetic mutation of Smad4 was shown to result in intestinal polyposis, in which overgrowth of stromal cells was prominent (Howe, Roth et al.
1998). Interestingly, there was a report showing that mutation in Smad4 within T lymphocytes can cause regional polyposis, albeit with low frequency, suggesting that inflammatory
cells with a TGFβ-Smad4 signaling defect contribute to polyposis formation (Kim, Li et al.
2006). A more severe phenotype was seen in the BMPR1A knockout than that observed in
the interferon γ inducible Smad4 conditional mutant (Mx-1-Cre/Smad4fx/fx) (preliminary ob-
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servation), suggesting BMPR1A might regulate other signaling pathways in addition to canonical BMP-Smad signaling. Given the similar intestinal lesions in human patients with
either BMPR1A (Juvenile Polyposis Syndrome (JPS)) or PTEN (Cowden syndrome) mutations (Liaw, Marsh et al. 1997; Howe, Bair et al. 2001), it was proposed that BMP signaling
might interact with PTEN (Figure 2) (Waite and Eng 2003). The fact that BMP was shown
to increase the stability of PTEN biochemically seems to support this argument (see details
in the PTEN section) (Waite and Eng 2003).
Although BMP signaling clearly plays an important role in tumorigenesis as noted
previously, the differential contributions of the epithelia and stroma in polyp formation, in
the context of aberrant BMP signaling, had not been explored until recently. Conditional
loss of BMP signaling, in both the intestinal stroma and epithelium, or transgenic overexpression of Noggin, results in increased crypt numbers and ultimately leads to the development of hamartomatous polyps similar to the histological features present in patients with
JPS (Howe, Ringold et al. 1998; Howe, Roth et al. 1998; Howe, Bair et al. 2001; Haramis,
Begthel et al. 2004; He, Zhang et al. 2004). Although initially it was believed that epithelial
loss of BMP signaling drove polyp formation, recent evidence indicates that stromal effects
are important. As indicated previously, Smad4 mutation in T lymphocytes within the intestine resulted in polyp development. Furthermore, Au Clair et al. demonstrated, using an
epithelial specific conditional BMPR1A knockout model, that while crypt fission and proliferation increase, polyp development did not ensue (Auclair, Benoit et al. 2007). In addition
to proliferative effects, Au Clair et al. discovered BMP signaling to be important in the
maturation of all three secretory cell types (Figure 4). Specifically, Villin-Cre BMPR1Afx/fx
mutant mice display defects in goblet, enteroendocrine and Paneth cell maturation, as indi-
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cated by cellular morphology and decreased expression of specific terminal differentiation
markers (Auclair, Benoit et al. 2007). Interestingly, epithelial overexpression of Noggin
was not reported to have these same effects (Haramis, Begthel et al. 2004), although Au
Clair et al. used a larger Villin promoter construct reported to be more effective (Madison,
Dunbar et al. 2002; Auclair, Benoit et al. 2007). These results suggest that while loss of
BMP signaling results in epithelial specific effects, stromal involvement is required for tumor development.

1.3.2.2

PTEN/PI3K Signaling

The PI3K pathway plays an important role in cell survival, proliferation, growth and
tumorigenesis. Central to this pathway is PI3K, a lipid kinase, composed of both a regulatory subunit, p85, and a catalytic subunit, p110. While there are 3 different classes of
PI3Ks, class Ia molecules have been the most well described and remain the most relevant
in tumorigenesis. The p85-p110 complex is normally inactive and localized in the cytoplasm. The p85 subunit contains two SH2 domains flanking the p110 binding domain, as
well as an N-terminal SH3 domain and a BCR domain, both thought to inhibit the catalytic
activity of p110. The p110 subunit contains p85 and Ras binding regions, a kinase domain
and a C2 domain that facilitates attachment to the plasma membrane. Upon ligand binding
and receptor tyrosine kinase (RTK) autophosphorylation, class Ia PI3K molecules can be
activated by several mechanisms. The p85 subunit can bind to either phospho-tyrosine residues on RTKs or phospho-tyrosines on adaptor proteins bound to RTKs via p85 SH2 domains, thereby localizing the PI3K molecule near its lipid substrate, PtdIns(4,5)P2 (PIP2), at
the plasma membrane. Furthermore, p85-RTK binding is thought to relieve inhibition of the
p110 subunit. In addition, Ras, activated downstream of RTKs, can directly bind and acti-
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vate the p110 subunit. Once active, PI3K phosphorylates PIP2 at the 3-position on the inositol ring, resulting in the formation of PtdIns(3,4,5)P3 (PIP3). PIP3 levels are tightly controlled and mediate recruitment of Akt (PKB) and PDK1, both Ser/Thr kinases, via their
respective PH (Plekstrin homology) domains. Once localized to the membrane, PDK1
phosphorylates Akt at Thr308. Additional phosphorylation at Ser473 results in complete
activation of Akt, the main effector kinase of this pathway. Interestingly a single lipid and
protein phosphatase, PTEN, serves as a focal control point for the PI3K pathway. When unphosphorylated, PTEN is active and converts PIP3 into PIP2, thereby inhibiting Akt activation, whereas PTEN inactivation, via phosphorylation, leads to the opposite effect (Figure
2) (reviewed in (Vivanco and Sawyers 2002; Cully, You et al. 2006)).
Akt has multiple targets through which it elicits many of the cellular effects attributed to the PI3K pathway, specifically anti-apoptotic effects, cell cycle progression, and
increased translation. Akt mediates several processes leading to increased cell survival. Akt
phosphorylates both BAD and Caspase 9, thereby mitigating their pro-apoptotic effects.
Additionally, Akt can phosphorylate and inactivate FOXOs (Forkhead box transcription
factors) known to drive the expression of pro-apoptotic genes such as BIM. Furthermore,
Akt can activate Mdm2 resulting in decreased levels of p53. With regard to promoting cell
cycle progression, Akt inhibits GSK3β, known to phosphorylate and promote the degradation of CyclinD1 and c-MYC, two molecules involved in progression through the G1/S
phase. In addition, Akt can lead to increased levels of CyclinD1 and decreased levels of cell
cycle inhibitors like p27KIP1, via inhibition of FOXO activity. Akt can also directly inactivate p27KIP1. Finally, Akt can lead to increased mTOR activity. When unphosphorylated,
tuberous sclerosis protein 2 (TSC2) binds to tuberous sclerosis protein 1 (TSC1) forming a
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complex. This complex functions as a GAP (GTPase activating protein) to decrease the
amount of GTP-bound RHEB, the primary activator of mTOR. Akt phosphorylates TSC2
inhibiting the GAP function of the TSC1/2 complex and leading to increased mTOR activity, resulting in increased mRNA translation and subsequent cell growth (reviewed in
(Vivanco and Sawyers 2002; Cully, You et al. 2006)).
As the processes of cellular proliferation and growth and survival are inherent features within tumor cells, it is no surprise that overstimulation of this pathway is seen in a
wide variety of human neoplasms. Indeed, genetic events affecting PI3K pathway components have been observed in gliobastomas, breast, endometrial and ovarian cancers, hepatocellular and renal cell carcinomas, as well as cancers of the hematopoeitic and
gastrointestinal systems (Mutter 2001; Vivanco and Sawyers 2002).
Within the intestine, over 40% of human colorectal carcinomas harbor mutations affecting PI3K pathway components. Interestingly, a large number of these genetic alterations
result in reduced or absent PTEN function (Parsons, Wang et al. 2005). Recent studies using mouse models have yielded information linking the PTEN/PI3K pathway with other
signaling pathways involved in promoting intestinal tumorigenesis as well as homeostasis.
As mentioned previously, while active Wnt signaling is found throughout the proliferative compartment within the crypt, β-catenin transcriptional activity, as measured using
TOP-GAL reporter mice, is restricted to a subset of crypt cells including +4 LRCs (He,
Zhang et al. 2004). As with BMP inhibition, studies have shown that, along with Wnt signals that are clearly permissive for proliferation, PI3K pathway activation enhances ISC
self-renewal. Phosphorylated (P)-PTEN and P-Akt, indicating an active PI3K pathway, are
predominantly expressed in +4 LRCs, and P-Akt has been shown to affect the transcrip-
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tional activity of β-catenin, the primary effector of canonical Wnt signaling (He, Zhang et
al. 2004) (Figure 2). Indeed, PTEN inhibition of Akt was shown to restrict nuclear accumulation of β-catenin (Persad, Troussard et al. 2001). Thus, in the context of growth factor receptor signaling that initiates the PI3K pathway, the activation state of PTEN may be
involved in regulation of ISC self-renewal. Since BMP and non-phosphorylated PTEN both
antagonize β-catenin transcriptional activation, it is possible that BMP signaling controls
the activity of PTEN (Figure 2). In fact, BMP was reported to enhance PTEN activity supporting this idea (Waite and Eng 2003; Waite and Eng 2003). Furthermore, we have shown
that within +4 LRCs, BMP positively regulates PTEN activity, while Noggin, a BMP antagonist, has the opposite effect (He, Zhang et al. 2004). These experiments also revealed
that BMP signaling inhibits β-catenin activity, at least in part via activation of PTEN, and
that this inhibition can be overcome by Noggin. Supporting this, Noggin transgenic mice
display enhanced intestinal Wnt activity (Haramis, Begthel et al. 2004), and Noggin-Wnt
coordination, within follicle stem cells, initiates the hair growth cycle (Jamora, DasGupta et
al. 2003). While BMP may directly affect PTEN activity, it is also possible that BMP signaling counters Wnt/β-catenin via transcriptional control through SMAD4, since mutations
in this molecule also result in intestinal polyposis (Howe, Roth et al. 1998). Thus, we proposed that transient Noggin expression within the crypt may relieve BMP inhibition and, in
the context of Wnt signals, allow ISC proliferation to proceed (He, Zhang et al. 2005) (Figure 1B and 2).
Investigation of PTEN defects within the intestine supports the idea that PI3K/Akt
signaling converges with Wnt/β-catenin activation. Similar to the phenotypes of conditional
BMPR1A knockout mice and Noggin transgenic mice, conditional induction of PTEN dele-
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tion in both epithelial and stromal cells in the intestine results in polyp formation. This pathology recapitulates conditions found in human patients with inherited PTEN mutations
(Cowden Disease) featuring hamartomatous polyps, where both epithelial and stromal cells
contribute to disease development (Liaw, Marsh et al. 1997).
The observation that PTEN inactivation in both epithelial and stromal cells in intestine leads to subsequent Akt activation and Wnt induced nuclear translocation of β-catenin
supports the idea described above (He, Zhang et al. 2004). However, mutual signaling between stromal and epithelial cells, reflecting both extrinsic and intrinsic mechanisms for
ISC and progenitor cell regulation, is more complicated than what was expected (He, Yin et
al. 2007). This is particularly the case for PTEN as a negative regulator of PI3K; loss of
PTEN in epithelial cells is not sufficient, and other external stimulating signals, from stromal cells, are required to activate the PI3K-Akt pathway.
Intriguingly, the widespread inactivation of PTEN, in mice, induced by Mx1-Cre,
resulted in both de novo crypt formation and crypt fission, also seen in transgenic mice with
BMPR1A deletion and overexpression of Noggin (Haramis, Begthel et al. 2004; He, Zhang
et al. 2004; He, Yin et al. 2007). Crypt generation occurs through two mechanisms. de novo
crypt formation, also known as crypt neogenesis, occurs immediately after birth and does
not occur within normal adult intestine. This process is initiated by clusters of cells, presumably containing ISCs, present within the intervillus epithelium. These cells serve as initiating foci for the remodeling of surrounding tissue ultimately resulting in crypt formation
(Totafurno, Bjerknes et al. 1987; Bjerknes and Cheng 2005). Another crypt generating
mechanism is crypt fission or branching. In this method, crypt duplication occurs along the
longitudinal axis and is initiated near the crypt base. This has been suggested to occur when
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the number of ISCs present within a given crypt reaches a certain threshold (Brittan and
Wright 2002). Crypt fission accounts for the rapid increase in crypt number seen in the
post-natal period. In addition, crypt fission occurs during normal regenerative processes in
response to injury in the adult (Bjerknes and Cheng 2005; Leedham, Brittan et al. 2005;
Dekaney, Fong et al. 2007). Interestingly, both crypt neogenesis and crypt fission, initiated
by aberrant regulation at the stem cell level, have been shown to contribute to increases in
crypt number seen within intestinal tumors in mutant mice.
Our studies of PTEN deficient mice, coupled with previous reports, provide evidence supporting PTEN as a regulator of Akt and elucidating a mechanism whereby this
pathway converges on Wnt signaling components (He, Zhang et al. 2004; He, Yin et al.
2007). We have shown that active Akt may induce phosphorylation of β-catenin at multiple
Ser/Thr sites including S552. These phosphorylations may coordinate with Wnt signals to
enhance the nuclear activity of β-catenin (Figure 2). Supporting this argument, Akt S552
phosphorylation of β-catenin was observed in cells at the initiating points of both de novo
crypt formation and crypt fission and was more frequently observed in PTEN mutant mice
polyps (He, Yin et al. 2007). Thus, coupled with Wnt pathway stimulation, inhibition of
BMP signaling, via transient expression of BMP antagonists, may lead to Akt activation
that enhances β-catenin nuclear activity promoting ISC self-renewal and proliferation (Figure 2). Supporting this conclusion, BMP antagonists (discussed in the BMP section) were
found to be expressed by stromal cells near the crypt base, such as pericryptal myofibroblasts, and to increase Wnt activity (Figure 1A, B and Figure 2) (Kosinski, Li et al. 2007).
These results provide further evidence for the importance of BMP pathway inhibition required for ISC activation as well as supporting the idea that myofibroblasts and smooth
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muscle cells surrounding the crypt base may constitute a stem/progenitor niche environment
(Mills and Gordon 2001).

1.3.2.3

Notch Signaling

Similar to BMP signaling, the Notch pathway in combination with Wnt signaling
has been shown to be important in regulating proliferation as well as lineage commitment
within the intestine (Figure 4). Notch signals control a broad spectrum of cell fate decisions
in various tissues. Engagement of Notch receptors, Delta or Jagged, by Notch ligands induces proteolytic cleavage of the receptor by gamma secretase. The cleaved Notch receptor
(NICD) translocates into the nucleus, resulting in an active transcriptional complex with
RBP-jκ (CSL or CBF-1). Notch signal activation induces hairy/enhancer of split (Hes) expression. Hes1, a basic helix-loop-helix (bHLH) transcription factor, in turn activates target
gene expression that ultimately regulates proliferation and differentiation (Figure 2).
Notch1 is expressed in crypt epithelial cells, and weak Notch2 expression was also seen in
the crypts. Delta-like (Dll) 1 and 3, and Jagged-1 are also expressed in crypt epithelium
while Dll-3 and Jag-2 are not (Schroder and Gossler 2002). The important role of Notch
signaling in the intestine has been revealed through several knockout mice studies. RBP-Jκ
conditional knockout mice or treatment with gamma secretase inhibitor, results in secretory
cell expansion at the expense of enterocytes and epithelial proliferation (van Es and Clevers
2005). A similar phenotype was seen in young Hes1 deficient mice, but its effect in adult
mice has not been determined due to its early lethality (Jensen, Pedersen et al. 2000). Conversely, mutations causing constitutive Notch activation result in depletion of secretory
lineage cells and increased proliferation (Fre, Huyghe et al. 2005).
Atoh1 (Math1 for mouse, Hath1 for human), another bHLH transcription factor, is
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negatively regulated via Notch signaling and expressed in secretory progenitor and mature
secretory cells (Yang, Bermingham et al. 2001; Pinto, Gregorieff et al. 2003) (Figure 4).
With Notch activation, Atoh1 is repressed in a Hes1 dependent manner, and conversely
Atoh1 is significantly upregulated in RBP-Jκ knockout mice (van Es and Clevers 2005).
Based on the finding that depletion of three secretory lineages was seen in Atoh1 deficient
mice, it is proposed that Atoh1 expression in progenitor cells specifies an early secretory
fate decision. Consistent with this, Neurogenin3 (Ngn3), Gfi-1 and other transcription factors known to regulate secretory lineages have been reported to be downstream of Atoh1
(Schonhoff, Giel-Moloney et al. 2004; Amann, Chyla et al. 2005; Shroyer, Wallis et al.
2005). However Atoh1 is also expressed in mature secretory cells, thus it is also possible
that Atoh1 functions in the maintenance of secretory lineages rather than inducing lineage
programming. This evidence has led to a proposed secretory and absorptive progenitor that
represents early fate decisions down these two lineage paths. However, early attempts at
lineage tracing using a somatic mutagenesis assay failed to show any mutated clones consisting of all three secretory lineages (Bjerknes and Cheng 1999). Thus, further studies are
needed to determine the existence of these progenitors.
Interestingly, undifferentiated cells in adenomas from APCmin mice express Hes1,
and gamma-secretase inhibitor halts the proliferation of adenomas with conversion of many
cells into post-mitotic goblet cells (van Es and Clevers 2005). Furthermore, since defects in
migration and differentiation of Paneth cells have not been described in Notch mutants, this
signaling pathway seems to be specifically permissive for the proliferative function of Wnt
signaling. The fact that Axin2 was unaffected in NICD transgenic mice in fetal small intestine (Stanger, Datar et al. 2005) implies that the permissive effect of Notch signals on the
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Wnt pathway is via context dependent transcription rather than direct interaction with Wnt
signaling components.

1.4 Quiescent and Active Intestinal Stem Cells
Lgr5 is a marker that specifically identifies a population of ISCs. Lineage tracing
studies have shown that these cells are long-lived, have the capacity for self-renewal, and
are multipotent (Barker, van Es et al. 2007). However, a large amount of evidence exists
that supports +4 LRCs as stem cells, even though similar lineage tracing experiments within
this cell type have not been performed. First, long term BrdU and 3H-thymidine labeling
studies have identified the quiescent nature of the +4 LRC, which is unique in the midst of
rapidly proliferating CBCs and progenitors (Marshman, Booth et al. 2002; Potten, Owen et
al. 2002). While it is possible that some of these LRCs may be post-mitotic differentiated
enteroendocrine cells (Bjerknes and Cheng 2005), known to exist near the base of the crypt
and even within the annulus at or near the +4 position, we have shown that +4 LRCs also
co-localize with low levels of ChromagraninA, Muc-2 or Cryptdin, markers of enteroendocrine, goblet or Paneth cells, respectively, indicative of their multipotential capacity
(Bjerknes and Cheng 2005). Indeed, Ngn3-Cre Rosa26LacZ mice, where neurogenin 3
(Ngn3) driven Cre results in the permanent labeling of Ngn3 positive cells and their progeny with LacZ, give rise to a clonal crypt-villus structure supporting that ISCs could express low levels of lineage specific genes (Wang, Giel-Moloney et al. 2007). Interestingly,
enteroendocrine cells at the +4 position and adjacent to +4 LRCs may constitute a stem cell
niche (Radford and Lobachevsky 2006). Furthermore, Paneth cells residing near CBCs may
also provide a niche function (Figure 1B). Future experiments should yield more information regarding these two possible stem cell niches and their functions.
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In addition, high levels of nuclear β-catenin, along with the predominant expression
of other molecules including BMPR1A, P-PTEN, P-Akt, Wip1 phosphatase, etc., along
with the localization at initiating sites of crypt generation and duplication, seem to support
the unique nature of the +4 LRC. Thus, it is possible that both CBCs and +4 LRCs represent different populations of ISCs within the crypt, with CBCs perhaps more primed to respond to regenerative signals while +4 LRCs remain held in a reserved quiescent state
(Figure 1 B, C). Although a traditional hierarchal relationship between CBCs and +4 LRCs
may exist during normal homeostasis, both these cell types may retain the capacity to give
rise to the other, such as during regeneration after injury (Figure 1C).
Finally, while the intestine remains an ideal tissue to study adult stem cell processes
such as self-renewal and multipotential differentiation, the biological processes regulating
regeneration of this tissue are complex. Indeed Wnt, BMP, PI3K and Notch coordinately
regulate ISCs and their progeny by controlling ISC self-renewal as well as lineage commitment and terminal differentiation; however, much of this information is biased toward
+4 LRCs. In light of the recent evidence that CBCs are intestinal stem cells, it will be interesting to re-examine much of the literature devoted to understanding signaling pathways
regulating stem cells within the intestine. Coupled with additional experiments, this should
reveal the impact of these signaling pathways on CBCs and allow further comparison between +4 LRCs and CBCs.
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2.
Materials and Methods
2.1 Animal Use
2.1.1 Animal Husbandry
All mice used were approximately 6-16 weeks of age unless otherwise
stated.C57J/B6 mice were supplied by the SIMR Animal Facility. ActinB-eGFP mice were
obtained from Jackson Labs (Bar Harbor, Maine). Transgenic males were bred to C57J/B6
females to generate mice heterozygous for the Actin-GFP transgene. Villin-Cre ERT2 mice
(el Marjou, Janssen et al. 2004) were obtained Dr. Robine (Curie Institute, France), Ptenfx/fx
mice (Groszer, Erickson et al. 2001), containing loxP sites flanking exon 5, were obtained
from Dr. Hong Wu (University of California Los Angeles, Los Angeles, CA) and dBCfx/fx
mice (Harada, Tamai et al. 1999), containing loxP sites flanking exon 3, were obtained
from Dr. Makoto Taketo (Kyoto University, Japan) .These three mice were crossed to obtain mice with the indicated genotypes. Rosa26stoprtTA mice (Yu, Liu et al. 2005) were
obtained from Dr. Ron Yu (Stowers Institute, Kansas City, MO), Prm-Cre mice were supplied by the SIMR Animal Facility, and tetO-HIST1H2BJ/GFP mice were obtained from
Jackson Labs (Bar Harbor, ME). Prm-Cre males were crossed with Rosa26stoprtTA mice.
Males heterozygous for both transgenes were then crossed to tetO-HIST1H2BJ/GFP females. Prm-Cre is a testicular specific Cre and mediated removal of the floxed stop cassette
within the resultant pups. Breeding was performed by crossing mice heterozygous for
R26rtTA with mice heterozygous for tetO-HIST1H2BJ/GFP. Lgr5-CreIRESGFP mice
(Barker, van Es et al. 2007) were obtained from Hans Clevers (Hubrecht Institute, Nether-
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lands). Transgenic males were bred to C57J/B6 females to generate heterozygous mice.
Genotyping was performed on tail biopsies using a PCR-based method developed by Transnetyx, Inc. (Cordova, TN). All mice used in this study were housed in the animal facility at
the Stowers Institute for Medical Research (SIMR) and handled according to SIMR and National Institutes of Health (NIH) guidelines. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of SIMR.

2.1.2 Induction of Gene Deletion
Villin-Cre/PTENfx/+/dBCfx/+, Villin-Cre/PTENfx/fx and Villin-Cre/PTEN+/+ mice were
induced by intra-peritoneal injection of tamoxifen everyday for 5 days using 5 mg on day 1
and 1 mg on days 2-5 each dissolved in 0.1 ml of corn oil. Induction of gene deletion was
initiated approximately two weeks prior to analysis.

2.1.3 Animal Euthanasia
All mice used in this study were sacrificed by asphyxiation with carbon dioxide followed by cervical dislocation to confirm mortality according to IACUC standard operating
procedure (SOP).

2.2 Crypt and Single Cell Isolation Methods
Detailed protocols for these crypt and single cell isolation procedures are outlined
below. The enzymatic digestion and 5mM EDTA/EGTA methods were adapted from methods described by Booth and O’Shea (O'Shea 2002). The 30mM EDTA method was adapted
from methods described by Bjerknes and Cheng (Bjerknes and Cheng 1981)
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2.2.1 Enzymatic Digestion (Collagenase/Dipase)
2.2.1.1

Required Solutions

Buffer solutions and media were supplied by the Core Facility of SIMR, unless otherwise stated
1L Wash solution
955ml of HBSS pH 7.4
25ml FBS Heat Inactivated (Invitrogen, Carlsbad, CA)
10ml Penicillin/Streptomycin (Gibco, Carlsbad, CA)
10ml 1M HEPES (Gibco, Carlsbad, CA)
500ml DMEM diluent solution
477.5ml DMEM/High Glucose
12.5ml FBS Heat Inactivated (Invitrogen, Carlsbad, CA)
5ml Penicillin/Streptomycin (Gibco, Carlsbad, CA)
5ml 1M HEPES (Gibco, Carlsbad, CA)
500ml S-DMEM solution
500ml DMEM diluent solution
10g D-Sorbitol (Sigma, St.Louis, MO)
200ml Digestion solution
200ml DMEM diluent solution
25.1mg Collagenase Type XI – (Sigma, St. Louis, MO) – 300U/ml final
concentration
480ul Dispase I (BD Biosciences, San Jose, CA) – 0.12U/ml final concentration
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80ul DNase I (Sigma, St. Louis, MO) – 0.1U/ml final concentration

2.2.1.2

Protocol

1. All steps are done on ice unless otherwise specified.
2. Remove mouse small intestine and place immediately into a Petri dish filled with
wash solution kept at 40C (on ice).
3. Flush intestine several times with wash solution to remove fecal contents using a
10ml syringe with a 200ul pipette tip attached to the end.
4. Using scissors cut the intestine lengthwise to expose the lumen.
5. Using forceps vigorously wash the intestinal tissue, changing the wash solution as
needed. Usually this step requires 4-5 washes.
6. Using scissors cut the intestine into approximately 5mm pieces and remove into a
50ml conical tube using a 25ml pipette.
7. Shake the tube vigorously for approximately 15 sec and then using a 25ml pipette
triturate about 10 times. Allow the intestinal tissue to settle and then discard the supernatant.
8. Repeat step 7, using the wash solution, until the supernatant is clean. The number of
washes is variable, however most of the time at least 3-4 washes are required.
9. Remove tissue and place into a Petri dish.
10. Using scissors cut the tissue into pieces approximately 1mm in size.
11. Remove tissue pieces into another 50ml conical tube and add wash solution.
12. Shake the tube vigorously for approximately 15 sec and then using a 10ml pipette
triturate about 10 times. Allow the intestinal tissue to settle and then discard the supernatant.
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13. Repeat step 7, using the wash solution, until the supernatant is clean. The number of
washes is variable; however most of the time at least 2 washes are required.
14. Add 20ml of 1X digestion mix to the tissue.
15. Incubate at 260C in the Innova 4335 incubator shaker for 20min.
16. Shake vigorously (180 shakes per minute) for 1 min and then using a 10ml pipette
triturate at least 10 times.
17. Allow tissue to settle and obtain an aliquot of the supernatant for microscopic analysis to determine if the digestion fraction contains crypts.
18. Discard the supernatant if not desired
19. Repeat steps 14-18 until the crypt fractions are identified via microscopic analysis of
the digestion supernatants. This can be variable depending on mice age and strain as
well as other unknown parameters. Usually the 1st and 2nd digestive fractions contain
debris, single cells and villus fragments. The crypts are usually found in the 3rd-5th
digestive fractions when using wild type 6 week old C57J/B6 mouse intestine. In
addition, since the 1st fraction usually contains a lot of debris (villus fragments, fecal
contents and single cells) it is usually necessary to wash this digest one or two times
to remove the debris so that it does not interfere with the subsequent digestions
20. Once the supernatant fractions containing crypts are identified, filter the supernatant
through a 70um cell strainer into a new 50ml conical tube marked “Crypt fraction”.
21. Back flush the 70um cell strainer into a new 50ml conical tube marked “Villus fraction” using 50ml of S-DMEM.
22. Dilute the “Crypt fraction” to 50ml using S-DMEM.
23. Centrifuge at 225xg for 5 min at 40C.
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24. Decant supernatant and resuspend the “villus fraction” pellet in 20ml of S-DMEM.
25. Triturate using a 10ml pipette at least 10-20 times.
26. Filter the solution through another 70um cell strainer into a new 50ml conical tube
and centrifuge again at 225xg for 5 min at 40C and decant the supernatant.
27. (***Steps 21-26 are performed in an attempt to remove any crypts still attached to villi
in order to increase the crypt yield***).
28. Resuspend the “crypt fraction” pellet in 15ml of S-DMEM and use this to resuspend
the pellet obtained in step 26.
29. Centrifuge at 100-300 rpm for 5 min at 40C to remove single cells.
30. Decant the supernatant and resuspend the pellet in 15ml of S-DMEM.
31. Obtain an aliquot of the resuspension for microscopic analysis to determine if single
cells still remain.
32. Repeat steps 28-30 until single cells have been removed.
33. Combine all crypt fractions into a single tube.

2.2.2 5mM EDTA/EGTA Chelation
2.2.2.1

Required Solutions

Buffer solutions and media were supplied by the Core Facility of SIMR, unless otherwise stated
500ml 5X non-sterile stock chelating solution
1.975g Na2HPO4 (Fisher, Pittsburgh, PA)
2.725g KH2PO4 (Fisher, Pittsburgh, PA)
14.05g NaCl (Fisher, Pittsburgh, PA)
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0.3g KCl (Fisher, Pittsburgh, PA)
37.5g Sucrose (Sigma, St. Louis, MO)
25g D-Sorbitol (Sigma, St. Louis, MO)
1.3ml 1M DTT
add ddH2O to make final volume 500ml
**Store stock at 40C or -200C for long term storage**
250ml 1X chelating solution
50ml 5X non sterile stock chelating solution
2.5ml 0.5M EDTA (Sigma, St. Louis, MO)
2.5ml 0.5M EGTA
195ml ddH2O
**Filter sterilize and store at 40C**
250ml reconstitution solution
50ml 5X non sterile stock chelating solution
195ml ddH2O
**Filter sterilize and store at 40C**

2.2.2.2

Protocol

1. Prepare 50ml conical tubes with 20ml of 1X chelating solution and keep on ice to
maintain solution temperature. (Exact number of tubes needed may depend on mice
strain and age).
2. Sacrifice mice and remove intestine excluding colon.
3. Immediately place into petri dish containing HBSS (kept on ice).
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4. Flush intestinal contents thoroughly with a 10ml syringe and 21G needle to remove
fecal contents.
5. Cut the intestine longitudinally and continue washing intestine changing HBSS as
needed until intestine is clean. (**Important to maintain HBSS and intestine on ice
throughout the process**).
6. Cut the intestine into 5-6 equal sized pieces.
7. Transfer intestine to first 50ml conical tube containing 1X chelating solution and
incubate on ice for 30min.
8. Shake vigorously by hand for 1min (1 shake= 1 full up and down motion and speed
should be approximately 180 shakes/min).
9. Transfer intestinal tissue to 2nd 50ml conical tube containing 1X chelating solution
and incubate on ice for 10 min.
10. Shake vigorously by hand for 1min (1 shake= 1 full up and down motion and speed
should be approximately 180 shakes/min) **At this point the solution should contain intact villi and crypts with good morphological characteristics. The solution is
mostly devoid of crypt and villi fragments as well as debris. The intact morphology
of villi and crypts allows for successful filtration. It may be necessary to repeat steps
6 & 7 to get a fraction containing intact crypts and villi.
11. Remove intestinal tissue and filter solution in the 2nd 50ml conical tube through a
70um cell strainer.
12. Filtered solution contains intact crypts with good morphology.
13. Dilute crypt fraction with reconstitution buffer (up to 50ml) to dilute chelating
agents
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14. Spin at 2000rpm for 5 min
15. Reconstitute in the appropriate media

2.2.3 30mM EDTA Chelation
2.2.3.1

Required Solutions

0.5M EDTA
HBSS w/o Ca++/Mg++ (Hyclone, Pittsburgh, PA)
100ml ADF media
97ml of ADMEM/F12 (Invitrogen, Carlsbad, CA)
1ml of 1M HEPES (Invitrogen, Carlsbad, CA)
1ml of 100X Penicillin/Streptomycin (Invitrogen, Carlsbad, CA)
1ml of 100X GlutaMax (Invitrogen, Carlsbad, CA)

2.2.3.2

Protocol

1. Sacrifice animal.
2. Remove the intestine and place into HBSS w/o Ca++/Mg++ contained in a petri dish
on ice.
3. Flush intestine with a 10ml syringe (with a 200ul pipette tip attached to the syringe –
cut the pipette tip just below the filter and place onto syringe).
4. Open the intestine by cutting down the length of the intestine.
5. Grab the intestine with forceps and vigorously move it through the HBSS to wash.
6. Transfer to a new Petri dish and repeat the washing step until the intestine is clean
(usually 3-4 times).
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7. Cut the intestine into 3-5cm pieces and place into a 50ml conical tube filled with 3035ml of ice cold HBSS w/o Ca++/Mg++.
8. Add 2.4ml of 0.5M EDTA and fill up to 40ml with HBSS w/o Ca++/Mg++.
9. Gently invert several times to mix the EDTA and then bury the tube under ice and
incubate for 20min (1h to isolate colonic crypts).
10. Gently discard supernatant and add 50ml of ice cold HBSS w/o Ca++/Mg++.
11. Discard supernatant and add 40ml of ice cold HBSS w/o Ca++/Mg++.
12. Shake vigorously by hand for 5min.(approximately 180shakes/min).
13. Remove aliquot and check that crypts have been removed.
14. Remove intestinal tissue and filter supernatant with a 70um cell strainer.
15. Spin at 40C at 1000rpm (225xG) for 5min.
16. Remove supernatant and wash with 25ml HBSS w/o Ca++/Mg++ or ADF media (if
using sample for culture or flow cytometry).
17. Repeat step 16.
18. Reconstitute in appropriate media.

2.2.4 Mechanical Dissociation of Crypts into Single Cells
2.2.4.1

Required Solutions and Reagents

ADF media described in 2.1.2.3.1
ADF media + growth factors (only used if single cells were cultured)
50ng/ml EGF (Gibco, Carlsbad, CA)
100ng/ml Noggin (Peprotech, Rocky Hill, NJ)
500-1000ng/ml R-spondin 1 (R&D Systems, Minneapolis, MN)
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10uM Y27632 (Sigma, St. Louis, MO)
1uM N-acetyl cysteine (Sigma, St. Louis, MO)
B27 serum supplement (w/o vitamin A) (Gibco, Carlsbad, CA)
N2 serum supplement (Gibco, Carlsbad, CA)
Fire-polished Pasteur pipette

2.2.4.2

Protocol

1. Reconstitute crypts isolated using the above protocol with 2ml ADF (for 1 mouse
small intestine).
2. Incubate for 45minutes in a 370C water bath mixing occasionally with a P1000 pipettman (approximately every 5-10min).
3. Triturate approximately 10-30 times with a fire polished Pasteur pipette. The opening should be very small.
4. Filter through 30um cell strainer, add ADF media to wash and spin at 500xg for 5
min at 40C.
5. Remove supernatant and reconstitute in 1.8-2ml of ADF media (or ADF/GF media
if single cells will be cultured).

2.3

Crypt and Single Cell Culture Methods

2.3.1 Traditional Crypt Culture
Following isolation crypts were spun at 1000 rpm (225xg) for 5 minutes and resuspended in DMEM supplemented with 10% fetal bovine serum (DMEM/10%FBS).
Crypts were added to cell culture dishes (100mm x 20mm sterile treated polystyrene
dishes, (Corning Inc., Corning, NY) and incubated at 370C/5%CO2/20% O2. 50ng/ml of
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Wnt3a (R&D, Cat# 1324-WN) was used as indicated. Culture media was exchanged
every other day.

2.3.2 Culture of Intestinal Mesenchymal Cells
Intestinal mesenchymal cells (IMC) were grown by maintaining primary crypt cultures with DMEM/10%FBS until epithelial cells had died (usually between 7-10 days) and
only fibroblasts remained. IMCs were grown until cells were between 60-80% confluent
after which they were passaged using 1X Trypsin/EDTA.

2.3.3 Co-culture of Crypts with Intestinal Mesenchymal Cells
Isolated crypts were resuspended in DMEM/10%FBS containing Penicillin/Streptomycin (P/S).Crypts were counted microscopically. 400 crypts were mixed with
4ml of co-culture media (DMEM/2%FBS containing P/S and 25ng/ml EGF (Peprotech,
Rocky Hill, NJ), 25ng/ml IGF1 and IGF2 (Sigma, St. Louis, MO), 100ng/ml Noggin (R&D
Systems, Minneapolis, MN) and 50ng/ml Wnt3a (R&D Systems, Minneapolis, MN). 1ml
was added to 4 wells in each of two 12 well culture plates previously seeded with IMCs.
Each plate was incubated at 370C, one with 5%O2/5% CO2 and one with 20%O2/5% CO2.
After 1 hour of incubation, Insulin/Transferrin/Selenium culture supplement (ITS) (Gibco,
Carlsbad, CA), 100ug/ml Heparin (R&D Systems, Minneapolis, MN), GlutaMax (Invitrogen, Carlsbad, CA) and 100ul of IMC conditioned media. Media was exchanged every
other day.

2.3.4 Co-culture of Crypts with Intestinal Mesenchymal Cells in
Methocult Media
Intestinal mesenchymal cell (IMC) cultures were dissociated using 1X Tryp51

sin/EDTA (Gibco, Carlsbad, CA). Isolated IMCs were centrifuged at 500xg for 5 minutes at
40C and washed with DMEM/10% FBS containing P/S. IMCs were reconstituted in
DMEM/10%FBS containing P/S at a concentration of 1X106 cells/ml. 200 crypts were
combined with 2x105 IMCs and added to 2ml of 2X Culture Media (DMEM (w/o FBS)
containing P/S and 50ng/ml EGF (Peprotech, Rocky Hill, NJ), 50ng/ml IGF1 and IGF2
(Sigma, St. Louis, MO), 200ng/ml Noggin (R&D Systems, Minneapolis, MN) and
100ng/ml Wnt3a (R&D Systems, Minneapolis, MN) and 200ul of IMC conditioned media.
1ml of the crypt/IMC mixture was incubated at 370C/5%O2/5%CO2 and 1ml of the
crypt/IMC mixture was incubated at 370C/5%O2/5%CO2 for 6 hours after which 1ml of
Methocult (Stem Cell Technologies, Vancouver, BC). 1ml aliquots from the low oxygen
mixture (370C/5%O2/5%CO2) were placed into 2 wells of a 12 well plate and incubated at
370C/5%O2/5%CO2. 1ml aliquots from the normal oxygen mixture (370C/20%O2/5%CO2)
were placed into 2 wells of a 12 well plate and incubated at 370C/20%O2/5%CO2. Media
was exchanged every other day.

2.3.5 Matrigel-based Crypt Culture
Unless indicated all solutions and mixtures were kept on ice. Plates were prewarmed
in the cell culture incubator at 370C. Matrigel or growth factor reduced Matrigel (BD Bioscience, San Jose, CA) was thawed on ice. Crypts were isolated and reconstituted in
DMEM (Invitrogen, Carlsbad, CA) at specified densities and mixed 1:1 with Matrigel or
growth factor reduced Matrigel as indicated and plated according to the following: 7.5ul per
well for 96 well plate, 50ul per well for 24 well plate and 200ul per well for 6 well plate or
MatTek Dish (Ashland, MD). Upon plating care was taken to keep the mixture from contacting the side of the well. The plates were then incubated at 370C/20%O2/5%CO2 for 15-
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30 minutes to allow the Matrigel to solidify. Culture media consisting of pre-warmed
DMEM was overlaid (100ul per well for a 96 well plate, 500ul per well for a 24 well plate
and 2ml per well for a 6 well plate or MatTek dish. The following were added to the culture
media as indicated: 10% R-spondin 1 conditioned media (obtained from stably transfected
R-spondin1 expressing HEK cells provided by Xi He, Harvard University (Wei, Yokota et
al. 2007), 5% Wnt3a conditioned media provided by Tim Fields, Univeristy of Kansas
Medical Center, 50ng/ml of hepatocyte growth factor (HGF) (Peprotech, Rocky Hill, NJ),
50ng/ml epidermal growth factor (EGF) (Gibco, Carlsbad, CA) and 100ng/ml Noggin
(Peprotech, Rocky Hill, NJ). Media was exchanged every 3-4 days. Crypt cultures were
passaged, where indicated, by mechanical dissociation every 10-14 days. Simply, media
was removed and the semi-solid Matrigel culture was removed using a P1000 pipettman
and tip. The Matrigel was placed into 1-2ml of culture media and triturated with a P1000
pipettman and tip until individual crypt units were released from the crypt spheres, as determined by microscopic examination. The solution was spun at 500xg for 5 min at 40C after which crypts were replated with Matrigel following the protocol outline above.

2.3.6 Matrigel-based Single Intestinal Stem Cell Culture
This method was obtained from Hans Clevers (Hubrecht Institute, Netherlands) and
is based on the method described in Sato et al. (Sato, Vries et al. 2009). Single cells are obtained by dissociating crypts as indicated previously within Materials and Methods (2.1.2.4
Mechanical Dissociation of Crypts into Single Cells). Cells are sorted as indicated within
Materials and Methods (2.1.4 – Flow Cytometry of Intestinal Epithelial Cells) into BSA
coated 1.5ml tubes filled with 500ul of ADF plus growth factors (described in 2.1.2.4.1 –
Mechanical Dissociation of Crypts into Single Cells/Required Solutions and Reagents)
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(BSA coated tubes are prepared by adding 1ml of 5% bovine serum albumin (BSA) (Sigma,
St. Louis, MO) in ddH2O to 1.5ml tubes and incubating in ice for 1-3 hours after which the
BSA solution is replaced with ADF plus growth factors). Cells are spun at 500xg for 5
minutes at 40C. Media is removed and cells are reconstituted in growth factor reduced Matrigel containing 10ug/ml R-spondin 1, 500ng/ml EGF, 1ug/ml Noggin and 10uM Jagged-1
(Anaspec, Freemont, CA). 7.5ul is added per well in a prewarmed (370C) optical bottom 96
well plate (Nunc, Rochester, NY) taking care that the droplet does not touch the sides of the
well. The plate is incubated for 15 minutes at 370C/20%O2/5%CO2 to allow the GFR Matrigel to solidify after which 100ul of prewarmed ADF media containing 10uM Y27632,
1uM N-acetyl cysteine, B27 serum supplement (w/o vitamin A) and N2 supplement is
added to each well. Thus, the final concentration of growth factors added to the GFR Matrigel is 1ug/ml R-spondin1, 50ng/ml EGF, 100ng/ml Noggin, 1uM Jagged 1. The culture
plate is incubated at 370C/20%O2/5%CO2. 1ug/ml R-spondin 1, 50ng/ml EGF, and
100ng/ml Noggin are added to the culture every other day and the entire media is exchanged every 4th day with ADF containing 1ug/ml R-spondin1, 50ng/ml EGF, 100ng/ml
Noggin, B27 serum supplement (w/o vitamin A), N2 serum supplement and 1uM N-acetyl
cysteine.

2.4 Flow Cytometry
Single intestinal epithelial cells were obtained as described in Materials and Methods (2.1.2.4 – Mechanical Dissociation of Crypts into Single Cells). Cells were reconstituted in 2ml of ADF plus growth factors (for culture) or ADF (for analysis or RNA) per
mouse small intestine. The following antibodies and reagents were used as indicated CD45
PEcy5 (0.5ug/100ul) (eBioscience, San Diego, CA), IgG2b-PE (0.625ul/100ul –
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0.125ug/ml) (R&D Systems, Minneapolis, MN), and CD166PE (5ul/100ul – 0.125ug/ml)
(R&D Systems, Minneapolis, MN). Cells were stained on ice for 30-45 minutes after which
they were spun at 500xg for 5 minutes at 40C and washed with ADF. Cells were reconstituted in 200-400ul of ADF per tube and 7AAD (100ug/ml) (Invitrogen, Carlsbad, CA) and
AnnexinV APC (1ul/100ul) (Invitrogen, Carlsbad, CA) were added. Cell sorting and analysis was done on a MoFlo (Dako, Denmark) at low pressure (approximately 12 psi) and with
a 120uM tip.

2.5 Histology
2.5.1 Crypt Spheres
Matrigel/crypt cultures were maintained intact throughout the following process.
Media was removed from crypt sphere cultures and they were washed once with PBS. Following this freshly thawed 4% paraformaldehyde (PFA) was added and crypt spheres were
fixed for 2-3 hours at room temperature while rocking on an angled rotator. 4%PFA was
replaced 2-3 times over the course of the fixation. Fixative was removed and crypt spheres
were washed with .PBS + 0.05% Tween 20 for 5 minutes. This wash was repeated 2 more
times. Cultures were then soaked in PBS + 0.5% Triton-X 100 for 1 hours to permeabilize
the cells followed by three 5minute washes in ddH2O and then three 5 minute washes in
PBS + 0.05% Tween 20. Next, antigen retrieval was performed at 950C for 10 minutes in
citrate buffer (pH 6.0) using an EZ Retriever (BioGenex, San Ramon, CA). Samples were
allowed to cool for 20 minutes followed by three 5minute washes in ddH2O and then three
5 minute washes in PBS + 0.05% Tween 20. Then, 1X Universal block (BioGenex, San
Ramon, CA) was added and cultures were incubated for 20 minutes at room temperature.
The following primary antibodies were then added as indicated: mouse anti-mouse Alkaline
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Phosphatase (1:10) (American Qualex, San Clemente, CA), rabbit anti human Chromogranin 3a (1:100, 10ug/ml) (DAKO, Denmark), rabbit anti-mouse Ki67 (1:100, 37ug/ml)
(DAKO, Denmark), rabbit anti-human Lysozyme (1:100) (DAKO, Denmark), and rabbit
anti mouse phosphoS552 β-catenin (1:500, 1ug/ml) (Zymed, Carlsbad, CA). Primary antibodies were incubated for 2 hours at room temperature followed by three 5 minute washes
in PBS + 0.05% Tween 20. Secondary antibodies were then added as indicated: anti-mouse
Alexa 488 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad, CA) and antirabbit Alexa 488 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad, CA). Secondary antibodies were incubated for 1 hour at room temperature followed by three 5 minutes washes with PBS + 0.05% Tween 20. Finally, DAPI (1:1000) (Invitrogen, Carlsbad,
CA) was added and cultures were incubated for 5 min at room temperature.
Samples stained for Alcian blue were fixed and washed as outlined above. Next,
samples were washed in 3% acetic acid for 3 minutes at room temperature. A 1% solution
of Alcian blue solution was added and incubated at 370C for 15 minutes followed by rinses
with 3% acetic acid to remove excess Alcian blue. Three 5 minute washes with water were
then performed and samples were visualized.
Crypt spheres indicated in Figure 4-11 were processed and stained according to the
following. Media was removed and cultures were fixed in 4% PFA for at least 1 hour at
room temperature and then washed three times in PBS. Histogel was added to the well and
allowed to solidify at room temperature before being stored at 40C. Histogel samples were
paraffin embedded and 3um sections were obtained. Tissue was stained with goat anti-rat
sucrase iso-maltase (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human
Mucin 2 (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human Lysozyme
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(1:500) (DAKO, Denmark), rabbit anti-porcine Chromagranin 3a (1:500) (Immunostar,
Hudson, WI) according to the staining protocol outlined in the section below.

2.5.2 Intestinal Tissue
Intestinal tissue collected for histology was opened lengthwise and washed in PBS.
Tissues were then placed in Z-fix (Anatech, Battle Creek, MI) for 1-4 hours after which
they were pinned flat and maintained in fixative at room temperature for 16-24 hours. Fixative was removed and tissues were washed three times in ddH2O before being placed in
70% ethanol. Intestines were then paraffin embedded and 3uM sections were obtained. Sections were deparrafinized using a Leica Autostainer XL (Leica Microsystems, Wetzlar, Germany). Antigen retrieval was performed on deparrafinized sections at 950C for 10 minutes
in citrate buffer (pH 6.0) using an EZ Retriever (BioGenex, San Ramon, CA). Sections
were then cooled for 20 minutes at room temperature followed by three 5 minute washes in
PBS + 0.05% Tween 20. During the washes, coverplates were applied and slides were
loaded into a Sequenza slide rack (Ted Pella Inc., Redding, CA). 200ul of 1X Universal
blocking buffer (BioGenex, San Ramon, CA) was added and incubated for 30 minutes at
room temperature. Next, the following primary antibodies were added as indicated: mouse
anti-BrdU (1:25) (BioCare Medical, Concord, CA), rabbit anti human Chromogranin 3a
(1:100, 10ug/ml) (DAKO, Denmark), goat anti-mouse CD166 (1:100, 15ug/ml) (R&D Systems, Minneapolis, MN), rabbit anti-mouse DCAMKL1 (1:100, 1.25ug/ml) (Abgent, San
Diego, CA), goat anti-GFP (1:50) (Novus Biologicals, Littleton, CO), goat anti-GFP
(1:2000 (immunofluorescence), 1:5000 (chromogen)) (Rockland Immunochemical, Gilbertsville, PA), chick anti-GFP (1:1000, 10ug/ml) (Abcam, Cambridge, MA), rabbit antimouse Ki67 (1:100, 37ug/ml) (DAKO, Denmark), and rabbit anti-human Lysozyme (1:500)
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(DAKO, Denmark). Primary antibodies were incubated for 1 hour at room temperature
unless otherwise indicated. Sections were then washed three times with PBS + 0.05%
Tween 20. The following secondary antibodies were then added as indicated: donkey antichick Dylight 488 (1:1000, 1.5ug/ml) (Jackson Labs, West Grove, PA), donkey anti-chick
Dylight 549 (1:1000, 1.5ug/ml) (Jackson Labs, West Grove, PA), donkey anti-goat AlexaFluor 488 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad, CA), donkey
anti-goat AlexaFluor 546 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad,
CA), donkey anti goat HRP (1:500) (Zymed, Carlsbad, CA), donkey anti-mouse AlexaFluor 488 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad, CA), donkey
anti-mouse AlexaFluor 568 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad,
CA), donkey anti-rabbit AlexaFluor 488 (1:300, 3.33ug/ml) (Molecular Probes – Invitrogen, Carlsbad, CA) and donkey anti-rabbit AlexaFluor 546 (1:300, 3.33ug/ml) (Molecular
Probes – Invitrogen, Carlsbad, CA). Secondary antibodies were incubated for 1 hour at
room temperature (in the dark for fluorescence). Next, sections were washed three times
with PBS + 0.05% Tween 20. Immunofluorescent sections were incubated for 5 minutes
with DAPI (1:1000) (Invitrogen, Carlsbad, CA) to visualize nuclei for immunofluorescent
images followed by three washes with PBS. Fluoro-Gel mounting media (Electron Microscopy Sciences, Hatfield, PA) was added and slides were coverslipped. Following secondary
antibody incubation (donkey anti-goat HRP), DAB substrate (DAKO, Denmark) was applied and color development was allowed to proceed for 5 minutes at room temperature.
Sections were washed 3 times with PBS + 0.05% Tween-20 and then counterstained with 2
drops of Hematoxylin (Invitrogen, Carlsbad, CA) for 5 minutes at room temperature. Sections were washed 3 times with PBS + 0.05% Tween-20. Clear Mount (Electron Micros-

58

copy Sciences, Hatfield, PA) was applied to each section (to maintain structure) and allowed to dry for 15 minutes at room temperature. Coverslips were then applied using Cytoseal (Richard-Allan Scientific, Kalamazoo, MI).

2.6 Label Retaining Experiments
2.6.1 R26rtTA;H2BGFP
Rosa26rtTA;tetO –HIST1H2BJ/GFP breeding pairs and weaned pups were maintained on high dox feed (Modified PicoLab Rodent Diet with 6000 PPM Doxycycline, dyed
Red) (TestDiet, Richmond, IN) ad libitum unless otherwise specified. The following were
also used ad libitum as indicated: low dox feed (Modified PicoLab Rodent Diet with 200
PPM Doxycycline, Green) (TestDiet, Richmond, IN) and 2 mg/ml doxycycline (Sigma, St.
Louis, MO) + 5% sucrose (Sigma, St. Louis, MO).

2.6.2 BrdU
Indicated mice were given Baytril water (0.277mg/ml) three days prior to 6.5Gy of
whole body irradiation and were maintained on Baytril water for 14 days following irradiation. 2mg of 5-Bromo 2’-deoxyuridine (BrdU) was administered by intraperitoneal injection
every 12 hours for 3 days beginning 4-6 hours after irradiation.

2.7 Microscopy
Imaging was done using the following microscopes: Zeiss Imager Z-1 (Carl Zeiss
Microscopy, Thornwood, NY), Zeiss Observer Z-1 (Carl Zeiss Microscopy, Thornwood,
NY), and Zeiss Observer/LSM META/LSM Live confocal microscope with incubator box
(Carl Zeiss Microscopy, Thornwood, NY) for real time imaging.
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2.8 RNA Isolation and Quantitative RT-PCR
2.8.1 RNA Isolation
Cells were directly sorted into 800ul of TRIzol (Invitrogen, Carlsbad, CA). 200ul of
additional TRIzol was added and the samples were triturated through a 27-gauge needle a
minimum of 10 times. Homogenized samples were incubated for 5 minutes at room temperature, 200 μl of chloroform was added for every 1ml of lysate, and samples were vigorously shaken by hand for 15 seconds. Samples were then incubated for 2 minutes at room
temperature before being centrifuged at 12,000xg for 10 minutes at 4oC. The aqueous phase
was removed. Chloroform extraction was repeated on the aqueous phase using 100ul of
chloroform. The aqueous phase was removed and 2ul of 5mg/ml linear acrylamide (Ambion, Foster City, CA) was added and mixed by pipetting. Next RNA was precipitated by
adding an equal volume (usually 500ul/1ml of Trizol used) of isopropanol and incubating
the samples at -200C for at least 15 minutes. The samples were then centrifuged at 12,000xg
for 10 minutes at 40C. The supernatant was then removed and the RNA pellet was washed
by adding a volume of 75% ethanol equal to the volume of TRizol used in the initial homogenization step and centrifuged at 7,500xg for 10 minutes at 4oC. After removal of the
supernatant the RNA pellet was allowed to dry at room temperature. The RNA pellet was
dissolved in 10ul of RNase-free water.

2.8.2 cDNA Synthesis
cDNA synthesis was done using the High Capacity cDNA Kit (Applied Biosystems,
Foster City, CA). A typical reaction was as follows. For RT reactions, 2ul of 10X RT
buffer, 0.8ul of 25X dNTPs (100mM), 2ul of 10X RT random primers, 1ul Multiscribe re-
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verse transcriptase, and 1ul of RNase inhibitor to 5.2ul of nuclease-free water. This was
mixed with 8ul of RNA. For noRT reactions, 2ul of 10X RT buffer, 0.8ul of 25X dNTPs
(100mM), and 2ul of 10X RT random primers were added to 13.2ul of water. This was
mixed with 2ul of RNA. Samples were vortexed and centrifuged briefly before being placed
in the GeneAMP PCR System 9700 (Applied Biosystems, Carlsbad, CA). The samples
were incubated for 10 minutes at 250C,120 minutes at 370C, 850C for 5 minutes and cooled
at 40C. Samples were stored at -800C for future use. RNA isolation and cDNA synthesis of
all samples was done immediately following cell sorting.

2.8.3 Quantitative PCR
The following 20X TaqMan assays were obtained (Applied Biosystems, Foster City,
CA):

DCAMKL1,

Mm00444950_m1;

Defcr-r,

Mm006555850_m1;

Lgr4,

Mm00554385_m1; Lgr5, Mm00438890_m1; Msi1, Mm00485224_m1; NeuroD1,
Mm01280117_m1; Olfm4, Mm01320260_m1, Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 4352932E; and β-actin (ACTB), 4352933E. The following 20X TaqMan assays
were obtained from the Stowers Molecular Biology Core Facility: β2-microglobulin (β2M),
forward primer sequence 5’-CACTGACCGGCCTGTATGC-3’, reverse primer 5’GGTGGCGTGAGTATACTTGAATTTG-3’,

FAM

probe

sequence

FAM-

ATCCAGAAAACCCC-MGBNFQ; Calnexin (CANX), forward primer sequence 5’CCAGACCCTGATGCAGAGAAG-3’,
CCTCCCATTCTCCGTCCATA-3’,

reverse
FAM

primer

probe

sequence

5’FAM-

CAGAGGATTGGGATGAGG-MGBNFQ. The following TaqMan assay was developed
using

Primer

Express:

Bmi1,

forward

TTGGATCGGAAAGTAAATAAAGAGAAG-3’,
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primer
reverse

sequence

5’-

primer

5’-

TGCTGGGCATCGTAAGTACCT-3’, FAM probe sequence FAM-TAA GGA AGA GGT
GAA TGA T-MGBNFQ. ACTB, β2M, CANX and GAPDH were used as endogenous controls in all experiments.
A 0.2X pooled assay mix was prepared including the assays listed above by diluting
the assays in nuclease-free water. Approximately 125 cells worth of cDNA in a volume of
12.5ul was added to a mixture of 12.5ul of 0.2X pooled assay mix plus 25ul of PreAmp
Master Mix (Applied Biosystems, Foster City, CA). The mixture was vortexed and briefly
spun. Samples were subjected to the following thermocycling conditions: 950C for 10 minutes followed by 10 cycles of 15 seconds at 950C and then 4 minutes at 600C. Upon completion samples were cooled at 80C. Samples were diluted 1:10 in nuclease-free water and
stored at -800C or used immediately for qPCR.
2ul of preamplified cDNA was added to a premixed master mix comprised of 5ul of
TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA), 0.5ul of
(20X) individual TaqMan Gene Expression Assays, and 2.5ul of nuclease-free water or 5ul
of TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA), 0.4ul of
forward primer (180nM – final concentration), 0.4ul of reverse primer (180nM – final concentration), 0.25ul of FAM probe, and 1.95ul of nuclease-free water per reaction. cDNA
and master mixes were prepared by hand. The CAS 4200 robot (Corbett Robotics, San
Francisco, CA) was used to combine the cDNA and master mixes for each reaction. 384
well plates were used. qPCR was run on the ABI 7900 (Applied Biosystems, Foster City,
CA). Thermocycling conditions were Results were analyzed using SDS 2.1 software (Applied Biosystems, Foster City, CA) and qBase plus (Biogazelle, Amsterdam). Ct threshold
values, obtained by averaging the automatic threshold values generated for each gene from
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an individual biological sample, were used to compare results from multiple biological replicates. Data from all biological replicates was combined and analyzed using qBase plus
(Biogazelle, Belgium). Endogenous controls across all samples used had a stability value
(M-value) less than or equal to 0.5 (Vandesompele, De Preter et al. 2002). Assay efficiency
was assessed for all assays used and was within acceptable limits. All assays were also
tested to ensure specificity for cDNA (mRNA) using noRT controls.
To compare the difference of gene expression among 6 cell populations, a linear
mixed model approach was used. This statistical analysis was done in collaboration with
Dr. Hua Li, Stowers Bioinformatics Core Facility who provided the following description.
For each gene, let y_ij represents the normalized Ct values for the ith population, the jth
mouse (replicate), where i = 1, 2, 3, 4, 5, 6, and j= 1, 2, 3. Then:

yij = mu + P i + M j + e ij

Where Pi, Mj , and eij denote the population effect, the mouse effect and the error.
The mouse effect is considered as a random effect in the analysis. This analysis was done
for each gene, respectively. To control the False Discovery Rate (FDR) that is generated by
simultaneous comparison problem across 17 genes, Benjamin- Hochberg multi-test correction method was applied. FDR controls the expected proportion of false positives among
the declared significant results (Benjamini 1995). At the significant level of 0.05
(FDR<=0.05), 13 out of 17 genes are declared to have at least one pair being significantly
different. Then for each of these 13 genes, we performed pair-wise comparison for each
pair with a total of 15 pairs. To control the family-wise Type I error rate that is generated by
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multiple pair-wise comparisons for each gene, we used the Tukey’s HSD for p-value adjustment (Miller 1981). A pair with the adjusted p-value less than 0.05 is considered as significant.
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3.
Development of an In Vitro Culture System for Intestinal
Epithelial Cells
3.1 Introduction
Critical to the identification of putative stem cell populations is the ability to evaluate their functional potential. Several mechanisms currently exist which allow definitive
assessment of stem cell functions including long term self renewal and multipotency. The
“gold standard” has been provided via the hematopoeitic field whereby putative hematopoeitic stem cells (HSCs) are characterized via single cell bone marrow transplantation and
the subsequent demonstration of long term engraftment and differentiation into all hematopoeitic lineages. Within the intestinal system and other epithelial tissues, single cell transplantation has not yet been successful. Epithelial cells are inherently fragile and upon
dissociation from adjacent cells and basement membrane readily undergo anoikis, whereas
hematopoeitic cells are normally free from attachment when circulating and frequently undergo migration from the bone marrow into the peripheral circulation and back again. However, in vivo lineage tracing experiments have been extremely successful in the
identification and confirmation of adult stem cells multiple tissues (Barker, van Es et al.
2007; Sangiorgi and Capecchi 2008; Zhang, Cheong et al. 2009). While these experiments
illustrate the power of this technique, they require identification of a stem cell specific gene
that enables stem cells to be discriminated from all other cell types. Alternatively, stem cell
potential can be evaluated in vitro which has several advantages. It requires only that viable
cells be isolated thus mitigating the need for identification of a single stem cell specific
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gene. Furthermore, it enables ease of manipulation, utilizing both genetic and chemical
methodologies, providing a platform for detailed examination of the cellular and molecular
signaling involved in regulating self-renewal and fate determination. Finally, real time imaging of stem cell division and differentiation can also be performed on these cultures (Lo
Celso, Fleming et al. 2009; Xie, Yin et al. 2009). While in vitro culture systems for hematopoeitic cells have been well defined, at the time this project was initiated, intestinal
epithelial cell culture was significantly limited. Primary intestinal epithelial cells did not
display multipotential differentiation when cultured in vitro, most likely due to suboptimal
environmental conditions including disruption of three-dimensional crypt architecture, loss
of required cell-cell contacts, and inadequate or inappropriate extracellular growth factors
and matrix components. Thus, I undertook to develop a culture system that would ultimately enable the in vitro assessment of putative intestinal stem cell potential.

3.2 Results
3.2.1 Two Dimensional Culture of Isolated Small Intestinal Crypts
Previously, intact crypt organoid growth had been successful for short periods in vitro and in vivo (Evans, Flint et al. 1992; Booth, Patel et al. 1995; Booth, O'Shea et al. 1999;
Whitehead, Demmler et al. 1999; Del Buono, Lee et al. 2005). However, in vitro culture
systems utilizing primary intestinal epithelial cells were limited as confirmed in the following experiments. Crypts were isolated by enzymatic digestion as described in Materials and
Methods (Figure 3-1 A). When crypts were cultured in DMEM without serum they did not
appear to sustain growth of any kind (Figure 3-1 B). However, cultures with DMEM supplemented with 10% Fetal Bovine Serum (FBS) facilitated short term growth of crypt
epithelial cells, demonstrating a dependence on exogenous factors. Upon plating onto plas66

tic, I noted that crypts lose their three dimensional characteristics (Figure 3-1 C). After six
days in culture, cells at the periphery extend their cytoplasm giving them a fan-like appearance (Figure 3-1 D). However, long term survival of the cultures was extremely limited as
most cultures reproducibly failed within the first 7-10 days. Interestingly, concomitant with
the disappearance of epithelial cells around the 7th day of culture, fibroblast appearing cells
began to grow efficiently (Figure 3-1 E). These cells could be passaged several times and
even frozen for future use as potential intestinal mesenchymal cells (IMCs).Since Wnt signaling is known to be the main stimulus for crypt cell proliferation in vivo, I decided to assess the effects of addition of recombinant mouse Wnt3a to these cultures. However, I
didn’t observe any significant advantage of enhancing Wnt signaling in these experiments
(Figure 3-1 F).
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Figure 3-1 Two Dimensional Culture of Isolated Small Intestinal Crypts
(A) Small intestinal crypts after isolation with collagenase/dispase digestion. Three dimensional architecure
is evident (B) Crypt culture after 7 days with DMEM. (C, D) Crypt culture after 2 days and 6days,
respectively. Crypts were cultured with DMEM/10%FBS at 370C , 5% CO2 and 20% oxygen. Arrows
indicate fan-like structures. (E) Crypt culture after 7 days with DMEM/10%FBS plus addition of 50ng/ml of
recombinant mouse Wnt3a. (F) Primary intestinal mesenchymal cells (IMCs) cultured for 6 days following
the first passage. These cells could be passaged several times and grew efficiently in
DMEM/10%FBS.Objectives used are noted on the individual panels.
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3.2.2 Co-culture of Small Intestinal Crypts with Intestinal Mesenchymal Cells; a Putative Niche Component.
The idea of a stem cell niche, conceived with regard to hematopoeitic stem cells,
proposed that a specific microenvironment exists for these unique cells (Schofield 1978).
This concept of a stem cell niche has also been postulated within other adult stem cell systems. From pioneering experiments in Drosophila, C. elegans, and other mammalian systems, some basic and overarching concepts regarding stem cell niche function have been
revealed (Spradling, Drummond-Barbosa et al. 2001; Lin 2002; Doetsch 2003; Fuchs,
Tumbar et al. 2004; Li and Xie 2005). The stem cell niche is composed of a special group
of cells that provide a microenvironment to which stem cells directly attach. Although other
mesenchymal microenvironments may exist along the length of the crypt-villus axis, niche
interactions serve to specifically inhibit differentiation and control self renewal and proliferation of stem cells. Since cellular regeneration is initiated at the stem cell level, regulating
the properties of these cells is critical. Myoepithelial fibroblasts in the crypt epithelium are
proposed to be a niche cell candidate due in part to both their proximity and expression of
prospective stem cell regulatory molecules (Mills and Gordon 2001; He, Zhang et al. 2004).
Interestingly, while epithelial cells failed to grow under the aforementioned conditions, fibroblasts, identified morphologically, isolated along with crypts could be maintained under these conditions (Fig 3-1 E). I hypothesized that these cells may facilitate in
vitro culture of primary crypts by providing a necessary growth factors as well as potential
requisite cell-cell contacts. In addition, experiments from our laboratory with the in vitro
culture of hematopoeitic cells indicated that growth of stem cells may require low oxygen
conditions.
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To test whether growth factors from these putative niche cells could support epithelial growth, I initially cultured crypts under normal oxygen concentration using conditioned
media obtained from IMC cultures. However crypt growth was not noticeably different than
previous cultures and could not be maintained for more than 7-10 days (Figure 3-2 A).
Next, to examine whether these IMCs provided requisite cell-cell contacts for epithelial
survival and also determine the effect of oxygen concentrations, I co-cultured small intestinal crypts on top of an established feeder layer of primary IMCs under both low oxygen
(5%) and normal oxygen (20%) (Figure 3-2 C-F). Crypts were isolated by 5mM
EDTA/EGTA chelation as described in Materials and Methods from ActinB-EGFP transgenic mice where the chick β-actin promoter and CMV enhancer drive eGFP expression
yielding widespread fluorescent labeling of cells within multiple tissues including the intestine (Figure 3-2 B). This enabled discrimination of crypt cells from the underlying IMCs.
Finally, I hypothesized that along with specific growth factors and contacts supplied by
niche cells, intestinal crypts may require a three dimensional matrix to maintain crypt architecture. Thus I attempted co-culture experiments under both low (5%) and normal (20%)
oxygen conditions using Methocult media, a methylcellulose based three dimensional matrix/media used traditionally for hematopoeitic cell culture (Hara and Ogawa 1978). Unfortunately, these conditions failed to facilitate crypt epithelial growth longer than a few days
(Figure 3-2 E, F). Not surprisingly, the Methocult media appeared to promote the growth of
a lymphocyte appearing population (Figure 3-2 F).
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Figure 3-2 Co-culture of Crypts with Intestinal Mesenchymal Cells
(A-F) Crypt cultures grown using DMEM/10%FBS at 370C, 5% CO2 and 5%O2 (shown) or 20% O2 (not
shown) unless otherwise specified. (A) Crypts cultured for 7 days in conditioned media from primary
intestinal mesenchymal cells cultured using 20% O2. (B) Crypts isolated from actin-GFP transgenic mice
were utilized for co-culture experiments to distinguish crypt cells from underlying IMCs. (C, D) Co-cultures
after 1 and 6 days, repectively. (E, F) Co-cultures using Methocult media at both 1 and 6 days respectively.
Lymphocyte-appearing cells can be seen as small green cells in F. Objectives used are noted. The scale bar in
the inset of B is 10µm.
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3.2.3 Three-dimensional Culture of Intestinal Crypts
Although initial attempts utilizing Methocult for crypt culture were unsuccessful,
the idea that crypts required a three dimensional matrix support to maintain architecture and
provide critical survival signals for in vitro growth seemed logical. In line with this concept,
Reynolds et al. described a novel method where they were successful in maintaining normal
structure and function of isolated adult human colonic crypts cultured in Matrigel without
addition of growth factors (Reynolds, Parris et al. 2007). Matrigel is a solubilized basement
membrane preparation extracted from a mouse sarcoma. It is rich in extracellular matrix
proteins, specifically laminins, known to exist at the crypt base (Sasaki, Giltay et al. 2002).
In addition to matrix components, Matrigel contains growth factors including transforming
growth factor beta (TGFβ) and fibroblast growth factor (FGF). Interestingly, when crypts
were isolated, using enzymatic digestion as described in Materials and Methods, and placed
in Matrigel, without additional growth factors, they formed sphere or cyst-like structures
which appeared to consist of epithelial cells surrounding a central lumen (Fig. 3-3 A, B).
These structures were reminiscent of those formed when crypts are transplanted ectopically
into mice (Del Buono, Lee et al. 2005). Over time these sphere structures appeared to expand (Figure 3-3 C, D), although whether this was due to cellular proliferation or other
mechanisms was unknown.
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Figure 3-3 Crypts Cultured in Matrigel Form Spheres
Crypts were harvested from adult C57J/B6 mice using enzymatic digestion and mixed with Matrigel.
Cultures were performed using DMEM media supplemented with penicillin and streptomycin and maintained
at 370C, 5% CO2, and 20% O2. (A-D) Microscopic images are displayed after culture for 2, 4.5, 11.5 and 34.5
days, respectively. These structures appear to consist of epithelial cells which surround a central lumen. Red
bars in each image are 50µm in length.
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3.2.3.1

Crypt Sphere Characterization

I initially evaluated crypt sphere survival by comparing plating density and the age
of mice from which crypts were isolated, since both of these parameters are common variables in any primary culture system. Crypts were isolated from 15 day and 47 day old mice,
by enzymatic digestion as described in Materials and Methods, and placed into Matrigel at
various seeding densities and cultured for over 15 days. Crypt sphere numbers were determined after 2, 9, and 15 days of culture. Morphologically, crypt spheres were similar across
all experimental groups (Figure 3-4 A-F). Crypt sphere formation, as assessed after 2 days
in culture, was significantly better with seeding densities of 1000 crypts or higher in both
age groups tested (Figure 3-4 G;15d age group – 100 crypts (3.33% +/- 0.25) versus 1000
crypts (20.0%+/-2.7) – p-value = 0.0086; 47d age group – 100 crypts (2.33%+/-0.58) versus
1000 crypts (8.9%+/-1.85) – p-value =0.027; n=3). Although, increasing the seeding density
above 1000 crypts did not appear to have a significant effect (Figure 3-4 G). Additionally, a
greater percentage of crypts isolated from younger mice formed spheres, as assessed after 2
days in culture, when compared to crypts isolated from older mice (Figure 3-4 G; 15d age
group 1000 crypts (20.0%+/-2.7) versus 47d age group 1000 crypts (8.9%+/-1.85) – pvalue=0.038; n=3, errors represent standard deviation, p values were determined via student
t-test). Finally, crypt sphere numbers decreased dramatically after the second day in culture
in both age groups (Figure 3-4 G; 15d age group, 1000 crypts, 2d (20%+/-2.7) versus 9d
(0.37%+/-0.21) – p-value=0.0056; 47d age group, 1000 crypts, 2d (8.9%+/-1.85) versus 9d
(0.1%+/-0.00) – p-value=0.014; n=3). However, the percentage of crypt spheres stabilized
by the 9th day in culture (Figure 3-4 G; 15d age group, 1000 crypts, 9d (0.37%+/-0.21) and
15d (0.3%+/-0.35); 47d age group, 1000 crypts, 9d (0.1%+/-0.00) and 15d (0.1%+/-0.00);
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n=3). Future experiments were performed using mice approximately 15 days of age and at
least a 1000 crypt seeding density was used for cultures.
In addition to mouse age and seeding density, I assessed whether success of crypt
sphere culture was related to their spatial location along the length of the intestine. To this
end, I isolated crypts from both the small intestine and colon and demonstrated that each
had a similar propensity to form sphere-like structures. I also investigated whether there
was a difference in crypt sphere formation when crypts were isolated using chelation-based
versus enzymatic-based methodologies. Interestingly, crypt spheres could be readily formed
from both small intestinal and colonic crypts (Figure 3-5 A). Additionally, the crypt isolation method, enzymatic digestion or 5mM EDTA/EGTA chelation, did not appear to affect
crypt sphere formation (Compare Figure 3-5 A and B).
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Figure 3-4 Comparison of Crypt Sphere Formation and Survival
Crypts were harvested from 15 day old and 47 day old C57J/B6 mice via enzymatic digestion and mixed with
Matrigel. Cultures were performed using DMEM media supplemented with penicillin and streptomycin and
maintained at 370C, 5% CO2, and 20% O2. (A-F) Microscopic images are displayed after culture for 2, 9, and
15 days for both age groups. (G) Graph showing the percentage of crypt spheres present out of the total
crypts placed into culture. Specific timepoints evaluated and seeding densities are indicated on the X-axis.
Only the 15d age group was evaluated at a seeding density of 5000 crypts. Asterisks indicate statistically
significant comparisons, determined by student t-test. Red bars in each image are 50µm in length. Error bars
indicate standard deviation.
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Figure 3-5 Small Intestinal and Colonic Crypt Sphere Formation
Crypts were harvested from 15 day old B6 mice using either collagenase/dispase or 5mM EDTA/EGTA
chelation based strategies and mixed with Matrigel at 1000 crypts per well. Cultures were performed using
DMEM media supplemented with penicillin and streptomycin and maintained at 370C, 5% CO2, and 20%
O2. (A) Chelation isolated small intestinal crypt sphere after 1d in culture. (B) Collagenase isolated colonic
crypt sphere after 1d in culture. Red bars in each image are 20µm in length.
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I also determined the viability and cellular composition of crypt spheres. Propidium
iodide staining of intact crypt spheres revealed the presence of viable cells at the periphery
while dead cells were located in the central lumen (data not shown). Goblet cells, enteroendocrine cells, and Paneth cells were identified within these structures as determined by the
presence of Alcian blue, Chromogranin 3A, and Lysozyme, respectively (Figure 3-6 A-C).
In addition, crypt spheres stained for the intestinal epithelial marker alkaline phosphatase
(Figure 3-6 D). Thus, crypt spheres contained viable cells which included all differentiated
cell types present normally within the intestine. These analyses indicated that in addition to
maintaining three- dimensional architecture, cells within the crypt spheres retained their
individual identities. However proliferative activity, as measured by Ki67 expression or
BrdU incorporation within crypt spheres, was not observed (data not shown).
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Figure 3-6 Crypt Spheres Contain All Intestinal Epithelial Lineages
(A) Alcian blue staining indicates the presence of a goblet cell. (B) Immunofluorescent image of
Chromogranin3a positive enteroendocrine cell. (C) Paneth cell distinguished by Lysozyme expression. (D)
Alkaline phosphatase indicates intestinal epithelial cells. Chg3a – Chromogranin 3a, Lyz – Lysozyme, Alk
Phos – Alkaline Phosphatase, DAPI – used as a nuclear stain. All images are also shown with DIC. Red scale
bar in (A) is 50µm and bars in (B-D) are 20µm in length.
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3.2.3.2

Real Time Imaging of Crypt Spheres

While the formation of crypt spheres represented a significant step in the development of an intestinal epithelial culture system, in vitro crypt sphere survival was not completely efficient and the few structures that remained intact appeared to be static. Real time
imaging of the crypt spheres during the first few days in culture revealed some fascinating
characteristics. First, crypt spheres were formed almost immediately upon placement into
Matrigel by fusion of the epithelium on either side of the crypt apex. Next, crypt spheres
moved as intact units and could fuse with adjacent structures to form larger spheres. This
explained why large structures were sometimes seen after a limited period in culture. Most
crypt spheres were initially composed of columnar to cuboidal epithelium surrounded by a
small luminal compartment within the center. Interestingly, dying cells could be seen being
ejected into the crypt sphere lumen, reminiscent of the mechanism by which dying crypt
and villus cells are removed from the epithelium in vivo(Scoville, Sato et al. 2008). Furthermore, over time, the lumen of crypt spheres appeared to enlarge with fluid which subsequently compressed the epithelial lining. This suggests that the flattened epithelium seen
in most crypt spheres was due to compression atrophy, which likely accounted for the static
nature of surviving structures after only a short period in vitro. Finally, the demise of most
crypt spheres occurred within the first 2-4 days of culture. Prior to complete dissolution,
crypt spheres appeared to actively eject their luminal contents, containing fluid and dead
cells. Interestingly, once the fluid was ejected, sphere lining epithelial cells regained their
columnar architecture for a brief period prior to disassociation and eventual death. This
again confirmed that these cells had been compressed by the buildup of fluid and cells
within the lumen.
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It was evident from these experiments that the current culture conditions were not
sufficient to maintain crypts for prolonged periods in vitro and further adjustment was
needed to facilitate robust crypt sphere survival and enable the physiologic growth and differentiation features of the intestinal epithelium. Interestingly, crypts transplanted ectopically into mice result in the formation of large cystic structures, similar to the crypts spheres
I observed in vitro. Over time these transplanted crypt cysts would enlarge and eventually
crypts would start to invaginate from the epithelial cyst lining. Cellular components within
these structures mirrored those seen within normal intestinal epithelium (Slorach, Campbell
et al. 1999; Del Buono, Lee et al. 2005).

3.2.3.3

Optimizing Culture Conditions for Crypt Sphere Cul-

ture
Reynolds et al had been successful in maintaining adult human colonic crypts for up
to 7 days in vitro using DMEM without the addition of serum or growth factors (Reynolds,
Parris et al. 2007). Presumably, the crypt epithelium provided sufficient production of necessary growth factors for continued epithelial function, although for a limited period of
time. Under similar conditions, I was able to maintain isolated murine crypts that formed
sphere or cyst-like structures in Matrigel with DMEM alone, however again these structures
could only be maintained for limited periods. My goal was to develop a culture system that
would enable sustainable crypt growth in vitro similar to what was seen in vivo. Central to
these experiments was that addition of the correct combination of growth factors could
overcome the current hurdles to proliferation and sustain additional crypt formation in vitro.
Thus, in order to facilitate survival and growth of crypt spheres a number of experiments
were performed with the addition of various culture components including addition of hepa81

tocyte growth factor (HGF), formation of a gradient of bone morphogenic protein (BMP)
and the BMP antagonist, Noggin, as well as use of crypts harboring mutations resulting in
activation of both the PI3K and Wnt signaling pathways.

3.2.3.3.1

Effects of Hepatocyte Growth Factor and Growth Factor Re-

duced Matrigel on Crypt Sphere Cultures
Matrigel is not entirely defined and has been shown to have cytostatic effects which
can be overcome by addition of HGF (Slorach, Campbell et al. 1999). Furthermore, growth
factor reduced Matrigel is available commercially, and contains significantly lower amounts
of many of the growth factors inherent to this matrix. I analyzed the effect of both HGF and
growth factor reduced Matrigel, both individually and in combination, on crypt spheres.
DMEM alone and DMEM with HGF (50ng/ml) were tested using Matrigel or growth factor
reduced Matrigel. In addition, since the effect of HGF on crypt sphere formation was unknown, I tested the effect of HGF addition to the culture media after 24 hours when crypt
spheres would have already formed. The numbers of crypt spheres in each condition were
counted after 1, 4 and 6 days in culture. The results indicated that there was no significant
difference between Matrigel and growth factor reduced Matrigel (Figure 3-7). Additionally,
HGF added at the initiation of culture or after 24 hours did not have any obvious effects on
crypt spheres when compared with DMEM alone (Figure 3-7).
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Figure 3-7 Effects of HGF and Growth Factor Reduced Matrigel on Crypt Spheres
(A, B) Representative brightfield images from each experimental condition. Crypts were isolated via
enzymatic digestion. 2000 crypts were plated per well and cultured at 370C, 5% CO2, and 20% O2 with either
DMEM alone, DMEM with HGF (50ng/ml), or DMEM with addition of HGF (50ng/ml) after 24 hours.
Crypts were counted on days 1, 4, and 6 of culture. (A) Crypts cultured in Matrigel (B) Crypts cultured in
growth factor reduced Matrigel. (C) Graph displaying the percentage of crypt spheres present over time for
each experimental condition. Scale bars are indicated in red for each image.

83

3.2.3.3.2

Effects of a BMP/BMP Antagonist Gradient on Crypt Sphere

Culture
A coordinate role of Wnt, PI3K and BMP pathways in promoting stem/progenitor
proliferation within intestinal crypts has been described previously. Specifically, it has been
shown that Wnt and PI3K stimulants are produced by crypt epithelial cells (Ruifrok, Mason
et al. 1997; Gregorieff, Pinto et al. 2005). Furthermore, it is known that Gremlin/Noggin
secreting subepithelial fibroblasts establish a gradient of BMP antagonists extending up
from the crypt base (Kosinski, Li et al. 2007). In the absence of subepithelial fibroblasts
within the crypt cultures, I decided to recreate the BMP/BMP antagonist gradient which
exists in vivo. I placed growth factor soaked beads on opposite ends of crypt sphere cultures. Growth factors can diffuse out of the beads and potentially establish a gradient within
the Matrigel (as outlined in Figure 3-8 A). As a control, I placed PBS soaked beads on either side of the crypt sphere culture (PBS/PBS). I then tested a gradient of Noggin alone,
where PBS soaked beads and Noggin soaked beads were placed on opposing sides of the
culture. (PBS/Noggin). Additionally, I tested a gradient of BMP4 alone where PBS soaked
beads and BMP4 soaked beads were placed on opposing sides of the culture (PBS/BMP4).
Finally, I tested opposing BMP4 and Noggin gradients where BMP4 soaked beads and
Noggin soaked beads were placed on opposing sides of the culture (BMP4/Noggin). Unfortunately, none of these conditions had any noticeable effects on crypt spheres (Figures 3-8
and 3-9).
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Figure 3-8 Effects of a BMP/BMP Antagonist Gradient on Crypt Sphere Culture
Crypts were isolated via enzymatic digestion. 2000 crypts were plated per well and cultured at 370C, 5%
CO2, and 20% O2 using DMEM alone. (A) A pictoral representation of the experiment is depicted. PBS
or growth factor soaked beads were placed within the Matrigel on opposite sides of the culture. Growth
factors could diffuse out of the beads and form a gradient within the Matrigel. (B, C) Representative
brightfield images from indicated regions within each experimental condition at 1d (B) and 6d (C).
Scale bars are indicated in red for each image.
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Figure 3-9 Effects of a BMP/BMP Antagonist Gradient on Crypt Sphere Culture
Cultures described in Figure 3-8 were analyzed for the number of crypt spheres present on days 1, 3 and
6 of culture. (A) Graph showing the percentage of crypt spheres over time for each experimental
condition. (B-D) Graphs showing the proportion of crypts present within each of three regions within the
indicated gradient after 3 and 6 days in culture. Error bars represent standard deviation.
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3.2.3.3.3

Effect of Wnt and PI3K mutations on Crypt Sphere Culture

In addition to testing various growth factors to facilitate crypt sphere growth and
survival, I also examined the effects of activating Wnt and PI3K signaling pathway mutations using crypts isolated from mutant mice. From mice previously described (Harada,
Tamai et al. 1999; Groszer, Erickson et al. 2001; el Marjou, Janssen et al. 2004), our lab has
generated Villin-CreERT2/Ptenfx/fx/dBCfx/+ mice, detailed in Materials and Methods, where
tamoxifen treatment facilitates Cre mediated removal of regulatory regions within PTEN
(exon 5) and β-catenin (exon 3) enabling loss of PTEN function and constitutive activation
of β-catenin. Upon tamoxifen treatment, these mice rapidly develop intestinal tumors, underlying the importance of Wnt and PI3K signaling pathways as proliferative stimuli within
the intestine (Justin Grindley and Linheng Li, unpublished results). Using Villin-CreERT2
negative mice as controls, I examined the effect of PTEN deletion alone and in combination
with the activating mutation of β-catenin on mitosis within crypt spheres, as demonstrated
by the presence of pS552-β-catenin (He, Yin et al. 2007). Interestingly, after 32 to 48 hours
of culture, mitotic events were only detected in crypt spheres cultured from mice containing
mutations in both pathways (Figure 3-9 D). However, none of these conditions were sufficient to extend crypt sphere survival beyond what had been observed in previous experiments, as seen in Figure 3-9.
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Figure 3-10 Effects of Wnt and PI3K Mutations on Crypt Sphere Culture
(A-D) Representative immunofluorescent images of crypt spheres after 32-48 hours of culture in DMEM
alone at 370C, 5%CO2, and 20% O2. Crypts were isolated by enzymatic digestion. (A) Villin-Cre negative
PTENfx/fx crypt sphere. (B) Villin-Cre positive PTENfx/fx crypt sphere. (C, D) DIC and immunofluorescent
images of the same Villin-Cre positive PTENfx/+dBCfx/+ crypt sphere. (E) Graph showing the percentage of
crypt spheres that contained at least one pS552 β-catenin positive cell. pS552 β-catenin (red), DAPI (blue),
and DIC. Scale bars in each image are 20um. Errors represent standard deviation, n=3.
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3.2.3.3.4

Sustainable Crypt and Single Cell Culture Requires R-

spondin 1, EGF, and Noggin
The observation that coordinate Wnt and PI3K pathway activation appeared to
stimulate mitosis within crypt spheres, albeit for short periods, was encouraging and
prompted further exploration. I tested the addition of both Wnt and PI3K agonists along
with Noggin to the culture media. To obtain maximal Wnt activity, I included both Wnt3a
and R-spondin1, previously shown to significantly amplify Wnt pathway mediated proliferative effects on mouse intestine (Kim, Kakitani et al. 2005). EGF was added to activate
PI3K signaling and Noggin was included to inhibit the BMP pathway. Interestingly, after
only 2 days in culture de novo crypt formation could be observed within crypt spheres
(Figure 3-11 A). Continued crypt expansion led to significant crypt sphere enlargement
over time (Figure 3-11). Furthermore, epithelial cells continued to be shed into the sphere
lumen. In fact, the mass of dead cells began obscuring the surviving epithelium by the 9th
day of culture (Figure 3-11 C). After approximately 2 weeks, these structures could be passaged by mechanical dissociation of the crypt sphere yielding individual crypt like units
which followed the same pattern of crypt sphere formation and de novo crypt expansion
(Figure 3-11 D). While performing these experiments, a manuscript from the Clevers group
detailing a similar procedure was published in Nature (Sato, Vries et al. 2009). They
showed that by using R-spondin 1, EGF and Noggin, crypt cultures could be maintained
and passaged indefinitely. In addition, they demonstrated that all intestinal epithelial cell
types are generated within these structures. In the same manuscript, this group was successful in growing sustainable crypt spheres from single sorted Lgr5 expressing cells, using a
slightly modified protocol. Several additional components were necessary to support the
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formation of crypt spheres from single intestinal stem cells. Y27632, a Rho-kinase inhibitor, was included to prevent anoikis of single cells upon initial seeding of the culture
(Watanabe, Ueno et al. 2007). Jagged 1, a Notch agonist, provided requisite activation of
this pathway (Li, Milner et al. 1998). Finally B27 (w/o vitamin A) and N2 supplements
were used to support growth under serum-free conditions. I was able to reproduce their results as shown in Figure 3-12.
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Figure 3-11 Sustainable Crypt Sphere Culture with R-spondin1, EGF and Noggin
(A-D) Representative images of crypt spheres at various time points. Crypts were isolated via enzymatic
digestion or 30mM EDTA chelation. 2000 crypts were plated per well and cultured using 10% Rspondin 1 conditioned media, 5% Wnt3a conditioned media, 50ng/ml EGF and 100ng/ml Noggin at
370C, 5%CO2, and 20% O2. (A-C) Crypt spheres after 2, 5 and 9 days of culture (D) Crypt spheres after
7 serial passages and 80 days in culture. Scale bars in A and B are 50µm and in C and D are 100µm.
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Figure 3-12 In vitro Culture of Single Lgr5+ Intestinal Stem Cells
Single Lgr5 GFPhigh cells were isolated from Lgr5GFPIRESCreERT2 mice, sorted, placed into Matrigel,
and passaged as outlined in Materials and Methods. Representative images at d0 and d2 are shown.
Images between day 4 and day 20 are of the same structure. Scale bars are indicated in red.
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3.3 Discussion
Ultimately, the development of a successful in vitro culture system enabling the
formation and maintenance of a complete regenerating intestinal epithelium from both single crypts and more importantly single intestinal stem cells hinged on several critical components. First, the use of three-dimensional extracellular matrix rich in laminins supplied
the necessary attachment dependent signals to prevent anoikis. Furthermore, this environment allowed these cells to maintain their three-dimensional characteristics likely important
for preserving cell polarity and enabling generation of crypt architecture present in vivo.
Second, several signaling pathways, shown in vivo to be instrumental in regulating the proliferation of intestinal epithelial cells at the level of stem and progenitors cells, were also
required in vitro, namely, Wnt, PI3K, BMP and Notch signaling pathways (as discussed in
Chapter 1). While crypt cells were able to form sphere or cyst like structures without the
addition of exogenous growth factors, regenerative processes including de novo crypt formation and multipotent differentiation were not possible without addition of R-spondin1
and EGF. As reported, Noggin was necessary to maintain these structures over continual
passages (Sato, Vries et al. 2009). Finally, culture of single cells required the presence of
Notch ligand, anti-apoptotic agents, and supplements that support growth under serum free
conditions (Sato, Vries et al. 2009).
This system represents an important tool for the further exploration and advancement of intestinal biology. For instance, it is now possible to use real time imaging to provide insights into numerous cellular and physiological processes in both normal and disease
states. Furthermore, this crypt culture facilitates ease of genetic and chemical manipulation
using techniques such as lentiviral transduction to further explore individual or combinato-
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rial molecular pathways. This platform also provides a mechanism for the screening of
small molecules and other potential therapeutics that could potentially yield significant advances in the treatment of numerous gastrointestinal pathologies. Most importantly, it provides a functional assessment of stem cell potential allowing the analysis and validation of
putative stem cell populations. Despite the potential benefits of this culture system it is important to note that this assay does not exactly recapitulate the intestinal environment present in vivo as evidenced by the rapid rate of crypt generation which normally occurs at an
extremely slow rate in the adult (Loeffler, Bratke et al. 1997). Thus, cells which display
stem cell potential in vitro may normally play different roles in vivo. If possible, results
from this assay should be validated through other experimental methodologies such as lineage tracing.
Crypt and single cell culture of the intestinal epithelium revealed that these structures could be generated independent of subepithelial myofibroblasts, which are generally
believed to comprise the niche for intestinal stem and progenitor cells (Li and Xie 2005;
Yen and Wright 2006). This, along with the observation that Paneth cells are always present
at the sites of crypt budding and are generated early on during the culture of single intestinal stem cells, suggests that crypt epithelial cell types, such as Paneth cells, may function as
important niche cells for intestinal stem cells. However, continual passaging revealed a requirement for Noggin, a BMP antagonist, secreted by stromal cells underlying the crypt
base (Kosinski, Li et al. 2007). Thus, the stem cell niche within the crypt base is likely
composed of both epithelial and stromal components which together provide proliferative
stimuli and regulatory signals requisite for processes like stem cell self renewal.
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4.
Isolation and Discrimination of Label Retaining Intestinal
Epithelial Cells
4.1 Introduction
Traditional label retaining experiments have been performed using 3H-thymidine or
more recently BrdU or BrdU analogues such as CldU or IdU (Marshman, Booth et al. 2002;
Potten, Owen et al. 2002; He, Zhang et al. 2004). While these methods enable identification
of label retaining cells (LRCs) within tissue sections they do not allow for the isolation of
viable LRCs. Alternatively, several groups have used a transgenic tetracycline inducible
histone 2B-GFP (H2BGFP) system in mice to successfully isolate label retaining cells from
both the hematopoeitic system and hair follicle (Tumbar, Guasch et al. 2004; Wilson,
Laurenti et al. 2008). To this end, I obtained Rosa26stopfx/fxrtTA mice, where the reverse
tetracycline transactivator (rtTA) preceded by a floxed neomycin stop cassette has been
“knocked in” to the Rosa26 locus (Yu, Liu et al. 2005). To maximize the expression of the
rtTA transgene, I removed the floxed Neomycin stop cassette by breeding these mice to
Prm-Cre mice to generate Rosa26rtTA mice. I also obtained tetO-HIST1H2BJ/GFP mice
where random integration of the transgenic cassette results in expression of the H2BGFP
fusion protein controlled by a tetracycline operator (tetO) and cytomegalovirus (CMV)
promoter located directly upstream (Tumbar, Guasch et al. 2004). Breeding Rosa26rtTA
mice to tetO-Hist1H2BJ/GFP mice generated a transgenic strain, hereafter referred to as
R26rtTA;H2BGFP mice, where H2BGFP expression could be regulated by administration
of doxycycline (a tetracycline analogue). rtTA can only bind the tetracycline operator when
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bound to doxycycline, thus in the absence of doxycycline, although rtTA is present, the
H2BGFP fusion protein can not be expressed. Upon delivery of doxycycline, rtTA complexes with the doxycycline and binds the tetracycline operator to induce expression of the
H2BGFP fusion protein.
Histone 2B is part of the histone octamer complex comprised of dimers of H2A,
H2B, H3 and H4 which facilitates compaction of DNA into nucleosomes, the lowest order
of chromatin packaging. During DNA replication, histones are displaced and then reassembled on the newly replicated DNA molecules. Previous studies using similar mice demonstrated that H2BGFP protein is distributed equally between daughter cells and is
progressively diluted within the cell following cell division, similar to other labeling molecules such as BrdU. In addition, they observed that H2BGFP label could no longer be detected after approximately 3-5 cell divisions (Brennand, Huangfu et al. 2007).
I sought to utilize this system to label quiescent intestinal stem cells (qISCs). Upon
cell division, H2BGFP is incorporated into nucleosomes within the chromatin. Efficient labeling of the intestinal epithelium should result in labeling of all cells. Upon withdrawal of
doxycycline, label can be lost via cell death or division. Label should be retained in long
lived differentiated cells, namely Paneth cells, and slow cycling cell types such as the putative qISCs.
Importantly, when using this strategy, it is was necessary to consider when to initiate induction of H2BGFP to facilitate efficient stem cell labeling, as this is the primary purpose of this strategy. Stem cells can only retain label if they express the transgene during
cell division, thus periods when stem cells are proliferative represent the ideal. Label induction could be initiated during early developmental periods, such as in utero or immediately
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after birth. It is known that mature crypts do not develop until approximately postnatal day
(P) 14 (Calvert and Pothier 1990). Thus, induction of H2BGFP expression prior to this
could enable labeling of qISCs when they first begin to appear. Alternatively, massive crypt
expansion via crypt fission is known to occur between PN 14-21 (Cheng and Bjerknes
1985). Crypt fission is thought to be driven by intestinal stem cell division (Bjerknes and
Cheng 2005) and thus represents a time point where qISCs are undergoing division and incorporating H2BGFP. Finally, mice could undergo extended labeling periods, e.g. 1 year or
more, to ensure that quiescent ISCs would have expressed the H2BGFP transgene and also
undergone division to allow label incorporation. In addition, the intestinal epithelium could
be stressed or damaged using agents such as 5-Fluorouracil (5FU) or irradiation to induce
stem cell division. As long as the injury was sufficient to activate qISCs and the label induction was maintained for a sufficient period after the injury to ensure that the qISCs again
reached a quiescent state, qISCs could also be labeled in this manner.
The next point of consideration is when to stop induction and start the chase. Since
this strategy relies on cell division for label incorporation while simultaneously identifying
cells which are slow cycling, it would be necessary to continue the induction until a time
when intestinal growth kinetics had reached a homeostatic equilibrium. This would ensure
that potential qISCs were dividing at a normal physiologic rate and thus likely to retain label.
Finally, it was necessary to determine the length of the chase period. This was problematic since qISCs have yet to be definitively identified let alone characterized in terms of
cycling frequency. Furthermore, quiescence is a relative term and subject to comparison
with other proliferative cells within the same tissue. When examining the intestinal epithe-
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lium, progenitors and previously identified Lgr5+ ISCs have been shown to cycle every 12
and 24 hours, respectively (Barker, Huch et al.; van der Flier and Clevers 2009). Thus, ISCs
that cycle every 2-3 days could be considered quiescent when compared to these cells. Ultimately, the length of the chase period using this particular labeling strategy had to be determined using progressive experiments.

4.2 Results
4.2.1 Optimizing Labeling Conditions within the Intestinal Epithelium to Facilitate Isolation of Quiescent Intestinal Stem Cells
Initially, I wanted to determine the conditions for efficient H2BGFP expression;
therefore, I placed adult mice on a low doxycycline (dox) feed for 3 weeks and then visualized the GFP signal using an anti-GFP antibody on paraffin embedded sections. Robust
H2BGFP expression was seen within the villus but not within the crypt compartment (Figure 4.1 A, B). I hypothesized that the lack of H2BGFP expression within the crypt compartment was likely due to the ability of stem/progenitor cells, which make up the bulk of
the crypt, to efflux foreign compounds via expression of multidrug resistance transporters
(Dekaney, Rodriguez et al. 2005). To overcome this possibility, I placed mice on feed containing a higher amount of doxycycline, hereafter referred to as high dox feed. Mice placed
on high dox feed for at least 1 week displayed significant H2BGFP expression within both
the crypt and villus regions as detected using an anti-GFP antibody on paraffin embedded
tissue sections (Figure 4.1 C-F). R26rtTA-H2BGFP+ mice were used as negative controls
for H2BGFP expression.
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Figure 4-1. Doxycycline Concentration Effect on H2BGFP Expression within the Mouse Intestinal Epithelium.
(A-F) Immunohistochemical stains for anti-GFP on mouse small intestinal sections. (A) R26rtTA+H2BGFP+
intestine after 1 week on low dox feed. (B) R26rtTA-H2BGFP+ intestine (negative control) after 1 week on
low dox feed. (C) R26rtTA+H2BGFP+ intestine after 1 week on high dox feed. (D) R26rtTA-H2BGFP+
(negative control) after 1 week on high dox feed. (E) R26rtTA+H2BGFP+ intestine after 3 weeks on high dox
feed. (F) R26rtTA-H2BGFP (negative control) after 3 weeks on high dox feed. Scale bar is 50µm.
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4.2.1.1

Adult Pulse/Chase Experiments

Next, I proceeded to label putative stem cells using a modification of the protocol
outlined in Potten’s original 3H-thymidine labeling experiments (Potten, Owen et al. 2002).
Using BDF1 mice, Potten and colleagues discovered the greatest percentages of label retaining cells were identified when labeling was initiated at or after 6 weeks of age. In accordance with this, I initiated labeling by administering doxycycline at approximately 6
weeks of age. Induction was continued for 3 weeks to ensure maximal quiescent stem cell
labeling and then H2BGFP expression was analyzed after 1 and 3 weeks of chase. Following 1 week of chase, rare cells were seen at the stem cell position above the Paneth cell
zone as described by Potten, while the majority of labeled cells were identified as Paneth
cells by the presence of large cytoplasmic granules (Figure 4-2 A, B). The only labeled cells
observed after 3 weeks of chase were Paneth cells (Figure 4-2 C, D). These results contrast
with the data previously published by Potten et al where they detected approximately 5 non
Paneth cell label retaining cells per crypt proceeding 3-5 weeks of chase (Potten, Owen et
al. 2002). However, mouse strain differences (BDF1 vs. R26rtTA;H2BGFP) as well as the
alternative labeling techniques (3H-thymidine vs. H2BGFP) could account for these observations.
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Figure 4-2. Adult Pulse/Chase Experiments.
(A-D) Immunohistochemical images of anti-GFP staining on paraffin embedded mouse small intestinal
sections. Mice were started on high dox feed at 6 weeks of age and induced for 3 weeks followed by 1 week of
chase (A, B) or 3 weeks of chase (C, D). Arrows highlight H2BGFP labeled putative qISCs located
immediately above the Paneth cell zone. Scale bar is 20µm.
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4.2.1.2

Adult Pulse/Chase Experiments with Stress

Since H2BGFP label incorporation into chromatin requires that label expressing
cells undergo division, I attempted to induce a proliferative response in quiescent intestinal
stem cells by causing intestinal injury via intravenous injection of 5FU, a chemotherapeutic
agent. Mice were administered 5FU and placed on doxycycline for 1 or 2 weeks followed
by 1 to 3 weeks of chase (Figure 4-3 A). After 1 week of induction followed by 1 week of
chase, label retaining cells were identified above the Paneth cell zone, as had been observed
in experiments without 5FU (Figure 4-2). Indeed some of these cells appeared to express
DCAMKL1, a proposed quiescent stem cell marker (Figure 4-3 D) (May, Sureban et al.
2009). However, numerous crypts contained label retaining cells that extended into the
transit amplifying progenitor compartment. In addition, label retaining cells included differentiated cells other than Paneth cells, such as enteroendocrine cells (Figure 4-3 C). Similar
results were seen in mice induced for 2 weeks followed by 1 week of chase (Figure 4-4 B)
which suggest that in order to exclude differentiated and progenitor cells and better enrich
for quiescent ISCs longer chase periods are required. Interestingly, in mice induced for 1
week followed by 2 and 3 weeks of chase the only label retaining cells present were Paneth
cells (Figure 4-3 E, F). Although, after 2 weeks of chase, in mice induced for 2 weeks, rare
label retaining cells could be identified above the Paneth cell zone that appeared to express
DCAMKL1 (Figure 4-4 D).

102

Figure 4-3 Monitoring Labeling after 5FU and 1 week of induction in Adult Mice .
(A) Experimental timeline. (B-F) Immuofluorescent images of mouse small intestine corresponding to the
experimental timeline. GFP identifies H2BGFP label retaining cells. Lysozyme labels Paneth cells. DCAMKL1 is
a proposed intestinal stem cell marker. DAPI was used to label nuclei. (B) Arrowheads indicate label retaining
cells above the Paneth cell zone. Filled arrowheads represent putative qISCs identified by classical position.
Empty arrowheads mark label retained by cells within the progenitor compartment. Asterisks indicate label
retaining Paneth cells. (C) An example of a label retaining enteroendocrine cell identified by expression of
chromogranin 3a. (D) Putative label retaining qISC localized above the Paneth cell compartment that expresses
DCAMKL1. (E, F) Label retaining Paneth cells (asterisks). Scale bar is 20µm.
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Figure 4-4 Monitoring Labeling after 5FU and 2 weeks of induction in Adult Mice
(A) Experimental Timeline. (B-D) Immuofluorescent images of mouse small intestine corresponding to the
experimental timeline. GFP identifies H2BGFP label retaining cells. Lysozyme label Paneth cells. DCAMKL1 is
a proposed intestinal stem cell marker. Ki67 indicates cell cycle activity. DAPI stains cell nuclei. Asterisks
indicate label retaining Paneth cells. Scale bar is 20µm.
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4.2.1.3

In Utero/Neonatal Induction of H2BGFP Expression

Followed by Adult Chase
Due to the scarcity of putative qISCs discovered using previously described labeling
strategies, alternatives were explored in an effort to maximize labeling of putative qISCs.
To this end, I attempted to induce H2BGFP expression in utero or during the early neonatal
period when intestinal stem cells are initially formed. Female breeders (Dams) were administered high dox feed prior to conception and maintained on this diet throughout pregnancy.
Pups were phenotyped by visualizing endogenous GFP expression within a piece of freshly
cut tail tissue. Pups which displayed expression of the transgene were sacrificed and small
intestinal tissue was harvested for sectioning. Embryonic day (E) E0 (timepoint of embryonic induction)/P4 (timepoint of tissue analysis) pups displayed no H2BGFP expression
(Figure 4-5 A, B). Transgene expression within the developing embryo and nursing pups
relies upon efficient transfer of doxycycline across the placental barrier and mammary epithelium, respectively. To ascertain whether the lack of expression seen in the E0/P4 pups
was an issue of doxycycline concentration, I administered both high dox feed and dox water
at 2mg/ml, including 5% sucrose enabling palatability, to dams starting at E10. However,
E10/P4 small intestine was also negative for expression of H2BGFP (Figure 4-5 E). Interestingly, non epithelial cells were identified expressing the transgene, suggesting that the
doxycycline concentration was not affecting transgene activation (Figure 4-5 E). Alternatively, it is possible that the H2BGFP transgene could be silenced early in intestinal development which could be reversed at a later timepoint. Therefore, I determined when
H2BGFP expression was present within the intestinal epithelium. Regardless of whether
dams were placed on high dox feed or high dox feed + dox water (2mg/ml+5% sucrose),
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H2BGFP expression could only be detected in PN14 pups (Figure 4-5 C, D and F). Since it
is known that crypt fission rates, driven by stem cell division, reach a peak between P14-21
in mice the opportunity for label incorporation within stem cells was high (Cheng and
Bjerknes 1985).
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Figure 4-5. H2BGFP Expression in Early Postnatal Intestinal Epithelium.
(A-F) Immunohistochemical images of anti-GFP staining on paraffin embedded mouse small intestinal
sections. (A, D) Dams were started on high dox feed prior to conception. Pups were genotyped and small
intestinal tissue was harvested from R26rtTA+H2BGFP+ pups at P4 (A, B (Higher magnification)) and P14
(C, D (Higher magnification)). (E) Dams were started on both high dox feed and dox water at 2mg/ml+5%
sucrose at E10. Tissue from R26rtTA+H2BGFP+ pups was obatined at P4. (F) Dams were started on both
high dox feed and dox water at 2mg/ml+5% sucrose at P2. Tissue from R26rtTA+H2BGFP+ pups was
obatined at P14. Scale bars are indicated in red.
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Next, I needed to determine the optimal length of induction. If labeling was discontinued before putative slow cycling stem cells had achieved a quiescent state these cells
would not retain label. Previous work has shown that the growth kinetics of the intestinal
epithelium reach homeostasis approximately 5-6 weeks post-natally (Cheng and Bjerknes
1985). Thus, I examined small intestinal tissue from R26rtTA;H2BGFP mice that underwent in utero/neonatal induction which was continued until 6 weeks of age. H2BGFP expression within R26rtTA+H2BGFP+ mice was detected throughout the entire crypt villus
axis while expression was entirely absent in R26rtTA-H2BGFP+ negative controls (Figure
4-6 A, B).
Finally, I undertook experiments to discern the optimal length of chase. Since putative qISCs have never been definitively identified, information regarding their prospective
cycling frequency was not defined. Since identification of qISCs within this system depends on label retention, the chase period needed to be of sufficient length to exclude as
many other cell types as possible whilst preventing loss of label from qISCs. Previous experiments had shown that chase periods of 1 week revealed multiple non Paneth cells
within crypts that retained label. However after a 2 week chase period, during which the
epithelium will have renewed approximately 3-4 times, label had been lost by all of the epithelium with the exception of cells at the crypt base, where both Paneth cells and intestinal
stem cells are known to reside (Figure 4-6 C). Staining with the Paneth cell specific marker,
lysozyme revealed that most of these label retaining cells were Paneth cells (Figure 4-6 D).
However, this was expected as Paneth cells are known to live for approximately 8 weeks
(Ireland, Houghton et al. 2005).
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Figure 4-6. H2BGFP Labeling Following Neonatal Induction and 14d chase in Adult Mice.
(A-D) Immunofluorescent images of mouse small intestine. Dams were placed on doxycycline prior to
conception and mice were maintained on high dox feed after weaning until approximately 6 weeks of age
followed by 0 (A,B) or 2 weeks of chase (C, D). Efficient H2BGFP expression was detected throughout the
entire crypt villus axis in an R26rtTA+GFP+ mouse (A) but was absent in the R26rtTA-GFP+ negative
control mouse (B). (C, D) Label retaining cells in a R26rtTA+GFP+ mouse after 2 weeks of chase are
limited to the crypt base (C, asterisks). A significant number of these cells can be identfied as Paneth cells
based on Lysozyme expression (D, arrowheads). GFP – H2BGFP expression, Lysozyme – Paneth cells,
DAPI – nuclear stain. Scale bars are indicated in red.
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4.2.2 CD166 Labels Cells at the Crypt Base Including Paneth Cells
and Lgr5+ Crypt Base Columnar Cells
Since the majority of the cells that retained label in these experiments were Paneth
cells, their exclusion from putative qISCs via fluorescence activated cells sorting (FACS)
required identification of Paneth cell specific surface markers. Wong and colleagues at the
Univeristy of Oregon Health Science Center reported CD166 (also known as ALCAM –
Activated Leukocyte Cell Adhesion Molecule) as a prospective Paneth cell marker (Melissa
Wong, personal communication). CD166, a ligand for CD6, is physiologically expressed on
multiple cell types including neural cells, hematopoeitic progenitors, leukocytes and epithelial cells, and facilitates cell adhesion through homophilic interactions. Within the intestine,
CD166 was first attributed to increased invasiveness in human colon cancer by Weichert et
al (Weichert et al 2004). Subsequently it was employed with epithelial cell adhesion molecule (EpCAM) and CD44 to enrich for human colon cancer stem cells (Dalerba et al 2007)
and has also been used to identify colon cancer stem cells in the rodent (Levi et al 2009).
Confirming the results from the Wong lab, CD166 appeared to label Paneth cells as robustly as lysozyme (Figure 4-7 A, B). Furthermore, flow cytometric analysis revealed that
CD166 was expressed on Lgr5+ cells (Figure 4-7 C). Although Lgr5+ cells have been
shown to be rapidly cycling and thus not likely to retain label, use of CD166 as a marker to
ensure exclusion of Paneth cells from other label retaining cells was promising.
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Figure 4-7. Paneth cells and Lgr5+ cells express CD166.
(A, B) Immunofluorescence images of mouse small intestine. CD166 labels lysozyme expressing Paneth
cells. (C) Representative FACS plot of isolated crypt epithelial cells from Lgr5GFP transgenic mice. The top
left panel is an Lgr5GFP negative control. The bottom left panel is an isotype control for CD166.
Comparison of the isotype control with the CD166 stained sample reveals that Lgr5+ cells express CD166.
Scale bars are indicated in red.
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4.2.3 CD166 Staining of Label Retaining Cells Reveals Distinct
Populations
Following the identification of optimal labeling conditions along with a surface
marker to potentially exclude Paneth cells, I attempted to isolate the label retaining stem
cells (LRSCs) via FACS. High dox feed was administered to R26rtTA;H2BGFP dams prior
to conception and continued until mice were 6 weeks of age followed by two weeks of
chase. Crypts were isolated from the small intestine using 30mM EDTA chelation and dissociated into single cells, as described in Materials and Methods. Cells were sorted by first
excluding debris using forward versus side scatter after which singlets were selected using
pulse width versus side scatter. CD45, a pan-hematopoietic marker, was used to exclude
any contaminating blood cells. 7aad, a DNA binding dye, and AnnexinV, which binds
phosphotidylserine residues on the outer cytoplasmic membrane indicative of apoptosis,
were employed to exclude dead and dying cells ensuring selection of only viable cells (Figure 4-8 A). R26rtTA-H2BGFP+ mice, deficient in the rtTA transgene, were used to ensure
appropriate selection of H2BGFP positive cells (Figure 4-8 B, top left panel). An isotype
for CD166 was used on isolated crypt cells from R26rtTA+H2BGFP+ mice as a negative
control for CD166 staining (Figure 4-8 B, bottom left panel). CD166 staining of crypt intestinal cells obtained from R26rtTA+H2BGFP+ mice revealed six different populations corresponding to CD166 and H2BGFP expression (Figure 4-8 B, right panel). Cells appeared
to be divided into 3 different populations based on CD166 expression: CD166 negative,
CD166low and CD166high (Figure 4-8 B, right panel). In addition, corresponding label retaining cells (LRCs) were observed within each of these populations, although the numbers
of CD166 negative and CD166 LRCs were extremely low. The majority of label retaining
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cells were CD166 positive (CD166negGFP+, 2.11x10-2% +/- 1.17x10-2; CD166lowGFP+,
1.89x10-2% +/- 9.5x10-3; CD166highGFP+, 10.6x10-2% +/-8.3x10-2; percentage of population/total live intestinal epithelial cells, errors represent standard deviation, n=6) (Figure 4-8
B, right panel). Within the non label retaining populations, the majority of cells were
CD166 negative or low while a minority of cells were CD166 high (CD166negGFP-, 45.0%
+/- 9.84; CD166lowGFP-, 40.3% +/- 5.08; CD166highGFP+, 2.86% +/-3.11; percentage of
population/total live intestinal epithelial cells, errors represent standard deviation, n=6)
(Figure 4-8 B, right panel).
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Figure 4-8. CD166 Staining of LRCs Reveals Distinct Populations.
(A, B) Representative FACS plots of isolated crypt epitheial cells from R26rtTA;H2BGFP transgenic mice
induced in utero followed by a 2 weeks chase initiated at 6 weeks of age. (A) Panels from left to right
represent the sequential gating strategy to isolate viable single crypt epithelial cells. From left to right,
forward scatter (FSC) vs. side scatter (SSC) was used to exclude debris (FSC low), pulse width vs. SSC
allowed for isolation of single cells, and any blood cells were removed using CD45 (a pan-hematopoietic
marker). Non viable cells were excluded using 7aad and AnnexinV which stain dead and dying cells,
respectively. (B) Top left panel is a H2BGFP negative control. Bottom left panel is an isotype control for
CD166. The right panel reveals six separate populations corresponding to CD166 and H2BGFP expression.
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4.2.4 CD166high LRCs Contain Functional Stem Cells
Single cells from all six populations defined by CD166 and H2BGFP expression
were FACS sorted and cultured individually to evaluate which populations contained functional stem cells capable of self-renewal and multipotent differentiation. Only three populations, CD166low and CD166high non-LRCs and CD166high LRCs demonstrated the presence
of functional stem cells determined by the growth of crypt sphere structures (Figure 4-9 A) .
Single cell culture efficiency was evaluated after 12 days of culture to ensure that
only those structures displaying sustainable growth were counted (Figure 4-9 B). CD166high
LRCs displayed the highest efficiency (0.97%+/- 0.74, 7 organoids/724 cells plated) followed by CD166high non LRCs (0.26%+/-0.22, 53 organoids/20,500 cells plated) and finally
CD166low non LRCs (0.04%+/-0.03, 9 organoids/20,500 cells plated). The extremely low
efficiency of organoids from the CD166lownon-LRC fraction likely represents contamination from the adjacent CD166high non-LRC population as these populations are not well resolved by flow cytometry (Figure 4-9 A). CD166neg non-LRCs did not contain any
functional stem cells (0 organoids/20,500 cells plated). Interestingly, CD166high LRCs were
the only label retaining population that contained functional intestinal stem cells as none
were detected within CD166neg (0 organoids/503 cells plated) and CD166low LRCs (0 organoids/280 cells plated). Thus, by virtue of the fact that H2BGFP label retention implies
quiescence, I had identified that quiescent intestinal stem cells were present within
CD166high LRCs.
To further characterize the growth of CD166high LRCs in vitro I analyzed single
cells over 18 days of culture (Figure 4-10). Cultures were examined at the initiation of culture to ensure that single cells were present and representative images were taken on day 0
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and 2. After the 4th day of culture, most remaining structures were sustainable, thus enabling continuous tracking of these structures over time (Figure 4-10). In addition, crypt
spheres generated from single CD166high LRSCs contained all four differentiated intestinal
epithelial cell types (Figure 4-11). Of note, I did not detect any differences in the morphology or growth characteristics between CD166high LRCs and CD166high non LRCs. While the
total number of organoids grown from the CD166highLRC population was too low to detect
significant variability, within the CD166high non-LRCs there was a range of growth rates
and sizes of organoid structures was observed.
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Figure 4-9.In vitro Culture of CD166/H2BGFP Populations
(A) The left panel shows a representative FACS plot. Red boxes indicate sorted populations. The right panel
presents two images of the single cell cultures from the CD166high LRC and non-LRC populations after 12
days. (B) Graph showing the culture efficiency of all six sorted populations after 12 days in culture. Error
bars represent standard deviation.
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Figure 4-10.Single Cell Culture Timecourse for CD166high LRSCs
These images demonstrate a single cell timecourse for a sorted CD166high LRC over 18 days of culture. All
images present are scaled so that size can be compared directly. The white scale bar is 50µm.
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Figure 4-11.Single CD166high LRSCs Form All Differentiated Intestinal Cell Types
All images are taken from the same crypt organoid structure. (A) Sucrase iso-maltase staining identifies the
brush border of intestinal epithelial cells including enterocytes. (B) Lysozyme reveals Paneth cells. (C)
Chromogranin 3a indicates a enteroendocrine cell. (D) Muc2 labels goblet cells. Scale bar is 10µm.
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4.2.5 Gene Expression Analysis of CD166high LRCs
Functional stem cells had been identified in the CD166high LRC population, however
based on previous histological results it was likely that this population also contained Paneth cells (Figure 4-6 D). To test whether this was indeed the case as well as determine the
cellular composition of the label and non label retaining populations, comparative gene expression analysis was performed using quantitative reverse-transcriptase polymerase chain
reaction (qRT-PCR). As expected Paneth cells, detected by the expression of Defensin related sequence cryptdin peptide (Defcr-r), were enriched within the CD166high LRCs compared with all other populations (Figure 4-12). However, other differentiated cells known to
exist within crypts, such as enteroendocrine cells, detected by expression of neurogenic differentiation factor 1 (NeuroD1), were not enriched within CD166high LRCs but were present
in the CD166high non LRC population (Figure 4-12).
Several putative and confirmed intestinal stem cells genes were analyzed including
Lgr5, Musashi1 (Msi1), Olfactomedin 4 (Olfm4), doublecortin and CAM kinase-like 1
(DCAMKL1), B lymphoma Mo-MLV insertion region 1(Bmi1) and leucine-rich repeatcontaining G protein-coupled receptor 4 (Lgr4). Lgr5 and Msi1 were significantly enriched
within both CD166high populations (Figure 4-12), confirming the presence of intestinal stem
cells indicated by the functional in vitro culture analysis. In addition, several stem cell
genes appeared to be differentially expressed between CD166high LRCs and non-LRCs. The
enrichment of DCAMKL1 within CD166high non-LRCs compared with CD166high LRCs
was statistically significant (Figure 4-12). Additionally, Olfm4 appeared to follow this same
trend. Conversely, Bmi1 and Lgr4 expression was enriched within CD166high LRCs (Figure
4-12).
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Figure 4-12 Comparative Gene Expression Analysis of CD166highLRCs
Comparison of gene expression across all six CD166/H2BGFP populations. Cells were FACS sorted based
on the populations defined previously. Representative p-values are listed. Error bars represent standard
deviation. n=4
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4.2.6 Histological Identification of Quiescent Lgr5+ Cells
Experimental evidence suggested that quiescent intestinal stem cells expressed Lgr5
(Figure 4-12). To further confirm the presence of a quiescent Lgr5+ cell type, I performed a
BrdU retention assay on Lgr5-GFP transgenic mice mirroring the same label retaining strategy used to identify H2BGFP label retaining stem cells. 42 day old Lgr5-GFP mice were
irradiated with 6.5Gy, to induce stem cell division, followed by intraperitoneal injection of
2mg of BrdU every 12 hours for 3 days (3d pulse). 14 days after the last BrdU injection
(14d chase), intestinal tissue was obtained for histological analysis (Figure 4-13 A). Rare
Lgr5+ BrdU label retaining cells were observed at the crypt base, where Lgr5+ CBCs are
known to reside (Figure 4-13 B). Quantitative analysis of crypts containing detectable Lgr5GFP cells revealed 15 Lgr5+ LRCs out of 1715 crypts (0.89%+/-0.17). Label retaining
Lgr5+ cells represented 3.1%+/-0.84 of the total number of label retaining cells detected
(Figure 4-13 C).
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Figure 4-13 Histological Identification of Label Retaining Lgr5+ Cells
(A) Pictoral representation of the experimental outline. Lgr5-GFP mice were irradiated with 6.5Gy at 42 days
of age followed by BrdU injections every 12 hours for 3 days (3 day pulse). Mice were sacrificed 14 days
after the final BrdU injection (14d chase). (B) Representative immunofluorescent images showing Lgr5+
LRCs within mouse small intestine after the 14 day chase. BrdU is labeled in red, Lgr5GFP is labeled in
green, and DAPI is labeled in blue. (C) Graphs displaying the percentage of LRCs that are Lgr5+ (right
panel) and the percentage of crypts containing an Lgr5+ LRC (left panel) Error bars represent standard
deviation. n=3.
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4.3

Discussion

Since label retaining cells were first identified within the murine intestine by Potten
and colleagues, much effort has been expended towards identification of specific cell surface markers which could enable their isolation and ultimately provide definitive evidence
supporting their stem cell identity. However, thus far no such specific molecules have been
demonstrated. To mitigate the need for specific label retaining stem cell (LRSC) markers, I
employed a label retaining system, used successfully to isolate LRSCs within the hair follicle and hematopoeitic systems (Tumbar, Guasch et al. 2004; Wilson, Laurenti et al. 2008),
to isolate these cells from the intestine. Furthermore, while previous work utilized labels
such as BrdU or 3H-thymidine that require cell fixation prior to visualization, the tetracycline inducible R26rtTA;H2BGFP system allows the isolation of live cells.
Initially, I patterned the label retaining experiments after traditional BrdU long term
label retaining experiments originally outlined by Potten and colleagues where the induction and chase were performed using adult mice (Potten, Owen et al. 2002). Expression of
the H2BGFP label appeared to be quite robust after only administering doxycycline for one
week (Figure 4-1 C). However, expression of the transgene was insufficient for label retention as cell division was required concomitantly with expression to allow for label incorporation into chromatin. Thus, to enable sufficient time for qISCs to enter the cell cycle, the
induction period was continued for three weeks prior to withdrawing doxycycline to initiate
the chase period. Tissue analyzed after one week of chase revealed lack of label within the
villus. This was expected since the cells along the villus are completely replaced every three
to four days in the mouse (Scoville, Sato et al. 2008). Within the crypt, label was retained in
long lived Paneth cells. Label retaining cells immediately above the Paneth cell zone were
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rare while other cells within the transit amplifying compartment were occasionally seen.
After three weeks of chase the only remaining LRCs were Paneth cells (Figure 4-2). Interestingly, the number of non-Paneth cell LRCs appeared to be significantly lower than those
originally reported by Potten. This could be explained by the different labeling systems (3Hthymidine vs. transgenic expression of H2BGFP). These labeling mechanisms differ as 3Hthymidine is known to induce radiative cell damage and integrates into the genomic sequence while the H2BGFP fusion protein is benign and facilitates packaging of the DNA.
Finally, the 3H-thymidine was administered over a period of 3 days while H2BGFP expression was induced for 3 weeks, which should have resulted in greater labeling efficiency.
Due to the fact that few non-Paneth cell LRCs were seen using this strategy, I attempted to increase the frequency of qISC division and thus label retention via 5FU induced
intestinal epithelial damage. Although multiple variations of induction and chase using 5FU
induced damage were attempted, very few non-Paneth LRCs were identified although some
co-expressed the putative quiescent intestinal stem cell marker DCAMKL-1 (Figure 4-3 and
4-4).
An alternative to damage induced activation to increase labeling of quiescent stem
cells is to induce label expression during early development when intestinal stem cells are
initially formed. Experiments were performed to induce label expression in utero and during the neonatal period. Interestingly, regardless of when or how much doxycycline was
administered, the earliest timepoint of transgene expression was approximately P14 (Figure
4-5 D, F). This is likely to be due to tissue specific silencing of the randomly integrated tetOCMVH2BGFP transgene early in development. However, prior evidence would support
that transgene expression by the end of the second postnatal week is sufficient since rates of
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crypt fission, a process driven by stem cell expansion, reach a maximal peak between P14
and P21 (Cheng and Bjerknes 1985). Frequent stem cell divisions during neonatal and juvenile murine development necessitate continuation of induction until intestinal epithelial
growth kinetics reach homeostasis known to occur approximately five to six weeks after
birth (Cheng and Bjerknes 1985). Thus induction was continued until at least six weeks of
age. Under these conditions, various lengths of chase were tested. Importantly, the chase
needed to be of a sufficient length to exclude as many differentiated and progenitor cell
types as possible whilst also preventing loss of label from qISCs. Histological comparison
of different chase periods across all labeling strategies revealed that one week of chase frequently displayed multiple labeled cells within the progenitor compartment whereas, with
the exception of Paneth cells, most differentiated and progenitor cells were not found to be
labeled after two weeks of chase (Figure 4-6 C, D). Interestingly, the frequency of non Paneth LRCs using neonatal induction was not noticeably more abundant than any of the other
conditions utilized. This could be ascribed to limitations inherent within the tetracycline
inducible H2BGFP system as well as the mouse strain used which may preclude efficient
labeling of qISCs. Furthermore, it is possible that qISCs cycle at least every 7 days, making
their isolation with this system difficult due to the presence of differentiated and progenitor
cells and the lack of markers enabling their exclusion.
The efficient isolation of LRSCs also required Paneth cell exclusion since these
cells represented the majority of label retaining cells seen after two weeks of chase (Figure
4-6 D). Paneth cell surface markers had not been previously described; however personal
communication from Melissa Wong at the University of Oregon suggested that CD166
(ALCAM) was a robust Paneth cell surface marker (Figure 4-7 A, B). In addition, CD166 is
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expressed on Lgr5+ cells, although these cells were not expected to retain label as evidence
has shown that the cycle every 24 hours (Barker, van Es et al. 2007). Finally FACS was
performed to allow isolation of LRSCs using CD166 to exclude Paneth cells. I identified
six distinct populations based on CD166 and H2BGFP expression after two weeks of chase
and as expected, most of the label retaining cells expressed CD166 (Figure 4-8 B).Very few
CD166negative LRCs were seen which appeared to correlate with the low frequency of non
Paneth cell LRCs seen histologically. Ultimately, further characterization of these label retaining populations was required to determine whether I had isolated qISCs and also in
which population they were enriched.
Utilizing the in vitro culture system developed and discussed previously, I evaluated
all of the intestinal populations distinguished by CD166 and H2BGFP expression for the
presence of functional intestinal stem cells. Surprisingly, stem cells were not identified
within CD166neg LRCs but were present only within three populations, CD166high LRCs
and CD166high and low non-LRCs. It is highly probable that the growth detected within
the CD166low non-LRC population was due to contamination of CD166high cells since
CD166high and CD166low non-LRC populations are difficult to resolve completely using
flow cytometry (Figure 4-8). In addition, gene expression analysis does not suggest that
CD166low non-LRCs are enriched for stem cells (Figure 4-11).
Further analysis of these populations using qRT-PCR, demonstrated that stem cell
gene expression was enriched within the CD166high populations as compared with all other
populations including CD166neg LRCs. Interestingly, Lgr5 was expressed at similar levels
between the CD166high LRCs and non-LRCs. Previous evidence suggests that Lgr5+ cells
cycle every 24 hours thereby representing a rapidly cycling stem cell population. However,
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I noted that Lgr5 is equivalently expressed in both CD166high LRCs and non-LRCs suggesting the existence of a quiescent Lgr5+ subpopulation contained within CD166high LRCs. A
small percentage of long term BrdU retaining cells were shown to express Lgr5, providing
further support for the existence of this cell type.
Unlike Lgr5, other stem cell genes were differentially expressed within these two
populations. Two genes, Bmi1 and Lgr4, were enriched within CD166high LRCs while
DCAMKL1 and Olfm4 were elevated within CD166high non-LRCs. Bmi1 has been shown,
via lineage tracing experiments, to be expressed by bona fide intestinal stem cells
(Sangiorgi and Capecchi 2008). Furthermore, evidence suggests that Bmi1 may be preferentially expressed in quiescent ISCs (Sangiorgi and Capecchi 2008). Lgr4 was also shown
to be more highly expressed within CD166high LRCs compared with CD166high non-LRCs.
Little is known regarding Lgr4 within the intestine other than the fact that it is believed to
be expressed within the proliferative compartment (Barker and Clevers). Lgr4 and Lgr6 are
highly homologous to Lgr5, suggesting that they may also be specifically expressed on
unique epithelial stem cell populations. In fact, recently, Lgr6 was used to identify a previously undetermined stem cell population within the hair follicle. These Lgr6+ cells gave
rise to Lgr5+ hair follicle stem cells during development as well as after injury (Snippert,
Haegebarth et al.). Olfm4, encodes for a transcription factor specifically associated with
actively cycling Lgr5+ cells (van der Flier, Haegebarth et al. 2009). Indeed, the enrichment
of Olfm4 within the CD166high non-LRC population may be indicative of the active state of
these Lgr5+ cells compared to more quiescent Lgr5+ cells found within CD166high LRCs.
Finally, DCAMKL1 was found to be significantly enriched within the CD166high non-LRC
population compared to CD166high LRCs. DCAMKL1 is currently suggested to be a puta-
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tive stem cell gene. Some evidence suggests that this labels quiescent intestinal stem cells
located above the Paneth cell zone (May, Sureban et al. 2009) while others have reported
that this labels a rare differentiated cell type, tuft cells, known to exist within the crypt base
(Gerbe, Brulin et al. 2009). Interestingly, DCAMKL1 was enriched CD166high non-LRCs
suggesting that this may in fact be a marker of a differentiated cell type.
In summary, use of CD166 along with the tetracycline inducible H2BGFP labeling
strategy, has facilitated separation of distinct populations of label and non-label retaining
cells. Analysis of stem cell potential, using the single cell in vitro culture system developed
previously, revealed that CD166high LRCs and non-LRCs contain functional intestinal stem
cells. Gene expression analysis of these populations confirmed the expression of stem cell
genes including Lgr5. Coupled with the identification of long term BrdU retaining Lgr5+
cells, this data demonstrates the existence of both active and quiescent Lgr5+ ISCs.
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5.
General Discussion and Prospectus
The results presented within this thesis describe the development of a robust in vitro
culture system for isolated intestinal crypts and single intestinal stem cells that enables continuous crypt formation and generation of all differentiated intestinal cell types. This was
essential for the evaluation of self renewal and multipotential capacity, the two defining
stem cell characteristics, within putative intestinal stem cell populations. Prior to the inception of this study, significant evidence supported the existence of intestinal stem cells, however, definitive isolation and identification of these cells had not been achieved. During the
course of this investigation, crypt base columnar cells (CBCs), shown to specifically express Lgr5, were proven to be intestinal stem cells via lineage tracing and single cell in vitro
culture experiments (Barker, van Es et al. 2007; Sato, Vries et al. 2009). Interestingly, these
Lgr5+ CBCs were demonstrated to cycle approximately every 24 hours which challenged
the prevailing theory that adult stem cells were slow cycling. This data was also supported
by the identification of these quiescent stem cells within other rapidly proliferative tissues
(Tumbar, Guasch et al. 2004; Wilson, Laurenti et al. 2008). This contradiction led to a proposed model for the co-existence of these two distinct stem cells (Li and Clevers; Scoville,
Sato et al. 2008), which was further validated by the identification of active (primed) and
slower cycling (reserved) pools of long term hematopoietic stem cells (Haug, He et al.
2008). However, there was no direct evidence of the existence of quiescent intestinal stem
cells. In the absence of specific cell surface molecules for these putative qISCs, identification of these cells relied on BrdU or 3H-thymidine label retention experiments, which did
not allow for isolation of viable cells necessary for the evaluation of stem cell function in
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vitro. Previous work within the hair follicle and hematopoietic systems had shown that tetracycline regulated expression of an H2BGFP transgene enabled the identification and isolation of viable label retaining stem cells (LRSCs) (Tumbar, Guasch et al. 2004; Wilson,
Laurenti et al. 2008). Using a similar strategy, I isolated and examined a CD166 expressing
label retaining population within the intestine which demonstrated stem cell capacity in vitro (Figure 4-9). Immunohistochemical and molecular analysis of these CD166high LRCs
revealed the presence of both Paneth cells and LRSCs (Figures 4-6 and 4-11). Interestingly,
Lgr5 was among the stem cell genes expressed within these LRSCs (Figure 4-11). Long
term BrdU label retaining experiments in Lgr5GFPIRESCreERT2 mice confirmed the identification of Lgr5-expressing LRCs (Figure 4-12). These results indicate the existence of a
subpopulation of Lgr5+ intestinal stem cells that are quiescent, providing the first direct
evidence for qISCs.
Surprisingly, +4 LRCs, located above the Paneth cell zone within the crypt base that
are expected to be Lgr5 negative, were not identified under these experimental conditions.
Several possibilities exist to explain this outcome. First, it is possible that the current strategy does not label these cells efficiently. In fact, very few cells were found within the
CD166neg and CD166low LRC fractions, which precluded exhaustive examination of these
populations. Alternative labeling strategies, such as longer induction periods, e.g. 12
months, could increase the number of these LRSCs that acquire and retain label. In addition, the dosage of irradiation and 5-fluorouracil in previous experiments may have been
insufficient to activate +4 LRCs. These approaches could enable conclusive assessment of
CD166neg and CD166low LRCs for the presence of stem cell potential. Second, it may be
possible that the expression of the H2BGFP transgene within this cell type is extremely low
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precluding label retention and therefore maybe other transgenic strategies could be employed to overcome this technical difficulty. Third, it is possible that the current in vitro
system conditions are not optimal for the growth of Lgr5 negative populations, necessitating further culture development. Finally, it is possible that distinct states of quiescent ISCs
may exist within the CD166high LRCs. Originally I hypothesized that qISCs would be distinguished from active intestinal stem cells based on expression of Lgr5. The identification
of quiescent Lgr5 positive ISCs does not preclude the existence of a quiescent Lgr5 negative ISC population. It is possible that upon activation but prior to cell division, Lgr5 expression is initiated within qISCs. This could be evaluated by examining Lgr5+ LRCs for
the expression of proliferative markers, such as Ki67. Although little is known regarding
the function of Lgr5, the fact that Lgr5 identifies rapidly cycling stem cells within multiple
tissues (Barker, Huch et al.; Barker, van Es et al. 2007; Jaks, Barker et al. 2008) could support a role for this molecule in maintaining a proliferative state within stem cells.
Hematopoeitic stem cells (HSCs) represent the best characterized adult stem cell
population to date. While these cells were originally supposed to be homogenous, detailed
examination has revealed that HSCs can be subdivided into several distinct subpopulations
based on the extent of self-renewal capacity (Christensen and Weissman 2001), lineage bias
(Challen, Boles et al.), cycling frequency (Haug, He et al. 2008) and sensitivity and response to injury (Haug, He et al. 2008). Correspondingly, further investigation may reveal
similar differences between ISC subpopulations. Specifically, a comparison of in vitro passaging efficiency could indicate differences in the extent of self renewal capacity between
quiescent and activated ISCs. In addition, lineage bias as well as differences in sensitivity
and response to several forms of injury, including radiation and chemotherapy, could be
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evaluated in vitro. Ultimately, however, these distinctions would need to be examined in
vivo which requires identification of qISC specific genes.
Fundamental to the discovery of unique qISC markers is the ability to separate
qISCs from the other CD166high LRCs, namely Paneth cells. Unfortunately, Paneth cell specific cell surface markers have yet to be identified; however several recent studies may provide some insights. Sox9, a Wnt target gene and HMG-box transcription factor, was
initially shown to be expressed in both stem/progenitor cells and Paneth cells at the crypt
base (Blache, van de Wetering et al. 2004; Bastide, Darido et al. 2007; Mori-Akiyama, van
den Born et al. 2007). Further studies have shown that Sox9 is increasingly expressed
within progenitors, stem cells, and enteroendocrine cells (Formeister, Sionas et al. 2009).
Recently, low levels of Sox9 expression in progenitor and stem cells was correlated with
low expression levels of CD24 (Gracz, Ramalingam et al.), a cell surface molecule previously used to define both stem and differentiated cell types (Kay, Rosten et al. 1991; AlHajj, Wicha et al. 2003; Wang, Hu et al. 2005; Pruszak, Ludwig et al. 2009). If the expression levels of CD24 mirror the distinct levels of Sox9 which distinguish stem cells and differentiated cells, it may be possible to divide CD166high LRCs into stem cells and Paneth
cells via CD24. Alternatively, it could be possible to separate Lgr5 expressing qISCs within
CD166high LRCs using a transgenic approach. Although not currently available, coupling
the H2B or Lgr5 transgenes to alternate fluorescent molecules would enable discrimination
of the Lgr5 expressing CD166high LRCs within the current experimental system.
The isolation of pure populations of qISCs will facilitate molecular profiling and
may reveal novel candidate genes which could be used to distinguish active and quiescent
Lgr5 expressing populations. This would facilitate the development of transgenic mice and
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a direct in vivo comparison of these stem cells. Moreover, markers which distinguish active
and quiescent Lgr5+ ISCs will enable examination of potential hierarchal roles between
these cell types. Furthermore, the isolation of pure populations of Paneth cells and enteroendocrine cells would allow a more complete molecular characterization of these cells types
and their prospective roles within the stem cell niche.
Traditionally, the stem cell niche within the intestine has been thought to be comprised of molecular and cellular mesenchymal components, including subepithelial myofibroblasts which exist in close proximity to the stem cell zone at the crypt base (Spradling,
Drummond-Barbosa et al. 2001; Li and Xie 2005; Yen and Wright 2006). Several lines of
evidence support this hypothesis. Hedgehog signaling ensures appropriate crypt location,
spacing and numbers during development (Madison, Braunstein et al. 2005) and has been
shown to restrict Wnt target gene expression thereby controlling proliferative signaling
within the adult colon (van den Brink, Bleuming et al. 2004). While Wnt signaling is well
known to promote small intestinal epithelial propagation, recent studies demonstrated that
signaling through bone morphogenic proteins (BMPs) represents a mechanism for suppressing ISC proliferation (Haramis, Begthel et al. 2004; He, Zhang et al. 2004), which can be
inhibited via secretion of BMP antagonists from stromal cells beneath the crypt (Kosinski,
Li et al. 2007). The role of mesenchymal niche cells has been investigated, although the potential contribution of epithelial cells at the crypt base to the stem cell niche has yet to be
explored. Based on their proximity to stem cells, both enteroendocrine and Paneth cells are
likely epithelial niche candidates. In fact, enteroendocrine cells were previously postulated
to facilitate the quiescent nature of stem cells located above the Paneth cell zone (Radford
and Lobachevsky 2006). Furthermore, the fact that Paneth cells contact CBCs and are gen-
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erated early within structures derived from single intestinal stem cells in vitro suggests that
these cells may constitute a part of the stem cell niche (Sato, Vries et al. 2009). The isolation of active and quiescent intestinal stem cells as well as Paneth cells and enteroendocrine
cells could allow evaluation of the potential individual and combinatorial effects of Paneth
cells and enteroendocrine cells on each of these stem cell populations. Mesenchymal cells
could also be examined in a similar manner. These studies could define potential niche interactions enabling maintenance of quiescent and activated stem cell states and could be
facilitated both by exogenous factors as well as direct interaction via cell surface molecules.
Ultimately, this will significantly enhance our understanding of the cellular composition of
the stem cell niche and provide insights into its molecular regulation of stem cell state and
function.
In summary, using transgenic tetracycline inducible H2BGFP mice, label and nonlabel retaining cells were FACS sorted based on expression of CD166. In vitro assessment
of stem cell potential, utilizing a culture system developed within this work, revealed the
existence of qISCs within CD166high LRCs. Molecular analysis indicated that Lgr5 expression was enriched within CD166high LRCs. Long term BrdU label retaining experiments in
Lgr5GFPIRESCreERT2 mice confirmed the identification of Lgr5-expressing LRCs. These
results indicate the existence of a subpopulation of Lgr5+ intestinal stem cells that are quiescent, providing the first direct evidence for qISCs. This work provides the foundation for
further molecular and functional comparisons of active and quiescent ISCs, which should
yield insights into their respective physiological roles within the intestinal epithelium. Finally, the separation of distinct stem and differentiated cell types will enable a more complete characterization of the regulatory interactions within the stem cell niche. Ultimately,
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this will enhance our understanding of intestinal stem cell biology within normal and
pathogenic states, potentially leading to improved clinical treatments.
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