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Abstract

In the past decade, enormous progress has been made in understanding the role of stem cells in
physiologic tissue renewal and in pathologic processes such as cancer. These findings have shed
light on the identity and biological properties of such cells and the intrinsic and extrinsic signals
that balance stem cell self-renewal with differentiation. With its astonishing self-renewal capacity,
the intestinal epithelium has provided a unique model to study stem cell biology, lineage
specification, and cancer. Here we review the role of Notch signaling in physiologic cell renewal
and differentiation in the intestine as well as during its malignant transformation.
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The primary function of the intestinal tract is food digestion, the absorption of nutrients and
water, and the cellular defense against pathogens and microorganisms. To withstand the
demands of these functions, the epithelium lining of the intestinal tract has developed a
remarkable capacity for cell renewal. Every day, thousands of cells are born and as many die
in a continuous and highly regulated cycle of birth, differentiation, and death. In the past
decade, the biological processes that underlie this astonishing capacity for self-renewal,
lineage specification, and epithelial differentiation have been uncovered.! Defects in these
biological processes disrupt normal intestinal homeostasis and architecture and underlie
inflammatory disease and cancer.

Development, Cell Types, and Architecture of the Mammalian Intestine

During the early stages of embryonic development, endodermal cells undergo epithelial-to-
mesenchymal transition, invaginate, and form the gut tube, which is gradually subdivided
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into 3 parts along the anterior-posterior axis: the foregut, midgut, and hindgut. The foregut
will develop into the pharynx, esophagus, and stomach, while the midgut will give rise to
the small intestine and the hindgut to large intestine (colon). Starting from approximately
mouse embryonic day 14, through the upward movement of the underlying mesenchyme,
the single-layered intestinal epithelium forms finger-like projections into the gut lumen (the
villi). After birth, crypts form between villi by invagination into the underlying connective
tissue. Reciprocal signaling between the epithelium and the mesenchyme shapes intestinal
morphogenesis.2

Three weeks after birth, development of the adult gut is complete and can be divided into the
small and the large intestine. Along the rostral-caudal axis, the small intestine can be
subdivided into duodenum, jejunum, and ileum. The functional unit of the small intestine is
a villus containing terminally differentiated cells connected to the crypts of Lieberkiihn,
which harbor the proliferative compartment. The colon is only composed of crypts and has
no extending villi. The intestine is a highly dynamic organ system with a turnover rate of
approximately 60 hours for the entire epithelial population.3 The proliferating cells in the
crypt are intestinal stem cells (ISCs) and transit amplifying (TA) cells that fuel the
continuous production of several differentiated epithelial cell types (Figure 1). The crypt
epithelium cycles asynchronously, and new crypts arise though bifurcation (crypt fission)
during adult life as the intestinal tract continues to grow.* Within a week, progenitors
migrate upward from the crypt into the villus tip, from which they are shed into the intestinal
lumen. To support this high turnover, mouse crypt stem cells are estimated to undergo a
thousand divisions during their lifetime. Whereas stem cell self-renewal occurs within the
crypt throughout adult life, TA daughters continue to differentiate to produce 2 main types
of differentiated cells: the absorptive cells or enterocytes (ECs) and the secretory cells. The
ECs are involved in nutrient uptake and secretion of hydrolases and constitute the majority
of cells in the villus epithelium. Secretory cells consist of the mucus-producing goblet cells,
the hormone-producing enteroendocrine (EE) cells, and the lysozyme-producing Paneth
cells. Paneth cells migrate downward into the crypt base, where they live for several weeks.
Recently, tuft cells were recognized as a fourth kind of secretory cell, which secrets opioids
and cyclooxygenase enzymes.®

Evidence for the Existence of ISCs

Clonal analysis performed several decades ago showed that all differentiated cell types arise
from a few stem cells residing in the monoclonal crypts and contribute a column to the
polyclonal villi.8- Early lineage tracing studies revealed a slow proliferating or quiescent
stem cell located about 4 cells above Paneth cells (at the +4 position).10 Lineage tracing
studies based on stem cell markers have delineated the location of 2 distinct ISC pools in the
crypt!112: (1) the columnar base cells (CBCs)!2 with a high turnover, expressing the
leucine-rich repeat membrane protein Lgr5,11 and (2) a quiescent label-retaining population
located 4 cells above the Paneth cells, expressing the polycomb protein Bmi1.1415 A model
emerging from these findings is that 2 distinct stem cell populations ([Lgr5+, CBC] and
[Bmil, +4]) act cooperatively to support normal physiologic cell replenishment and tissue
repair.16 However, +4 cells are also labeled with Lgr5 lineage markers,12 suggesting that
both lineages are derived from CBCs. Coordination between cell renewal, transit
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amplification, terminal differentiation, and apoptosis requires a precise interplay among
several signaling pathways, which is invariably perturbed during intestinal diseases such as
cancer. In this review, we will focus on the role of the Notch signaling pathway, a master
regulator of cell fate during intestinal homeostasis. We summarize the expression patterns
and functions of the core components of the pathway, starting at the membrane with the
Notch ligands and receptors and ending with target gene activation in the nucleus. Genetic
and chemical gain- and loss-of-function studies are also discussed to illustrate the important
roles of the Notch pathway in intestinal homeostasis.

The Core Components of the Notch Signaling Pathway

The Notch signaling pathway is a highly conserved short-range communication mechanism
used in all metazoans.1”-18 Notch genes encode large type | transmembrane receptors that
bind to type I ligands on adjacent cells. In the fruit fly (Drosophila melanogaster), the core
signaling components are encoded by a single Notch receptor, 2 ligands (Delta and Serrate),
a DNA binding protein (Suppressor of Hairless [Su(H)]), and several modifiers.
Mammalians have 4 Notch receptors (Notch1-4), 3 Delta-like ligands (DII1, 3, 4), and 2
Serrate-like ligands termed Jagged (Jaggedl and 2). Notch signaling is initiated by ligand
binding to the Notch receptor expressed on adjacent cells (in trans) and can be inhibited
when the ligand binds to the receptor present on the same cell (in cis).1® Trans binding
triggers unfolding of the juxtamembrane domain and enables ADAM proteases to cleave
Notch.20-22 An intramembranous enzyme complex called j-secretase then cleaves Notch in
its transmembrane domain, which results in the release of the cytoplasmic domain from the
plasma membrane. The Notch intracellular domain (NICD) shuttles to the nucleus, where it
binds to RBP-Jx (the Su(H) homologue), recruits mastermind-like (MAML) adaptor
proteins, and establishes an activator complex, leading to the expression of target genes.18 In
mammals, the best-characterized Notch target genes belong to the Hes (Hairy Enhancer of
Split) and Herp/Hey (Hes-related repressor proteins with Y-box) family of basic helix-loop-
helix (bHLH) transcriptional repressors. Hes and Hey in turn repress the activity of many
tissue-specific bHLH transcriptional activators such as Math (mouse homologue of Atonal)
and Mash (mouse homologue of Achaete/Scute).23 The core components of the Notch
signaling pathway are illustrated in Figure 2. Thus, Notch activation can block a default cell
fate among equivalent cells via lateral inhibition with feedback amplification. For example,
Hes1 mediates the repression of gut-specific bHLH protein Math1,24 and Math1 often
activates the expression of Notch ligand, establishing feedback amplification.2

The Notch Pathway Is Expressed and Active in the Intestine

Notch receptors, ligands, and canonical target genes are expressed in the embryonic and
adult gut epithelium. Notchl and Notch2 receptors show both overlapping and spatially
distinct expression patterns. Whereas Notch2 is only expressed in scattered cells within the
crypt epithelium of the small intestine and in smooth muscle cells, Notchl is expressed in
the crypt epithelium of the entire gut, in a few differentiated villus epithelial cells, and in the
endothelium. Notch3 and Notch4 expression is restricted to the endothelium and the
mesenchyme. Notch ligands Jagl and Jag2 follow mostly the expression pattern of Notchl
in the epithelium26:27 and of Notch2 in the smooth muscle. DII1 and DII4 are both expressed
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during embryogenesis, in the adult gut in the crypt epithelium, and in secretory cells in villus
epithelium.26:28.29 D|14 is also expressed in the endothelium. Antibodies directed to the -
secretase-generated epitope on NICD1 detect it in the crypt epithelium,30 where Hes1, 5, 6,
and 7 are also expressed,25 suggesting that Notch1 signaling is active in the crypt. The
expression of Hes1 is coincident with Ki-67 labeling of proliferating cells and absent from
EE cells.24 Whereas Hes1, 6, and 7 are expressed exclusively in the crypt epithelium, Hes5
is also expressed in the villus epithelium.24.26 Taken together, these expression studies show
that Notch1 and Notch2 are the main receptors in the epithelium and DII1, DII4, and Jaggedl
are predominantly expressed in crypts.

Genetic Analysis of Notch Function

Notch Receptors

Analysis of mouse chimeras derived from wild-type and LacZ-expressing, Notch1-deficient
ES cells shows that Notch1 is dispensable for crypt-villus formation3?; conditional removal
of Notchl or Notch2 (using tamoxifen inducible Villin-Cre) also permits normal crypt
development.3! These findings suggest that Notch1 and Notch2 function are redundant.
Indeed, combined deletion of Notchl and Notch2 mimics RBP-Jx deletion and
pharmacologic inhibition of jy-secretase (see following text), all leading to loss of stem cells,
premature differentiation, and goblet cell hyperplasia.3! In contrast, Notch1-null crypts in
chimeric mice produce villi with mildly increased secretory cells and reduced absorptive
cells compared with villi from wild-type crypts.3° The discrepancy between these 2
phenotypes may be explained by the timing of Notch inactivation: chronic and widespread
(chimeric) versus acute and cell type specific (Villin+ cells only). Thus, we can conclude
that Notch2 and Notchl are redundant in maintaining the crypt-villus structure and that
Notchl has a dominant role in suppressing secretory fate when TA progenitors differentiate.

Consistent with Notch loss-of-function analysis, ectopic expression of NICD1 in the
embryonic and adult intestinal epithelium (Rosa26-NICD/Villin- or Fabpl-Cre) causes
ectopic proliferation of crypt progenitors as well as immature cycling progenitors detected in
the villus epithelium. These cells are characterized by Hes1 (but not Hes5) up-regulation and
suppression of Math1 and Ngn3.32:33 This failure in cell cycle exit causes a reduction in
terminal differentiation within the secretory lineages and substantial apoptosis in the villus
epithelium. The effects of NICD1 expression on the long-term renewal of the crypt
epithelium could not be studied because Rosa26-NICD mice die within the first week after
birth. Nonetheless, these results show that ectopic expression of Notch perturbs intestinal
homeostasis and may leads to uncontrolled proliferation and carcinoma. In contrast to its
antigoblet function in the crypt, NICD overexpression in postmitotic villus epithelial cells is
accompanied by elevated expression of Hes5 but not Hes1 and leads to increased goblet cell
numbers with other secretory cell types unaffected.3# Consistent with these observations, the
cleaved, activated form of Notchl is detected in post-mitotic mucin-producing goblet
cells.30 These findings seem contradictory. One explanation may be that whereas Notch is
active and sufficient to induce goblet cell fate through Hes5 in a Hes1-Mathl-independent
manner in postmitotic precursors, the specification of goblet cell fate in normal physiologic
context may not rely on Notch activation and is instead default. This default fate in
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multipotent progenitors is repressed by Notch signaling through Hes1 up-regulation. Loss of
Notchl function specifically in postmitotic villus epithelium is needed to address this.

Posttranslational modifications of Notch receptors with sugar moieties are essential for
productive ligand binding and determine receptor-ligand selectivity.3® Mice deficient for the
O-fucosyl transferasel (Pofutl) are embryonic lethal and phenocopy mice lacking RBP-
J1:36 Similarly, intestinal-specific deletion of Pofutl leads to hyperplastic crypts composed
of secretory cells and resembles intestines lacking both Notch1 and 2 or RBP-J.31:37.38

Notch Ligands

As single mutants, lack of DII1, but not loss of DII4 or Jagged1, causes increased goblet cell
numbers in the adult intestine, suggesting that DII1 is the most important Notch receptor
ligand in the crypt. Nevertheless, simultaneous inactivation of DIl4, but not Jaggedl, with
DII1 leads to enhanced massive goblet metaplasia and proliferative arrest,3 further
suggesting that DI14 can compensate for DII1 loss whereas Jagged1 is not signaling in the
niche. Endocytosis of Notch ligands is crucial for their function,*® and Mindbomb-1 (Mib1)
is an ubiquitin ligase that acts in endocytosis of Notch ligands.#! Zebrafish lacking Delta
(DeltaD) or Mib12? and intestine-specific deletion of Mib1 in mice all show precocious
secretory differentiation,2 whereas Mib2 mutants are viable.*3 Mibl mutant mice have an
additional phenotype, which is the mislocalization of Paneth cells to the villus epithelium.
NICD overexpression in Mib-null intestines reverses endocrine metaplasia and restores the
localization of Paneth cells, showing that both phenotypes are Notch dependent. Because
Paneth cell positioning is Ephrin/Eph signaling dependent and regulated by the Wnt-/4
catenin cascade,** Notch may affect Paneth cell localization thus in 2 ways: directly by
inducing the expression of Ephrin-B1 and indirectly by down-regulating EphB2 through /-
catenin/TCF4 inactivation.*2 Alternatively, the combination of Notch-dependent and Mib-
dependent processes produced a phenotype not seen in Notch pathway mutant only.

Intramembrane Proteolysis: y-Secretase

The y-secretase complex is the sole enzyme mediating intramembrane proteolysis of Notch
receptors following ectodomain shedding, and several drugs (y-secretase inhibitors [GSIs])
can inhibit its activity. Because many oncogenic forms of Notch receptors are ligand
independent but still require y-secretase processing, multiple groups used GSls in the
intestine of normal or cancer-prone mouse models and found these drugs induce goblet
metaplasia of the proliferative crypt epithelium,3745-47 phenocopying the intestinal
phenotypes of mice lacking DII1/DII4, Mib1, or Pofut. Thus, both genetic and
pharmacologic disruption of the Notch pathway reveals its essential role in intestinal
homeostasis. These exiting findings have led to the concept that pharmacologic disruption
with GSls may be used as differentiation therapy to treat colorectal cancer. However,
because GSI treatment depletes I1SCs, there remains only a limited therapeutic window.
Novel findings discussed in the following text may open this window wider.

The Common Effector RBP-Jx

To directly address the role of canonical Notch signaling in the gut, van Es et al analyzed the
phenotype of mice lacking RBP-Jx, the common effector of all 4 Notch receptors, and found
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that induced loss of RBP-Jx in the adult intestine also caused a massive goblet metaplasia in
the proliferative crypt epithelium and villi.3” Collectively, these data point to the canonical
axis as important for stem cell maintenance and multipotency; in the absence of Notch
signaling, no self-renewal can occur and all the cells assume a single postmitotic default fate
(the gablet cell). Interestingly, and similar to the response to NICD in postmitotic villus
cells,3# Notch activation also leads to goblet metaplasia in lung epithelium.*8 These
contradicting behaviors underscore another important aspect of Notch signaling: Notch
signaling is used reiteratively in lineage specification, but the outcome is context specific.
How does Notch regulate intestinal homeostasis?

of Notch in ISCs

Consistent with the fact that DII1 and DII4 are the key ligands for Notch1l receptors in the
crypt epithelium that control intestinal homeostasis,3° Paneth cells, which directly abut CBC
cells in the crypt base, express D114 and support the growth of Lgr5+ CBCs in vitro and
regulate their numbers in vivo.49 Long-term renewal of ISCs in vitro is promoted by Notch
agonists®Y and abrogated on Notch inhibition by GSlIs.51 Paneth cells are also required for
the stem cell niche because both in vitro and in vivo experiments show that Paneth cell
ablation affects stem cell number and long-term survival.#® Whether Paneth cells also
support renewal of their Bmil+ neighbors through Notch-Delta signaling is not known.14
These experiments now uncovered the ISC niche. Initially, the niche was believed to be
mesenchymal; instead, it is composed by the stem cell progeny, the Paneth cells, which
produce Wnt (Wnt3a) and Notch ligands (DIl4). A role for Paneth cells in the renewal of
CBCs was also hypothesized decades ago based on the anatomic proximity of the Paneth
cells to the CBC stem cells at the crypt base.>2 Because Notch signaling requires cell-cell
contact and endocytosis to unfold the juxtamembrane domain, the proximity of the Paneth
cells to the CBCs now makes perfect mechanistic sense. Indeed, lineage tracing with a
Notch1-specific activity reporter line NIP1::Cre (Notchl intramembrane proteolysis Cre)
already suggested long-term repopulation and multilineage specification of crypt cells with
Notch1 activity.39 Recent pulse-chase experiments with a tamoxifen-controlled version of
NIP::Cre (NIP::CreERT2) confirms this, showing that a single tamoxifen injection labeled
progeny even after 8 months.39

Whether stem cell renewal in the colon is similarly regulated through DI-Notch signaling
remains unexplained, because there are no Paneth cells in the colon to support the 1SCs. Sato
et al propose that CD24*-expressing cells in the colon crypt base adjacent to Lgr5+ 1SCs
may function similarly to the CD24* Paneth cell niche in the small intestine.® Feedback
signaling from TA to stem cells or from a differentiated goblet cell back to the ISCs may
also activate Notch signaling. Furthermore, histologic examination failed to detect CBCs
and Paneth cells in the gut of some mammalian species, suggesting that other ISC paradigms
may exist as well.1® Finally, with Paneth cells at the center stage of host-microbe
interactions, inflammatory disease and neoplastic growth in the intestine are hardwired.

One of the first functional clues about the role of Notch signaling in intestine development
comes from the analysis of Hes1 knockout mice. Hes proteins are transcriptional repressors
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that are direct targets of NICD/RBP-Jx and expressed in the proliferative CBCs in the crypt
base.?3 Hes1 deletion causes perinatal lethality and a modest increase in all endocrine
lineages in the intestinal epithelium at the expense of ECs compared with complete absence
of Notch.2437 This suggests that other Hes/Hey family members may partially compensate
for Hes1 loss. For example, Hes5, normally not expressed in the crypts, is induced in Hes1-
deficient intestines, like the expression of Hes3 and Hes7. At present, however, nothing is
known about the function of these proteins in the intestine, but they likely play overlapping
roles in suppressing endocrine differentiation. Hes1 deficiency also leads to derepression of
Hesl1 targets such as Atonal/Math1.24

Math1, Master of Secretory Fate

Math1 is an activator class bHLH gene required for the differentiation of all secretory cell
lineages in intestine, including tuft cells.> Math1 deletion leads to perinatal lethality and the
expansion of epithelial progenitors at the expense of all secretory lineages, showing that
Math1 is required also for the cell cycle exit of crypt progenitors.>4°° Conversely,
overexpression of Math1 promotes premature secretory cell fate induction and proliferative
arrest at the expense of absorptive cells.56 j-Secretase inhibition or RBP-Jx deletion does
not cause goblet metaplasia in Math1-deficient intestine, showing that the key to Notch
function is its ability to suppress Math1 in uncommitted TA progenitors.>”:58 Thus, a
conserved mechanism of lateral inhibition observed first in the fly ectoderm also controls the
vertebrate endoderm lineage.>®

Achaete/Scute Complex Maintaining Stemness

Mammalian homologues of the fly Achaete/Scute Complex (AS-C) genes are bHLH
proteins implicated in cell fate choices controlled by canonical (Delta-Notch-RBPjk-Hes1)
signaling.89 Achaete Scute-like 2 (Ascl2) is expressed in Lgr5+ columnar base 1SCs.51
Unlike in the fly nervous system, Ascl2 does not act as an antiproliferative, differentiation-
promoting proneural bHLH in the gut. Disruption of Ascl2 expression causes loss of Lgr5+
ISCs, whereas overexpression causes crypt hyperplasia and expansion of Lgr5+ populations
and expansion of immature progenitors into the villus epithelium. Ascl2 is a direct
transcriptional target of TCF4, a member of the Wnt pathway that maintains the stemness of
Lgr5+ cells.52 DI-Notch signaling is also required for stem cell maintenance and for Ascl2
expression.3? In the epidermis, Notch signals engage in both positive and negative
regulation of Acl2 via an incoherent feedback loop: Ascl2 is repressed by Hes1 as well as
activated by RBP-Jx.53 It is probable that similarly complex interactions between Notch and
Ascl2 also occur in the intestine; however, a formal demonstration of this is lacking.61:62

Neurogenin3, EE Lineage Specification

Atoh5/Neurogenin3 (Ngn3) is another bHLH protein expressed in proliferating endocrine
progenitors located at the crypt base and strongly up-regulated in the absence of Hes124;
NGNS3 is required for EE differentiation in the intestine.54 ECs and goblet, Paneth, and tuft
cells develop normally in the absence of Ngn3, and Math1 expression is unaffected. In
contrast, markers for neuroendocrine cells (Chromogranin-A, NeuroD) are lacking. Lineage
tracing experiments in NGN3 knockouts also show a role for NGN3 in the establishment of
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EE precursor.545 Significantly, in the absence of Ngn3, goblet cell numbers are increased
3-fold. These results reinforce the notion that the goblet cell fate is a default secretory
program of multipotent progenitors and that commitment to other secretory sublineages
requires additional cues.

KLF-4 and SPDEF Specify the Goblet Cell

The goblet cell fate is driven by additional transcription factors; chief among them are
Krippel-like factor 4 (KLF4)86 and the SAM pointed domain ETS transcription factor
(SPDEF).67 Hes1 represses KLF4 directly; inhibition of Notch signaling by GSls causes
goblet cell metaplasia in part due to the loss of KLF4 repression.47:68.69 These data have
recently been challenged because intestinal disruption of KLF4 in the adult intestine does
not affect secretory differentiation and absence of KLF4 does not block goblet cell
metaplasia in RBP-Jx-deficient or GSlI-treated intestines.3% Because goblet cell metaplasia
does not occur in compound Notch/Math1-deficient adult intestines,®® KLF4 acts
downstream of Math1 and probably in a redundant manner. These seemingly contradictory
observations may be reconciled by the findings of Kim, who studied compound RBP-Jx/
Math1 mutant intestines. Absence of Math1 in Notch-deficient intestines led to the up-
regulation of Hes1, suggesting that Hes1 may act both upstream and downstream of Mathl
to regulate KLF4.57 Activation of SPDEF in Math1-expressing cells is sufficient to induce
goblet differentiation,”? a function that requires the downstream transcription factor
Gfi1.67.71 These findings place SPDEF and Gfil downstream of Math1 in the selection of
EE versus goblet/Paneth cell fate. In the absence of Gfil, NGN3 is more active and EE fate
expands at the expense of goblet/Paneth cells. SPEDF is not absolutely required for goblet
cells because some still form in SPDEF-deficient intestines.5” In the absence of SPDEF,
committed secretory cells fail in terminal differentiation toward goblet and Paneth cell fate,
leading to accumulation of Math1/DII1-expressing cells in both SPDEF-deficient crypt
progenitors and the villi. This supports the notion that differentiated, DIl1-expressing
committed secretory cells signal back to Notch-expressing progenitors to gate their fate
choice in the proliferative crypt environment. This provides an elegant feedback mechanism
to control cell number and fate by signaling from differentiated cells to progenitors,
analogous to the Paneth-CBC interaction in the crypt. Altogether, these findings suggest a
tightly controlled program of Notch-Math1 axis to suppress secretory cell differentiation.

The Drosophila midgut’2 has provided an interesting model system for ISC homeostasis via
lateral inhibition; however, significant differences exist, which are described in the next
section.

Notch and ISCs in Flies

In Drosophila melanogaster, the posterior midgut and the hindgut are the functional
equivalents of the small and large intestine, respectively.”374 In the midgut, large polyploid
ECs make up the majority of cells in this simple pseudostratified epithelium and are
interspersed with diploid EE cells and enteroblasts (EBs). Using lineage tracing, ISCs were
identified, which are multipotent, proliferate vigorously, and produce without further
division EC and EE cells.”3.74 When ISCs divide, this produces 2 daughters: one that
remains undifferentiated and another, the EB, that further differentiates into either an EE cell
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or EC. The EB is the equivalent of a bipotent progenitor in mammalian intestine except that
it is postmitotic.”3:74 The diploid 1SCs resemble the wedge-shaped CBC/Lgr5+ stem cells in
the mammalian intestine.11.73.74 Also, more dispersed clones composed of differentiated
cells were observed that dissipate and turnover within a week due to apoptotic cell loss,
reminiscent of the shedding in the mammalian villus epithelium. Thus, the fly midgut is a
simplified version of the mammalian small intestine lacking TA cells (Figure 3).

In the fly posterior midgut, Notch is expressed in the ISC and EB but not in the mature EE
cell and EC74; in contrast, one of Notch ligands, DI, is only expressed in the 1SC.72 After
asymmetrical division of the ISC, Dl is retained in the newly formed ISC and activates the
Notch signaling pathway in the newly formed EBs. There are 2 populations of 1ISCs with a
different expression level of DI. Consequently, EBs derived from different ISCs experience
different levels of Notch activation. Interestingly, the difference in the activation level of
Notch in EBs is further translated into different cell fates. A high level of Notch activation
drives EBs to differentiate into ECs; in contrast, a low level of Notch activation promotes an
EE cell fate.”? Consistently, pharmacologic and genetic inhibition of Notch activity causes
increased endocrine differentiation and a reduction of ECs. In addition, loss of Notch
function further induces continuous proliferation and expansion of ISC cells, suggesting that
Notch signaling prevents ISCs/EBs from proliferating. This pro-differentiation role of Notch
in Drosophila ISCs contrasts with its important role in self-renewal of the Lgr5+ ISCs in the
mammalian gut. In summary, Notch has a dual context-dependent function; in committed
(EB) cells it suppresses the EE differentiation, whereas in the ISCS/EBs it appears to block
proliferation. Not only is Notch signaling important in the maintenance of the stem cell
niche, but it may also be necessary to establish the stem cell niche.”> Mathur et al have
shown that all intestinal lineages arise from adult midgut progenitors (AMPS) during larval
development. AMPs divide symmetrically and produce diploid DI* cells. At some point,
AMPs divide and produce 2 daughters: one that expresses DI and the other Notch/Su(H).
Whether the division is asymmetric (ie, producing daughters with different fates due to
distribution of Notch components before cytokinesis) or whether asymmetry is established
after division is not yet known. This Notch receptor-expressing cell develops as the
peripheral cell (PC), which wraps around the DI* cells and through dpp/BMP signaling
suppresses the differentiation of progenitors expanding in the so-called AMP islands. At
later stages, the PC breaks down and undergoes apoptosis. Most DIt AMPs differentiate into
ECs, but a single AMP per island remains undifferentiated, maintains DI expression, and is
marked to become the future ISC.”® In contrast, BMP inhibition via expression of Noggin in
the adult villus mesenchyme of mice leads to the formation of ectopic hyperproliferative
crypts.’® Although both in flies and mammals, ISCs generate their own niche (Paneth cell vs
PC), the direction of Notch signaling between the niche and ISC is reversed (Figure 3).

Wnt and Notch: An Essential Pair

The Wnt-f-catenin signaling cascade is a master regulator of embryonic development and
adult tissue homeostasis in all animals and frequently deregulated in pathological conditions
such as cancer.’’ Like Notch signaling, Wnt signaling is context dependent and can promote
proliferation and block differentiation but also induce and maintain differentiated cell
fates.’® There is significant cross talk between these pathways during intestinal homeostasis.
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Overexpression of NICD1 in intestinal epithelia results in a complete block of goblet cell
differentiation and excessive expansion of mouse crypt progenitors.33 Whereas the
proliferative effect of NICD depends on canonical Wnt signaling, suppression of secretory
cell differentiation still occurs in the Tcf4-deficient intestine.”® The expression of TCF4/
Lef1 is not affected by overexpression of Notch1.33 Thus, these knockout studies show Wnt
signaling is more important in controlling proliferation while Notch is more important in
suppressing cell fate. However, a more complex picture is emerging; genetic interactions
between Wnt and Notch in fly development are well documented (reviewed by Nakamura et
al®%). The most compelling evidence in support of a direct biochemical interaction between
Whnt-Notch signaling pathways is provided by GSK3p, a kinase, which phosphorylates £
catenin and marks it for degradation. GSK3/ has also been shown to phosphorylate NICD,
leading to its degradation in some contexts.81 Conversely, Notch has also been shown to
activate GSK3, leading to catenin degradation in other contexts.*? Therefore, GSK3/
may function as a hub between Notch and Wnt. Further, Delta and Jagged ligands are
transcriptionally regulated by Wnt-#-catenin through multiple TCF/Lef binding sites in their
promoters.82-84 Because Wnt signaling is not only required for Paneth cell specification but
also for its maintenance,8° active Wnt signaling may drive DI4 ligand expression.
Additional regulation of the Notch pathway by Wnt in intestinal cells may occur through
direct transcriptional regulation of the Wnt target gene Musashi (Msil) expressed in
CBCs.86.87 Msi1 is activated in intestinal epithelial cells by Wnt3a ligand, which in turn
activates both Lgr5 and/or Bmil expression as well as f~catenin and may affect Notch
signaling in mammalian cells as it does in flies.88 In mammals, a mechanistic understanding
of how Msil interacts with Notch is lacking.

Linking Notch and Colorectal Cancer

Notch signaling is frequently deregulated in human cancers, and activating mutations are
common in acute T-cell leukemias.8%:90 Notch1 receptor, ligands, and target genes are
expressed in adenomas from Apc (adenomatous polyposis coli) mutant mice3” in colorectal
cancer cell lines and primary carcinomas.83:91:92 Elaborate expression studies in human
adenocarcinomas revealed that Notchl, Jagl, and Hes1 expression were often present in
colorectal cancers, but there was no significant difference in survival between Hes1-
expressing tumors and nonexpressing tumors.3 Other studies report reduced Hes1
expression in colon carcinomas and corresponding metastases compared with
adenomas.”®94 Interestingly, Notch1 and Notch2 expression seemed to have an opposite but
interdependent prognostic value in colon cancer survival. High Notch1 expression is
associated with poor survival, whereas high Notch2 expression is associated with better
survival 959 Lineage tracing in Apc™" mice has shown that the tumor-initiating cells in
Apc™/~ adenomas arise from Notchl marked clones.3? Indeed, CBC/Lgr5+ cells highly
express Notch1 receptors#® and have properties of tumor-initiating cells.%” Collectively,
these data argue that Notch activation is an initiating event during colorectal cancer
progression, but whether activation of the Notch pathway is required for maintenance and
spread of tumors is uncertain. Unlike in T-ALL, mutations in Notch receptors are not
common in colorectal cancers.98:99 Thus, alternative mechanisms must exist to explain the
frequent involvement of Notch signaling in colon cancer. One important mechanism is the
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ability of Wnt/f-catenin to activate Notch ligands. Notch ligands are direct targets of 4
catenin-TCF4 and therefore also commonly expressed in colorectal adenomas from Apc™in
mice.31:79.100 Activation of Notch ligands by Wnt is critical for the growth of colorectal
adenomas and cancers with activated Wnt/f-catenin. Moreover, reducing the dosage of
Jagged1 reduces the incidence of adenoma.83:92 Notch activation is also important in vitro
for expansion of normal ISCs (Lgr5+) as well as tumor-initiating cells from colorectal
cancer specimens.59-101 More recently, Sonoshita showed that the expression of AES
(Amino terminal Enhancer of Split) protein, a repressor of Notch activity, is frequently
down-regulated in human colon liver metastases.192 Also, in the corresponding primary
tumors, AES expression was low, particularly at the “invasive front,” a region characterized
by high Wnt-/-catenin-TCF signaling, loss of adhesion receptors such as E-cadherin, and
mesenchymal transformation.103.104 |_oss of AES also promotes the formation of highly
invasive adenomas in Apc mutant mice. How AES acts to repress Notch is unclear and how
AES itself is regulated is not known. Thus, AES is a colorectal cancer metastasis suppressor
acting most likely through Notch. Taken together, these results may point to a continued
requirement of Notch ligand signaling to sustain the growth of cancer cells with ISC
properties. This hypothesis would be consistent with the observed heterogeneity in Notchl
activity in carcinomas because they are largely composed of differentiated cells not relying
on Notch signaling.

Targeting Notch in Colon Cancer

Pharmacologic blockade of Notch signaling using GSI (preventing Notch intramembrane
cleavage) or genetic ablation in rodent intestine induces a proliferative arrest and goblet cell
metaplasia.#>-47-83.92 This prompted the exploration of GSls in the treatment of colorectal
cancers. Indeed, GSI treatment of Apc™n adenoma-bearing mice results in reduced adenoma
proliferation and induced their differentiation along the secretory lineage.3” Nevertheless,
the following facts challenge the common view and hope that GSIs may be used as
differentiation therapy in the treatment of colon cancer.

First, GSI treatment causes ISC depletion and massive goblet conversion, an irreversible and
unwanted side effect of GSI, caused by derepression of Math1 and subsequent induction of
KLF4.69.105.106 Goplet cell metaplasia can be suppressed by glucocorticoid treatment, which
blocks KLF4 activity independent of Notch/Hes. This elegant finding may be applied to
limit gut toxicity during GSI treatment while maintaining the effect of GSI on Notch
effectors.59

Second, some patients with colon cancer may be refractory to GSI treatment. HATHL1 (the
human Homologue of Math1/Atonal) expression is frequently lost in colorectal cancer by
methylation or genomic deletion.196-108 Therefore, GSIs would be expected to be ineffective
in tumors lacking HATH1. Furthermore, there are also subgroups of mucinous colorectal
tumors in which expression of HATH1 is maintained.19% The most likely explanation is that
Notch signaling is lost or inactive in a subpopulation of these tumors and therefore GSIs
may also be ineffective.
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Third, whereas RBP-Jx activity is essential for normal crypt epithelium, it appears
dispensable for the transformation of Apc-deficient cells.110 One possible explanation for
this interesting finding is that Hes1 is still expressed in the RBP-Jx/Apc mutant intestine,
possibly activated by /catenin/TCF.110 Although Math1 is required for GSl-induced goblet
metaplasia in wild-type intestines,>8 blocking Notch may not suffice to restore Math1
activity in colon cancers because it is posttranscriptionally repressed by activated Wnt/4
catenin signaling independent of Notch activity.111 A direct role for canonical Wnt signaling
in secretory cell fate specification (through Mathl) had already been observed in mice with
intestinal expression of the Wnt inhibitor Dickkopf, which showed decreased secretory cell
numbers.112 If true, these findings have important implications for the use of GSls in colon
cancer treatment and suggest that targeting Math1 would be more beneficial.

Finally, systemic inhibition of Notch signaling can lead to the development of epidermal and
endothelial tumors.113-116 Thus, there is an urgent need for refinement of drugs targeting
Notch signaling in cancers. For example, monoclonal antibodies against Notch1 or Notch2
effectively block adenoma growth in mouse models without inducing intestinal toxicity.117
Nonetheless, such Notch1-specific antibodies, like those that target Notch ligand DII4, may
still induce endothelial tumors after long-term administration.116:118

In summary, further insight into the repertoire of receptors and ligands characterizing
specific tumors and their microenvironment is needed to identify unique combinations from
which tumor specificity may be attained, but targeting Notch may after all not be that
straightforward.

Conclusions

Intestinal biology has provided a wealth of insight into the role of cell fate signaling through
Notch receptors. Surprisingly, the mammalian endoderm resembles the fly ectoderm in the
manner in which Notch signaling is used. Notch signaling is both the landscape architect and
the stem cell guardian. The close interplay between Notch and Whnt signaling sculpts the
crypt-villus system and maintains control over self-renewal during normal homeostasis.
Gain of Wnt invariably leads to gain of Notch via ligand activation to drive colon cancer
development. Although much is known, we are still short of developing effective Notch-
based therapies due to its critical and sometimes opposing functions within tissues. A
detailed understanding of this context is essential in the design of cell type-specific drugs
targeting the Notch pathway.
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Abbreviations used in this paper

AES Amino terminal Enhancer of Split
AMP adult midgut progenitor
bHLH basic helix-loop-helix
CBC columnar base cell
DIl Delta-like ligand
EB enteroblast
EC enterocyte
EE enteroendocrine
GSl y-secretase inhibitor
Hes Hairy Enhancer of Split
ISC intestinal stem cell
KLF4 Krippel-like factor 4
Mibl Mindbomb-1
NICD Notch intracellular domain
PC peripheral cell
Pofut O-fucosyl transferasel
SPDEF SAM pointed domain ETS transcription factor
Su(H) Suppressor of Hairless
TA transit amplifying
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Figure 1. The mammalian small intestine and role of Notch in I SC renewal.
(A) Two populations of stem cells, CBCs and label retaining cells (LRCs), characterized by

Lgr5 and Bmil expression, respectively, are located at the bottom of the crypt. Their
daughters, the TA cells, undergo rapid proliferation as they move upwards. Terminal cell
differentiation starts at about the upper third of the crypt and gives rise to 5 major cell types:
the absorptive ECs and the secretory cell types composed of EE cells, tuft cells, goblet cells,
and Paneth cells. Whereas most differentiated cells move and home into the villi, Paneth
cells move back into the bottom of the crypt after their birth to form the niche to orchestrate
ISC renewal and differentiation. (B) The relationship between the LRC and CBC stem cell
populations is not very clear. It is possible that they could give rise to each other (dashed
arrows). Although both populations produce TA cells, it has been proposed that CBCs may
represent a rapidly cycling population (thick arrow) whereas LRC is a slow cycling one
(thin arrow). Notch may be required for the maintenance of both. Although Paneth cells
express DII4 ligand, it remains unclear which cells provide the DII1 ligands, which play a
dominant role in sustaining stem cell self-renewal as well. During cell fate specification,
Notch promotes the EC fate and inhibits the secretory cell fates through down-regulation of
Math1, a master transcription factor for all secretory cell fates. Math1 controls secretory
commitment by activation of cell type-specific transcription factors. For example, Ngn3
specifies the EE cell fates while KLF4 and SPDEF goblet cells.
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Figure 2. The core components of the Notch signaling pathway.
(A) Typical domain structure of the vertebrate Notch receptor and ligands. Jagged and Delta

ligands share from N-terminus to C-terminus the Delta/Serrate/LAG-2 domain (DSL), the
Delta and OSM-11-like protein domain (DOS), a variable number of EGF repeats,
transmembrane domain (TM), nuclear localization signal (NLS), and PSD95/Dlga/
Zo-1domain (PDZ). Jaggedl and 2 also have a cysteine-rich domain (CR). Notch receptors
have 24 to 36 EGF repeats, which mediate ligand interaction (11 and 12, shaded in pink, are
in direct contact with the DOS domain of the ligands). Following these EGF repeats are 3
cysteine-rich Lin-12/Notch repeats (LNRS), a heterodimerization domain (HD),
transmembrane domain (TD), the RBP-Jx association module (RAM), 7 NLS-flanked
ankyrin repeats (ANK), and the proline/glutamic acid/serine/threonine-rich degradation
motif (PEST). (B) Key steps involved in the activation of the Notch signaling pathway. In
the absence of Notch activity, RBP-Jx binds to the promoters of Notch target genes such as
Hes and Hey and recruits corepressors to repress transcription. Newly synthesized Notch
receptor experiences a series of posttranslational modifications in the ER and Golgi body
before reaching the cell surface, including the glycosylation by O-fucose-transferase (Ofutl)
and Fringe as well as the S1 cleavage by furin-like convertases. In contrast, the ligands are
ubiquitinated in the signaling-sending cell by ubiquitin ligases such as Mib-1, endocytosed,
and then recycled back to the cell membrane. Trans-interactions between the Notch receptor
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and its ligands is mediated by EGF repeat 11-12 of the receptor and the DOS domain of the
ligands followed by transendocytosis of the ligand. This causes unfolding of the LNR/HD
domain exposing the S2 cleavage site a substrate for the ADAM (A Disintegrin And
Metalloprotease) metalloproteases. S2 cleavage leads to shedding of the extracellular
domain of the receptor and turns it into the substrate for the y~secretase complex, which
catalyzes the cleavage at the S3 site within the Notch transmembrane domain. This leads to
the release of the NICD from the cell membrane and its subsequent translocation into the
nucleus, where it displaces corepressor bound to RBP-Jx and recruits coactivators such as
Mastermind and p300 to activate gene expression.
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Figure 3. Drosophila posterior midgut and role of Notch in 1SC renewal.
(A) The Drosophila posterior midgut is a relatively simple pseudostratified epithelium, with

only 2 differentiated cell types: ECs and EE cells. In addition, 1SCs and their
nonproliferative daughters, EBs, are scattered in between. (B) Two populations of ISCs
exist: one with high Delta expression (ISC [DIH]) and one with no or low Delta expression
(1SC [DI-°]). When they divide, both give one daughter ISC and one daughter EB cell.
However, the daughter 1SC from ISC (DIFi) will activate a high level of Notch signaling in
its sister EB cells, which drives its differentiation into EC cells; in contrast, the daughter ISC
from 1SC (DI0) elicits a low level of Notch signaling in its sister EB cells, which will
differentiate into EE cells. Thus, different levels of Notch activation elicit different cell
fates.
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