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SUMMARY

The Notch signaling pathway has emerged as a critical
regulator of gastric stem cell homeostasis in both mouse and
human stomachs. Notch promotes gastric stem/progenitor
cell proliferation via activation of the NOTCH1 and NOTCH2
receptors. Accordingly, constitutive Notch activation acti-
vates gastric stem cells, resulting in gland fission, tissue
expansion, and tumor formation.

The gastric epithelium is sustained by a population of stem
cells that replenish the various mature epithelial lineages
throughout adulthood.Regulationof stemandprogenitor cell
proliferation occurs via basic developmental signaling path-
ways, including the Notch pathway, which recently was
described to promote gastric stem cell proliferation in both
mice and human beings. Current cancer theory proposes
that adult stem cells that maintain gastrointestinal tissues
accumulate mutations that promote cancerous growth, and
that basic signaling pathways, such as Notch, which stimulate
stem cell proliferation, can promote tumorigenesis. Accord-
ingly, constitutive Notch activation leads to unchecked
cellular proliferation and gastric tumors in genetic mouse
models. Furthermore, there is emerging evidence suggesting
that the Notch pathway may be activated in some human
gastric cancers, supporting a potential role for Notch in
gastric tumorigenesis. In this review, we first summarize the
currentunderstandingofgastric stemcellsdefinedbygenetic
mouse studies, followed by discussion of the literature
regarding Notch pathway regulation of gastric stem cell
function in the mouse and human beings. Notch action to
maintain gastric epithelial cell homeostasis and the cellular
consequences of dysregulated signaling to promote tumori-
genesis are discussed, including studies associating Notch
activation with human gastric cancer. Finally, we compare
and contrast Notch function in the stomach with other
gastrointestinal tissues, including the intestine, to highlight
the sensitivity of the stomach to Notch-induced tumors. (Cell
Mol Gastroenterol Hepatol 2017;3:323–330; http://dx.doi.org/
10.1016/j.jcmgh.2017.01.012)
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astric cancer (GC) is a significant human health
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Gproblem. Worldwide, it is the fifth most common
cancer and the third leading cause of cancer-related deaths.1

Despite a recent decrease in incidence in the United States,
GC remains a serious burden, with the National Cancer
Institute estimating 26,000 new cases and 11,000 deaths in
2016. There are few effective treatment options for GC and
only 30% of patients will survive for 5 years or more. The
recent genetic profiling of almost 300 human gastric ade-
nocarcinomas in The Cancer Genome Atlas identified 4
molecular GC subgroups: Epstein–Barr virus positive, mi-
crosatellite instability, genome stable, and chromosomal
instability.2 Each subtype was associated with a distinct
molecular signature, providing valuable molecular clues that
can help to uncover drivers of tumorigenesis and identify
potential therapeutic targets.

A complementary approach to molecular profiling of
human gastric cancers is to decipher the key signaling
pathways that promote gastric stem/progenitor cell prolif-
eration during homeostasis. Basic developmental signaling
pathways that regulate stem cell homeostasis can be key
drivers of tumorigenesis in gastrointestinal (GI) tissues. For
example, Wnt pathway signaling is required to maintain
intestinal stem cells and Wnt-activating mutations are
observed in more than 80% of colorectal cancers, primarily
via mutation of the Wnt negative regulator APC.3 Current
theory is that Wnt-activating mutations accumulate in in-
testinal stem cells to initiate and maintain tumors.4 A similar
unifying tumor-driving pathway required to maintain
gastric stem cells has not been identified in stomach,
perhaps because of the variability between GC subtypes as
well as a comparatively rudimentary understanding of
gastric stem cells. The identification of gastric stem cells in
mouse models has set the stage to define the niche factors
regulating these cells and thereby potential pathways
driving gastric cancer cell proliferation.

In this review we summarize studies that have shown a
key role for the Notch signaling pathway to maintain gastric
stem cells. Notch function in both the corpus and antral
regions of the stomach are presented from analysis of
mouse models, and mouse and human gastric organoids.
The studies have shown that Notch functions to promote
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stem/progenitor cell proliferation in the stomach. Accord-
ingly, constitutive Notch activation in gastric stem cells was
shown to induce gastric tumors in mouse.5,6 Moreover,
there is emerging evidence of Notch pathway activation in
some human gastric cancers.7–12 Hence, the Notch pathway
may promote both normal and cancer cell proliferation in
the stomach and thus it might provide potential therapeutic
targets for treatment of GC.

The Notch Signaling Pathway
The Notch pathway regulates key cellular processes such

as proliferation and differentiation through communication
between adjacent cells.13 Notch components are expressed
broadly to regulate many homeostatic processes in adult
tissues, including the GI tract.14 The Notch signaling pathway,
present in all metazoans, is highly conserved. In mammals,
there are 4 Notch receptors (NOTCH1–4) and 5 Notch ligands
(Delta-like 1, 3, 4, and Jagged 1 and 2), all of which are single-
pass transmembrane proteins.15 The signal-sending cells
express Notch ligand and the signal-receiving cells express
Notch receptor. Engagement of ligand and receptor initiates
proteolytic cleavage events at the cellmembrane to release an
intracellular signaling fragment of the Notch receptor: Notch
receptor intracellular domain (NICD). In the intestine, the
initial Notch receptor cleavage is performed by the
membrane-localized sheddase a disintegrin and metal-
loproteinase 10 (ADAM10) to cleave the receptor ectodo-
main.16 ADAM10 function in the stomach has not yet been
tested. After this receptor cleavage event by ADAM10, the
NICD signaling fragment is released via intramembrane
cleavage by the g-secretase complex. Subsequently, NICD
translocates to the nucleus and assembles a transcription
activation complexwith theDNAbinding protein RBP-Jk (also
known as CSL) and coactivators, including MAML, to induce
the transcription of target genes such as those in the hairy and
enhancer of split (Hes)-related gene family. Direct gene tar-
gets vary with tissue context, with data suggesting that Hes1
and Olfm4 may be direct Notch target genes in stomach and
intestine.5,17

As a consequence of the requirement for interactions
between juxtaposed cells, Notch signaling communicates
short-range signals. Furthermore, the signal is short-lived,
with receptor destruction an integral aspect of the signaling
process, and rapid degradation of NICD resulting from its
PEST domain.15 Thus, Notch signaling is well suited as a niche
pathway to regulate stem cell behavior in GI tissues.

Mouse Gastric Stem Cells
The adult glandular stomach contains 2 regions: the

corpus, whose primary function is the luminal secretion of
acid and digestive enzymes, and the more distal antrum,
which secretes the hormone gastrin. Distinct pools of
actively cycling stem cells in each region fuel epithelial cell
turnover throughout life. These active stem cells generate
proliferating progenitors that differentiate into the various
mature epithelial cell lineages of the stomach.14 In the
corpus, adult stem cells thought to be located in the mid-
region of each gland generate progeny that migrate
bidirectionally to form the differentiated cell types,
including short-lived surface mucous cells, and longer-lived
acid-secreting parietal cells, endocrine cells, and zymogenic
lineage cells. In contrast, antral stem cells are located at the
gland base and generate surface mucous cells, endocrine
cells, including gastrin-producing G cells, and deep mucous
cells. In general, cellular turnover is more rapid in the
antrum than in the corpus, with a time frame of several days
vs several weeks or months (reviewed by Mills and
Shivdasani18).

Long-term lineage tracing in genetic mouse models has
been the gold standard approach for identifying stem cells
in the GI tract. With this approach, genetic markers have
been shown to define gastric stem cells that generate all of
the differentiated epithelial cell lineages, although discovery
in the stomach has lagged well behind parallel studies in the
intestine. After the discovery of LGR5 as a marker for in-
testinal stem cells,19 stem cells in the gastric antrum also
were shown to express LGR5 by observation of lineage
traces in Lgr5-EGFP-ires-CreERT2 mice more than 20
months after Cre activation with tamoxifen (TX)20 (Table 1).
In addition, single Lgr5-GFPþ antral cells isolated from this
mouse strain were capable of initiating organoids with the
potential to differentiate into mature gastric epithelial cell
types, further supporting the conclusion that LGR5 marks an
active antral stem cell. Interestingly, Lgr5-GFP cells isolated
from stomach or intestine are both capable of forming long-
lived organoid lines, although they each retain regional
memory to form gastric or intestinal cell types despite
growth under similar culture conditions.20,21 This finding
suggests that GI tract stem cells are epigenetically marked to
follow prescribed region-specific differentiation programs
to generate mature epithelial cells.

Unfortunately, a specific marker for the active stem cell
in the adult corpus region of the stomach has not yet been
described. In contrast to the antrum, Lgr5-EGFP-ires-
CreERT2 does not mark active corpus stem cells; however, it
does mark progenitors in the immature neonatal stomach
that form adult corpus stem cells.20 Thus, the corpus stands
apart from more distal regions of the GI tract in regard to
expression of Lgr5. Recently, it was shown that the Wnt
signaling pathway drives gastric corpus patterning during
mouse stomach development, and that Wnt activation in
cultured human pluripotent stem cells induces differentia-
tion into corpus epithelial cell types,22 an important finding
that will further our understanding of pathway regulation of
adult gastric corpus stem cells.

In addition to specific stem cell markers, mouse genetic
alleles have been described that are expressed in differen-
tiated gastric cell types as well as in active stem cells.
Although not specific to stem cells, these Cre drivers still can
be useful tools to manipulate stem cell function because
they have been observed to generate long-term lineage
stripes after Cre activation (Table 1). These strains include
Sox2-CreER,23 Lrig1-CreERT2,24 CCK2R-CreERT,25 and eR1-
CreERT226 (Table 1). The Sox2 allele is particularly useful
because it is expressed in both corpus and antral stem cells,
but it is not expressed in the intestine. This is hugely ad-
vantageous for studying pathway regulation of gastric stem



Table 1.Genetic Mouse Strains Expressed in Adult Gastric Stem Cells

Strain name

Active stem cell? Induced stem cell?

Differentiated cells? ReferenceAntrum Corpus Antrum Corpus

Lgr5-EGFP-ires-CreERT2 Yes No - - No Barker et al20

CCK2R-CreERT Yes No - - Yes (corpus) Hayakawa et al25

Sox2-CreER Yes Yes - - Yes Arnold et al23

Lrig1-CreERT2 Yes Yes - - Yes Powell et al24 and Samuelson,
unpublished data

eR1-CreERT2 Yes Yes - - Yes Matsuo et al26

12.4KVil-Cre No No Yes No No Qiao et al28

Troy-eGFP-ires-CreERT2 No Noa No Yesa Yes Stange et al29

Mist1-CreERT2 No No,a

yesb
No Yesa,b Yes Hayakawa et al30 and

Stange et al29

NOTE. Mouse Cre drivers expressed in gastric stem cells are categorized based on their contribution to normal homeostasis
(active stem cell) or in response to injury (induced stem cell). Some Cre drivers also are expressed in gastric differentiated cell
types.
aOccasional slowly expanding lineage stripes appear to originate from differentiated chief cells, with accelerated expansion
after loss of active stem/progenitor cells (Stange et al29).
bLineage stripes appear to originate from the isthmus region from slowly cycling cells, with accelerated expansion after loss of
active stem/progenitor cells (Hayakawa et al30).
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cells because it will allow genetic manipulation of the
stomach without affecting the intestine, where changes to
stem cell function can limit animal viability. One consider-
ation is that most of the genetic mouse strains that have
been identified to mark gastric stem cells have not been
studied extensively, so the general utility of an individual
strain is uncertain.

Cellular plasticity is a hallmark of GI tissues, where
cellular reprogramming has been suggested to allow
committed progenitors or even mature cells to serve as
reserve stem cells when active stem cells are compro-
mised.27 The existence of dedicated quiescent, or reserve,
stem cell populations in the stomach has not been estab-
lished definitively. However, certain populations of non-
proliferating gastric epithelial cells have been shown to
expand during tissue injury and show active stem cell
lineage tracing activity. These include rare quiescent antral
stem cells that express a Villin-Cre driver,28 and a small
population of differentiated corpus chief cells expressing
Troy-29 and Mist1-Cre drivers29,30 (Table 1). One of these
studies reported that Mist1-CreERT2 also is expressed in
rare quiescent stem cells in the isthmus of corpus glands
that can serve as the cell-of-origin for gastric cancer in
mouse models.30 Furthermore, recent studies have reported
that CCK2R-CreERT–expressing antral stem cells expand in
response to gastrin,25 and that LGR5þ antral stem cells can
expand in response to Helicobacter infection.31

One major challenge for stem cell studies in the stomach
is the extensive gastric cell toxicity observed in genetic
models using TX-regulated Cre drivers. TX targets the pa-
rietal cells, inducing rapid cell death, with increased corpus
progenitor cell proliferation and metaplasia following cell
death. These cellular changes are transient and normal
cellular homeostasis returns within 3 weeks.32 Parietal cells
are well known to be lynchpins in the stomach, required for
corpus epithelial cell homeostasis and maintenance of the
zymogenic cells in the gland base.27 Almost all of the genetic
alleles that have been described to manipulate gastric stem
cells in the mouse are TX-regulated Cre drivers (Table 1).
The TX-induced parietal cell damage is dose-dependent,32

and in many instances the observed lineage traces re-
ported for many of the gastric Cre drivers used doses that
would be expected to induce parietal cell damage. Thus,
there is likely to be an injury component to the response
that needs to be considered. To avoid parietal cell injury,
new genetic tools are needed that do not rely on acute TX
treatment to manipulate genes in gastric stem cells.
Notch Regulation of Gastric Epithelial Cell
Proliferation

Notch recently was established as a crucial pathway
regulating gastric stem cell proliferation and differentiation.
In the fetal mouse stomach, Notch pathway components
Notch1 and Jag2, and the Notch target gene Hes1, have been
mapped to the nascent gastric epithelium.6 Analysis of Hes1
mutant mice showed that the Notch pathway regulates
cellular differentiation in the developing stomach, with
excessive endocrine cell differentiation observed in peri-
natal mice.33 In the adult stomach, the consequences of
Notch pathway inhibition and constitutive pathway activa-
tion also have been established from analysis of mouse
models. Notch inhibition by g-secretase inhibitor (GSI)
treatment in adult mice showed reduced progenitor cell
proliferation in both corpus6,34 and antrum.5,6,35 Impor-
tantly, GSI treatment also reduced the number of prolifer-
ating Lgr5-GFP antral stem cells.5 Furthermore, single
fluorescence-activated cell sorter–isolated Lgr5-GFP stem
cells derived from GSI-treated mice initiated fewer organo-
ids than stem cells derived from control mice, suggesting
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that Notch is required to support antral stem cell function.5

In contrast, constitutive Notch activation in LGR5þ antral
stem cells using genetic overexpression of NICD induced
stem and progenitor cell proliferation.5 Similarly, NICD
expression in immature parietal cells in fetal mice and in
adult corpus stem cells induced gastric epithelial cell pro-
liferation.6,34 Furthermore, gastric organoids derived from
Notch-activated adult corpus and antral stem cells grow
faster, consistent with Notch pathway induction of stem and
progenitor cell proliferation.5,34 Overall, these studies sug-
gest that Notch promotes epithelial cell proliferation and is
required to maintain stem cells in both corpus and antrum.

Studies in both mice and human beings showed that
Notch regulation of gastric antral and corpus progenitor cell
proliferation occurs via NOTCH1 and NOTCH2 receptor
signaling. Gene expression analysis has shown that NOTCH1
and NOTCH2 are the predominant Notch receptors
expressed in the mouse and human stomach.34,35 Moreover,
a Notch1-CreERT mouse strain induced full antral lineage
stripes, indicating that active NOTCH1-receptor signaling
occurs in antral stem cells.5,35 Inhibitory antibodies that
target NOTCH1 or NOTCH2 significantly reduced stem and
progenitor cell proliferation in mouse stomach and
decreased growth of corpus and antral organoids, suggest-
ing that both receptors promote gastric epithelial cell pro-
liferation in vivo and in vitro.34,35 Furthermore, inhibition of
NOTCH1 and NOTCH2 in organoids derived from human
gastric glands from both corpus and antrum also led to
reduced organoid growth, suggesting that the Notch
pathway is crucial to support human gastric stem cell
function.34,35 Importantly, the human and mouse studies
concur, validating the mouse as a reliable model to probe
pathway regulation of human gastric stem cells.
Notch Regulation of Gastric Epithelial Cell
Differentiation

In addition to regulation of proliferation, the Notch
pathway regulates epithelial cell differentiation in the antral
stomach. Notch signaling appears to act in a global manner,
generally promoting progenitor cell proliferation and
inhibiting differentiation. Analysis of mice after Notch inhi-
bition via GSI treatment or antibody-mediated blockade of
both NOTCH1 and NOTCH2 increased expression of all
antral epithelial cell lineage markers, including surface
mucous, deep mucous, and endocrine cells.5,35 Accordingly,
there was increased expression of lineage-directing tran-
scription factors FoxQ1 (surface mucous),36 Spdef (deep
mucous),37 and Neurog3 (endocrine)38 in the Notch-
inhibited antral stomach.5,35 Similarly, expression of differ-
entiated markers was increased in antral organoids treated
with GSI or NOTCH1- and NOTCH2-receptor antibodies. In
addition, Notch inhibition led to epithelial cell remodeling,
with increased expression of secretory proteins normally
associated with other regions of the GI tract, including
intestine.35

In contrast to the general increase in antral epithelial cell
differentiation observed after Notch inhibition, constitutive
Notch activation via NICD expression in LGR5þ antral stem
cells reduced differentiation, including decreased expres-
sion of transcription factors and markers for all epithelial
cell lineages.5 Furthermore, antral organoids expressing
NICD showed decreased expression of transcription factors
and markers for endocrine and deep mucous cells. Together,
the inhibition and activation data suggest that Notch inhibits
overall differentiation in the antral stomach.5,35 This is in
contrast to the intestine, where Notch functions to regulate
cell fate choice, directing progenitor cells to adopt an
absorptive rather than secretory cell fate via regulation of
the transcription factor ATOH1.39–41

Although Notch signaling appears to suppress differen-
tiation in the antrum, the role of Notch to regulate differ-
entiation in the gastric corpus is less clear. Cellular
turnover in the stomach varies regionally, with renewal of
all antral epithelial cell lineages occurring within several
weeks, and cellular renewal in the corpus occurring be-
tween several days (surface mucous) to several months
(parietal, chief) (reviewed by Mills and Shivdasani18).
Because Notch inhibition with GSI or NOTCH1- and
NOTCH2-receptor antibodies results in rapid animal mor-
tality,34 study of Notch regulation of complete corpus
epithelial cellular renewal has not been feasible. However,
it has been shown that although differentiation of surface
mucous cells in the antrum is Notch-dependent,5,35 this
same lineage in the gastric corpus does not appear to be
affected by Notch inhibition,34 suggesting that corpus sur-
face mucous cells are Notch-independent. Therefore, key
molecular differences in corpus vs antral stem cell differ-
entiation regulated by Notch signaling will be an important
future area of research.
Notch and Gastric Tumorigenesis
Notch regulation of gastric stem cell function in the adult

mouse antrum has been more attainable than in the mouse
corpus owing to the identification of LGR5 as an antral stem
cell marker and the ability to track and manipulate these
cells using the Lgr5-GFP-CreERT2 mouse model.20 Thus, in
the mouse antrum, Notch is thought to regulate gastric stem
cell number, as suggested by regulation of organoid estab-
lishment activity, and by observation of tissue expansion via
increased proliferation, gland fission, and enhanced con-
version of adult antral glands to monoclonality after Notch
activation.5 Gland fission is a tissue growth phenomenon
that normally occurs in the postnatal stomach to increase
organ size with the growth of the organism.42 Fission is
thought to occur in response to increased numbers of stem
cells to spatially accommodate the increased cellular pro-
duction,43 and results in a single glandular unit bifurcating,
or splitting, into 2 individual glands. Gland fission during
homeostatic conditions in the adult stomach is rare. The
extensive gland fission that occurs as a result of constitutive
NICD expression leads to tissue expansion and polyp for-
mation within 6 months, showing that Notch activation in
antral stem cells is tumorigenic (Figure 1). The NICD-
induced tumors are highly proliferative, largely composed
of undifferentiated cells that express progenitor cell
markers, although interestingly not LGR5.5 This also has



Figure 1. Notch activation in antral stem cells induces tumorigenesis. In the mouse, NICD activation in an LGR5þ stem cell
(green) at the gland base results in increased stem cell proliferation and number followed by antral gland fission. This leads to
overall tissue expansion and eventual tumorigenesis. Such tumors are hyperproliferative and undifferentiated, expressing stem
and progenitor cell markers.
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been shown in the mouse corpus, where constitutive NICD
expression in parietal progenitor cells and in adult SOX2þ

stem/progenitor cells induces hyperproliferative glands.6,34

The human metaplastic stomach contains clonal patches
of epithelial cells, a process termed field cancerization.44,45

Whether this process is regulated by Notch signaling in
the human stomach has not been shown, but our evidence
from the mouse stomach suggests that unchecked signaling
in pathways that regulate proliferation may give progenitor
cells a selective advantage, leading to clonal expansion.5 In
addition, in the human stomach it has been shown that a
clonal mutational field can acquire additional new muta-
tions, suggesting that gastric cancer may arise from a
genetically advantageous proliferative subclone within the
founder clonal field.44

Human Gastric Cancer Stem Cells
Little is known about human gastric stem cells. Putative

markers of gastric stem cells have been proposed based on
their expression in cancer-initiating cells (also called cancer
stem cells). The proliferative capacity and self-renewal
property of stem cells makes them susceptible to tumor-
initiating mutations, and therefore the transformation of
normal stem cells into cancer stem cells remains a likely
theory for tumorigenesis (reviewed by Vries et al4). Markers
of such cancer stem cells in the human stomach include
CXCR4,46 and the cell surface markers CD133, also known as
Prominin-1,47–49 and CD44,50 in particular CD44v651 and
CD44v9.52 In addition, expression of SOX2 is altered in
gastric cancer, although it is unclear whether SOX2 is
oncogenic53,54 or has tumor-suppressing capabilities.55–57

Whether these markers also are expressed in normal hu-
man gastric stem cells is an important future question that
will advance our understanding of human gastric epithelial
cell biology.

Notch and Gastric Cancer
Studies in mice have shown that NICD expression in

parietal progenitor cells,6 adult SOX2þ corpus stem cells,34

and LGR5þ antral stem cells5 lead to hyperplastic polyp
development in corpus or antrum. In human beings, Notch
pathway dysregulation, particularly via up-regulation of
ligands and/or receptors, has been observed in human
gastric cancer. Importantly, correlations between high
expression of NOTCH1, NOTCH2, and Jagged 1 have been
associated with gastric cancer morbidity.7,8,12 NOTCH1
activation in human gastric cancer has been associated with
DLL1 promoter methylation,11 suggesting that epigenetic
dysregulation of Notch signaling also may contribute to
gastric disease. Functional studies in human gastric cancer
cell lines show that pharmacologic Notch inhibition can
reduce growth and invasion in lines that show increased
NOTCH1 expression.10 Notch manipulation also can inhibit
gastric tumor growth via regulation of PTEN expression,
where Notch inhibition with small interfering RNA against
NOTCH1 or GSI treatment leads to activation of nuclear
PTEN expression, growth inhibition, and apoptosis of gastric
cancer cells.9 Furthermore, Notch activation via expression
of NICD in the SC-M1 human gastric adenocarcinoma cell
line promoted colony formation and tumor growth in mouse
xenograft models through activation of cyclooxygenase-2
expression,12 suggesting that Notch may initiate gastric
tumorigenesis via cross-talk with other signaling pathways.
Finally, the Notch pathway has been shown to increase
expression of CD4458 and CD133,59 putative markers of
gastric cancer stem cells. Taken together, current data
suggest significant Notch pathway involvement in the
regulation of gastric cancer cell growth, proliferation, and
metastasis, highlighting Notch as a key pathway to explore
further for the development of targeted therapies for gastric
cancer treatment.
Notch Regulation of Gastric Versus Intestinal
Stem Cells

Gastric and intestinal stem cells are both regulated by
Notch and Wnt, commonly using the same pathway com-
ponents, such as LGR5,19,20 and NOTCH1 and
NOTCH2.35,60–64 However, these stem cell populations
intrinsically are primed to perform functions specific to
each tissue program. Thus, pathway regulation likely
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depends on specific molecular cues from the gastric or
intestinal stem cell niche as it relates to overall tissue
function. Interestingly, stem cells in stomach and intestine
are differentially sensitive to Notch pathway activation in
the context of tumorigenesis. Although constitutive
expression of NICD in LGR5þ stem cells induces antral
tumors with 100% penetrance, intestinal or colonic tumors
are not observed.5 These findings suggest that Notch tone
in the stomach and intestine differ, with gastric stem cells
more sensitive to Notch-activating mutations than intesti-
nal stem cells. Surprisingly, NICD-expressing intestinal
stem cells appear to be lost, suggesting that they are at a
competitive disadvantage to normal intestinal stem cells.
These findings in mice would predict that Notch might play
a larger role in the development of human gastric cancers
than in human colon cancer.

Both gastric and intestinal stem cells are affected simi-
larly by Wnt pathway manipulation. Wnt activation via ge-
netic deletion of Apc in mouse gastric and intestinal stem
cells leads to epithelial cell hyperproliferation and tumori-
genesis in both intestine65,66 and stomach.20,56 Patients with
the Wnt activating genetic disorder familial adenomatous
polyposis develop hundreds to thousands of intestinal ad-
enomas that progress to colorectal cancer via accumulation
of additional tumorigenic mutations (reviewed by
Fearon67). Interestingly, almost all familial adenomatous
polyposis patients also develop gastric polyps, typically
fundic gland polyps, although they largely are benign and
the risk for gastric adenocarcinoma development is low
compared with the risk for colorectal cancer.68 This finding
suggests that, in contrast to enhanced gastric stem cell
sensitivity to Notch activation, the intestine may be more
sensitive to Wnt activation than the stomach. Indeed,
although adenomas are observed in both tissues after Apc
deletion in LGR5 cells in mouse genetic models, the intes-
tinal tumor burden is greater, limiting the duration of study
owing to animal morbidity.20 Future studies will be neces-
sary to determine how Notch and Wnt intersect to support
the gastric and intestinal stem cell niche during normal
tissue homeostasis and with diseases such as cancer.
Summary and Future Directions/Questions
Notch functions to balance cellular proliferation and

differentiation in the stomach, with Notch inhibition leading
to reduced stem and progenitor cell proliferation and
increased differentiation, although Notch activation results
in increased stem and progenitor cell proliferation and
reduced differentiation. Furthermore, genetic over-
expression of NICD induces tissue expansion via gland
fission and gastric tumors. Thus, Notch appears to be a
central signaling pathway that promotes gastric stem cell
proliferation and expansion. Furthermore, Notch pathway
activation also has been reported in human gastric cancer,
suggesting that this pathway may prove to be a useful
therapeutic target for treatment of some human gastric
cancers.

Several important questions remain unanswered that
undoubtedly will further our understanding of Notch
pathway function in mouse and human gastric stem cells.
These questions include the following:

� How is the Notch niche defined? What niche cells
present ligand to gastric stem cells?

� What are the key Notch ligands in the stomach?

� How does Notch regulate gastric stem cell self-renewal
and proliferation?

� How does Notch cooperate with Wnt and other
signaling pathways to both maintain homeostasis and
promote tumorigenesis?

� What are the molecular markers for human gastric
stem cells?

� Can Notch pathway inhibition be effective for gastric
cancer treatment?
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