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Stomaching Notch
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The self-renewal and differentiation of
stem cells must be tightly
controlled. Unrestrained self-renewal leads
to over-proliferation of stem cells, which
may cause tumor formation, while uncon-
trolled differentiation leads to depletion
of the stem cell pool. In this issue of The
EMBO Journal, Demitrack et al (2015) show
that the Notch pathway is a key regulator
of Lgr5 antral stem cell self-renewal and
differentiation. Notch signaling controls
the proliferation and differentiation of
stem cells as well as gastric tissue growth,
while uncontrolled Notch activity in stem
cells leads to polyp formation.
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tem cells exhibit an extraordinary

ability to generate multiple cell types

in the body. Besides embryonic stem
cells, tissue-specific stem cells serve a criti-
cal role during development as well as in
homeostasis and injury repair in the adult.
Stem cells renew themselves through prolif-
eration as well as generate tissue-specific
cell types through differentiation. The char-
acteristics of different stem cells vary from
tissue to tissue, and are determined by their
intrinsic genetic and epigenetic status.
However, the balance between self-renewal
and differentiation of different stem cells is
all stringently controlled. Uncontrolled self-
renewal leads to overgrowth of stem cells
and possibly tumor formation, while uncon-
trolled differentiation may exhaust the stem
cell pool, leading to an impaired ability to
sustain tissue homeostasis. Thus, stem cells
continuously sense their environment and
appropriately respond with proliferation,

differentiation, or apoptosis. Remarkably,
tissue stem cells from different tissues share
a limited number of signaling pathways for
the regulation of their self-renewal and
differentiation, albeit in a very context-
dependent manner. One of these pathways
is the Notch pathway.

The Notch pathway represents an evolu-
tionarily conserved signaling pathway that
possesses a simple but unique mode of action
(Fig 1A). The core Notch pathway contains
only a small number of components. The
canonical Notch pathway is activated
through the binding of Notch ligand on the
surface of signal-sending cells to the Notch
receptor on neighbor signal-receiving cells.
This event initiates a cascade of proteolytic
cleavages of the Notch receptor, including
v-secretase-mediated release of the Notch
intracellular domain (NICD). NICD fragment
then enters the nucleus to induce target gene
transcription. Under most circumstances, the
canonical Notch pathway requires physical
contact between neighboring cells; thus, it
links the fate of one cell to that of an immedi-
ate neighbor, providing a sophisticated way
to control the self-renewal and differentiation
of stem cells. The Notch pathway has been
shown to regulate many types of stem cells,
including embryonic stem cells, neural stem
cells, and hematopoietic stem cells as well as
Lgr5 epithelial stem cells (VanDussen et al,
2012; Koch et al, 2013).

Recently, Lgr5 has been identified in the
small intestine and colon as a stem cell
marker, where a small population of Lgr5*
crypt base columnar cells actively proliferate
and generate all cell types in the epithelium
(Barker et al, 2007). Lgr5 stem cells have
since been identified in many other tissues,
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including kidney, hair follicle, and stomach
(Haegebarth & Clevers, 2009; Barker et al,
2010). In the small intestine, the Notch
pathway has been shown to control the
proliferation and fate determination of Lgr5
stem cells (VanDussen et al, 2012) (Fig 1B).
The immediate neighbor of Lgr5 stem cells
—Paneth cells—provides Notch ligands to
the stem cells to maintain their self-renewal
(Sato et al, 2011). At the progenitor cell
level, Notch activity determines the binary
differentiation direction: activated Notch
signaling promotes differentiation to cells
with absorptive function, while its inactiva-
tion promotes differentiation to cells with
secretory function (Crosnier et al, 20006).
However, the role of the Notch pathway in
gastric stem cell is unknown.

In this issue of The EMBO Journal,
Demitrack et al (2015) performed a compre-
hensive analysis of the role of the Notch
pathway in the self-renewal and differentia-
tion of Lgr5 gastric stem cells. The authors
first used an elegant Notch reporter system
(NIP1::CreERT2; ROSA®™) to trace the
activity of Notch active cells. In this system,
Cre is linked to the intracellular domain of
the Notch receptor. With the activation of
Notch signaling, Cre is cleaved, but only in
the presence of Tamoxifen can Cre enter the
nucleus to activate the expression of EYFP to
permanently mark the Notch activating cells
and their progeny. Using this system, the
authors showed Notch activating cells
located at the base of antral glands, which
later can generate all cells in the antral gland.

To test the role of Notch signaling in
gastric antral stem cell homeostasis, the
authors performed loss- and gain-of-function
studies. Inhibiting the Notch pathway using
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Figure 1. Notch pathway regulates Lgr5 stem cell self-renewal and differentiation.
(A) The Notch signaling pathway. (B, C) Notch regulates the self-renewal and the differentiation of Lgr5 stem cells in (B) the small intestine and (C) the stomach as shown in

Demitrack et al (2015).

a y-secretase inhibitor or genetic deletion of
Notch reduced overall epithelial cell as well
as Lgr5 antral stem cell proliferation, while
forced activation of Notch in Lgr5" stem
cells significantly increased epithelial cell
and stem cell proliferation. These experi-
ments clearly demonstrated the importance
of the Notch pathway in regulating antral
epithelial cell proliferation. Organoid formu-
lation from stem cells is direct functional
evidence for stem cell activity. Using this
strategy, Demitrack et al (2015) further
directly demonstrated Notch activity affected
the function of Lgr5 stem cells. Increased or
decreased Notch activity correspondingly
increases or decreases organoid formation
and growth. This is consistent with the role
of Notch signaling in the intestine.

While in the intestine Notch activity
determines fate decisions, a key question is if
this also true in the stomach? Demitrack et al
(2015) further tested the differentiation
of Lgr5 antral stem cell following Notch
manipulation. Unlike the intestine, in the
stomach, Notch singling appears to
uniformly affect all cell lineages via regula-
tion of stem cell and progenitor cell prolifera-
tion while blocking their differentiation
toward all lineages (Fig 1C). This is likely due
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to the lack of absorptive cell types in the
stomach. Thus, it is not surprising that the
authors later found that constitutive Notch
activation caused polyp formation in the
stomach, a phenotype that was not observed
in the small intestine. This suggests the
possibility that Notch plays a more profound
role in cell proliferation in the stomach than in
the small intestine, as in the small intestine,
simply activating Notch could lead to stem
cell proliferation, or enterocyte differentia-
tion, depending on the status of Wnt activity
in the cells (Yin et al, 2014) (Fig 1B).

Given the finding that Notch activation
promotes Lgr5 antral stem cell proliferation,
it is tempting to speculate that continuous
Notch activation will also promote stomach
tissue growth, as it is postulated that postna-
tal stomach tissue growth occurs via gland
fission in response to increased stem cell
number. Indeed, Demitrack et al (2015)
further observed an increased rate of gland
fission by forced Notch activation in Lgr5
stem cells. Furthermore, using multi-color
Lgr5, ROSA®™e reporter mice, in which
daughter cells of different Lgr5 stem cells
are marked by different colors, the authors
found Notch activation markedly increased
the rate of monoclonal gland conversion,
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suggesting stem cells with constitutive
Notch activation possess competitive advan-
tage, which quickly outperform other stem
cells and take over available niche spaces.

Finally, Demitrack et al (2015) demon-
strate that Notch regulates stem cell prolifer-
ation potentially via regulating the mTOR
pathway. Notch activation increases mTOR
activity, while its inhibition decreases mTOR
activity. Furthermore, the mTOR inhibitor
rapamycin restores Notch activation-induced
cell proliferation to baseline level. These
data, although preliminary, offer an intrigu-
ing signaling link that may be relevant
beyond Lgr5 antral stem cells.

The activity of the Notch pathway in Lgr5
antral stem cells provides a great example of
stem cell regulation by extracellular cues.
The behavior of stem cells is a function of
coordinated interactions between cell auton-
omous programs and microenvironmental
cues (the stem cell niche). The niche
instructs the self-renewal of stem cells, while
the stem cells compete for available niche
real estate for their maintenance (Snippert
et al, 2010). In the small intestine, Paneth
cells provide Wnt and Notch ligand to
stem cells to maintain their stemness, and
daughter stem cells that lose contact with
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Paneth cells leave the niche and differentiate
(Snippert et al, 2010; Sato et al, 2011). It will
be interesting to explore this in the stomach
(Fig 1C). Are there other niche signals for
stomach stem cells and how do they cooper-
ate with Notch to regulate stem cell behav-
ior? The answers to these questions will
have important implications for stomach-
related diseases.
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