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SUMMARY

We identify Delta-like 1 as the key Notch ligand that regu-
lates LGR5 " stem cell proliferation in the antral region of the

adult mouse stomach. Delta-like 1-expressing cells at the
gland base signal to adjacent stem cells to promote
proliferation.

BACKGROUND & AIMS: Notch pathway signaling maintains
gastric epithelial cell homeostasis by regulating stem cell pro-
liferation and differentiation. We previously identified NOTCH1
and NOTCH2 as the key Notch receptors controlling gastric
stem cell function. Here, we identify the niche cells and critical
Notch ligand responsible for regulating stem cell proliferation
in the distal mouse stomach.

METHODS: Expression of Notch ligands in the gastric antrum
was determined by quantitative reverse-transcriptase poly-
merase chain reaction and cellular localization was determined
by in situ hybridization and immunostaining. The contribution
of specific Notch ligands to regulate epithelial cell proliferation
in adult mice was determined by inducible gene deletion, or by
pharmacologic inhibition using antibodies directed against
specific Notch ligands. Mouse gastric organoid cultures were

used to confirm that Notch ligand signaling was epithelial
specific.

RESULTS: Delta-like 1 (DLL1) and Jagged 1 (JAG1) were the
most abundantly expressed Notch ligands in the adult mouse
stomach, with DLL1 restricted to the antral gland base and
JAG1 localized to the upper gland region. Inhibition of DLL1
alone or in combination with other Notch ligands significantly
reduced epithelial cell proliferation and the growth of gastric
antral organoids, while inhibition of the other Notch ligands,
DLL4, JAG1, and JAG2, did not affect proliferation or organoid
growth. Similarly, DLL1, and not DLL4, regulated proliferation
of LGR5' antral stem cells, which express the NOTCH1
receptor.

CONCLUSIONS: DLL1 is the key Notch ligand regulating
epithelial cell proliferation in the gastric antrum. We propose
that DLL1-expressing cells at the gland base are Notch niche
cells that signal to adjacent LGR5" antral stem cells to regulate
stem cell proliferation and epithelial homeostasis. (Cell Mol
Gastroenterol ~ Hepatol 2022;13:275-287;  https://doi.org/
10.1016//j.jcmgh.2021.08.012)

Keywords: Notch Signaling; Stem Cell Niche; Gastric Organoids;
Notch Inhibitory Antibodies; LGR5 Stem Cells.
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he gastric epithelium is renewed by a population of

actively cycling stem and progenitor cells that form
the differentiated cell lineages that maintain tissue function.
Located in the isthmus of gastric corpus glands and at the
gland base in the gastric antrum, distinct stem cell pop-
ulations in these 2 regions of the stomach fuel epithelial cell
renewal throughout lifespan." The local signaling environ-
ment, or “niche,” regulates stem cell function to control the
balance of cellular proliferation and differentiation to
maintain cellular homeostasis. In the distal, antral region of
the stomach, stem cells marked by the R-spondin receptor
LGRS generate all of the differentiated lineages, including
deep mucous cells, which lie adjacent to the stem cells at the
gland base, surface mucous cells, and endocrine cells.” Key
niche signaling pathways that have been shown to regulate
gastric stem cell function include Wnt** and Notch.*”’
However, the specific signaling ligands regulating stem cell
function, and the identification of the niche cells that ex-
press these ligands are not understood.

Notch signaling has been shown to be essential for pro-
liferation and self-renewal of gastric stem cells. Notch inhi-
bition using pharmacologic or genetic approaches in adult
mouse, as well as in human organoid models, showed
decreased gastric stem cell function, including reduced stem
and progenitor cell proliferation.”” Conversely, genetic
Notch activation in LGR5™ antral stem cells induced stem cell
proliferation, antral gland fission, tissue expansion, and
eventual hyperplastic polyp formation.” Further, both mouse
and human gastric tumors exhibit increased Notch signaling
associated with increased expression of Notch pathway
components, including Notch ligands, receptors, and target
genes.® '® We recently showed that both human gastric
cancer cell lines and cancer-derived organoids are dependent
on Notch for enhanced growth.® Overall, these findings
demonstrate the importance of Notch signaling to maintain
antral stem cell homeostasis and suggest that Notch dysre-
gulation is associated with gastric tumorigenesis. Thus,
defining the signaling components and the cellular basis for
Notch niche signaling is important to understand stem cell
mechanisms driving gastric tissue health and disease.

In mammals there are 4 Notch receptors (NOTCH1-4) and
5 ligands (Delta-like 1 [DLL1], DLL3, DLL4, Jagged 1 [JAG1],
and JAG2).'" In contrast to most stem cell niche signals, Notch
requires cell-cell interaction for signal transduction, with
both Notch ligands and receptors serving as integral mem-
brane proteins. Ligand-receptor engagement on neighboring
cells triggers sequential proteolytic cleavage events at the cell
membrane to release an intracellular signaling fragment of
the Notch receptor, which moves to the nucleus to activate
target gene transcription. Previous studies have identified
the key Notch receptors regulating LGR5™ antral stem cell
function, showing that NOTCH1 and NOTCH2 together
regulate antral homeostasis in both mouse and human.
Further, NOTCH1 and NOTCH2 have been shown to be acti-
vated to signal in gastric stem cells.*® However, the Notch
ligands and niche cells regulating signaling in gastric stem
cells have not been identified.

Here, we identify the key Notch ligand responsible for
regulating stem and progenitor cell proliferation in the
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mouse gastric antrum. We show using both pharmacologic
and genetic models of Notch ligand inhibition that DLL1 is
the predominant ligand that signals to LGR5™ antral stem
cells to support gastric epithelial cell proliferation. Further,
we localized DLL1-expressing cells to the antral gland base
adjacent to LGR5™ stem cells to define the cellular basis for
the Notch niche.

Results

Notch Ligand Expression in the Adult Mouse
Stomach: Localization of DLL1 to the Antral Stem
Cell Zone

We first characterized expression of the 5 Notch li-
gands in the adult mouse stomach. Gene expression
analysis revealed DIII and Jagl to be the primary Notch
ligands expressed in full-thickness gastric antral tissue
(Figure 1A), whereas Jagl was the predominant ligand
expressed in isolated antral glands (Figure 1B). We next
mapped the cellular localization of these 2 ligands in
antral tissue sections. In situ hybridization (Figure 1C)
and immunostaining (Figure 1D) revealed that DLL1 is
expressed in cells at the base of the antral glands, where
LGR5" stem cells and deep mucous cells are located.”
Visualizing deep mucous cells with GSII lectin staining
together with DLL1 and the epithelial membrane marker
E-cadherin showed colocalization of GSII and DLL1 in
epithelial cells at the gland base (Figure 1E). In contrast,
in situ hybridization (Figure 1F) and immunostaining
(Figure 1G) showed that JAG1 was absent from the gland
base, with expression detected broadly in the mid and
upper gland regions.

DLL1 Promotes Gastric Antral Epithelial
Proliferation

To define the key Notch ligands that regulate epithelial
cell proliferation, we examined the effect of inhibition of 1
or more gastric Notch ligands in adult mice. We first used a
genetic approach with mice carrying floxed (fl) DIi1, DIl4,
and Jag1 alleles crossed to Sox2-CreER™ mice to delete
specific Notch ligands in the gastric epithelium. We showed
that Sox2-CreER™ is broadly expressed in antral epithelial
cells, but not in stromal cells, by reporter gene analysis in
Sox2-CreER™?; Rosa-LSL-tdTomato mice 1 day
post-tamoxifen (TX) treatment (Figure 24). The reporter
analysis also confirmed that Sox2-CreER™ is expressed in
antral stem cells, with full gland lineage tracing observed 1
month post-TX (Figure 24). Sox2-CreER™ mice were crossed
to Dlllﬂ/ﬂ, Dll4 ﬂ/ﬂ, and/or Jagl /M mice. The various ge-
notypes were treated with TX daily for 5 days and analyzed

Abbreviations used in this paper: DLL, Delta-like; fl, floxed; GFP, green
fluorescent protein; JAG, Jagged; TX, tamoxifen.
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Figure 1. Notch ligand expression in the mouse gastric antrum. (A, B) Measurement of the abundance of messenger RNAs
(mRNAs) encoding the Notch ligands DII1, DII3, Dil4, Jag1, and Jag2 by quantitative reverse-transcriptase polymerase chain
reaction in (A) full-thickness antral tissue or (B) isolated antral glands. Data are normalized to the expression of Gapdh and
values are presented as mean + SEM (n = 4-5 mice as indicated). (C, D) Localization of DLL1-expressing cells to the antral
gland base by (C) in situ hybridization and (D) immunostaining (green) with DAPI (blue) nuclear counterstain. (E) Immuno-
staining for DLL1 (green) and the epithelial membrane marker E-cadherin (Ecad) (white), with GSII lectin-labeled deep mucous
cells (red). Arrowheads identify epithelial cells at the gland base that coexpress DLL1 and GSII. (F) RNAscope in situ hy-
bridization for Jag7 mRNA. The dashed box is shown at higher magnification in the right panel. (G) Localization of JAG1-
expressing cells via immunostaining (green), with DAPI (blue) nuclear stain. Scale bars: (C, D, F, G) 50 um, (E) 25 um. ND,

not detected.

1 day later to measure the effect on antral cell proliferation
(Figure 2B). Importantly, deletion of DII1 led to a significant
reduction in epithelial cell proliferation in comparison with
control TX-treated mice (Figure 2C and D). In contrast,
deletion of Jagl or DII4 did not affect epithelial cell prolif-
eration (Figure 2C and D). Notably, combined deletion of
DIl1 with DIl4 and/or Jag1 had a similar effect as single DII1
deletion (Figure 2C and D). Together, the findings suggest
that DLL1 is the sole Notch ligand regulating epithelial cell
proliferation in the stomach.

The Sox2-CreER™ driver is known to be patchy, with
only a portion of the antral glands showing recombination."*
Furthermore, TX treatment is known to induce gastric
toxicity in the more proximal, corpus region of the stom-
ach."*™ Thus, to solidify the conclusions of our genetic
studies, we used a pharmacologic approach to block Notch
ligand signaling with neutralizing antibodies against DLL1,
DLL4, JAG1, or ]AG2.15'17 Furthermore, this approach also
allowed us to test the role of JAGZ. Use of these inhibitory
antibodies generates a more complete inhibition of Notch
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ligand signaling across the tissue, while also avoiding the
potential confounding effects of gastric TX toxicity. Mice
were treated with inhibitory antibodies every other day for
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Figure 2. Genetic deletion
of DII1 affects gastric
antral epithelial cell pro-
liferation. (A) Cellular
expression  pattern  of
Sox2-CreER™ in  the
mouse antrum. Lineage
tracing was examined in
Sox2-CreER'?; Rosa-LSL-
tdTomato mice 1 day or 1
month post-TX treatment
as indicated. Dashed line
indicates the boundary
between epithelium (e) and
stroma (s). (B) Schematic
of TX treatment to induce
Notch ligand deletion in
the adult stomachs of
Sox2-CreER'? (Sox2) mice
crossed to fl Notch ligand
mice (DII1", DII4™", Jag1™).
The control group includes
TX-treated mice containing
fl Notch ligand alleles, but
without Sox2-CreER™?. (C)
Proliferation was assessed
in the gastric antrum in the
various TX-treated strains
by EdU incorporation
(green), with DAPI (blue)
nuclear stain. (D) Morpho-
metric quantification of
EdU+ cells in control and
ligand-deleted mice. The
number of EAU+ cells per
epithelial area (um? x 10*
is presented as mean +
SEM (n = 2-6 mice/group
as indicated). **P < .001,
P < .0001 vs control
using 1-way analysis of
variance with Dunnett’'s
posttest. Scale bars: (A)
100 um, (C) 50 um.

(Figures 3A and 4A4), a time frame similar to our genetic
Notch inhibition studies.
We first confirmed effective DLL1 and DLL4 inhibition

5 days, and antral proliferation was analyzed on day 6 by analyzing goblet cell differentiation in the intestinal
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epithelium, observing the expected goblet cell hyperplasia
after treatment with combined anti-DLL1 and anti-DLL4
antibodies (Figure 3B)."® To confirm effective inhibition of
JAG1 and JAG2 signaling, we analyzed both lung and skin
epithelial tissues. Histological analysis showed that treat-
ment with anti-JAG1 + anti-JAG2 antibodies produced the
expected loss of differentiated club cells in the lung
epithelium, as demonstrated by staining for the club cell
marker CC10, and increased differentiation of ciliated cells
marked by acetylated «-tubulin (Figure 3C)."° Further
validation was demonstrated by loss of mature sebocytes in
the skin epithelium after treatment with anti-JAG1 + anti-
JAG2 antibodies (Figure 3D).'%%°

Having confirmed the efficacy of the antibody treat-
ments, we next analyzed gastric epithelial cell proliferation
in Notch ligand inhibitory antibody-treated animals. This
analysis confirmed the results of our genetic studies. We
observed a significant reduction in proliferation in anti-
DLL1-treated animals alone or in combination with anti-
DLL4 (Figure 4B and C). Treatment with anti-DLL4 alone
had no effect on proliferation. Similarly, treatment with anti-
JAG1 alone or combined with anti-JAG2 did not affect
epithelial cell proliferation (Figure 4B and (). Taken
together, our genetic and pharmacologic inhibition studies
showed a prominent role for DLL1 to support epithelial cell
proliferation in the antrum.

DLL1 Promotes Antral Organoid Growth

Notch signaling occurs in numerous cells in the stomach,
including epithelial cells as well as stromal cell types,”® thus
complicating the identification of Notch niche cells regu-
lating gastric stem cells. We tested whether the DLL1 effect
on proliferation was epithelial cell specific using the gastric
organoid culture system. Antral organoids have been
demonstrated to establish intrinsic Notch pathway activity
without addition of Notch ligands to the culture system.’
Thus, this model system allowed us to study gastric
epithelial Notch function. We first analyzed messenger RNA
expression of Notch ligands in antral organoids. This anal-
ysis revealed that DII1 and Jagl were the most abundantly
expressed Notch ligands (Figure 54), which is consistent
with our findings from analysis of gastric antral full-
thickness tissue and isolated antral glands (Figure 1).
Addition of the pan-Notch inhibitor DAPT to the culture
medium reduced organoid growth (Figure 5B), consistent
with previous reports demonstrating the requirement of
Notch signaling to support gastric stem cell activity in both
mouse and human organoids.*® To define the specific li-
gands responsible for the Notch effect, we added Notch
ligand inhibitory antibodies to the culture media and
measured organoid growth. This analysis revealed a signif-
icant reduction in organoid growth after anti-DLL1 treat-
ment, either alone or in combination with anti-DLL4
(Figure 5C). Furthermore, treatment with anti-DLL4 alone,
or anti-JAG1 or anti-JAG2, did not affect organoid growth
(Figure 5C). To confirm that the DLL1 effect on organoid
growth was due to reduced proliferation, we measured EdU
incorporation in control (Gd) or DLL1 antibody-treated
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cultures. Quantification of EAU+ cells/total cells showed a
significant reduction in proliferation with DLL1 inhibition
(Figure 5D). Together, these findings are consistent with our
in vivo analysis of Notch ligand function, suggesting that
DLL1 expression from an epithelial Notch niche cell pro-
motes antral epithelial cell proliferation.

DLL1 Supports LGR5+ Antral Stem Cells

We examined the distribution pattern of antral LGR5+
stem cells by imaging green fluorescent protein (GFP)-
labeled stem cells in antral glands prepared from
Lgr5-GFP-CreER™ (Lgr5-GFP) mice. This analysis showed
GFP-expressing stem cells interspersed between large
cells at the gland base (Figure 64). A similar pattern of
GFP-marked stem cells interspersed with large cells at
the gland base was also observed in Sox9-GFP reporter
mice (Figure 6B), suggesting that Sox9 marks antral stem
cells, as had been previously demonstrated for intestinal
stem cells.”’ Based on localization of DLL1 to the antral
gland base (Figure 1), we hypothesized that DLL1-
expressing epithelial cells at the gland base signal
directly to neighboring LGR5+ stem cells to regulate
their function. Consistent with this signaling axis, im-
munostaining analysis revealed that the NOTCH1 recep-
tor was expressed at the antral gland base (Figure 6C).
Furthermore, costaining for NOTCH1 and GFP in Lgr5-
GFP mice revealed that LGR5" antral stem cells express
the NOTCH1 receptor (Figure 6D). This finding is
consistent with previous reports demonstrating that
NOTCH1 and NOTCH2 receptors regulate LGR5+ antral
stem cell function.®

Finally, we tested whether DLL1 inhibition affected
proliferation of LGR5+ antral stem cells in Lgr5-GFP mice
treated with inhibitory antibodies. Costaining for GFP and
the proliferation marker EdU showed that the number of
actively proliferating LGR5+ stem cells (Figure 6E, arrow)
was significantly reduced in mice treated with anti-DLL1,
either alone or in combination with anti-DLL4 (Figure 6F).
Consistent with our previous findings of overall epithelial
cell proliferation (Figures 4 and 5), mice treated with anti-
DLL4 alone did not exhibit changes to LGR5+ stem cell
proliferation status (Figure 6F). Further, combined block of
DLL1 and DLL4 had a similar effect as anti-DLL1 treatment
alone. Taken together, these data suggest that DLL1-
expressing cells at the gland base signal to neighboring
NOTCH1-expressing stem cells to regulate antral stem cell
function.

Discussion

Notch signaling has been shown to be essential for
gastrointestinal epithelial cell homeostasis, regulating both
gastric*™” and intestinal®*"*® stem cell proliferation and self-
renewal to maintain the active stem cell pool. In this study,
we aimed to define the key ligands and cells that make up
the Notch stem cell niche in the mouse gastric antrum. Both
genetic and pharmacologic approaches were used to block
ligand signaling by targeted gene deletion in the gastric
epithelium of adult mice or by treatment with inhibitory
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Figure 3. Confirmation of efficacy of inhibition of Notch ligand signaling using neutralizing antibodies. (A) Schematic of
antibody treatment with inhibitory antibodies (Ab) directed against Notch ligands DLL1 (D1), DLL4 (D4), JAG1 (J1), and JAG2
(J2) or control Gd antibody. Antibody dosing was as described in the Materials and Methods. Note that the Gd control for D1
and D4 inhibition experiments used a dose of 10 mg/kg, while the Gd dose for J1 and J2 inhibition was 15 mg/kg. (B) The
effective block of D1 and D4 signaling was confirmed in small intestine by observation of goblet cell hyperplasia in duodenal
sections stained with periodic acid Schiff-Alcian blue (PAS-AB). (C) The effective block of J1 and J2 signaling was demon-
strated by observation of club-cell-to-ciliated-cell transformation in lung airway epithelium shown by co-immunostaining for
the club cell marker CC10 (green) and the ciliated cell marker acetylated «-tubulin («Tub) (red) with DAPI (blue) nuclear stain. (D)
Further effectiveness of J1 and J2 antibody treatment was demonstrated in hematoxylin and eosin (H&E)-stained skin tissue
by the loss of mature sebocytes (arrows) in hair follicles. Scale bars: (B) 100 um or (C, D) 50 um.

antibodies against specific Notch ligands DLL1, DLL4, JAG1,
and/or JAG2. These studies investigated the consequences
of targeting single ligands as well as combinations of ligands
on epithelial and stem cell proliferation. Consistent results
were obtained from both genetic and pharmacologic ap-
proaches to identify DLL1 as the sole Notch ligand regu-
lating epithelial and stem cell proliferation in the adult
mouse antrum.

Although we found all Notch ligands except for DII3 to be
expressed in the gastric antrum, effects on epithelial and
stem cell proliferation were only observed with DLL1

inhibition, either alone or when combined with DLL4, JAG1,
or JAG2. Importantly, combined ligand inhibition did not
enhance the DLL1 effect, supporting the conclusion that
DLL1 alone is the sole Notch ligand regulating antral
epithelial proliferation. Interestingly, JAG1 was the most
highly expressed Notch ligand in antral glands. However,
JAG1 expression was restricted to differentiated epithelial
cells in the mid and upper gland, away from the stem cell
compartment at the gland base. In contrast, using gene
expression and histological analysis, we mapped DLL1
expression to cells at the base of the antral glands. We also
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Figure 4. Inhibitory anti-
body treatment shows
DLL1 signaling promotes
gastric antral epithelial
cell proliferation. (A)
Schematic of Notch ligand
inhibitory antibody treat-
ment as described in
Figure 3. (B) Proliferation
was assessed in Notch
inhibitory antibody-treated
gastric antral sections by
staining for EdU incorpo-
ration (green), with DAPI

EJdU/DAPI
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identified GSII-expressing antral deep mucous cells as the
potential cellular source of DLL1, as co-immunostaining
analyses revealed GSII4-/DLL1+ cells at the base of antral
glands.

An epithelial cell source for the Notch ligand would be
predicted based on the canonical signaling mechanism,
with ligand and receptor expressed on the cell membranes
of neighboring cells."* Our functional studies identified an
epithelial cell source for DLL1 in the gastric stem cell
niche, as gastric antral organoids treated with anti-DLL1
alone or in combination with anti-DLL4 exhibited
reduced growth and proliferation. These findings follow
previous reports showing that the gastric antral epithe-
lium exhibits Notch activity and that epithelial organoids
establish intrinsic Notch signaling to support stem cell
growth in culture.*® Further, inhibition of JAG1 or JAG2
did not affect organoid growth, supporting our conclusion
that DLL1 is the sole Notch ligand regulating gastric antral
stem cells.

Lgr5-expressing cells at the antral gland base have been
shown to function as active stem cells that maintain the
epithelium.? We visualized antral stem cells marked by
Lgr5-GFP and Sox9-GFP in isolated glands, confirming
localization to the gland base, and demonstrating that antral
stem cells are intercalated between large, differentiated
cells. This cellular pattern supports a view that DLL1-
expressing cells at the gland base signal directly to adja-
cent LGR5+/S0X9+ stem cells to regulate stem cell function
and antral tissue homeostasis. Previous analysis of mouse
reporter strains showed that antral Lgr5-GFP marked stem
cells are NOTCH-signaling cells.® In the present study, we
demonstrated by immunostaining NOTCH1 receptor
expression in cells at the antral gland base, which agrees
with previous expression profiling analysis of isolated
gastric Lgr5-GFP stem cells,”’” as well as functional studies
that identified NOTCH1 and NOTCH2 as the key receptors
controlling antral stem cell function.® Together, our current
report and past studies suggest that DLL1-expressing deep
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Figure 5. DLL1 regulates mouse gastric antral organoid growth. (A) Measurement of the abundance of mMRNAs encoding
the Notch ligands DII1, DII3, Dll4, Jag1, and Jag2 by quantitative reverse-transcriptase polymerase chain reaction in mouse
antral organoids. Data are normalized to the expression of Gapdh and values are presented as mean + SEM (n = 3 technical
replicates from 1 organoid line). (B) Organoid size after treatment with the global Notch inhibitor DAPT or vehicle (Veh) was
measured by morphometric analysis, and values are presented as mean + SEM. *P < .01 vs Veh control using Student’s t test
(n = 3 technical replicates from 1 organoid line). (C) Morphometric analysis of organoid growth following Notch ligand inhibitory
antibody treatment or Gd control, as indicated. Data are presented as mean + SEM. ***P < .0001 vs Gd using 1-way analysis
of variance with Dunnett’s posttest (n = 3 technical replicates from 1 organoid line). (D) Analysis of organoid proliferation by
measurement of EdU incorporation following DLL1 inhibitory antibody treatment or Gd control. Left panels show represen-
tative images of organoid sections stained for EAU (red) and DAPI nuclear stain (blue). The percentage of EdU-positive nuclei
are presented as mean + SEM. *P < .05 vs Gd control by Student’s t test (n = 3 independent organoid lines from different
mice). ND, not detected.

mucous cells at the antral gland base function as Notch cells.?* ?®*® Similar to the gastric antrum, LGR5-expressing
niche cells to support LGR5+ antral stem cell homeostasis. intestinal stem cells lie at the base of the intestinal crypt,

Our findings parallel previous reports showing an intercalated between large, differentiated cells termed
essential role for Notch to regulate intestinal stem Paneth cells.?? Further, intestinal stem cells are also known
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Figure 6. DLL1 signaling promotes antral LGR5-stem cell
proliferation. (A, B) Whole-mount immunostaining for GFP
(green) in gastric antral glands isolated from (A) Lgr5-GFP-
CreER'? (Lgr5-GFP) or (B) Sox9-GFP mice. Arrows indicate
GFP+ stem cells. DAPI (pseudo-colored red) nuclear stain. (C)
Immunostaining for the NOTCH1 receptor (green) in the adult
mouse antrum, with DAPI (blue) nuclear stain. The inset shows
DLL1 membrane staining at the antral gland base in the gland
marked with the dashed line. (D) Co-immunostaining for the
NOTCH1 receptor (green) and GFP (red) in Lgr5-GFP mouse
antrum, with DAPI (blue) nuclear stain. The marked area is
magnified in inset to illustrate NOTCH1/GFP coexpression. (E)
Immunostaining for GFP (green) and the proliferation marker
EdU (red) in antral sections from Gd- or inhibitory
antibody-treated Lgr5-GFP mice. The arrow indicates an
EdU-+/GFP+ proliferating LGR5+ antral stem cell, and the
white dotted line outlines an individual antral gland. DAPI (blue)
nuclear stain. (F) Morphometric analysis of EAU+/GFP+ cells
after antibody treatment. Data are presented as mean + SEM
(n = 4 mice/group, 32-74 glands/mouse). ****P < .0001, vs Gd
using 1-way analysis of variance with Dunnett’s posttest.
Scale bars: (A-D) 50 um, (E) 25 um.

to be Notch signaling cells, with NOTCH1 as the dominant
receptor regulating stem cell Notch function.?” The neigh-
boring Paneth cells are multifunctional cells that secrete
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antimicrobial proteins and also express stem cell niche
factors, such as EGF and Wnt3, as well as Notch ligands
DLL1 and DLL4.2%73° However, in contrast to our finding
that DLL1 alone serves as the critical Notch ligand sup-
porting gastric antral stem cell proliferation, both DLL1 and
DLL4 together are required to promote stem cell prolifera-
tion and tissue homeostasis in the intestine.'® This high-
lights not only similarities, but also differences in the
mechanisms of signaling pathway regulation of stem cell
niche function in these 2 related gastrointestinal tissues.
Future studies will be needed to determine if antral deep
mucous cells have additional stem cell niche function,

similar to what has been proposed for intestinal Paneth
cells.28:29,31,32

Materials And Methods
Mice

Mice of both sexes 2-3 months of age were used for
experiments. The following mouse strains were used:
Lgr5-GFP-CreER™ (Lgr5-GFP) (JAX #008875; The Jackson
Laboratory, Bar Harbor, ME),33 Sox9-GFP (from Scott
Magness),***> Sox2-CreER™ (JAX #017593),"* Rosa-LSL-
tdTomato (JAX #007908; The Jackson Laboratory), DII4"/"
(from Freddy Radtke),*® and DI and Jag?"" (from
Julian Lewis).*”*® All mice were maintained on a C57BL/6
background, except for Sox9-GFP mice, which were on a
CD-1 background. Mice were housed under specific
pathogen-free conditions in automated watering and
ventilated cages on a 12-hour light-dark cycle. All exper-
imental procedures were approved by the Institutional
Animal Care and Use Committee at the University of
Michigan.

Notch Pathway Inhibition

To test Notch ligand inhibition in genetic mouse
models, mice were treated by oral gavage with TX
(Sigma-Aldrich, St Louis, MO; 100 mg/kg in 100% corn
oil) once per day for 5 days, with tissue collection on day 6.
Experimental mice were Sox2-CreER™ crossed to DI
DI or ]aglﬂ/ﬂ mice. Controls were TX-treated mice with
fl Notch ligand alleles, but without Sox2-CreER™. To test
global Notch ligand inhibition, Lgr5-GFP mice were injected
intraperitoneally with Notch ligand inhibitory antibodies
anti-JAG1"® (15 mg/kg), anti-JAG2 (15 mg/kg),"® anti-DLL1
(10 mg/kg),'® or anti-DLL4 (10 mg/kg),'® or an irrelevant
control IgG1l antibody targeting herpes simplex virus gD
protein (Gd control; 10 mg/kg or 15 mg/kg).”” Antibodies
were injected every other day for 5 days, with tissue
collection on day 6.

To test effects of Notch ligand inhibition in vitro, mouse
gastric antral organoid cultures were treated with Notch
ligand inhibitory antibodies (20 ug/mL in culture media)
either alone or in combination, and compared with global
Notch pathway inhibition using the gamma-secretase in-
hibitor DAPT (Sigma, St. Louis, MO) (1 uM in culture media).
Inhibitors were added directly to organoid culture media
and renewed every other day for 5 days, with growth or
proliferation analyzed on day 6.
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Table 1.List of Primary Antibodies/Lectin

Antibody Dilution Host Species Source
Acetylated a-tubulin 1:200 Mouse monoclonal Santa Cruz #sc-23950
CC10 1:200 Goat polyclonal Santa Cruz #sc-9772
DLL1 1:100 Rabbit polyclonal Santa Cruz #sc-9102
GFP 1:200 Rabbit polyclonal conjugated to Alexa488 Invitrogen #A-21311
GFP 1:100 Chicken polyclonal Abcam #ab13970
Griffonia simplicifolia (GSII) 1:500 Lectin conjugated to Alexa594 Invitrogen #L-21416
JAG1 1:500 Goat polyclonal Santa Cruz #sc-6011
NOTCH]1 1:500 Rabbit monoclonal Cell Signaling #3608
E-cadherin 1:1000 Rat monoclonal Invitrogen #13-1900

DLL, Delta-like; GFP, green fluorescent protein; JAG, Jagged.

Tissue Collection and Histological Analysis

Mice were fasted overnight with free access to water
before tissue collection. In some experiments, mice were
injected intraperitoneally with EdU (Life Technologies,
Carlsbad, CA; 25 mg/kg) 2 hours prior to tissue collection.
Stomachs and intestines were processed for frozen and
paraffin tissue sections as previously described.” Dorsal skin
biopsies and lung tissue were collected, fixed in 4% para-
formaldehyde in phosphate-buffered saline overnight at 4°C,
and embedded in paraffin. Immunostaining of paraffin or
frozen tissue sections was done as previously described,*°
using antibodies or lectin listed in Table 1. Tissue sections
were incubated with primary antibodies followed by
appropriate secondary antibodies (1:400; Invitrogen, Wal-
tham, MA), and mounted with ProLong Gold containing
DAPI (Invitrogen).

For analysis of proliferation, EAU incorporation was
visualized with the Click-iT EdU Alexa Fluor 488, 594, or
647 Imaging Kits (Life Technologies) according to manu-
facturer’s instructions. To analyze proliferating LGR5™
antral stem cells, tissue sections were costained for GFP and
EdU as previously described.*

Lineage Tracing

To define the cellular pattern of Sox2-CreER™ expres-
sion, Sox2-CreER"; Rosa-LSL-tdTomato mice were injected
intraperitoneally with TX (100 mg/kg in 95% corn oil, 5%
EtOH) and tdTomato expression was examined in gastric
tissue 1 day after a single TX treatment, or 1 month after 5

daily TX injections. Tissues were processed for cryopreser-
vation, and sections were mounted with ProLong Gold
containing DAPI nuclear stain and imaged by digital mi-
croscopy as described.”

Gene Expression Analysis

Total RNA was isolated from full-thickness antral tissue,
isolated antral glands, or gastric antral organoids as
described,* followed by DNase I treatment and column pu-
rification using the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many). Complementary DNA was prepared from 500 ng
total RNA, and quantitative reverse-transcriptase polymer-
ase chain reaction was performed as described,*° using
primers listed in Table 2. Quantitative reverse-transcriptase
polymerase chain reaction data are expressed as messenger
RNA abundance normalized to Gapdh.

In Situ Hybridization

DIl1 complementary DNA plasmid was linearized and
labeled, with probe purification and tissue hybridization
performed as previously described.”” Jag1 in situ hybridi-
zation was performed as described*' using RNAscope Jag1
probe (ACD 412831; ACDBio, Newark, CA)) and the Fluo-
rescent Multiplex Detection kit (ACD 320851; ACDBio).

Gastric Organoid Culture

Mouse gastric antral organoid culture was carried out as
previously described.”® L-WRN-conditioned media con-
taining Wnt3a, R-spondin3, and Noggin were generated as

Table 2.List of Quantitative Reverse-Transcriptase Polymerase Chain Reaction Primers

Gene Forward (5’ to 3') Reverse (5’ to 3') Amplicon Size (bp)
DIt CTGAGGTGTAAGATGGAAGCG CAACTGTCCATAGTGCAATGG 245
DII3 CTGAGACTATTTCCCCATCCTG CCCGAAAGAATGAATTTGTAGC 143
Dll4 TCGTCGTCAGGGACAAGAATAGC CTCGTCTGTTCGCCAAATCTTACC 213
Jag1 CAGAATGACGCTTCCTGTCG TGCAGCTGTCAATCACTTCG 361
Jag2 TATGACAGCGGCGACACCTTC CAACACAGATGCCTCCGTTATAGC 235
Gapdh TCAAGAAGGTGGTGAAGCAGG TATTATGGGGGTCTGGGATGG 350
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described.*” Studies were performed in technical triplicates
in an established mouse gastric antral organoid line that had
been passaged at least 3 times before analysis. To measure
proliferating cells in organoids, EAU (10 uM) was added to
cultures 30 minutes before collection. After collection,
organoids were fixed for 30 minutes in 2% para-
formaldehyde on ice, washed in 70% ethanol solution,
briefly stained with eosin to facilitate tracking, and
embedded in a 2% agar plug followed by paraffin process-
ing. Sections were stained with the Click-iT EdU Alexa Fluor
647 Imaging Kit (Thermo Fisher Scientific, Waltham, MA).

Gastric Gland Isolation, Immunostaining, and
Imaging

Antral tissue was minced, glands were dissociated, and
GFP immunostaining was performed in suspension culture
using a conjugated GFP antibody (Table 1) as previously
described.* Whole-mount gland imaging used a Zeiss
LSM510 inverted confocal microscope (Zeiss, Jena,
Germany).

Morphometrics

Morphometric analysis was performed using Image]
software (1.46r, Wayne Rasband; National Institutes of
Health, Bethesda, MD). For EdU incorporation in tissue, the
entire length of the antrum for each animal was imaged (n =
2-8 animals per group) and cell counts were normalized to
epithelial area (um?). For measurement of LGR5+ antral
stem cell proliferation, the number of GFP/EdU double-
positive cells per gastric antral gland was counted in Gd
control (n = 253 glands), anti-DLL1 (n = 195 glands), anti-
DLL4 (n = 214 glands), and anti-DLL1 + anti-DLL4 (n =
223 glands) (n = 4 mice/group). To measure organoid
growth, the area of at least 120 organoids per treatment
group was measured. Organoid EdU incorporation was
measured on paraffin sections stained for EdU, with the
number of EdU-positive nuclei counted divided by the total
DAPI-positive nuclei from 54 organoids measured from each
treatment group.

Statistical Analysis
GraphPad Prism software (GraphPad Software Version 9,
San Diego, CA) was used for statistical analysis. Quantitative
data are presented as mean + SEM and analyzed using
Student’s t test or 1-way analysis of variance with Dunnett’s
post hoc test. P < .05 was considered statistically significant.
All authors had access to the study data and approved

the final manuscript.
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