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Abstract

BACKGROUND AND AIMS: Stomach cells can be converted to insulin-producing cells by 

Neurog3, MafA, and Pdxl over-expression. Enteroendocrine cells can be similarly made to 

produce insulin by the deletion of FOXO1. Characteristics and functional properties of FOXO1-

expressing stomach cells are not known.

METHODS: Using mice bearing a FOXO1-GFP knock-in allele and primary cell cultures, we 

examined the identity of FOXO1-expressing stomach cells and analyzed their features through 

loss-of-function studies with red-to-green fluorescent reporters.

RESULTS: FOXO1 localizes to a subset of Neurog3 and parietal cells. FOXO1 deletion ex vivo 

or in vivo using Neurog3-cre or Atp4b-cre increased numbers of parietal cells, generated insulin- 
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and C-peptide-immunoreactive cells, and raised Neurog3 messenger RNA. Gene expression and 

ChIP- seq experiments identified the cell cycle regulator cyclin E1 (CCNE1) as a FOXO1 target.

CONCLUSION: FOXO1 is expressed in a subset of stomach cells. Its ablation increases parietal 

cells and yields insulin-immunoreactive cells, consistent with a role in lineage determination.
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Introduction

The gut is the largest endocrine organ and synthesizes hormones that regulate metabolism.1 

Identified by their hormone product, endocrine cells primarily reside in gastrointestinal 

tract-specific patterns to support their physiological function. For example, the appetite-

stimulating hormone ghrelin is produced by endocrine cells predominantly located in the 

stomach,2 whereas incretins GLP-1 and GIP are produced by L- and K-cells, respectively, 

primarily found in the colon.3 There is a remarkable diversity among intestinal endocrine 

cells with more 20 unique subtypes of endocrine cells.4 In fact, most enteroendocrine cells 

can produce more than one hormone.5,6

Endocrine cells are derived from progenitor cells that express the transcription factor 

Neurogenin3 (Neurog3). Differentiation of endocrine cells from this shared Neurog3 

precursor also appears to follow a tract-specific logic.7 Interestingly, there is also transient 

expression of hormones in endocrine cells during the differentiation process,8 suggesting 

that cells may have the ability to acquire more than one identity throughout differentiation. 

The programs that regulate the differentiation of Neurog3-expressing cells remain unclear.

The transcription factor FOXO1 is important in the maintenance of cell identity, including 

in insulin-secreting pancreatic β-cells.9,10 In the adult gut, FOXO1 is restricted to endocrine 

progenitors11 and serotonin-producing cells.12 Its ablation in either cell type gives rise to 

insulin-producing cells in the intestine in a cell nonautonomous manner.11,12 A similar 

result has been obtained by combined gain-of-function of Pdx1, Neurog3, and MafA,13,14 3 

important factors in β-cell differentiation and function.15 Interestingly, using this approach, 

insulin-producing cells were also found in the stomach at nearly twice the frequency of 

the intestine.14 As one of the effects of FOXO1 is to repress Neurogenin316 and Pdx1 

transcription,17 while promoting MafA activity,18 it is possible that the 2 approaches are 

mechanistically related. However, the distribution and function of FOXO1 in gastric cells 

have not been explored.

Little is known about the effect of FOXO ablation on the distribution and function of other 

specialized cells gut, including endocrine cells. FOXO1 deletion in Neurog3+ cells increases 

the number of gut Neurog3+ cells in mice11 and in human fetal pancreas.19 It also increases 

the number of cells positive for Chromogranin A, a general marker of endocrine cells, but 

not of serotonin- and cholecystokinin (CCK)-producing cells.11 When FOXO1 is inhibited 

in human intestinal organoids, Neurog3 and chromogranin A messenger RNA (mRNA) also 
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increase.12 However, it remains unclear how FOXO1 ablation alters the distribution of these 

cell populations.

To understand the role of FOXO1 in enteroendocrine cell specification and their potential 

involvement in the conversion of stomach cells to insulin-producing cells, we surveyed 

FOXO1 localization and lineage traced its expression in the stomach.

Results

FOXO1 Localization in the Stomach

We surveyed FOXO1 localization in the stomach. We found FOXO1-positive cells by 

immunohistochemistry in wild-type (WT) mice (Figure 1A) and by LacZ immunoreactivity 

in mice carrying a LacZ reporter knock-in of the Foxo1 locus (Figure 1B).20 Using mice 

carrying a FOXO1-GFP knock-in allele (FoxV)21 and 2 different GFP antibodies, we 

confirmed the presence of FoxV-positive cells in the colon (Figure 1C). These cells were 

serotonin positive, consistent with previous findings of FOXO1-expressing gut cells (Figure 

1D).12 We also discovered GFP+ cells in the stomach (Figure 1E). These cells were equally 

distributed between antrum and corpus in the stomach (Figure 1E) and co-localized with 

FOXO1 immunohistochemistry (Figure 1F).

To further characterize these cells, we flow-sorted stomach cells from FoxV and WT mice 

by fluorescence-activated cell sorting (FACS). We detected 3 populations with differential 

fluorescence intensity (Figure 2A) in FoxV, but not in control mice: P5 (Venus low), P4 

(Venus medium), and P3 (Venus high; Figure 2B and C). P3 cells were enriched for Foxo1, 

Venus (Figure 2D), and Neurogenin3 (Neurog3) mRNA, the latter which marks endocrine 

progenitor cells, but not for markers of mature endocrine cells compared with controls 

(Figure 2E). Accordingly, immunohistochemistry demonstrated that ~70% of Neurog3+ 

cells co-localized with GFP, whereas only 20% of cells staining positive for chromogranin 

A, serotonin, or somatostatin were also GFP+ (Figure 2F). Neurog3+ cells identified using a 

fluorescent reporter also co-localized with FOXO1 (Figure 2G).

P3 cells were also enriched in H/K ATPase, a marker of acid-secreting parietal cells (Figure 

3A and B). To determine whether parietal cells expressed FOXO1, we labeled them with 

fluorescently conjugated lectin Dolichos biflorus agglutinin (DBA) and subjected them to 

FACS (Figure 3C). DBA+ cells had elevated levels of Foxo1 and Venus mRNA (Figure 

3D). Furthermore, immunofluorescence of stomach sections from FoxV mice demonstrated 

an overlap of GFP+ cells and DBA or H/K ATPase (Figure 3E–G). These data show that 

FOXO1-expressing stomach cells are heterogeneous.

FOXO1 Ablation Generates Insulin-Immunoreactive Cells

To study the function of FOXO1 in the previously mentioned cell types, we developed a 

mouse embryonic fibroblast (MEF) co-culture system22–24 for primary stomach cells. When 

cultured on growth-arrested MEFs, stomach epithelial cells formed colonies, identified by 

negative propidium iodide (Figure 4A) and positive Ki67 and phosphor-Histone H3 staining 

(Figure 4B and C). Cultures survive for up to a week, maintaining their epithelial identity, 
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as indicated by positive E-cadherin (Figure 4D) and negative mesenchymal marker smooth 

muscle actin staining, which is enriched in MEFs (Figure 4E).

The cellular makeup of primary stomach cultures (PSC) was similar to previously described 

organoid culture systems.25,26 Importantly, PSC had Lgr5+ stem cells and Neurog3+ 

endocrine progenitor cells (Figure 4F and G). It was also possible to find differentiated 

stomach endocrine cells (Figure 4H). Specifically, ghrelin- and gastrin-producing cells were 

prominent in these cultures. It was also possible to find somatostatin+ and glucagon+ 

cells,although these cells were rare. Markers of mucous pit and neck cells were also detected 

in PSC (Figure 4I), and this was confirmed by gene expression analysis (Figure 4J). It is 

interesting to note that PSC also contained markers of parietal cells and chief cells (Figure 

4K–M).

To investigate the effects of FOXO1 ablation, we isolated cells from Foxo1fl/fl mice and 

induced recombination in PSC by adding TAT-cre to the culture medium. DNA and RNA 

polymerase chain reaction (PCR) demonstrated locus deletion (Figure 5A) and decreased 

Foxo1 mRNA (Figure 5B) after treatment of PSC with TAT-cre. Similar to findings in the 

intestine of Neurog3-cre Foxo1 knockout mice,11 FOXO1 deletion in stomach cultures 

yielded insulin1 and insulin2 mRNA (Figure 5C). Removal of FOXO1 also increased 

the expression of β-cell transcription factors Nkx6.1 and NeuroD1 (Figure 5D) and the 

potassium channel Kir6.2 (Figure 5E). Insulin- and C-peptide immunoreactive cells were 

exceedingly rare upon ablation of Foxo1 (Figure 5F and G), preventing an effort to 

quantitate them. We also performed loss-of-function experiments by transducing cellswith 

a dominant-negative FOXO1 mutant and observed increased insulin1 and insulin2 mRNA 

(Figure 5H).

To investigate the possibility of generating gastric insulin+ cells in vivo, we ablated 

FOXO1 in endocrine progenitors using Neurog3-cre transgenic mice (Neurog3cre). Similar 

to primary cultures, we detected insulin- and C-peptide immunoreactive cells in the gastric 

epithelium (Figure 5I). These insulin-positive cells were also co-stained with MafA, a 

marker of mature β-cells, and PCSK2, an enzyme responsible for insulin processing 

(Figure 5I and J). Some insulin+ cells were bihormonal and contained 5HT or somatostatin 

immunoreactivity (Figure 5K and L) or glucagon. Monohormonal cells were also present 

(Figure 5M). Together, these findings demonstrate that FOXO1 deletion triggers the 

production of insulin-immunoreactive stomach cells that can be bihormonal and express 

markers of mature β-cells.

FOXO1 Controls Parietal Cell Abundance

We next determined the impact of FOXO1 deletion on other stomach cell types. Similar 

to intestinal cells,11 FOXO1 ablation in primary stomach cells with TAT-cre also increased 

Neurog3 mRNA (Figure 6A). In addition, it increased H/K ATPase expression (Figure 6A), 

as well as numbers of DBA+ parietal cells (Figure 6B).

Tissue-specific FOXO1 ablation in parietal cells also resulted in a 30% increase in parietal 

cell number in vivo, without affecting ghrelin, CCK, or gastric inhibitor polypeptide cells 

(Figure 6C and D). We also observed more parietal cells following FOXO1 ablation in 
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Neurog3+ cells (Figure 6E). These changes did not alter gastric emptying as measured 

by either stomach clearance of solid contents after a meal or stomach clearance of 

acetaminophen (Figure 6F and G).

FOXO1 Regulates Cyclin CCNE1 in the Stomach

To identify potential FOXO1 targets regulating cell fate or proliferation, we used FACS 

to separate E-cadherin-expressing epithelial cells (P6, stomach) from vimentin-expressing 

mesenchymal cells (P7, MEF; Figure 7A and B). We also isolated cre-recombined stomach 

cells by leveraging the property of cells isolated from RosaflRFPtGFP27 (RtG) mice to 

undergo red-to-green fluorescence transition upon treatment with TAT-cre (Figure 7C).27 

We introduced the RtG reporter allele in mice-bearing conditional Foxo1 alleles to mark 

Foxo1-deleted cells with green fluorescence and flow-sorted Foxo1-deleted cells (Figure 

7D), assessed by measuring FOXO1 mRNA in green cells (Figure 7E).

As FOXO1 ablation results in changes to the cellular composition of the stomach, we 

analyzed changes to cell cycle genes. P21 and P27, known FOXO1 targets,28–30 were 

only minimally altered (Figure 7E). In contrast, we found significantly increased mRNA 

encoding cyclin A2 (CCNA2), a regulator of the S and G2 phase of the cell cycle, and a 

notable decrease of cyclin E1 (CCNE1), which controls the G1 to S phase transition (Figure 

7F). To understand whether FOXO1 binds to the CCNE1 promoter, we analyzed ChIP-seq 

data from liver of fasted and fed mice31 and found several peaks near marks of active 

transcription (Figure 7G). These data are consistent with the possibility that FOXO1 controls 

CCNE1 in stomach cells.

To investigate whether FOXO1 regulates cyclin expression in primary stomach cells, we 

transduced a FOXO1-GFP adenovirus and collected fluorescent cells by FACS (Figure 

7H). Gene expression analysis confirmed that Foxo1 mRNA increased 6-fold in the most 

fluorescent cell population (Figure 7I). Of note, only CCNE1 mRNA increased inthis 

population, whereas other cyclins remained unchanged (Figure 7J). Furthermore, primary 

stomach cells over-expressing GFP-tagged Foxo1 had fewer DBA+ cells (Figure 7K). 

Primary stomach cells isolated from mice with active FOXO1 also had less H/K ATPase 

gene expression (Figure 7L). These data are consistent with the possibility that FOXO1 

regulates CCNE1 transcription.

Discussion

Using our FoxV reporter mice, we found that FOXO1 is present in gastric Neurog3+ and 

parietal cells. The presence of FOXO1 in stomach Neurog3 cells is consistent with prior 

findings in other regions of the gastrointestinal tract.11,12 Interestingly, FOXO1 colocalizes 

with 5HT in the intestine, but not in the stomach, consistent with the finding that intestinal 

5HT cells are endocrine, whereas gastric serotonin cells are derived from bone marrow 

mucosal mast cells.32 Furthermore, we found FOXO1 immunoreactivity in parietal cells. 

The function of FOXO1 in acid-secreting cells remains unclear and will be addressed in 

future studies.
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Our studies suggest that one function of FOXO1 in stomach cells is to control the 

distribution of gastric cells, including acid-secreting parietal cells. There are few studies 

on differentiation of parietal cells in the stomach. However, a recent report indicated that 

differentiation of these cells increased after induction of AMP-activated protein kinase 

(AMPK) by metformin.33 In part, metformin and AMPK were thought to work via 

transcription factor KLF4 to inhibit stem cell proliferation and trigger differentiation to 

either foveolar or parietal cell fate. Interestingly, FOXO1 is post-translationally regulated by 

AMPK.34–36 In addition, KLF4 has also been documented as a Foxo1 target.37 More studies 

are needed to determine a potential intersection of FOXO1 with the previously mentioned 

pathway in regulating parietal cell differentiation.

Although there were minimal changes in differentiated endocrine cell types in the stomach 

in mice harboring genetic ablation of Foxo1, removal of FOXO1 increases the gene 

expression of the endocrine progenitor marker Neurog3. This is analogous to FOXO1 

deletion in other tissues. For example, FOXO1 deletion in murine Neurog3+ cells11 or 

human intestinal organoids12 increases Neurog3 levels. Similarly, Neurog3+ cells increase 

when Foxo1 is knocked down using small interfering RNA in cells from human fetal 

pancreas.19

Our data suggest the possibility that FOXO1 regulates the progression of stomach cells 

through the cell cycle by direct transcriptional activation of CCNE1, also known as cyclin 

E1. CCNE1 expression is induced when FOXO1 is overexpressed and blunted when FOXO1 

is deleted. Our data indicate that Foxo1 controls CCNE1 mRNA levels in stomach cells 

by directly regulating gene transcription. Our evidence for this is 2-fold. First, FOXO1 

directly binds to the promoter region of CCNE1 in liver (and Foxo1-binding sites are 

highly conserved38,39), and this promoter binding only occurs in cells isolated from fasted 

mice. This is important as FOXO1 is transcriptionally active under fasted conditions.40 

Second, Foxo1 binding to CCNE1 occurs in DNA regions that are also modified by H3K27 

acetylation and H3K4 trimethylation. The former is indicative of active transcription, 

whereas the latter suggests this DNA is structurally open and accessible to binding by 

transcription factors. Consistent with our findings, it has been suggested that FOXO1 alters 

CCNE1 expression in pancreatic β-cells to maintain functional β-cell mass with diabetes.41 

More research will be needed to determine if a FOXO1-CCNE1 program exists in other 

regions of the gastrointestinal tract.

Similar to what is seen in the gut, it is possible to detect insulin-immunoreactive cells when 

FOXO1 is deleted in vitro and in vivo. It is beyond the scope of this article to determine 

if these insulin+ cells are functional “β-like” cells. However, it is interesting to note that 

stomach insulin+ cells co-express C-peptide, consistent with insulin processing, and MafA, 

a marker of mature β-cells, and are similar to intestinal insulin-positive cells generated by 

FOXO1 deletion in Neurog3+.11 Based on these data, it will be important to determine 

FOXO1 expression and distribution in human stomach, given the substantial differences with 

the murine stomach.42
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Materials and Methods

All authors had access to the study data and had reviewed and approved the final article.

Animals

Mice were backcrossed >6 generations onto a C57BL/6J background. FoxV,21 Foxo1+/−,43 

Foxo1fl/fl,44 NgnGFP,45 Ngncre,46 InsZGFP11 mice have been described; Lgr5GFP,47 

RosaYFP, and RosaflRFPtGFP27 (RtG) mice were from Jackson Laboratories; and 

Atp4bcre48 mice were a gift from Jason Mills at Washington University. Unless otherwise 

indicated, organs and cells were collected from 10- to 12-week-old male and female mice. 

Male and female mice were used in equal numbers. All studies were approved by, and 

done in accordance with, the Columbia University Institutional Animal Care and Utilization 

Committee.

Primary Cultures

Stomach was dissected, serosa removed, and washed extensively with ice-cold phosphate 

buffered saline (PBS). Tissue was separated into glands by agitation and incubation in 5 

mM EDTA/PBS buffer (Invitrogen, cat. no. 15575–038) for 90 min on horizontal shaker 

at 4 °C. Glands were dissociated into single cells by TrypLE/DNaseI digestion (TrypLE 

[Invitrogen, cat. no. 12604013]) supplemented with ~2 U/μL DNAse-1 (Sigma-Aldrich, 

cat. no. 10104159001) and 10 μM Y-27632 (Rock Inhibitor, Sigma-Aldrich, cat. no. Y0503–

1MG). Digestion was completed with tubes placed horizontally, shaking vigorously at 37 

°C for w30 m until tissue began to visibly dissociate. Cells were washed extensively with 

ice-cold Advanced DMEM/F12 (Invitrogen, cat. no. 12634010) supplemented with 10 mM 

HEPES (Invitrogen, cat. no. 15630080), 1x Glutamax (Invitrogen, cat. no. 35050061), 1% 

pen/strep (Gibco, cat. no. 15140–122), and 1% bovine serum albumin, fraction V (Fisher, 

cat. no. BP1600–100)) and purified by filtration through a 40 μM cell strainer (Fisher, cat. 

no. 22363547).

Primary stomach cells were cultured on a layer of mouse embryonic fibroblasts (Gibco, cat. 

no. A34180) seeded at a density of 5 × 105 cells/6-well gelatin-coated plate (Millipore, 

cat. no. ES-006-B) in the same medium supplemented with 1× N2 (Invitrogen, cat. 

no. 17502048), 1× B-27 (Invitrogen, cat. no. 17504044), 1 mM N-Acetyl-L-cysteine 

(Sigma-Aldrich, cat. no. A9165–5G), 1× Primocin (Invitrogen, cat. no. NC9141851), and 

Rock inhibitor. After overnight recovery, cultures were treated overnight with 0.4 U/mL 

TAT-cre (Millipore, cat. no. SCR508) diluted in medium without rock inhibitor. Cultures 

were transduced overnight in serum-free complete media with adenoviruses encoding 

FOXO1GFP49 and FOXO1DN.50

Recombination at the Foxo1 locus by TAT-cre was detected using PCR. Genomic DNA was 

amplified using the KAPA2G Fast PCR kit (Sigma-Aldrich, cat. no. 2GFKB) and denatured 

at 95 °C for 30 seconds, annealed at 61 °C for 30 seconds, and elongated at 72 °C for 

30 seconds for 34 cycles. Primers to detect recombination of Foxo1 floxed allele were as 

follows: 5′-GCT TAG AGC AGA GAT GTT CTC ACA TT-3′, 5′-CCA GAG TCT TTG 
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TAT CAG GCA AAT AA-3′, and 5′-CAA GTC CAT TAA TTC AGC ACA TTG A-3′. 
Expected products are 115, 149, and 190 bp for the WT, floxed, and deleted Foxo1 allele.

Fluorescence-Activated Cell Sorting

Primary stomach cells were isolated as described previously and resuspended in basic 

culture media. For DBA staining, cells were collected, fixed for 5 min in 2% 

paraformaldehyde, and incubated with fluorescently conjugated lectin in the dark on a 

rotator at 4 °C for 1 hour before sorting. Stained cells were resuspended in ALDEFLUOR 

Assay Buffer (Stem Cell Technologies, cat. no. 01701). Cells were sorted using a BD 

Influx with a blue (488-nm) laser and 530/40 band pass filter to detect endogenous Venus 

fluorescence and green fluorescent protein and a green (561 nm) laser and 610/20 band pass 

filter to detect red fluorescent protein and Rhodamine-labeled DBA.

RNA Isolation and Quantitative PCR

RNA was isolated from 5000 to 10,000 sorted cells using the Arcturus PicoPure RNA 

Isolation Kit (Applied Biosystems, cat. no. 12204–01). After DNAse treatment (Qiagen, cat. 

no. 79254), complementary DNA (cDNA) was synthesized using qScript cDNA SuperMix 

(Quanta Biosciences, cat. no. 95048–100). RNA quality was confirmed with an Agilent 

Bioanalyzer 2100nusing Pico chip. Antral stomach was flash frozen in liquid nitrogen and 

RNA extracted using TRIzol (Invitrogen, cat. no. 15596026), loaded onto an RNeasy Mini 

Kit column (Qiagen, cat. no. 74106), and cDNA prepared using qScript cDNA SuperMix 

(Quanta Biosciences, cat. no. 95048–100). Quantitative PCR was performed using GoTaq 

qPCR Master Mix (Promega) in a Bio-Rad CFX96 system, and gene expression levels were 

determined by the ΔΔCt method with β-actin, GAPDH, or E-cadherin as controls. Primers 

are listed in the Table A1.

Chromatin Immunoprecipitation and ChIP-Seq Library Construction

The ChIP-IT High Sensitivity kit (Active Motif, Carlsbad, CA) was used for chromatin 

immunoprecipitation (ChIP) as recommended by the manufacturer. Mice aged 8–12 

weeks were sacrificed after 4-hour fasting, 1-hour refeeding, and perfusion with 10 μM 

orthovanadate through the inferior vena cava Chromatin from 300 mg liver was sheared 

using a S220 Focused-ultrasonicator (Covaris). Four microgram of anti-GFP antibody for 10 

μg of sheared chromatin was used for immunoprecipitation. The specificity of GFP antibody 

was confirmed by Western blot. ChIP-seq libraries were constructed using KAPA Hyper 

Prep Kit (KAPA Biosystems) as recommended by manufacturer. ChIP-seq libraries were 

quantified by Tapestation (Agilent) and sequenced on an Illumina NEXTseq (Illumina, San 

Diego, CA) with 75-base single-end mode.

Reads were aligned to mouse genome mm10 using Bowtie2 software.51 Only reads that 

passed Illumina′s purity filter, aligned with no more than 2 mismatches, and mapped 

uniquely to the genome were used. Duplicate reads were removed with Picard tools. The 

tags were extended at their 3′-ends to 200 bp. Peak calling was performed by MACS 2.1.052 

with the P value cutoff of 10−7 for narrow peaks and q value cutoff of 10−1 for broad peaks 

against the input control sample. The transcription start site determined on mouse genome 

mm10 was used to measure the distance of each peak. HOMER software suite53 was used 
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to perform motif analysis, annotate peaks, such as promoter/transcription start site, introns, 

exons, intergenic, 5′ UTR, noncoding RNA, and 3′ UTR, merge files, and quantify data to 

compare peaks. For the detection of active enhancers, we used bedtools54 by collecting the 

intersection of the peaks of transcription factor and histone marks. Data have been deposited 

in GEO [NCBI GEO [GSE151546]].31

Histopathology

Stomachs were dissected along the greater curvature, pinned flat with lumen side facing up, 

and fixed on ice for 90 min in 4% paraformaldehyde (Electron Microscopy Sciences, cat no. 

15710). Tissue was embedded in Tissue Tek OCT compound (Sakura, Cat. no. 4583), flash 

frozen, and sectioned at 5 μm. For imaging, cells were cultured on gelatin-coated chamber 

slides (Corning, cat. no. 354114), fixed in 4% paraformaldehyde for 10 minutes at room 

temperature and permeabilized in PBS with 0.1% Triton X-100 (Acros Organics, Cat. no. 

42235–5000) for 10 minutes.

For immunohistochemistry, samples were blocked in 10% donkey (Jackson Immuno 

Research Labs, cat. no. 017000121) or goat serum (Vector, Cat. no. S-1000) for 1 hour 

at room temperature and incubated with primary antibodies diluted in blocking solution. 

Primary antibodies used were GFP (rabbit; Molecular Probes, 1:400, cat. no. A-6455), GFP 

(goat; Abcam, 1:250, cat. no. ab6662), Serotonin (5HT-H209; Novus Biologicals, 1:50, cat. 

no. NB120–16007), FOXO1 (C29H4; Cell Signaling Technology, 1:100, cat. no. 2880S), 

Chromogranin A (rabbit; LsBio, 1:200), Somatostatin (D-20; Santa Cruz, 1:250, sc-7819), 

Neurogenin3 (Abcam, 1:50, cat. no. ab38548), H/K ATPase (Abcam, 1:100, cat. no. 

ab2866), Ki67 (Abcam, 1:500, cat. no. ab15580), pHH3 (Abcam, 1:100, cat. no. ab5176), 

Ecadherin (BD biosciences, 1:50, cat. no. 610181), Smooth Muscle Actin (Abcam, 1:100, 

cat. no. ab7817), Insulin (Dako, 1:250, A056401–2), C-peptide (Cell Signaling Technology, 

1:400, cat. no. 4593S), MafA (Bethyl Laboratories, 1:100, cat. no. IHC-00352), Ghrelin 

(Novus Biologicals, 1:100, MAB8200), CCK8 (Thermo Fisher, 1:400, PA5–32348), and 

gastric inhibitor polypeptide (Abcam, 1:100, cat. no. ab30679). For immunofluorescence, 

primary antibodies were detected using Alexa Fluor 488, 568, and 647 secondary antibodies 

(1:1000, Molecular Probes) of the corresponding species. DBA (Vector Laboratories, 1:200, 

cat. no. RL-1032) staining was performed for 2 hours at room temperature. Slides were 

covered using VECTASHIELD Vibrance Antifade Mounting Medium with DAPI (Vector 

Laboratories, cat. no. H-1800–10) to counterstain nuclei. Images were taken with a Zeiss 

LSM 510/710 confocal microscope (Zeiss).

Staining for β-galactosidase was performed as described,55 and tissue was counterstained 

using nuclear fast red (Vector Laboratories) according to manufacturer′s protocol. Vital cell 

staining was performed with propidium iodide (Sigma-Aldrich, cat no. P4170–25MG, 1 

μg/mL) and Hoechst 33342 (Molecular Probes, 1:1000, cat. no. H3570) for 5 minutes at 37 

°C in the dark followed by cell imaging.56

For cell counts, at least 5 fields/samples in at least 3 mice were quantified. Expression 

and co-localization of FOXO1-positive cells were quantified by averaging 3–5 microscopic 

fields/sample in at least 5 independent samples. To count stomach cell types after FOXO1 

deletion, a minimum of 5 fields/sample (representing at least 3000–5000 cells) were 
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counted, as indicated in the figures. For primary cultures, stomach cells in 6–8 microscopic 

fields in at least 3 independent cultures were quantified.

Gastric Emptying

Liquid gastric emptying was assessed by the acetaminophen absorption test.57 Mice were 

fasted 5 hours and gavaged with 100 mg/kg 15% glucose, 1% acetaminophen solution 

(Sigma-Aldrich). 50 μL blood was collected 15 m after gavage, and plasma acetaminophen 

levels were measured by enzymatic assay (Sekisui Diagnostics).

To measure solid gastric emptying, mice were fasted for 16 hours with free access to water, 

allowed access to chow for 1 hour, and food-deprived again for 2 hours before killing and 

measuring stomach food content. Food intake was measured using a food dispenser, and 

emptying was calculated as percentage of stomach food content/food intake.

Statistics

Data are presented as means ± standard deviation. Comparisons were done by 2-tailed 

Student′s t-test between 2 groups and by analysis of variance followed by Tukey′s post hoc 

test between multiple groups. Statistical analyses were completed using GraphPad Prism 7 

(La Jolla, CA), and a P < .05 was used to declare a statistical difference.
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PSC primary stomach culture
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Figure 1. 
FOXO1+ cells in gastric epithelium. (A) Immunofluorescent staining of wild-type mouse 

stomach. (B) Stomach of Foxo1+/− mice stained for β-galactosidase (black arrows) 

counterstained with Nuclear Fast Red. (C) GFP immunofluorescence of FoxV+ cells 

in the colon of Foxo1-Venus mice (FoxV) with 2 different antibodies. (D) GFP and 

serotonin immunofluorescence of FoxV colon (left) with quantification (right). (E) GFP 

immunofluorescence (left) with quantification (right) in the antrum and corpus of FoxV 

mice. (F) GFP and FOXO1 double immunofluorescence of FoxV stomach (white arrow 

denotes FoxV cell, yellow arrow denotes co-localization) Blue: DAPI. Scale bar is 25 μm. 

Data are presented as mean ± standard deviation. N ≥ 5 mice.
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Figure 2. 
FoxV+ stomach cells are enriched for the endocrine progenitor marker Neurogenin3 

(Neurog3). (A) Cells isolated from Foxo1-Venus (FoxV) mouse after dispersion of 

stomach glands into single cells. White arrow denotes FoxV+ cell depicted by endogenous 

fluorescence. DAPI counterstains nuclei. (B, C) FITC dot plot of stomach cells isolated 

from wild-type (panel B) and FoxV (panel C) mice. (D, E) Gene expression changes for 

the indicated genes in Venus low (P5), medium (P4), or high (P3) cell populations (depicted 

in panel C) of stomach cells isolated from FoxV mice using FACS. (F) Quantification of 

fluorescent staining for GFP co-localization with cell markers: chromogranin A (ChromA), 

serotonin (Sero), somatostatin (Somato), and neurogenin3 (Neurog3) in FoxV stomach. 

Venus protein is recognized by GFP antibody. N = 5 mice. (G) Immunofluorescence of 

Neurog3-GFP stomach tissue stained for FOXO1 (red). Green signal denotes endogenous 

GFP fluorescence in Neurog3+ cells. *P < .05 vs P5 and **P < .01 vs P5. Gene expression is 

normalized to β-actin. Scale bar is 50 mm. Data are presented as mean ± standard deviation. 

Gene expression data shown are ≥8 independent experiments.
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Figure 3. 
A subset of FOXO1+ parietal cells. (A) H/K ATPase expression in Venus low (P5), medium 

(P4), or high (P3) cells (Figure 2, panel C) isolated from Foxo1-Venus (FoxV) mice. (B) 

Expression of gastric cell markers in P5, P4, and P3 sorted FoxV cells. (C) FACS dot plot 

of stomach cells isolated from FoxV mice and stained with Rhodamine-labeled Dolichos 
biflorus agglutinin (DBA) to detect parietal cells. (D) Gene expression of sorted cells 

collected in panel C. (E) GFP and Rhodamine-labeled DBA immunofluorescence in FoxV 

mice. White arrow denotes FoxV cell. DAPI counterstains nuclei. (F) Quantification of panel 

E. (G) Quantification of GFP and H/K ATPase (parietal cell marker) co-localization in FoxV 

tissue. Gene expression is normalized to β-actin. *P < .05 and **P < .01. Scale bar is 50 

μm. Data are presented as mean ± standard deviation. Gene expression data shown are ≥4 

independent experiments and histological quantification data represent N = 5 mice.

McKimpson et al. Page 16

Gastro Hep Adv. Author manuscript; available in PMC 2022 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Two-dimensional primary stomach cultures. (A) Propidium iodide (PI, red) staining of 

primary stomach cells from wild-type mice (outlined by dashed line) cultured on mouse 

embryonic fibroblasts (MEF). (B) Ki67 and (C) phospho-Histone H3 (pHH3) staining of 

primary stomach cell cultures (PSC). (D) E-cadherin immunofluorescence of stomach cells. 

(E) Smooth muscle actin localization to MEF by immunofluorescence of PSC. (F) and 

(G) Stomach cells isolated from the indicated reporter mice demonstrating the presence of 

Lgr5+ stem and Neurog3+ endocrine progenitor cells (with quantification) demarcated by 

endogenous GFP fluorescence. (H) Immunofluorescence of wild-type PSC for indicated 

endocrine cell markers. (I) Fluorescent staining of wild-type PSC using fluorescently 

conjugated lectins: Ulex europaeus agglutinin I (UEA I, demarcates mucous pit cells) and 

Griffonia simplicifolia lectin II (GSII, demarcates mucous neck cells). (J) Gene expression 

of mucous cell markers in wild-type stomach tissue (Stom), MEF, and PSC. (K, L) 

Fluorescent staining of wild-type PSC for parietal cell markers using Rhodamine-labeled 

DBA lectin (panel K, with quantification) and H/K ATPase (panel L). (M) Gene expression 

for parietal and chief (Pepsinogen C) cell markers. Gene expression is normalized to 
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GAPDH. *P < .05, **P < .01, ***P < .001, and ****P < .0001. White arrow denotes 

cell positive for the indicated marker. DAPI: nuclei. Scale bar is 50 mm. Data are presented 

as mean ± standard deviation. Each dot represents individual mouse or primary stomach 

culture preparation from N = 6 mice.
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Figure 5. 
Foxo1 ablation. (A) DNA and (B-E) mRNA levels following Foxo1 ablation with TAT-

cre in primary stomach cultures (PSC). (F, G) Insulin (red) and C-peptide (green) 

immunofluorescence of indicated stomach cells treated with TAT-cre. (H) Insulin 

expression after transduction of PSC with dominant-negative Foxo1. (I) Top and Middle: 

Immunofluorescence for insulin (red) and C-peptide (green) in mice lacking Foxo1 in 

Neurogenin3+ cells (Neurog3cre/+; Foxo1 fl/fl) at indicated age. Bottom: Immunostaining 

for insulin (green) and MafA (red) in Neurog3cre/+; Foxo1 fl/fl mice. (J-M) Stomach tissue 

from 12-week-old Neurog3cre/+; Foxo1 fl/fl mice stained for insulin (red) and other cell 

markers (green). Gene expression is normalized to the epithelial marker E-cadherin. *P < 

.05, **P < .01, and ***P < .001. Scale bar is 50 μm. Data are presented as mean ± standard 

deviation. Each dot represents individual primary stomach culture preparation with N ≥ 3 

independent experiments.
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Figure 6. 
Deletion of Foxo1 in primary culture and mice increases parietal cells. (A) Neurogenin3 

(Neurog3) and parietal cell-specific H/K ATPase gene expression in Foxo1 fl/fl primary 

stomach culture (PSC) after overnight treatment with TAT-cre to delete Foxo1. (B) 

Fluorescent image with quantification of parietal cells (demarcated with DBA) after 

elimination of Foxo1 with TAT-cre in PSC. (C) Quantification of endocrine cell markers in 

stomach tissue lacking Foxo1 in parietal cells (Atp4b-cre/+; Foxo1 fl/fl). (D, E) Fluorescent 

staining and quantification of Rhodamine-labeled DBA lectin (parietal cells) in stomach 

tissue lacking Foxo1 in parietal (panel D, Atp4b-cre/+; Foxo1 fl/fl) and Neurog3þ (panel 

E, Neurog3cre/+; Foxo1 fl/fl at 4 days) cells. (F) Acetaminophen plasma levels before and 

after oral gavage of acetaminophen (100 mg/kg) and glucose (1.5 g/kg) in Foxo1 fl/fl and 

Atp4bcre/+; Foxo1fl/fl mice. (G) Gastric emptying measurements as calculated by 100 × 

(1 – [food content in stomach/1-hour food intake]). Gene expression is normalized to the 

epithelial marker E-cadherin. Each dot represents an individual mouse or tissue preparation. 

White arrow denotes positive cell. DAPI counterstains nuclei. *P < .05, **P < .01, and ***P 
< .001 vs control. Scale bar is 50 μm. Data are presented as mean ± standard deviation. Gene 

expression data shown are ≥4 independent experiments and histological quantification data 

represent N ≥ 3 mice.
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Figure 7. 
Foxo1 controls transcription of the cell cycle regulator CCNE1. (A) FACS dot plot of 

mouse embryonic fibroblasts (MEF) only or MEFs co-cultured with primary stomach cells 

isolated from RosaRFPtGFP (RtG) mice. (B) Gene expression of cells collected as in panel 

A. (C) RFP and GFP fluorescence of RtG primary stomach cells treated with TAT-cre. 

DAPI counterstains nuclei. (D) FACS dot plot of indicated cells. P3 cells show successful 

recombination. (E, F) Gene expression in control (RtG/+) or KO (RtG/+; Foxo1 fl/fl) 

primary stomach cells. *P < .05, **P < .01. (G) ChIP-seq tracks of Foxo1 binding to the 

CCNE1 promoter in fasting and refed mouse liver. (H) FACs dot plot of RtG/+ primary 

stomach cells transduced with Foxo1GFP adenovirus. (I, J) Gene expression in cells from 

panel H normalized by GAPDH. *P < .05 vs P3, ***P < .001 vs P3. #P < .05 vs P4, and 
###P < .001 vs P4. (K) DBA and Foxo1GFP fluorescence and quantification of parietal 

cells after transduction. (L) Gene expression of PSC isolated from homozygous knock-in 

mice with active Foxo1 (FoxKR). **P < .01. Scale bar is 50 mm. Data are presented as 

mean ± standard deviation. Gene expression data shown are ≥3 independent experiments and 

histological quantification data represent ≥3 separate primary stomach culture preparations.
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