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            Abstract
LGR5 marks resident adult epithelial stem cells at the gland base in the mouse pyloric stomach1, but the identity of the equivalent human stem cell population remains unknown owing to a lack of surface markers that facilitate its prospective isolation and validation. In mouse models of intestinal cancer, LGR5+ intestinal stem cells are major sources of cancer following hyperactivation of the WNT pathway2. However, the contribution of pyloric LGR5+ stem cells to gastric cancer following dysregulation of the WNT pathwayâ€”a frequent event in gastric cancer in humans3â€”is unknown. Here we use comparative profiling of LGR5+ stem cell populations along the mouse gastrointestinal tract to identify, and then functionally validate, the membrane protein AQP5 as a marker that enriches for mouse and human adult pyloric stem cells. We show that stem cells within the AQP5+ compartment are a source of WNT-driven, invasive gastric cancer in vivo, using newly generated Aqp5-creERT2 mouse models. Additionally, tumour-resident AQP5+ cells can selectively initiate organoid growth in vitro, which indicates that this population contains potential cancer stem cells. In humans, AQP5 is frequently expressed in primary intestinal and diffuse subtypes of gastric cancer (and in metastases of these subtypes), and often displays altered cellular localization compared with healthy tissue. These newly identified markers and mouse models will be an invaluable resource for deciphering the early formation of gastric cancer, and for isolating and characterizing human-stomach stem cells as a prerequisite for harnessing the regenerative-medicine potential of these cells in the clinic.
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                    Fig. 1: Comparative profiling of LGR5 populations in gastrointestinal tissues identifies new pyloric-specific markers.


Fig. 2: Pyloric AQP5+ population contains stem cells in vivo.


Fig. 3: Human pyloric AQP5+ cells are stem cells ex vivo.


Fig. 4: AQP5+ population is a source of WNT-driven, invasive gastric cancer.
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                Data availability


Microarray data that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE121803. RNA-seq data of AQP5+ and AQP5âˆ’ human samples have also been deposited in the GEO, under accession code GSE133036. Source Data for Figs. 1â€“4 and Extended Data Figs. 1, 2, 4â€“6, 9 are provided with the paper. Any other relevant data supporting the findings of this study are available from the corresponding author on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Comparative profiling of LGR5 populations in gastrointestinal tissues identifies new pyloric-specific markers.
aâ€“c, FACS strategy sorting eGFPhigh and eGFPlow cells from Lgr5-eGFP-IRES-creERT2 pylorus (a), small intestine (b) and colon (c). d, Lgr5 expression (by qPCR) in sorted populations and unsorted tissues of the gastrointestinal tract. Data are represented as meanÂ Â±Â s.e.m. nÂ =Â 4 biological replicates; one-way ANOVA. e, AQP5 protein expression in the mouse stomach through to the duodenum by immunostaining. nÂ =Â 3Â biological replicates. fâ€“i, Aqp5 mRNA expression in the corpus (f), Brunnerâ€™s glands (g), small intestine (h) and colon (i) by ISH. nÂ =Â 3Â biological replicates. jâ€“n, A4gnt (j), Gif (k), Muc6 (l), Slc9a3 (m) and Spp1 (n) expression in the corpus, Brunnerâ€™s glands, small intestine and colon by qPCR, ISH and co-ISH with LGR5. For histology experiments, nÂ =Â 3; for qPCR, nÂ =Â 4Â biological replicates for Gif, Muc6 and Slc9a3 qPCRs, for which data are represented as meanÂ Â±Â s.e.m., nÂ =Â 2Â technical replicates from a pooled sample of 8 for A4gnt and Spp1 qPCRs. Scale bars, 500Â Î¼m (e), 20Â Î¼m (fâ€“n).

Source Data



Extended Data Fig. 2 AQP5 marks the major subpopulation of LGR5high pyloric stem cells.
a, ExonÂ 1 knock-in gene strategy to generate EGFPâ€“CreERT2 reporters of Aqp5, A4gnt, Slc9a3 and Spp1 expression. b, The 3â€² UTR knock-in gene strategy to generate 2Aâ€“eGFP, 2Aâ€“CreERT2 or 2Aâ€“DTR reporters of Aqp5, Slc9a3 and Lgr5 expression. câ€“f, eGFP signal in the pylorus and small intestine of Aqp5-2A-eGFP (c, d) and Slc9a3-2A-eGFP mice (e, f). g, h, Quantification of the overlap between eGFP+ cells and AQP5+ cells in Slc9a3-2A-eGFP pylori (g) (nÂ =Â 102Â glands from 3Â mice) and a representative image of the immunostaining (h). Results are presented as meanÂ Â±Â s.e.m. i, j, Quantification of overlap between LGR5â€“eGFP+ cells with AQP5+ cells (i) (nÂ =Â 117Â glands from 4Â mice) and a representative image of the immunostaining (j). Results are presented as meanÂ Â±Â s.e.m. kâ€“m, Colocalization of LGR5â€“eGFP in the pylorus with GIF (k), GAST (l) and CHGA (m). nÂ =Â 3Â biological replicates. n, t-distributed stochastic neighbour embedding (t-SNE) map of single LGR5â€“eGFPhigh cells from the pylorus. nÂ =Â 285Â cells from 3Â mice. oâ€“s, t-SNE maps showing enrichment of candidate markers in major (oâ€“q) and minor (r, s) subpopulations of LGR5high pyloric cells. nÂ =Â 285Â cells from 3Â mice. t, Frequency of 10Â published proliferation markers (Bcl2, Ccnd1, Ckap2, Foxm1, Ki67, Mcm2, Mybl2, Plk1, Rrm2 and Top2a) in major versus minor subpopulations, compared by two-tailed Mannâ€“Whitney test. nÂ =Â 285Â cells from 3Â mice, 248Â cells in major, 8Â cells in minor-1 and 29 cells in minor-2 populations. u, v, Aqp5 (u) and Lgr5 (v) expression in cells sorted from Aqp5-eGFP-IRES-creERT2 pylori. MeanÂ Â±Â s.e.m., nÂ =Â 4Â biological replicates. w, x, Co-immunostaining for eGFP driven by Aqp5-eGFP-IRES-creERT2 and endogenous AQP5 (w) and KI67 (x). nÂ =Â 3Â mice. Scale bars, 50Â Î¼m (g, h), 25Â Î¼m (k, m, w, x).


Extended Data Fig. 3 AQP5 and other newly identified pyloric markers label pyloric stem cells, but not other gastrointestinal stem cells, in vivo.
aâ€“p, Lineage tracing in A4gnt-, Aqp5-, Spp1- and Slc9a3-eGFP-IRES-creERT2 mice crossed with tdTomatoLSL reporter mice after a short trace (20â€“48Â h) in the pylorus (aâ€“d) and small intestine (iâ€“l), and a long trace (>3Â months) in the pylorus (eâ€“h) and small intestine (mâ€“p). nÂ =Â 3Â mice per genotype. qâ€“x, Lineage tracing in pylorus (qâ€“t) and small intestine (uâ€“x) of the Aqp5-2A-creERT2 and Slc9a3-2A-creERT2 mice after a short trace (qâ€“r, u, v) and a long trace (s, t, w, x). y, z, aâ€², bâ€², Whole-mount imaging of pylorus from induced Aqp5-eGFP-IRES-creERT2;tdTomatoLSL mice 20Â h (y) and 6Â months (z) after induction. Whole-mount imaging of pylorus from uninduced 8-week-old (aâ€²) and 8-month-old (bâ€²) Aqp5-eGFP-IRES-creERT2;tdTomatoLSL mice. nÂ =Â 3Â mice per condition. tdTomato (dTom) signal through the entire height of the pyloric epithelium is shown, and DAPI from the upper parts of pyloric glands is depicted for clarity. câ€², dâ€², eâ€², tdTomato signal in clusters of glands in 1-year-traced pylorus (câ€²) and small intestine (dâ€², eâ€²). fâ€², gâ€², hâ€², tdTomato expression in gastric corpus (fâ€²), colon (gâ€²) and Brunnerâ€™s glands (hâ€²) 20Â h and 6Â months after induction. nÂ =Â 3Â biological replicates. Scale bars, 50Â Î¼m.


Extended Data Fig. 4 Detailed characterization of AQP5-expressing pyloric cells by transcriptomic profiling, in vivo ablation and ex vivo organoid culture.
a, AQP5+ gating strategy with cells from wild-type pylorus stained only with propidium iodide. b, Heat map of transcriptomes from AQP5+ and AQP5âˆ’ cells. nÂ =Â 4Â biological replicates. c, Gene set enrichment analysis comparing the degree of overlap between transcriptomes of AQP5+ cells and LGR5+ cells from the pylorus using Kolmogorovâ€“Smirnov statistic. nÂ =Â 4Â biological replicates each. d, e, Relative Aqp5 (d) and Lgr5 (e) expression (from microarray) in AQP5+ and AQP5âˆ’ cells (nÂ =Â 4Â biological replicates), by one-way ANOVA in the Partek analysis software. fâ€“h, Relative expression of various pyloric markers (f), other published pyloric stem cell markers (g) and lineage and proliferation markers (h) in AQP5+ population versus AQP5âˆ’ population in microarray. nÂ =Â 4Â biological replicates. Data are represented as mean, as derived from Partek analysis software by one-way ANOVA. i, j, AQP5 staining in a whole-mount organoid (i) and AQP5 colocalization with KI67 (j) in an organoid section. Organoids were derived from single AQP5+ cells. nÂ =Â 3Â biological replicates. kâ€“r, Pylori of diphtheria-toxin-treated wild-type (kâ€“n) and Aqp5-2A-DTR (oâ€“r) mice stained for HÂ &Â E (k, o), E-cadherin (l, p), GIF (m, q) and GAST (n, r). nÂ =Â 3Â biological replicates. sâ€“u, Outgrowth efficiency of AQP5+, AQP5âˆ’, LGR5â€“eGFP+, LGR5â€“eGFPâˆ’ cells (s) nÂ =Â 5Â biological replicates for AQP5+ and AQP5âˆ’ cells, nÂ =Â 3Â biological replicates for eGFP+ and eGFPâˆ’ cells from Lgr5-2A-eGFP pylori. Representative images of organoids derived from eGFP+ (t) and eGFPâˆ’ (u) cells from Lgr5-2A-eGFP pylori. Paired two-sided t-test. Scale bars, 25Â Î¼m (i, j), 50Â Î¼m (kâ€“r), 500Â Î¼m (t, u).


Extended Data Fig. 5 AQP5 is expressed at human pyloric gland bases together with other pyloric markers, and facilitates the isolation of human pyloric stem cells.
aâ€“f, aâ€², bâ€², câ€², dâ€², eâ€², fâ€², MUC6 (a, b, aâ€², bâ€²), A4GNT (c, d, câ€², dâ€²) and SLC9A3 (e, f, eâ€², fâ€²) expression (co-ISH with LGR5 and immunostaining) in normal human pylorus. nÂ =Â 3Â biological replicates. gâ€“j, Co-ISH to colocalize AQP5 with PEPC (g), MUC6 (h), GIF (i) and MUC5AC (j) pyloric lineage markers. nÂ =Â 3Â biological replicates. k, l, AQP5 labelling in whole-mount human organoids (k) and AQP5 colocalization with KI67 (l) in organoid sections. nÂ =Â 3Â biological replicates. mâ€“o, Relative AXIN2 (m), TFF2 (n) and AQP5 (o) expression in AQP5+ cell-derived organoids three days after WNT3A, Noggin and FGF10 withdrawal, by qPCR. nÂ =Â 3Â biological replicates. Scale bars, 100Â Î¼m (aâ€“j, l), 25Â Î¼m (aâ€² bâ€², câ€², dâ€², eâ€², fâ€², k).


Extended Data Fig. 6 Profiling and validation of the transcriptome of the human pyloric AQP5-expressing population.
aâ€“e, qPCR validation (green) (nÂ =Â 5Â biological replicates) and RNA-seq values (blue) (nÂ =Â 8Â biological replicates) of homologues of mouse stem cell markers (a), membrane components (b), chemokine signalling components (c), extracellular matrix components (d) and other genes (e). Two-sided Mannâ€“Whitney test was used to determine statistical significance of qPCR result differences for all genes except AQP5, which was determined by two-tailed paired t-test. qPCR and RNA-seq results are presented as mean. f, fâ€², fâ€²â€², ISH of SMOC2 (brown) on normal human pylorus. fâ€² is a magnified inset of surface mucosa, and fâ€²â€² is a magnified inset of gland base. nÂ =Â 4Â biological replicates. Scale bars, 100Â Î¼m (f), 10Â Î¼m (fâ€², fâ€²â€²). g, Top 10 Panther pathways enriched with the most candidate genes.

Source Data



Extended Data Fig. 7 WNT, PI3K and KRAS pathways are commonly co-dysregulated in human distal gastric cancers.
a, b, Co-hyperactivation status of the WNT, PI3K and KRAS pathways in human distal gastric cancer samples from TCGA3 (a) (nÂ =Â 155) and GSE1545916 (b) (nÂ =Â 42) datasets. Heat maps show distribution of pathway hyperactivation status across samples. Graphs depict distribution of Î¼ scores (degree of signalling activity) of normal and tumour samples for each of the pathways we examined.


Extended Data Fig. 8 Targeted conditional mutation of pyloric stem cells using our mouse models selectively drives tumour formation in the distal stomach.
a, Sample sizes, tumour and invasion incidences observed in various permutations of creERT2 drivers and oncogenic alleles. bâ€“g, Whole-mount and HÂ &Â E images of entire pyloric regions for each creERT2-oncogenic-allele combination. hâ€“l, HÂ &Â E images of pylori from multiple-pyloric-marker-creERT2;KrasLSL-G12D models (h, i), APK-only model (without creERT2 driver) (j), and small intestine (k) and colon (l) from Aqp5-IRES-creERT2Â APK mouse model of gastric cancer. Scale bars, 1Â cm (whole-mount insets in bâ€“g), 200Â Î¼m (HÂ &Â E images in bâ€“l).


Extended Data Fig. 9 Phenotypic characterization of Aqp5-IRES-creERT2Â APK and Slc9a3-2A-creERT2Â AP distal stomach tumours.
aâ€“g, Immunostaining of various markers in Aqp5-IRES-creERT2Â APK pyloric tumour. h, hâ€², hâ€²â€², Co-ISH of AQP5 and LGR5 in tumour region; region in black box in h is magnified in hâ€². Dual ISH of AQP5 and LGR5 in an adjacent normal pyloric region from the same mouse (hâ€²â€²). i, iâ€², Representative HÂ &Â E stain of a salivary gland tumour from Aqp5-IRES-creERT2Â APK mouse. jâ€“o, Immunostaining of various markers in Slc9a3-2A-creERT2Â AP pyloric tumour. pâ€“w, Immunostaining of various markers in the APK-only (no creERT2) control pyloric stomach. x, xâ€², Colocalization of eGFP and endogenous AQP5 protein in pyloric tumour from an Aqp5-IRES-creERT2Â APK mouse. y, z, Control FACS gating for eGFP+ cells using normal Aqp5-eGFP-IRES-creERT2 (y) and wild-type (z) pylori. nÂ =Â 3Â biological replicates. y, z, zâ€², zâ€²â€², Organoid assay for stemness of AQP5â€“eGFP+ tumour cells. nÂ =Â 3Â biological replicates. y, Experimental timeline. FACS gating strategy to isolate eGFP+ tumour cells from Aqp5-creERT2;Â APK pyloric tumour (z), eGFP+ cells from normal Aqp5-eGFP-IRES-creERT2 pylorus (zâ€²), and control GFP gating with wild-type pylorus (zâ€²â€²). Scale bars, 100Â Î¼m (aâ€“g, iâ€“x, hâ€², iâ€², xâ€²), 20Â Î¼m (hâ€²â€²).

Source Data



Extended Data Fig. 10 AQP5 expression is commonly dysregulated in human distal gastric cancers.
a, Summary of AQP5 expression in a tumour microarray panel of 145Â cores of human distal gastric cancer. AQP5 expression is scored as positive if observed in >5% of malignant cells. bâ€“e, Examples of AQP5+ cores with intestinal (b, c) and diffuse (d, e) subtypes, often with cytoplasmic and/or membranous staining. f, Summary of AQP5 expression from 54Â full sections of distal human gastric cancer. *Mixed refers to AQP5 localization in cytoplasm and nucleus, or cytoplasm and membrane. gâ€“n, AQP5 expression in intestinal (g, h, k, l) and diffuse (i, j, m, n) subtypes. Yellow arrowheads indicate cells co-expressing AQP5 and KI67. o, Summary of other observations of AQP5 expression in full gastric tumour sections. pâ€“s, AQP5 expression in the invasive edge of the tumour (p), intestinal metaplasia (IM) (q) (dotted lines denote intestinal metaplasia region that is negative for AQP5), Signet ring cells (r) (black arrows denote cells with weak AQP5 expression) and tumour cells in lymph node metastasis (s). Scale bars, 20Â Î¼m (gâ€“n, q, r), 50Â Î¼m (bâ€“e, p, s).





Supplementary information
Supplementary Tables
This file contains Supplementary Tables 1-6.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Tan, S.H., Swathi, Y., Tan, S. et al. AQP5 enriches for stem cells and cancer origins in the distal stomach.
                    Nature 578, 437â€“443 (2020). https://doi.org/10.1038/s41586-020-1973-x
Download citation
	Received: 10 November 2018

	Accepted: 09 December 2019

	Published: 05 February 2020

	Issue Date: 20 February 2020

	DOI: https://doi.org/10.1038/s41586-020-1973-x


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Combined inhibition of Bcl-2 family members and YAP induces synthetic lethality in metastatic gastric cancer with RASA1 and NF2 deficiency
                                    
                                

                            
                                
                                    	Jong-Wan Kwon
	Jeong-Seop Oh
	Jun Won Park


                                
                                Molecular Cancer (2023)

                            
	
                            
                                
                                    
                                        Clinically conserved genomic subtypes of gastric adenocarcinoma
                                    
                                

                            
                                
                                    	Yun Seong Jeong
	Young-Gyu Eun
	Ju-Seog Lee


                                
                                Molecular Cancer (2023)

                            
	
                            
                                
                                    
                                        Cross-species single-cell transcriptomic analysis of animal gastric antrum reveals intense porcine mucosal immunity
                                    
                                

                            
                                
                                    	Xiaodan Wang
	Fan Hong
	Ye-Guang Chen


                                
                                Cell Regeneration (2023)

                            
	
                            
                                
                                    
                                        A synergistic partnership between IL-33/ST2 and Wnt pathway through Bcl-xL drives gastric cancer stemness and metastasis
                                    
                                

                            
                                
                                    	Jong-Wan Kwon
	Sang-Hyuk Seok
	Jun Won Park


                                
                                Oncogene (2023)

                            
	
                            
                                
                                    
                                        Clinical molecular subtyping reveals intrinsic mesenchymal reprogramming in gastric cancer cells
                                    
                                

                            
                                
                                    	Eunji Jang
	Min-Kyue Shin
	Jae-Ho Cheong


                                
                                Experimental & Molecular Medicine (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








