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            Abstract
Chronic inflammation increases the risk of developing one of several types of cancer. Inflammatory responses are currently thought to be controlled by mechanisms that rely on transcriptional networks that are distinct from those involved in cell differentiation1,2,3. The orphan nuclear receptor NR5A2 participates in a wide variety of processes, including cholesterol and glucose metabolism in the liver, resolution of endoplasmic reticulum stress, intestinal glucocorticoid production, pancreatic development and acinar differentiation4,5,6,7,8. In genome-wide association studies9,10, single nucleotide polymorphisms in the vicinity of NR5A2 have previously been associated with the risk of pancreatic adenocarcinoma. In mice, Nr5a2 heterozygosity sensitizes the pancreas to damage, impairs regeneration and cooperates with mutant Kras in tumour progression11. Here, using a global transcriptomic analysis, we describe an epithelial-cell-autonomous basal pre-inflammatory state in the pancreas of Nr5a2+/− mice that is reminiscent of the early stages of pancreatitis-induced inflammation and is conserved in histologically normal human pancreases with reduced expression of NR5A2 mRNA. In Nr5a2+/−mice, NR5A2 undergoes a marked transcriptional switch, relocating from differentiation-specific to inflammatory genes and thereby promoting gene transcription that is dependent on the AP-1 transcription factor. Pancreatic deletion of Jun rescues the pre-inflammatory phenotype, as well as binding of NR5A2 to inflammatory gene promoters and the defective regenerative response to damage. These findings support the notion that, in the pancreas, the transcriptional networks involved in differentiation-specific functions also suppress inflammatory programmes. Under conditions of genetic or environmental constraint, these networks can be subverted to foster inflammation.
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                    Figure 1: Reduced NR5A2 expression is associated with pre-inflammation in normal pancreas of mice and humans.[image: ]


Figure 2: AP-1 components are upregulated and bind to the promoter of inflammatory genes in Nr5a2+/− pancreases.[image: ]


Figure 3: The NR5A2 transcriptional switch.[image: ]


Figure 4: Pancreatic deletion of Jun rescues the pancreatic defect of Nr5a2+/− mice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Protein eQTL analysis in human PDAC.
Pancreatic tumours (n = 110) from patients carrying the risk-increasing allele (T) at rs3790844 express lower levels of NR5A2 protein than those carrying the protective allele (C). NR5A2 expression was assessed using immunohistochemistry, and scored based on percentage of reactive cells and intensity of staining. The analysis was performed for mean histoscore (P = 0.097, β = −18.0; two-sided Wilcoxon test) and mean histoscore quantiles (P = 0.028, β = −0.57; two-sided Wilcoxon test).


Extended Data Figure 2 The pancreas of Nr5a2+/− mice is histologically normal but displays increased expression of inflammatory genes.
a, qRT–PCR analysis of the expression of transcripts coding for acinar-related genes in wild-type and Nr5a2+/− mice (n = 7 per group). Data were obtained from a series of mice that was independent of the series used for RNA-seq. b, Immunofluorescence analysis of PTF1a, CDH1 and CPA in the pancreas of wild-type and Nr5a2+/− mice (n = 3 per group). Arrow, acinus. c, Immunohistochemical analysis of expression of C5AR1 and CFD in the pancreas of wild-type and Nr5a2+/− mice shows patchy expression in acinar cells (arrows) (n = 5 per group). d, Percentage of inflammatory cell subtypes (from total cells) in wild-type and Nr5a2+/− pancreases (n ≥ 4 per group) analysed by flow cytometry (two different experiments). e, f, Quantification of periacinar Cd45+ cells in the pancreas of wild-type and Nr5a2+/− mice using immunofluorescence on frozen sections. Broken line delineates a pancreatic lymph node, used as a control. Two independent assessments were performed. e, Quantification of cells expressing PAX5, MAC2 and CD3 in the pancreas of wild-type and Nr5a2+/− mice using immunofluorescence (n ≥ 3 per group). In a, d and e, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 3 The upregulation of inflammatory markers, AP-1 components, p-JUN and p-JNK in Nr5a2+/− pancreases is epithelial-cell-autonomous, as shown by the analysis of isolated primary acinar cells.
a, Expression of inflammatory proteins in primary acinar cells from wild-type and Nr5a2+/− mice shown using western blotting (n = 4 per group). b–f, Primary acinar cell fractions from wild-type and Nr5a2+/− mice largely depleted of DBA+ ductal cells (b, c), show reduced expression of the ductal cell marker HNF1β (d, e) and inflammatory cell markers (f) compared to total pancreas (n = 4 per group). Inset in b, DBA-labelled duct. Two independent experiments were performed. g, h, Expression of AP-1 components and JNK in primary acinar cells from wild type and Nr5a2+/− mice using western blotting. NR5A2 is expressed at reduced levels in Nr5a2+/− pancreases (n = 4/group). In c–f, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 4 The defective pancreatic response to damage is epithelial-cell-autonomous.
a, Constitutive Nr5a2+/− mice display more severe pancreatitis upon administration of seven doses of caerulein (given once per hour). b, d, This severe phenotype is recapitulated at 48 h in mice harbouring a heterozygous deletion of Nr5a2 in pancreatic epithelial cells (b) but not in mice in which both alleles of Nr5a2 are inactivated in myeloid cells by Cre activation from the lysozyme endogenous locus (Lys) (d). This experiment was performed once for the conditional mice; for Nr5a2+/− mice, more than four independent experiments were performed. Representative histological images are shown. Semi-quantitative inflammation scores corresponding to the experiments are shown in a–d (n ≥ 4 per group). c, qRT–PCR analysis of the expression of transcripts coding for AP-1 and inflammatory genes in control and Ptf1acre;Nr5a2lox/+ mice (n = 6 per group). In a–d, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 5 Nr5a2 haploinsufficiency causes a basal pre-inflammatory state similar to that associated with the early stages of pancreatitis.
a, Comparative expression (wild-type versus Nr5a2+/− mice) of the upregulated (left), downregulated (middle) or control (right) genes over time, after induction of pancreatitis. RNA-seq analysis was performed once. One-sided Student’s t-test. b, Immunohistochemical analysis shows persistent overexpression of AP-1 components during the recovery period after induction of acute pancreatitis (one dose per hour for seven hours). Representative results of one of five pancreases analysed are shown.


Extended Data Figure 6 A single dose of caerulein does not cause inflammation but does induce an upregulation of AP-1 and p-JUN that precedes STAT3 phosphorylation both in wild-type and Nr5a2+/− mice.
a, Quantification of infiltration by Cd45+ cells in the pancreas of wild-type and Nr5a2+/− mice after administration of one dose of caerulein (n = 1). b, Immunohistochemical analysis of expression of JUN, FOS, p-JUN and phospho-STAT3 (p-STAT3) in wild-type and Nr5a2+/− mice at various time points after caerulein administration (n = 4 per group). c, qRT–PCR analysis of expression of a panel of inflammatory genes in isolated acini treated with PBS or caerulein (100 pM). Data are shown relative to values of wild-type acini incubated with PBS (n = 4 per group). Two independent experiments were performed. In c, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 7 NR5A2 cooperates with AP-1 to regulate inflammatory gene expression.
a, Analysis of putative NR5A2 and AP-1 binding sites in the proximal promoter of C1qb, Ccc7 and Ccl8 using the JASPAR algorithm (http://jaspar.genereg.net/search?q=&collection=CORE&tax_group=vertebrates). Sequence matrices for NR5A2, FOS:JUN, FOS, JUN, JUN (var.2), FOSL1, FOSL2 and BATF:JUN were computed. Motifs with a score of greater than 7.5 for NR5A2 (blue) and AP-1 (orange) are highlighted. Additionally, a manual search for the NR5A2 binding motif CAAGGNCA was performed. Purple, genomic regions amplified in the sequential ChIP–qPCR experiments shown in Fig. 3f. The sequences of the 400 nucleotides upstream and downstream of each amplicon are also shown. b, Ccl8 luciferase promoter–reporter activity (−1960 to −655) using HEK293 cells and increasing concentrations of JUN-coding plasmid in the absence (left) or presence (right) of NR5A2. Data shown corresponds to the mean of six independent experiments. In b, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 8 NR5A2 regulates AP-1 expression, in part through the modulation of NR0B2 and its recruitment to AP-1 gene promoters.
a, Expression of Nr0b1 and Nr0b2 transcripts in total pancreas and isolated acini of wild-type and Nr5a2+/− mice (n = 4 per group). Arrow, acinus; broken line delineates an islet. b, Immunohistochemical and double immunofluorescence analysis showing acinar distribution of NR0B2 in wild-type pancreas, and reduced expression in Nr5a2+/− pancreases. Acinar cells are delineated with anti-CDH1 antibodies (n = 5 per group). c, Reduced expression of Nr0b2 mRNA and corresponding protein in total pancreas and isolated acini of wild-type and Nr5a2+/− mice. Densitometric quantification of NR0B2 expression relative to vinculin (n ≥ 4 per group). d, e, Expression of Nr0b2 mRNA in wild-type mice on induction of mild acute pancreatitis (d) (n = 3 per group) or on administration of a single dose of caerulein (e) (n ≥ 3 per group). f, Correlation of NR5A2 and NR0B2 mRNA expression in normal human pancreas using RNA-seq. g, ChIP–qPCR analysis of the occupancy by NR0B2 at the AP-1 (left) and inflammatory gene promoters (right panel) in wild-type and Nr5a2+/− mice. In the left and right panels, data are shown relative to control IgG and an unrelated genomic region (n = 3 per group). ChIP–qPCR analysis of NR0B2 on the promoter of AP-1 genes shows reduced occupancy in wild-type mice 1 h after administration of one dose of caerulein. Results in the middle panel are normalized to enrichment in wild-type mice (n ≥ 6 per group). h, ChIP–qPCR analysis of the occupancy of the Nr0b2 promoter by NR5A2 in wild-type and Nr5a2+/− mice. Data are shown relative to control IgG and an unrelated genomic region (n ≥ 5 per group). i, Co-immunoprecipitation of NR5A2 and NR0B2 in wild-type and Nr5a2+/− pancreases under basal conditions or 1 h after administration of a single dose of caerulein. Densitometric quantification of NR0B2 bands (right) (n = 3 per group). At least two independent experiments were performed. In a–i, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 9 NR0B2 has an important role in the dynamic regulation of inflammatory genes by NR5A2.
a–c, Validation of 266-6 cells as a model for mechanistic studies. a, Dose-dependent effects of caerulein on ERK activation, AP-1 expression and NR0B2 expression shown using western blotting. b, qRT–PCR analysis showing caerulein-induced changes in expression of Nr5a2, AP-1 and inflammatory genes. c, ChIP–qPCR analysis showing changes in NR5A2 occupancy of the promoters of acinar (Ctrb1, Cpa and Nr0b2), Jun and inflammatory genes (C1qb, Ccl7 and Ccl8) 30 min after treatment with caerulein (4 independent experiments) These findings largely recapitulate the observations made in the mouse pancreas. d, Forced overexpression of NR0B2 leads to reduced expression of Jun mRNA but does not affect expression of inflammatory genes (four independent experiments). e, Effects of NR0B2 knockdown on NR5A2 binding to the promoter of acinar, Jun and inflammatory genes (three independent experiments). f, Combined NR5A2 knockdown and NR0B2 overexpression showing that higher levels of NR0B2 are associated with reduced expression of inflammatory gene transcripts, a situation that mimics normal pancreas under basal conditions in wild-type mice (four independent experiments). At least two independent experiments were performed. In c–f, one-sided Mann–Whitney U test; *P < 0.05, **P < 0.01.

                          Source data
                        


Extended Data Figure 10 JUN is required for the overactivation of AP-1 that is observed in Nr5a2+/− mice during caerulein-mediated pancreatitis.
Immunohistochemical analysis of the expression of JUN, JUNB, JUND, FOS, FOSL1 and FOSL2 in the pancreas of control (Nr5a2+/+, Nr5a2+/− and Nr5a2+/+;JunΔP) and Nr5a2+/−;JunΔP mice 48 h after the initiation of pancreatitis (n = 4 per group). One experiment was performed. Arrowhead, acinus; arrow, mesothelial cell.





Supplementary information
Life Sciences Reporting Summary (PDF 88 kb)

Supplementary Figure 1
This file contains the original experimental plots data and the original western blot gel images. (PDF 1994 kb)


Supplementary Table 1
This file contains association of NR5A2 expression in PDAC with gender, body mass index, and prior medical history of diabetes and chronic pancreatitis. (PDF 83 kb)


Supplementary Figure 2-5
This file contains Supplementary Table 2: Gene Set Enrichment Analysis for the pre-ranked list of differentially expressed genes (DEG) (Nr5a2+/- vs. Nr5a2+/+) in basal conditions, Supplementary Table 3: Gene Set Enrichment Analysis for the genes up-regulated in Nr5a2+/- mice in basal conditions. Top-20 most significant gene sets when computing with the Molecular Signature tool of GSEA, using the Biological Processes dataset, Supplementary Table 4: Primers used for RT-qPCR and Supplementary Table 5: Primers used for ChIP-qPCR. (XLSX 19 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Extended Data Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7

Source data to Extended Data Fig. 8

Source data to Extended Data Fig. 9

Source data to Extended Data Fig. 10

Source data to Extended Data Fig. 11




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Cobo, I., Martinelli, P., Flández, M. et al. Transcriptional regulation by NR5A2 links differentiation and inflammation in the pancreas.
                    Nature 554, 533–537 (2018). https://doi.org/10.1038/nature25751
Download citation
	Received: 07 July 2016

	Accepted: 15 January 2018

	Published: 14 February 2018

	Issue Date: 22 February 2018

	DOI: https://doi.org/10.1038/nature25751


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

                
                    	
                            
                                
                                    
                                        The urothelial gene regulatory network: understanding biology to improve bladder cancer management
                                    
                                

                            
                                
                                    	Maria Ramal
	Sonia Corral
	Francisco X. Real


                                
                                Oncogene (2024)

                            
	
                            
                                
                                    
                                        Inhibiting NR5A2 targets stemness in pancreatic cancer by disrupting SOX2/MYC signaling and restoring chemosensitivity
                                    
                                

                            
                                
                                    	Quan Zheng
	Jiajia Tang
	Christopher Heeschen


                                
                                Journal of Experimental & Clinical Cancer Research (2023)

                            
	
                            
                                
                                    
                                        Cancer cell plasticity during tumor progression, metastasis and response to therapy
                                    
                                

                            
                                
                                    	Andrea Pérez-González
	Kevin Bévant
	Cédric Blanpain


                                
                                Nature Cancer (2023)

                            
	
                            
                                
                                    
                                        Nuclear receptor 5A2 regulation of Agrp underlies olanzapine-induced hyperphagia
                                    
                                

                            
                                
                                    	Rizaldy C. Zapata
	Dinghong Zhang
	Olivia Osborn


                                
                                Molecular Psychiatry (2023)

                            
	
                            
                                
                                    
                                        Pancreatic acinar cell fate relies on system xC- to prevent ferroptosis during stress
                                    
                                

                            
                                
                                    	Zhaolong Pan
	Jan-Lars Van den Bossche
	Ilse Rooman


                                
                                Cell Death & Disease (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
            
        

        
    



            

        
    


    
        Editorial Summary
Differentiation and inflammation networks overlap in the pancreas
Tissue-specific cell differentiation and inflammation are thought to be regulated through separate transcriptional networks. Francisco Real and colleagues challenge this idea by showing that changes in the expression levels of NR5A2, a transcriptional regulator of acinar cell differentiation in the pancreas, shift its chromatin distribution. When its expression is reduced in mice, NR5A2 binds to inflammatory gene promoters instead of promoters of genes involved in tissue-specific cell differentiation. This change leads to a constitutive pre-inflammatory state that predisposes the pancreas to severe inflammation and cancer development.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    An inflammatory transcriptional switch
                

                
	L. Charles Murtaugh
	Raymond J. MacDonald



                
    
        
            Nature
        
        News & Views
        
        
            14 Feb 2018
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
