







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 29 June 2022



                    GREM1 is required to maintain cellular heterogeneity in pancreatic cancer

                    	Linxiang LanÂ 
            ORCID: orcid.org/0000-0002-8409-43361, 
	Theodore Evan1Â na1, 
	Huafu Li1,2Â na1, 
	Aasia Hussain3, 
	E. Josue Ruiz1, 
	May Zaw ThinÂ 
            ORCID: orcid.org/0000-0003-0036-27761, 
	Rute M. M. Ferreira4, 
	Hari Ps3, 
	Eva M. Riising5, 
	Yoh Zen6, 
	Jorge AlmagroÂ 
            ORCID: orcid.org/0000-0002-0652-64471,7, 
	Kevin W. Ng8, 
	Pablo Soro-BarrioÂ 
            ORCID: orcid.org/0000-0003-4509-61099, 
	Jessica Nelson1, 
	Gabriela Koifman1, 
	Joana Carvalho10Â nAff14, 
	Emma L. Nye10, 
	Yulong He2, 
	Changhua Zhang2, 
	Anguraj SadanandamÂ 
            ORCID: orcid.org/0000-0001-8485-51503,11 & 
	â€¦
	Axel BehrensÂ 
            ORCID: orcid.org/0000-0002-1557-11431,12,13Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 607,Â pages 163â€“168 (2022)Cite this article
                    

                    
        
            	
                        23k Accesses

                    
	
                        28 Citations

                    
	
                            206 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Mechanisms of disease
	Tumour heterogeneity


    


                
    
    

    
    

                
            


        
            Abstract
Pancreatic ductal adenocarcinoma (PDAC) shows pronounced epithelial and mesenchymal cancer cell populations1,2,3,4. Cellular heterogeneity in PDAC is an important feature in disease subtype specification3,4,5, but how distinct PDAC subpopulations interact, and the molecular mechanisms that underlie PDAC cell fate decisions, are incompletely understood. Here we identify the BMP inhibitor GREM16,7 as a key regulator of cellular heterogeneity in pancreatic cancer in human and mouse. Grem1 inactivation in established PDAC in miceÂ resulted in a direct conversion of epithelial into mesenchymal PDAC cells within days, suggesting that persistent GREM1 activity is required to maintain the epithelial PDAC subpopulations. By contrast, Grem1 overexpression caused an almost complete â€˜epithelializationâ€™ of highly mesenchymal PDAC, indicating that high GREM1 activity is sufficient to revert the mesenchymal fate of PDAC cells. Mechanistically, Grem1 was highly expressed in mesenchymal PDAC cells and inhibited the expression of the epithelialâ€“mesenchymal transition transcription factors Snai1 (also known as Snail) and Snai2 (also known as Slug) in the epithelial cell compartment, therefore restricting epithelialâ€“mesenchymal plasticity. Thus, constant suppression of BMP activity is essential to maintain epithelial PDAC cells, indicating that the maintenance of the cellular heterogeneity of pancreatic cancer requires continuous paracrine signalling elicited by a single soluble factor.
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                    Fig. 1: Grem1 is upregulated in EPCAMâˆ’ mesenchymal tumour cells in pancreatic cancer.[image: ]


Fig. 2: Grem1 deletion induces highly mesenchymal and metastatic pancreatic cancer.[image: ]


Fig. 3: GREM1 maintains the epithelial fate by inhibiting EMT.[image: ]


Fig. 4: GREM1 mediates a negative feedback mechanism for BMP2 signalling to inhibit the EMT machinery.[image: ]
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                Data availability

              
              RNA-seq data for purified EPCAM+ and EPCAMâˆ’ KPCY tumour cells and for KPFCT;Grem1WT/WT and KPFCT;Grem1âˆ†/âˆ† tumour tissues have been deposited in the Gene Expression Omnibus under the accession codes GSE157134 and GSE182143, respectively. The scRNA-seq datasets for the 24 PDAC and 11 normal pancreas samples were downloaded from the Chinese National Genomics Data Center (Genome Sequence Archive: CRA001160)53. RNA-seq data for human pancreatic cancer cell lines were downloaded from DepMap portal (expression 21Q2 public; https://doi.org/10.6084/m9.figshare.14541774.v2)60. Microarray data for GREM1 in human PDACs were downloaded from NCBI GEO dataset (GSE71729)18. Clinical data and normalized RSEM read counts for the PDAC TCGA dataset were downloaded from the Broad firehose data repository (version 2016_01_28; https://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/PAAD/20160128/). The mouse reference genome GRCm38 was obtained from Ensembl version 8642 or 10245 (http://nov2020.archive.ensembl.org/Mus_musculus/Info/Index).Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Grem1 is upregulated in EPCAMâˆ’ tumour cells in pancreatic cancer.
a, b, Representative images for immunofluorescent staining of EPCAM, YFP, CK19 (a) and vimentin (b) on KPCY tumours (nâ€‰=â€‰3 mice). Scale bar, 100â€‰Î¼m. Arrowheads indicate CK19+ tumour cells that lost EPCAM expression. c, Heatmap for the hallmark EMT gene set that is enriched in EPCAMâˆ’ tumour cells. Some mesenchymal associated genes, including Grem1 are displayed. d, The table for functional annotations of significantly upregulated genes in EPCAMâˆ’ tumour cells by the DAVID database. Top 2 enriched functional clusters are shown. ES, enrichment score. The P values (EASE scores) are from Fisher's exact test. e, f, Representative images for RNAscope staining of Grem1 and IF staining of YFP and vimentin in early KPCY tumour lesions (nâ€‰=â€‰3 mice). Scale bar, 100â€‰Î¼m. Indicated areas are magnified on the right. Scale bar, 25â€‰Î¼m.


Extended Data Fig. 2 GREM1 expression highly correlates with EMT in human pancreatic cancer.
a, Normalized RNA read counts (RSEM) for GREM1 from the TCGA PDAC dataset. The samples were categorized into GREM1hi and GREM1lo groups based on its expression, higher or lower than the median value. The lines in violin plots show the median, the upper quartile and the lower quartile respectively. P value is from two-sided Mann-Whitney test. b, GSEA plot for enrichment of the hallmark EMT gene set in the transcriptome of GREM1hi PDACs. NES, normalized enrichment score; FDR, false discovery rate. c, RSEM for epithelial and mesenchymal genes and GREM1 in the Cancer Cell Line Encyclopedia dataset for human PDAC cell lines. Cell lines were categorized into VIMhi and VIMlo groups based on its expression higher or lower than the median value. The lines in violin plots show the median, the upper quartile and the lower quartile respectively. P values are from two-sided t-test. d, UMAP plot of single cells in a scRNA-seq dataset for human PDACs (nâ€‰=â€‰24 biologically independent samples). Ductal cell type 1 and 2 represent two main cancer cell populations. e, Cancer cells were categorized into GREM1pos (nâ€‰=â€‰410 cells) and GREM1neg (nâ€‰=â€‰13551 cells) groups based on the expression of GREM1. The box and the line in the center show the interquartile range (between the 25th and 75th percentile) and the median respectively, and whiskers extend to the largest and smallest values within 1.5 times the interquartile range. P value is from two-sided Wilcoxon test. f, EMT signature score plot for GREM1pos and GREM1neg cancer cells. P value is from two-sided Wilcoxon test.


Extended Data Fig. 3 KPCY and KPFCT pancreatic tumours show similar EMT features and Grem1 expression pattern.
a, Immunofluorescent staining of YFP, CK19, and vimentin in KPCY tumours. Scale bar, 200â€‰Î¼m. Indicated areas are magnified on the right. Scale bar, 50â€‰Î¼m. b, Quantification of the number of CK19+vimentinâˆ’, CK19+vimentinâˆ’ and CK19+vimentinâˆ’ KPCY tumour cells (nâ€‰=â€‰5 mice). c, Immunofluorescent staining of GFP, CK19 and vimentin in KPFCT tumours. Scale bar, 200â€‰Î¼m. Indicated areas are magnified on the right. Scale bar, 50â€‰Î¼m. d, Quantification of the number of CK19+vimentinâˆ’, CK19+vimentinâˆ’ and CK19+vimentinâˆ’ KPFCT tumour cells (nâ€‰=â€‰5 mice). e, RNAscope staining of Grem1 and IF staining of GFP and vimentin in KPFCT tumours. Scale bar, 100â€‰Î¼m. Indicated areas are magnified on the right and bottom. Scale bar, 30â€‰Î¼m. Arrowheads indicates Grem1-expressing tumour cells. f, Quantification of the percentage of epithelial tumour cells (ETCs), mesenchymal tumour cells (MTCs) and stromal cells (SCs) in the Grem1+ population (nâ€‰=â€‰3 mice). The bar charts show the mean Â± s.e.m. P values are from one-way ANOVA and Tukey multiple comparison test.
Source data


Extended Data Fig. 4 Grem1 deletion induces highly mesenchymal pancreatic tumours.
a, Ultrasound imaging of pancreatic tumours in 5-week-old KPFCT mice. The dashed red circles indicate the tumours in the pancreas and the numbers denote the tumour volume. b, Quantification of the proportion of 5-week-old KPFCT mice with tumours at different sizes (nâ€‰=â€‰8). c, H&E staining of a small and large tumour from 5-week-old KPFCT mice (nâ€‰=â€‰8). Scale bar, 200â€‰Î¼m. d, Kaplanâ€“Meier survival plot for KPFCT/Grem1wt/wt (nâ€‰=â€‰10), KPFCT/Grem1wt/Î” (nâ€‰=â€‰10) and KPFCT/Grem1Î”/Î” (nâ€‰=â€‰7) mice that received tamoxifen injections at 5 weeks of age. e, RNAscope staining of Grem1 and IHC staining of GFP in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours. Scale bar, 50â€‰Î¼m. f, RTâ€“qPCR analysis of Grem1 on FACS-sorted GFP+ cells from KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours (nâ€‰=â€‰3 mice). The expression was normalized to Rplp0, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. g, H&E and IHC staining for CK19 in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours, showing Grem1 deletion induced highly mesenchymal pancreatic tumours (nâ€‰=â€‰5 mice). Scale bar, 2000â€‰Î¼m. Indicated areas are magnified on the right. Scale bar, 100â€‰Î¼m.
Source data


Extended Data Fig. 5 Grem1-deficient tumours organoids show EMT features and Grem1-deficient tumours correlate with the quasi-mesenchymal subtype of human PDAC.
a, Scheme depicting the experimental approach for establishing KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” organoids from tamoxifen-treated tumours. b, RTâ€“qPCR analysis of epithelial and mesenchymal genes on KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” organoids (nâ€‰=â€‰3 biological replicates). The expression for each gene was normalized against Actb, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. P values are from two-sided t-test. c, Flow cytometry analysis for EPCAM+ and EPCAMâˆ’ populations in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” organoids. d, Principal component analysis (PCA) plot for RNA-seq data from KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours (nâ€‰=â€‰5 mice). e, Nearest Template Prediction (NTP) subtype correlation analysis on KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours using RNA-seq data (nâ€‰=â€‰5 mice). Collison et alâ€™s PDAssigner was used for classical and quasi-mesenchymal subtype prediction. f, GSEA plots for enrichment of the classical or quasi-mesenchymal subtype for KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours. FDR, false discovery rate.
Source data


Extended Data Fig. 6 Grem1 deletion promotes liver metastasis of pancreatic cancer.
a, b, Schemes depicting the KPhetFC/Grem1fl/fl mouse model and the experimental approach. * denotes the G12D mutation site in the KrasFSF-G12D allele. Yellow arrowhead, loxP sites; green arrowhead, Frt sites; TMX, tamoxifen. c, Images for liver and diaphragm tissues from KPhetFC/Grem1wt/wt and KPhetFC/Grem1Î”/Î” mice. Red arrowheads indicate metastatic foci in the liver; the black arrowhead indicates metastatic foci in the diaphragm. d, Percentage of mice developing liver metastases in KPhetFC/Grem1wt/wt (nâ€‰=â€‰6) and KPhetFC/Grem1Î”/Î” (nâ€‰=â€‰8) mice. The P values are shown above the chart; two-tailed Fisher's exact test. e, Quantification of the number of liver metastases per mouse in KPhetFC/Grem1wt/wt (nâ€‰=â€‰6) and KPhetFC/Grem1Î”/Î” (nâ€‰=â€‰8) mice. The scatter dot charts show the mean Â± s.e.m. P value is from two-sided Mann-Whitney test. f, H&E and IHC staining for CK19 in liver metastases from KPhetFC/Grem1wt/wt and KPhetFC/Grem1Î”/Î” mice (nâ€‰=â€‰2 for KPhetFC/Grem1wt/wt and nâ€‰=â€‰5 for KPhetFC/Grem1Î”/Î”). The dashed circles/lines indicate metastases. Scale bar, 200â€‰Î¼m. g, Images for lung tissues from KPhetFC/Grem1wt/wt and KPhetFC/Grem1Î”/Î” mice. Red arrowheads indicate metastatic foci in the lung. h, Percentage of mice developing lung metastases in KPhetFC/Grem1wt/wt (nâ€‰=â€‰6) and KPhetFC/Grem1Î”/Î” (nâ€‰=â€‰7) mice. i, Quantification of the number of lung metastases per mouse in KPhetFC/Grem1wt/wt (nâ€‰=â€‰6) and KPhetFC/Grem1Î”/Î” (nâ€‰=â€‰7) mice. The scatter dot charts show the mean Â± s.e.m. j, H&E and IHC staining for CK19 in lung metastases from KPhetFC/Grem1wt/wt and KPhetFC/Grem1Î”/Î” mice (nâ€‰=â€‰5). The dashed circles indicate metastases. Scale bar, 400â€‰Î¼m. k, GREM1 expression in normal tissues, pancreatic tumours and metastases from a microarray dataset. The scatter charts show the mean Â± s.e.m. P values are from two-sided Mann-Whitney test.
Source data


Extended Data Fig. 7 Grem1 deletion reduces Grem1-expressing myCAFs but does not affect iCAFs, apCAFs and infiltrated immune cells.
a, FACS plots for the separation of epithelial tumour cells (ETCs), mesenchymal tumour cells (MTCs) and CAFs from KPCY tumours using YFP, EPCAM and PDPN markers, which mark tumour cells, epithelial cells and CAFs, respectively. Str., stroma; Tu, Tumour. b, RTâ€“qPCR analysis of Grem1 on FACS-sorted ETCs, MTCs and CAFs cells from KPCY tumours (nâ€‰=â€‰4 mice). c, FACS plots for the separation of myCAFs and iCAFs from KPCY tumours using PDPN and Ly6C markers. Stromal cells were distinguished from tumour cells by YFP, and PDPN+Ly6Câˆ’ and PDPN+Ly6Câˆ’ label myCAFs and iCAFs in the stroma, respectively. Str., stroma; Tu, Tumour. d, RTâ€“qPCR analysis of Grem1 on FACS-sorted ETCs, MTCs and CAFs cells from KPCY tumour (nâ€‰=â€‰3 mice). e, Immunofluorescent staining of aSMA, vimentin and GFP in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours. The dashed circleÂ indicates a highly mesenchymal tumour area with fewer aSMA+ CAFs.Â Scale bar, 400â€‰Î¼m. f, Quantification of aSMA+ areas in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours (nâ€‰=â€‰4 mice). For each tumour, four representative regions with the area of 2.35â€‰mm3 were counted and averaged. g, GSEA plots for the gene signatures of myCAFs, apCAFs and iCAFs in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours (nâ€‰=â€‰5 mice). h, Quantification of different types of infiltrated immune cells in KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours by flow cytometry (nâ€‰=â€‰3 mice). For b, d, gene expression was normalized to Rplp0, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. P values are from one-way ANOVA and Tukey multiple comparison test (b), two-sided t-test (d, h), and two-sided Mann-Whitney test (f); NS, not significant.
Source data


Extended Data Fig. 8 Grem1 overexpression induces epithelial differentiation of pancreatic cancer.
a, RTâ€“qPCR analysis of Grem1 on KPFCT organoids infected with control (pLV) or Grem1-overexpressing (pLV-Grem1) lentiviruses (nâ€‰=â€‰3 biological replicates). b, Flow cytometry analysis of the EPCAMâˆ’ population in KPFCT organoids infected with control or Grem1-overexpressing lentiviruses, treated with vehicle or 100â€‰ng/mL BMP2. c, Immunofluorescent staining of GFP, CK19 and vimentin on subcutaneous tumour grafts derived from KPFCT organoids infected with control or Grem1-overexpressing lentiviruses (nâ€‰=â€‰3 mice). Scale bar, 1000â€‰Î¼m. Indicated areas are magnified on the bottom. Scale bar, 100â€‰Î¼m. d, Quantification of the number of CK19+vimentinâˆ’, CK19+vimentinâˆ’ and CK19+vimentinâˆ’ tumour cells in subcutaneous grafts by KPFCT organoids infected with control or Grem1-overexpressing lentiviruses (nâ€‰=â€‰3 mice). e, RTâ€“qPCR analysis of GREM1 on PANC1 cells infected with control or GREM1-overexpressing lentiviruses (nâ€‰=â€‰3 biological replicates). f, RTâ€“qPCR analysis of epithelial and mesenchymal markers on PANC1 cells infected with control or GREM1-overexpressing lentiviruses, treated with vehicle or 100â€‰ng/mL BMP2 (nâ€‰=â€‰3 biological replicates). For a, e and f, gene expression was normalized against Actb, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. P values are from two-sided t-test (a, d, e) and one-way ANOVA and Tukey multiple comparison test (f).
Source data


Extended Data Fig. 9 Time-course analysis of EMT post Grem1 deletion in KPFC tumour grafts and organoids.
a, RTâ€“qPCR analysis of Grem1 on FACS-sorted RFP+ cells from KPF/Grem1fl/fl tumour grafts at day 1 post vehicle or TMX treatment (nâ€‰=â€‰3 mice). The expression was normalized to Rplp0, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. bâ€“d, Representative images for H&E and IHC staining for CK19 in KPFC/Grem1fl/fl tumour grafts at different time points post vehicle or TMX treatment (nâ€‰=â€‰3 mice). Scale bar, 500â€‰Î¼m. Indicated areas are magnified on the right. Scale bar, 100â€‰Î¼m. e, Scheme depicting the experimental approach for time-course analysis of EMT in organoids. f, Immunofluorescent staining of E-cad and vimentin in KPFC/Grem1fl/fl organoids at different time points of vehicle or 4-OHT treatment (nâ€‰=â€‰4 biological replicates). Organoids were switched to DMEM medium with 5% FCS before adding vehicle or 4-OHT. Scale bar, 20â€‰Î¼m. g, Quantification of vimentin+ cells in organoids in conditions shown in f (nâ€‰=â€‰4 biological replicates). The bar charts show the mean Â± s.e.m. P values are from two-sided t-test.
Source data


Extended Data Fig. 10 Grem1 mediates a negative feedback mechanism for BMP2 signalling to inhibit EMT.
a, GSEA plot for enrichment of the gene ontology (GO) term SMAD binding in KPCY EPCAMâˆ’ tumour cells. NES, normalized enrichment score. b, Heatmap for the KEGG TGF-beta pathway enriched in GREM1hi PDACs from the TCGA dataset. c, GSEA plot for enrichment of the KEGG TGF-beta pathway in GREM1hi PDACs from the TCGA dataset. NES, normalized enrichment score. FDR, false discovery rate. d, RTâ€“qPCR analysis of BMP receptor genes on sorted KPCY EPCAM+ and EPCAMâˆ’ tumour cells (nâ€‰=â€‰3 mice). The expression was normalized to Rplp0, and the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. e, Western blotting of BMPR2, BMPR1A, EPCAM and Î²-actin on sorted EPCAM+ and EPCAMâˆ’ cells from KPFC/Grem1fl/fl organoids (nâ€‰=â€‰3 independent experiments). The numbers indicate the molecular weight (kDa). For gel source data, see Supplementary Figure 1. f, g, KEGG TGF-Î² signalling and SMAD binding score plots for GREM1pos and GREM1neg cancer cells identified in a human PDAC scRNA-seq dataset. P values are from two-sided Wilcoxon test. h, Dot plot for the expression of BMP related genes in GREM1pos and GREM1neg cancer cells identified in a human PDAC scRNA-seq dataset. i, j, SMAD5 binding motifs and scores in Grem1 promoter, predicted by the JASAPR database. k, Immunofluorescent staining of E-cad and vimentin in control (pLV) or Grem1-overexpressing (pLV-Grem1) KPFC/Grem1fl/fl organoids, treated as indicated (nâ€‰=â€‰3 biological replicates). Scale bar, 100â€‰Î¼m. l, Quantification of the number of vimentin+ organoids in conditions shown in k (nâ€‰=â€‰3 biological replicates). The bar charts show the mean Â± s.e.m. P values are from two-way ANOVA and Tukey multiple comparison test.
Source data


Extended Data Fig. 11 Upregulation of core EMT transcription factors in mesenchymal PDAC cancer cells and their activation by BMP2 or Grem1 deletion.
a, Fold changes of mRNA expression of EMT-TFs between EPCAM+ and EPCAMâˆ’ tumour cells from fresh KPCY tumours (nâ€‰=â€‰3 mice), quantified by RTâ€“qPCR. b, RTâ€“qPCR analysis of Snail, Slug, Zeb1, and Twist on sorted EPCAM+ and EPCAMâˆ’ populations from KPFC organoids, treated as indicated (nâ€‰=â€‰3 mice). c, RTâ€“qPCR analysis of EMT TF genes on KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” organoids (nâ€‰=â€‰3 biological replicates). d, Immunofluorescence of Zeb1, GFP and vimentin in primary KPFCT/Grem1wt/wt and KPFCT/Grem1Î”/Î” tumours and KPhetFC/Grem1wt/wt and KPhetFC/Grem1Î”/Î” metastases (nâ€‰=â€‰3 mice). Scale bar, 100â€‰Î¼m. e. SMAD5 binding motifs and scores in Snail promoter, predicted by the JASAPR database. f, ChIP analysis of pSMAD1/5/9 binding sites on Snail promoter in KPFC/Grem1fl/fl cells, treated as indicated. IgG control or phospho-SMAD1Ser463/465/SMAD5Ser463/465/SMAD9Ser465/467 antibodies were used for ChIP and DNA was quantified by qPCR. DNA levels for each condition were normalized to the input, and the fold-change was calculated over the vehicle control (nâ€‰=â€‰3 independent experiments). For a, gene expression was normalized to Rplp0, and for b and c, gene expression was normalized to Actb; the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. P values are from one-way ANOVA and Tukey multiple comparison test (b, f) and two-sided t-test (c).
Source data


Extended Data Fig. 12 Snail and Slug are essential TFs that act together downstream of Grem1 to regulate EMT.
a, RTâ€“qPCR analysis of Snail and Slug on shControl and Snail and Slug dual knocked-down (shSnail/Slug_comb1 and shSnail/Slug_comb2) KPFC/Grem1fl/fl organoids (nâ€‰=â€‰3 biological replicates). b, RTâ€“qPCR analysis of Vim and Zeb1 in shControl shSnail/Slug_comb1, shSnail/Slug_comb2 and Snail knocked-down (shSnail_1) KPFC/Grem1fl/fl organoids (nâ€‰=â€‰3 biological replicates). c, Immunofluorescent staining of vimentin in shControl shSnail/Slug_comb1, shSnail/Slug_comb2 and shSnail_1 KPFC/Grem1fl/fl organoids, treated as indicated (nâ€‰=â€‰3 biological replicates). Scale bar, 50â€‰Î¼m. d, Quantification of the number of vimentin+ cells in organoids in conditions shown in c (nâ€‰=â€‰3 biological replicates). e, Representative images for H&E and IHC staining for CK19 in shControl and shSnail/Slug tumour grafts, treated with vehicle or TMX (nâ€‰=â€‰3 mice). Scale bar, 250â€‰Î¼m. For a and b, the expression for each gene was normalized to Actb; the relative level between samples was calculated using the 2^(-âˆ†âˆ†Ct) method. The bar charts show the mean Â± s.e.m. P values are from two-sided t-test (a) and one-way ANOVA and Tukey multiple comparison test (b, d).
Source data


Extended Data Fig. 13 Model for the mechanism of Grem1 in maintaining cellular heterogeneity in pancreatic cancer.
a, Schematic cartoon depicting the mechanism for the Grem1-mediated paracrine interaction between epithelial and mesenchymal cancer cells, which maintains the epithelial fate by restricting BMP signalling and EMT. b, The BMP2-Grem1 self-inhibitory feedback loop that mimics the Turingâ€™s reaction-diffusion model.


Extended Data Table 1 The list of genes in the UP_KEYWORDS_Secreted category enriched in EPCAMâˆ’ PDAC cellsFull size table
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