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            Abstract
Colorectal cancer is the third most common cancer worldwide, with 1.2 million patients diagnosed annually. In late-stage colorectal cancer, the most commonly used targeted therapies are the monoclonal antibodies cetuximab and panitumumab, which prevent epidermal growth factor receptor (EGFR) activation1. Recent studies have identified alterations in KRAS2,3,4 and other genes5,6,7,8,9,10,11,12,13 as likely mechanisms of primary and secondary resistance to anti-EGFR antibody therapy. Despite these efforts, additional mechanisms of resistance to EGFR blockade are thought to be present in colorectal cancer and little is known about determinants of sensitivity to this therapy. To examine the effect of somatic genetic changes in colorectal cancer on response to anti-EGFR antibody therapy, here we perform complete exome sequence and copy number analyses of 129 patient-derived tumour grafts and targeted genomic analyses of 55 patient tumours, all of which were KRAS wild-type. We analysed the response of tumours to anti-EGFR antibody blockade in tumour graft models and in clinical settings and functionally linked therapeutic responses to mutational data. In addition to previously identified genes, we detected mutations in ERBB2, EGFR, FGFR1, PDGFRA, and MAP2K1 as potential mechanisms of primary resistance to this therapy. Novel alterations in the ectodomain of EGFR were identified in patients with acquired resistance to EGFR blockade. Amplifications and sequence changes in the tyrosine kinase receptor adaptor gene IRS2 were identified in tumours with increased sensitivity to anti-EGFR therapy. Therapeutic resistance to EGFR blockade could be overcome in tumour graft models through combinatorial therapies targeting actionable genes. These analyses provide a systematic approach to evaluating response to targeted therapies in human cancer, highlight new mechanisms of responsiveness to anti-EGFR therapies, and delineate new avenues for intervention in managing colorectal cancer.
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                    Figure 1: Schematic diagram of integrated genomic and therapeutic analyses.[image: ]


Figure 2: Effect of cetuximab treatment on growth of colorectal tumours with different somatic alterations.[image: ]


Figure 3: Genetic alterations involved in secondary resistance to anti-EGFR therapy.[image: ]


Figure 4: Therapeutic intervention in preclinical trials to overcome resistance to anti-EGFR antibody blockade.[image: ]
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Extended data figures and tables

Extended Data Figure 1 EGFR signalling pathway genes involved in cetuximab resistance or sensitivity.
Altered cell-surface receptors or members of RAS or PI3K pathways identified in this study are indicated. Somatic alterations related to resistance or sensitivity are highlighted in red or green boxes, respectively. The percentages indicate the fraction of KRAS wild-type tumours containing the somatic alterations in the specified genes. For the following genes a subset of alterations are indicated: PDGFRA kinase domain mutations; EGFR ecto- and kinase domain mutations and amplifications.


Extended Data Figure 2 Pan-HER monoclonal antibody mixture binds epitopes different from those recognized by cetuximab.
a, The H383 (green) and the S484/G485 (light blue) residues in EGFR domain III are critical for the binding of Pan-HER anti-EGFR antibodies 1277 and 1565, respectively28. Antibodies 1277 and 1565 (ref. 28) bind to an epitope distinct from that of cetuximab, which may contribute to the superior tumour growth inhibition in the presence of mutations at residue 465. Mutations identified in this study affecting G465 (red) and the S492 amino acid (yellow) previously reported to confer cetuximab resistance11 are shown for reference. Similarly to mutations affecting S492, the alterations at 465 that we identified in this study (G465R and G465E) involve changes from a non-polar uncharged side chain to large electrically charged arginine or glutamic acid residues, respectively, and predict resistance to cetuximab. b, Critical EGFR amino acids selectively recognized by both cetuximab and panitumumab as determined by phage screening are shown in blue and include P373, K467, P411, K489, D379, F376 (ref. 27). Residue G465 is in close proximity to K467 and other residues that have been shown to influence the binding of both cetuximab and panitumumab27.


Extended Data Figure 3 Expression of IRS2 according to response categories in tumour graft models.
Results were obtained using Illumina-based oligonucleotide microarrays in 100 tumour grafts that had no mutations in the KRAS, NRAS, BRAF, or PIK3CA genes. Response categories are defined in the main text. OR, objective response; SD, stable disease; PD, progressive disease. P < 0.001 for OR compared with PD and SD compared with PD by one-way ANOVA and Bonferroni’s multiple comparison test. IRS2 expression values are shown in Supplementary Table 10.


Extended Data Figure 4 Functional studies of genetic alterations associated with cetuximab response.
a, b, Ectopic expression of mutations that correlated with resistance to EGFR blockade prevented responsiveness to cetuximab. NCI-H508 cells expressing EGFR G465E (a, left) or DDK-tagged MAP2K1 K57N (b, left) were refractory to cetuximab in dose-dependent viability assays after 6 days of treatment. Results are the means ± s.d. of two independent experiments performed in biological triplicates (n = 6) for EGFR G465E and three independent experiments performed in biological triplicates (n = 9) for MAP2K1 K57N compared with mock vector controls. Biochemical responses of NCI-H508 EGFR G465E (a, right) and NCI-H508 MAP2K1 K57N (b, right) treated with cetuximab for 24 h were documented by western blot analyses. c, Genetic silencing of IRS2 (IRS2 shRNA) in NCI-H508 cells reduced sensitivity to cetuximab in dose-dependent viability assays (left). Results are the means ± s.d. of two independent experiments performed in biological triplicates (n = 6). In biochemical studies using western blot analyses (right), IRS2 knockdown attenuated EGF-dependent activation of AKT (P-AKT) and ERK (P-ERK). Cells were treated for 10 min with the indicated concentrations of EGF. Tubulin was used as a loading control. Western blots for total EGFR, ERK, and AKT proteins were run with the same lysates as those used for anti-phosphoprotein detection but on different gels. All western blots are representative of two independent experiments.


Extended Data Figure 5 Signalling consequences of FGFR inhibition in FGFR1-amplified CRC477.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours at the end of treatment. Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. P-ERK, phospho-ERK; P-S6, phospho-S6. NT, not treated (vehicle); CET, cetuximab; BGJ, BGJ398. *P < 0.05; **P < 0.01 by two-tailed Student’s t-test.


Extended Data Figure 6 Signalling consequences of EGFR inhibition in EGFR mutant (V843I) CRC334.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours at the end of treatment. Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. AFA, afatinib. **P < 0.01; ***P < 0.001 by two-tailed Student’s t-test.


Extended Data Figure 7 Signalling consequences of PDGFR inhibition in PDGFRA mutant (R981H) CRC525.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours after acute treatment (4 h after imatinib and 24 h after cetuximab administration). Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. **P < 0.01 by two-tailed Student’s t-test.


Extended Data Figure 8 Signalling consequences of MEK1 inhibition in MAP2K1 mutant (K57KN) CRC343.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours at the end of treatment. Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. AZD, AZD6244; SCH, SCH772984. ***P < 0.001 by two-tailed Student’s t-test.


Extended Data Figure 9 Signalling consequences of EGFR inhibition in EGFR mutant (G465E) CRC104.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours at the end of treatment. Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. PAN, panitumumab. NS, not significant; **P <0.01 by two-tailed Student’s t-test.


Extended Data Figure 10 Signalling consequences of EGFR inhibition in EGFR mutant (G465R) CRC177.
Immunohistochemistry with the indicated antibodies and morphometric quantitations of representative tumours at the end of treatment. Results are the means ± s.d. of five fields (×40) from two tumours for each experimental point (n = 10). Scale bar, 300 μm. *P < 0.05; ***P < 0.001 by two-tailed Student’s t-test.





Supplementary information
Supplementary Information
This file contains Supplementary Tables 1-10. (XLSX 6636 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Bertotti, A., Papp, E., Jones, S. et al. The genomic landscape of response to EGFR blockade in colorectal cancer.
                    Nature 526, 263–267 (2015). https://doi.org/10.1038/nature14969
Download citation
	Received: 17 November 2014

	Accepted: 22 July 2015

	Published: 30 September 2015

	Issue Date: 08 October 2015

	DOI: https://doi.org/10.1038/nature14969


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 emergence of RAS mutations in patients with RAS wild-type mCRC receiving cetuximab as first-line treatment: a noninterventional, uncontrolled multicenter study
                                    
                                

                            
                                
                                    	Hsiang-Lin Tsai
	Chun-Chi Lin
	Jaw-Yuan Wang


                                
                                British Journal of Cancer (2023)

                            
	
                            
                                
                                    
                                        Colorectal cancer patient-derived organoids and cell lines harboring ATRX and/or DAXX mutations lack Alternative Lengthening of Telomeres (ALT)
                                    
                                

                            
                                
                                    	Marta Falcinelli
	Giulia Dell’Omo
	Fabrizio d’Adda di Fagagna


                                
                                Cell Death & Disease (2023)

                            
	
                            
                                
                                    
                                        Final results of DESTINY-CRC01 investigating trastuzumab deruxtecan in patients with HER2-expressing metastatic colorectal cancer
                                    
                                

                            
                                
                                    	Takayuki Yoshino
	Maria Di Bartolomeo
	Maria Di Bartolomeo


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Organoids and organs-on-chips: insights into predicting the efficacy of systemic treatment in colorectal cancer
                                    
                                

                            
                                
                                    	Jialong Zhu
	Linlin Ji
	Xiaoyuan Chu


                                
                                Cell Death Discovery (2023)

                            
	
                            
                                
                                    
                                        Rational combinations of targeted cancer therapies: background, advances and challenges
                                    
                                

                            
                                
                                    	Haojie Jin
	Liqin Wang
	René Bernards


                                
                                Nature Reviews Drug Discovery (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
Genomics of a cancer during targeted therapy
Victor Velculescu and colleagues examine the effect of somatic genetic changes in colorectal cancer on sensitivity to a common targeted therapy. Exome sequencing, copy number and targeted analyses of tumour response to anti-EGFR antibody blockade identified mutations in ERBB2, EGFR, FGFR1, PDGFRA, and MAP2K1 as potential mechanisms of primary resistance to this therapy. Therapeutic resistance to EGFR blockade could be overcome in tumour graft models through combinatorial therapies targeting actionable genes. In addition to highlighting new mechanisms of responsiveness to anti-EGFR therapies, this work provides new avenues for intervention in the management of colorectal cancer.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
