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            Abstract
The tumour microenvironment can be a potent carcinogen, not only by facilitating cancer progression and activating dormant cancer cells, but also by stimulating tumour formation1. We have previously investigated stromelysin-1/matrix metalloproteinase-3 (MMP-3), a stromal enzyme upregulated in many breast tumours2, and found that MMP-3 can cause epithelialâ€“mesenchymal transition (EMT) and malignant transformation in cultured cells3,4,5, and genomically unstable mammary carcinomas in transgenic mice3. Here we explain the molecular pathways by which MMP-3 exerts these effects: exposure of mouse mammary epithelial cells to MMP-3 induces the expression of an alternatively spliced form of Rac1, which causes an increase in cellular reactive oxygen species (ROS). The ROS stimulate the expression of the transcription factor Snail and EMT, and cause oxidative damage to DNA and genomic instability. These findings identify a previously undescribed pathway in which a component of the breast tumour microenvironment alters cellular structure in culture and tissue structure in vivo, leading to malignant transformation.
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                    Figure 1: 
                        MMP-3 induces EMT through Rac1b.
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Figure 2: 
                        MMP-3/Rac1b stimulate mitochondrial production of ROS.
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Figure 3: 
                        MMP-3-induced EMT is dependent on ROS.
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Figure 4: 
                        MMP-3-induced ROS cause DNA damage and genomic instability.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Tissue fluidification promotes a cGASâ€“STING cytosolic DNA response in invasive breast cancer
                                        
                                    

                                    
                                        Article
                                         Open access
                                         29 December 2022
                                    

                                

                                Emanuela Frittoli, Andrea Palamidessi, â€¦ Giorgio Scita

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A ZEB1/p53 signaling axis in stromal fibroblasts promotes mammary epithelial tumours
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 July 2019
                                    

                                

                                Rong Fu, Chen-Feng Han, â€¦ Zhao-Qiu Wu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Septin 9 isoforms promote tumorigenesis in mammary epithelial cells by increasing migration and ECM degradation through metalloproteinase secretion at focal adhesions
                                        
                                    

                                    
                                        Article
                                        
                                         08 July 2019
                                    

                                

                                Jenna Marcus, Michal Bejerano-Sagie, â€¦ Cristina Montagna

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Bissell, M. J. & Radisky, D. Putting tumours in context. Nature Rev. Cancer 1, 46â€“54 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sternlicht, M. D. & Werb, Z. How matrix metalloproteinases regulate cell behaviour. Annu. Rev. Cell Dev. Biol. 17, 463â€“516 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sternlicht, M. D. et al. The stromal proteinase MMP3/stromelysin-1 promotes mammary carcinogenesis. Cell 98, 137â€“146 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lochter, A. et al. Misregulation of stromelysin-1 expression in mouse mammary tumour cells accompanies acquisition of stromelysin-1-dependent invasive properties. J. Biol. Chem. 272, 5007â€“5015 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lochter, A. et al. Matrix metalloproteinase stromelysin-1 triggers a cascade of molecular alterations that leads to stable epithelial-to-mesenchymal conversion and a premalignant phenotype in mammary epithelial cells. J. Cell Biol. 139, 1861â€“1872 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Egeblad, M. & Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nature Rev. Cancer 2, 161â€“174 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Boudreau, N., Sympson, C. J., Werb, Z. & Bissell, M. J. Suppression of ICE and apoptosis in mammary epithelial cells by extracellular matrix. Science 267, 891â€“893 (1995)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jordan, P., Brazao, R., Boavida, M. G., Gespach, C. & Chastre, E. Cloning of a novel human Rac1b splice variant with increased expression in colorectal tumors. Oncogene 18, 6835â€“6839 (1999)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schnelzer, A. et al. Rac1 in human breast cancer: overexpression, mutation analysis, and characterization of a new isoform, Rac1b. Oncogene 19, 3013â€“3020 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Singh, A. et al. Rac1b, a tumour associated, constitutively active Rac1 splice variant, promotes cellular transformation. Oncogene 23, 9369â€“9380 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kheradmand, F., Werner, E., Tremble, P., Symons, M. & Werb, Z. Role of Rac1 and oxygen radicals in collagenase-1 expression induced by cell shape change. Science 280, 898â€“902 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Werner, E. & Werb, Z. Integrins engage mitochondrial function for signal transduction by a mechanism dependent on Rho GTPases. J. Cell Biol. 158, 357â€“368 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Samper, E., Nicholls, D. G. & Melov, S. Mitochondrial oxidative stress causes chromosomal instability of mouse embryonic fibroblasts. Aging Cell 2, 277â€“285 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Suh, Y. A. et al. Cell transformation by the superoxide-generating oxidase Mox1. Nature 401, 79â€“82 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Droge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 82, 47â€“95 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Puri, P. L. et al. A myogenic differentiation checkpoint activated by genotoxic stress. Nature Genet. 32, 585â€“593 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Finkel, T. Oxidant signals and oxidative stress. Curr. Opin. Cell Biol. 15, 247â€“254 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Madesh, M. & Hajnoczky, G. VDAC-dependent permeabilization of the outer mitochondrial membrane by superoxide induces rapid and massive cytochrome c release. J. Cell Biol. 155, 1003â€“1015 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mori, K., Shibanuma, M. & Nose, K. Invasive potential induced under long-term oxidative stress in mammary epithelial cells. Cancer Res. 64, 7464â€“7472 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kalluri, R. & Neilson, E. G. Epithelial-mesenchymal transition and its implications for fibrosis. J. Clin. Invest. 112, 1776â€“1784 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nieto, M. A. The snail superfamily of zinc-finger transcription factors. Nature Rev. Mol. Cell Biol. 3, 155â€“166 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Thiery, J. P. Epithelial-mesenchymal transitions in tumour progression. Nature Rev. Cancer 2, 442â€“454 (2002)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Struthers, L., Patel, R., Clark, J. & Thomas, S. Direct detection of 8-oxodeoxyguanosine and 8-oxoguanine by avidin and its analogues. Anal. Biochem. 255, 20â€“31 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Johnson, R. K., Inouye, T., Goldin, A. & Stark, G. R. Antitumor activity of N-(phosphonacetyl)-L-aspartic acid, a transition-state inhibitor of aspartate transcarbamylase. Cancer Res. 36, 2720â€“2725 (1976)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wahl, G. M., Padgett, R. A. & Stark, G. R. Gene amplification causes overproduction of the first three enzymes of UMP synthesis in N-(phosphonacetyl)-L-aspartate-resistant hamster cells. J. Biol. Chem. 254, 8679â€“8689 (1979)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shin, C. & Manley, J. L. Cell signalling and the control of pre-mRNA splicing. Nature Rev. Mol. Cell Biol. 5, 727â€“738 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Matos, P., Collard, J. G. & Jordan, P. Tumor-related alternatively spliced Rac1b is not regulated by Rho-GDP dissociation inhibitors and exhibits selective downstream signalling. J. Biol. Chem. 278, 50442â€“50448 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fiegen, D. et al. Alternative splicing of Rac1 generates Rac1b, a self-activating GTPase. J. Biol. Chem. 279, 4743â€“4749 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Neumann, C. A. et al. Essential role for the peroxiredoxin Prdx1 in erythrocyte antioxidant defence and tumour suppression. Nature 424, 561â€“565 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Snijders, A. M. et al. Shaping of tumour and drug-resistant genomes by instability and selection. Oncogene 22, 4370â€“4379 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank G. Stark for advice with the PALA assay; M. LaBarge, M. Adriance and other members of the Bissell laboratory for discussions; J. Campisi for critical reading of the manuscript; and C. Chen for technical assistance. This work was supported by grants from the OBER office of the Department of Energy and an Innovator award from the Department of Defense (to M.J.B.) and from the National Institutes of Health (to M.J.B. and Z.W.), and by fellowships from the American Cancer Society (D.C.R.), the National Cancer Institute (L.E.L.), the Department of Defense (H.L. and C.M.N.) and the California Breast Cancer Research Program (J.E.F).


Author information
Authors and Affiliations
	Life Sciences Division, Lawrence Berkeley National Laboratory, California, 94720, Berkeley, USA
Derek C. Radisky,Â Dinah D. Levy,Â Hong Liu,Â Celeste M. Nelson,Â Jimmie E. FataÂ &Â Mina J. Bissell

	Department of Anatomy, University of California, California, 94143, San Francisco, USA
Laurie E. LittlepageÂ &Â Zena Werb

	Dharmacon Inc., Colorado, 80026, Lafayette, USA
Devin LeakeÂ &Â Elizabeth L. Godden

	Department of Laboratory Medicine, and Comprehensive Cancer Center, University of California, California, 94143, San Francisco, USA
Donna G. Albertson

	Department of Developmental Neurobiology, Instituto de Neurociencias de Alicante, 03550, San Juan de Alicante, Spain
M. Angela Nieto


Authors	Derek C. RadiskyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dinah D. LevyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Laurie E. LittlepageView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hong LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Celeste M. NelsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jimmie E. FataView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Devin LeakeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Elizabeth L. GoddenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Donna G. AlbertsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	M. Angela NietoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zena WerbView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mina J. BissellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding authors
Correspondence to
                Derek C. Radisky or Mina J. Bissell.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figure S1
Properties of MMP-3-induced EMT (PDF 245 kb)


Supplementary Figure S2
Dependence of MMP-3-induced EMT on Rac1 activity (PDF 143 kb)


Supplementary Figure S3
Selective knockdown of cotransfected constructs by siRNA (PDF 3121 kb)


Supplementary Figure S4
Induction of EMT by proteolytic activity of MMP-3 (PDF 570 kb)


Supplementary Figure S5
Validation of Rac1b antibody (PDF 109 kb)


Supplementary Figure S6
Effect of YFP-fused Rac1 constructs on cell morphology (PDF 4359 kb)


Supplementary Figure S7
Activity assay of YFP-fused mouse Rac1b and Rac1V12 (PDF 95 kb)


Supplementary Figure Legends
Legends to accompany Supplementary Figures S1-S7 (DOC 28 kb)


Supplementary Methods
Genomic instability assays (DOC 26 kb)


Supplementary Notes
Statistical significance of data for Supplementary Figures S1-S4 (DOC 25 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Radisky, D., Levy, D., Littlepage, L. et al. Rac1b and reactive oxygen species mediate MMP-3-induced EMT and genomic instability.
                    Nature 436, 123â€“127 (2005). https://doi.org/10.1038/nature03688
Download citation
	Received: 22 February 2005

	Accepted: 25 April 2005

	Issue Date: 07 July 2005

	DOI: https://doi.org/10.1038/nature03688


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

                
                    	
                            
                                
                                    
                                        Differences and similarities in biophysical and biological characteristics between U87 MG glioblastoma and astrocyte cells
                                    
                                

                            
                                
                                    	Berrin Ozdil
	Duygu Calik-Kocaturk
	Huseyin Aktug


                                
                                Histochemistry and Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Oxidative stress regulation and related metabolic pathways in epithelialâ€“mesenchymal transition of breast cancer stem cells
                                    
                                

                            
                                
                                    	Raheleh Farahzadi
	Behnaz Valipour
	Zohreh Sanaat


                                
                                Stem Cell Research & Therapy (2023)

                            
	
                            
                                
                                    
                                        Preneoplastic stromal cells promote BRCA1-mediated breast tumorigenesis
                                    
                                

                            
                                
                                    	Kevin Nee
	Dennis Ma
	Kai Kessenbrock


                                
                                Nature Genetics (2023)

                            
	
                            
                                
                                    
                                        HOXA13 promotes the proliferation, migration, and invasion of nasopharyngeal carcinoma HNE1 cells by upregulating the expression of Snail and MMP-2
                                    
                                

                            
                                
                                    	Jinping Liu
	Huajun Feng
	Gang Qin


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Involvement of redox signalling in tumour cell dormancy and metastasis
                                    
                                

                            
                                
                                    	Beatriz Puente-Cobacho
	Alfonso Varela-LÃ³pez
	Laura Vera-Ramirez


                                
                                Cancer and Metastasis Reviews (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

                            
    
        
            
                [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]
                    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
            
        


    









    [image: ]







[image: ]
