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            Abstract
Many proteins and pathways of pharmaceutical interest impinge on ubiquitin ligases or their substrates. The cyclin-dependent kinase (Cdk) inhibitor p27, for example, is polyubiquitylated in a cell cycleâ€“dependent manner by a ubiquitin ligase complex containing the F-box protein Skp2. Regulated turnover of p27 is due, at least partly, to its phosphorylation by Cdk2 on threonine 187, which generates a Skp2-binding site. We made a p27-luciferase (p27Luc) fusion protein and show here that its abundance, like that of p27, is regulated by Skp2 in a cell cycleâ€“dependent manner. As predicted, p27Luc levels increased after blocking Cdk2 activity with inhibitory proteins, peptides or small interfering RNA (siRNA). Accumulation of p27Luc in response to Cdk2 inhibitory drugs (flavopiridol and R-roscovitine) was demonstrable in human tumor cells in vivo using noninvasive bioluminescent imaging. In theory, the approach described here could be used to develop bioluminescent reporters for any drug target that directly or indirectly affects the turnover of a ubiquitin ligase substrate.
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                    Figure 1: p27Luc mimics p27 with respect to regulation by Skp2 and the cell cycle.[image: ]


Figure 2: Inhibition of Cdk2 induces p27Luc.[image: ]


Figure 3: Induction of p27Luc by Cdk2 inhibitory drugs in vitro.[image: ]


Figure 4: Monitoring Cdk2 inhibition in vivo using bioluminescent imaging.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Novel NanoLuc substrates enable bright two-population bioluminescence imaging in animals
                                        
                                    

                                    
                                        Article
                                        
                                         13 July 2020
                                    

                                

                                Yichi Su, Joel R. Walker, â€¦ Michael Z. Lin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Macrocyclic peptide-based inhibition and imaging of hepatocyte growth factor
                                        
                                    

                                    
                                        Article
                                        
                                         17 May 2019
                                    

                                

                                Katsuya Sakai, Toby Passioura, â€¦ Kunio Matsumoto

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Inhibition of the ubiquitin-proteasome system by an NQO1-activatable compound
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 October 2021
                                    

                                

                                Tatiana A. Giovannucci, Florian A. Salomons, â€¦ Nico P. Dantuma

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Change history
	21 June 2004
replaced pdf





References
	Weissleder, R. & Ntziachristos, V. Shedding light onto live molecular targets. Nat. Med. 9, 123â€“128 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, W. & El-Deiry, W.S. Bioluminescent molecular imaging of endogenous and exogenous p53-mediated transcription in vitro and in vivo using an HCT116 human colon carcinoma xenograft model. Cancer Biol. Ther. 2, 196â€“202 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fukumura, D. et al. Tumor induction of VEGF promoter activity in stromal cells. Cell 94, 715â€“725 (1998).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kendall, J.M., Sala-Newby, G., Ghalaut, V., Dormer, R.L. & Campbell, A.K. Engineering aequorin to measure Ca2+ in defined compartments of living cells. Biochem. Soc. Trans. 20, 144S (1992).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Laxman, B. et al. Noninvasive real-time imaging of apoptosis. Proc. Natl. Acad. Sci. USA 99, 16551â€“16555 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Violin, J.D., Zhang, J., Tsien, R.Y. & Newton, A.C. A genetically encoded fluorescent reporter reveals oscillatory phosphorylation by protein kinase C. J. Cell Biol. 161, 899â€“909 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sala-Newby, G.B. & Campbell, A.K. Engineering a bioluminescent indicator for cyclic AMP-dependent protein kinase. Biochem. J. 279 (part 3), 727â€“732 (1991).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ting, A.Y., Kain, K.H., Klemke, R.L. & Tsien, R.Y. Genetically encoded fluorescent reporters of protein tyrosine kinase activities in living cells. Proc. Natl. Acad. Sci. USA 98, 15003â€“15008 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, J., Ma, Y., Taylor, S.S. & Tsien, R.Y. Genetically encoded reporters of protein kinase A activity reveal impact of substrate tethering. Proc. Natl. Acad. Sci. USA 98, 14997â€“5002 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jenkins, T.M., Sala-Newby, G. & Campbell, A.K. Measurement of protein phosphorylation by covalent modification of firefly luciferase. Biochem. Soc. Trans. 18, 463â€“464 (1990).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Deshaies, R. SCF and Cullin/Ring H2-based ubiquitin ligases. Annu. Rev. Cell. Dev. Biol. 15, 435â€“467 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Harper, J.W., Burton, J.L. & Solomon, M.J. The anaphase-promoting complex: it's not just for mitosis any more. Genes Dev. 16, 2179â€“2206 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lukas, C. et al. Accumulation of cyclin B1 requires E2F and cyclin-A-dependent rearrangement of the anaphase-promoting complex. Nature 401, 815â€“818 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bloom, J. & Pagano, M. Deregulated degradation of the Cdk inhibitor p27 and malignant transformation. Semin. Cancer Biol. 13, 41â€“47 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Toogood, P.L. Cyclin-dependent kinase inhibitors for treating cancer. Med. Res. Rev. 21, 487â€“498 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Senderowicz, A.M. Cyclin-dependent kinases as new targets for the prevention and treatment of cancer. Hematol. Oncol. Clin. North Am. 16, 1229â€“1253 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	McClue, S.J. et al. In vitro and in vivo antitumor properties of the cyclin dependent kinase inhibitor CYC202 (R-roscovitine). Int. J. Cancer 102, 463â€“468 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Adams, P.D. et al. Identification of a cyclin-Cdk2 recognition motif present in substrates and p21-like Cdk inhibitors. Mol. Cell. Biol. 16, 6623â€“6633 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van den Heuvel, S. & Harlow, E. Distinct roles for cyclin-dependent kinases in cell cycle control. Science 262, 2050â€“2053 (1993).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, Y. et al. Selective killing of transformed cells by cyclin/cyclin-dependent kinase 2 antagonists. Proc. Natl. Acad. Sci. USA 96, 4325â€“4329 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McInnes, C., Andrews, M.J., Zheleva, D.I., Lane, D.P. & Fischer, P.M. Peptidomimetic design of CDK inhibitors targeting the recruitment site of the cyclin subunit. Curr. Med. Chem. Anti-Canc. Agents 3, 57â€“69 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zheleva, D.I. et al. Highly potent p21(WAF1)-derived peptide inhibitors of CDK-mediated pRb phosphorylation: delineation and structural insight into their interactions with cyclin A. J. Pept. Res. 60, 257â€“270 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mendoza, N. et al. Selective cyclin-dependent kinase 2/cyclin A antagonists that differ from ATP site inhibitors block tumor growth. Cancer Res. 63, 1020â€“1024 (2003).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ortega, S. et al. Cyclin-dependent kinase 2 is essential for meiosis but not for mitotic cell division in mice. Nat. Genet. 35, 25â€“31 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sage, J., Miller, A.L., Perez-Mancera, P.A., Wysocki, J.M. & Jacks, T. Acute mutation of retinoblastoma gene function is sufficient for cell cycle re-entry. Nature 424, 223â€“228 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Malek, N.P. et al. A mouse knock-in model exposes sequential proteolytic pathways that regulate p27Kip1 in G1 and S phase. Nature 413, 323â€“327 (2001).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tetsu, O. & McCormick, F. Proliferation of cancer cells despite CDK2 inhibition. Cancer Cell 3, 233â€“245 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fischer, P.M. et al. Structure-activity relationship of truncated and substituted analogues of the intracellular delivery vector Penetratin. J. Pept. Res. 55, 163â€“172 (2000).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Krek, W. & DeCaprio, J.A. Cell synchronization. Methods Enzymol. 254, 114â€“124 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hollingshead, M.G. et al. In vivo cultivation of tumor cells in hollow fibers. Life Sci. 57, 131â€“141 (1995).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank A. Kung for advice, S. Ren for help with the Cdk2 kinase assays, G. Enders and J. Roberts for critical reading of the manuscript, and members of the Kaelin laboratory for useful discussions. This work was supported by a National Institutes of Health RO1 to W.G.K. W.G.K. is a Howard Hughes Medical Institute Investigator.


Author information
Authors and Affiliations
	Department of Adult Oncology, Dana-Farber Cancer Institute and Brigham and Women's Hospital, Harvard Medical School, Boston, 02115, Massachusetts, USA
Guo-Jun Zhang,Â Michal Safran,Â Wenyi Wei,Â Geoffrey ShapiroÂ &Â William G Kaelin Jr

	Novartis Institutes for Biomedical Research, Cambridge, 02139, Massachusetts, USA
Erik SorensenÂ &Â Peter Lassota

	Cyclacel Ltd James Lindsay Pl, Dundee, DD1 5JJ, Scotland
Nikolai Zhelev

	CMCBR, SIMBIOS, School of Contemporary Sciences, University of Abertay, Bell Str., Dundee, DD1 1HG, Scotland
Nikolai Zhelev

	Department of Biostatistical Science, Dana-Farber Cancer Institute, Boston, 02115, Massachusetts, USA
Donna S Neuberg

	Howard Hughes Medical Institute, Chevy Chase, 20815, Maryland, USA
Guo-Jun ZhangÂ &Â William G Kaelin Jr


Authors	Guo-Jun ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michal SafranView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Wenyi WeiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Erik SorensenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peter LassotaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nikolai ZhelevView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Donna S NeubergView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Geoffrey ShapiroView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	William G Kaelin JrView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                William G Kaelin Jr.


Ethics declarations

              
                Competing interests

                W.G.K. owns more than 5% of Imigen Systems Inc., a biotechnology company devoted to developing molecular imaging tools that might enhance preclinical and clinical drug development. Imigen Systems Inc. owns certain rights surrounding the use of bioluminescent fusion proteins.

              
            

Supplementary information

Supplementary Fig. 1 (PDF 297 kb)

Supplementary Fig. 2 (PDF 65 kb)

Supplementary Fig. 3 (PDF 133 kb)

Supplementary Fig. 4 (PDF 143 kb)

Supplementary Fig. 5 (PDF 151 kb)

Supplementary Fig. 6 (PDF 70 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Zhang, GJ., Safran, M., Wei, W. et al. Bioluminescent imaging of Cdk2 inhibition in vivo.
                    Nat Med 10, 643â€“648 (2004). https://doi.org/10.1038/nm1047
Download citation
	Received: 08 September 2003

	Accepted: 23 March 2004

	Published: 02 May 2004

	Issue Date: 01 June 2004

	DOI: https://doi.org/10.1038/nm1047


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

                
                    	
                            
                                
                                    
                                        Molecular and functional imaging in cancer-targeted therapy: current applications and future directions
                                    
                                

                            
                                
                                    	Jing-Wen Bai
	Si-Qi Qiu
	Guo-Jun Zhang


                                
                                Signal Transduction and Targeted Therapy (2023)

                            
	
                            
                                
                                    
                                        Polycistronic gene expression in Aspergillus niger
                                    
                                

                            
                                
                                    	Tabea Schuetze
	Vera Meyer


                                
                                Microbial Cell Factories (2017)

                            
	
                            
                                
                                    
                                        SCF ubiquitin ligase-targeted therapies
                                    
                                

                            
                                
                                    	Jeffrey R. Skaar
	Julia K. Pagan
	Michele Pagano


                                
                                Nature Reviews Drug Discovery (2014)

                            
	
                            
                                
                                    
                                        Visualization of Mitotic Arrest of Cell Cycle with Bioluminescence Imaging in Living Animals
                                    
                                

                            
                                
                                    	Guo-Jun Zhang
	Tsing-Bau Chen
	Cyrille Sur


                                
                                Molecular Imaging and Biology (2013)

                            
	
                            
                                
                                    
                                        Chemical genetics approach to restoring p27Kip1 reveals novel compounds with antiproliferative activity in prostate cancer cells
                                    
                                

                            
                                
                                    	Elizabeth Rico-Bautista
	Chih-Cheng Yang
	Dieter A Wolf


                                
                                BMC Biology (2010)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (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: ]
