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            Abstract
Nutrient deprivation is a stimulus shared by both autophagy and the formation of primary cilia. The recently discovered role of primary cilia in nutrient sensing and signalling motivated us to explore the possible functional interactions between this signalling hub and autophagy. Here we show that part of the molecular machinery involved in ciliogenesis also participates in the early steps of the autophagic process. Signalling from the cilia, such as that from the Hedgehog pathway, induces autophagy by acting directly on essential autophagy-related proteins strategically located in the base of the cilium by ciliary trafficking proteins. Whereas abrogation of ciliogenesis partially inhibits autophagy, blockage of autophagy enhances primary cilia growth and cilia-associated signalling during normal nutritional conditions. We propose that basal autophagy regulates ciliary growth through the degradation of proteins required for intraflagellar transport. Compromised ability to activate the autophagic response may underlie some common ciliopathies.
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                    Figure 1: Blockage of IFT reduces autophagic activity.[image: ]


Figure 2: Hedgehog signalling requires the primary cilia to regulate autophagy.[image: ]


Figure 3: Autophagy-related proteins associate with ciliary structures in a serum-dependent manner.[image: ]


Figure 4: IFT20 regulates trafficking of ATG16L to the cilium.[image: ]


Figure 5: Ciliogenesis is enhanced in autophagy-defective cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Schematic model of the interplay between autophagy and ciliogenesis.
Starvation conditions (serum−) increase intraflagellar transport (IFT) and ciliogenesis and Hedgehog (Hh) signalling. We show in this work that both events increase autophagosome formation interdependently. ATG16L is trafficked in IFT20-enriched vesicles to the base of the cilia where most ATG localize. Arrival of ATG16L to this ATG assembly and/or its transport along the axoneme seems to initiate the elongation of ATG5 structures and presence of lipid-binding ATGs (such as LC3 and GABARAP) in the cilia and at the plasma membrane. The cilium also contains under these conditions molecules of SMO that are mobilized to the ciliary membrane after release of the inhibitory effect of Ptc. Activated SMO induces the downstream transcription factors GLI1/GLI2 which further favours recruitment and assembly of ATGs in the base of the cilium. Normal nutritional conditions (serum+) lead to decreased Hh and IFT and suppression of starvation-induced autophagy. Basal autophagy contributes to maintain ciliogenesis to a minimum through the degradation of IFT20, which in turns reduces trafficking of ATG16L into the ATG assembly at the base of the cilium, preventing induction of ciliary autophagy.


Extended Data Figure 2 Ciliogenesis and LC3 in different cell types.
a, Immunoblot for IFT20 and IFT88 and quantification in MEFs control (Ctrl) or knocked down (−) for IFT20 (**P = 0.007, n = 7), or kidney epithelial cells (KECs) wild-type (WT) or knockout for IFT88 (Ift88−/−; **P = 0.0003, n = 3). ADU, arbitrary densitometric units (n = 3). b, Rates of degradation of long-lived proteins in the same cells expressed as a percentage of total proteolysis (top) or as a percentage of lysosomal degradation (sensitive to inhibition of lysosomal proteases) (*P = 0.021, n = 3). c, Ciliated cells in MEFs (**P = 0.003, n = 5), KECs (*P = 0.011, *P = 0.021, n = 5) and retinal ganglion cells (RGC-5; **P = 0.004, ##P = 0.0002, n = 5) maintained in the presence or absence of serum. d, Immunoblot for LC3 in MEFs and KECs maintained in the presence of serum and treated or not with protease inhibitors (PI). e, Single-channel images and merge of WT and Ift88−/− KECs transfected with the mCherry–GFP–LC3 reporter. f, Immunofluorescence for LC3 in WT and Ift88−/− KECs upon serum removal. Quantification of LC3-positive puncta (*P = 0.04, n = 3). Scale bars, 10 µm. Mean ± s.e.m. unless otherwise stated.


Extended Data Figure 3 Autophagy in IFT88 and IFT20 double-knockdown cells.
a, Immunoblot for the indicated proteins of MEFs Ctrl or knockdown for IFT88 (IFT88−) or for IFT88 and IFT20 (IFT20−/IFT88−). b, Percentage of ciliated cells after 24-h serum starvation and representative images of cilia (acetylated tubulin, green) and basal body (γ-tubulin, red) in the same cells(IFT88−, **P = 0.00001; IFT20-88−, **P = 0.0006, n = 5). Arrows indicate cilia. c, LC3 flux immunoblot in the same cell lines maintained in presence or absence of serum. d, Quantification of LC3-II levels (S+, **P = 0.0008, **P = 0.004, n = 4; S−, *P = 0.034, n = 5) and LC3-II flux (S+, n = 4; S−, *P = 0.016, n = 5) by densitometry of blots as the ones shown in c. Mean ± s.d. e, LC3 flux in a retinal ganglion cell line (RGC-5) and in KEC treated or not with platelet-derived growth factor (PDGF). Scale bars, 10 µm. Mean ± s.e.m. unless otherwise stated.


Extended Data Figure 4 Ciliary hedgehog signalling modulates autophagy.
a, Scheme of chemical and genetic approaches to modulate hedgehog (Hh) signalling. Both the agonist purmorphamine (Purmo) and genetic ablation of the Patched-1 receptor (Ptc−/−) result in the recruitment of SMO to the cilia and initiation of expression of GLI factors. Knockdown of SMO− or treatment with the SMO antagonist cyclopamine (Cyclo) suppress activation of downstream effectors. b, mRNA expression of Hh downstream effector genes relative after PDGF-induced ciliary resorption relative to untreated Serum− cells (Gli1, **P = 0.0006, **P = 0.007; Gli2, **P = 0.0001; Ptc, **P = 0.002; n = 3). c, mRNA levels for downstream target genes of Hh signalling measured by RT–PCR after the indicated treatments (Smo; Ctrl *P = 0.028, purmorphamine *P = 0.027; Gli1, ctrl **P = 0.006, purmorphamine *P = 0.037; Bcl-2, Ctrl **P = 0.007; n = 3). d, Immunofluorescence for LC3 in control cells treated or not with purmorphamine, and in Ptc−/− cells. Right, quantification (n = 3). e, mCherry–GFP–LC3 reporter in cells treated with purmorphamine. f, LC3 flux in IFT88− MEFs treated with purmorphamine. Right, quantification of LC3-II flux (Mean ± s.d.; n = 3). g, Ptc mRNA levels in MEF WT and Ptc1−/− (n = 3). h, Immunofluorescence for acetylated tubulin in MEF WT and Ptc−/−. i, Percentage ciliated cells in WT and Ptc−/− MEFs (*P = 0.014, ##P = 0.0009, n = 3). j, Relative mRNA expression by RT–PCR of Hh downstream effector genes in control and myc–GLI1 cells (Gli1, **P = 0.0017; Bcl2 **P = 0.004; Ptc **P = 0.0006; Hhip *P = 0.03; Gli2 *P = 0.028; n = 3). k, LC3 flux immunoblot in MEFs treated or not with Cyclo and PI. Quantification of LC3-II flux (n = 3). Differences with Ctrl (*) or with Serum + (#) are significant for P < 0.05. n.s., statistically non-significant. Mean ± s.e.m. unless otherwise stated. Scale bars, 10 µm.


Extended Data Figure 5 Presence of ATGs at the primary cilia.
a, Co-immunostaining for the indicated autophagy-related proteins (ATGs; green) and acetylated tubulin (red) of mouse kidney epithelial cells maintained in the absence of serum for 24 h. b, 3D reconstruction of the co-staining for ATG16L and acetylated tubulin in the cilia. ATG14 is shown an as example of absence of colocalization. 0.2-µm Z-stack are shown from the surface to the bottom part of the cilium. c, Staining with ATG16L or acetylated tubulin, and 3D images in cells transiently transfected with either GFP–LC3 or GFP–inversin and in GFP–inversin 3T3 stable cell lines. d, Immunostaining for ATG16L in NRK Ctr or knockdown for ATG16L transiently transfected with GFP–inversin to highlight the primary cilia. Individual channels, merge and 3D reconstitution of the co-staining are shown. e, Immunoblot for ATG16L in ATG16L− NRK cells. Scale bars, 10 µm.


Extended Data Figure 6 Autophagy-related proteins associate with the basal body in a serum-dependent manner.
a, b, Co-immunostaining for ATGs and gamma tubulin of kidney epithelial cells (KECs) maintained in serum-free (a) or serum-supplemented media (b). Arrows, colocalization (yellow) or no colocalization (white) in the centriole. c, Co-immunostaining of ATG7 (green) with gamma tubulin (red) in WT and Ift88−/− KECs maintained in the presence or absence of serum for 24 h. Scale bars, 10 µm.


Extended Data Figure 7 Changes in intracellular distribution of ATGs in kidney epithelial cells with defective IFT.
a, Immunostaining for ATG7, ATG14, LC3 and GABARAP in WT and Ift88−/− kidney epithelial cells (KECs) maintained in the presence or absence of serum for 24 h. b, ATG5 co-immunostaining (green) with gamma tubulin or acetylated tubulin (red) in KECs. Arrows indicate clusters of ATG5. c, Immunostaining for ATG5 in WT and Ift88−/− KECs maintained in the absence of serum for 24 h. d, Immunostaining for ATG5 (green) and acetylated tubulin (red) in WT or Ptc−/− MEFs. Yellow arrow, ATG5 over ciliary structures. Scale bars, 10 µm.


Extended Data Figure 8 Interaction of IFT20 with ATGs.
a, Co-immunostaining for ATG16L and γ-tubulin in kidney epithelial cells (KECs) WT or Ift88−/− maintained in the presence or absence of serum for 24 h. Arrows, colocalization (yellow) or no colocalization (white) at the basal body (BB). b, Percentage of WT MEFs untreated (−), treated with purmorphamine (*P = 0.01, n = 4) or Ptc−/− (*P = 0.005, n = 4) showing colocalization of ATG16L and BB in the absence of serum. c, Co-immunostaining for IFT20 and ATG16L in the same cells as in a. Insets show split channels of boxed areas at higher magnification. Arrows, colocalization. Right: quantification of the colocalization (##P = 0.004, **P = 0.004, n = 4). d, Co-immunostaining for IFT20 (red) with VPS15, ATG7 and ATG14 (green) in WT KECs during starvation. Insets show boxed areas at higher magnification. Yellow arrows, colocalization. Percentage of colocalization is indicated. e–g, Immunoblot for the indicated proteins after coimmunoprecipitation for IFT20 (e, f) or ATG14 (g) in the same cells. h, Immunogold electron microscopy for ATG16L and IFT20 in isolated cytosolic vesicles. Full-field images of double immunogold staining for IFT20 (10 nm) and ATG16L (15 nm) captured by transmission electron microscopy. ATG16L alone (yellow), IFT20 alone (blue), both proteins (red). Right image shows absence of gold particles in a region of vesicle-free film. Mean ± s.e.m. unless otherwise stated. Scale bars, 10 µm.


Extended Data Figure 9 Effect of blockage of autophagy on ciliogenesis.
a, Co-immunostaining for acetylated tubulin and gamma tubulin in MEFs from WT or ATG5 null mice (Atg5−/−) maintained in the absence of serum for the indicated periods of time. Arrows, cilia. b, Immunostaining for acetylated and gamma tubulin in MEFs control or knocked down (−) for ATG7, and maintained in the presence or absence of serum. Arrows, cilia. c, Quantification of the percentage of ciliated cells in ATG7− (n = 5). d, Immunostaining for acetylated tubulin in KEC control or ATG14−. e, Quantification of the percentage of ciliated cells in ATG14− cells. Cells from Ift88 null mice are used as negative control in e, (n = 4). f, Percentage of ciliated MEFs upon treatment with 3-methyladenine (3MA) or rapamycin (Rapa) in the presence or absence of serum (n = 3). g, Percentage of ciliated retinal ganglionar cells (RGC-5) at the indicated times of treatment with 3MA or rapamycin in the presence of serum (n = 3). Scale bars, 10 µm. Arrows; cilia. All values are mean ± s.e.m. unless otherwise stated. Differences with Ctrl (*) or with Serum+ (#) are significant for P < 0.05. n.s., statistically non-significant.


Extended Data Figure 10 Ultrastructure of the primary cilia in autophagy-deficient cells.
Scanning electron microscopy images of embryonic fibroblasts from WT and ATG5-defective mice (Atg5−/−) grown in the absence or presence of serum. a, Surface of the different cells to highlight lower levels of villi in the Atg5−/− cells. Red arrow, primary cilia. b, Details of primary cilia. Arrows, cilia-associated vesicles. Arrowhead, ciliary pocket. c–e, Morphometric analysis of the cilia; cilia diameter (S−, **P = 0.0002, n = 28; S+, **P = 0.026, n = 24) (c), area of the ciliary pocket (S−, **P = 0.009, n = 28; S+, **P = 0.0001; n = 24) (d), and exosome diameter and number of exosomes per cilia (e) in WT and Atg5−/− MEFs. Mean ± s.d.


Extended Data Figure 11 Enhanced ciliogenesis in autophagy-deficient cells.
a, Co-immunostaining for SMO and acetylated tubulin in WT and Atg5−/− MEFs treated or not with purmorphamine. Arrows, colocalization (yellow) or no colocalization (white). b, Immunofluorescence for IFT20 in MEF WT and Atg5−/−. Arrows, IFT20 cytosolic vesicles. Scale bars, 10 µm. All values are mean ± s.e.m. unless otherwise stated. c, Immunoblot for the indicated proteins in WT MEFs treated or not with ammonium chloride and leupeptin (N/L) and collected at different times after serum removal. d, Time-course of changes in IFT20 protein levels in WT and Atg5−/− cells during serum removal relative to levels in serum supplemented WT MEFs. Time-course of changes in LC3-II flux is plotted as discontinuous line.
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Localization of VPS15 at the axoneme
Serial images through the Z-stacks of the 3D reconstituted axoneme of kidney epithelial cells after 24 h in the absence of serum and co-immunostained for VPS15 (green) and acetylated tubulin (red). (MOV 4671 kb)


Localization of ATG16L at the axoneme
Serial images through the Z-stacks of the 3D reconstituted axoneme of kidney epithelial cells after 24 h in the absence of serum and co-immunostained for ATG16L (green) and acetylated tubulin (red). (MOV 3144 kb)


Localization of AMBRA1 at the axoneme
Serial images through the Z-stacks of the 3D reconstituted axoneme of kidney epithelial cells after 24 h in the absence of serum and co-immunostained for AMBRA1 (green) and acetylated tubulin (red). (MOV 4703 kb)


Localization of LC3 at the axoneme
Serial images through the Z-stacks of the 3D reconstituted axoneme of kidney epithelial cells after 24 h in the absence of serum and co-immunostained for LC3 (green) and acetylated tubulin (red). (MOV 4233 kb)


Localization of GABARAP at the axoneme
Serial images through the Z-stacks of the 3D reconstituted axoneme of kidney epithelial cells after 24 h in the absence of serum and co-immunostained for GABARAP (green) and acetylated tubulin (red). (MOV 2314 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


About this article
Cite this article
Pampliega, O., Orhon, I., Patel, B. et al. Functional interaction between autophagy and ciliogenesis.
                    Nature 502, 194–200 (2013). https://doi.org/10.1038/nature12639
Download citation
	Received: 20 August 2012

	Accepted: 10 September 2013

	Published: 02 October 2013

	Issue Date: 10 October 2013

	DOI: https://doi.org/10.1038/nature12639


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

                
                    	
                            
                                
                                    
                                        Emerging roles of prominin-1 (CD133) in the dynamics of plasma membrane architecture and cell signaling pathways in health and disease
                                    
                                

                            
                                
                                    	Petr Pleskač
	Christine A. Fargeas
	Jan Skoda


                                
                                Cellular & Molecular Biology Letters (2024)

                            
	
                            
                                
                                    
                                        Metabolism of asparagine in the physiological state and cancer
                                    
                                

                            
                                
                                    	Qiong Yuan
	Liyang Yin
	Xuyu Zu


                                
                                Cell Communication and Signaling (2024)

                            
	
                            
                                
                                    
                                        Abnormal accumulation of extracellular vesicles in hippocampal dystrophic axons and regulation by the primary cilia in Alzheimer’s disease
                                    
                                

                            
                                
                                    	Jaemyung Jang
	Seungeun Yeo
	Youngshik Choe


                                
                                Acta Neuropathologica Communications (2023)

                            
	
                            
                                
                                    
                                        Primary cilia sense glutamine availability and respond via asparagine synthetase
                                    
                                

                            
                                
                                    	Maria Elena Steidl
	Elisa A. Nigro
	Alessandra Boletta


                                
                                Nature Metabolism (2023)

                            
	
                            
                                
                                    
                                        Ligand-dependent hedgehog signaling maintains an undifferentiated, malignant osteosarcoma phenotype
                                    
                                

                            
                                
                                    	Vijesh G. Vaghjiani
	Catherine R. Cochrane
	Jason E. Cain


                                
                                Oncogene (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
Autophagy's links with ciliogenesis
The primary cilium is a non-motile signalling organelle found in a specific region of the plasma membrane where it functions in both signal transduction and sensing environmental cues such as nutrient levels. Two complementary papers published in this week's issue of Nature describe a novel link between ciliogenesis and autophagy. Zaiming Tang et al. demonstrate that autophagic degradation of a negative regulator of cilia formation, oral-facial-digital syndrome 1 (OFD1), at centriolar satellites promotes primary cilium biogenesis. Olatz Pampliega et al. uncover a reciprocal relationship between ciliogenesis and autophagy and show that the primary cilium is required for activation of starvation-induced autophagy, and that autophagy negatively regulates ciliogenesis. Cross-talk between the primary cilium and the autophagy pathway may further lead to our understanding of human ciliary diseases.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Molecular clearance at the cell's antenna
                

                
	Valentina Cianfanelli
	Francesco Cecconi



                
    
        
            Nature
        
        News & Views
        
        
            02 Oct 2013
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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 — 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: ]
