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            Abstract
Primary cilia project in a single copy from the surface of most vertebrate cell types; they detect and transmit extracellular cues to regulate diverse cellular processes during development and to maintain tissue homeostasis. The sensory capacity of primary cilia relies on the coordinated trafficking and temporal localization of specific receptors and associated signal transduction modules in the cilium. The canonical Hedgehog (HH) pathway, for example, is a bona fide ciliary signalling system that regulates cell fate and self-renewal in development and tissue homeostasis. Specific receptors and associated signal transduction proteins can also localize to primary cilia in a cell type-dependent manner; available evidence suggests that the ciliary constellation of these proteins can temporally change to allow the cell to adapt to specific developmental and homeostatic cues. Consistent with important roles for primary cilia in signalling, mutations that lead to their dysfunction underlie a pleiotropic group of diseases and syndromic disorders termed ciliopathies, which affect many different tissues and organs of the body. In this Review, we highlight central mechanisms by which primary cilia coordinate HH, G protein-coupled receptor, WNT, receptor tyrosine kinase and transforming growth factor-β (TGFβ)/bone morphogenetic protein (BMP) signalling and illustrate how defects in the balanced output of ciliary signalling events are coupled to developmental disorders and disease progression.


Key points

                	
                  Primary cilia emanate in a single copy from the centrosomal mother centriole (basal body) at the surface of most vertebrate cell types.

                
	
                  Primary cilia possess a unique lipid and receptor composition and detect and convey extracellular cues to control cellular processes during development and in tissue homeostasis.

                
	
                  Current evidence suggests that primary cilia coordinate a variety of signalling pathways, including those regulated by Hedgehog (HH), G protein-coupled receptors (GPCRs), WNT, receptor tyrosine kinases (RTKs) and transforming growth factor-β (TGFβ)/bone morphogenetic protein (BMP), to control developmental processes, tissue plasticity and organ function.

                
	
                  The ability of primary cilia to balance the output of cellular signalling is dynamic and relies on the differentiation state and microenvironment of the cell.

                
	
                  Dysfunction of primary cilia underlies a pleiotropic group of diseases and syndromic disorders termed ciliopathies, affecting many different organs in the body.

                
	
                  Mechanistic insight into ciliary coordination of spatiotemporal signalling networks is critical for understanding the aetiology of ciliopathies and for the discovery of novel ciliopathy disease genes and drug targets.
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                    Fig. 1: Overview of primary cilia, cellular signalling and ciliopathies.[image: ]


Fig. 2: Overview of canonical Hedgehog signalling in primary cilia.[image: ]


Fig. 3: Overview of ciliary GPCR signalling.[image: ]


Fig. 4: Overview of ciliary transition zone and basal body modulation of WNT signalling.[image: ]


Fig. 5: Overview of ciliary PDGFRα, insulin and IGF1 signalling.[image: ]


Fig. 6: Overview of ciliary TGFβ/BMP signalling.[image: ]
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