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The molecular machines that traffic signaling receptors into and 
out of cilia

Maxence V. Nachury
UCSF School of Medicine, Department of Ophthalmology

Abstract

Cilia are surface-exposed organelles that dynamically concentrate signaling molecules to organize 

sensory, developmental and homeostatic pathways. Entry and exit of signaling receptors is 

germane to the processing of signals and the molecular machines for entry and exit have strated to 

emerge. The IFT-A complex and its membrane recruitment factor Tulp3 complex promotes the 

entry of signaling receptors into cilia while the BBSome and its membrane recruitment factor 

Arl6GTP ferry activated signaling receptors out of cilia. Ciliary exit is a surprisingly complex 

process entailing passage through a first diffusion barrier at the transition zone, diffusion inside an 

intermediate compartment and crossing of a periciliary diffusion barrier. The two barriers may 

organize a privileged compartment where activated signaling receptors transiently reside.

Introduction

Sorting of membrane proteins between compartments is overwhelmingly carried out by coat 

complexes that recognize targeting determinants exposed on the cytoplasmic domains of 

cargoes. While canonical coats package cargoes into carrier vesicles, a distinguishing feature 

of ciliary trafficking is the absence of vesicular intermediates (Fig. 1A). Instead, membrane 

proteins are trafficked within cilia by lateral transport within the plane of the ciliary 

membrane. Three multiprotein complexes harboring domains related to coat complexes are 

the lead actors in ciliary trafficking [1] and assemble into intraflagellar transport (IFT) trains 

that move up and down cilia under the power of the microtubule motors kinesin-II and 

dynein 2. The IFT-A and IFT-B complexes were discovered based on their decreased ciliary 

abundance upon inactivation of kinesin-II in the single cell model organism 

Chlamydomonas reinhardtii [2]. A third coat-like complex, the BBSome, was identified as 

an obligate complex of eight Bardet-Biedl syndrome proteins by tandem affinity purification 

of BBS4 [3–5]. Bardet-Biedl Syndrome (BBS), the first syndromic ciliopathy to be defined, 

is characterized by retinal degeneration, polydactyly, cystic kidneys, obesity, anosmia and 

male infertility [6]. The combination of a large genetic diversity (22 genes account for >80% 

of all known patient mutations) with a nearly indistinguishable disease presentation 

suggested the existence of a rich molecular pathway that now appears to converge on the 

BBSome [7]. Unlike IFT-A or IFT-B which can readily be separated into sub-complexes 
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[8,9], the BBSome remains octameric in all tested conditions including 2.5M NaCl [10] and 

deletion of most subunits collapses the complex [4,11–13]. The BBSome has been purified 

from sources as varied as cultured mammalian cells [3], bovine retina [10], Chlamydomonas 
[14], Paramecium [15] and Trypanosoma [16] and was likely present in the last common 

ancestor of eukaryotes. The BBSome may have been missed in the initial discovery of IFT-A 

and IFT-B because its ciliary abundance in Chlamydomonas is nearly one order of 

magnitude lower than IFT-B [14] and because its entry into cilia may not require Kinesin-II 

[17]. However, the BBSome associates with IFT trains in nearly every organism examined 

and, if not for historical considerations, the BBSome may have been termed IFT-C.

Importance of the BBSome in signaling

While BBSome subunits are conserved throughout evolution of ciliated organisms, they are 

lost in organisms that use cilia solely for motility [18], underscoring an intimate connection 

between the BBSome and signaling. Congruently, bbs mutants fail cilium-based signaling in 

every organism examined to date. Unlike IFT-A or IFT-B mutants that typically display 

pronounced structural abnormalities of the cilium, BBS mutants assemble mostly normal 

cilia [7,13,14,16,19], thus suggesting a more direct role for the BBSome in ciliary signaling. 

Cilium-based signaling is best exemplified by the Hedgehog (Hh) pathway, which patterns 

limbs and neural tube. During the course of Hedgehog signaling, the dynamic accumulation 

of signaling receptors inside cilia alters the ciliary environment to modify the activity of the 

Gli2 and Gli3 transcription factors. Of particular interest, the GPCR Gpr161 disappears from 

cilia during Hh signaling and the GPCR Smoothened (Smo) accumulates in cilia upon 

pathway activation. There is a multiplicity of evidence for Hedgehog signaling abnormalities 

when BBSome function is reduced. In zebrafish, BBSome depletion increases Hh signaling 

in fins, resulting in skeletal patterning abnormalities [20]. In mice, mutations in genes 

encoding BBSome subunits exacerbate the Hedgehog-related patterning defects 

(polydactyly, exencephaly) of cilia-related mutants [21–23]. In cultured cells, the 

transcriptional output of the Hh pathway is reduced by 25% in BBSome mutants [22] and all 

BBSome subunits have been identified as highly ranked hits in recent genome-wide CRISPR 

screens for Hedgehog regulators [24,25]. These observations strongly suggest that the post-

axial polydactyly observed in BBS patients arises from altered Hedgehog signaling in the 

human limb bud.

Trypanosoma and Leishmania are bloodborne parasites that undergo complex interactions 

with host cell types to establish a persistent infection and evade the immune system. 

Surprisingly, in the absence of BBSome function, Trypanosoma and Leishmania are unable 

to mount an infection [16,19], supporting the existence of a cilium-based signaling pathway 

that participates in host infection. Finally, Chlamydomonas bbs mutants fail to swim away 

from noxious light dosages [14].

The BBSome as a coat adaptor for IFT-B

Biochemical reconstitution studies demonstrated that the small Arf-like GTPase Arl6 

(encoded by the BBS3 gene) becomes membrane-associated once bound to GTP and recruits 

the BBSome, its sole effector, onto synthetic membranes where polymerization of a 
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BBSome/Arl6 coat ensues [10]. These properties echo the assembly of canonical coats such 

as clathrin/AP-1 and Arf1 on endosome membranes with the important distinction that the 

BBSome coat does not deform membranes. Clathrin coats exemplify the division of labor 

between coat adaptor (AP-1/2/4) and cage layer (clathrin). Adaptor layer captures cargoes 

and initiate cargo clustering through amorphous polymerization [26,27]. The ensuing 

recruitment of the cage layer leads to lattice polymerization, membrane deformation and 

culminates in the packaging of cargoes in an individualized carrier vesicle. Similarly, the 

BBSome directly recognizes the cytoplasmic determinants of membrane proteins but, in 

contrast to canonical coats, BBSome coat polymerization does not promote membrane 

deformation [10]. At present the most logical cage complex for the BBSome and IFT-A is 

IFT-B itself and unpublished super-resolution microscopy supports the existence of a 

bilayered IFT-B/BBSome coat [28]. A major question posed by these studies was where 

BBSome coats are assembled within the cell and what trafficking step they mediate.

What is the trafficking step mediated by the BBSome?

The first ciliary membrane proteins whose localization pattern was altered by the BBSome 

were the Somatostatin Receptor 3 (Sstr3) and the Melanocortin concentrating hormone 

receptor 1 (Mchr1), two GPCRs normally localized to neuronal cilia and that fail to localize 

to cilia of primary neurons defective for BBSome or Arl6 function [10,29,30]. The direct 

and specific recognition of the third intracellular loop of Sstr3 (which encodes a ciliary 

targeting signal) by the BBSome lent support to a direct role for the BBSome in mediating 

ciliary entry of Sstr3 [10,31]. A function of the BBSome in ciliary import was strengthened 

by similar findings of decreased Polycystin 1 (PC1) and Smo levels in cilia of BBSome- or 

Arl6-depleted cells and by interactions between the BBSome and the cytoplasmic tail of 

PC1 and Smo [31–33].

A requirement for the BBSome in the exit of the membrane-associated protein 

phospholipase D (PLD) from Chlamydomonas cilia shed a counterpoint to the ciliary import 

function of the BBSome [14,17]. The BBSome exit model was reinforced by 

contemporaneous studies in mammalian cells that described a requirement for the BBSome 

and Arl6 in the signal-dependent exit from cilia of the dopamine receptor 1 (Drd1), Sstr3, 

Gpr161 and the Hh receptor Patched 1 [21,22,34–37] (Fig. 1B). Smo represents an unusual 

case for ciliary signaling receptors in that it undergoes signal-dependent accumulation in 

cilia. The findings of elevated ciliary Smo levels in unstimulated cells defective for dynein 2, 

BBSome or Arl6 suggest that the BBSome and dynein 2 constitutively remove Smo from 

cilia [30,36,38]; a reduction in BBSome-dependent exit from cilia upon Hh pathway 

activation may thus be responsible for the signal-dependent ciliary accumulation of Smo 

[34]. While binding of the Chlamydomonas BBSome to PLD has yet to be demonstrated, the 

mammalian BBSome was shown to recognize the cytoplasmic tails or loops of Smo, Sstr3, 

Gpr161, Drd1 and Patched [10,22,31,32,34,37]. A recent study of BBSome-binding motifs 

in ciliary signaling receptors identified a high level of degeneracy centered around motifs 

rich in basic and aromatic residues [31]. The BBSome may thus select a wide range of 

cargoes for ciliary removal, as suggested by systematic profiling studies of ciliary proteomes 

that collectively found over 100 proteins membrane proteins accumulating but relatively few 

depleted in Bbs mutant mammalian cilia [39,40]. In final support of the BBSome role in 
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ciliary exit, studies in nematodes support a role for the BBSome in ciliary exit of signaling 

receptors [41].

While it is formally possible that the BBSome mediates both ciliary entry and exit in a 

context- and cargo-specific manner, a more parsimonious model can now be proposed that 

limits BBSome function to ciliary exit. Real-time imaging of signaling receptors exit from 

cilia revealed that activated GPCRs that fail BBSome-mediated retrieval are packaged into 

extracellular vesicles at the tip of cilia through a process termed signal-dependent 

ectocytosis [35] (Fig. 2C–D). While ectocytosis packages specific receptors in extracellular 

vesicles, it does not fully exclude ciliary membrane proteins thus resulting non-specific 

losses from cilia. The decreased ciliary levels of signaling receptors in Bbs mutants may 

thus be due to pervasive ectocytosis rather than import defects [35].

What are the complexes that mediate entry into cilia?

A role of the BBSome in import is further challenged by several publications that have made 

a persuasive case for IFT-A mediating entry of signaling receptors into cilia [34,42–44] (Fig. 

1C). Tulp3, the membrane-recruitment factor of IFT-A, is required for the constitutive entry 

of nearly every ciliary membrane protein tested amongst a panel representing sixteen 

GPCRs, the polycystin complex PC1/PC2 and the cystoprotein Pkhd1 [43]. The IFT-A 

complex subunits Ift121 and Ift144 are required for constitutive accumulation of several 

GPCRs in cilia [42] and Ift144 is required for signal-dependent accumulation of Smo and 

the constitutive entry of Gpr161 in cilia [44]. Physical interactions between IFT-A and the 

ciliary targeting signals of Sstr3 or Pkhd1 [34,42,43] strongly suggest that IFT-A directly 

recognizes membrane proteins and ferries them into cilia with the help of its membrane-

recruitment factor Tulp3 (Fig. 1C).

Surprisingly, deletion of Ift139 results in a failure of Gpr161 and Smo to exit cilia [44]. One 

possible interpretation is that the Ift139-less IFT-A complex is still competent to import 

GPCRs into cilia but fails to release its cargoes once they have reached their destination. The 

sharing of a common recognition determinant on Sstr3 by IFT-A and the BBSome 

[10,31,34] supports the necessity of a release from IFT-A before BBSome can remove this 

GPCR from cilia.

Intriguingly, kinesin-II is not required for the signal-dependent entry of the adhesion 

molecule SAG1 into Chlamydomonas flagella [45] and a recent preprint suggests that ciliary 

entry of Smo may not require IFT-B [46]. It is thus conceivable that the IFT-A/Tulp3 

complex alone mediates the entry of membrane proteins into the ciliary shaft (Fig. 1C) and 

that the IFT-A/Tulp3/cargo complexes subsequently become engaged to anterograde IFT-B 

trains inside cilia.

The BBSome is an active participant in the signal-dependent retrieval of 

GPCRs

Co-movement of BBSome with IFT-B in both anterograde and retrograde directions has 

been observed in Chlamydomonas [14], mammalian cells [34,36,47] and nematode [48]. 
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The constitutive intracilary transport of the BBSome suggests that its cargoes specifically 

latch onto retrograde BBSome trains either constitutively (PLD) or in a regulated manner 

(Gpr161, Sstr3). Congruently, processive retrograde trajectories of single Sstr3 molecules 

disappear in the absence of Arl6 while their anterograde movements remain unaffected [34]. 

How do GPCRs specifically latch onto retrograde but not anterograde BBSome trains?

While small BBSome trains form constitutively (Fig. 2A), cAMP-dependent signaling 

downstream of Sstr3 or Smo promotes the formation of large and highly processive 

retrograde BBSome trains that remove Sstr3 and Gpr161 from cilia [34] (Fig. 2B). Since 

Arl6 is required for the signal-dependent doubling in retrograde BBSome train size, we 

propose that local generation of Arl6GTP at the tip promotes the formation of BBSome/Arl6 

coats that effectively capture cargoes and stably attach to retrograde IFT trains. The 

formation of large BBSome trains enhances exit rates of activated GPCRs but is not 

sufficient to remove inactive GPCRs from cilia, strongly suggesting that another element of 

the retrieval machinery helps to read out the state of GPCR activation. Because retrieval of 

activated GPCRs requires the conformational sensor β-arrestin 2 [34,49] and β-arrestin 2 is 

recruited to cilia upon GPCR activation [49,50], β-arrestin 2 is likely to assist in the 

recruitment of activated GPCRs to large retrograde BBSome trains.

Interestingly, PLD requires the BBSome for both anterograde and retrograde intraciliary 

movements [51]. It is conceivable that constitutive cargoes such as PLD latch onto both 

anterograde and retrograde BBSome-containing IFT trains because constitutive cargoes form 

high affinity interactions with the BBSome regardless of Arl6-dependent coat formation. Yet 

attachment to anterograde BBSome trains is not sufficient for entry and by extension, 

retrograde BBSome trains must have unique properties that enable PLD exit from cilia.

The transition zone is breached by GPCRs associated with BBSome/Arl6 

trains

At the base of cilia, the transition zone (TZ) separates the membrane of the ciliary shaft from 

the plasma membrane by establishing a diffusion barrier for membrane proteins [52]. Single 

molecule tracking of activated GPCRs revealed that Arl6 is required for retrograde transport 

and TZ crossing [34] (Fig. 3). We consider two models for how BBS/Arl6 trains may assist 

cargo passage through the TZ. First, the icebreaker model makes the simple assumption that 

stable association between cargoes and moving IFT trains is sufficient to power through a 

zone of high resistance [51]. An alternative model posits that the Arl6/BBSome trains endow 

their cargoes with unique barrier-crossing properties. This second model is distantly 

reminiscent of karyopherins and their bound cargoes crossing the hydrogel interior of the 

nuclear pore complex while inert proteins are unable to permeate through the hydrogel [53].

Two barriers are better than one

After crossing the TZ, activated GPCRs spend several seconds in an intermediate 

compartment bounded by the TZ on one side and a newly discovered periciliary diffusion 

barrier (PCB) on the other (Fig. 3). Because exit from cilia is only completed once GPCRs 

cross the PCB, this intermediate compartment is akin to an airlock. Perplexingly, 99.5% of 
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airlock visits result in the GPCR returning to the ciliary shaft. Is there a functional benefit to 

this exceedingly inefficient and energetically costly exit process? Urine production in 

mammals provides a similar example of a vastly inefficient disposal process with 180 L of 

plasma filtered through the glomeruli every day yielding 1.5 L of urine. Filtering the entire 

plasma volume every 15 min allows kidneys to precisely and rapidly control the composition 

of body fluids [54]. Similarly, by providing the cilium with a checkpoint before exit is 

complete, the airlock may offer a way to rapidly sample candidate cargoes for exit. The 

relatively slow rates of exit that result from this rather inefficient strategy (it takes over 2h to 

empty the cilium of Gpr161 but only 5 min to endocytose the entire plasma membrane pool 

of β adrenergic receptor) add considerable inertia the ciliary composition, a possible 

advantage for developmental signaling pathways that integrate inputs over large time scales.

An additional benefit of transiently housing activated signaling receptors in the airlock may 

be to organize signaling cascades. Work by the Sung and Christensen labs found that, upon 

activation, the insulin-like growth factor 1 (IGF1) and the transforming growth factor β 
(TGF-β) transiently re-localize to a compartment at the base of cilia non-overlapping with 

axonemal markers, reminiscent of the airlock. Furthermore, activated IGF1R and TGF-βR 

are proposed to organize downstream signaling in the intermediate compartment [55,56]. 

Similarly, the phosphoinositides PI(4,5)P2 and PI(3,4,5)P3 are dynamically enriched in a 

compartment that may correspond to the airlock [57].

What constitutes the periciliary barrier?

A recent preprint has described a membranous region located between the tip of the 

transition fibers that the Liao lab named distal appendage matrix (DAM) [58]. The 

dimensional similarities between the DAM and the PCB are striking and the leakage of Smo 

and Sstr3 out of cilia in cells depleted of the DAM component FBF1 suggests that the PCB 

may be equivalent to the DAM. Studies in C.elegans further support a role for FBF1 in 

building a ciliary gate [59].

Alternatively, the airlock may correspond to the ciliary pocket, an invagination of the plasma 

membrane that ensheathes the base of the cilium [60]. The ciliary pocket contacts the tip of 

the transition fibers at its base and constricts around the shaft of the cilium. This model is 

attractive because the measured width of the ciliary pocket (480–500 nm, [58,61]) is in good 

agreement with our measurement of airlock width and the major ultrastructural localization 

of the BBSome in trypanosomes is at invaginated pits along the ciliary pocket [16]. The 

ciliary pocket is an active zone of endocytosis in a variety of organisms [60–62] and 

exocytosis is exclusively directed to the pocket in trypanosomes [62]. These observations 

suggest that the pocket may act as a waystation between the cilium proper and the rest of the 

cell. A molecularly defined cytoskeletal structure found at the collar in trypanosomes [63] 

may limit the diffusion of membrane proteins [62]. The presence of actin filaments near the 

collar in mammalian cells [61] thus raises the possibility that the collar may defines the 

periciliary diffusion barrier. This model implies that pocket-less cilia that emerge from the 

apical surface of some epithelial cells [60] may lack the periciliary barrier and that 

exchanges between plasma and ciliary barrier may be less restricted in these cells. Pocket-
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less cilia may thus enable more rapid exchanges of membrane proteins between ciliary and 

plasma membrane.

Conclusions and Perspectives

Regardless of the nature of the PCB, we do not presently know how GPCRs cross this 

second barrier. As GPCRs randomly diffuse within the airlock, they have likely already 

detached from BBSome/Arl6 coats [34]. The near-complete immobilization of GPCRs for 5 

s immediately before exit suggests the possibility of capture by clathrin-coated pits, in 

agreement with the pocket hypothesis. Tracking of single GPCRs after they exit cilia in 

conjunction with imaging of clathrin and if the PCB will be required to answer these 

questions

The molecular mechanism of TZ crossing represents one of the most funcdamental and 

fascinating questions in ciliary biology. The well-studied membrane diffusion barriers at the 

yeast bud neck, the axon initial segment and the tight junction are impassable barriers that 

must be crossed by a vesicular intermediate [64]. The crossing of the TZ by select GPCRs 

suggests that the molecular assembly of a highly selective barrier at the TZ will reveal new 

concepts in diffusion barriers. The molecular description of the transition zone has seen 

tremendous progress in the past 6 years [52]. In particular, recent developments in 

multicolor super-resolution imaging [58,65] and electron tomography [28,66] give hope that 

a high resolution molecular model of the transition zone will soonemerge to serve as a 

foundation for dynamic studies of TZ crossing.
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Figure 1. 
IFT-A mediates constitutive ciliary entry and the BBSome is in charge of regulated exit from 

cilia. A. Schematic of relevant ciliary structures. B. Direct binding of the BBSome to the 

third intracellular loop and the C-terminal tail of various GPCRs has been shown by 

[10,31,37]. A role for dynein 2 and IFT-B in exit is supported by multiple lines of evidence 

[17,38]. The IFT-B/Dynein 2 interaction is speculated from the proximity of IFT-B to the 

microtubule in immuno-electron microscopy [67] and nanoscopy reconstructions [28]. 

Finally, β-arrestin 2 enables the specific retrieval of activated signaling receptors [34,49,50]. 

C. Direct binding of IFT-A to the ciliary targeting signal inside the third intracellular loop 

(green line) of SSTR3 was demonstrated by [34]. Little support is currently available for 

Kinesin-II and IFT-B participating in the entry of membrane proteins into cilia [45,46] and 

these complexes were not included in the entry diagram. The subunit composition of IFT-A 

and BBSome is listed in the boxes.
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Figure 2. 
Conventional and unconventional pathways for exit from cilia. A and C. No exit takes place 

in the absence of GPCR stimulation. B. Activation of ciliary Gαi-coupled GPCRs (e.g. Sstr3 

or Smo) leads to the accumulation of BBSomes at the tip and the Arl6-dependent formation 

of large and processive retrograde BBSome trains. The requirement for Arl6 in the 

formation of large trains suggests that these trains are the macroscopic correlates of 

BBSome/Arl6GTP coats. BBSome-mediated retrieval only removes the activated GPCRs 

from cilia while leaving ciliary bystanders behind. D. When BBSome or Arl6 function is 

abrogated, signal-dependent ectocytosis leads to specific removal of activated GPCRs and 

the non-specific loss of ciliary bystanders [35]. This observation offers a cogent explanation 

for the loss of several membrane proteins form Bbs mutant cilia.
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Figure 3. 
Two barriers must be crossed for activated GPCRs to exit cilia. The first barrier at the 

transition zone is crossed by associating with BBSome/IFT trains while the mechanisms for 

crossing the second barrier remain unknown [34]. Between the transition zone (TZ) and the 

periciliary barrier (PCB) lies the airlock where GPCR that have crossed the TZ reside for a 

few seconds before either re-entring cilia (99.5% of the time) or crossing the PCB (0.5% of 

the time).
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