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Abstract

The primary cilium organizes numerous signal transduction cascades and an understanding of

signaling receptors trafficking to cilia is now emerging. A defining feature of cilia is the periciliary

diffusion barrier that separates the ciliary and plasma membranes despite the topological

continuity between these two membranes. Although lateral transport through this barrier may take

place, polarized exocytosis to the base of the cilium has been the prevailing model for delivering

membrane proteins to cilia. Key players for this polarized exocytosis model include the GTPases

Rab8 and Rab11, the exocyst and possibly the intraflagellar tranport machinery. Sorting

membrane proteins to cilia critically relies on the recognition of ciliary targeting signals by sorting

machines such as the BBSome coat complex or the GTPase Arf4. Finally, signaling at the cilium

entails the bidirectional movement of proteins between cytoplasm and cilia and ubiquitination may

promote exit from cilia.
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DIFFUSION BARRIERTHE CENTRAL PROBLEM: SEPARATION BETWEEN

THE SIGNALING COMPARTMENT AND THE SITE OF PROTEIN SYNTHESIS

Cilia and flagella are some of the most ancient eukaryotic structures and thus define the

cenancestral eukaryote in the same way as nuclei and mitochondria do (Cavalier-Smith

2002). Although the structural organization of cilia and flagella appears fairly invariant,

consisting of a core of nine microtubule doublets ensheathed within the ciliary membrane,

the functions of cilia and flagella are remarkably diverse. Flagella and motile cilia (these
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Where is the sorting decision made for proteins targeted to the cilium versus the plasma membrane? Are ciliary membrane proteins

packaged into vesicles distinct from those of plasma membrane resident proteins at the level of the TGN, or is there an intermediate

step (plasma membrane, recycling endosomes) in sorting?

What is the molecular machinery that recognizes ciliary targeting sequences and sorts proteins to the cilium? How is this machinery

regulated? This and the previous question are likely to shed light on the mechanisms that regulate the dynamic trafficking of signaling

proteins (e.g., Smo) to the primary cilium.

What is the molecular nature of the periciliary diffusion barrier? It will be important to determine how many membrane proteins reach

the cilium by crossing this barrier versus utilizing the polarized exocytosis route.

How are proteins removed from cilia? Is there a specific machinery involved in endocytosis of ciliary proteins? Is this step regulated

by ubiquitination?
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terms can be used interchangeably) bend in a sine-wave fashion to generate fluid movement

(if the cell is immobilized) or cell propulsion (if the cell is free). Conversely, a single

nonmotile cilium---also called the primary cilium or monocilium---is present on most cells

in the body, and primary cilia actively participate in signaling pathways such as

phototransduction, olfactant sensing, Hedgehog (Hh) signaling, and planar cell polarity

( PCP). Together with the concentration of signaling receptors in the membrane of cilia,

these fascinating aspects have led to the view of cilia as “signaling antennas” that extend a

few micrometers away from the cell body to present signaling receptors to the outside world

(Singla & Reiter 2006). The antenna paradigm applies particularly well to the photoreceptor

cell of the retina, in which a primary cilium (also called an outer segment) acts as a

collecting antenna for photons by concentrating more than 109 molecules of the

photosensory G protein-coupled receptor (GPCR) rhodopsin in 103 stacked disks (Besharse

et al. 1977; Figure 1). This enormous concentration of rhodopsin in photoreceptor outer

segments and the histological organization of the retina allow the human eye to accomplish

the astounding feat of detecting single photons in perfectly dark conditions (Rieke & Baylor

1998).

Flagella: equivalent to motile cilia. Describes longer (>10 μm) structures present in small

number (one or two per cell)

Cilia: hair-like projections at the cell surface consisting of a core of nine microtubule

doublets ensheathed within a membrane; an be motile or nonmotile

Hedgehog (Hh): named after a Drosophila mutant, it is a morphogen required for neural

tube and limb patterning

Planar cell polarity (PCP): the polarization of cells within the plane of an epithelium, e.g.

cell spikes on the fly wing consistently point to the posterior end

However, this concentration of rhodopsin (as well as other signaling molecules such as the

trimeric G protein transducin, the cGMP gated channel, and the phosphodiesterase PDE6) in

the cilium poses a tremendous problem for the photoreceptor because no biosynthetic

machinery is present in cilia. Therefore, all membrane and soluble proteins of the cilium

need to be transported from the cell body (i.e., the inner segment). This separation between

the site of protein synthesis (the cell body) and the site of protein function (the cilium)

constitutes a central problem of ciliary biology and is particularly salient in photoreceptors

because of the constant shedding of older disks at the distal end of their cilia. Classic pulse

chase studies have estimated that, in frog photoreceptors, 8% of the disks are turned over

every day (Besharse et al. 1977). Given that each disk contains 106 molecules of rhodopsin,

nearly 1,000 rhodopsin molecules are transported through the connecting cilium every

second. For comparison, the plasma cell, a professional immunoglobulin (IgG)-producing

cell, secretes 1,400 IgG molecules per second. The trafficking feat accomplished by

photoreceptors is even more remarkable when one considers that all of the rhodopsin

molecules must pass through the connecting cilium, whose diameter is only 0.3 μm. The net

mass flow of rhodopsin through the connecting cilium thus amounts to 40 MDa per second

per cilium, in vast excess of the estimated protein mass flow through the nuclear pore

complex (7 MDa s−1) (Ribbeck & Görlich 2001). This extreme example of rhodopsin

trafficking in photoreceptors begs the question of how membrane proteins are transported to

the primary cilium. Yet, compared with other membrane trafficking routes, our

understanding of trafficking to the cilium remains in its infancy.
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FUNCTIONAL SEPARATION BETWEEN CILIARY AND PLASMA

MEMBRANES

At first glance, the transport of membrane proteins to cilia need not follow the general

paradigm of carrier vesicles targeted to and fusing with an acceptor organelle. Indeed, the

ciliary and plasma membranes are topologically continuous, and simple lateral diffusion of

lipids and membrane proteins could provide a straightforward means for membrane proteins

to enter the cilium. Although this model has some merits, there is substantive evidence for

the presence of a membrane diffusion barrier at the base of the cilium that would prevent the

lateral diffusion of membrane proteins between plasma and cilia membranes. Such

membrane diffusion barriers have been described in a variety of cells; the best-characterized

examples lie between the apical and basolateral membranes of polarized epithelial cells and

at the base of the axon in mature neurons (Caudron & Barral 2009). In epithelial cells and in

neurons, the existence of a diffusion barrier was rigorously demonstrated by showing that a

freely diffusible lipid is unable to exchange between apical and basolateral membranes (van

Meer et al. 1986, Nakada et al. 2003). In the following subsections, we examine the

evidence for a membrane diffusion barrier at the base of the cilium.

Concentration of Signaling Receptors at the Ciliary Membrane

Cilia were originally implicated in signaling pathways such as Hh or PCP and in diseases

such as polycystic kidney disease (PKD) based on the phenotypes of mouse mutants unable

to assemble cilia (Huangfu et al. 2003, Pazour et al. 2000). However, the importance of cilia

in signaling pathways only began to make sense when it was discovered that signaling

factors localize to cilia (Nauli et al. 2003, Pazour et al. 2002, Yoder et al. 2002). In

particular, each element of the Hh transduction cascade localizes to cilia at one point or

another during Hh signaling (Chen et al. 2009, Corbit et al. 2005, Haycraft et al. 2005, Kim

et al. 2009, Rohatgi et al. 2007). In unstimulated cells, the Hh receptor Patched is detected in

cilia and represses signaling, whereas the 7-transmembrane Hh transducer Smoothened

(Smo) is absent from cilia. Upon Hh pathway engagement, the situation is diametrically

opposite: Patched disappears from cilia, Smo accumulates in cilia and the Gli2 and Gli3

transcription factors become enriched at the tip of the cilium where they presumably become

activated. However, whether the movement of Smo into cilia is absolutely required for

signaling or relates to a mere epiphenomenon remains an important yet unanswered

question. This concentration of transmembrane signaling proteins in the ciliary membrane is

also apparent in platelet-derived growth factor αα (PDGFαα) signaling by fibroblasts

(Schneider et al. 2005), in mechanosensing by the Ca2+ channels polycystin1 and 2 (Nauli et

al. 2003), in gustatory sensing by tracheal epithelial cells (Shah et al. 2009), and in olfactory

sensation by olfactory receptor neurons (Mayer et al. 2008). In the latter case, it was shown

that membrane proteins of the olfactory transduction cascade such as adenylate cyclase III

and the cyclic nucleotide gated channel are concentrated 50-fold in ciliary extracts compared

with total cell extracts (Mayer et al. 2008).

Although it is clear that several membrane proteins are concentrated in the membrane of the

cilium, this mere fact cannot be taken to indicate the presence of a diffusion barrier. Indeed,

it has been demonstrated in several cases that membrane proteins are anchored in the cilium

through interactions with the intraflagellar transport (IFT) machinery (Qin et al. 2005). Even

in cases in which interactions with the IFT machinery are not obvious, it is easily

conceivable that ciliary enrichment could be the result of continuous active transport to cilia

and slow outward diffusion into the plasma membrane.

Intraflagellar transport (IFT): the process by which proteins are transported up and down

inside the ciliary shaft; the IFT-A and IFT-B complexes mediate IFT
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Functionally Distinct Pools of Agglutinins at the Plasma and Flagellar Membranes

The system most often cited for providing evidence of a membrane diffusion barrier at the

base of the cilium is based on the study of gamete adhesion in the unicellular green algae

Chlamydomonas reinhardii. In the earliest fertilization event, gametes of opposite mating

type adhere (“agglutinate”) to one another via giant (>1 MDa) glycoproteins termed

agglutinin that are present on the naked surfaces of their flagella (the cell body of

Chlamydomonas is covered by an impermeable cell wall). Surprisingly, in a naive gamete,

only 10% of the agglutinins localize to the flagella; the remaining 90% of agglutinins are

present in the plasma membrane (Hunnicutt et al. 1990). The fact that Chlamydomonas

gametes never adhere through their cell body (even after it its removed) indicates that the

surface-exposed cell body agglutinins are inactive and thus functionally different from the

adhesion-competent agglutinins on the flagellum. This led to the initial conclusion that “a

functional barrier prevents utilization of preexisting cell body agglutinins by the flagella”

(Hunnicutt et al. 1990) and was later interpreted to suggest the existence of a membrane

diffusion barrier that separates the ciliary membrane from the plasma membrane (Pazour &

Bloodgood 2008). However, cell body agglutinins could be prevented from diffusing into

the flagellar membrane by anchoring through interaction with the cortical cytoskeleton. In

support of this anchoring model, fused gametes do not detectably exchange agglutinins over

a 30 min period despite having fused their plasma membranes together (Musgrave et al.

1986).

The Glycosylphosphatidylinositol-Fluorescent Protein Black Hole: Evidence for a Diffusion
Barrier at the Base of the Cilium

A more convincing demonstration for the existence of a diffusion barrier made use of a

fluorescent protein (FP) genetically encoded to become lipid-anchored and incorporated into

the outer leaflet. This glycosylphosphatidylinositol-FP (GPI-FP) is specifically targeted to

the apical plasma membrane in polarized epithelial cells such as the kidney tubule cell line

Malin-Darby Canine Kidney (MDCK). However, GPI-FP fails to diffuse from the apical

plasma membrane into the ciliary membrane, which is seen as a black hole in the GPI-FP

channel (Vieira et al. 2006) (Figure 2a). Quite surprisingly, the diameter of the structure that

excludes GPI-FP is 1.2--1.8 μm, much greater than the 0.3 μm diameter of the cilium

(Figure 2c). Furthermore, the lectin Galectin-3 is localized in a doughnut-shaped ring that

fits precisely inside the excluded zone of GPI-FP (Figure 2b). Thus, the diffusion barrier that

separates the ciliary and plasma membranes may isolate a much greater area than what is

traditionally defined as the ciliary membrane. One argument against the use of GPI as a

freely diffusable lipid is that GPI is itself incorporated into 50-nm size microdomains of the

plasma membrane called lipid rafts (Simons & Toomre 2000). However, other lipid raft

markers are either equally distributed in the ciliary membrane and the plasma membrane

(e.g. Forssman glycolipid and the ganglioside GM1) or highly concentrated in the ciliary

membrane itself (GM3) (Vieira et al. 2006, Janich & Corbeil 2007). Secondly, the GPI-FP

used in the above study has been shown to diffuse as rapidly as a nonraft protein within the

plasma membrane, which indicates that GPI-FP must rapidly partition into and out of rafts

(Kenworthy et al. 2004). Therefore, the exclusion of GPI-FP from the ciliary membrane can

be taken as evidence that a lipid diffusion barrier encircles the base of the cilium.

IS THE CILIUM A CELLULAR ORGANELLE?

Even though cilia do not adhere to the strictest definition of organelles as “membrane-

enclosed compartments” (Alberts et al. 2002), the existence of a membrane diffusion barrier

that encloses the cilium away from the plasma membrane makes cilia de facto organelles. As

such, it will be interesting to test whether specialized lipids are enriched in the ciliary

membrane in the same way as the phosphoinositide PI(4)P marks the Golgi complex, PI(3)P

Nachury et al. Page 4

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2011 November 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



the endosomes, and PI(4,5)P2 the plasma membrane (Di Paolo & De Camilli 2006). Some

efforts made at defining the ciliary lipidome in the 1980s showed that Paramecium cilia

contain four times more sphingolipids than the cell bodies (Kaneshiro 1987) and hinted at

cholesterol enrichment in ciliary membranes (Chailley & Boisvieux-Ulrich 1985,

Montesano 1979, Souto-Padrón & de Souza 1983). Several sphingolipids have now been

localized to trypanosome flagella (galactocerebroside and GM1) and to mammalian primary

cilia (GM1 and GM3) and some sterols localize to trypanosome flagella (Janich & Corbeil

2007, Tyler et al. 2009). In addition, the inositol 5-phosphatase INPP5E has been localized

to cilia, and mutations in INPP5E in humans and mice produce phenotypes characteristic of

ciliary dysfunction (kidney cysts, polydactyly, neural tube closure defects) (Bielas et al.

2009, Jacoby et al. 2009). Cilia may therefore be enriched in the products of INPP5E, i.e.,

PI(4)P and PI(3,4)P2. More generally, the application of modern lipidomics tools is likely to

uncover specialized lipids of the ciliary membrane and may cast light on why the cilium has

been selected as a locale by so many signaling pathways. For example, the fatty acid

omega-3 docosahexaenoic acid (DHA) accounts for more than 40% of all acyl chains in

the retinal outer segment disks (Aveldaño & Bazán 1983). The preponderance of

multikinked chains renders the disk membrane hyperfluid and gives rhodopsin the highest

known diffusion coefficient of any membrane protein at 0.4 μm2 s−1 (Poo & Cone 1974), a

value 100 times higher than that of other typical plasma membrane proteins (Jacobson

1983). In turn, the membrane hyperfluidity and high mobility of rhodopsin enable ultrafast

protein-protein interactions, and membrane hyperfluidity may therefore play a central role in

the extreme sensitivity of phototransduction (Niu et al. 2004).

Omega-3 docosahexaenoic acid (DHA): a polyunsaturated 22-carbon long chain fatty acid

with six double bonds that is most abundant in photoreceptors

Given that the membrane of the cilium does not appreciably intermix with the plasma

membrane, one wonders if a similar diffusion barrier exists for soluble molecules. The

diffusion of soluble molecules between the ciliary lumen and the cytoplasm has only been

examined in photoreceptor cells, and the 27 kDa green fluorescent protein (GFP, a barrel 4.2

nm long by 2.4 nm diameter) can equilibrate between frog photoreceptors’ inner and outer

segments within ~3 min, very close to the theoretical value of 3.5 min assuming free

diffusion through the connecting cilium (Nair et al. 2005, Calvert et al. 2006, Calvert et al.

2010). Remarkably, it is now thought that the vectorial transport of arrestin, the rhodopsin

desensitizer, and transducins Gα and Gβγ between the inner and outer segments are driven

solely by diffusion through the connecting cilium and by retention at binding sites provided

by rhodopsin in the outer segment (Calvert et al. 2006). Although one may argue that the

absence of a diffusion barrier for solutes is a unique feature of the ultraspecialized

photoreceptor cilium, it should be noted that the ultrastructure of the connecting cilium and

its associated base do not deviate in any manner from the run-of-the-mill cilium. Thus, even

though the ciliary membrane is a privileged compartment, the ciliary lumen is likely to have

a composition that closely resembles the cytoplasm, at least in terms of ions, small

molecules, and small proteins. Furthermore, whereas GFP diffuses freely though the

connecting cilium, we know little of the fate of larger proteins. The periciliary base may

behave similar to the nuclear pore complex, which excludes proteins larger than 60 kDa,

slows the diffusion of proteins 30--60 kDa in size, and allows in anything smaller than 30

kDa. The use of inert GFP fusions of increasing sizes in photoreceptors should provide an

answer to this important question. An indication that large proteins do not enter the ciliary

lumen freely is that the transport into flagella of the radial spoke complex and the outer

dynein arm, two very large molecular assemblies, requires the activity of the IFT complex

(Qin et al. 2004, Hou et al. 2007).
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ULTRASTRUCTURAL ORGANIZATION OF THE PERICILIARY BASE

The above-noted parallel between the nuclear pore and the periciliary base has led to the

notion of a ciliary pore complex (Satir & Christensen 2007) that establishes a diffusion

barrier for membrane proteins and possibly some large soluble proteins and thus functions as

a gate for the entry of proteins into cilia. This ciliary pore complex is comprised of the basal

body, its accessory structures, the most proximal portion of the ciliary axoneme, and a

poorly defined membrane zone that encircles the cilium. The basal body itself consists of

nine triplet microtubules, designated A, B, and C with respect to increasing distance from

the center of the basal body. Whereas the A and B tubules extend to form the axoneme, the

C tubules terminate before the axoneme at a region known as the transition zone. The

transition zone also contains the transition fibers, which anchor the C microtubules of the

basal body to the most proximal region of the ciliary membrane (Figure 3b). These transition

fibers are therefore the obvious candidate to preclude the movement of proteins and vesicles

from the cytoplasm to the ciliary lumen and are thought to constitute the ciliary gate itself.

Remarkably, the most accurate reconstructions of the transition fibers suggest them to be

rather unfiber-like; instead they appear as thin trapezoidal “wings” appropriately termed

alar sheets (Anderson 1972) (Figure 3a). The basal edge of each of the nine alar sheets is

anchored along the longitudinal axis of each C tubule (Figure 3b), and the opposite edge

contacts the plasma membrane. Thus, the alar sheets form a nine-bladed propeller-like

structure jammed at the entrance of the ciliary lumen, and the space between two

consecutive alar sheets accommodates particles smaller than 60 nm in diameter (Anderson

1972; Figure 3c).

Alar sheet: also called transition fibers, these structural elements connect the basal body to

the ciliary membrane and restrict access to the ciliary lumen

TRAFFICKING OF MEMBRANE PROTEINS TO THE CILIUM: HYPOTHESES

Given that the cilium has all the properties of an organelle, it must contend with a central

problem of any organelle: how to get specific proteins delivered to its membrane. Typical

interorganelle trafficking entails packaging of membrane proteins into a carrier vesicle,

transport of the vesicle to the acceptor organelle, and fusion of the vesicle with the acceptor

membrane. However, given the specific geometry of the periciliary base, the models for

trafficking to cilia are likely to be more complex.

Vesicular Targeting to the Inside of the Cilium

One of the simplest models for trafficking of membrane proteins to the cilium posits that

vesicles emerging from the Golgi complex are transported to the base of the cilium, enter the

ciliary lumen, and then fuse with the ciliary membrane (Figure 4a). However, given the

structural constraints posed by the alar sheets, the possibility of vesicular traffic through the

ciliary pore is essentially ruled out because the size of the smallest transport vesicles

exceeds 60 nm. Intriguingly, there exist clear examples of intraciliary vesicles in electron

micrographs of olfactory cilia (Reese 1965), and every olfactory cilium has small vesicles in

its proximal segment. Furthermore, small vesicles have been repeatedly observed in the

primary cilia of chondrocytes (Poole et al. 1985). There are three possible explanations for

the existence of intraciliary vesicles. First, these vesicles could be artifacts of the chemical

fixation methods used. The conspicuous absence of such vesicles from the Chlamydomonas

flagellum despite 40 years of intense study certainly casts doubt about their universal

existence. Repeating the ultrastructural studies on olfactory cilia and chondrocyte cilia using

high pressure freezing and freeze substitution, a method devoid of bubbling artifacts, would

unquestionably ascertain the existence of intraciliary vesicles. Second, if such intraciliary

vesicles do exist, it is possible that endocytosis and exocysosis take place at ciliary
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membrane. Indeed, an example of intraciliary endocytosis is provided by the formation of

disks inside the outer segment of photoreceptor. In this case, intraciliary vesicles would be

self-contained within cilia and would not provide a means of exchange between the

endomembrane system and the ciliary membrane. Third, the alar sheets could deform to

accommodate vesicles larger than 60 nm. Although this remains a distant possibility, one

would expect such a dramatic structural remodeling to be a rate-limiting step in the transport

of vesicles from cytoplasm to cilia and thus to be readily captured in electron micrographs of

the periciliary base. Because no such vesicle distending the alar sheet has ever been

observed, it is safe to assume that the former two possibilities are the most likely. Therefore,

it would appear highly unlikely that the passage of vesicles through the ciliary gate could

solve the problem of membrane proteins targeting to the ciliary membrane.

Vesicular Targeting to a Privileged Domain at the Base of the Cilium

The most widely accepted model for trafficking of membrane proteins to cilia relies on the

precise exocytosis of post-Golgi vesicles at the periciliary base (Rosenbaum & Witman

2002, Pazour & Bloodgood 2008; Figure 4b). Vesicular targeting to the bud neck formed

between mother and daughter cells in Saccharomyces cerevisiae provides precedent for such

a model (Drubin & Nelson 1996). Remarkably, polarized trafficking to cilia and to the yeast

bud neck both employ the GTPase Rab8/sec4, its exchange factor Rabin8/sec2, and the

exocyst complex (Goud et al. 1988, Walch-Solimena et al. 1997,Moritz et al. 2001, Nachury

et al. 2007, Zuo et al. 2009). In both cases, the tubulin and actin cytoskeletons are clearly

polarized toward the target, with actin cables and parallel microtubules oriented toward the

bud neck (Kilmartin & Adams 1984, Adams & Pringle 1984) and microtubules anchored at

the basal body (Sorokin 1962). In the case of the cilium, the targeted exocytosis model was

initially proposed based on ultrastructural studies of mastigoneme transport in

Chlamydomonas (Bouck 1971). It received considerable support from pulse-chase studies in

photoreceptor cells (Papermaster et al. 1985), in which 135 min after the application of a

pulse of radioactive amino acids to frog retina, most of the radioactivity has been

incorporated into rhodopsin and is found in vesicles close to or fusing with the base of the

cilium (Figure 5d). Further immunocytochemical studies demonstrated that the vesicles

fusing with the periciliary base do indeed contain rhodopsin (Papermaster et al. 1985).

Interestingly, the periciliary base of frog photoreceptors shows a characteristic structure

named the periciliary ridge complex (PRC) (Peters et al. 1983) (Figure 5a--c). The PRC

consists of nine symmetrically arrayed ridges and grooves that extend laterally ~0.4--1 μm

along the rod inner segment plasma membrane. Most remarkably, vesicle fusion occurs

exclusively at the grooves of the PRC (Figure 5d), indicating that the PRC provides docking

sites for rhodopsin carrier vesicles (Papermaster et al. 1985). Whereas the PRC has only

been imaged in frog photoreceptor, it is likely that such a structure exists in all cilia but

remains inconspicuous unless hypertrophied to meet the enormous trafficking demands seen

in photoreceptors. The similar diameters of the PRC (Figure 5a) and of the GPI-FP black

hole (Figure 2c) are certainly suggestive of a periciliary complex establishing the diffusion

barrier and providing docking sites for polarized exocytic transport.

Exocyst: an octameric rod-like tethering complex required for vesicle docking and fusion in

polarized exocytic trafficking to the basolateral membrane and the yeast bud tip

Lateral Transport from the Plasma Membrane

The last model states that ciliary membrane proteins are first incorporated in the plasma

membrane and then enter the cilium after crossing the membrane diffusion barrier and being

retained in the cilium (Figure 4c). The first indication of the diffusion and retention

mechanism came from Bill Snell’s study of agglutinin activation (Hunnicutt et al. 1990). As

noted above, agglutinins are distributed in two pools on the cell surface: 90% in an inactive
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pool at the plasma membrane and 10% in an adhesion-competent pool at the flagellar

membrane. Since the initial adhesion event activates a signal transduction cascade within

flagella that leads to the inactivation of paired agglutinins, Chlamydomonas gametes must

continuously replenish agglutinins in their flagella. Surprisingly, preexisting plasma

membrane agglutinins rather than neosynthesis refill the flagellar agglutinin pool. Although

the presence of flagellar agglutinin precursors on the plasma membrane suggested the

possibility that the transport process merely involved crossing the diffusion barrier, it did not

exclude the hypothesis that plasma membrane agglutinins became internalized and that

polarized trafficking of endosomal vesicles would ensure the delivery of agglutinins to the

base of the cilium.

Recently, an elegant study concluded that lateral transport is responsible for directing Smo

to cilia. It had been previously shown that, following Hh pathway activation, Smo appears at

the ciliary membrane but the origin of ciliary Smo had remained unknown. In unstimulated

cells, Smo is found at the plasma membrane and in the endomembrane system (Milenkovic

et al. 2009). Surprisingly, pulse labeling studies show that at t1h post-Hh stimulation, most

of the ciliary Smo originates from a pool of Smo that resided at the plasma membrane at t0.

Similar to agglutinins, Smo turns over rapidly in stimulated cells and at t4h post-Hh

stimulation, ciliary Smo is largely contributed by endomembrane-localized Smo at t0 (Wang

et al. 2009). This lag phase in the trafficking of Smo from endomembrane compartments to

cilia can be interpreted in two ways. First, Smo may always pass through the plasma

membrane before entering the cilium. Second, the cell may utilize the plasma membrane

pool of Smo for the initial rapid response to Hh and may then rely on directed exocytosis of

Smo-containing vesicles to replenish the cilium with Smo. Since dynamin is not required for

the movement of Smo to cilia, the first scenario would predict that Smo traffics from the

plasma membrane to the cilium by lateral transport and independently from endocytosis

(Milenkovic et al. 2009). However, because the effects of dynamin inhibition were assessed

at t4h post-Hh stimulation, the second interpretation would leave open the possibility that

polarized exocytosis of Smo-carrier vesicles delivered Smo to cilia while the movement of

Smo from the plasma membrane to the cilium was blocked by dynamin inhibition. Hence a

definitive proof for the transport of Smo into cilia by lateral diffusion from the plasma

membrane may require following single molecules of Smo after Hh stimulation.

The lateral transport model poses many exciting questions. At first glance, diffusion

between the whole of the plasma membrane and the periciliary base, a target area that

constitutes less than a hundredth of the total plasma membrane area, seems like an extremely

slow and inefficient process. However, modeling the problem as a 2D diffusion to capture

by an annular absorber (the periciliary diffusion barrier, 1.5-μm diameter) centered within an

impermeable boundary (the apical surface of an epithelial cell treated as a 15-μm diameter

circle) shows that the mean time to capture of a given membrane protein (of D = 4 × 10−−9

cm2 s−−1) by the periciliary base is less than 2 min (Berg & Purcell 1977). Clearly, lateral

diffusion need not be a slow or inefficient mechanism. Secondly, how generally used is the

hypothetical Golgi complex → plasma membrane → cilia route? Is it limited to signaling

components such as Smo or the agglutinins that need to be stockpiled in a readily accessible

location for the cell to rapidly respond to signaling cues? Or is it the prevalent trafficking

route for ciliary membrane proteins? In the latter scenario, the targeted trafficking of

rhodopsin would be interpreted as an adaptation to the extreme demands of rhodopsin

turnover. Indeed, the photoreceptor’s trafficking machinery is so utterly dedicated to moving

rhodopsin from its site of synthesis to the outer segment that any membrane protein that is

not retained in the ER or targeted to the synapse is taken along for a ride on the rhodopsin

freight train to the outer segment (Baker et al. 2008). Still, the utilization of polarized

trafficking factors such as Rab8 and the exocyst for ciliogenesis in cultured mammalian cells

such as telomerase-immortalized retinal pigmented epithelial (RPE) cells and MDCK cells
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(Nachury et al. 2007, Yoshimura et al. 2007, Zuo et al. 2009) strongly suggests that targeted

exocytosis is not simply an exception. It is thus likely that both lateral transport from the

plasma membrane and targeted exocytosis coexist within the cell.

Lastly, one wonders how membrane proteins could cross a seemingly impassable lipid

diffusion barrier. Here, it is worth examining the known mechanisms for establishing a

diffusion barrier in other settings.

HOW TO MAKE AND CROSS A MEMBRANE DIFFUSION BARRIER

Biophysics of Membrane Diffusion Barriers

The most rigorous work on diffusion barriers comes from single lipid tracking experiments

performed by the Kusumi lab in cultured neurons. Historically, one of the most puzzling

observations in membrane biophysics was that lipid diffusion in the plasma membrane of

cells is 10 to 100 times slower than in artificial liposomes (Lee et al. 1993). It was found that

this discrepancy is the result of a fence anchored in place by an actin-based membrane

skeleton (Fujiwara et al. 2002). Lipids rapidly diffuse within each 230-nm nanocell

delineated by the picket fence, but the hop from one nanocell to the next is only observed

occasionally, thereby effectively restraining diffusion across large distances. Although

hypothetical at first, nanocells formed by the actin-based membrane skeleton were directly

observed by ultrastructural imaging of the cytoplasmic side of the plasma membrane

(Morone et al. 2006). In the case of the axonal diffusion barrier, the local accumulation of

immobilized membrane proteins such as Ankyrin-G and the sodium channel at the axon/cell

body junction was found to coincide with the appearance of the diffusion barrier at the base

of the axon (Nakada et al. 2003). According to Nakada et al. (2003), “these immobilized

transmembrane proteins effectively function as rows of pickets against free diffusion of

molecules in the membrane (through steric hindrance) and increase packing near the protein

(in terms of the free-volume theory) or increase hydrodynamic-like friction (in terms of the

hydrodynamic theory).” Indeed, Monte-Carlo simulations showed that covering more than

25% of the edges of the nanocells with immobilized 1 nm diameter pickets is sufficient to

slow lipid diffusion by nearly three orders of magnitude to values below the detection limit

(3.5 × 10−12 cm2 s−1) of the single-lipid tracking assay. With such a low diffusion

coefficient, it would take nearly an hour for a lipid to cross a 2-μm zone, thus establishing a

de facto diffusion barrier. In the axonal diffusion barrier, the immobilization of membrane

proteins requires the actin cytoskeleton (Nakada et al. 2003). In the case of the diffusion

barrier at the yeast bud neck separating mother and daughter membranes, the septin

cytoskeleton establishes the diffusion barrier, thus indicating that the cytoskeletal element

immobilizing the pickets may vary in different systems (Takizawa et al. 2000). Candidates

for the immobilizing elements of the periciliary diffusion barrier include the Usher

syndrome transmembrane proteins SANS, whirlin, USH2b, and VLGR1b (Maerker et al.

2008), which are localized to the periciliary ridge complex of photoreceptors; the

centrosomal component Cep164, which is localized to a doughnut-shaped zone at the ciliary

base (Graser et al. 2007); and Ankyrin-G, which is required for the movement of the cGMP

gated channel to the photoreceptor outer segment and establishes the axonal diffusion barrier

(Kizhatil et al. 2009). Alternatively, the very sharp membrane curvature at the base of the

cilium may be sufficient to slow down the diffusion of lipids and membrane proteins.

Crossing the Periciliary Diffusion Barrier

Given what we know about the nature of membrane diffusion barriers, there are at least two

conceivable mechanisms for how to cross the periciliary diffusion barrier. First, proteins

could permeate the picket fence by specifically interacting with the fence elements

themselves (i.e., the transmembrane domains of the immobilized proteins), thereby locally
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loosening the fence before hopping from one fence barrier to another. This scenario would

be analogous to the nuclear transport factors known as importins and exportins that cross the

nuclear envelope by permeating the hydrogel channel of the nuclear pore through multiple

interactions with the cross-linking elements of the hydrogel matrix (Frey & Görlich 2007).

This hypothesis invokes the existence of transport factors that act as diffusion facilitators. In

this scenario, entry into the cilium need not require energy consumption. Conversely,

membrane proteins could actively cross the diffusion barrier by being physically pulled

through the barrier. The primary candidates for an active lateral transport machinery would

be the IFT A and B complexes, which move proteins up and down inside cilia through the

motor activities of Kinesin II and Dynein 1b. The IFT complexes are the components of flat

coats that resemble curvatureless COPI, COPII, and clathrin coats at the ultrastructural level

(Rosenbaum & Witman 2002). Coincidentally, IFT-complex polypeptides are largely

composed of α-solenoids and β-propeller domains that predominate in COPI, COPII, and

clathrin cage components (Avidor-Reiss et al. 2004, Jékely & Arendt 2006). The absence of

curvature from the IFT train is not incompatible with the IFT coat hypothesis: Clathrin

forms flat plaques that cluster membrane proteins for endocystosis when the clathrin

triskelion is organized in hexagons rather than the canonical mix of hexagons and pentagons

found in clathrin-coated pits (Traub 2009, Heuser 1980). Furthermore, IFT polypeptides are

highly enriched at the membrane-proximal end of alar sheets, and it is therefore thought

that a rate-limiting step in the assembly of IFT train (formerly known as IFT rafts) occurs

right at the entry point into cilia (Deane et al. 2001). Canonical coat complexes interact

directly with the cytoplasmic tails of transmembrane cargoes and utilize coat polymerization

to simultaneously cluster cargoes and deform membranes to bud a carrier vesicle (Springer

et al. 1999). An appealing scenario would therefore have the IFT polypeptides polymerize

into a flat coat on the outer periphery of the periciliary diffusion barrier to cluster membrane

proteins destined to enter the cilium (Figure 4d). These IFT clusters would provide a focal

point to recruit molecular motors that could drag the IFT clusters through the picket fence of

the diffusion barrier like an icebreaker advancing though ice-covered water.

It is also conceivable that directed exocytosis delivers ciliary transmembrane cargoes to the

location where IFT trains assemble, thus coupling vesicle trafficking to entry into cilia and

IFT. In particular, the IFT-B component IFT20 localizes to the trans-Golgi network (TGN)

and to post-Golgi vesicles moving to and fusing with the base of the cilium (Follit et al.

2006). Furthermore, a highly refined immunoelectron microscopy analysis of IFT

polypeptide localization in photoreceptors found IFT52 together with IFT20 on vesicles near

the PRC and IFT57, -88 and -140 on a different vesicle population near the base of the

cilium (Figure 4d; Sedmak & Wolfrum 2010). In one interpretation, Rosenbaum has

proposed that IFT20 stays associated with the vesicular surface (presumably interacting with

the transmembrane cargoes) from the initial budding event out of the TGN through the

fusion of vesicles with the periciliary base until lateral transport into the cilium proper

(Baldari & Rosenbaum 2010). Consistent with this interpretation, the Golgin GMAP210

anchors IFT20 to the Golgi complex, and GMAP210 is required for the efficient transport of

the polycystin PKD2 to the ciliary membrane (Follit et al. 2006, Follit et al. 2008). An

appealing aspect of IFT train assembly at the periphery of the periciliary base is that it

would unite the two demonstrated modes of entry into cilia, lateral diffusion and polarized

exocytosis. However, much work remains to be done to determine whether the IFT

complexes assemble a coat that becomes progressively remodeled from the TGN to the base

of the cilium. Because IFT polypeptides are required for ciliogenesis, only the development

of in vitro trafficking assays coupled with biochemical reconstruction will allow scientists to

dissect the coupling between polarized exocytosis and IFT train formation.
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TRAFFICKING OF MEMBRANE PROTEINS TO THE CILIUM: MOLECULES

Cis-acting Elements for Targeting to the Primary Cilium

An accurate molecular understanding of trafficking to the cilium requires the identification

of sequence elements that direct the sorting of membrane proteins in cis and of the

machinery that recognizes those signals in trans. Ciliary targeting signals (CTSs) are both

necessary and sufficient for sending a membrane protein to the cilium (Table 1), and the first

CTS to be defined was in rhodospin. Mutations clustered within the last five amino acids of

rhodospin (QVSPA) lead to one of the most severe forms of autosomal dominant retinal

degeneration (also called retinitis pigmentosum or RP), and deletion of the QVSPA motif

impairs trafficking to the outer segment in transgenic animals (Deretic et al. 1998,Li et al.

1996,Sung et al. 1994). Because grafting the last eight amino acids of rhodopsin onto a

membrane-anchored GFP promotes efficient targeting to the outer segment, this octapeptide

encodes the CTS of rhodopsin (Tam et al. 2000). Given that single amino acid substitutions

found in RP patients primarily affect the second and fourth positions of the QVSPA motif,

VxP (where x is any amino acid) likely constitutes the core element of the rhodopsin CTS

(Deretic et al. 1998). Interestingly, the motif RVxP is present in the CTS of PKD2 (Geng et

al. 2006;Table 1), and an RVxP motif in the cyclic nucleotide gated channel subunit CNG1B

is required for ciliary localization of CNG1B but fails to direct a plasma membrane protein

to cilia (Jenkins et al. 2006). Another motif common to several CTSs is the AQ box

(AxS/AxQ) found in the third intracellular loop (i3) of GPCRs that localize to cilia such as

somatostatin receptor 3 (SSTR3), serotonin receptor 6 (5HT6) and melanocortin

concentrating hormone receptor 1 (MCHR1) (Berbari et al. 2008a). Intriguingly, substituting

the A and Q residues in the AQ box does not abolish the CTS activity of SSTR3i3 when

SSTR3i3 is grafted onto the single pass membrane protein CD8α (Jin et al. 2010), whereas

an identical mutation prevents ciliary targeting of an SSTR5 chimera in which SSTR3i3

replaces SSTR5i3 (Berbari et al. 2008a). Given the known sensitivity of GPCRs to

alterations of their intracellular loops, the latter finding may result from improper folding of

the SSTR5/SSTR3i3 chimera and consequent ER retention.

Unexpectedly, most known CTSs have been either predicted (fibrocystin, rhodopsin) or

demonstrated (cystin, calflagin) to become incorporated into lipid rafts through

myristoylation and/or palmitoylation. Furthermore, mutations in these CTSs that prevent

lipidation abolish ciliary targeting (Follit et al. 2010, Godsel & Engman 1999, Tam et al.

2000, Tao et al. 2009), and depletion of the calflagin palmitoyltransferase has the same

effect (Emmer et al. 2009). Because incorporation into lipid rafts directs apical targeting in

epithelial cells (Simons & Toomre 2000), it is tempting to postulate that targeting to cilia

generally relies on partitioning into specific lipid microdomains and on the recruitment of

specific sorting complexes.

Arf4 and ASAP1: Sorting Rhodopsin out of the Trans-Golgi Network

Elegant work combining in vitro assays and mouse genetics established that the CTS of

rhodospin is required for sorting rhodospin out of the TGN and into carrier vesicles (Deretic

et al. 1998, Li et al. 1996). A logical inference is that the decision to direct membrane

proteins to the cilium is made during exit from the Golgi complex rather than at the

recycling endosome, as is the case for basolateral versus apical targeting in polarized

epithelial cells (Ang et al. 2004). To identify the factors that mediate rhodopsin sorting out

of the Golgi complex, Deretic and colleagues performed affinity chromatography against the

CTS of rhodospin and recovered the small GTPase Arf4 (Deretic et al. 2005). The rhodopsin

CTS/Arf4 interaction was functionally characterized using a cell-free assay measuring

rhodopsin packaging into carrier vesicles from Golgi membranes, and addition of antibodies
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against Arf4 or against the CTS of rhodopsin strongly inhibits packaging (Deretic et al.

1996, Mazelova et al. 2009a).

Arf4 is closely related to Arf1, Arf2, Arf3, and Arf5 (each 81% to 96% identical to another),

and these five Arfs are equally capable of recruiting COPI coats or the clathrin coat adaptor

AP-1 to Golgi membranes (Liang & Kornfeld 1997). In cultured mammalian cells, Arf1 and

Arf4 function redundantly in COPI recruitment to the Golgi complex, and Arf4 functions

singularly in COPI-mediated trafficking from the ER-Golgi intermediate compartment

(ERGIC) to the cis-Golgi complex (Volpicelli-Daley et al. 2005). Interestingly, brefeldin A

(a chemical inhibitor of the Golgi complex--localized ArfGEF GBF1) displaces Arf1 and

Arf3 from all endomembranes but fails to remove Arf4 and Arf5 from the ERGIC (Chun et

al. 2008). However, the singular role of Arf4 in trafficking out of the ERGIC is difficult to

reconcile with its function in sorting rhodopsin into carrier vesicles at the TGN. This latter

function of Arf4 has been proposed to be mediated by a “module” consisting of the Arf

GTPase activating protein (GAP) ASAP1, the GTPase Rab11, and the Rab11 effector FIP3,

which are all required for the packaging of rhodopsin into carrier vesicles from isolated

Golgi membranes in vitro. Moreover, expression of the Arf4[I46D] mutant deficient in

ASAP1-induced GTP hydrolysis disrupts rhodopsin post-Golgi trafficking and causes retinal

degeneration in transgenic animals (Mazelova et al. 2009a). An interesting possibility is that

ASAP1 is part of a coat complex for sorting membrane proteins destined for the cilium out

of the TGN. The composition of the putative ASAP1 complex, the demonstration that the

ASAP1 complex forms a coat, and the general utilization of the ASAP1 complex for

trafficking to cilia are major issues that now need to be addressed experimentally.

Alternatively, AP-1 could be the relevant coat for Arf4-mediated exit of rhodopsin from the

Golgi complex because AP-1 is a known effector of Arf4 and because the transport of the

olfactory receptor ODR-4 to the sensory cilium of worm neurons requires the μ1 subunit of

the AP-1 clathrin adaptor (Dwyer et al. 2001).

ASAP1: an ArfGAP containing SH3, ANK repeat, PH and BAR domains with roles at focal

adhesions and at the recycling endosome

FIP3: a member of the family of Rab11-interacting proteins required to maintain the

integrity of the recycling endosome compartment

Rab8 and the Exocyst: The Polarized Exocytosis Masters

One of the first factors to be implicated in vesicular transport to the primary cilium was the

small GTPase Rab8. Rab GTPases mediate the transport, docking, and fusion of carrier

vesicles with an acceptor compartment, and Rab8 associates with post-Golgi vesicles

(Deretic et al. 1995, Huber et al. 1993,) while the yeast homologue of Rab8, Sec2, functions

in vesicular trafficking to the bud neck. Strikingly, inhibition of Rab8 function in frog

photoreceptors results in the massive accumulation of rhodopsin carrier vesicles near the

base of the connecting cilium (Moritz et al. 2001). Furthermore, Rab8 activation is required

for cilium formation in RPE cells, and overexpression of GTP-locked Rab8 leads to a

dramatic elongation of primary cilia (Nachury et al. 2007, Yoshimura et al. 2007).

Collectively, these data show that Rab8GTP mediates the docking and fusion of vesicles with

the base of the cilium and pose the questions of how Rab8 activity is coordinated to

vesicular trafficking and how Rab8GTP exerts its docking function.

Upstream of Rab8 lies the guanosyl nucleotide exchange factor (GEF), Rabin8 (Hattula et

al. 2002). Rabin8 localizes to vesiculotubular recycling endosomes near the base of the

cilium (the pericentriolar recycling endosome, PRE) and the recycling endosome marker

Rab11GTP directly potentiates the Rab8GEF activity of Rabin8 and targets Rabin8 to the

PRE (Knödler et al. 2010, Westlake et al. 2009). Moreover, Smo and fibrocystin accumulate
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in the PRE in nonciliated cells, and Smo is transported through the PRE before reaching

newly assembled cilia (Follit et al. 2010, Kim et al. 2010). Thus, the PRE may constitute a

way station for trafficking to cilia in ciliated cells and/or a reservoir for cilia-destined

proteins before cilia are assembled. A role for the PRE in ciliogenesis is further evidenced

by the requirement for known PRE players such as Rab11, ASAP1, the tubulating machine

Epsin15 homology domain protein 1 (EHD1) and the tethering complex trafficking

transport protein particle II (TRAPPII) in cilium assembly. Most revealing, ASAP1 localizes

to the PRE and is required for clustering the PRE around centrioles but is dispensable for

transferin recycling by the PRE (Inoue et al. 2008). Thus, the specific requirement for

ASAP1 in cilium assembly (Kim et al. 2010) highlights the necessity for close proximity

between the PRE and the periciliary base. Strikingly, depletion of Arp3, an actin nucleation

and branching factor, or mild treatement with the actin poison cytochalasin D stabilize Smo

enrichment at the PRE, facilitate cilium assembly, and increase cilium length. Conversely,

depletion of the actin severing factors gelsolin or advillin inhibits ciliogenesis (Kim et al.

2010). Given that cytochalasin D treatment has been shown to direct Rab8 to Rab11-positive

vesiculotubular structures without affecting Rabin8 localization and because Rab8

localization to tubular structures correlates with GTP loading onto Rab8 (Hattula et al. 2006,

Westlake et al. 2009), one may infer a molecular cascade for trafficking to the cilium that is

negatively regulated by branched actin networks at the level of Rab8 activation (Figure 6).

The picture is much less clear downstream of Rab8: Ciliogenic factors such as Cenexin 2,

Cep290, and rabaptin5 have been identified as binding partners of Rab8, but the functional

significance of these interactions remains unclear (Kim et al. 2008, Omori et al. 2008, Tsang

et al. 2008, Yoshimura et al. 2007).

Trafficking transport protein particle II (TRAPPII): a decameric tethering complex that

mediates trafficking events within the Golgi complex and from the early endosome to the

late Golgi complex

Epsin15 homology domain protein 1 (EHD1): a resident recycling endosome ATPase that

tubulates membranes and is required for endosome-to-plasma membrane transport

Finally, the exocyst, a tethering complex with roles in polarized exocytosis to the yeast bud

neck and to the basolateral membrane of epithelial cells, localizes to cilia and may play a

role in trafficking to cilia (Rogers et al. 2004, Mazelova et al. 2009b, Zuo et al. 2009).

Tethering complexes generally facilitate the docking and fusion of vesicles with an acceptor

compartment in concert with soluble N-ethylmaleimide sensitive factor receptors (SNAREs)

and Rabs. SNAREs are helical membrane proteins present on vesicles and target organelles

that mediate fusion upon pairing of four SNARE helices (named Qabc and R) and act as zip

codes for addressing specific vesicles to their destination (Jahn & Scheller 2006). In

photoreceptors, the Qa-SNARE syntaxin3 is present at the base of the connecting cilium,

and the fatty acid DHA potentiates the interaction between syntaxin3 and the Qbc-SNARE

SNAP-25 (Mazelova et al. 2009b). Given the abundance of DHA in photoreceptor

membranes, it is appealing to speculate that DHA may control fusion of vesicles with the

periciliary base, and functional evidence for a role of syntaxin3 and SNAP-25 in rhodopsin

transport to the outer segment is eagerly awaited. Finally, the identity of the vesicle-bound

R-SNARE that completes the helical bundle with SNAP-25/syntaxin3 may provide insight

into the origin of vesicles that fuse with the periciliary base.

The BBSome: A Coat Complex for Ciliary Transport

Another player in ciliary trafficking is the BBSome, a complex of seven highly conserved

Bardet-Biedl Syndrome (BBS, see sidebar on A Brief History of the Ciliopathies) proteins

and one novel protein (Loktev et al. 2008, Nachury et al. 2007). The BBSome contains coat-

like structural elements common to COPI, COPII, and clathrin coats and is the major
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effector of the Arf-like GTPase Arl6/BBS3, another highly conserved BBS protein.

Strikingly, Arl6GTP-mediated recruitment of the BBSome to synthetic liposomes produces

distinct patches of polymerized coat apposed onto the lipid bilayer (Jin et al. 2010). In RPE

cells, Arl6 and the BBSome localize to cilia in an interdependent manner, and Arl6 and the

BBSome are required for targeting of the GPCR somatostatin receptor 3 (SSTR3) to

hippocampal cilia (Berbari et al. 2008a, Jin et al. 2010). Consistent with the sorting function

of coats, the BBSome directly recognizes the CTS of SSTR3 (SSTR3i3) and, when grafted

onto the plasma membrane protein CD8α, SSTR3i3 directs the resulting chimera to cilia in a

BBSome- and Arl6-dependent manner. Furthermore, a mutation in SSTR3i3 that disrupts

BBSome binding prevents targeting of the CD8α-SSTR3i3 chimera to cilia. Thus, SSTR3

fullfills all the criteria of a bona fide BBSome cargo. Finally, in the absence of the BBSome

or Arl6, the CD8α-SSTR3i3 chimera accumulates in the plasma membrane, thereby

suggesting that the BBSome mediates trafficking from the plasma membrane to the ciliary

membrane (Figure 7a; Jin et al. 2010). A major open question now concerns the mechanism

by which the BBSome mediates trafficking into cilia: Does the BBSome resemble canonical

coats and bud cargo-containing vesicles that fuse with the periciliary base? Or is the

BBSome a more simple sorting machine that assembles a planar coat and clusters cargoes

into a patch that can enter the cilium laterally from the plasma membrane?

The central role of the BBSome in trafficking membrane proteins to from cilia provides a

logical framework to account for the etiology of BBS. Although the BBSome is not

generally required for the assembly of the cilium, its trafficking function implies that

specific signaling receptors and transmembrane proteins fail to reach the cilia of BBS

patients, thereby resulting in organ-specific signaling abnormalities and pathological

symptoms. In particular, Val Sheffield’s lab recently discovered that the leptin signaling

cascade is disrupted downstream of the leptin receptor in bbs2−/− and bbs4−/− mice

(Rahmouni et al. 2008, Seo et al. 2009). Given that the cytoplasmic tail of the leptin receptor

interacts with BBSome subunit BBS1, it is tempting to speculate that the BBSome may

traffic the leptin receptor to cilia (Seo et al. 2009). However, attempts to localize the leptin

receptor protein in situ have been hampered by the lack of highly specific immunological

reagents, and it remains to be seen if leptin signaling takes place inside cilia.

Removal of Membrane Proteins from Cilia: Emerging Concepts

Whereas most of this chapter---and most of what we currently know---centers around

trafficking to the cilium, the removal of proteins from cilia is likely to be of great biological

significance. When cells resorb their cilia before cell cycle entry in vertebrate cells or before

conjugation in Chlamydomonas, membrane and soluble proteins need to exit the cilia.

Furthermore, in Hh signaling, once stimulation is terminated, Smo disappears from cilia.

The mechanisms that underlie membrane protein removal from cilia and the regulation of

this trafficking step remain largely unexplored.

Surprisingly, the BBSome may carry out bidirectional trafficking into and out of the cilium.

Recent work from the Witman lab showed that the Chlamydomonas BBSome colocalizes

with IFT trains in flagella and is required to remove specific signaling components from

flagella (Lechtreck et al. 2009). Four proteins abnormally accumulate in bbs flagella: a

truncated hemoglobin (THB1), a type c phospholipase D (PLDc), a serine/threonine protein

kinase (STPK), and a protein of unknown function. While none of these proteins contains a

transmembrane domain, the latter three contain putative myristoylation sites. Remarkably,

THB1 also accumulates in the flagella of a retrograde IFT mutant, suggesting that THB1 is

exported from cilia by the BBSome and the retrograde IFT machinery. Because the BBSome

undergoes IFT motility in all organisms examined (Lechtreck et al. 2009, Blacque et al.

2004, Nachury et al. 2007), the BBSome may function as an adaptor for the retrograde IFT-

A complex (Figure 7b). Given that not all IFT particles carry BBSomes and
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Chlamydomonas polycystin 2 accumulates in IFT mutant flagella but not in BBSome mutant

flagella (Huang et al. 2007, Lechtreck et al. 2009), it is likely that the BBSome is only one

of many adaptors for the retrograde IFT machinery. Conversely, because PLDc does not

accumulate in retrograde IFT mutant flagella, the BBSome may remove proteins from

flagella independently of the IFT machinery.

Another advance on the ciliary export front is the discovery that ubiquitination of ciliary

proteins may constitute a mark for removal from cilia. Ubiquitination of plasma membrane

proteins such as the epidermal growth factor receptor is well known to trigger their

endocytosis and facilitate their movement through the endocytic route toward the

multivesicular body and finally the lysosome, thus ultimately leading to degradation.

Interestingly, clathrin adaptors and the multivesicular body sorting machinery [the

endosomal sorting complexes required for transport (ESCRT complexes)] all recognize the

ubiquitin (Ub) moiety on Ub-conjugated cargoes (Huang et al. 2009, Hurley & Emr 2006,

Tanaka et al. 2008). During flagellar resorption in Chlamydomonas, the level of

ubiquitinated proteins in flagella increases dramatically, particularly in mutants deficient in

retrograde IFT, and PKD2 and α-tubulin are highly ubiquitinated (Huang et al. 2009).

Moreover, in C. elegans, a PKD2-Ubiquitin fusion is absent from cilia, whereas PKD2

normally remains in cilia at steady-state. Interestingly, the ESCRT-0 protein Hrs/STAM is

required for removing Ub-PKD2 from cilia: In Hrs/STAM mutants, Ub-PKD2 accumulates

at the base of cilia (Hu et al. 2007). Thus, Ub may be used as a tag for transport to the base

of the cilium and also for further trafficking toward the degradative endocytic route. In this

context, it will be particularly interesting to test whether ubiquitination plays a role in

signaling pathways that utilize the cilium. In particular, the steady-state localization of any

protein at the primary cilium results from the difference between the rate of ciliary entry and

the rate of ciliary exit. Whereas it would seem that regulating the rate of entry is the most

parsimonious solution, the finding that Smo continuously shuttles into and out of the cilium

in unstimulated cells (Ocbina & Anderson 2008, Kim et al. 2009) leaves open the possibility

that either entry or exit rates could be the target for regulation upon pathway engagement.

ESCRT: a set of four “endosomal sorting complexes required for transport” to the

multivesicular body where membrane proteins and lipids are poised for degradation

Ubiquitin (Ub): a 76-amino acid polypeptide that becomes conjugated to acceptor proteins

to mark them for degradation, endocytosis, or regulation

Roles of the Intraflagellar Transport Machinery Outside Cilia

Until quite recently, the role of IFT polypeptides had been equated with cilium assembly.

One report suggested that IFT88 might be involved in cell cycle control independently of its

role in ciliogenesis based on experiments in HeLa cells, which the authors assumed were not

ciliated (Robert et al. 2007). However, we have recently confirmed that HeLa cells are

mostly ciliated (H. Jin and M.V. Nachury, unpublished observations; Alieva & Vorobjev

2004), and depletion of IFT88 in HeLa cells accelerates cell cycle progression owing to

aberrations in ciliary signaling pathways. However, this cilia-centric view of the IFT

complexes is now bound to change thanks to two recent reports (Finetti et al. 2009, Sedmak

& Wolfrum 2010).

The first report addresses the role of IFT proteins in trafficking of the T cell receptor (TCR)

to the immune synapse of T cells, which are not ciliated. T cells undergoing activation

adhere to antigen-presenting cells through a close membrane juxtaposition called the

immune synapse. Remarkably, the TCRs (on the T cell side) and the cognate major

histocompatibility complexes-antigen complexes (on the antigen-presenting cell side) are

clustered at the center of the immune synapse. Because the T cell centrosome migrates to the

immune synapse very early during the activation process, it had been suggested that the
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centrosome polarizes the microtubule cytoskeleton to direct trafficking of the TCR to the

immune synapse (Kupfer et al. 1987, Martín-Cófreces et al. 2008). Surprisingly, all tested

IFT polypeptides are expressed in T cells, and polarized TCR trafficking to the immune

synapse is severely impaired when T cells are treated with IFT20 small hairpin RNA (Finetti

et al. 2009). Lastly, upon T cell activation by the antigen-presenting cell, the T cell receptor

associates with the IFT-B complex subunits IFT20, IFT57, and IFT88, thereby suggesting

assembly of an IFT coat on TCR carrier vesicles or on TCR clusters at the synapse. Given

the availability of IFT20 and IFT88 conditional mouse mutants, future experiments will

need to rigorously test whether different IFT-B complex polypeptides are required for T cell

activation in vivo.

The second report found IFT20, -52 and -57 as well as the IFT motor KIF17 localized to the

postsynaptic compartment of the synapses connecting photoreceptor cells to the dendritic

processes of secondary retinal neurons. Because these secondary neurons are not ciliated and

because IFT20, -52 and -57 associate with the surface of vesicles in the dendritic processes

of secondary neurons, a novel IFT complex may mediate the exocytic insertion of

postsynaptic components at the synapse. A role for IFT at the signal-receiving end (the

dendrite) of a nonciliated neuron would elegantly expand upon the well-characterized

function of IFT at the signal-receiving antenna (the cilium) of ciliated cells and may indicate

a general utilization of IFT at signal-receiving structures (cilia, dendrites, T cell synapse).

Nonetheless, the functional relevance of IFT to the organization of the postsynaptic

compartment of secondary retinal neurons remains to be tested.

Fuzzy and Dishevelled: Planar Polarity Moonlighting at the Basal Body

The final category of molecular players for ciliary trafficking came from un unexpected

direction. Genetic analysis of PCP in Drosophila uncovered 6 core PCP proteins

functioning upstream of many effector PCP proteins. Unexpectedly, mice knockouts for the

PCP effector Fuzzy display very mild PCP phenotypes but severe Hh signaling defects and

stunted primary cilia (Gray et al. 2009, Heydeck et al. 2009). Furthermore, exocytosis is

severely disrupted in the mucus-secreting cells of Fuzzy knockdown frogs, with mucus

granules found apposed to the apical membrane seemingly unable to fuse. Thus, Fuzzy

participates in the terminal step of mucus granule exocytosis and may play a similar role in

exocytosis at the periciliary base (Gray et al. 2009). In another departure from the

Drosophila model, the core PCP protein Dishevelled localizes to the basal body of ciliated

epithelial cells in frog embryos and is required for activation of the actin remodeling

GTPase Rho, the ensuing apical docking of basal bodies, and the capture of exocyst-positive

vesicles by basal bodies (Park et al. 2008). Thus, similar to how some of the Hh signaling

elements are utilized for ciliogenesis and/or Hh signal transduction depending on the

evolutionary branch examined (Wilson et al. 2009, Rink et al. 2009), PCP proteins may

function in polarized exocytosis and/or PCP signaling in different organisms. These deeply

rooted linkages between PCP or Hh signaling and cilium assembly suggest that cilia may

have initially coevolved with their signaling obligations---such as clustering receptors on the

cell surface---before acquiring motile characteristics (Jékely & Arendt 2006).

SUMMARY POINTS

■ The cilium, even though it is not fully membrane-enclosed, has the properties

of a cellular organelle: Its membrane is segregated away from the plasma

membrane by a diffusion barrier and contains a distinct set of receptors and

possibly lipids.
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■ The transport of small soluble proteins to the cilium may proceed by

diffusion and retention rather than active transport. A protein as large as GFP

can freely diffuse through the connecting cilium of photoreceptors.

■ Ultrastructural studies coupled with pulse-chase labeling of rhodopsin in

photoreceptor cells have offered strong support to the polarized exocytosis

model in which post-Golgi vesicles dock and fuse with the periciliary base.

■ A set of proteins has been proposed to pave the way for the transport of

membrane proteins from the Golgi complex to cilia. These include the

GTPases Arf4, Rab11, and Rab8; the tethering complexes TRAPPII and

exocyst; the Rab11 effector FIP3; the ArfGAP ASAP1; the tubulating

machine EHD1; and the Rab8GEF Rabin8. This cast of actors suggests a role

for recycling endosomes in vesicular trafficking to cilia.

■ Two protein complexes that recognize CTSs and sort cargoes to the cilium

have recently been identified:

○ Arf4 recognizes the rhodopsin CTS, and together with the

putative coat complex component ASAP1, functions in rhodospin

sorting to cilia at the TGN.

○ The BBSome is the major effector of the GTPase Arl6 and

functions as a coat complex that sorts the GPCR SSTR3 to cilia.

The BBSome coat may also remove proteins from cilia.

■ A novel route for transport of membrane proteins into cilia has been

proposed for the Hh signaling factor Smo. It has been proposed that Smo

may be transported laterally from the plasma membrane into the ciliary

membrane, presumably by diffusion, crossing of the periciliary diffusion

barrier, and retention in cilia.

■ The IFT complexes function mainly in lateral transport within cilia, but

IFT20 may function at the Golgi complex in the transport of PKD2 and in the

polarization of recycling endosomes for the transport of the TCR to the

immune synapse.
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Figure 1.

The photoreceptor cell, an exemplar of polarized trafficking to cilia. This schematic diagram

of a photoreceptor cell illustrates the key steps in rhodopsin trafficking from the Golgi

complex to the outer segment.
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Figure 2.

The diffusion barrier that separates ciliary and plasma membranes. (a)

Glycosylphosphatidylinositol-fluorescent protein (GPI-FP, green), a GPI-anchored FP, is

excluded from a zone surrounding the base of the primary cilium (acetylated tubulin, red).

(b) Galectin-3 (red), a carbohydrate-binding protein, concentrates at the base of the cilium

within the zone of exclusion of GPI-FP (green). (c) Schematic representation of the

periciliary diffusion barrier. Images in (a) and (b) reproduced from Vieira et al. (2006),

copyright © 2006, National Academy of Sciences, U.S.A.
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Figure 3.

Ultrastructure of the periciliary base. (a) A brick-and-mortar basal body reconstruction

(Anderson 1972). The so-called transition fibers appear as wing-like structures (alar sheets)

that cover most of the space at the base of the cilium. (b) Transverse electron microscopic

section through the basal body transition zone (Anderson 1972). (c) Tracing of the basal

body microtubule barrel and alar sheets from (b). The bottleneck shown in red can only

accommodate particles 60 nm and smaller.
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Figure 4.

Three models for the trafficking of membrane proteins to the cilium. All models attempt to

solve the problem of crossing the lipid diffusion barrier. The first two models are variations

on the same theme, as both rely on polarized trafficking of post-Golgi vesicles to the base of

the cilium. (a) Post-Golgi vesicles could deliver membrane proteins to the cilium by fusing

with the ciliary membrane inside the ciliary shaft. (b) An extension of the previous model

builds on the observation that the periciliary diffusion barrier is likely positioned at least 0.5

μm away from the base of the ciliary shaft. This 0.5-μm zone between the cilium proper and

the diffusion barrier can still be considered ciliary membrane and may provide the site for

vesicle docking and fusion. (c) In the last model, vesicles are delivered isotropically to the

plasma membrane, and membrane proteins somehow cross the diffusion barrier (green

arrow) to reach the ciliary membrane. (d) A speculative model for the sequential sorting and

delivery of cargoes to cilia by intraflagellar transport (IFT) proteins. IFT20 is the only IFT

protein present on the Golgi complex, and IFT20 associates with post-Golgi vesicles

together with IFT52 while IFT88, -57, and -140 are present on a distinct vesicle population.

En route to the base of the cilium, IFT20 is shed from the IFT complexes, and additional IFT

subunits are incorporated into the cilia-destined IFT train.
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Figure 5.

The periciliary ridge complex (PRC) of photoreceptors. (a) Schematic cross-section of the

PRC adapted from Peters et al. (1983). Note the connecting cilium (CC) at the center. (b)

Scanning electron micrograph of the PRC as seen from the inner segment (Peters et al.

1983). The PRC is organized into grooves and ridges. Steps (S) are found between the deep

and shallow parts inside the periciliary groove. The CC can be seen at the center of the PRC.

(c) Transverse section of the PRC (Peters et al. 1983). V, vesicle. Note the central location

of the CC. (d) Thin-section electron micrograph of the periciliary region 2.25 hours

following radioactive amino acid labeling (Papermaster et al. 1985). Most of the label is

incorporated into rhodopsin that is found in vesicles fusing in the grooves (G) of the PRC. B

is the daughter centriole of the basal body complex.
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Figure 6.

A speculative molecular pathway for membrane traffic to the primary cilium. Green peanut

shapes are coats, red circles are GTPases, pink hexagons are tethering complexes, and

Rabin8 (purple) is an extended coiled coil.
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Figure 7.

Two models for the function of the BBSome, a complex of seven highly conserved Bardet-

Biedl Syndrome (BBS) proteins and one novel protein. (a) The BBSome functions as a coat

complex to target membrane proteins to cilia. Upon GTP binding, Arl6 associates with

membranes and recruits the BBSome. Preclustering complexes are then formed through the

direct recognition of ciliary targeting signals (CTSs) by the BBSome. These BBSome/CTS/

Arl6GTP complexes polymerize to form the BBSome coat and target membrane proteins to

cilia. It is currently unclear whether the BBSome assembles a planar coat that mediates

active lateral transport through the diffusion barrier (route 1) or a canonical coat that buds

out vesicles that then fuse with the ciliary membrane (route 2). (b) The BBSome functions

as an adaptor for retrograde IFT to export proteins from cilia. Note that models (a) and (b)

need not be mutually exclusive.
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