
Ciliogenesis membrane dynamics and organization

Huijie Zhaoa, Ziam Kahna, Christopher J. Westlakea,1

aCenter for Cancer Research, NCI Frederick, Laboratory of Cellular and Developmental Signaling, 
Frederick, MD 21702, USA

Abstract

Ciliogenesis is a complex multistep process used to describe assembly of cilia and flagella. These 

organelles play essential roles in motility and signaling on the surface of cells. Cilia are built at 

the distal ends of centrioles through the formation of an axoneme that is surrounded by the ciliary 

membrane. As is the case in the biogenesis of other cellular organelles, regulators of membrane 

trafficking play essential roles in ciliogenesis, albeit with a unique feature that membranes are 

organized around microtubule-based structures. Membrane association with the distal end of the 

centriole is a critical initiating step for ciliogenesis. Studies of this process in different cell types 

suggests that a singular mechanism may not be utilized to initiate cilium assembly. In this review, 

we focus on recent insights into cilium biogenesis and the roles membrane trafficking regulators 

play in described ciliogenesis mechanisms with relevance to human disease.

Introduction

Most human cells have a single immotile primary cilium or one or more motile cilia. 

Defects in the functions of these organelles cause genetic diseases, referred to as ciliopathy, 

with more than 30 human disorders described thus far. Motile cilia are associated with 

movement related functions, while primary cilia are important in signaling needed for 

normal development and tissue homeostasis in humans (1). Depending on the tissue, these 

functions include mechanosensation, light sensation, chemosensation, and morphogen and 

growth factors signaling.

The structure of the cilium is highly conserved in prokaryotes and eukaryotes, with a core 

nine-microtubule-doublet-based axoneme surrounded by a ciliary membrane. Motile cilia 

have an extra pair of microtubules in the middle of the axoneme needed for movement 

associated functioning. The 9-fold axoneme symmetry is carried over from the centrioles, 

which have a 9-triplet microtubule architecture structure, and form the base of the cilium, 

referred to as the basal body. Cilia are assembled through a complex process referred to 
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as ciliogenesis (Figure 1). Centrioles competent to assemble cilia contain proteinaceous 

subdistal appendage (SDA) and distal appendage (DA) structures (2,3). Between the basal 

body and the axoneme is a transition zone (TZ), which is critical for regulating trafficking 

in and out of the cilium mediated by intraflagellar transport proteins (IFT) complexes, IFT-A 

and IFT-B. IFT complexes display anterograde and retrograde movement via association 

with kinesin and dynein motors, respectively. Like other membrane-bound organelles, 

the cilium lacks protein synthesis machinery (4). Consequently, it is not surprising that 

membrane trafficking regulators have been shown to be important for ciliogenesis including 

members of the RAB and ARF GTPases (5,6). This review will focus on how the ciliary 

membrane is formed and the role membrane trafficking regulators play in ciliogenesis.

Cilium formation occurs in the G1/G0 phase of the cell cycle, and in dividing cells, the 

cilium is disassembled prior to mitosis as the centrioles participate in spindle formation. 

An essential early step of ciliogenesis involves the trafficking and docking of centrioles to 

cellular membranes via the DA of the mother centriole (MC) (7) (Figures 1A, B and 2). 

Distal appendage proteins (DAPs) serve to tether the basal body to the membrane, and in 

mature cilia are referred to as transition fibers. Centriole-membrane docking is required for 

the removal of CP110-CEP97 proteins from the MC distal end (2), a process needed to 

transform the MC into the basal body (BB) in order for the axoneme to grow (Figure 2). 

Prior to axoneme growth the Y-shaped TZ structure is built to bridge the ciliary membrane 

to the microtubule doublets (8). The IFT-B complex regulates the transport of factors at the 

cilium base needed for growth of cilium.

A. Intracellular and Extracellular Ciliogenesis:

It is generally thought that there are two mechanisms by which centriole-membrane docking 

occurs in ciliogenesis: an extracellular- and intracellular pathway. In the extracellular 

pathway, cilium assembly begins following migration and docking of the centriole to the 

plasma membrane (PM) (9) (Figure 1B); while in the intracellular pathway, ciliogenesis 

is initiated by the trafficking and docking of membranes to the centriole in the cytoplasm 

(Figures 1A and 2). Cells with primary cilia such as mesenchymal cells, fibroblasts, retinal 

pigmented epithelial (RPE1) and photoreceptors, which likewise have 9 + 0 axonemes, are 

thought to use the intracellular pathway, while polarized epithelial cells with primary cilia 

or motile monocilia, and multiciliated cells (Figure 1C) may use the extracellular pathway. 

Membrane trafficking regulators have been linked to both ciliogenesis schemes.

i. Intracellular ciliogenesis assembly mechanisms

In the 1960’s, work by Sorokin using transmission electron microscopy (TEM) provided 

the first evidence that the primary cilium begins to assemble in the cytoplasm (10). Mother 

centrioles with a ~300nm vesicle were observed attached to the DAs that was referred 

to as the ciliary vesicle (CV) (Figures 1A and 2). Axonemal structures surrounded by 

a double membrane sheath were also observed, suggesting that the CV reorganizes to 

encase the axoneme. Renewed interest in this pathway began following the discovery that 

the membrane trafficking regulator RAB8 was associated with ciliogenesis in RPE1 cells 

(11,12). Clues for how the CV assembles once again came from electron microscopy 
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observations in RPE1 cells and mouse rod photoreceptors that smaller ~50 nm diameter 

preciliary vesicles (PCVs) dock to DAs, referred to as distal appendage vesicles (DAVs), 

and likely fuse together to generate the CV (13,14). Factors important for membrane 

vesicle shaping and fusion, including EHD1/EHD3, were detected on DAVs suggesting a 

mechanism for how the CV is assembled (15). This work also demonstrated that the CP110 

is removed in association with CV assembly stage (Figure 2).

Cells utilizing the intracellular pathway have been linked to the presence of a ciliary 

pocket (16–18) (Figure 1A). This membrane connects the base of the cilium to the plasma 

membrane. The ciliary pocket membrane is likely formed from the cytoplasmic face of 

the ciliary sheath membrane following fusion with the PM, which allows the cilium to 

emerge from the cell. However, little is known about how this fusion process occurs. We 

recently showed that membrane tubules form from the CV and sheath, and fuse to the 

PM (15). These tubular structures establish a membrane channel that exposes the ciliary 

membrane to the extracellular environment, called extracellular membrane channels (EMCs) 

(Figure 2), providing a possible molecular explanation for how the cilium emerges from 

the cytoplasm. EMC formation requires microtubules suggesting that these membranes are 

guided to the cell surface by the cytoskeleton. The observation that membrane trafficking 

regulators localizes to EMCs suggests that factors needed for ciliogenesis could be delivered 

to the developing cilium through these membranes, possibly originating from the PM. Based 

on these recent findings, it seems likely that further high-resolution structural studies of 

the intracellular ciliogenesis pathway will reveal new understanding about ciliary membrane 

assembly.

ii: Extracellular ciliogenesis pathways:

There is considerably less known about the processes regulating centriole docking to 

membranes in the extracellular pathway. As mentioned above, the absence of ciliary pockets 

is a hallmark of cells using the extracellular pathway, including some polarized epithelial 

cells, sperm and multiciliated cells (MCCs) (Figure 1B, C). As in the intracellular pathway, 

the mother centriole docks to the cell surface membrane via DAPs, triggering MC uncapping 

(19). However, unlike the EMC strategy used in intracellular ciliogenesis, centrioles are 

thought to be transported to cell surface membrane via a poorly understood mechanism, 

which appears to be cell/tissue specific.

Madin-Dardy canine kidney (MDCK) cells are polarized epithelial cells that may use 

the extracellular ciliogenesis pathway since the intracellular intermediates are not readily 

observed (20,21). In these cells cortical actin clearing and apical membrane partitioning 

proceds centriole docking to the plasma membrane (20,22). Membrane trafficking regulators 

important for the intracellular pathway are dispensable for extracellular ciliogenesis or to 

have different ciliogenesis associated function in MDCK cells (20,23). These observations 

indicate that membrane trafficking regulators could play distinct roles in the polarized 

epithelial cell ciliogenesis. An alternative model for the centrosome docking mechanism to 

the cell surface membrane that has been put forth suggests that the cytokinesis midbody 

remnant (MBR), a membrane inherited by one of the daughter cells, directs the site of 

ciliogenesis at the apical surface of MDCK cells (21). During cytokinesis, ingression of the 
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cleavage furrow leads to the formation of a narrow membrane bridge connecting the two 

nascent daughter cells called the midbody (24), and following division the MBR, can remain 

attached to the PM in one of the daughter cells. Physical removal of the MBR reduces 

ciliogenesis in MDCK cells and the MBR contains IFT-B components and RAB8 (21), 

although the latter is consistent with non-ciliary functions of these proteins in cytokinesis 

(25). Upon cilium formation, the MBR is shed and therefore does not become part of the 

ciliary membrane. It is not clear how ciliogenesis initiation is controlled in this mechanism, 

in particular how MC uncapping is regulated if the centrioles are already docked to the MBR 

membrane.

In the case of MCCs, these cells can generate hundreds of centrioles via a deuterosome-

mediated mechanism (Figure 1C). Following dissociation from deuterosomes, centrioles 

migrate and dock to the apical surface to nucleate motile cilia (19). Centriole migration 

and docking involves actin filaments but not microtubules. The molecular mechanisms of 

actin-dependent centriole migration have only recently begun to be illuminated. Multiple 

components of the planar cell polarity (PCP) signaling pathway govern the apical centriole 

migration, including core PCP proteins, such as Dishevelled (DVL) and Vangle2 (26,27), 

along with the PCP effector proteins Inturned (INTU), Fuzzy (FUZ), DRG1 and the small 

GTPase RhoA (28–30). Focal adhesion complex proteins, nucleotide binding protein 1 

(NUBP1) and WDR5 were also shown to regulate the actin network for apical centriole 

migration and docking in Xenopus multiciliated cells (31,32). Notably, there have been 

limited investigations into membrane trafficking regulator roles in multiciliogenesis.

The sperm flagellum is a specialized ‘cilium’, which possesses additional structures 

including outer dense fibers and the fibrous sheath (33). Despite the importance of sperm 

flagella for fertilization, how the sperm flagellar structure is built is not well understood. 

During spermiogenesis, the cell surface membrane docked to the basal body-flagella 

complex invaginates and attaches to the nuclear envelope through a tail-head connecting 

piece at the concave implantation fossa (33). The manchette is another microtubule based 

structure that surrounds the elongating spermatid head and is important for nuclear shaping 

and sperm flagella formation (34). It is hypothesized that structural cargo proteins are 

transported through the manchette to the construction site in the flagellum by either the 

IFT-B complex along the microtubule tracks or via F-actin related transport. Membrane 

trafficking regulators have also been linked to the mammalian sperm tail assembly 

suggestive of an involvement of vesicle trafficking (34).

Interestingly, kidney epithelial mouse inner medullary collecting duct cells (mIMCD3) can 

use either the intracellular or extracellular pathway depending on cell densities (35,36). 

Small vesicles were also observed near the distal appendages of centrioles in MCCs by 

TEM (18). Moreover, multiciliogenesis is blocked in mouse airway MCCs when Chibby 

(CBY), a reported distal appendage protein, is removed and membrane vesicles consistent 

with DAV and CVs were detected near the centrioles (37). Consequently, these findings raise 

the question of whether cells can use both ciliogenesis mechanisms.
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B. Organizing the basal body and cilium:

i. Centriole sub-distal and distal appendages

DAs are critical for membrane docking to the MC to initiate ciliogenesis, whereas SDAs 

appear to be dispensable (2,3). As with the 9-fold microtubule architecture observed in 

the centrioles and axonemes, there are 9 DAs and possibly 9 SDAs (Figure 2), although 

SDAs do not have a symmetrical arrangement (Figure 2) (38). In somatic cells, the older 

mother centriole has DAs and SDAs, while the younger daughter centriole does not, which 

determines the status of centriole maturation for the subsequent ciliation (Figure 2). These 

modifications are not added until the next cell cycle. In MCCs, DA and SDA assemblies 

proceed after centriole duplication (39,40) (Figure 1C).

To date, the only SDA protein essential for ciliogenesis is ODF2, with the caveat that it is 

also required for the assembly of DAs (41,42). ODF2 specifically interacts with RAB8A 

(12). While it has been proposed that microtubule anchoring to SDAs could serve as a route 

for vesicular membrane transport to the centrioles (10,12,41,43,44), other microtubules near 

the distal end of the MC could more directly deliver vesicles to the DAs (38). Cells using an 

extracellular pathway would likely not require SDAs for ciliogenesis due to direct docking 

of the centriole to the plasma membrane. In the case of motile cilia, the SDAs form the 

basal foot important for the direction of effective stroke of ciliary beating during movement 

(45,46).

DAPs identified to date include CEP164, CEP123/CEP89, CCDC41/CEP83, SCLT1, FBF1, 

C2CD3, ANKRD26 and CEP90, most of which are required for primary ciliogenesis 

(2,3,47,48). EM studies have shown that depletion of the CEP164, CEP89/CEP123, C2CD3, 

or CCDC41/CEP83 prevents vesicle docking to the MC and the removal of the MC cap. 

Phosphorylation of CEP83 by the Tau tubulin kinase 2 (TTBK2) kinase is required to 

initiate ciliogenesis (49). TTBK2 also phosphorylates CEP164, which inhibits the DAPs 

interaction with Dishevelled-3 (50,51), a protein important for apical docking and planar 

polarization of basal bodies in ciliogenesis of epithelial cells (52). Investigation of the 

structural organization of the DAs indicates that CCDC41/CEP83 and SCLT1 are located 

to the inner DA structure with FBF1, CEP164 and ANKRD26 decorating the outer surface, 

where vesicles were observed to dock to the MC (Figure 2) (38,48,53).

ii. Mother centriole uncapping mechanisms

Proteins localized to the distal end of centrioles including CP110 and CEP97 control 

centriole length and prevent axoneme formation in mammalian studies (3). CEP97 

ciliogenesis function has also been linked to centriole stability (54). Removal of these 

proteins along with MPP9 specifically from the MC is associated with membrane vesicle 

docking to DAPs (Figure 2 ) (7), although it is not clear how membrane docking affects 

MC uncapping. This MC uncapping process requires TTBK2 and the proteasomal pathway 

(Figure 2) (55–57). While some of these factors localize to the MC, others are recruited 

upon initiation of ciliogenesis, suggestive of a directed transport mechanism. Under non-

ciliation conditions, the motor protein KIF24 maintains MPP9 at the MC cap, and MPP9 

affects CP110-CEP97 MC localization through direct binding to CEP97 (58). During 
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ciliogenesis KIFC1 recruits TTBK2 to the MC (59) where it phosphorylates MPP9 on 

Ser629 resulting in its removal from the mother centriole via the ubiquitin-proteasome 

degradation (58). TTBK2 MC recruitment is also regulated by the phosphoinositide 

PI(4)P which associates with CEP164 and prevents TTBK2 binding to this DAP. MPP9 

phosphorylation by TTBK2 triggers a ubiquitin proteasomal cascade whereby CUL3-RBX1-

KCTD10 mediates CEP97 degradation and the E3 ligases HERC2, SCFcyclinF, the linear 

ubiquitin chain assembly complex (LUBAC), and EDD1-DYRK2-DDB1VPRBP have been 

linked to CP110 degradation during ciliogenesis (56,57,60–63). Recently, CP110 removal 

was shown to be associated with the autophagy-dependent degradation pathway mediated 

by LC3 and NUDCL2 in murine embryonic fibroblasts (MEF) (64). It is not clear if these 

proteolytic factors are already present at the MC prior to ciliogenesis initiation, although 

the HERC2 cofactor NEURL4 translocates from the daughter centriole to the MC during 

ciliogenesis (65). Given that blockage of ciliogenesis at the DAV stage can prevent MC 

uncapping, vesicular trafficking could direct factors to the MC needed to remove MC cap 

proteins. In addition to functioning as a suppressor of cilia formation, CP110 and CEP97 are 

also needed for ciliogenesis. Studies in CP110−/− mice MEFs display aberrant ciliary vesicle 

docking (66). Furthermore, CP110 is also required for primary and motile cilia formation 

in Xenopus (67). These results suggest that CP110 and CEP97 may function in the initial 

recruitment of PCVs to the MC.

iii. Transition zone assembly:

The TZ is critical for cilium formation and function and it helps to establish a unique protein 

and lipid composition through regulating the entry and exit of proteins and lipids at the 

cilium base (8). Predicted transmembrane domain containing TZ proteins such as TMEM67, 

TMEM216, TMEM231 and TMEM237 presumably link the ciliary membrane to the soluble 

TZ elements in the Y-shaped structures that are connected to axonemal microtubule doublets 

(8,68). TZ protein recruitment to the MC coincides with the appearance of the CV (Figure 

2) (14,15), consistent with a mechanism whereby the TZ assembles prior to axoneme 

growth (Figure 2). The TZ proteins CBY and CEP290 have been linked to the docking 

of membranes to the DAPs and interact with membrane trafficking regulators associated 

with RAB8 (Figure 2)(37,69–71). Functional disruption of CEP290, CBY and other TZ 

proteins including TMEM67, AHI1, and DZIP1/DZIPL1 affects ciliogenesis at the CV stage 

(37,69,70,72–76). While it remains to be shown, it is anticipated that membrane transport of 

TZ factors represents an essential step in the progression of cilium assembly.

iv. Axoneme and ciliary membrane growth

Evidence of tight coupling between the formation of the ciliary membrane and the axoneme 

comes from the observation that ciliogenesis is stalled at the CV stage if regulators of either 

of these processes are disrupted (14,77–79). Upon the removal of the cap proteins from 

the MC, the centriolar A- and B-tubules extend to form the ciliary axoneme, whereas the 

C-tubule terminates within the distal centriole region (Figure 2)(80). During ciliogenesis 

axonemal tubulin is transported into the cilium via the IFT-B complex (81–83). IFT 

complexes are assembled at the ciliary base and trafficked toward the cilium tip with ciliary 

cargo proteins as well as the Bardet–Biedl syndrome (BBS) complex by the anterograde 

motor kinesin in association with the IFT-B subcomplex. At the ciliary tip, cargo proteins 
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are unloaded and the IFT motor switches to the retrograde motor dynein associated with 

the of the IFT-A subcomplex, which mediates the return of the IFT complex and associated 

proteins to the base of the cilium (84). Exceptions to this rule of directional IFT transport 

have been reported (85). Mutations in the IFT-B complex components cause shortened or 

missing cilia, while mutations in the IFT-A complex components typically result in stumpy 

cilia that accumulate IFT-B proteins (86). IFT complexes are observed at the base of the 

cilium on “train’-like structures associated with adjoining cell surface membrane. Moreover, 

IFT-B components are known to associate with membrane vesicles and the Golgi (87,88), 

and have been shown to localize at the developing primary cilium with the appearance 

of ciliary membrane components (14). IFT-B complex proteins play a critical role in 

coordinating axoneme growth via interactions with molecular motors, ciliary cargos and the 

ciliary membrane (84,89). IFT-B proteins have also been shown to cooperate in cilia growth 

with the membrane trafficking associated ARF GTPase ARL13B (Figure 2)(83). Notably, 

ARL13B localizes to the ciliary membrane after the CV stage (90). IFT-B components and 

ARL13B also associate with Rab GTPases that have been linked to cilia membrane growth 

(Figure 2), which will be described in detail later in this review. Interestingly, phylogenetic 

analysis indicates that IFT complexes share homology with the coat protein I (COPI), 

important in regulating endosomal vesicular transport (25). IFT-coated vesicles carrying 

axonemal proteins have been observed at the base of the Chlamydomonas flagellum (91). 

Moreover, a recent study demonstrated that IFT-A components may function as a vesicle 

coat (92). IFT121/WDR35 was found to be important for coat formation on Golgi-associated 

vesicles associated with cilium elongation during ciliogenesis. Together these observations 

support a direct role of the IFT-B complex is modifying and regulating the delivery of PCVs 

to the developing cilium.

C. Ciliary membrane assembly mechanisms

Because the majority of what is understood about ciliary membrane assembly comes from 

studies of the intracellular pathway, findings discussed in this section will be assumed to be 

related to this mechanism unless otherwise stated.

i) Rabs in ciliogenesis:

Rabs are members of the Ras super family of small GTPases that function in membrane 

trafficking important for the biogenesis, transport, tethering, and fusion of membranous 

structures in the cell (5). Rabs associate with cellular membranes via COOH-terminal 

lipid modifications. In the active GTP bound state, Rabs bind to effector molecules that 

participate in membrane trafficking functions. Rab active states are controlled by guanine 

nucleotide exchange factors (GEFs) that promote GTP binding, and GTPase activating 

proteins (GAPs) which stimulate GTP hydrolysis to convert the Rab to the inactive GDP 

bound state. Several Rabs, Rab effectors, GEFs and GAPs have been linked to ciliogenesis 

(7, 101). In addition, RAB8A, RAB10, RAB27 and RABL2 have been linked to the 

mammalian sperm tail assembly (93–101).

In this section, we review what is known about Rab membrane trafficking regulation of 

ciliogenesis.
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RAB11-RAB8 cascade: RAB8 was the first membrane trafficking regulator shown to 

localize to the primary cilium and function in ciliogenesis (11,12,14). Its GEF, RABIN8, and 

GAP, TBC1D30, are also important for ciliogenesis. RAB11, a regulator of the endocytic 

recycling compartment (ERC), binds RABIN8 in a GTP-dependent manner and transports 

the GEF on PCVs to the mother centriole to activate RAB8, which is known as the RAB11-

RAB8 cascade (Figure 2)(102,103). The RAB11 effector FIP3 forms a complex with 

RAB11-RABIN8 to regulate PCV transport to the MC (104,105). This RAB11-RABIN8-

RAB8 cascade is also involved in regulating the Golgi-to-cilia rhodopsin transport carriers 

(RTCs) in photoreceptors (106,107).

Serum starvation induces PCV trafficking and ciliogenesis initiation (102). In cultured 

cells this process is regulated by the serum mitogen lysophosphatidic acid (LPA) signaling 

through LPA receptors and the downstream activation of the PI3K-Akt signaling (104). Akt 

directly phosphorylates the RAB11 effector WDR44 which stabilizes its binding to RAB11, 

preventing the formation of a PCV complex with FIP3 and RABIN8. Preciliary trafficking 

of RABIN8 to the MC also depends on microtubules and the TRAPPII complex protein 

TRAPPC14, which interacts with RABIN8 (Figure 2) (102,108). It is not clear if this MC 

directed transport occurs directly to the DAs, or to the more proximal MC SDA (Figure 

2)(38,109). Although the SDA protein CEP128 mediates RAB11 association with the MC 

(110), CEP128 is dispensable for ciliogenesis (110) suggesting direct transport of PCVs 

may occur to the vicinity of the DAs. PCV docking to the MC is mediated by interactions 

between PCV proteins and DAPs. Biochemical studies have shown that RABIN8 interacts 

with CEP164 (51) and TRAPPC14 interacts with FBF1 and CEP83 (Figure 2)(108).

EM studies of RAB8A and RAB8B depleted cells indicate that this Rab is associated with 

the CV stage (Figure 2)(14), consistent with a model whereby RAB11 traffics RABIN8 on 

PCV to the MC to activate RAB8. This is supported by live cell imaging studies showing 

that RAB8 accumulates after preciliary membranes are detected at the MC (14). RAB8 

activation by RABIN8 may also be controlled by Akt as it phosphorylates RABIN8 in the 

GEF domain, which was shown to affect RAB8 activation in vitro (104). The recruitment 

and activation of RAB8 at the developing cilia also requires TZ proteins (Figure 2), 

consistent with timing of TZ formation. DZIP1 regulates the dissociation of RAB8-GDP 

from GDI2, which is needed for RAB8 activation (111). CEP290 is also required for 

RAB8 targeting to the MC (69). A post CV role for RAB8 in cilia growth is supported 

by the observation that RAB8 overexpression promotes cilium elongation (102). Moreover, 

following ciliogenesis, RAB8 is lost from cilia (102), which is likely related to the cessation 

of RABIN8 PCV trafficking resulting from phosphorylation by the NDR2 kinase (102,112). 

Presumably this mechanism is important for establishing and maintaining proper cilium 

length, however it is not clear how RAB8 functions in these processes. Rabaptin5, a RAB8 

effector, binds to the IFT-B protein IFT54 (Figure 2)(113), suggesting a possible mechanism 

whereby the IFT-B complex can associate with RAB8-associated vesicles.

Interestingly, MEFs from RAB8A and RAB8B knockout (KO) mice displayed normal 

ciliogenesis (114). However, depletion of the closely related RAB10 blocked ciliation in 

RAB8A+8B KO MEFs suggesting RAB8 ciliogenesis function can be compensated by 

another Rab (114). Notably, in another study, a triple KO of RAB8A/8B/10 in RPE1 cells 
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only had a modest effect on ciliation (115). Together these results suggest that other Rabs 

that have been linked to ciliogenesis function after the CV stage could cooperate to grow the 

cilium.

RAB34: RAB34 was functionally linked to cilia function by observations that RAB34 KO 

mice displayed characteristic defects associated with the cilium and Hedgehog signaling 

(116). Several groups have recently shown that RAB34 localizes to MC associated vesicles 

in the intracellular ciliogenesis pathway (Figure 2)(23,36,115,116), but was dispensable for 

ciliogenesis in MDCK cells. Disruption of DAs or TTBK2 reduces RAB34 accumulation 

at the MC (36). Interestingly, three-dimensional electron microscopy studies of RAB34-KO 

RPE1 cells detected PCV vesicles associated with the DAs, suggesting RAB34 functions to 

assemble the CV (23). RAB34 was not observed in the cilium or ciliary pocket, but rather 

is only observed on the ciliary sheath, which supports a specific function in the intracellular 

pathway needed to assemble the CV (23). Interestingly, RAB34 is dispensable for RABIN8 

preciliary trafficking suggesting that RAB11 and RAB34 may transport discrete PCV cargo 

to the MC. Consistent with this idea, RAB34 localizes to the Golgi apparatus, and therefore 

it may be involved in trafficking ciliogenic cargo from this organelle (117). RAB34 was 

not required for MC uncapping and IFT recruitment (23,115), however, there is some 

discrepancy in the literature about its requirements in regulating EHD1 and ARL13B 

localization during ciliogenesis. Further evidence for discrete vesicle compartments for 

EHD proteins and RAB34 comes from observations that these proteins do not colocalize 

on membrane tubules associated with the developing cilia (36). While known RAB34 

effectors RILPL1 and RILPL2 are important for ciliogenesis (118), their functions were not 

associated with RAB34 (36). Thus, future investigations into RAB34 ciliogenesis effectors 

will be important for understanding how this Rab specifically functions in ciliogenesis.

Other Rabs involved in ciliogenesis: RAB10 is present in the primary cilia of 

epithelial MDCK and pig kidney LLC-PK1 cells and in rodent renal tubules (119). As 

mentioned, RAB10 depletion reduces ciliation in RAB8A+8B KO MEFs, however, in 

RPE1 and human lung adenocarcinoma A549 cells RAB10 depletion promotes ciliation 

(120). The LRRK2 kinase, which is associated with Parkinson’s disease, phosphorylates 

RAB10 promoting its association with the effector RILPL1 on pericentriolar membranes, 

which inhibits ciliogenesis by preventing MC uncapping (Figure 2)(121). While it is not 

clear how RAB10 and RILPL1 prevents ciliogenesis, they could be influencing RAB8 or 

RAB34 function in ciliogenesis as RILPL1 can also bind RAB8 and RAB34 as an effector 

(120,122). Opposing ciliogenesis functions of RAB10 and RAB8 could also be mediated by 

RABIN8 which can activate both Rabs (123,124).

RAB 19 is required for ciliogenesis in the intracellular and the extracellular pathway (20). In 

MDCK cells, RAB19 ciliogenesis function is associated with the RAB-GAP TBC1D4 and 

the homotypic fusion and protein sorting (HOPS) complex, which coordinate cortical actin 

clearing. In RPE1 cells, RAB 19 depleted cells were able to establish the CV (Figure 2) 

suggesting this Rab functions in cilia growth associated with actin-regulation of ciliogenesis.

RAB23 was originally linked to the cilium based on observations it regulates Hedgehog 

signaling (125). RAB23 also localizes to the cilium, however the evidence that this protein 
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regulates ciliation via the intracellular pathway is less clear (Figure 2). RAB23 dominant-

negative expression reduces cilium length in mouse fibroblast NIH 3T3 cells (126) and 

Evi5L, a putative RAB23 GAP important for ciliogenesis in RPE1 cells (12). RAB23 KO in 

granule precursor cells in mice brains showed reduced ciliation but paradoxically caused 

upregulated Hedgehog signaling (127). Interestingly, ciliation in IMCD3 cells requires 

RAB23 and its GEF complex INTU and FUZ, which are components of the ciliogenesis 

and planar cell polarity effector (CPLANE) complex (128). INTU and FUZ are required to 

activate RAB23 at post-CV ciliogenic stages, following RAB8 accumulation. Interestingly, 

INTU also interacts with another GTPase, RSG1, which is needed for assembly of the 

axoneme (79), suggesting another possible link between ciliary membrane and axoneme 

growth.

RAB29 localizes to a vesicular compartment at the base of the cilium in NIH-3T3 and 

IMCD cells and is required for proper cilium length in these cells (129). The mechanism for 

how RAB29 functions in cilia growth is not known although it interacts with RAB8, RAB11 

and IFT20.

RAB35 localizes to the cilium and functions in regulating cilium length (130). Moreover, 

the RAB35 GEF, DENND1B, and GAP, TBC1D10A regulate RAB35 ciliary localization 

and function (130). RAB35 affects ciliary ARL13B and the phosphatidylinositol-4,5-

bisphosphate [PI(4,5)P2] lipid levels suggesting it could function with axonemal IFT-

B complex through ARL13B in coordinating growth of the axoneme and the ciliary 

membrane.

Finally, the Rab-like small GTPases RABL5/IFT22 and RABL4/IFT27 are components 

of the IFT-A and IFT-B complexes, respectively, while RABL2 regulates ciliary transport 

(101). Functional studies revealed that RABL4 and RABL2 are required for sperm flagella 

formation but MEFs derived from RABL4 or RABL2 KO mice exhibit normal ciliogenesis. 

Direct roles for these proteins in the regulation of vesicle trafficking in ciliogenesis remain 

to be determined.

ii) ARF GTPases and ciliogenesis

ARFs family members also regulate membrane trafficking in ciliogenesis and ciliary 

membrane transport (6). Several ARFs have been linked to the regulation of ciliary 

membrane cargo, and ARL13B, ARL16, and ARF6 function in ciliogenesis (131–134). 

Studies in multiple organisms have shown that ablation of ARL13B function leads to 

short cilia and defects in the ciliary axoneme structures (6). As mentioned previously, 

ARL13B ciliogenesis function may be attributed to its association with the IFT-B complex 

and RAB proteins (Figure 2). ARL13B can also function as a GEF for ARL3 (135,136), 

and disruptions of ARL13B or ARL3 lead to defective outer segment formation in retinal 

photoreceptors (137). Finally, ARL13B associates with the ciliary axoneme through direct 

interaction with tubulin, which may explain how ciliary membrane proteins are anchored 

to the axoneme (138). Studies in ARL16 KO MEFs indicate that this protein functions 

downstream of MC uncapping and it has been linked to Golgi transport of IFT-B component 

(131). Similar to findings with ARL13B and ARL16, it has recently been shown that the 

ARF GAPs ELMOD1 and ELMOD3 function in ciliation downstream of MC uncapping 
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(139). Likewise, ARF6 and its GEF EFA6A are required for MC uncapping and may also 

be associated with downstream ARL13B and RAB8 ciliogenesis function (Figure 2)(134). 

Together, these observations support functions for ARFs in ciliary extension in concert with 

the IFT-B complex.

iii) Shaping the developing ciliary membrane:

The endosomal trafficking and membrane shaping factors EHD1 and EHD3, along with their 

binding partners MICAL-L1 and the F-BAR containing PACSIN1 and −2 proteins function 

in the assembly of the CV from DAVs (Figure 2) (14,15,140). Depletion of these proteins 

prevents MC uncapping in RPE1 cells (Figure 2), raising the possibility that docking of 

DAVs and MC capping processes are linked. It remains to be seen if DAVs could help recruit 

factors needed for the proteolytical degradation of CP110-CEP97-MPP9. These membrane 

shaping factors also localize to the CV and the sheath membranes and are associated 

with the tubulation of these membranes that generate EMCs. As these proteins are not 

observed in the ciliary membrane, which has a negative curvature, these different ciliary 

localizations indicate a preference for positive curvature membranes, as would be expected 

for F-BAR associated proteins. The F-BAR domain in PACSIN proteins can sense and/or 

establish positive membrane curvature (141) and Eps15 homology domain proteins EHD1 

and EHD3 recruit PACSINs to membranes, but may also influence membrane shaping 

directly through partial insertion into bilayers (142). Membrane shaping is likely to be 

important for reorganizing the CV from a spherical-like structure into the double membrane 

ciliary sheath, with both positive and negative membrane curvatures, that become the ciliary 

pocket and ciliary membrane. One possibility is that the establishment of the TZ at the 

CV stage prevents EHD, PACSIN and MICAL-1 from interfering with the formation of the 

negative membrane curvature of the ciliary membrane that opposes the axoneme (Figure 2). 

The TZ protein FAM92 also has a BAR domain but its role in ciliary membrane shaping 

remains to be established (143). IFT172 remodels membranes in vitro, suggesting that 

IFT-B components could be involved in shaping the developing ciliary membrane (144). 

Establishment of ciliary membrane curvature could also involve an unknown I-Bar protein 

to generate its negative curvature. However, ciliary membrane association with the axoneme 

could be sufficient to generate the membrane curvature observed inside the cilium.

iv) Transport, targeting, tethering, and fusion in ciliogenesis:

PCV transport to the MC during ciliogenesis is regulated by the motor protein Myosin Va, 

an actin-based motor protein (Figure 2)(35,145). However, the actin cytoskeleton prevents 

cilium growth (77,146–148). Although, inhibition of actin polymerization with cytochalasin 

D is able to rescue ciliogenesis defects induced by depletion of TZ and IFT-B proteins 

(149). Interestingly, RILPL2 and LLRK2-phosporylated RAB10 interacts with Myosin Va, 

which may block the motor’s ciliogenesis function (150). Myosin Va also localizes to the 

manchette and manchette-associated vesicles during spermiogenesis (94,95). Interestingly, 

Myosin Va is not associated with RABIN8, EHD1 and RAB34 preciliary trafficking further 

suggesting that more than one type of PCVs may be involved in cilium assembly (35). 

The Golgi-associated motors dynein-2 and kinesin-14 (KIFC1) are also important for 

ciliogenesis (59,151–153), but connections to ciliogenesis PCV trafficking has not been 

investigated.
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The assembly of the CV and downstream ciliogenesis membrane structures requires 

fusion of PCVs (Figure 2). Membrane vesicle fusion requires four SNAREs that form a 

transcomplex between two membrane compartments in order to overcome the electrostatic 

repulsive forces of the lipid head groups on these membranes. This SNARE complex is 

comprised of one helix from an R-SNARE, one from a Syntaxin (Qa-SNARE), and two 

from the Qb, Qc and/or Qbc SNAREs (154). Presently, SNAP29, a Qbc SNARE, is the only 

SNARE that has been identified to function at the CV stage and is recruited to DAVs by 

EHD1 (14). The R-SNARE VAMP7 is required for ciliogenesis in MDCK cells, but it is not 

known what ciliogenesis process is affected (155). Clues for membrane fusion mechanisms 

during ciliogenesis could come from studies in photoreceptors, where it has been shown that 

VAMP7, which interacts with RAB11, RAB8, and RABIN8, cooperates with Syntaxin 3 and 

SNAP25, to regulate fusion of RTCs (156).

Larger molecular weight complexes are important in targeting membrane vesicles to specific 

membranes for fusion, and can serve as tethers prior to SNAREs engagement. Evidence 

for involvement of multimeric complexes in ciliogenesis include the exocyst, TRAPPII, 

and HOPS complexes (20,102,108,112,157,158). The TRAPPII complex functions in 

recruiting RABIN8-PCVs to the mother centriole (Westlake et al., 2011; Cuenca et al., 

2019). Interestingly, the TRAPPII component TRAPPC14 interacts with the DAPs CEP83 

and FBF1 suggesting tethering complexes could participate in docking of PCVs to the 

MC structures (Figure 2)(108). The targeting/tethering function of large molecule weight 

complexes appears to also be important in the coordination of ciliary membrane and 

axoneme growth. The exocyst component Sec15 is an effector of RAB8 that is needed 

for ciliogenesis, and is coupled to the regulation of RABIN8 function (Figure 2)(159). The 

exocyst regulator SEC10 accumulates in the cilium and associates with ciliogenic proteins 

IFT20 and IFT88 (158,160). Moreover, the exocyst ciliogenic function is associated with 

ARL13B (90,161,162).

v) Populating ciliary lipids

The ciliary membrane is continuous with the plasma membrane. However, compared with 

the adjacent plasma membrane, the ciliary membrane contains high levels of PI(4)P while 

PI(4,5)P2 is largely excluded. The latter is required for ciliary protein localization and 

Hedgehog signaling (163,164). PI(4)P is also enriched in the ERC and in Golgi-derived 

vesicles which supports the involvement of these compartments in delivering membranes 

to the developing cilium (165,166). As mentioned, the TZ is important for the lipid 

composition of the ciliary membrane. The unique ciliary distribution of lipids is also 

established by a phosphoinositide 5-phosphatase, INPP5E, which is recruited to the cilium 

and hydrolyzes PI(4,5)P2 and PI(3,4,5)P3 to generate PI(4)P (167), The ciliary targeting 

of INPP5E is facilitated by its interactions with prenyl-binding protein phosphodiesterase 

6D (PDE6D), ARL13B and CEP164 (168). One prediction is that the population of 

lipids in the ciliary membrane begins early in ciliogenesis coinciding with recruitment 

of TZ proteins associated with CV establishment. However, PI(4)P and INPP5E prevent 

ciliogenesis initiation suggesting that membrane vesicles associated with early ciliogenesis 

stages would have a different phosphatidylinositol composition (169). Careful analysis of 
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MC PIs in conjunction with membrane trafficking regulators targeting to the MC could shed 

light on the mechanism associated with building the unique ciliary membrane.

D. Autophagy links to ciliogenesis:

Autophagy is an intracellular degradation process mediated by lysosomes and has recently 

been linked to ciliogenesis (170). Notably, both ciliogenesis and autophagy are triggered 

by serum starvation in cultured cells. Membrane trafficking regulators important for 

ciliogenesis have also been associated with autophagy, including RAB8, RAB11, RAB23 

and RAB34 (171,172). Furthermore, SNAP29 is essential for SNARE mediated fusion of 

the autophagosome with lysosomes (173,174). Interestingly, IFT20-deficient cells displayed 

defects in autophagy that was ascribed to dysfunction of the lysosome (175,176). Consistent 

with this role, IFT20 is associated with the basal body localization of pallidin (177), a 

subunit of biogenesis of lysosome-related organelles complex-1 (BLOC-1), which regulates 

lysosome maturation (178,179). These findings suggest the IFT-B complex could help target 

BLOC-1 endosomes to the basal body for an as yet to be determined function in ciliogenesis 

membrane assembly.

Autophagy has both been proposed to be a both a positive and negative regulator for 

ciliogenesis. Blockage of autophagy enhances primary cilia growth through preventing 

the degradation of proteins required for intraflagellar transport (180,181). In contrast, 

the ciliogenesis regulator OFD1 is degraded by autophagy following serum starvation to 

promote ciliogenesis (182). Moreover, removal of CP110 from the MC has been recently 

linked to autophagic degradation pathway (Figure 2)(64). Selective autophagy-dependent 

degradation of CP110 at the MC is regulated by LC3 via the autophagy receptor NUDCL2. 

In addition, autophagic degradation of NEK9 and MYH9 is required for ciliogenesis via 

affecting actin dynamics (183).

While more direct links to lysosomal trafficking regulators are not known, they should 

be considered in future investigations of ciliogenesis. Notably, in Niemann–Pick type C1 

(NPC1) disease, characterized by lysosomal cholesterol accumulation, alteration of the 

primary cilium has been reported suggesting cholesterol transport or distribution could 

be tightly coupled with ciliogenesis (184). TMEM135, a peroxisome localized protein, 

affects lysosome–peroxisome contact, causing lysosomal cholesterol accumulation, which 

affects primary ciliogenesis. This led to defects in RAB8 trafficking and activation needed 

for CV extension, which could be partially rescued by treating TMEM135 depleted cells 

with the cholesterol–cyclodextrin complex (185). Together, these observations suggest that 

membrane trafficking process in autophagy may help coordinate early ciliogenesis initiation 

by remodeling the MC to enable cilium growth.

Conclusion

Cilia/flagella are an evolutionarily conserved organelle implicated in multiple cellular 

pathways, which makes the process of cilium biogenesis complex with a high probability 

of protein functional redundancies. In this review, we summarize current knowledge of 

membrane trafficking regulators in different ciliogenesis pathways adapted in cell types. 
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The critical nature of membrane trafficking in cilium functioning is evident by findings that 

mutations in ARL13B, RAB23, and the exocyst subunits EXOC8 and SEC8 cause or have 

been linked to ciliopathy (186–189). Furthermore, mutations in ciliogenic factors associated 

with membrane trafficking including INPP5E (190), IFT172 (191,192), and transition zone 

proteins (1) and DAPs (193) also cause ciliopathy. Notably, ciliopathy causing mutations in 

TZ protein CEP290 have been shown to affect ciliogenesis at the CV stage (76). Although 

numerous membrane trafficking regulators have been characterized in ciliogenesis over the 

past decade, our understanding of this process is still limited. Most of what is known about 

ciliogenesis has come from in vitro studies in cells that utilize the intracellular assembly 

scheme. Consequently, broader investigations are needed that examine the organization and 

dynamics of membrane compartments and their trafficking regulators that coordinate with 

centrioles to assemble the cilium in different cell types and tissues. Key areas for future 

investigation include characterizing the ciliogenesis pathways adapted by epithelial cells, 

multiciliated cells and sperm cells and determining the molecular mechanism of ciliogenesis 

in in vivo physiological process such as embryogenesis and organogenesis.
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Glossary

BB basal body

BBS Bardet–Biedl syndrome

BLOC-1 biogenesis of lysosome-related organelles complex-1

CBY Chibby

COPI coat protein I

CPLANE ciliogenesis and planar cell polarity effector

CV ciliary vesicle

DA distal appendage

DAP distal appendage protein

DAV distal appendage vesicle

DVL Dishevelled

EMC extracellular membrane channel

ERC endocytic recycling compartment

FUZ Fuzzy

Zhao et al. Page 14

Semin Cell Dev Biol. Author manuscript; available in PMC 2024 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GAP GTPase activating protein

GEF guanine nucleotide exchange factor

HOPS homotypic fusion and protein sorting

IFT intraflagellar transport

INPP5E inositol polyphosphate-5-phosphotase E

INTU Inturned

KO knockout

LPA lysophosphatidic acid

LUBAC linear ubiquitin chain assembly complex

MBR midbody remnant

MC mother centriole

MCC multiciliated cell

MDCK Madin-Dardy canine kidney

MEF murine embryonic fibroblast

mIMCD3 mouse inner medullary collecting duct cells

NPC1 Niemann–Pick type C1

NUBP1 nucleotide binding protein 1

PCP planar cell polarity

PCV preciliary vesicle

PDE6D prenyl-binding protein phosphodiesterase 6D

PIPKIγ type Iγ phosphatidylinositol 4-phosphate [PI(4)P] 5-kinase

PM plasma membrane

RPE1 retinal pigment epithelial 1 cell

RTC rhodopsin transport carrier

SDA subdistal appendage

TEM transmission electron microscopy

TTBK2 Tau tubulin kinase 2

TZ transition zone
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Figure 1. Ciliogenesis mechanisms
A)Intracellular ciliogenesis. In the cytoplasm a ciliary vesicle (CV) organizes at the distal 

appendages of centrioles prior to axoneme and ciliary membrane formation at the sheath 

stage. In the mature cilium a ciliary pocket membrane partially embeds the organelle in 

the cell. B) Extracellular ciliogenesis. Mature centrioles migrate and dock to the plasma 

membrane via distal appendages followed by axoneme formation. C) Multiciliogenesis. 

Centriole duplication occurs through the deuterosome. Centrioles develop DAs and SDAs 

while migrating towards the cell surface to form the axoneme. The transition zone forms 

prior to axoneme growth at the base of the cilium (A,B,C). Subdistal appendages are 

organized into the basal foot in multiciliated cells.
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Figure 2. Intracellular ciliogenesis and membrane trafficking regulation
(A) Model showing the stages of intracellular ciliogenesis and requirements of membrane 

trafficking regulators in associated ciliogenesis processes (1-6) shown in (B). (B) Expanded 

view of ciliogenesis processes (1-6) shown in (A). (B) Expanded view of ciliogenesis 

processes (1-6) from (A). (1) Preciliary vesicle (PCV) trafficking to the mother centriole 

(MC). (2) Docking of PCVs to the MC mediated by distal appendage proteins (DA) proteins. 

Distal appendage vesicles – DAVs. (3) Uncapping of the mother centriole. TTBK2-mediated 

phosphorylation of MMP9 promotes ubiquitin proteasomal cascade to remove CP110 and 
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CEP97. Autophagy has also been shown to regulate CP110 MC uncapping. (4) SNARE 

mediated fusion of DAVs to assemble the ciliary vesicle (CV). (5) Transition zone (TZ) 

protein association with RAB8 activation and the CV stage. (6) Axoneme and ciliary 

membrane growth regulation by the IFT-B complex and associated trafficking regulators 

including ARL13B and RAB GTPases. Extracellular membrane channel (EMC) connects 

the developing intracellular cilium membrane with the plasma membrane. The ciliary 

membrane is marked in yellow.
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