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Abstract As motile organelles and sensors, cilia play

pivotal roles in cell physiology, development and organ

homeostasis. Ciliary defects are associated with a class of

cilia-related diseases or developmental disorders, termed

ciliopathies. Even though the presence of cilia is required

for diverse functions, cilia can be removed through ciliary

shortening or resorption that necessitates disassembly of

the cilium, which occurs normally during cell cycle pro-

gression, cell differentiation and in response to cellular

stress. The functional significance of ciliary resorption is

highlighted in controlling the G1-S transition during cell

cycle progression. Internal or external cues that trigger

ciliary resorption initiate signaling cascades that regulate

several downstream events including depolymerization of

axonemal microtubules, dynamic changes in actin and the

ciliary membrane, regulation of intraflagellar transport and

posttranslational modifications of ciliary proteins. To

ensure ciliary resorption, both the active disassembly of the

cilium and the simultaneous inhibition of ciliary assembly

must be coordinately regulated.
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Abbreviations

IFT Intraflagellar transport

MT Microtubule

NaPPi Sodium pyrophosphate

Plk1 Polo-like kinase 1

Dvl2 Dishevelled 2

Introduction

Cilia, microtubule (MT)-based cellular organelles, are

evolutionally conserved and present in divergent organisms

ranging from protists to human. As eukaryotic flagella are

essentially identical organelles as cilia, the terms cilia and

flagella are often used interchangeably. Cilia are composed

of the axoneme (MTs and their associated structures), the

ciliary membrane that is continuous with the cell mem-

brane and the matrix between the axoneme and the ciliary

membrane (Fig. 1). The axoneme of a motile cilium usu-

ally contains one pair of singlet MTs surrounded by nine

outer doublet MTs organized in a circle. The axonemal

MTs and their associated accessory substructures including

central pair sheath, dynein arms, radial spokes, etc. coor-

dinate to control the motility of cilia. In contrast, primary

cilia usually lack the central pair MTs and the substructures

associated with the outer doublet MTs that are required for

motility, and thus are immotile. The ciliary membrane is

continuous with the plasma membrane. However, it has a

distinct composition of proteins and lipids due to the

presence of a diffusion barrier at the ciliary base [1, 2]. The

enrichment of various receptors and ion channels in the

ciliary membrane makes the cilium a unique sensory

organelle, involved in the control of cell differentiation,

cell division and physiology in response to various stimuli
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[3–5]. Defects in ciliogenesis, integrity of ciliary structures

or cilia-related signaling are associated with a spectrum of

developmental disorders and/or diseases, collectively

called ciliopathies (see recent review [6]).

At the base of the cilium is the basal body, which

contains a cylindrical array of nine triplet MTs derived

from the mother centriole and is anchored to the ciliary

membrane through transition fibers. A short region that is

contiguous with the basal body and distal to it is called the

transition zone, which contains nine outer doublet MTs,

Y-shaped structures extending from the MTs to the ciliary

membrane, and membrane-associated protein complexes

called the ciliary necklace (Fig. 1). This region is proposed

to serve as a diffusion barrier for non ciliary proteins [2, 7–

10]. After initial formation of the basal body and transition

zone, the cilium grows by elongation of the axonemal MTs

at the distal tip, formation of ciliary substructures, and

extension of the ciliary membrane. The delivery of ciliary

precursors to the assembly site requires a bidirectional

transport of protein complexes called intraflagellar trans-

port (IFT) [8, 11].

Cilia are dynamic structures. In a fully assembled cil-

ium, assembly activity is balanced by disassembly activity,

and alteration of this balance may lead to lengthening or

shortening of the cilium [12]. As ciliary length is deter-

mines optimal ciliary signaling capacity and motility, the

maintenance of cilia at the proper length is crucial for cells

to perform their physiological functions. However, cilia

may be lost during cell state transitions (e.g. during cell

cycle progression or cell differentiation) or in response to

environmental stress. Though the significance of ciliary

loss during these processes is largely unknown, emerging

evidences suggest that ciliary loss during cell cycle pro-

gression is required for the G1-S transition [13, 14].

Two major mechanisms are involved in ciliary loss:

deflagellation (deciliation) and ciliary shortening (resorp-

tion or disassembly) [15]. Deflagellation involves severing

of the axoneme and its associated membrane distal to the

transition zone, resulting in detachment of the cilium from

the cell body [16–18]. In contrast, ciliary shortening or

resorption entails in situ disassembly of ciliary compo-

nents, which are returned to the cell body for recycling or

degradation. The shortening is initiated at the ciliary tip

rather at the base. This was shown by labeling of flagella

with HA-tubulin followed by fluorescence microscopy in a

dikaryon assay in Chlamydomonas [12]. To support this

notion, electron microscopy studies in Chlamydomonas

showed that the basal body and the transition zone remain

intact during flagellar shortening [19].

In this review, we will focus on the cellular processes

and molecular mechanisms currently known to underly

ciliary disassembly during shortening. Several excellent

reviews have also covered other related aspects of ciliary

disassembly [20–26].

Ciliary disassembly is induced during various
biological processes

Ciliary disassembly is tightly associated with three cellular

events: cellular stress responses, cell differentiation, and

cell cycle progression; these will be discussed below in

detail.

Ciliary disassembly in response to cellular stress

Cilia can be induced to disassemble upon changes in

environmental conditions both in mammalian cells and in

protists. However, the physiological significance has not

been examined. Ciliary resorption may simply be a passive

consequence of stress. On the other hand, it may play an

active role in sensing environmental changes. Loss of cilia

could abolish cilia mediated signaling to bring about

changes in the cell body to face environmental challenges.

In mammalian cells, two different types of stress such as

heat shock and mechanical strain have been reported to

induce ciliary disassembly. Heat shock treatment of

NIH3T3 cells for 30 min induces complete ciliary disas-

sembly in 50 % of ciliated cells [27]. Several studies have

examined mechanical stress. Cilia protrude outside the cell

surface and thus may experience constant mechanical load

Fig. 1 The structure of a cilium. A motile cilium usually contains

one central pair of MTs surrounded by nine outer MT doublets

whereas a non-motile cilium lacks the central pair MTs. Both types of

cilia are formed from a modified centriole, called a basal body (BB).

Transitional fibers (blue) link the distal basal body to the base of the

ciliary membrane. The transition zone that connects the basal body

and the cilium proper contains Y-links (yellow) and the ciliary

necklace (cyan). For simplicity, the depiction of the cilium in the left

panel only shows two outer doublet MTs (grey tube) in the cilium

proper and transition zone and two triplet MTs (grey tubes) in the

basal body
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from contact with the surrounding fluid, matrix or adjacent

cells. The primary cilia of chondrocytes of articular carti-

lage have been proposed to act as mechanosensory

organelles. Application of compressive strain on 3D cul-

tures of bovine chondrocytes reduces ciliary incidence and

length [28]. Exposing cultured human umbilical vein

endothelial cells to laminar shear stress induces ciliary

disassembly [29]. The trabecular meshwork in the eye

regulates intraocular pressure. Primary cilia of cells in the

meshwork shorten in response to fluid flow and elevated

hydrostatic pressure [30]. Interestingly, gene knockout of

transient receptor potential vanilloid 4 in mice, a ciliary

mechanosensory channel, results in ciliary shortening

accompanied by increased intraocular pressure [30]. These

data implicate a link between ciliary disassembly and

mechanical loads sensed by primary cilia. It is likely that

cells respond to at least some mechanical challenges by

modulation of ciliary signaling through ciliary shortening.

The impact of cellular stress on ciliary disassembly has

been well studied in Chlamydomonas, a unicellular green

alga with two flagella, each 12 lm long. Decreasing

osmolarity by transferring cells into water induces flagellar

elongation while increasing osmolarity by adding sucrose

or mannitol to the medium results in flagellar shortening

[31, 32]. Flagellar shortening induced by sucrose treatment

is transient. For example, at 0.2 M sucrose, flagella shorten

to approximately half length around 1 h after treatment and

then gradually elongate back to normal length. Low con-

centrations of sodium chloride, e.g. 0.125 M, induces

almost linear shortening within the first 2 h to around one-

third of normal length; the flagella barely shorten further,

even after 6 h of treatment [31]. Flagellar shortening can

also be induced by a number of chemicals including 5 mM

ATP or GTP, 20 mM sodium pyrophosphate (NaPPi), and

25 mM citrate [33]. In addition, treatments of cells with

low concentrations of various drugs including amiprophos-

methyl, caffeine, isobutyl methylxanthine, and halothane

result in similar effects though the flagella are not com-

pletely resorbed even after several hours of treatment [24].

Inducing flagellar shortening by chemical treatments can

be used as a superb experimental system to address the

mechanism of ciliary disassembly. Among all the chemi-

cals or drugs that have been tested so far, NaPPi emerges as

an excellent reagent. First, NaPPi treatment induces com-

plete flagellar resorption with almost linear kinetics within

3 h. Second, NaPPi is not toxic as treated cells could

proliferate for several days in the presence of NaPPi [33].

Cellular stress that impacts an individual cilium on a

multiciliated cell may induce ciliary shortening of the

remaining cilia of the same cell. In Chlamydomonas,

mechanical shearing stress normally causes deflagellation

of both flagella followed by flagellar regrowth. Occasion-

ally, only one flagellum is lost. When the new flagellum

starts to grow, the remaining flagellum shorten simultane-

ously until it reaches the same length as the new

regenerating flagellum [34]. A similar phenomenon is also

observed in Tetrahymena in that the remaining cilia are

resorbed when some of the cilia are amputated, [35].

Ciliary disassembly during cell differentiation

Ciliary resorption has been observed during cell differen-

tiation in uni-cellular organisms and mammalian cells, but

its functional significance has not been thoroughly studied.

The kinocilum in cochlear hair cells is implicated in

organizing the sterocilia (actually microvilli) which are

important for transducing sound waves into neural signals.

When sterocilia are formed and properly organized, the

kinocilium is disassembled [36, 37]. Myofibroblasts can be

differentiated from mesenchymal fibroblasts or epithelial

cells. During this transition, primary cilia are eventually

lost through ciliary resorption instead of deciliation,

resulting in impaired PDGF and hedgehog signaling [38–

40]. Ciliary disassembly also occurs during differentiation

of osteoblasts and adipocytes [41–43]. Interestingly, during

apidocyte differentiation primary cilia initially elongate

followed by gradual shortening and they are fully resorbed

[42].

Cell differentiation in the life cycle of algae, fungi and

protozoa involves ciliary loss. In most cases, the loss of

cilia or flagella during formation of a zoospore or zygote is

not mediated by ciliary resorption but rather by retraction

of the entire axoneme into the cell body [15]. However,

ciliary disassembly does occur in a few organisms during

cell differentiation. In Chlamydomonas, the flagella of

newly formed zygotes gradually shorten during zygote

maturation until they are fully resorbed. Complete resorp-

tion has been reported to take about 30 min [19, 44].

However, live cell imaging of individual zygotes shows

that it takes around 1 h [45]. In Leishmania mexicana, the

long, flagellated promastigote differentiates into the

amastigote with only a rudimentary flagellum, indicating

that the flagellum undergoes disassembly during the dif-

ferentiation process [46].

Ciliary disassembly during cell cycle progression

The primary cilium is nucleated by the mother centriole

after mitosis, and is present on quiescent and differentiated

cells of many cell types [47]. It has been noted that a

reciprocal relationship exists between the presence of a

cilium on a cell and cell division [48, 49]. The question

then arises whether a primary cilium is present in any

stages of the cell cycle (G1, S, G2 and M) in proliferating

cells. Examination of chick limb cells by electron micro-

scopy has showed that the majority of cells that are
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proliferating possess cilia, but cells actively in mitosis do

not [50], indicating that cells in G1, S or G2 still have cilia.

In cultures of exponentially growing mouse BALB/c3T3

cells and hamster kidney BHK21/C13 cells primary cilia

are also found on interphase cells but not on cells in mitosis

[51, 52]. The presence or length of cilia in proliferating

cells may depend on the cell types and cell growth

conditions.

The disappearance of primary cilia from cells entering

mitosis is a general phenomenon, as stated by Wheatley

and colleagues [52]. Complete ciliary disassembly occurs

by G2 or early mitosis, this may be due to cell type and cell

growth conditions. Primary cilia are no longer observed in

human RPE-1 cells at late G2 [53, 54]. In BHK21/C13

cells, cilia were observed on cells with two sets of mature

centrioles, i.e. after centriole replication, but not in cells at

late prophase [52]. By contrast, complete loss of cilia

occurs in prometaphase in Female Rat Kangaroo Kidney

Epithelial Cells (PtK1 line) [55].

Ciliary assembly and disassembly during cell cycle pro-

gression has been systematically studied in mouse 3T3 and

human RPE-1 cells and similar results have been reported

[51, 53, 54]. Serum starved cells (in G0) can be stimulated to

re-enter the cell cycle after addition of serum to the growth

medium. Around 1–2 h after stimulation, the first wave of

ciliary disassembly occurs followed by reciliation with an

increase in the number of ciliated cells and an increase in

average ciliary length. When cells enter S phase, around

14–16 h after serum addition, a second wave of ciliary dis-

assembly occurs. When cells reach late G2 or early mitosis

around 20–24 h, cilia are completely resorbed (Fig. 2).

The second wave of ciliary shortening noted above is

coupled to DNA replication [51, 53]. Primary cilia persist

in cells blocked in S phase by treatment with thymidine or

hydroxyurea, and gradually resorb after washout of these

chemicals. These data argue that ciliary disassembly is

initiated after S phase entry. However, it was also shown

that cilia are shorter in cells blocked in S phase compared

to those cells in late G1 [53]. This suggests that cilia

undergo some distal shortening prior to S phase entry and

continue to disassemble during S phase progression.

Initiation of ciliary disassembly prior to S phase entry

suggests that ciliary shorteningmay play a role in controlling

theG1-S transition, an idea initially proposed byTucker et al.

[51, 56]. Evidence from recent studies supports this

hypothesis. Sung and colleagues showed that phosphory-

lated Tctex-1, a dynein light chain, is recruited to the area of

the transition zone. It promotes ciliary disassembly, and

suppression of Tctex-1 delays cell cycle progression [57]. As

Tctex-1 is dispensable for S-phase entry in non-ciliated cells,

these data suggest that ciliary shortening is required for

S-phase entry in ciliated cells. Second, depletion of the

centrosomal protein Nde1, which is a negative regulator of

ciliary length, induces longer cilia and also results in a delay

in the G1-S phase [58]. Lastly, activation of the Aurora-A

protein kinase induces ciliary shortening [54], and its acti-

vator, Trichoplein, promotes ciliary disassembly [59].

Knockdown of Aurora-A or Trichoplein prevents ciliary

disassembly and cells arrest in G1. Collectively, these data

suggest that ciliary disassembly serves as a checkpoint to

control G1-S phase transition [13].

How ciliary shortening triggers the G1-S transition

remains enigmatic. As cilia are still present during S phase,

complete ciliary resorption is unlikely required. Because

ciliary disassembly is initiated prior to S-phase, shortening

of the distal portion of cilia might be required to reduce or

abolish inhibitory signals that intact cilia might generate

(Fig. 3). The evidence that shortening cilia are able to

initiate a novel signaling cascade comes from studies in

Chlamydomonas [60]. Chlamydomonas cells gradually

resorb their flagella during cell cycle progression, with

complete resorption in about 30 min to 1 h [19, 44, 60, 61].

By using a mutant defective in flagellar shortening, it was

revealed that disassembly of the distal portion of the flag-

ella initiates a phosphorylation cascade (see ‘‘CDK-like

kinase FLS1’’ for further details) [60]. It remains to be

demonstrated whether a similar cascade occurs during

partial ciliary disassembly in mammalian cells.

Fig. 2 Ciliary disassembly

during cell cycle progression.

This figure is based on results

from studies in RPE-1 and 3T3

cells as discussed in the text.

The first wave of ciliary

disassembly is associated with

the G0/G1 transition, followed

by reciliation. The second wave

is initiated at the G1/S

transition. Complete ciliary

resorption occurs in G2 or early

M
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In addition to mammalian cells and Chlamydomonas,

resorption of existing cilium prior to mitotic entry also

occurs in other algae and ciliates or flagellates [15].

However, this does not occur in all ciliated cells. For

example, during cell division of Trypanosome brucei, the

old flagellum is retained [62]. During meiotic division of

spermatocytes in some insects including fruit fly, cilia

persist [63, 64].

Cellular responses and biochemical changes
during ciliary disassembly

The cilium is a complex organelle consisting of several

hundreds of proteins and forming distinct substructures

[65] (Fig. 1): a unique ciliary membrane, axonemal MTs

and their associated substructures or protein complexes.

During ciliary shortening, the axonemal MTs need to be

disassembled; the MT-associated complexes must be dis-

sociated to form individual molecules or smaller protein

complexes, which are then transported back to the cyto-

plasm via retrograde IFT. The area of the ciliary membrane

has to be decreased in coordination with disassembly of the

axoneme. Upon the stimulation of ciliary resorption, a

signaling cascade is activated that brings about these

changes, including posttranslational modifications of cil-

iary components, leading to ciliary disassembly (Fig. 4).

Emerging data also suggest that the reactions involved in

ciliary assembly also need to be suppressed simultaneously

to ensure ciliary shortening.

Deacetylation of axonemal MTs

Microtubule acetylation was first demonstrated in the flag-

ella of Chlamydomonas [66, 67] and subsequently found in

diverse cilia and other stable MT arrays such as centrioles

[68–71]. During flagellar assembly and disassembly in

Chlamydomonas, axonemal microtubules are acetylated and

deacetylated, respectively [66, 67]. The acetylation occurs

after tubulin dimers have been incorporated into the axone-

mal MTs as MTs in nascent flagella are not acetylated [72,

73]. MT acetylation is mediated by the acetyltransferase

MEC-17 or aTAT1 [73–75], whereas deacetylation is

mediated by the MT deacetylase HDAC6 or SIRT2 [71].

To define the ciliary function of a-tubulin acetylation

and deacetylation, the a-tubulin gene was mutated by

changing Lys40 to Arg and transformed into Chlamy-

domonas [76]. Although in these experiments the

nonacetylatable a-tubulins comprised 50–70 % of the total

flagellar a-tubulin, no gross phenotypic effects on ciliary

assembly, maintenance, or disassembly were observed.

However, recent data in mammalian cells has shown that

MT acetylation and deacetylation regulate ciliary assembly

and disassembly, respectively, as depletion of the acety-

lase, aTAT1, delays ciliogenesis in RPE-1 cells [75].

Acetylation-mimicking mutants of a-tubulin or suppression
of HDAC6, the deacetylase, by RNAi or chemical inhibi-

tors prevents ciliary disassembly [54, 77].

Depolymerization of axonemal MTs

Axonemal MTs comprise the main structural elements of

the central structures of the cilium, and they must be

Fig. 3 A model for ciliary disassembly serving as a checkpoint for

the G1-S transition. The inhibitory signal generated by the presence of

an intact cilium is abolished when ciliary disassembly is initiated,

resulting in activation of a signaling cascade leading to the G1-S

transition. Note that S phase entry is not simply induced by ciliary

disassembly unless cells already become committed for S phase entry.

And complete ciliary resorption is not a prerequisite for S phase entry

either

Fig. 4 Cellular process and biochemical changes during ciliary

disassembly. See text for detail
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depolymerized during ciliary resorption. MT depolymer-

ization can be mediated by several classes of MT-

depolymerizing kinesins including members of the kinesin-

13, kinesin-8, and kinesin-14A families [78]. Genetic data

in mammals and protists have demonstrated that several

microtubule depolymerizing kinesins regulate ciliary

assembly, length or shortening [79, 80]. KIF19A of the

kinesin-8 family in mammalian cells and members of the

kinesin-13 family in Leishmania, Trypanosome and Giar-

dia have been implicated in ciliary length control, although

it is not yet clear whether these kinesin-13s participate in

ciliary resorption [81–84].

CrKinesin13 of Chlamydomonas and KIF2A of mam-

malian cells, members of the kinesin-13 family, have been

examined for their role in ciliary shortening. In Chlamy-

domonas, a single kinesin-13 is present. CrKinesin-13 is

predominantly localized to the cell body and is barely

detectable in the flagella of steady state cells. However, it

is increased several fold in the flagella via transport by IFT

upon induction of flagellar disassembly. Depletion of

CrKinesin-13 suppresses flagellar shortening [85].

In mammalian cells, three kinesin-13 family members,

KIF2A, 2B and 2C, were examined for their function in

ciliary resorption and KIF2A was found to play a major

role [86]. Upon stimulation of ciliary disassembly, phos-

phorylation of KIF2A at residue T554 is mediated by polo-

like kinase 1 (Plk1) and occurs at the mother centriole.

Overexpression of the phosphomimetic mutant T554E

suppresses ciliogenesis whereas that of the phosphoresis-

tant mutant T554A does not. Depletion of KIF2A impairs

ciliary disassembly in serum-stimulated RPE-1 quiescent

cells. As MT deacetylation is required for ciliary disas-

sembly, it is reasonable to conclude that MT

depolymerases act on deacetylated axonemal MTs to pro-

mote ciliary shortening.

Protein methylation

Protein methylation increases hydrophobicity and steric

bulk, and thus affects protein–protein interactions. During

ciliary resorption, cilia are disassembled into individual

protein components or protein complexes, which are car-

ried back to the cell body by IFT [87]. Thus, alteration of

protein–protein interactions is expected to occur and pro-

tein methylation is likely involved. Sloboda’s group has

shown that the amount of several methylated proteins

increases during ciliary disassembly in Chlamydomonas

[88–90]. Arginine methyltransferase 1 is enriched at the

flagellar tip and likely phosphorylated during flagellar

resorption [88]. Meanwhile, methionine synthase (MetE)

also increases in the flagella [89]. MetE catalyzes the

synthesis of methionine, which is converted to the methyl

donor S-adenosyl methionine (SAM) by the action of SAM

synthase. Thus, a highly regulated methylation pathway

must be activated to mediate ciliary disassembly.

Protein ubiquitination

Protein ubiquitination is involved in diverse cellular pro-

cesses including cell cycle progression, endocytosis,

transcription and DNA repair through protein degradative

and nondegradative functions [91, 92]. Huang et al. [93]

showed that the ubiquitination system is involved in ciliary

disassembly in Chlamydomonas. An in vitro ubiquitination

assay using isolated flagella showed the presence of a

functional ubiquitination system in cilia. Protein ubiquiti-

nating activity increases during flagellar disassembly and

the ubiquitinated proteins include membrane and axonemal

proteins such as PKD2 and a-tubulin, respectively. Though
the ciliary ubiquitination system was first discovered in

Chlamydomonas, it likely functions in cilia of other

organisms including mammal, as free ubiquitin and the

enzymes E1 and E2 have also been identified in various

ciliomes [94]. Indeed, in mammalian cells, APC, an E3

ligase, together with its co-activator cdc20 maintains cil-

iary length in quiescent cells, and also promotes serum

induced ciliary disassembly [95].

The function of protein ubiquitination during ciliary

disassembly is not clear. The proteasome machinery is not

present in the flagella [93] and there is no evidence for the

presence of the lysosome pathway in cilia. Thus, it is

unlikely that any ciliary components tagged by ubiquitin

are degraded in situ. Ubiquitin may be tagging disassem-

bled proteins for transport into the cell body, as defects in

anterograde or retrograde IFT motors lead to accumulation

of ubiquitinated proteins in the flagella [93]. Protein

ubiquitination may also alter the conformation of proteins,

leading to dissociation of ciliary protein complexes. Lastly,

as in other systems ubiquitination may affect the signaling

pathway that regulates ciliary disassembly [96]. Many

questions remain as to how the ubiquitination system is

involved in ciliary disassembly. How is this system acti-

vated in response to cues that trigger ciliary disassembly?

Because several E2 and E3 enzymes are present in the

Chlamydomonas flagellar proteome [65], do they play

redundant roles or have specific functions? The exact

function of protein ubiquitination in cilia remains to be

defined.

Protein phosphorylation

Initiation of ciliary disassembly is mediated at least partly

by a protein phosphorylation mediated signaling cascade,

as aurora-like kinase CALK in Chlamydomonas and Aur-

ora-A in mammalian cells actively participate in ciliary

disassembly [23, 54, 97]. Several key molecules that are
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involved in ciliary resorption are in turn regulated by

phosphorylation, and these are discussed in more detail in

‘‘Signaling molecules and signaling pathways that mediate

ciliary disassembly’’.

To gain insight into the overall phosphorylation changes

that occur during ciliary resorption, Pan and colleagues

performed a comparative phosphoproteome analysis in

Chlamydomonas [98]. Control and resorbing flagella were

isolated and extracted to generate membrane/matrix frac-

tion, which was analyzed by mass spectrometry. A total of

224 phosphoproteins have been identified, among which 89

are only detected in resorbing flagella. This result

demonstrates that protein phosphorylation is intensively

involved in ciliary disassembly. Newly appeared phos-

phoproteins and proteins with increased phosphorylation in

resorbing flagella include protein kinases, small G proteins,

IFT motors, and proteins involved in methylation and

ubiquitination. Thus, phosphorylation participates in ciliary

disassembly likely through regulating signal transduction,

IFT, protein methylation and ubiquitination. Interestingly,

the level of phosphorylated a-tubulin and b-tubulin is also

increased in resorbing flagella. However, the significance

of this phosphorylation in ciliary disassembly is unknown.

Regulation of IFT and cargo loading onto IFT

particles

IFT mediates the transport of ciliary precursors to the cil-

iary tip for ciliary assembly and maintenance, and returns

the turnover products to the cell body for recycling [87].

Cilia are disassembled from the ciliary tip [12]. It has been

shown that the length of flagella regenerated in the absence

of protein synthesis varies with the amount of prior flag-

ellar resorption [33, 99]. Thus, like ciliary precursors,

disassembled ciliary components may be transported to the

cell body by IFT and can be reutilized during flagellar

regeneration. Indeed, the amount of IFT proteins in flagella

increase 2–4 fold during flagellar shortening in Chlamy-

domonas [45]. The increased amount of IFT proteins is

constant at different stages of flagelar shortening, sug-

gesting that the injection rate of IFT is upregulated, which

may be required to meet the increasing demand for

retrieval of disassembled products. The molecular mecha-

nism underlying regulation of IFT injection rate is largely

unknown. Recently, a calcium dependent kinase, CDPK1,

was found to phosphorylate the kinesin-II motor subunit

FLA8 to control IFT entry during ciliary assembly [100]. It

will be interesting to determine whether this regulation also

operates during ciliary disassembly.

Another aspect of IFT regulation during ciliary disas-

sembly is cargo loading onto IFT particles. It has been

shown that the loading of anterograde cargo is inhibited

whereas retrograde cargo loading is permitted during

flagellar disassembly [45]. During flagellar assembly, 12S

radial spoke complexes are transported into the flagella by

IFT, where they assemble into mature 20S radial spoke

complexes. During flagellar disassembly, the 20S complex

is released from the axoneme and returns to the cell body

[87]. Thus, 12S and 20S complexes of radial spoke can be

used as markers for anterograde and retrograde cargos,

respectively. During flagellar shortening, the amount of

20S complex in the flagella increases while the amount of

the 12S complex decreases [45]. Because the amount of

IFT particles increases in resorbing flagella, this observa-

tion suggests that anterograde cargo loading is inhibited to

suppress ciliary assembly and the increased IFT particles

would allow binding of disassembled components for ret-

rograde transport. The manner in which IFT cargo loading

and unloading during ciliary growth and resorption is

regulated, however, remains elusive. Posttranslational

modification of individual IFT polypeptides and/or ciliary

proteins are very likely involved.

Ciliary targeting of proteins involved in ciliary

disassembly

As discussed earlier, CrKinesin-13 is specifically targeted

to cilia at the time when cells initiate ciliary disassembly

[85]. These data raise several intriguing questions. Are

there any other proteins that are targeted to the flagella and

required for flagellar shortening? What are they and what

are their functions? In mammalian cells, HDAC6 is phos-

phorylated and activated by Aurora-A [54]. However,

Aurora-A is concentrated and activated at the basal body

region. Thus, phosphorylated HDAC6 would be expected

to be targeted to cilia for deacetylation of axonemal MTs,

yet this is yet to be explicitly shown.

Disassembly or removal of the ciliary membrane

When the axoneme shortens during ciliary disassembly, the

surface area of the ciliary membrane that encloses the

axoneme must be simultaneously reduced. At present little

is known about the disassembly or removal of the ciliary

membranes. Theoretically, ciliary membrane budding at

the ciliary tip or endocytosis at the ciliary base may be

involved. Studies in various organisms have shown that the

cilium has the capacity to release membrane vesicles

extracellularly. In Chlamydomonas, gametic flagella

release vesicles during flagellar agglutination and vegeta-

tive flagella release membrane vesicles during release of

daughter cells from mother cell wall [101–103]. In addi-

tion, neuronal cilia in C. elegans, and neuroepithelial cilia

and renal cilia in mice can also release membrane vesicles

[104–106]. Evidence shows that the release of membrane

vesicles is through the formation of ectosomes [102]. Thus,
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studies are needed to determine if this system is involved in

the removal of ciliary membranes during ciliary resorption.

Though endocytosis at the base of cilium is another

attractive model for removal of the ciliary membrane, no

evidence is currently available to support this notion.

Actin dynamics

Increasing evidence suggests that actin dynamics play an

active role in cilia formation and shortening [107]. The

current theme is that depolymerization of filamentous actin

(F-actin) promotes ciliary assembly while inhibition of

actin disassembly facilitates ciliary disassembly. First,

inducing F-actin depolymerization with cytochalasin D, an

F-actin depolymerizing compound, stimulates ciliogenesis

and increases ciliary length [108–111]. Second, depletion

of positive regulators of actin polymerization including

ARP3, a subunit of ARP2/3 complex, LIM kinase 2

(LIMK2) and testicular protein kinase 1 (TESK1) [109,

111], or overexpression of the microRNA mir-129-3p that

targets several regulators required for F-actin polymeriza-

tion increases cilia formation [108]. Similarly, ablation of

MIM, a monomeric globular actin binding protein, induces

phosphorylation of Cortactin that promotes actin nucle-

ation, coincident with increased cilia formation [110, 112].

In contrast, knockdown of Gelsolin, a F-actin depolymer-

izing protein, induces formation of shorter cilia [111].

Two mechanisms may explain the role of actin

dynamics in affecting ciliogenesis. First, depolymerization

of F-actin induces accumulation of ciliogenic vesicles to

the basal body [108, 109, 111] though the detailed mech-

anism is unknown. Recently, it has been shown that F-actin

depolymerization also results in cytoplasmic retention and

inactivation of the transcription coactivators YAP (Yes-

associated protein) and TAZ (transcriptional coactivator

with PDZ-binding motif) [109]. YAP/TAZ regulates the

expression of several proteins, including Aurora-A and

Plk1, which promote ciliary shortening (see ‘‘Signaling

molecules and signaling pathways that mediate ciliary

disassembly’’). Thus, F-actin depolymerization may pro-

mote cilia formation by suppressing ciliary disassembly.

Given that modulation of actin dynamics impacts ciliary

formation and length, it is intriguing whether this cellular

process directly participates in ciliary resorption. Treat-

ment with cytochalasin D blocks serum induced ciliary

shortening [57, 77]. During ciliary disassembly the cellular

level of MIM decreases whereas phosphorylation of Cor-

tactin increases, which is predicted to increase F-actin

polymerization [110]. In addition, the acetylation of Cor-

tactin abolishes its actin polymerization activity [113].

Mutants mimicking Cortactin acetylation prevent actin

polymerization and inhibit ciliary shortening [77]. Tctex-1,

a dynein light chain, has a dynein-independent role in the

regulation of actin dynamics, and phosphorylation of

Tctex-1 promotes ciliary disassembly [57, 114]. Thus, actin

dynamics are actively involved in ciliary shortening in that

actin polymerization blocks ciliary assembly and promotes

disassembly simultaneously by upregulation of the genes

encoding Aurora-A and Plk1.

The role of actin dynamics in ciliary assembly and

disassembly has also been examined in Chlamydomonas.

Interestingly, inducing actin filament depolymerization by

treatment with cytochalasin D or inhibiting polymerization

by latrunculin B results in flagellar shortening, which is

contrary to the observations in mammalian cells described

above [115, 116]. More perplexing is that a null mutant of

actin has flagella of normal length instead of short flagella.

[117, 118]. The finding that actin dynamics regulates IFT

recruitment to the basal body may provide some insight

[115]. Disruption of actin dynamics inhibits IFT recruit-

ment, which may tilt the assembly/disassembly balance

toward disassembly, leading to flagellar shortening.

Inhibition of activities for ciliary assembly

during ciliary shortening

Several lines of evidences suggest that assembly activities

are inhibited at the time of ciliary shortening. F-actin

polymerization, which inhibits ciliary assembly, occurs

during ciliary shortening [110], and inhibition of antero-

grade cargo loading during flagellar shortening in

Chlamydomonas has been predicted to suppress flagellar

assembly [45]. In addition, a NIMA-related kinase, Nek2,

phosphorylates at S/G2 Kif24, a microtubule depolymer-

izing kinesin, and prevents ciliary growth while depletion

of Nek2 or Kif24 induces aberrant cilia formation [119].

Thus, during ciliary shortening, assembly related activities

are inhibited to coordinate with active disassembly to

ensure ciliary disassembly.

Signaling molecules and signaling pathways
that mediate ciliary disassembly

Ciliary disassembly has been found to be associated with

cell cycle progression, cell differentiation, and cellular

stress in different cell types or organisms. The internal or

external cues that trigger ciliary disassembly in different

situations vary, and the perception of these cues is expected

to be distinct and cell-type specific. However, the down-

stream cellular events should be identical or similar as cilia

are conserved organelles. For example, the activation of

aurora kinases during ciliary disassembly is conserved in

Chlamydomonas and mammalian cells [54, 97]. In this

section, we will discuss different signaling molecules that

have been shown to be directly involved in ciliary
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disassembly; these are summarized in Fig. 5. Though sig-

naling molecules that are involved in ciliary length control

may also function in ciliary disassembly activities, they

will not be focused on here unless they are implicated

directly in ciliary disassembly during ciliary shortening or

resorption.

Ciliary disassembly is a signaling driven, active

process

The Chlamydomonas temperature sensitive mutants fla10

and fla8, which are defective in the IFT motor kinesin-II

subunits, KIF3A and KIF3B, respectively, fail to maintain

their flagella at the restrictive temperature and the flagella

gradually resorb [120–123]. As cilia are maintained by a

balance between IFT-mediated assembly and continuous

protein turnover [12], ciliary disassembly is induced by

constitutive protein turnover when anterograde IFT is

blocked. This seems to suggest that ciliary disassembly

may be a passive process mediated by an imbalance in

ciliary inherent protein turnover. However, the discovery

of several signaling molecules, including aurora kinases

and various posttranslational modifications that are tightly

associated with ciliary disassembly, suggests that ciliary

disassembly is an active process and is highly regulated.

Calcium

Calcium is essential for ciliogenesis, however, alteration of

calcium homeostasis may also induce ciliary disassembly.

In Chlamydomonas, depletion of extracellular calcium

blocks flagellar regeneration after deflagellation [124–126].

Increasing the salt concentration from 3 to 12.5 mM does

not affect flagellar length. However, if extracellular cal-

cium is removed at the same time, the flagella undergo

shortening, which is reversed when calcium is added back

[33, 127]. In addition, when cell cultures are treated with

calcium chelators such as 5 mM ATP or GTP, 20 mM

NaPPi, or 25 mM citrate, the flagella also shorten [33]. The

depletion of extracellular calcium likely results in an

internal calcium increase mediated by the calcium home-

ostasis system of the cell.

In mammalian cells, application of the calcium ionphore

(A23187) to BALB/C 3T3 or RPE-1 cells induces transient

ciliary shortening [128, 129]. Various compounds that

interfere with calcium homeostasis also induce changes of

ciliary length in IMCD cells [130]. For example, blocking

either (a) internal calcium release with dantrolene, an

inhibitor of ryanodine receptor or (b) calcium entry with

gadolinium, a calcium channel inhibitor, increases ciliary

length. By contrast, elevation of the cellular level of cal-

cium by inhibition of the endoplasmic reticulum calcium

ATPase with thapsigargin results in shorter cilia. The

critical inducer of ciliary disassembly, Aurora A kinase,

can be activated by calcium and this activation induces

ciliary disassembly [129, 131]. The results obtained in

Chlamydomonas and mammalian cells are consistent in

that elevation of internal calcium levels induces ciliary

disassembly. One of the targets of calcium is aurora-A

[129]. However, it remains to be demonstrated that calcium

levels are actually increased during ciliary shortening.

Cyclic AMP (cAMP)

There are conflicting data on the role of cAMP in ciliary

disassembly. Treatment of vegetative Chlamydomonas

cells with IBMX, a phosphodiesterase inhibitor, in the

presence or absence of cAMP induces flagellar shortening

[132, 133]. However, it has no effect on flagellar length in

Chlamydomonas gametes [134]. Similarly, in mammalian

cells, inhibition of adenylyl cyclase induces formation of

long cilia, also suggesting that cAMP promotes ciliary

disassembly [135]. However, opposite results have been

reported in another study [130, 136]. Collectively, these

data imply that the function of cAMP in regulation of

ciliary shortening depends on the cellular context or the

cell type.

Chlamydomonas aurora-like kinase CALK

Chlamydomonas aurora-like kinase, CALK, is the first

protein kinase identified that exhibits phosphorylation

changes during ciliary resorption. CALK has 679 aa with a

protein kinase domain at the N-terminus [137]. CALK is

Fig. 5 Signaling and important regulators for ciliary disassembly.

See text for detail
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closely related to aurora kinases including Aurora A, B and

C in mammalian cells, which are smaller, have no more

than 400 aa. Reciprocal Blast analysis of aurora kinases

identifies a single Chlamydomonas aurora kinase ortho-

logue, ALK2, with 292 aa (Cre04.g220700). This suggests

that CALK is an aurora-like kinase rather an orthologue of

aurora kinases.

When flagellar shortening is induced with NaPPi treat-

ment or during normal flagellar shortening in zygotes,

CALK is phosphorylated and undergoes a mobility shift on

SDS-PAGE [97]. Depletion of CALK by RNAi inhibits

flagellar shortening. Subsequent studies show that CALK is

phosphorylated at T193 in the activation loop, which ren-

ders it active; a second phosphorylation in the C-terminus

accounts for the mobility shift [138]. CALK is predomi-

nately localized to the basal body region and activated

upon induction of flagellar shortening. However, the cel-

lular level of CALK phosphorylated at T193 gradually

decreases along with flagellar shortening while that of

CALK phosphorylated at the C-terminus persists through

the whole process of flagellar resorption. These data sug-

gests that transient but not constitutive activation of CALK

is involved in ciliary disassembly, and phosphorylation of

the C-terminal tail also plays a role.

How CALK regulates ciliary disassembly is unknown.

In mammalian cells, Aurora A phosphorylates and acti-

vates HDAC6 to facilitate disassembly of the axonemal

MTs during ciliary resorption [54]. This has yet to be

shown for CALK. CALK may also have additional roles in

regulating flagellar disassembly. The involvement of

CALK in flagellar length control may provide some

insights. CALK T193 phosphorylation is tightly linked

with flagellar length [138]. After deflagellation, the cellular

level of CALK phosphorylated at T193 is greatly dimin-

ished. During flagellar assembly, phosphorylation of T193

gradually increases and reaches the steady state level when

full-length flagella are formed. This suggests that CALK

T193 phosphorylation might inhibit flagellar assembly to

control final flagellar length. As IFT cargo loading

decreases along with flagellar assembly [139, 140], it is

likely that CALK T193 phosphorylation inhibits IFT cargo

loading. Consistent with this idea, anterograde IFT cargo

loading is inhibited during flagellar shortening while

CALK is transiently activated [45]. Thus, it is attractive to

posit that CALK may inhibit flagellar assembly by block-

ing anterograde IFT cargo loading to ensure ciliary

disassembly during flagellar shortening.

CDK-like kinase FLS1

CALK is immediately phosphorylated in response to cues

that trigger flagellar shortening. Recent work shows that a

CDK-like protein kinase regulates CALK phosphorylation

[60]. A genetic screen identified a flagellar shortening

mutant flagellar shortening 1 (fls1), which is defective in a

gene encoding a CDK-like kinase. By examination of

flagellar shortening prior to cell division as well as that

induced by NaPPi treatment, it was revealed that fls1

exhibits slower shortening of the distal half of the flagella

whereas the rate of shortening of the proximal half is not

affected. FLS1 is immediately phosphorylated after NaPPi

treatment and its kinase activity is required for its function,

suggesting that FLS1 acts earlier in the signaling cascade

that triggers flagellar disassembly.

After induction of flagellar shortening by treatment with

NaPPi in fls1 cells, initial phosphorylation of CALK is

blocked, indicating FLS1 acts upstream of CALK [60]. As

flagella can undergo slower shortening in the absence of

FLS1 and CALK phosphorylation, additional shortening

mechanisms independent of CALK phosphorylation and

FLS1 may exist. Surprisingly, at around 90 min after

NaPPi treatment of fls1 cells, CALK phosphorylation

appears, which is independent of FLS1. It is likely that

flagellar shortening itself may generate a signaling to

control CALK phosphorylation at this stage.

In addition to the regulation of CALK, FLS1 also con-

trols CrKinesin13 phosphorylation. CrKinesin13 is targeted

to the flagella at the time when flagellar shortening is

triggered and becomes phosphorylated around 1 h after the

induction of shortening [85]. The fls1 mutation does not

affect flagellar targeting of CrKinesin13 [60]. However,

fls1 mutation induces early onset of CrKinesin13 phos-

phorylation, which has been shown to suppress MT

depolymerization in vitro [141]. Thus, the early onset of

CrKinesin13 phosphorylation is consistent with the slower

flagellar shortening phenotype of fls1.

Aurora A and its regulation

The discovery that the aurora-like kinase CALK is

involved in ciliary disassembly in Chlamydomonas raises

an interesting question as to whether a similar mechanism

operates in mammalian cells. Golemis and colleagues

demonstrated that the aurora kinase, Aurora-A, plays a

pivotal role in regulating ciliary disassembly [54]. Serum

starvation of RPE1 cells promotes ciliary assembly with

more than 80 % of cells forming 3–4 lm long cilia. After

serum stimulation, cells exhibit two waves of ciliary

resorption (see ‘‘Ciliary disassembly during cell cycle

progression’’) [51, 53, 54]. Aurora-A is phosphorylated and

activated at the basal body at both of these waves of ciliary

disassembly. Inhibition of Aurora-A by siRNA or by

Aurora-A specific kinase inhibitors suppresses ciliary dis-

assembly. Conversely, microinjection of active Aurora-A

into ciliated cells induces rapid ciliary loss. As a-tubulin
deacetylation promotes MT instability [142], it was
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postulated that HDAC6, the MT deacetylase, may be the

target of Aurora-A. As expected, inhibition of HDAC6 by

chemical inhibitors or by siRNAi suppresses ciliary dis-

assembly. HDAC6 interacts with Aurora-A in vivo and is

activated by phosphorylation [54]. Thus, Aurora-A phos-

phorylates and activates HDAC6 to increase axonemal

microtubule instability leading to ciliary disassembly.

The activation of Aurora-A during ciliary shortening can

be mediated by several regulators including HEF1, Ca2?-

CAM, Pitchfork (PIFO), the Dvl2 (Dishevelled 2)-Plk1

(Polo-like kinase 1) complex, and trichoplein. HEF1, a

previous known activator of Aurora-A, is transiently

expressed at the time when cilia undergo disassembly and

accumulates at the basal body. Depletion of HEF1 impairs

ciliary disassembly [54]. The Dvl2-Plk1 complex of the

Wnt noncanonical pathway inhibits HEF1 degradation,

leading to Aurora A activation and ciliary disassembly

[143] (see ‘‘Plk1 and the noncanonical Wnt pathway’’). In

addition, Aurora A has a CAM binding domain. Mutants

impaired for CAM binding prevents Aurora A activation.

CAM is also implicated in stabilizing the interaction

between Aurora A and HEF1 [129, 131].

Pitchfork is a protein that is only present in chordates

and is only expressed in certain regions of the embryo. It

accumulates at the basal body during ciliary disassembly

[144]. PIFO physically interacts with and enhances Aurora-

A activity. Overexpression of the PIFO mutant R80K

abolishes Aurora-A activation and ciliary disassembly.

Lastly, Trichoplein, which is a scaffold protein, activates

Aurora-A by direct interaction [59]. Overexpression of

Trichoplein results in ciliary loss in quiescent cells whereas

its depletion promotes ciliary formation in proliferating

cells. Because Trichoplein is expressed throughout G1, it

was proposed that trichoplein functions in suppressing

ciliary assembly in cycling cells [59].

Plk1 and the noncanonical Wnt pathway

The noncanonical Wnt signaling pathway has been linked

to ciliary assembly [145, 146], it also participates in ciliary

disassembly [143]. In response to the ligand Wnt5a, Dvl2

is phosphorylated by CK1e and forms a complex with Plk1.

Overexpression of Dvl2 induces formation of shorter cilia

in RPE1 and NIH3T3 cells whereas its depletion results in

longer cilia. Ablation of Plk1, overexpression of a Plk1

kinase dead mutant, or treatment with Plk1 inhibitor all

delay serum induced ciliary disassembly. The Dvl2-Plk1

complex is required to stabilize HEF1. Thus, Wnt5a ligand

stimulates a signaling cascade to stabilize HEF1 and acti-

vate Aurora-A to promote ciliary disassembly. Wang et al.

showed that Plk1 is recruited to the pericentriolar matrix by

PCM1 and physically interacts with and activates HDAC6

to promote ciliary disassembly [147]. These data suggests

that Plk1 may have additional functions in the regulation of

ciliary disassembly.

Tctex-1 and the IGF-1 mediated noncanonical Gbc
signaling pathway

In the developing neocortex, radial glia may differentiate

into neurons while at the same time they proliferate to

renew themselves. The fate of radial glia depends on the

length of G1: shortening G1 accelerates cell cycle entry

and proliferation whereas lengthening G1 promotes neuron

differentiation [26]. It has been shown that phosphorylated

Tctex-1 (a light chain of cytoplasmic dynein) stimulates

ciliary disassembly and controls G1 length [57]. Mecha-

nistically, phosphorylated Tctex-1 regulates actin dynamics

(see ‘‘Actin dynamics’’). The signaling cascade leading to

Tctex-1 regulation was revealed in a subsequent study

[148]. Insulin-like growth 1 (IGF-1) binds the ciliary

localized receptor IGF-1R, triggers Gbc signaling, and

recruits phosphorylated Tctex-1 to the ciliary base during

ciliary shortening.

Other regulators of ciliary disassembly

The centrosomal protein Nde1 is highly expressed in

mitosis. When Nde1 is depleted, cells grow longer cilia and

have a delay in the G1-S transition, indicating that Nde1

promotes ciliary resorption at cell cycle re-entry [58]. Nde1

interacts with a dynein light chain, LC8, which is a subunit

of the IFT motor cytoplasmic dynein 1b [149, 150]. Thus,

the interaction of Nde1 with LC8 may sequester LC8 from

IFT dynein and inhibit IFT mediated ciliary maintenance,

subsequently leading to ciliary disassembly.

NIMA-related kinases (Nrks) are also implicated in

ciliary resorption. NEK1 functions in ciliary stability and

integrity [95]. It is a target of the anaphase-promoting

complex (APC), an ubiquitin E3 ligase. It was proposed

that NEK1 is ubiquitinated by APC and removed by pro-

tein degradation to allow ciliary disassembly. Null mutants

of Nrks in Chlamydomonas including flagellar autotomy 2

(fa2) and cnk2 are defective in flagellar shortening [151,

152]. Overexpression of several Nrks in Tetrahymena

causes rapid shortening of cilia [153].

In Chlamydomonas, mutations in several genes encod-

ing protein kinases such as LF4 (a MAP kinase), LF2 (a

CDK) and LF5 (a CDK-like kinase) result in formation of

long flagella. This raises the possibility that these enzymes

may also be involved in flagellar resorption as these

kinases may inhibit flagellar disassembly activities [154–

156]. However, lf4 mutants shorten their flagella normally

after treatment with NaPPi [45]. It remains to be deter-

mined whether the other two kinases play any role in

flagellar disassembly.
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Concluding remarks

Alteration of the balance between ciliary assembly and

disassembly will lead to changes of ciliary length. Thus,

manipulation of related genes or proteins will lead to for-

mation of short or long cilia. To determine whether a

protein functions in ciliary shortening, one needs to show

that its biochemical or cellular properties are regulated

accordingly during the shortening process.

The regulation of ciliary shortening is complex. Ciliary

shortening signaling cascades not only directly participate

in disassembly but also suppress activities required for

assembly, thus ensuring ciliary resorption. In addition,

variations of cell type, cellular stage and cell growth con-

dition studied also add to the complexity of our

understanding of ciliary disassembly.

What is clear is that Aurora-A activation is a key event

in ciliary resorption. HDAC6 is the only target of Aurora-A

identified so far in the ciliary shortening pathway. As cil-

iary shortening involves participation of multiple cellular

processes including IFT regulation, protein posttransla-

tional modifications, timely ciliary targeting of

disassembling effectors, actin dynamics, and reduction of

the surface area of the ciliary membrane, activation of

multiple parallel pathways along with Aurora-A activation

is expected to occur. Great effort will be needed to identify

these interacting regulatory pathways.

Many questions about ciliary disassembly remain to be

answered. For example, how are IFT injection rate and IFT

cargo loading and unloading regulated? How is the protein

posttranslational modification machinery activated? What

do these modifications contribute to ciliary disassembly?

So far little is known about how the ciliary membrane is

withdrawn. Recent studies also suggest that ciliary

resorption serves as a checkpoint for S phase entry, but

how ciliary resorption mediates this process remains

elusive.

Research with Chlamydomonas has played a leading

role in advancing our understanding of the mechanisms of

ciliary disassembly, due in part to several advantages of

this experimental system. Chlamydomonas flagella are long

(average of 12 lm), thus, flagellar shortening kinetics can

be easily followed. Flagellar disassembly can be scored in

several situations including extracellular stress, zygote

development and cell cycle progression. Experimentally

induced flagellar disassembly is highly synchronous. Fur-

thermore, Chlamydomonas flagella can be conveniently

isolated and purified. These properties should allow the

eventual elucidation of the biochemical and cellular

changes that occur at different stages of ciliary shortening.
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