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SUMMARY

Cilia and flagella are microtubule-based organelles whose assembly requires a motile process,
known as intraflagellar transport (IFT), to bring tubulin and other components to the distal tip of
the growing structure. The IFT system uses a multiprotein complex with components that
appear to be specialized for the transport of different sets of cargo proteins. The mechanisms
by which cargo is selected for ciliary import and transport by IFT remain an area of active
research. The complex dynamics of cilia and flagella are under constant regulation to ensure
proper length control, and this regulation appears to involve regulation at the stage of IFT
injection into the flagellum, as well as regulation of flagellar disassembly and, possibly, of
cargo binding. Cilia and flagella thus represent a convenient model system to study how
multiple motile and signaling pathways cooperate to control the assembly and dynamics of
a complex cellular structure.
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1 INTRODUCTION

Cilia are hair-like organelles that protrude from the cell
surface in organisms as diverse as single-celled eukaryotes
and humans. Depending on the cell type, cilia are some-
times also referred to as “flagella” These organelles play
important roles in the motility of single cells, generating
fluid flow and sensing chemical and mechanical cues.
Within the human body, cilia are present in almost all
cell types and are involved in many areas of physiology
and development. It is, therefore, not surprising that de-
fects in cilia can lead to a wide spectrum of diseases, known
collectively as “ciliopathies” (Badano et al. 2006). From a
more fundamental perspective, the complex structure of
the cilium poses exciting challenges for our understanding
of molecular assembly processes, and indeed the cilium has
long served as a paradigm for understanding the regulation
of macromolecular assembly (Randall 1969; Johnson and
Rosenbaum 1993; Dutcher 1995). A central feature of these

D)

Cilium

organelles is that they are assembled and maintained by an
active motility known as intraflagellar transport (IFT),
which appears to select components to assemble, move
them to the correct place to assemble, and regulate the
rate of assembly to control the size of the final structure.

2 STRUCTURE AND FUNCTION OF CILIA

The cilium consists of a microtubule-based core struc-
ture—the axoneme—surrounded by the ciliary membrane
(Fig. 1). All axonemes comprise nine parallel doublet mi-
crotubules called outer doublets. Motile axonemes have a
central pair of microtubules. The outer doublets extend
from the basal body, which is derived from the mother
centriole (the older of the two centrioles in the centro-
some). The doublet microtubules consist of one complete
microtubule (A tubule) connected to an incomplete second
microtubule (B tubule). These microtubules are oriented
with their plus ends at the tip of the cilium. The tubulin of

Cross section of cilia

Motile cilium (9 + 2)

Central pair
Nexin link

Outer dynein arm
Inner dynein arm

Radial spoke

B tubule
A tubule

Quter doublet

-

T
WA

Transition zone

.. [
— Ciliary membrane

Axoneme
Plasma membrane

)

Basal body

R ie

Ciliary necklace
Y-link
Ciliary pocket

Transition fiber

Figure 1. The architecture of cilia. Schematic, foreshortened drawing of a longitudinal section of the primary cilium.

The inset shows cross sections of motile and primary cilia.
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the outer doublet is usually subject to posttranslational
modifications, including acetylation, glutamylation, and
glycylation. Those tubulin modifications are known to be
important for the stability, assembly, and motility of cilia
(Gaertig and Wloga 2008; Tkegami and Setou 2010). The
axoneme is not only the core of the cilium but also works as
“rails” for transport of ciliary proteins.

The region between the cilium and basal body is called
the transition zone. Transition fibers are thought to be the
distal appendages of the mother centriole (reviewed by
Vertii et al. 2016) and are required for anchoring the moth-
er centriole to the plasma membrane (Tateishi et al. 2013).
More distally in the transition zone, bridges, called Y-links,
connect the axoneme microtubules to the overlying ciliary
membrane, as originally observed by transmission electron
microscopy (Gilula and Satir 1972). In some types of cilia,
the plasma membrane in the transition zone has unique
patterns of particles called the ciliary necklace (Gilula and
Satir 1972). Some types of mammalian cells and trypano-
somatids have the “ciliary pocket,” an invagination of the
plasma membrane at the root of the cilium (Molla-Herman
et al. 2010).

Cilia are conventionally categorized into two types—
primary and motile cilia. Primary cilia are defined as the
cilia that form from the mother centriole that a cell was
born with. Primary cilia are almost always nonmotile (with
the notable exception of the primary cilia in the embryonic
node) and occur at a frequency of one per cell in a variety of
vertebrate cells. Although primary cilia were discovered
more than 100 years ago (Zimmermann 1898), they were
ignored as vestigial structures until the 1990s. Subsequent
studies revealed that the primary cilium acts as an “anten-
na” to sense the extracellular signals and environment
(Goetz and Anderson 2010; Drummond 2012). Primary
cilia also work as a signaling center for processing various
signaling pathways, such as Hedgehog, Notch, Wnt, and
growth factor signaling (Singla and Reiter 2006; Berbari
et al. 2009). The axonemes of primary cilia have nine outer
doublet microtubules and no central pair, and so they are
called “9 + 0” axonemes (Fig. 1, insets).

Some sensory organs have specialized primary cilia,
which differ in appearance from generic primary cilia but
share the same fundamental structure of a microtubule
axoneme surrounded by a membrane. These specialized
primary cilia include the connecting cilium of photorecep-
tors, which detects light, and olfactory cilia, which detect
odorants.

Motile cilia are usually present in large numbers on
epithelial cells in the trachea and oviducts, and ependymal
cells in the ventricles of the brain. Sperm also has the motile
cilium as its tail. Motile cilia play important roles for
developing a force for locomotion and making fluid flow
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(Ostrowski et al. 2011; Vincensini et al. 2011). Motile cilia
take a “9 + 2” configuration, with two extra singlet micro-
tubules in the center of the axoneme (called the central
pair) and have additional components for their motility,
such as dynein arms, radial spokes, and nexin links (re-
viewed by Viswanadha et al. 2016). In the unicellular green
alga Chlamydomonas reinhardtii, the motile cilia are known
as flagella, and because there are two per cell, the cells are
referred to as “biflagellate.”

These conventionally classified categories have some
exceptions. The cilia in the node during early vertebrate
development (also called nodal cilia) are similar in appear-
ance to generic primary cilia, but they are motile. Moreover,
motile cilia in the trachea are known to sense chemical
stimuli for regulating their motility.

3 IFT

Proteins cannot be synthesized within the cilium, and so all
materials required to assemble cilia are transported from
the cell body. In addition, assembly of the outer doublets
occurs exclusively at the distal end of the cilium (Johnson
and Rosenbaum 1992). Therefore, an efficient transport
system is necessary for protein transport from the base to
the tip of the cilium. IFT—the bidirectional protein trans-
port system inside cilia—carries ciliary components from
the cell body to the tip of cilia and sends the products of
turnover back to the cell body from cilia (Fig. 2) (Rosen-
baum and Witman 2002; Scholey 2003; Ishikawa and
Marshall 2011). IFT was first observed as the bidirectional
movement of granule-like particles (so-called “IFT trains”)
along the cilium of the biflagellate green alga Chlamydo-
monas by using differential interference contrast (DIC)
microscopy (Kozminski et al. 1993). The IFT system has
since been shown to be present in most ciliated organisms,
including human. IFT trains were observed by transmis-
sion electron microscopy to consist of a varying number of
electron-dense particles assembled into linear arrays be-
tween the outer doublets and the overlying ciliary mem-
brane (Kozminski et al. 1993, 1995; Pigino et al. 2009). IFT
particles move continuously along the length of cilia in
both directions. The speed of IFT varies with conditions
and the types of organisms. For example, the anterograde
transport rate is ~2.0 wm/sec and retrograde transport is
~3.5 wm/sec in Chlamydomonas (Kozminski et al. 1993;
Dentler 2005), whereas the velocities are slower in mam-
malian cells (~1.2 pm/sec anterograde and ~0.9 wm/sec
retrograde) (He et al. 2014; Ishikawa et al. 2014).

Two types of microtubule motors drive IFT. Kinesin-2
moves IFT trains toward the tip of the axoneme, and cyto-
plasmic dynein 2 moves IFT trains toward the minus ends
of the microtubules at the base of the axoneme (Fig. 2). Two
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Figure 2. Intraflagellar transport. The anterograde intraflagellar transport (IFT) motor kinesin-2 transports IFT
complexes A and B, axonemal proteins, and cytoplasmic dynein 2 to the tip of a cilium. At the tip of the cilium,
anterograde IFT “trains” release axonemal proteins and rearrange their conformation for retrograde IFT. Cytoplas-
mic dynein 2 transports retrograde IFT trains to the cell body.

kinesin-2 motors—heterotrimeric and homodimeric—
have been implicated in anterograde IFT. The canonical
anterograde IFT motor is heterotrimeric kinesin-2, which
consists of two heterodimerized kinesin-2 motor subunits
and an accessory subunit, kinesin-associated protein
(KAP). Heterotrimeric kinesin-2 was first purified from
sea urchin eggs as a plus end—directed microtubule motor
(Cole et al. 1992, 1993) and is necessary for the assembly
and maintenance of cilia in most ciliated organisms. For
example, deleting the gene for a subunit of heterotrimeric
kinesin-2 prevents the assembly of cilia (Nonaka et al.
1998). In Chlamydomonas, a temperature-sensitive mutant
of the motor subunit of heterotrimeric kinesin-2 displays
gradual shortening of its cilia at restrictive temperatures
(Kozminski et al. 1995). Homodimeric kinesin-2 also

contributes to assembly of some types of cilia, such as
sensory cilia of the nematode Caenorhabditis elegans and
the connecting cilium of photoreceptors in the vertebrate
retina (Snow et al. 2004; Insinna et al. 2009). In C. elegans,
homodimeric kinesin-2 works cooperatively with hetero-
trimeric kinesin-2 for anterograde IFT and can substitute
the function of heterotrimeric kinesin-2 in sensory cilia.
Homodimeric kinesin-2 is also localized to cilia in mam-
malian somatic cells, but its function remains unclear.
The retrograde IFT motor cytoplasmic dynein 2 is a
multiprotein complex comprising at least four different
subunits: a heavy chain, a light intermediate chain, an
intermediate chain, and a light chain (Pazour et al. 1998,
1999; Porter et al. 1999; Grissom et al. 2002; Perrone et al.
2003; Schafer et al. 2003; Rompolas et al. 2007; Patel-King
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etal. 2013). Cytoplasmic dynein 2 was originally identified
from sea urchin embryos by cDNA analysis of dynein heavy
chains (Gibbons et al. 1994), and subsequent genetic and
motility studies showed that cytoplasmic dynein 2 is essen-
tial for retrograde IFT (Pazour et al. 1998, 1999). The func-
tion of cytoplasmic dynein 2 is necessary for the assembly
of cilia but is dispensable for their maintenance (Engel et al.
2012).

IFT trains were first isolated from Chlamydomonas cilia
and were found to consist of two large complexes, termed
IFT complex A and complex B (Piperno and Mead 1997;
Cole et al. 1998). IFT complexes A and B are loosely asso-
ciated and seem to move together within the cilium, but
they have distinct functions. IFT complex B contributes to
anterograde transport with kinesin and is necessary for the
assembly and maintenance of cilia (Fig. 2). In most cases,
mutation or knockdown of IFT complex B proteins results
in absent or very short cilia (Pazour et al. 2000; Brazelton
et al. 2001; Haycraft et al. 2003; Sun et al. 2004; Follit et al.
2006). In contrast, [FT complex A is required for the ret-
rograde transport that returns proteins to the cell body for
turnover, but it does not appear to be necessary for ciliary
assembly. For example, cilia can assemble with a mutation
in an IFT complex A protein, but have abnormal bulges
containing accumulated IFT complex B proteins (Iomini
et al. 2001, 2009; Efimenko et al. 2006; Tsao and Gorovsky
2008).

Immunoprecipitation of IFT complexes from Chlamy-
domonas cilia coprecipitates ciliary proteins, such as com-
ponents of dynein arms and radial spokes (Qin et al.
2004). This result suggests that the IFT complex binds cil-
iary proteins as cargo. For example, IFT46, an IFT complex
B protein, transports components of outer arm dynein into
cilia by a cargo-specific adaptor (Hou et al. 2004; Ahmed
etal. 2008). Recent structural analysis has revealed that two
core IFT complex B proteins, IFT74 and IFT81, form a
tubulin-binding module and transport tubulin into cilia
(Bhogaraju et al. 2013). IFT is also required to localize
signal-transduction proteins to cilia (Keady et al. 2012).
These proteins include receptors for Hedgehog and Wnt,
important signaling pathways for organizing the body
plan and organogenesis (Singla and Reiter 2006; Veland
et al. 2009).

The behavior of the cargo proteins has been visualized
in Chlamydomonas flagella and C. elegans cilia (Hao et al.
2011; Wren et al. 2013; Craft et al. 2015), where the IFT
conveys cargo proteins, such as tubulin and other axonemal
components, to the tip of the cilium, followed by release
and diffusion in the ciliary lumen before docking at their
axonemal assembly site (Wren et al. 2013). However, the
mechanisms of loading and unloading IFT components
with cargo are still unclear.
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The complexity of the IFT system raises the question of
how such a complicated molecular machine could have
evolved. The same question has also been raised about
the cilium itself, given that normal bending motility seems
to involve the interaction of many different protein com-
plexes. One possible answer to both questions is that cilia,
and IFT, might have first evolved to mediate gliding motil-
ity rather than swimming motility. Glycoproteins of the
ciliary membrane undergo anterograde and retrograde
motions that can move attached beads back and forth
and can cause cells to move over flat surfaces by gliding
(Bloodgood 1977, 1988; Laib et al. 2009). Dynein generates
the motile force for gliding, which is mediated by retro-
grade IFT motion of membrane glycoproteins (Shih et al.
2013). Gliding and bead movement would be extremely
useful for a cell that lacked other forms of motility and
presumably conferred a fitness advantage by allowing it
to move from one place to another, and to capture and
move food particles toward the cell body (Mitchell 2007).
Gliding seems to involve the motion of a single membrane
protein and thus would not require a complex of many IFT
proteins to select different cargos. Moreover, the entire ma-
chinery of flagellar motility (inner and outer dynein arms,
radial spokes, etc.) is not required for gliding. It thus seems
possible that a much simpler cilium-like structure could
have evolved first to allow gliding, and then subsequently
been modified to perform other motile functions. Given
that both cilia- and actin-based amoeboid motility were
apparently present in the last eukaryotic common ancestor
(Cavalier-Smith 2002; Fritz-Laylin et al. 2010), it is possible
that cilium-based gliding evolved before actin-mediated
amoeboid motility.

4 INTRACELLULAR TRANSPORT
AND CILIARY IMPORT

For assembly and maintenance of cilia, the component
materials must be transported from the cytoplasm or Golgi
apparatus in the cell body and be accumulated in the vi-
cinity of the basal body. In addition to their role in intra-
ciliary transport, IFT proteins are also implicated in vesicle
transport from the Golgi apparatus to cilia. IFT20—an IFT
complex B protein—is not only localized to the basal body
and cilia along with most other IFT proteins but is also
associated with the Golgi apparatus and is required for
the vesicle trafficking of membrane proteins to the cilium
(Follit et al. 2006). Rab small GTPases mediate membrane
vesicle trafficking to cilia. For example, ciliogenesis de-
pends on interaction of Rab8 with the IFT machinery
through an endocytosis regulator (Rabaptin5) to mediate
vesicle trafficking to cilia (Yoshimura et al. 2007; Omori
et al. 2008).
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Bardet—Biedl syndrome (BBS; reviewed by Vertii et al.
2016) is a genetic disease characterized by a collection of
symptoms, including polydactyly, retinitis pigmentosa,
and obesity, which are characteristic of ciliary defects (Ba-
dano et al. 2006). BBS is caused by mutations in a set of
genes encoding proteins that play important roles in ciliary
vesicle trafficking through interactions with Rab8 (Na-
chury et al. 2007). BBS proteins are required for the local-
ization of some membrane proteins to cilia (Berbari et al.
2008b). Some BBS proteins interact with the small GTPase
Arl6 to form a coat complex that sorts membrane proteins
to cilia (Jin et al. 2010).

Some ciliary proteins contain a targeting sequence that
is necessary to transport these proteins into cilia (Geng
et al. 2006; Berbari et al. 2008a; Dishinger et al. 2010; Follit
et al. 2010; Humbert et al. 2012; Loktev and Jackson 2013).
Although several ciliary targeting sequences have been re-
ported, no unique consensus sequence has been identified
for transport of ciliary proteins (Malicki and Avidor-Reiss
2014). This suggests that multiple systems are involved in
the ciliary transport of these proteins.

Moreover, cytosolic axonemal proteins have been
found associated with cytoplasmic membrane vesicles
bearing IFT proteins, as well as ciliary membrane proteins
during growth of cilia in Chlamydomonas (Wood and
Rosenbaum 2014). This finding suggested that cytosolic
ciliary proteins are also transported to cilia as membrane
vesicles. It is hypothesized that fusion of membrane vesi-
cles, either with the plasma membrane near the base of the
cilium or with the ciliary membrane near the transition
zone, would orient any proteins associated with the outer
surface of the vesicles toward the interior of the cilium.

To sense the extracellular environment and process sig-
naling pathways, cilia accumulate specific membrane re-
ceptors, channels, and cytosolic signaling molecules. For
example, type IIT adenylyl cyclase, the somatostatin recep-
tor 3, and the melanin-concentrating hormone receptor 1
are exclusively localized to cilia (Handel et al. 1999; Bishop
et al. 2007; Berbari et al. 2008a). To retain these molecules,
cilia must make a cellular compartment—Ilike other organ-
elles do. However, the ciliary membrane is continuous with
the plasma membrane and the base of the cilium is open
to the cytoplasm of the cell body. The cilium uses several
systems to maintain its compartment.

Two mechanisms segregate transmembrane proteins
between the plasma membranes of the cilium and the cell
body. The ciliary membrane has a diffusion barrier at its
base. This barrier is established in part by septin2 and
septin7, members of the septin family of guanosine tri-
phosphatases. These peripheral membrane proteins form
a ring at the base of cilia and restrict lateral diffusion of
transmembrane proteins into the cilium (Hu et al. 2010;

Kim et al. 2010). The transition zone at the base of cilia
forms a second diffusion barrier for transmembrane pro-
teins (Dowdle et al. 2011; Garcia-Gonzalo et al. 2011; Wil-
liams et al. 2011; Chih et al. 2012). The mechanism by
which such membrane proteins are able to form a selective
diffusion barrier remains a mystery. Most proteins local-
ized at the transition zone, including both axonemal and
membrane-associated proteins, contribute to the diffusion
barrier. Some proteins might be components of Y-links,
which connect the axonemal microtubules to the ciliary
membrane (Craige et al. 2010; Williams et al. 2011). Mu-
tations of these proteins cause human ciliopathies. Other
plasma membrane proteins of the cell body are excluded
from the vicinity of cilia by tethering to cortical actin fila-
ments (Vieira et al. 2006; Francis et al. 2011).

Because the ciliary lumen is also connected with the
cytoplasm of the cell body, maintaining the ciliary com-
partment depends on controlling the traffic of cytosolic
molecules. However, the pores that exclude diffusion of
soluble molecules into cilia have a diameter of ~8 nm
(Breslow et al. 2013; Lin et al. 2013). Electron microscopy
showed much larger pores of ~53 nm adjacent to the outer
doublets at the base of cilia in Tetrahymena pyriformis
(Ounjai et al. 2013). This is slightly larger than the size of
the ~37.5-nm IFT particle itself (Pigino et al. 2009). Thus,
the physical pore that prevents larger molecules from freely
passing must be restricted by molecules that are not clearly
visible by electron microscopy.

How do larger protein complexes move through the
pore and enter the cilium? The motile force of the IFT
kinesin might help the IFT particles, together with bound
cargo, to move through this block by deforming an elastic
pore. In such a model, IFT cargo binding would constitute
the key selectivity step in determining which proteins can
enter the cilium.

Several lines of evidence suggest that the ciliary pore
and the nuclear pore share components and machinery
(Dishinger et al. 2010; Kee et al. 2012). Importin and
the small GTPase Ran—two proteins that contribute to
importing proteins into the nucleus through nuclear
pores—also contribute to transporting cargo with ciliary
targeting sequences into cilia (Dishinger et al. 2010). How-
ever, the mechanistic similarity of the nuclear and ciliary
pores is not yet firmly established (Breslow et al. 2013).

5 CONTROLLING CILIARY LENGTH BY
REGULATING TRANSPORT AND DYNAMICS

Cells are thought to regulate the lengths of cilia and flagella
actively, presumably to generate lengths appropriate for
their functions. These lengths are characteristic of each
different cell type and narrowly distributed, typically show-
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ing a distribution more sharply peaked than the best-fit
Gaussian (Kannegaard et al. 2014). If cilia are severed,
they grow back to a length similar to their pre-severing
length (Rosenbaum et al. 1969). The pace of regeneration
slows as the length increases, suggesting that growth rates
are modulated as a function of length. Finally, and perhaps
most strikingly, if one flagellum is severed from biflagel-
lated Chlamydomonas cells, it grows back, while the other
flagellum shortens, until the two flagella are equal in length
(Coyne and Rosenbaum 1970; Ludington et al. 2012).
These observations suggest that some unknown pathway
controls the length of cilia.

Organelle size control is a matter of general interest for
investigators concerned with any organelle (Rafelski and
Marshall 2008; Chan and Marshall 2012), and cilia provide
a particularly simple model organelle because their size
varies in a single dimension—the length (Randall 1969;
Wemmer and Marshall 2007). Furthermore, possession of
cilia and flagella of abnormal length has been implicated in
a number of human diseases characterized by ciliary dys-
function, including Meckel syndrome (Tammachote et al.
2009), BBS (Mokrzan et al. 2007), and retinal degeneration
(Omori et al. 2010; Ozgiil et al. 2011).

The length of a cilium could, in principle, be regulated
during initial assembly, so that cilia are built to a particular
length and then remain in a static, nondynamic state. How-
ever, cilia are dynamic structures, undergoing constant
turnover of tubulin (Stephens 1995, 1997, 2000; Marshall
and Rosenbaum 2001; Song and Dentler 2001), so that,
even when their lengths appear stable, the ciliary microtu-
bules constantly disassemble tubulin from their tips and
replace it with newly assembled tubulin (Marshall and
Rosenbaum 2001). The fact that the cilium is a dynamic
structure, undergoing constant turnover, means that its size
must be regulated by the balance of assembly and disas-
sembly. When the cilium is too short, assembly must pre-
dominate over disassembly to elongate the cilium to the
correct length; if the cilium is too long, disassembly must
predominate to cause the cilium to shorten. A key question
is whether the cell regulates assembly, disassembly, or per-
haps both, as a function of ciliary length.

Here, we first consider whether the assembly rate might
be a function of length. IFT appears to limit the assembly
rate, based on the experimental observation that a partial
reduction in IFT rate leads to shorter flagella (Marshall and
Rosenbaum 2001). Biochemical studies of IFT protein con-
tent within flagella (Marshall et al. 2005) and quantitative
imaging of IFT proteins tagged with green fluorescent pro-
tein (GFP) (Engel et al. 2009) showed that the total quan-
tity of IFT particles within a flagellum is independent
of length. In an initial model (Marshall and Rosenbaum
2001), this constant quantity was interpreted as indicating
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a fixed set of IFT particles that circulated back and forth
from the base to the tip, carrying assembly precursors out
to the tip, and then returning for another load. In such a
scenario, each particle requires a time proportional to the
length L to arrive at the tip, and a time proportional to L to
return to the base to obtain more cargo. As the round-trip
transit time for each particle is proportional to L, such a
particle will arrive at the tip with a frequency proportional
to 1/L (given that speed is approximately independent of
length [Engel et al. 2009]). Thus, the rate of cargo transport
drops with the length of the flagella.

Combining these assumptions leads to a simple equa-
tion for flagellar length dynamics:

dL AP —2L)
dar L b. M
In this balance-point model, L is length, A and D de-
scribe the rates of IFT and disassembly, respectively, P is the
total flagellar precursor protein pool, and the cell is as-
sumed to have two flagella. This equation has a unique
stable steady-state length for which the assembly and dis-
assembly rates balance. This model accounts for the kinet-
ics of flagellar regeneration (Marshall and Rosenbaum
2001), the dependence of flagellar length on the number
of flagella per cell (Marshall et al. 2005), and the ability of
biflagellate cells to equalize the lengths of their flagella after
one is severed (Marshall and Rosenbaum 2001; Ludington
et al. 2012). The original version of this model proposed
that a fixed number of IFT particles are loaded into the
cilium or flagellum when it forms and then recirculates
back and forth without entering or exiting the ciliary com-
partment. Such an “initial bolus” mechanism would ensure
that the number of IFT proteins is constant, thus causing
the frequency of IFT particle arrival at the flagellar tip to
scale as 1/L. However, photobleaching experiments suggest
that IFT particles are not trapped inside a particular flagel-
lum (Ludington et al. 2015), so some mechanism must
actively regulate the quantity of IFT proteins inside the
flagellum to maintain a constant total number of IFT par-
ticles, independent of changes in length. A regulatory
mechanism is needed because if IFT particles are simply
injected into the flagellum at a constant rate, either with a
fixed periodicity or randomly with a constant average rate
of injection per unit time, then the number of IFT particles
inside the flagellum would not be independent of length.
For example, if a single particle is injected, it must move out
to the tip and then return back to the base, spending a
“dwell time” inside the flagellum that is proportional to
the length. If the flagellum were twice as long, then the
dwell time that each particle spends inside the flagellum
would double. If particles enter the flagellum at a constant
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rate independent of length, but each particle spends a time
inside the flagellum that is proportional to the length, then
the total quantity of particles inside the flagellum must
increase in proportion to the length. However, this is ab-
solutely not the case (Marshall and Rosenbaum 2001; Mar-
shall et al. 2005; Engel et al. 2009). The total number of IFT
particles inside the flagellum, at steady state, is given by the
product of the rate at which particles are injected into the
flagellum, which we will call the injection rate r, and the
dwell time of each particle within the flagellum, which is
proportional to the length L. So the total number of parti-
cles at steady state is proportional to rL. The only way this
quantity can be independent of length is if r ~ 1/L. Re-
markably, quantitative total internal reflection fluorescence
(TIRF) microscopy showed that the rate of injection of IFT
particles into the flagellum is indeed proportional to 1/L
(Ludington et al. 2013). It thus appears that some mecha-
nism must regulate IFT injection as a function of length.
Quantitative measurement of IFT protein accumulation at
the basal body suggests that this accumulation, referred to
as “IFT recruitment,” is length-dependent. It has been pro-
posed, therefore, that the injection of IFT into the cilium or
flagellum is regulated by controlling recruitment to the
basal bodies as a function of length. But how is this regu-
lation achieved?

The molecular pathways that sense length and regulate
IFT injection are not known, but might be found by using
genetics to find mutants that alter the steady-state length.
If the balance-point model (Equation 1) is correct, alter-
ation of IFT regulation should lead to changes in steady-
state flagellar length. A combination of genetic and small-
molecule inhibitor studies has identified six kinases that
have been proposed to play a role in flagellar length mod-
ulation in Chlamydomonas, possibly acting as part of the
system that regulates IFT: long flagella proteins LF2 (Tam
et al. 2007), LF4 (Berman et al. 2003), and LF5 (Tam et al.
2013); Aurora-like protein CALK (Pan et al. 2004); NIMA-
related kinase 2 (CNK2) (Bradley and Quarmby 2005);
and glycogen synthase kinase 3 (GSK3) (Wilson and Le-
febvre 2004). Might any of these kinases regulate IFT in-
jection? Three of these kinases, LF2, CALK, and CNK2,
are known to regulate flagellar disassembly rather than as-
sembly (Marshall and Rosenbaum 2001; Pan et al. 2004;
Cao et al. 2013; Hilton et al. 2013), and so they are not
candidates to regulate IFT. GSK3 might be the target of
lithium, a length-increasing compound, but this is still
hypothetical (Wilson and Lefebvre 2004). The function
of LF5 is not known. Another candidate kinase is protein
kinase A (PKA) as pharmacological activation of PKA in
mouse cells increases IFT speed (Besschetnova et al. 2010).
But PKA also increases ciliary length and, as IFT speed is a
function of length (Engel et al. 2009), the speed increase

following PKA activation might be a side effect of the ciliary
elongation.

Currently, the LF4 kinase, a flagella-localized member
of the mitogen-activated protein (MAP) kinase family, is
the primary candidate to regulate IFT injection because a
null mutation in the LF4 gene (which causes flagella to
become twice wild-type length) increases both IFT recruit-
ment at basal bodies and injection into flagella (Ludington
et al. 2013). This phenotype suggests that part of the nor-
mal function of the LF4 kinase is to down-regulate IFT
injection. However, in the If4 null mutant, IFT injection
is still proportional to 1/L (Ludington et al. 2013). Thus,
LF4 exerts some control over injection, but it is not re-
quired for either the measuring of length or the transmis-
sion of length information to the injection machinery.
Thus, LF4 acts as a “control knob” for the feedback sys-
tem—much like the temperature control knob on a house-
hold thermostat—rather than being a crucial component
of the feedback control system itself.

Genetic and inhibitor studies have indicated a role for
actin and myosin in regulating IFT recruitment as a func-
tion of length. When either actin or myosin was perturbed,
IFTrecruitment did not increase in short flagella compared
with wild-type unperturbed cells. In the most extreme case,
treatment of cells with the myosin inhibitor blebbistatin
completely eliminated the length dependence of IFT re-
cruitment (Avasthi et al. 2014). Thus, the actin cytoskele-
ton contributes in some way to the molecular pathways that
sense length and regulate IFT recruitment.

Current models of IFT generally have assumed that
cargo binding is a simple process determined by the affinity
of cargo for different IFT proteins but otherwise not regu-
lated. This assumption is implicit in Equation 1 above.
However, the work of Wren and coworkers shows that at
least one IFT cargo, the motility-related protein DRC4, is
loaded onto IFT particles at a level that correlates with
flagellar length (Wren et al. 2013). The investigators pre-
sented a modification of the balance-point model (Equa-
tion 1), with cargo loading explicitly regulated by length,
and showed that this modified model can account for fla-
gellar length regulation. They also presented an argument
that length regulation of cargo binding is necessary to ac-
count for the kinetics of flagellar regeneration and that,
without such regulation, flagellar assembly would be too
slow. This conclusion appears to rest on the assumption
that DRC4 incorporation and tubulin incorporation occur
at equal rates. But, as DRC4 is involved in motility and
is not a structural component that determines flagellar
length, this assumption must currently be viewed as purely
hypothetical. Thus, it is not possible to conclude that
length-regulated cargo binding is required to explain fla-
gellar assembly kinetics.
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More recently, quantitative analysis of tubulin transport
in Chlamydomonas flagella has shown that the occupancy
of IFT for tubulin (that is, the fraction of IFT particles
carrying at least one tubulin dimer) is a decreasing function
of flagellar length (Craft et al. 2015). Such a dependence
could, in principle, be explained by the increase in tubulin
synthesis during flagellar regeneration; however, Craft and
colleagues showed that the length dependence was flagel-
lum-autonomous, such that, in a cell with two flagella of
different lengths, the longer flagellum showed a lower oc-
cupancy of IFT particles by tubulin than the short flagel-
lum. It thus seems clear that loading of tubulin as a cargo
onto the IFT complex is a second way in which IFT func-
tion is regulated by length, in addition to the length depen-
dence of IFT injection referred to above.

As discussed above, steady-state length depends on the
balance of assembly and disassembly so that regulation of
length can be achieved by regulating either assembly or
disassembly, or both. Given that the rates of IFTand, there-
fore, assembly clearly depend on length, the next issue is
whether disassembly might also be regulated as a function
of length. The continuous disassembly does not appear to
be mediated simply by spontaneous depolymerization of
microtubules in the axoneme because isolated axonemes
are extremely stable and can be kept in the cold (conditions
that normally cause rapid depolymerization) indefinitely.
It is thus thought that some active machinery must catalyze
the removal of subunits from the tip of the axoneme. In-
deed, members of the kinesin-13 family of depolymerizing
kinesins have been found to be localized at the tips of cilia,
and the effect of their depletion by RNA interference
(RNAI) indicates that they are involved in active shortening
of cilia (Blaineau et al. 2007; Dawson et al. 2007; Piao et al.
2009). The rate of an enzymatic reaction is typically gov-
erned by the intrinsic activity of the enzyme and the con-
centration of its substrate. For a depolymerizing kinesin, its
substrate is the assembled microtubule. For depolymerases
localized at the tip, the local concentration of the microtu-
bules is independent of length. We would therefore expect
that the depolymerization rate would be constant, and not
a function of length. Indeed, when IFT is inactivated using
mutants in the fla10 kinesin, flagella shorten at a constant
rate, suggesting that depolymerization of flagellar micro-
tubules is length independent (Marshall and Rosenbaum
2001).

Because enzymes mediate disassembly, their regula-
tion could control disassembly. For such regulation of
disassembly to produce a stable-length control system,
disassembly rates should increase with the length of the
cilium, as shown by genetic studies in Chlamydomonas
(Hilton et al. 2013). Two candidates have emerged to ex-
plain this behavior.
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Depolymerizing kinesins with processive movement
are candidates for disassembly factors with length-depen-
dent activity. It has been shown in in vitro experiments that
the activity of a depolymerizing kinesin-8 increases with
the length of the microtubule. This effect appears to arise
because kinesin-8 can initially bind anywhere along the
side of microtubule, after which it then moves rapidly
and processively to the microtubule tip, where it catalyzes
disassembly. Longer microtubules can bind more kinesin-
8 molecules per unit time, which then move to the tip
and catalyze more rapid disassembly (Varga et al. 2009).
Whether such a mechanism is active inside cilia or flagella
has not been determined.

A second candidate component that could mediate
length-dependent disassembly is the Ser/Thr protein ki-
nase CNK2. Genetic analysis has shown that CNK2 is
part of the feedback pathway by which cilium length regu-
lates disassembly. The length-dependent stimulation of
disassembly is lost when CNK2 is mutated (Hilton et al.
2013). This suggests that the length feedback is not directly
mediated by motility of the depolymerizing kinesins them-
selves but, rather, by a length-sensing pathway of some sort,
which measures the length of the cilium and adjusts the
activity of the depolymerization system. However, the na-
ture of this pathway is obscure, because we do not know the
substrates of CNK2 or the molecular signals that regulate its
activity. An even more fundamental question is whether
this pathway regulates length under normal conditions as
the experiments demonstrating length-dependent disas-
sembly were performed in mutants with abnormally long
cilia. Whether small decreases in length would suppress
disassembly is not currently known.

6 CONCLUSION

Cilia and flagella are microtubule-based structures of im-
mense complexity whose assembly and maintenance re-
quires the constant action of motor proteins moving IFT
particles. These organelles can be expected to continue to
serve as model systems to study the coordination of assem-
bly, turnover, and transport, as well as the self-assembly and
size regulation of complex cytoskeletal structures. A major
challenge for future progress is understanding how the
many different pathways that impinge on ciliary length—
including IFT, length-dependent disassembly, and expres-
sion of genes encoding ciliary proteins—are all coordinat-
ed to produce a cilium of the appropriate size for a given
cell type. Another future challenge is to understand how the
length of cilia affects their function, both as generators of
fluid flow and as sensors of the environment. These chal-
lenges are of more than academic interest. Given that hu-
man ciliopathies are often accompanied by alterations in
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ciliary length, understanding the pathways that control cil-
iogenesis and length might provide novel therapeutic strat-
egies in which, for example, a defect in the IFT machinery
could be at least partially corrected by altering the rate
of ciliary disassembly. Cilia and IFT thus provide an exam-
ple of how a systems-level understanding of a cytoskeletal
organelle might hold out the promise for new ways to treat
disease.
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