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IFT-cargo interactions and protein transport in cilia
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Abstract

The motile and sensory functions of cilia and flagella are indispensable for human health. Cilia
assembly requires a dedicated protein shuttle, intraflagellar transport (IFT), a bidirectional motility
of multi-megadalton protein arrays along ciliary microtubules. IFT functions as a protein carrier
delivering hundreds of distinct proteins into growing cilia. IFT-based protein import and export
continue in fully grown cilia and are required for ciliary maintenance and sensing. Large ciliary
building blocks might depend on IFT to move through the transition zone, which functions as a
ciliary gate. Smaller, freely diffusing proteins such as tubulin depend on IFT to be concentrated or
removed from cilia. Recent work provides insights into how IFT interacts with its cargoes and
how the transport is regulated.
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Cilia: conserved cell organelles with multiple functions

Cilia and flagella (interchangeable terms) are thread-like cell extensions of variable length
with a diameter of ~200 nm (Fig. 1A, B). The hallmark of all cilia is the axoneme, a
microtubular scaffold typically containing nine doublet microtubules and often two central
singlet microtubules (referred to as 9+2). The doublet microtubules are continuous with the
microtubules of the basal bodies, which anchor and position the cilium within the cell (Fig.
1C-F). Cilia are covered by the ciliary membrane, which is continuous with the plasma
membrane but specialized in protein and lipid content [1, 2].

Cilia are often structurally adapted to serve diverse functions. Motile cilia possess dynein
arms, which are large motor complexes that induce sliding of the axonemal microtubules
and thereby bending of the cilium. Ciliary motility propels cells such as praotists and
spermatozoa or generates fluid flow above the ciliated epithelia lining, such as in the
airways. A conserved 9+2 axoneme is characteristic of most motile cilia (Fig. 1C).
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Many mammalian cells possess a single non-matile cilium, the primary cilium, which
typically retains a 9+0 axoneme but mostly lacks the structures required for ciliary motility.
Cilia are rich in signaling proteins [e.g., G-protein coupled receptors (GPCRS), ion channels,
protein kinases]. Some cilia are structurally modified for particular sensory functions. The
outer segment of rods in the eye, for example, represents a structurally modified cilium
functioning in light perception. Similarly, primary cilia in other organs and tissues sense
chemical and mechanical cues. Cilia protrude from the cell surface into the environment and
have a high surface to volume ratio, features likely fundamental for their role in sensing.
Defects in ciliary function lead to a plethora of diseases referred to as ciliopathies (see Box
1). Many of these conditions are caused by cilia of incorrect size or composition, which has
fostered a strong interest in understanding ciliary assembly.

IFT: the protein translocation machinery of cilia

Ribosomes are absent from cilia and ~600-1000 distinct polypeptides required to build the
organelle need to be imported from the cell body; some of these proteins are concentrated
several thousand-fold in cilia [2, 3]. The axoneme elongates by addition of material to its tip,
which points away from the cell body [4-6]. Thus, during cilia assembly, large amounts of
building materials need to be transferred from the ciliary base to the distal end. These
observations indicate the need for a ciliary protein translocation system and intraflagellar
transport (IFT) is thought to be the predominant pathway to move proteins into and within
cilia [7].

In brief, IFT is the bidirectional movement of supramolecular protein arrays inside cilia.
These so-called IFT trains are appressed to the ciliary membrane and move via molecular
motors on the axonemal microtubules [8] (Fig. 1C,G). While IFT trains are the primary
cargo of the IFT motors, they also function as adaptors allowing other proteins (= IFT
cargoes) to be carried along. Cargoes bind to IFT near the basal body and move to the ciliary
tip by anterograde IFT. At the tip, many cargoes are released from IFT; the trains reorganize
and return to the cell body by retrograde IFT (Fig. 1F). The IFT pathway is well conserved
and required for the assembly of most cilia and eukaryotic flagella [9]. This article will
review recent progress in the structural analysis of IFT complexes and how they interacts
with various cargoes; the regulation of transport frequency and capacity and data obtained
by direct imaging of protein transport in cilia will be discussed.

The building blocks of IFT

IFT trains are polymers of IFT particles, which move up and down the cilium using motor
proteins (Fig. 2). A heterotrimeric kinesin-2 powers anterograde IFT, progressing 0.2 to 2.4
um/s depending on the species and cilia type. IFT dynein, a complex similar to cytoplasmic
dynein, moves retrograde IFT trains at velocities ranging from 0.14 to 5.60 um/s [10-17].
Additional motors appear to be employed for IFT in certain organisms and cell types, such
as the homodimeric kinesin-2 OSM-3/Kif17 in Caenorhabditis elegans [18]. The IFT
particles consist of IFT-A and IFT-B subcomplexes composed of at least 6 and 16 distinct
polypeptides, respectively [13]. Individual roles in particle assembly and cargo binding are
emerging for some IFT proteins (see below). The IFT particles and motors assemble into
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~100 - 700 nm long IFT trains, which consist of a double row of particles each presumably
representing an IFT A/B complex and its associated motors (Fig. 1F, 2; [19]). The double
row appearance could indicate that IFT trains consist of two protofilaments assembled from
IFT particles, an architecture which will allow for multiple interactions between the particles
and could ensure the relative stability of the trains.

The BBSome, a complex composed of eight BBS proteins, moves in association with IFT
trains through cilia ((Fig. 2)[11, 20-23]). In humans, defects in the BBSome cause Bardet-
Biedl syndrome (BBS), a multi-organ disease characterized by blindness, kidney anomalies,
and obesity indicative for defects in the sensory functions of cilia (Box 1; [24]). The
BBSome is well conserved in many ciliated species, which is indicative of a fundamental
role in cilia. In C. elegans, the BBSome is involved in the assembly and stabilization of IFT
particles [18, 25]. Bbs mutants often have shorter cilia, but in most cell types BBSomes are
not required for general cilia assembly [7, 22, 26]. Nevertheless, BBSomes contribute to
protein transport in cilia as indicated by the biochemical defects in the ciliary membrane of
Bbs mutants . The BBSome appears to function in the maintenance of ciliary membrane
protein content, probably by mediating IFT transport of certain membrane proteins [27].

IFT functions in ciliary assembly, maintenance, and signaling

The best documented function of IFT is its role in ciliary assembly. Defects in IFT-B or IFT
kinesin often impair ciliary assembly [28-30]. IFT has been shown to shuttle large amounts
of tubulin and other axonemal proteins into growing cilia suggesting that one of the
foremost functions of IFT is to deliver proteins for axonemal assembly [31, 32]. When IFT
is switched-off, cells will lose the ability to assemble cilia [33] and, in mutants with a
reduced frequency of anterograde IFT, cilia assembly is slow suggesting that the number
and velocity of anterograde trains determine the ciliary growth rate [34]. It is therefore
widely accepted that anterograde IFT is required for the assembly of most eukaryotic cilia.
Notable exceptions are the flagella of Plasmodium gametes, whose axonemes form within
the cytoplasm of precursor cells and Drosophila gametes, whose axonemes assemble in a
short, cilium-like membrane cap requiring transition zone components, but not IFT[35].

IFT continues once cilia are fully assembled. Cilia will slowly shorten after IFT has been
switched-off in Chlamydomonas reinhardtii or Tetrahymena thermophila indicating that
IFT is required for ciliary maintenance [27, 33, 36]. Similarly, the conditional deletion of
IFT88 or Kif3a in kidneys of adult mice will result in ciliary loss or stunting [37]. However,
IFT is absent from the flagella of mature spermatozoa indicating that cilia maintenance does
not per se require IFT. Sperm flagella are essentially unchanging, but many other cilia adjust
their composition and length or need to replace proteins. For example, ~2,000 opsins pass
every minute through the connecting cilium into the outer segment to replace protein lost by
disc shedding [38]. In addition to providing construction materials for assembly and repair,
the role of IFT in ciliary maintenance could also involve the transport of proteins that
measure and adjust the length of cilia.

IFT also exports proteins from cilia perhaps to ensure protein homeostasis or to scavenge
cell body proteins leaked into the organelle; the BBSome ensures export of certain
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membrane-associated proteins by mediating transport via retrograde IFT [27]. Many cells
disassemble cilia prior to mitosis but the role of IFT in the bulk export of proteins from cilia
is unclear [39]. Proteins also exit cilia via ectosomes and vesicle shedding appears to be the
preferred exit route for some ciliary transmembrane proteins [40, 41].

Furthermore, IFT is thought to transport proteins during cilia-based signaling [42]. VVarious
signaling pathways (e.g., Hedgehog, Wnt, platelet derived growth factor receptor a a
[PDGFRaa]) require that some of the participating proteins are transported in and out of
cilia for full pathway activity [43-45]. This could be accomplished by IFT but whether IFT
indeed transports proteins as a step in a signaling cascade is not known yet. In summary, IFT
is the predominant protein trafficking pathway of cilia.

Cargo binding by IFT

Considering the biochemical complexity of cilia, one wonders how a complex of about two
dozen proteins can function as a carrier for potentially hundreds of distinct polypeptides.
The isolation or reconstitution of IFT-cargo complexes has not yet been achieved,
suggesting that IFT-cargo interactions are weak. IFT-B is thought to be the major protein
carrier during anterograde IFT and the specific cargo binding sites so far identified are
located on IFT-B (see below). In IFT-A and retrograde IFT motor mutants, IFT-B proteins
accumulate near the ciliary tip suggesting that IFT-A functions in returning IFT-B to the cell
body [14, 46]. However, certain membrane proteins are depleted from cilia of IFT-A
mutants [47, 48]. Also, the IFT-B protein IFT27 is required to export BBSomes from cilia
[23, 49]. Thus, both IFT-A and IFT-B appear to participate in protein import and export.

Recently, a nonameric IFT-B core complex and several smaller complexes have been
assembled from recombinant IFT proteins (Fig. 4A; [50, 51]). IFT proteins are rich in WD
and tetratricopeptide (TPR) repeats (IFT-A and -B) and coiled-coils (IFT-B), most of which
are required for the interactions among IFT proteins themselves [52]. However, high
resolution structures, interaction studies, and truncation analysis of IFT proteins have
identified projection domains that appear to be dispensable for IFT complexes formation and
might be involved in cargo binding [53, 54]. The assembly of IFT trains could generate
additional cargo binding sites absent from individual IFT particles. Such a model would link
train assembly and cargo loading and the remodeling of IFT trains at the ciliary tip to cargo
release [55].

How many distinct cargo binding sites are present on IFT trains? Abundant proteins such as
tubulin appear to have dedicated binding sites [56, 57]. Less abundant proteins may compete
for shared or overlapping binding sites on the IFT particles. Many proteins enter cilia as part
of multiprotein complexes, such as dynein arms and radial spokes [58-60]. In principle only
one protein in such a complex needs to be in direct contact with the IFT train. Other cargoes
might interact indirectly with IFT trains via cargo adapters, which mediate the binding of
multiple cargoes to IFT trains and thus expand their transport potential. These mechanisms
would reduce the number of required cargo binding sites.
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Cargo loading and entry into cilia

Protein transport by IFT can be divided into four steps: cargo loading, admission into the
cilium, translocation along the shaft, and unloading. Cargo loading likely occurs near the
ciliary base and axonemal cargoes have been observed entering cilia already bound to IFT
[32, 55]. IFT proteins are concentrated in the basal body region near the transitional fibers,
which might function as an assembly platform for IFT particles and trains (Fig. 1E; [61]).
Assembling IFT-A and IFT-B into particles appears to require the IFT-B protein IFT74,
which might reside at the contact site between the two [54]. After dephosphorylation of its
Fla8/Kif3b subunit, Kinesin-2 binds to IFT particles perhaps initiating train formation [62].
Once assembled, trains are likely to be quickly dispatched into the cilium but the chronology
of train formation and cargo loading is unknown.

Ciliary transmembrane proteins first enter the plasma membrane in Golgi-derived vesicles
and then move laterally into the ciliary membrane potentially involving IFT. Indeed, several
transmembrane proteins have been shown to move via IFT in cilia [11, 63, 64]. However,
some transmembrane and membrane-associated proteins still enter cilia in the absence of
IFT and certain GPCRs essentially move by diffusion once inside cilia [27, 65, 66].
Targeting of acylated proteins such as NPHP3 and arrestin to the ciliary membrane involves
the lipid binding chaperone Uncoordinated119 (UNC119); they are released from UNC119
inside the cilium by the GTP-bound form of Arl3 [67, 68]. Whether IFT contributes to the
ciliary localization of fatty-acid modified and transmembrane proteins is largely unclear.

Interestingly, IFT and many BBS proteins share their domain organization and phylogenetic
ancestry with vesicular coat proteins [9]. Vesicular traffic is widely believed to be absent
inside cilia, but IFT trains and BBSomes could be considered planar coats that function in
selecting and moving transmembrane proteins from the plasma membrane into the ciliary
membrane and vice versa [69]. In mammalian cells, IFT20 is located at the Golgi indicating
that some IFT proteins associate to membrane proteins heading toward the cilium well
before they reach the basal body [70]. IFT and BBS proteins have been implicated in other
intracellular transport pathways such as targeting of Golgi-derived vesicles to cilia,
recycling of endosomal proteins, and melanosome transport [71, 72]. It has been also
suggested that axonemal proteins reach the ciliary base on the outside of ‘IFT-coated’
vesicles [73].

While moving from the cell body into the cilium proper, IFT trains must pass through the
transition zone (TZ) where the axoneme is connected to the overlying plasma membrane
via Y-shaped fibers (Fig. 1 E, F). TZ proteins are hotspots for ciliopathy-related mutations
that alter the protein composition of cilia and affect ciliogenesis [74-76]. The TZ appears to
block the diffusional entry of larger proteins into cilia and might regulate the admission of
proteins and IFT trains into the cilium by a mechanism similar to that of the nuclear pore
complex [77]. Sequence motifs that are required and sufficient for ciliary entry have been
identified in some ciliary transmembrane proteins [78-80]. However, a universal ciliary
targeting sequence such as the NLS is absent. An alternative concept suggests that proteins
will be selected for ciliary entry based on their ability to bind - directly or indirectly - to IFT
trains. Whether an association with IFT trains alone is sufficient for protein admission into
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cilia or if IFT trains are screened and stripped of unwanted proteins while passing though the
TZ is an open question.

Cargo unloading and the regulation of IFT's transport capacity

To promote axonemal elongation, IFT must pick-up cargoes in the cell body and release
them in the cilium raising the question of how unloading is triggered. Axonemal proteins
predominately progress directly to the ciliary tip via IFT where they are released (Fig. 3A)
[31, 32]. Anterograde IFT trains disassemble at the tip and remodel into retrograde trains
presumably aided by numerous local protein kinases [10, 55, 62]. Thus, train remodeling
appears to be a mechanism to discharge the cargoes (Fig. 3A, B). After unloading, axonemal
proteins diffuse to their docking sites [32]. To ensure that unloaded proteins are not
immediately exported from cilia, retrograde trains may have a lower affinity for cargoes,
especially those required to remain inside the cilium.

IFT trains also release and rebind cargoes along the ciliary shaft indicating that these events
are not spatially restricted (Fig. 3B; [31, 32]). The frequency of these unloading events
differs between cargoes, as one might expect given that distinct cargoes likely bind distinct
sites on the IFT train and each IFT-cargo pair will have its particular equilibrium and time
constants [31, 32]. In Chlamydomonas, the transient interaction of the flagellar membrane
glycoprotein-1 (FMG-1) with IFT trains requires extracellular calcium suggesting additional
mechanisms regulating IFT-cargo interactions [81, 82].

IFT trains are highly loaded with tubulin and other axonemal proteins during assembly but
are mostly devoid of axonemal cargoes in full-length steady-state cilia [31, 32]. The less-
loaded IFT trains circulating in fully-assembled cilia could provide a reserve transport
capacity that enables cells to quickly change ciliary length and composition. When growing
and non-growing cilia are present on the same cell, IFT trains entering the growing cilia are
highly loaded with tubulin whereas those entering steady-state cilia are largely devoid of this
cargo [31]. This suggests that cells regulate cargo influx independently for each cilium
rather than at the cellular level, for example, by increasing cargo supply in the cell body.
Cells appear to measure the length of their cilia and use this information to regulate the
amount of precursors entering cilia via IFT (Fig. 3C)[31, 83].

How cells adjust the amount of cargo present on an IFT train is unknown. In principle, each
cargo binding site could be regulated independently allowing for the fine-tuning of transport
of just one or a group of proteins. Phosphorylation of IFT proteins is well documented [84]
but its functional role and contribution to cargo binding remains elusive. During ciliary
growth, however, many axonemal components are transported with high frequency requiring
a simultaneous regulation of numerous distinct IFT-cargo interactions. A simpler scenario
would be to adjust the amount of cargo bound to IFT by a general mechanism such as
changes in overall train capacity. In C. reinhardtii, at least two structural subclasses of IFT
trains have been identified: short IFT trains with a ~16-nm periodicity and long IFT trains
with a ~40-nm repeat (Fig. 1F; [19]). Long and short IFT trains could correspond to
anterograde and retrograde, moving and stalled, or loaded and unloaded IFT trains.
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Cargoes with known IFT binding sites

Tubulin

An IFT cargo can be defined as a protein that moves by IFT inside cilia but is not required
for IFT itself. This broad definition encompasses proteins that cycle in almost perpetual
association with the IFT machinery through cilia (e.g., the BBSome [21, 22, 49]), proteins
that traffic via IFT from the cell body to their ciliary assembly sites (e.g., tubulin [31]), and
proteins that only transiently interact with the IFT machinery (e.g., FMG-1 in C. reinhardtii,
GPCR olfactory receptor 78 in mouse olfactory cilia [11, 65, 81]). IFT motor proteins also
move as cargoes on IFT trains: IFT dynein, for example, is transported by anterograde IFT
to the ciliary tip [55, 85]. Although it is widely assumed that the majority of ciliary proteins
are trafficked by IFT, the evidence is often indirect. Direct imaging has confirmed IFT
transport for a range of proteins from different ciliary subcompartments including many
axonemal proteins (Table 2). The following focuses on those IFT cargoes for which the
details of their interaction with IFT are emerging.

Tubulin is the major structural protein of cilia and in vivo imaging confirmed that tubulin is
transported on IFT trains [31, 86]. The N-terminal domains of IFT81 and IFT74 form a
module that bind tubulin in vitro (Fig. 4B; [51]). IFT81 possesses a variant calponin
homology (CH) domain that binds tubulin dimers with a Kd of 16 uM; binding is increased
18-fold in the presence of IFT74. The positively charged N-terminal region of IFT74 is
thought to interact with the acidic C-terminal domain of B-tubulin. The IFT81/74 module
also binds to microtubules raising the question of how binding of IFT particles to
microtubules is avoided. Notably, cells expressing a truncated IFT74 still assemble cilia,
albeit slowly, suggesting ongoing transport of tubulin in the absence of the N-terminal
region of IFT74 [54]. A possible explanation is the presence of redundant tubulin-binding
sites on IFT particles, which would ensure sufficient delivery during ciliary growth.
Supporting this idea, several other IFT-B proteins (IFT54, IFT57, and quilin) possess CH
domains, and therefore would be potential alternative tubulin-binding proteins [57].

Outer dynein arms (ODAS)

BBSomes

Cells expressing an N-terminally truncated version of IFT46 assemble cilia devoid of ODAs
whereas IFT46 null mutants lack cilia entirely [87]. This suggests that IFT particles
assembled using the truncated IFT46 are specifically impaired in transporting ODAs. The N
terminus of IFT46 could be a projection domain required for cargo binding but not general
IFT. However, ‘truncated IFT46° mutants regenerate cilia slowly and the ratios between the
IFT proteins are altered, indicating additional defects in IFT [87]. The transport of ODAs
into cilia also requires ODA16p, which directly binds to IFT46 [88]. ODA16p is not a
component of the ODAs themselves and it appears to stabilize ODA binding to IFT trains
(Fig. 3). Similarly, the transport of the inner dynein arm 11, one of several distinct inner
dynein arms, and of radial spokes appears to require specific IFT-associated factors [89, 90].

The BBSome is dispensable for IFT and therefore can be considered an IFT cargo [22].
Mouse Ift27 mutants still assemble cilia but accumulate BBSomes in their cilia, indicating
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that the small GTPase IFT27 is required for BBSome export from cilia [23, 49]. Together
with IFT25, IFT27 might form a docking site for the BBSome on retrograde IFT trains (Fig.
3D). Since BBSomes continue to enter cilia in Ift25/1ft27 mutants, anterograde IFT trains
may possess distinct BBSome-binding sites. BBS mutants display defects in ciliary
membrane composition such as the loss or over-abundance of certain GPCRs, ion channels,
and membrane-associated proteins [22, 23, 49, 91-93]. Thus, the BBSome might act as an
IFT cargo adaptor allowing various membrane proteins to interact with IFT trains [27].
Direct evidence for BBSome-dependent cargo transport on IFT trains, however, is still
missing.

These examples reveal heterogeneous mechanisms by which cargoes bind to IFT involving
projection domains, cargo adaptors, and factors stabilizing cargoes on the trains. IFT-cargo
interactions need to be analyzed on a case-by-case basis, which will be challenging
considering the complexity of cilia.

The role of diffusion in ciliary protein transport

Many cytoskeletal structures assemble from precursors recruited from the surrounding
cytoplasm by diffusion. Similarly, proteins should rapidly diffuse into cilia, and indeed,
rapid diffusional entry of tubulin was observed [31]. Axonemal elongation will remove
tubulin and other structural proteins from the ciliary matrix, which should result in a
diffusion-driven current and a net influx of these proteins into cilia. Similarly, freely
diffusing proteins could rapidly accumulate in or exit from cilia controlled by regulated
binding to ciliary substructures (e.g. the axoneme or membrane) [94]. Why then does the
assembly of cilia entail a specific transport system, and what are the respective contributions
of diffusion and IFT?

First, IFT could be required to move proteins across the TZ, which is believed to function as
a barrier limiting protein entry into cilia by diffusion. For soluble proteins, a size exclusion
limit of ~50 kD was determined for the TZ suggesting that large cargo complexes such as
ODAs (~2 MDa) might depend on IFT to gain access into the cilium [77, 95]. However,
much larger proteins have been observed entering cilia apparently by diffusion and the
importance of the TZ as a diffusion barrier for endogenous soluble proteins and membrane
proteins is still unclear.

Second, IFT could be required to move proteins against a concentration gradient. For
example, the concentration of tubulin in the matrix of growing cilia exceeds that of the cell
body [31]. High concentrations of tubulin and other axonemal proteins might be necessary
for an efficient elongation of the axoneme, which consumes large amounts of precursors
(e.g. ~200 tubulin dimers/second) out of the small volume of the ciliary matrix. Just as IFT
may concentrate membrane and soluble proteins in cilia to levels above those present in the
rest of the cell, it might also remove proteins from cilia that are concentrated in the cell body
but can leak into cilia by diffusion [27, 31].

Thus, proteins move into cilia by a mix of diffusion and motor-based transport. It is now of
interest to determine whether particular protein features or ciliary conditions can be used to
predict the mode of transport.
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Concluding remarks

IFT moves a variety of distinct proteins into cilia and some specific cargo-binding sites have
been identified. The structural analysis of IFT particles and trains will be the foundation to
understand IFT-cargo interactions at the molecular level (see Outstanding Questions Box).
The amount of protein transported by IFT is regulated but how cells recognize cilia that need
additional building material and the signaling pathway that will adjust the transport capacity
of IFT accordingly are still unclear. We will also need a better understanding of how IFT
determines, maintains, and adjusts the protein composition of cilia: Is IFT merely a conveyer
belt moving proteins or a more sophisticated system that, in conjunction with the ciliary TZ,
tailors ciliary protein content? The binding properties of IFT trains are likely to influence the
amount and stoichiometry of protein entry into cilia. Similarly, IFT trains might promote the

export of proteins from cilia once they exceed a concentration threshold in the matrix; this
could be pivotal for ciliary signaling. It will be of interest to determine whether IFT also
functions in ciliary quality control by sensing biochemical changes in cilia and providing

feed-back to the cell body.
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Glossary

Axoneme

BBSome

Chlamydomonas
reinhardtii

Cilia

Ciliopathy
Dynein

A nine-fold symmetric microtubular scaffold in cilia and flagella.
Primary cilia typically possess a 9+0 axoneme. In motile cilia the
microtubules carry numerous protein complexes such as the outer
dynein arms (ODAS), radial spokes (RS), and the dynein
regulatory complexes (DRC); most motile cilia have two
additional central pair microtubules forming a 9+2.

A complex of at least eight BBS proteins that moves in
association with IFT through cilia. Defects in this complex cause
Bardet-Biedel syndrome (BBS), a rare disorder primarily
characterized by blindness and obesity.

a unicellular green alga with two 9+2 flagella widely used as a
model to studying flagella.

Thread-like cell protrusions surrounded by the plasma membrane
and stabilized by a microtubular scaffold, the axoneme. The
terms cilia and flagella refer to the structure.

Diseases caused by defects in ciliary assembly and function.

A protein complex consisting of heavy chains and associated
regulatory, intermediate, light-intermediate, and light chains.
Dyneins move toward the minus-end of microtubules; axonemal
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Kinesin-2

Intraflagellar
transport (IFT)

IFT trains

Primary ciliary
dyskinesia (PCD)

Polycystic kidney
disease (PKD)

TRP calcium
channel

Transition zone

Total internal
reflection
fluorescence
microscopy (TIRF)
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ODAs and IDAs power ciliary beating, IFT dynein transports
trains to the ciliary base.

a class of plus-end directed molecular motor which includes the
heterotrimeric Kinesin-2 that moves IFT trains to the ciliary tip.

a bidirectional motility of IFT trains along cilia. Anterograde IFT
moves toward the ciliary tip, retrograde IFT moves toward the
ciliary base.

Array of multiple IFT particles, each consisting of IFT-A and
IFT-B subcomplexes.

A genetically heterogeneous condition caused by immotile cilia;
features of PCD are reoccurring airway infections, male
infertility, and often situs anomalies.

an inherited disorder affecting about 1 in 1,500 adults; most cases
of PKD are caused by mutations in polycystin-1 and
polycystin-2, which form a ciliary

Defective ciliary signaling results in the abnormal proliferation of
kidney cells and cyst formation. PKD patients depend on dialysis
or require kKidney transplants.

A structurally and biochemically specialized region located
between the basal body and the cilium that functions as a
diffusion barrier and ciliary gate to control protein influx into
cilia.

a microscopy technique especially useful to image fluorescent
objects within a range of 30-300 nm off the cover glass. TIRF
microscopy allows for the imaging of single proteins moving
inside cilia.
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Box 1 IFT and ciliary disease

Cilia are widely distributed in the mammalian body and malfunctioning cilia have been
linked to numerous diseases and developmental disorders. Cilia are ultrastructurally and
biochemically specialized and certain mutations will affect only a subset of cilia. For
example, defects in axonemal dynein, will affect only processes that depend on ciliary
maotility while the function of sensory cilia is unaffected. In contrast, mutations affecting
general ciliary assembly typically result in multiorgan phenotypes particularly involving
the eyes, kidneys, and the skeleton; the complete loss of cilia is embryonic lethal due to
severe defects in Hedgehog signaling.

Impaired or abnormal ciliary motility causes primary ciliary dyskinesia (PCD), a
genetically heterogenous condition characterized by reoccurring airway infections, male
infertility, and an increased risk of hydrocephalus. Establishing the correct left-right body
axis requires the motility of embryonic nodal cilia and about half of the PCD patients
have situs inversus and other body axis anomalies including heart defects [96]. A recent
large-scale study in mice showed that defective cilia are a main cause for congenital heart
defects [97]. Notably, motile cilia also possess sensory functions: Receptors for bitter
taste are present in the membrane of airway cilia; they detect bacterial quorum-sensing
molecules and in response the ciliary beat frequency will increase to remove pathogens
[98].

The most common ciliopathy is polycystic kidney disease (PKD) which occurs in
~1:1,500 adults. PKD is mostly caused by mutations in PC1 and PC2, which form a
ciliary TRP calcium channel. Defects in ciliary signaling will then trigger cell
proliferation in the kidney and the formation of kidney cysts ultimately causing kidney
failure [99]. Kidney anomalies often also result from defects in IFT, the BBSome, and
TZ proteins. Such mutations will affect cilia length and/or composition interfering with
the fidelity of cilia-based signaling. Not surprisingly, mutations affecting ciliary
assembly and signaling result is a plethora of additional features such as blindness,
anosmia, neuronal malformations, and polydactyly (Fig. ). Mutations in IFT-A
particularly promote severe and often lethal skeletal malformations such as short rib
asphyxiating thoracic dystrophy [100]. The features of Bardet-Biedl syndrome (BBS) and
a few other ciliopathies encompass obesity due to overeating suggesting that cilia might
be involved in satiety control [37, 101]. To which extend mutations in IFT and BBS
proteins contribute to common human diseases such as diabetes and obesity needs to be
explored. In summary, cilia have an important role in human health and disease.

Fig. I) Cast of a hand with polydactyly from a display in the Museum of Science, Boston.
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Outstanding Questions

Which ciliary proteins depend on IFT to enter cilia and which move by
diffusion?

How are IFT proteins organized into IFT particles and the supramolecular IFT
trains?

When and where in the cell do cargoes bind to the IFT particles and where are
they located on the trains?

How does IFT interact with numerous distinct proteins that need to be
transported into cilia ?

How do IFT trains get through the transition zone which excludes even mid-
sized proteins from cilia?

How is the amount of cargo transported by IFT regulated to ensure that cilia of a
right length and composition are assembled and maintained?
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Trends

» Defects in intraflagellar transport (IFT), a process that moves proteins into cilia,
cause disease in humans.

» IFT functions in ciliary assembly, maintenance, protein export, and probably
ciliary signaling.

» Direct imaging of protein transport on IFT trains revealed that the amount of
cargo attached to each trains is regulated in a ciliary-length dependent manner.

e  Structural analysis of IFT proteins and complexes revealed how tubulin, the
major protein of cilia and flagella, binds to IFT.
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Figure 1. Cilia and intraflagellar transport (IFT)
(A) Scanning electron micrograph and (B) transmission electron micrograph showing

multiciliated epithelial cells from mouse airway. (C - E) Cross-sections through cilia of C.
reinhardtii (left) and mouse ependymal cilia (right) showing 9+2 axonemes (C), Y-shaped
linkers (D), a conserved structural element of the transition zone, and the transitional fibers
(E), which link the basal bodies to the plasma membrane and are the putative assembly sites
of IFT trains (shown in G). Arrowheads in C mark IFT trains. (F) Schematic presentation of
a cilium and IFT trains. The colored arrowheads indicate the level of the cross-sections

Trends Biochem Sci. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lechtreck

Page 22

shown in (C - E). (G) Longitudinal sections through IFT trains in mouse ependymal cilia
and C. reinhardtii flagella. Arrowheads mark the periodicities of long and short IFT trains.
Bar = 100 nm. The images of C. reinhardtii IFT trains are a curtesy of Dr. Gaia Pagino, MPI
Dresden.
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Figure 2. The IFT building blocks
IFT-A and IFT-B proteins will assemble into IFT-A and IFT-B subcomplexes; the proteins

are believed to be represented in equimolar amounts in each complex. IFT complexes
assemble into IFT particles and IFT particles associate with the IFT motors into IFT trains.
The BBSome, consisting of at least 7 BBS proteins and BBIP10, appears to be a
substoichiometric component of the IFT trains. Peptide coverage in the proteome of whole
C. reinhardtii cilia suggests a 10:5:1 ratio for IFT-B/IFT motors, IFT-A, and BBSomes,
respectively [2, 22]. Anterograde IFT trains are moved by kinesin-2, which is thought to be
associated to IFT-B. IFT dynein is moved as a cargo on anterograde IFT trains to the ciliary
tip. Retrograde IFT trains are powered by IFT dynein. How IFT dynein, here depicted as
being associated with IFT-A, binds to IFT trains is currently unknown.
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Figure 3. Cargo transport by IFT
A) Kymogram (time-distance plot) showing the movement of the axonemal protein DRC4 in

a Chlamydomonas cilium as recorded by total internal reflection fluorescence (TIRF)
microscopy. The position of the ciliary tip and base are indicated. A trajectory running from
the bottom left to the top right indicates transport to the ciliary tip; the slope represents
transport velocity. The kymogram depicts the phases of cargo delivery into cilia;: DRC4-
GFP first moves by IFT(open arrow) to the ciliary tip (arrowhead with * marks the arrival at
the tip); after a ~ 2-second dwell time the protein begins to diffuse (arrowhead ‘unloading’)
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until it docks to the axoneme (arrowhead ‘docking’). Reprinted in modified form from
reference 32 (doi: 10.1016/j.cub.2013.10.044).

B) Kymograms from two-color TIRF imaging showing DRC4-GFP (middle and green) and
IFT20-mCherry (top and red) of a partially bleached cilium. Anterograde trains are marked
by filled arrowheads, open arrowheads mark retrograde trains. The two trains marked by
arrows carry DRC4-GFP as a cargo. While one cargo is transported to the ciliary tip, the
other one is released prematurely along the ciliary shaft (dashed circle) followed by an
extended time of diffusion.

C) IFT loading and the regulation of ciliary length. The model suggests that cells are able to
measure the length of their cilia. Cilia that fall short of a set length will trigger a two-
pronged response of increasing the amount of cargo carried by IFT trains and putatively
suppressing ciliary disassembly. Cilia that exceed the set length of cilia will suppress cargo
loading onto IFT and activate a ciliary disassembly pathway [102]. Since growing and non-
growing cilia can be present on the same cell body, IFT loading and ciliary disassembly
appear to be regulated locally within each basal body-cilium entity. Tubulin dimers, as an
example of a cargo, are indicated by grey and green dots.
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Figure 4. Cargo binding by IFT
(A) Schematic presentation of the IFT-B core complex. The crystal structures of partial and

complete IFT proteins are included where available and the putative cargo binding sites are
indicated. Note that the exact positions of IFT27/25 and IFT52/46 on the C-terminal part of
IFT74/81 are unknown. Reprinted in modified form from reference [50] with permission of
the authors and journal. ©1967 Taschner et al. Journal of Cell Biology. 207:269-282. doi:
10.1083/jch.201408002.

(B) Tubulin binding site. The N-terminal domain of IFT81 forms a CH domain, which binds
tubulin dimers. This interaction is stabilized by the N-terminal domain of IFT74, which is
positively charged and might interact with the glutamate-rich C-terminal domain of 3-
tubulin [53].

(C) ODA binding site. Cells expressing an N-terminally truncated IFT46 fail to assemble
ODAs onto the axoneme. Mutants in ODA16p have a similar phenotype and ODA16p
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interacts with IFT46 suggesting that ODA16p stabilizes the interaction of IFT46 and ODAS
allowing them to travel on IFT trains [87, 88].

(D) BBSome binding site. Mutant analysis revealed that IFT25/27 are required for the
export of BBSomes from cilia suggesting that these IFT proteins form a BBSome binding
site. LZTF1 accumulates in Ift27—/— cilia but not those of Bbs—/— mutants and might
mediate BBSome binding to IFT27/27. BBS3/Arl6 binds to BBS1 and recruits BBSomes to
membranes [69, 103]. The BBSome might function as a cargo adapter allowing various
transmembrane and membrane-associated proteins to attach to IFT for ciliary import or
export [23, 49].
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Table 1

Cargo proteins observed to move with IFT velocities inside cilia.

Protein type Species/cell type reference
TBB-4, TBA-5 microtubule C. elegans [86]
a-tubulin microtubule C. reinhardtii [31]
DRC4, DRC2 nexin-dynein regulatory complex | C. reinhardtii [32]
Axoneme
RSP3, RSP4 radial spoke C. reinhardtii (@)
1C2 outer dynein arm C. reinhardtii (b)
PF16 central pair C. reinhardtii [32]
OSM-9 TRPV C. elegans [64]
OCR-2 TRPV C. elegans [64]
N PKD2-like TRP calcium channel C. reinhardtii [63]
T
ransmembrane OIfr78 olfactory receptor M. musculus OSN [11]
ACIII adenylate cyclase M. musculus OSN [11]
Cnga2 cNTP-gated olfactory channel M. musculus OSN [11]
Arl13b Small GTPase M. musculus OSN [11]
Membrane-associated
BBS3/Arl6 Small GTPase M. musculus OSN [11]
XBX-1/ CHE-S# IFT dynein C. elegans [85]
BBS7, BBS8 BBSome C. elegans, IMCD-3 cells | [21, 104]
. BBS4 BBSome C. reinhardtii [22]
IFT-associated
BBS1 BBSome IMCD3 cells [23]
BBS3, BBS4 BBSome M. musculus OSN [11]
Kifl7 IFT motor IMCD-3 cells [104]
ICK protein kinase IMCD-3 cells [104]
Soluble
MOK protein kinase IMCD-3 cells [104]

#XBX-l moves by kin-2 but independently of IFT and BBS proteins; OSM, olfactory sensory neurons: (a), B. Okivie & K. Lechtreck,

unpublished; (b), D. Mitchell & K. Lechtreck, unpublished.

*
IFT transport of various transmembrane proteins was observed upon overexpression of the proteins.
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