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Summary
Cilia are cellular sensory organelles whose integrity of structure and function are important to
human health [1]. All cilia are assembled and maintained by kinesin-2 motors in a process termed
intraflagellar transport (IFT), but exhibit great variety of morphology and function. This diversity
is proposed to be conferred by cell-specific modulation of the core IFT by additional factors, but
examples of such IFT modulators are limited [2–4]. Here we demonstrate that the cell-specific
kinesin-3 KLP-6 acts as a modulator of both IFT dynamics and length in the cephalic male (CEM)
cilia of Caenorhabditis elegans. Live imaging of GFP-tagged kinesins in CEM cilia showed
partial uncoupling of the IFT motors of kinesin-2 family, kinesin-II and OSM-3/KIF17, with a
portion of OSM-3 moving independently of IFT complex. KLP-6 moves independently of the
kinesin-2 motors and acts to reduce the velocity of OSM-3 and IFT. Additionally, kinesin-II
mutants display a novel CEM cilia elongation phenotype, which is partially dependent on OSM-3
and KLP-6. Our observations illustrate modulation of the general kinesin-2-driven IFT process by
a cell-specific kinesin-3 in cilia of C. elegans male neurons.

Results
Intraflagellar transport (IFT) is the bidirectional movement of protein particles beneath the
ciliary membrane between the tip and the base of the cilium [5]. IFT is essential for cilia
formation and maintenance in mammals, nematodes, flies and ciliated protists [6–13]. In all
cilia described to date, anterograde IFT is catalyzed exclusively by the kinesin-2 family
motors. Caenorhabditis elegans amphid and phasmid sensory cilia are built by the
cooperative action of two kinesin-2 motors: the kinesin-II heterotrimer (composed of the
kinesins KLP-11/KIF3B, KLP-20/KIF3A and a kinesin-associated protein KAP-1) and the
OSM-3/KIF17 homodimer [14]. Evidence of ciliogenic redundancy between these motors
comes from the fact that either, but not both, is dispensable for IFT, although the degree of
functional overlap varies between cilia type [2,14,15]. Cilia are morphologically diverse and
functionally specialized. This specialization is proposed to be conferred by modulation of
the core IFT by cell-specific factors [15], but examples of such IFT modulators are limited
[2–4].
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Kinesin-3 KLP-6 moves along CEM cilia independently of IFT motors
To study cell-type specific regulation of IFT, we focused on ciliated male-specific CEM
neurons of C. elegans. In CEM cilia, kinesin-2 motors regulate levels of the TRP polycystin
channel PKD-2/PC2 [16]. The CEMs also express an additional cilia-localizing kinesin-like
protein 6 (KLP-6) [17], a conserved member of KIF28 subfamily of the kinesin-3 family of
N-terminal kinesins (see Supplemental Experimental Procedures and [18]). KLP-6 is the
only kinesin other than the kinesin-2 family known to regulate ciliary trafficking of PKD-2
[16,17]. Unlike the broad ciliated sensory neuron expression profile of kinesin-2 motors,
klp-6 is only expressed in a small subset of ciliated sensory neurons (IL2 and male-specific
CEM, RnB, HOB), suggesting a role in specialization [17]. To determine whether KLP-6 is
a motile kinesin, we visualized a GFP-tagged functional KLP-6 reporter in CEM cilia and
measured its velocity by time-lapse fluorescence microscopy (Figure 1A1,2; Supplemental
Movie 1, Figure S1A). KLP-6 moved at average velocity of ~0.7µm/s, and this velocity was
not affected by the loss of either OSM-3 or KLP-11 (Figure 1B1, Table 1, Table S1). Rigor
mutant KLP-6 reporter (S114N::GFP) did not move in the CEM cilia, indicating the
functional requirement for ATP hydrolysis in KLP-6 motility (Figure 1A2,3 and
Supplemental Movie 1). This data indicates that KLP-6 moves in CEM cilia, requires ATP
and does not depend on kinesin-2 motors for its motility.

IFT motors kinesin-II and OSM-3 are partially uncoupled in CEM cilia
To characterize IFT in CEM cilia and measure the effect of KLP-6 on IFT dynamics, we
recorded anterograde and retrograde ciliary movement of GFP-tagged functional reporters
for IFT motors kinesin-II (KAP-1 subunit) and OSM-3 by time-lapse microscopy in wild-
type and loss-of-function mutants klp-11(tm324), osm-3(p802) and klp-6(my8) (Figure
1B2,3; Table 1, Table S1, Supplemental Movies 2, 3). For experimental demonstration of
functionality of all reporters, refer to Figure S1 and Figure S2A-C. IFT in CEM cilia is
qualitatively different from amphid channel cilia, with considerably lower frequency of
anterograde and retrograde movement events (compare kymographs in Figure 1 and Figure
S1C2, Supplemental Movie 3). In wild-type CEM cilia, KAP-1::GFP moved at an average
speed of ~0.5µm/s, while OSM-3::GFP traveled at significantly higher ~0.7µm/s average
velocity (Table 1, Figure 1B2,3). This data indicates that a portion of OSM-3 motors is
moving independently of kinesin-II as a separate, faster population in wild-type CEM cilia.
However, the loss of the KLP-11 kinesin-II subunit resulted in increase of anterograde
OSM-3 velocity from ~0.7 to ~0.9µm/s in klp-11 mutants, suggesting that at least some
OSM-3 motors are slowed down by kinesin-II in wild-type CEM cilia. The molecular
mechanism of kinesin-II-mediated slowing of OSM-3 may be due to cooperative transport
of the same IFT complexes, as occurs in amphid channel cilia [14]. We conclude that
kinesin-2 motors are partially uncoupled in CEM cilia, with a mix of kinesin-II-OSM-3
complexes and OSM-3 alone. In kinesin-II-OSM-3 complexes, kinesin-II acts as negative
regulator of OSM-3 velocity.

KLP-6 reduces the velocity of OSM-3 and KAP-1
The anterograde velocity of OSM-3::GFP increased from ~0.7 to ~0.9µm/s in klp-6 mutants
(Table 1, Figure 1B3), suggesting that OSM-3 is slowed down by KLP-6 in wild-type CEM
cilia. The slowing effect of KLP-6 on OSM-3 persisted in klp-11 mutants: the average
OSM-3::GFP velocity increased from ~0.9µm/s in klp-11 single mutants to ~1.1µm/s in
klp-6; klp-11 double mutants. Thus both KLP-6 and kinesin-II negatively regulate OSM-3
velocity, with inhibitory effects that are additive and independent.

The anterograde velocity of KAP-1::GFP increased from ~0.5 to ~0.7um/s in klp-6 mutants,
indicating that KLP-6 also slows down kinesin-II (Table 1, Figure 1B2). However, the
inhibitory effect of KLP-6 was dependent on OSM-3, as KAP-1::GFP velocity decreased
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from ~0.7um/s in the klp-6 single to ~0.5 um/s in the klp-6; osm-3 double mutants. Thus
KLP-6 does not affect the velocity of KAP-1 directly, but rather indirectly through OSM-3
in kinesin-II-OSM-3 complexes. The significant difference in population velocities of
OSM-3::GFP and KAP-1::GFP in klp-6 mutants (~0.9 and ~0.7 um/s, respectively) indicates
that despite an association with kinesin-II, a portion of OSM-3 is still moving as a separate,
faster population. Our results suggest that KLP-6 acts to slow down OSM-3 and OSM-3/
Kinesin-II motor complexes in CEM cilia.

IFT proteins are transported by the kinesin-II/OSM-3 motor complex
To understand basic IFT machinery in wild-type CEM cilia, we asked two questions: 1) Are
IFT complex subunits A and B transported together? 2) What kinesins mediate their
anterograde transport? We measured anterograde and retrograde movement of GFP-tagged
functional reporters for IFT-A polypeptide CHE-11/IFT40, and IFT-B polypeptides OSM-5/
IFT88 and OSM-6/IFT52 in CEM cilia of wild-type and various klp-11, osm-3, klp-6 mutant
combinations (Figure 1B4–6, Table 1, Table S1, Supplemental Movies 4,5)

The average anterograde velocity of IFT proteins ranged between 0.52–0.59 µm/s (Table 1).
CHE-11::GFP (0.59 µm/s) was equal to OSM-5::GFP (0.57 µm/s), but slightly faster than
OSM-6::GFP (0.52 µm/s), suggesting that CHE-11 and OSM-5 are transported together in
wild-type CEM cilia. The average velocities of CHE-11, OSM-5 and OSM-6 in mutant cilia
were comparable to KAP-1 when kinesin-II was present: 0.67–0.73um/s in klp-6 single
mutants and 0.44–0.48 um/s in klp-6; osm-3 double mutants. The average velocities of
CHE-11, OSM-5 and OSM-6 were comparable to OSM-3 when kinesin-II was absent: 0.91–
1.06um/s in klp-11 single mutants and 1.07–1.17um/s in klp-6; klp-11 double mutants.
Overall, CHE-11 had slightly higher average anterograde velocity but exhibited the same
pattern of velocity changes as OSM-5 and OSM-6 in all the mutant genotypes (Figure 1B4–
6). The data suggests that OSM-5, OSM-6 and CHE-11 are transported together as one
complex in mutant CEM cilia.

We conclude that, in wild-type and klp-6 CEM cilia, IFT-A-B complex is transported by the
kinesin-II/OSM-3 motors, with minimal, if any, contribution from the faster OSM-3 motor
alone. In the absence of kinesin-II, the IFT-A-B complex is transported by the OSM-3 motor
alone. We conclude that the basic IFT machinery is similar between amphid channel and
CEM cilia, and that the kinesin-3 KLP-6 acts at the level of the IFT kinesin-2 motors.

Kinesin-II is a negative regulator of CEM cilium length
Ciliary length is proposed to be modulated by transport in the cilium [19–21]. Hence we
investigated how the loss of kinesin-II, OSM-3 and KLP-6 motors affect CEM cilium length
using GFP-tagged βTubulin-4 as a marker of cilia axoneme (Figure 2, Fig S2C). Wild-type
CEM cilia averaged at ~3.5±0.3µm in length and exhibited a stereotypic outward curve
(Figure 2 B,J). The loss of KLP-11 resulted in abnormally long CEM cilia with an average
of 5.1±.9µm (45% longer than wild-type) (Figure 2E,J). klp-11 mutants also exhibited
inwardly-curved CEM cilia, a phenotype previously reported by Bae et al. [16].
kap-1(ok676) and klp-20(ok2914) deletion mutants displayed similarly long and inwardly-
curved CEM cilia (Figure S1 B3 and not shown), indicating that cilia elongation and inward
curvature are kinesin-II loss-of-function phenotypes.

OSM-3 and KLP-6 mediate CEM cilium extension
The average length and shape of CEM cilia did not change in osm-3 and klp-6 single and
double mutants (Figure 2C,D,G,J). The long cilia phenotype of klp-11 mutants was partially
dependent on the presence of KLP-6 and OSM-3, as the average CEM cilia length decreased
to 4.6 ± 0.6µm in klp-6; klp-11 double mutants and to 3.2 ± 1.1µm in klp-11 osm-3 double
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mutants (Figure 2J). The cilia-like projections of klp-11 osm-3 double and klp-6; klp-11
osm-3 triple mutants were highly variable in length, shape, orientation and exhibited large
accumulations of tubulin at the cilia base (Figure 2F), illustrating the requirement of at least
one IFT motor in CEM ciliogenesis. The CEMs of klp-6; klp-11 osm-3 triple mutants
showed either a complete loss of cilia or formation of very truncated (2.2±0.5µm)
projections (Figure 2I,J). Overall, these results suggest that KLP-11 plays a restrictive role
in determination of CEM cilia length; and that OSM-3 and KLP-6, although dispensable for
determination of wild-type CEM cilia length, mediate its elongation.

We observed two main changes in IFT dynamics between wild-type and elongated CEM
cilia: increased anterograde velocity and increased anterograde frequency of IFT events. The
anterograde velocity and frequency of IFT polypeptides OSM-5, OSM-6, CHE-11 almost
doubled in elongated cilia of klp-6, klp-11 double mutants (Table 1, Mean and particles per
cilium, PpN). At this point we cannot conclude whether either is the cause or the
consequence of the increased cilia length. Retrograde velocity, although variable among
reporters, did not differ significantly between wild-type and long cilia for any IFT
polypeptide or kinesin (Table S1). We observed no correlation between frequency and
velocity for any reporter within a given genotype and between changes in anterograde IFT
velocity and CEM cilia length across the genotypes. Our data illustrate the complexity of
CEM cilia length regulation and suggests factors other than velocity of IFT transport
determine cilia length.

Discussion
Our results provide the first demonstration of the kinesin-3 motor KLP-6 moving in cilia,
modulating the velocities of IFT and kinesin-2 motors, and acting as a positive regulator of
cilia length extension. We propose a model for specialization of IFT in CEM cilia (Figure
3B). In wild-type CEM cilia, kinesin-II and OSM-3 are partially uncoupled, such that a
portion of OSM-3 moves separately from kinesin-II and does not significantly contribute to
motility of IFT complexes. The partially uncoupled movement of IFT kinesins has
previously been described in the AWB amphid wing cilia of C. elegans [2]. This
phenomenon distinguishes CEM and AWB from amphid channel cilia, where OSM-3 and
kinesin-II move jointly in the cilia middle segment (Figure 3A) [14,22]. Male-enriched
ciliary kinesin KLP-6 acts to slow down OSM-3 in CEM cilia by an unknown mechanism.
Our conclusions of the slowing effect of KLP-6 on OSM-3 are based on genetics and in vivo
velocities, and are not dependent on the direct physical interaction between the two motors.
Hence, it will be important to test our model using in vitro motility and reconstitution
experiments with purified recombinant C. elegans OSM-3 and KLP-6, as done for kinesin-2
[23,24]. OSM-3 is proposed to act as an accessory motor dispensable for ciliogenesis but
modulating IFT pathway in AWC and AWB olfactory cilia of C. elegans [2,15]. Similarly,
expression of a dominant-negative construct of KIF17, the mammalian homolog of OSM-3,
blocked ciliary targeting of olfactory cyclic nucleotide-gated channels without affecting cilia
formation in canine kidney cells [25]. We propose that, in CEM cilia, OSM-3 and KLP-6 act
as accessory motors in transport of cilia-specific cargo.

With regard to CEM cilia length, kinesin-II acts as a negative regulator and OSM-3 and
KLP-6 as positive regulators. These observations distinguish CEM cilia from amphid
channel cilia, where disruption of the kinesin-II has no effect on cilia length and osm-3
mutants display truncated distal segments; and from Chlamydomonas flagella, where
disruption of the kinesin-II abrogates ciliogenesis [2,14,15,26,27]. Hence, our findings
illustrate a novel role of kinesin-II in cilia length restriction.
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Our work provides the first illustration of how the canonical IFT machinery, represented by
kinesin-2 anterograde motors and present in all ciliated cells, can be modified in cell-
specific manner by involvement of an additional ciliary motor of the kinesin-3 family.

Highlights

• Kinesin-3 motor KLP-6 translocates along CEM cilia independently of IFT
motors

• IFT motors kinesin-II and OSM-3 are partially uncoupled in CEM cilia

• KLP-6 and KLP-11 independently reduce OSM-3 motor velocity

• Kinesin-II is required for restriction of CEM cilia length

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations and nomenclature

KLP-6 kinesin-like protein 6; member of the kinesin-3 family, KIF28
subfamily

OSM-3 osmotic avoidance abnormal 3; kinesin-2 family homodimeric motor

Kinesin II heterotrimeric motor complex consisting of KLP-20, KLP-11 and
KAP-1 (kinesin-associated protein 1)

KLP-20,
KLP-11

kinesin-like proteins 20, 11; kinesin-2 family motors
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Figure 1. Velocity distribution of ciliary proteins in CEM cilia
(A1) Exemplary focal plane of GFP::KLP-6 in CEM cilium. Scale bar is 5µm. (A3)
Exemplary focal plane of rigor KLP-6 reporter S114N::GFP in CEM cilium. Scale bar is
5µm. (A2) Inverted kymographs generated from time lapse stacks of GFP::KLP-6 in wild-
type, klp-11 and osm-3 genetic backgrounds. Red and blue lines represent exemplary
tracings used to measure anterograde and retrograde velocity, respectively. Rigor mutant
KLP-6(S114N)::GFP shows no visible movement. Y=time, 35s, X=length of cilia trace.
(B1) Histogram of GFP::KLP-6 particle motility in wild-type, klp-11(tm324) and
osm-3(p802) CEM cilia. (B2-B6) Kymographs and velocity histrograms of particle motility
of GFP-tagged KAP-1, OSM-3, CHE-11, OSM-5 and OSM-6 in CEM cilia. Y=time, 20s,
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X=length of cilia trace. (B2) KAP-1::GFP particle motility. (B3) OSM-3::GFP particle
motility. (B4) CHE-11::GFP particle motility. (B5) OSM-5::GFP particle motility. (B6)
OSM-6::GFP particle motility. Genotypes are color coded and listed in the right corner of
each histogram. Statistical analyses for (B-F) are shown in Table 1. Statistical analysis of
particle velocity is shown in Table 1.
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Figure 2. Effects of mutations in klp-6 and IFT motors on CEM cilia morphology
(A) NPHP-4::GFP marks the transition zone (arrowhead) of CEM cilia labeled with
TBB-4::tdTomato. The arrow points at the cilia tip. (B-I) Representative images of CEM
cilia morphology labeled with TBB-4::GFP in (B) wild-type, (C) klp-6, (D) osm-3, (E)
klp-11, (F) klp-11 osm-3, (G) klp-6; osm-3, (H) klp-6; klp-11, (I) klp-6; klp-11 osm-3
animals. The scale bar is 5µm. To measure cilia length, we traced CEM cilia from the
visible constriction at the transition zone (arrowhead) to the ciliary tip (arrow). (J) Bar graph
of CEM cilia length averages. Each bar is the genotype mean ± standard error. The number
within bars indicates the number of cilia scored; the letter indicates the results of statistical
significance test. Genotypes sharing the same letter are not statistically different from each
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other at p<0.001. § Cilia only measured, does not include animals with complete failure of
CEM ciliogenesis.
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Figure 3. Specialization of intraflagellar transport
Diagrammatic representation of IFT in C.elegans (A) amphid channel cilia and (B-G) CEM
cilia of different genotypes. The schematic model shows ciliary kinesins, their velocity and
cargo. Kinesins are moving along the microtubule singlets or doublets that originate from
the transition zone (indicated by striped box) and make up the ciliary axoneme. Kinesin-2
family is represented by heterotrimeric kinesin-II (KLP-11, KLP-20, KAP-1) and
homodimeric OSM-3. Kinesin-3 family is represented by KLP-6. (A) Amphid channel cilia
model, based on Snow et al. [14]. In the middle segment, defined by microtubule doublets,
kinesin-II and OSM-3 cooperatively move the IFT complex at 0.7µm/s. In the distal
segment, defined by microtubule singlets, OSM-3 alone moves IFT complex at 1.3µm/s. (B)
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Male-specific CEM cilia. Kinesin-II and OSM-3 cooperatively move IFT complex. A
subpopulation of fast OSM-3 motors does not contribute to mobilization of IFT, presumably
due to recruitment by cell-specific cargo indicated by question mark. KLP-6 negatively
regulates velocities of IFT and OSM-3. (C) In klp-6 mutant CEM cilium, kinesin-II and
OSM-3 motors cooperatively move IFT complex at 0.7µm/s; a sub-population of OSM-3
moves independently of IFT at a faster velocity. (D) In osm-3 mutant CEM cilium, kinesin-
II alone moves IFT complex. KLP-6 does not contribute to IFT movement. (E) In klp-6
osm-3 CEM cilium, kinesin-II alone moves IFT complex. (F) In klp-11 CEM cilium, OSM-3
moves IFT complex at 0.9µm/s. KLP-6 moves at 0.7µm/s and retards OSM-3 mobility. (G)
In klp-11; klp-6 CEM cilium, OSM-3 moves IFT complex at 1.1µm/s.
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