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SUMMARY

Cytoplasmic dynein-2 powers retrograde intraflagel-
lar transport that is essential for cilium formation and
maintenance. Inactivation of dynein-2 by mutations
in DYNC2H1 causes skeletal dysplasias, and it re-
mains unclear how the dynein-2 heavy chain moves
in cilia. Here, using the genome-editing technique
to produce fluorescent dynein-2 heavy chain in Cae-
norhabditis elegans, we show by high-resolution live
microscopy that dynein-2 moves in a surprising way
along distinct ciliary domains. Dynein-2 shows tri-
phasic movement in the retrograde direction:
dynein-2 accelerates in the ciliary distal region and
then moves at maximum velocity and finally deceler-
ates adjacent to the base, which may represent a
physical obstacle due to transition zone barriers.
By knocking the conserved ciliopathy-related muta-
tions into the C. elegans dynein-2 heavy chain,
we find that these mutations reduce its transport
speed and frequency. Disruption of the dynein-2 tail
domain, light intermediate chain, or intraflagellar
transport (IFT)-B complex abolishes dynein-2’s
ciliary localization, revealing their important roles
in ciliary entry of dynein-2. Furthermore, our affinity
purification and genetic analyses show that IFT-A
subunits IFT-139 and IFT-43 function redundantly
to promote dynein-2 motility. These results reveal
the molecular regulation of dynein-2 movement in
sensory cilia.

INTRODUCTION

Members of the dynein family are evolutionarily conserved mo-
lecular motors that utilize the energy of ATP hydrolysis to move
toward the minus end of microtubules (MTs). Dyneins can be
divided into the following three classes: axonemal dyneins,
which drive the beating of flagellum and cilium; cytoplasmic
dynein-1, which powers the intercellular transport of various car-
gos and helps the formation of mitotic spindles; and cytoplasmic
dynein-2, which is employed in intraflagellar transport (IFT) along
axonemal microtubules [1, 2]. Defects in dynein-based motility

are implicated in a number of disease processes, including pri-
mary ciliary dyskinesia, neurodegeneration, viral infection, and
short rib-polydactyly syndromes (SRPSs) [3, 4]. The biochemical
and biophysical mechanisms of dynein stepping along microtu-
bules have been explored extensively, aided by the capability to
produce engineered dynein motors. Equally essential is the abil-
ity to visualize how the dynein heavy chain moves in the cells of a
living animal and to understand how disease-related mutations
impair dynein motility; however, the enormous size of dynein
(>500-kDa heavy-chain polypeptide) has hindered the genetic
manipulation of this motor in metazoans.
Cilia play diverse roles in motility, sensory perception, and

signaling. Human ciliopathies arise from ciliary defects and
cause cystic kidney diseases, retinal degeneration, obesity,
and various morphological abnormalities [5]. Ciliogenesis re-
quires the IFT of ciliary precursors from the ciliary base to the
distal tip, which are bound to macromolecular IFT particles
that are composed of IFT-A and IFT-B protein subcomplexes
[6]. Anterograde IFT is accomplished either by a single
heterotrimeric kinesin-II or by the coordinate ‘‘handover’’ action
of kinesin-II and homodimeric OSM-3-kinesin [7–10]. After cargo
unloads at the ciliary tip, cytoplasmic dynein-2 performs retro-
grade IFT that recycles anterograde motors, IFT particles, and
ciliary breakdown products back to the cell body [11–18].
Whole-genome sequencing studies have identified a large
spectrum of mutations of cytoplasmic dynein-2 heavy chain
(DYNC2H1) from patients with SRPSs and Jeune asphyxiating
thoracic dystrophy (JATD), which are related to skeletal dyspla-
sias characterized by short ribs, shortened tubular bones,
polydactyly, andmultisystem organ defects [3, 4, 19]. Thesemu-
tations affect the highly conserved residues, ranging from the
motor domain and linker region to the regulatory tail, and their
effects on dynein-2 motility remain unexplored.
C. elegans affords an attractive system for studying dynein-2

in live metazoans. At the dendritic endings of sensory neurons,
the axonemes emanate from the ciliary base and transition
zone and consist of amiddle segment built by 4-mm-long doublet
microtubules from which nine singlet microtubules extend to
construct the 2.5-mm-long distal segment [9, 20]. The dynein-2
holoenzyme of C. elegans is composed of the heavy chain
(HC) CHE-3, the intermediate chain (IC) DYCI-1, the light inter-
mediate chain (LIC) XBX-1, and the light chains (LCs) LC8, Tctex,
and Roadblock [12–14]. Early studies of dynein-2-driven retro-
grade IFT in C. elegans revealed a unitary rate of retrograde
IFT [9, 11, 13]. Two subsequent studies have used strains
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expressing dynein-2 accessory subunits, notably XBX-1, to
follow the dynamics of dynein-2 at significantly higher resolution
than those previous studies [14, 21]. In the latter work, retrograde
IFT was visualized with single-molecule sensitivity, revealing that
the dynamic behavior of XBX-1 is complex, displaying previously
undetected diffusive motion around the cilium base together
with pauses and directional switches along cilia [21]. However,
these studies are limited in the sense that they report the dy-
namics of dynein-2 accessory subunits, but these accessory
subunit dynamics do not necessarily reflect the dynamics of
the dynein-2 complex as a whole. For example, in our previous
study, we observed that the majority of OSM-6/IFT52 and
XBX-1 turned around at the distal tip of the cilium, whereas
DYCI-1, DLC-1, and DYLT-3 turned around at the middle and
distal segments, plausibly reflecting changes in the composition
of the accessory subunits that associate with the major IFT-
dynein heavy-chain motor subunit as it moves from the tip to
the base of the cilium [14]. In support of this notion, biochemical
fractionation studies suggested that the interactions among
dynein-2 subunits are probably weak [22, 23]. Such consider-
ations led us to undertake the technically far more challenging
approach of generating GFP knockin strains expressing endog-
enous levels of the fluorescently tagged dynein-2 heavy-chain
subunit rather than tagging only an accessory subunit, which al-
lows us to follow, for the first time, the dynamics of the motor
subunit itself along cilia of living cells. Using this approach, we
observed the previously undetected and surprising changes in
rate of motility of the dynein-2 motor. By introducing pathogenic
mutations of dynein-2 into the C. elegans genome, we show that
the R295Cmutation at the dynein tail alters this motor to move in
a slow manner. We further find that IFT-139 and IFT-43 function
redundantly to regulate dynein-2 motility. On the basis of these
findings, we propose the molecular model for how dynein-2
movement is achieved in live cilia.

RESULTS

Triphasic Retrograde Movement of Dynein-2 Heavy
Chain along the Ciliary Segments
To visualize IFT components at the endogenous expression level
[24], we constructed knockin (KI) strains to label IFT motors and
IFT particles with the different fluorophores (Figures 1A–1D). The
single- or triple-fluorescence KI strains are indistinguishable
from the wild-type (WT) nematodes in animal development,
cilium length, or IFT speeds (Figures 1C–1E). Unlike the strains
in which the fluorescent IFT components are overexpressed,
the fluorescence from KI animals is fairly dim in the cell body
and along the dendrite but is highly enriched in cilia (Figure S1A).
Notably, kinesin-II (KLP-20::GFP) was restricted around the
ciliary base and transition zone, whereas OSM-3-kinesin
(OSM-3::GFP) was mostly distributed at the ciliary distal seg-
ments in KI animals (Figure 1F), which is consistent with the
localization pattern observed using the single-copy GFP gene-
insertion scheme [8].
In agreement with the early measurements using fluorescent

dynein-2 accessory chains [13, 14], the GFP-tagged dynein-2
heavy chain in GFP::CHE-3 KI animals undergoes the antero-
grade IFT at 0.7 mm/s along the ciliary middle segments and at
1.2 mm/s in the distal segments, which supports the view that

dynein-2 is delivered to the ciliary tip as the cargo of kinesin-II
and OSM-3 kinesin. Previously, we observed IFT particles mov-
ing tip to base at unitary speeds of 1.1 mm/s, but with improved
optics and the GFP KI reporter (Figures S1B and S1C;Movie S1),
we now find that the dynein-2 heavy chain moves in the retro-
grade direction at two rates: first accelerating from 1.2 mm/s to
1.5 mm/s and then decelerating back to 1.2 mm/s adjacent to
the ciliary base (Figures 2A–2C and 2E; Movie S2). Mirroring
the GFP::CHE-3 imaging, retrograde movement of IFT particles
in the IFT-74::GFP KI animals also showed triphasic movement
(Figures 2D and 2E; Movie S3).

Disease-Associated Mutations Affect Dynein-2 Motility
We reasoned that the essential residues in dynein-2 that regulate
its retrograde movement might be present among existing
dynein point mutations in patients. We selected four disease-
related residues that are highly conserved in the dynein family
(Figures 3A, S2A, and S2B). Two mutations from SRPS patients
were located in the tail domain of dynein-2 heavy chain
(DYNC2H1) [19], and another two mutations from patients with
malformations in cortical development were located in the motor
domain of dynein-1 heavy chain (DYNC1H1) [25]. The corre-
sponding mutations in the C. elegans che-3 were R295C,
R1384C, R1693C, and K2935Q (Figures 3A, 3B, and S2C).
Based upon the structural insights of dynein family proteins
[26, 27], R295 was predicted to be in the putative site for cargo
docking or accessory subunit binding, R1384 was in the linker
region between motor and tail domains that might participate
in the power stroke, and R1693 and K2935 were located in the
AAA1 and MT-binding domain (MTBD), respectively (Figures
S3A–S3E). Using the MT-pelleting assay with recombinant
MTBD proteins, we showed that the K2935Q mutation reduced
the binding of MTBD to MTs by approximately 50% (Figures
S3F–S3H).
To examine how these mutations affect dynein-2 motility, we

knocked each mutation in the genome of the GFP::CHE-3 KI
strain (Figure S2C). Although the animals carrying the R1384C
mutation uptake the fluorescent lipophilic dye DiI from their sen-
sory cilia as WT animals, the dye-filling efficiency was dramati-
cally reduced in R295C animals and was completely abolished
in R1693C and K2935Q animals. Consistently, the cilium
length was marginally affected in R1384C animals, shortened in
R295C and R1693C animals, and severely truncated in the
K2935Qmutant animals (Figures 3C and 3D).We never observed
retrograde IFT of dynein-2/CHE-3K2935Q, in contrast to the robust
transport that we consistently observed inWTworms (Figure 3E;
Movie S4). Using MKSR-2::mCherry to mark the transition
zone (Figures 2A and S4G), we observed accumulation of
GFP::CHE-3K2935Q and IFT52/OSM-6::mCherry in truncated cilia
(Figures 3C and S4A), phenocopying che-3 null alleles, presum-
ably because of their continuous anterograde transport but
defective retrieval. Next, we measured IFT frequency and speed
in dynein-2 carrying the R295C, R1384C, or R1693C mutation
(Figures 3E–3I). In WT animals, we detected 0.6 or 0.4 IFT events
of dynein-2 per second in the anterograde or retrograde direc-
tion, respectively; however, thesemutations importantly reduced
IFT frequencies in both directions (Figures 3E and 3I; Movie S4).
Although theanterograde speedsofmutant dynein-2 (R295Cand
R1384C) do not show statistically significant variations from
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Figure 1. Generation of Knockin C. elegans Expressing Fluorescent IFT Components
(A) Schematic design of the CRISPR-Cas9-assisted knockin for C. elegans. One or two single-guide RNAs (sgRNAs) targeting the 50 or 30 ends of genes were

added to pDD162 to generate the CRISPR-Cas9 plasmids (left), and !1 kb homology arms and fluorescent tags were inserted into pPD95.77 to generate

homology recombination (HR) templates (right). A pair of primers was designed to screen knockin progenies via PCR.

(B) Summary of CRISPR targets, homology arms, and tags used for IFT gene knockin. PAM, protospacer adjacent motif.

(C) Localization of the endogenously tagged IFT components in the amphid (top) and phasmid (bottom) cilia. Kymographs show particle movement along the

middle (M orm.s.) or distal segments (D or d.s.). Arrowheads indicate ciliary base and transition zone, and arrows indicate junctions between themiddle and distal

segments. DHC, dynein-2 heavy chain; LIC, dynein-2 light intermediate chain. Images were taken at an exposure time of 200 ms. The scale bar represents 5 mm.

The bars in kymographs represent (horizontal) 5 mm and (vertical) 5 s.

(D) Representative images show triple-fluorescence labeling of dynein-2 (XBX-1), IFT-A (CHE-11), and IFT-B (IFT-81) complexes. The scale bar represents 5 mm.

(E) Summary of anterograde velocities of IFT components at the middle and distal segments. Numbers of IFT particles are shown in the brackets.

(F) Representative intensity plots of IFT components along cilia. Intensities were all normalized to those at the dendrite endings.

See also Figure S1.
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those in WT cilia (Figure 3F), 24/121 IFT-particles (R295C; n = 9
animals) could not be tracked before reaching the ciliary tip (Fig-
ure 3E), and 12/167 particles (R1384C; n = 11 animals) changed
their speeds in the distal segment (e.g., one acceleration, one
deceleration, and two splitting into two traces in Figure 3E),which
are consistent with the reduction of their cilium length and sug-
gests that the defective kinesin-II and OSM-3 recycling may

reduce anterograde IFT frequency. In these che-3mutant alleles,
multiple anterograde traces fordynein-2 appear interrupted in the
ciliary middle segment when they encounter large retrograde
trains (Figure 3E; 13/121 of GFP::CHE-3R295C traces from nine
animals, 10/167 of GFP::CHE-3R1384C from 11 animals, and
9/55 of GFP::CHE-3R1693C from eight animals). One possibility
could be that dynein-2 loading on the anterograde IFT train
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Figure 2. Dynein-2 and IFT-74 Movement in the Cilia of Knockin Animals
(A) Split kymographs show the anterograde (antero.) and retrograde (retro.) movement of GFP-tagged endogenous dynein-2 heavy chain CHE-3. Representative

particle traces are marked with white lines. Arrowheads indicate transition zone (TZ) and its position in the kymographs. Cilium length was arbitrarily divided into

three parts (dashed lines) for velocity quantification in (C)–(E): the ciliary base (0–3 mm), middle (3–6 mm), and tip (6–9 mm) regions. Images were taken at an

exposure time of 100 ms. The scale bars represent 5 mm(horizontal) and 5 s (vertical).

(B) Quantification of GFP::CHE-3 anterograde (96 particles) and retrograde velocities (58 particles) along the cilia. See the STAR Methods for detailed method of

velocity determination.

(C) Histograms of GFP::CHE-3 anterograde and retrograde velocity extracted from (B) at the ciliary base (blue), middle (red), and tip (purple) regions.

(D) Histograms of IFT-74::GFP anterograde (48 particles) and retrograde (18 particles) velocity at the ciliary base (blue), middle (red), and tip (purple) regions.

(E) Quantification of GFP::CHE-3 and IFT-74::GFP velocities (mean ± SD) at the ciliary base, middle, and tip regions. ‘‘antero.’’ and ‘‘retro.’’ represent anterograde

and retrograde transport, respectively. n.s., not significant; ***p < 0.001.

See also Figure S1 and Movies S1, S2, and S3.
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takes place normally, but their association is unstable such that
dynein-2 falls off the train and returns to the base via its dynein
activity. The overall retrograde IFT speed was mildly reduced
by the R1693C mutation but severely impaired by R295C
(Figure 3F). These results were further supported by our observa-
tions of fluorescent XBX-1, DYCI-1, and OSM-6 localization in
dynein-2 mutant animals harboring the R295C or R1693C muta-
tion (Figures S4B–S4J). Essentially, dynein-2R295C moved at a
constant and slow tip-to-base rate of 0.8 mm/s (Figure 3G),
whereas the R1384C mutation affected its transport speed and
frequencymildly (Figures 3F, 3H, and 3I). Together, our data indi-
cated that these disease-associated mutations affect dynein-2
motility and that the R295C mutation in the dynein tail reduces
IFT speed and frequency.

The Role of IFT-Train Subcomplex IFT-B in Ciliary Entry
of Dynein-2
We characterized the additional 13 severe loss-of-function
gfp::che-3 mutant alleles (Figures 4A and 4B). These mutants
showed strong defects in dye filling and developed short and
bulged cilia similar to the che-3-null allele [11] (Figures 4C and
S5A). We uncovered two distinct cellular localization patterns
of the truncated GFP::CHE-3 proteins: the mutations in the tail
domain completely abolished their ciliary localization, whereas
the partial or complete deletion of the motor domain did not
eliminate GFP fluorescence from the residual cilia (Figures 4B,
4C, and S5A–S5E). In an in-frame deletion allele (cas527) that re-
moves a fragment in the linker region, the truncated GFP::CHE-3
was produced in the cell body but failed to localize to cilia. This
observation suggests that the V828-L984 fragment may be
involved in the ciliary localization of dynein-2 or that the trun-
cated dynein-2 motor may be aggregated and stuck in the cell
body (Figure 4C). Mutations in the dynein-2 light intermediate
chain DYNC2LI1 also cause the SRPSs [28], and XBX-1::TagRFP
or GFP::CHE-3 was no longer observed in the che-3 or xbx-1
mutant cilia, respectively (Figures 4C and S5C), which indicates
their interdependence in ciliary localization and is consistent with
the findings from mammalian cells, C. reinhardtii and T. brucei
[16, 28–30]. These results show that the dynein-2 tail and acces-

sory chains, but not its motor domain, are required for the
transport of dynein-2 from the cell body to cilia. Furthermore,
the dynein-2 fluorescence accumulates in the residual cilia of
daf-10 or che-11 mutants defective in IFT-A, whereas dynein-2
does not enter the remaining cilia of the IFT-B osm-5/ift88
mutant animals, revealing an essential role of IFT-B in the ciliary
entrance of dynein-2 (Figures 4D and 4E).

Identification of IFT Components from Knockin Animals
by Mass Spectrometry
To identify ciliary regulators of dynein-2 activity, we performed
GFP affinity purification and mass spectrometric analysis of
GFP-tagged IFT components. We isolated three subunits in
the kinesin-II holoenzyme from KAP-1::GFP transgenic animals
and all the 14 known IFT-B components in C. elegans from
IFT52/OSM-6::GFP strains with high specificity and abundance
(Figures 5A and 5B). Furthermore, three kinesin-II subunits
were identified from KLP-20::GFP knockin animals, and IFT-B
components, with the exception of two peripheral subunits
DYF-11/IFT54 and IFT-20, were isolated from IFT-74::GFP
knockin strains (Figure 5B), demonstrating the feasibility of using
GFP knockin animals and proteomic approaches to dissect IFT
protein machinery in C. elegans.
Because IFT-A was involved in the regulation of retrograde

IFT [6], we attempted to identify dynein-2 regulators through
the purification of IFT-A-associated components. Previous
biochemical studies showed that IFT-A was composed of
IFT144, IFT140, IFT122, IFT139, IFT121, and IFT43 [31, 32].
Using CHE-11::GFP knockin strains, we obtained all of the
known IFT-A components in C. elegans, including CHE-11/
IFT140, DAF-10/IFT122, DYF-2/IFT144, and IFTA-1/IFT121 (Fig-
ure 5B). Importantly, we identified two unique targets, ZK328.7
and C25H3.12, with high abundance. By constructing transla-
tional GFP fusion reporters, we showed that ZK328.7a::GFP
and C25H3.12::GFP are specifically expressed in the ciliated
neurons and undergo IFT at the characteristic speeds as other
IFT-particle components (Figures 5C–5F; Movie S5). ZK328.7
is a putative ortholog of IFT139 and was cloned as ift-139
recently [33]. C25H3.12 shares a 14% and 13% identity to

Figure 3. Disease-Associated Mutations in the Dynein-2 Heavy Chain Impair Its Motility and Transport Frequency
(A) Disease-associated mutations in dynein-1 and dynein-2 heavy chains and alignment of sequences flanking the two tail residues R295 and R1384 in CHE-3

(also see Figures S2A, S2B, and S3A–S3E). MCD, malformations in cortical development; SRPS, short rib-polydactyly syndrome.

(B) Schematic domain structure of the GFP-tagged dynein-2 heavy chain CHE-3. Arrows indicate the four mutation sites. C, C terminus; N, N terminus. The scale

bar represents 100 amino acids.

(C) Amphid (top) and phasmid (bottom) cilia morphology imaged with GFP-tagged wild-type (WT) or mutated CHE-3. Cilia in che-3(null)mutant were labeled with

IFT52/OSM-6::GFP. Arrowheads indicate the ciliary base and transition zone. Arrows indicate the junctions between the middle and distal segments. The scale

bar represents 5 mm.

(D) Cilium length (mean ± SD) inWT and che-3mutant animals. Numbers of cilia used for quantification are shown in the bars. Cilium length wasmeasuredwithWT

or mutant GFP::CHE-3 fluorescence, which shows identical pattern as IFT particle marker IFT52/OSM-6::mCherry (Figure S4). Comparisons were performed

between the WT and mutants or between K2935Q and che-3(null). n.s., not significant; *p < 0.05; ***p < 0.001.

(E) Kymographs of GFP-taggedWT and mutated CHE-3. Green, retrograde IFT; red, anterograde IFT. Kymographs in the che-3(null)mutant were visualized with

IFT52/OSM-6::GFP. Images were taken at an exposure time of 100 ms. The scale bars represent (horizontal) 5 mm and (vertical) 5 s.

(F) Histogram of dynein-2 velocities. Top: anterograde IFT along themiddle segments.Middle: anterograde IFT along the distal segments. Bottom: retrograde IFT.

Each plot was fit by a Gaussian distribution. Comparisons were performed between the WT and mutants. n.s., not significant; *p < 0.05; ***p < 0.001.

(G) Retrograde velocities (mean ± SD) of GFP::CHE-3R295C at the ciliary base, middle, and tip regions. n.s., not significant when any of the three compared with

each other.

(H) Retrograde velocities (mean ± SD) of GFP::CHE-3R1384C at the ciliary base, middle, and tip regions. ***p < 0.001.

(I) Anterograde (magenta) and retrograde (blue) IFT frequencies (mean ± SD) in the WT and CHE-3 mutant animals. Numbers of kymographs used for quanti-

fication are shown above the genotypes. Comparisons were performed between the WT and mutants. ***p < 0.001.

See also Figures S2–S4 and Movie S4.

Current Biology 27, 1448–1461, May 22, 2017 1453



A

B

C

D E

Figure 4. Ciliary Localization of Dynein-2 Requires Its Tail Domain, Light Intermediate Chain, and IFT-B, but not IFT-A
(A) Domain architecture of the GFP-tagged CHE-3. Arrows indicate various mutations introduced by CRISPR-Cas9.

(B) Mutation sites, amino acid changes, and resultant ciliary phenotypes of truncated GFP::CHE-3. All mutations cause frameshifts that introduce premature stop

codons, except cas527, which is an in-frame deletion removing 157 amino acids between the DHC_N1 and DHC_N2 domains.

(C) Ciliary localization of WT and mutated GFP::CHE-3 in the phasmid neurons and cilia. Arrowheads indicate ciliary base. Arrows indicate cell body. Asterisks

indicate anuses. The scale bar represents 5 mm.

(D) IFT-B component IFT-52/OSM-6::GFP and dynein-2 are localized to the residual cilia of IFT-A mutants (top, amphid; bottom, phasmid). The axonemal

locations are indicated by square brackets (the same as below). The scale bar represents 5 mm.

(E) GFP::CHE-3 is absent from the ciliary compartments in the IFT-B mutant osm-5(p813), whereas OSM-6::GFP is retained in the residual cilia. Phasmid cilia are

enlarged in the red boxes. The scale bar represents 5 mm. The scale bar in the red box represents 1 mm.

See also Figure S5.
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Figure 5. Identification of IFT-A Components IFT-139 and IFT-43 in C. elegans
(A) Schematic workflow of GFP-based immunoprecipitation and sample preparation for mass spectrometry using transgenic or knockin worms.

(B) Mass spectrometric results from the overexpression or knockin lines. Proteins that are homologs of subunits in kinesin-2, IFT-particle A, or IFT-particle

B subcomplex were shown. ZK328.7 and C25H3.12 are putative IFT139 and IFT43 homologs, respectively.

(C) Translational expression of C25H3.12::GFP in the head (arrowheads) and tail (arrows) neurons. The scale bars represent 50 mm (top) and 5 mm (bottom).

(D) Translational expression of ZK328.7a::GFP in the head (arrowheads) and tail (arrows) neurons. The scale bars represent 50 mm (left) and 5 mm (right).

(E) Localization of C25H3.12::GFP and ZK328.7a::GFP in the amphid (above) and phasmid (below) cilia. Kymographs show bidirectional movement along the

ciliary middle (M) and distal (D) segments. Arrowheads indicate ciliary base and transition zone. Arrows indicate junctions between the middle and distal

(legend continued on next page)
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human and Chlamydomonas IFT43 proteins, respectively (Fig-
ures S6A–S6C). We conducted GFP-affinity purification using
the C25H3.12::GFP strains and identified IFT-A subunits,
IFT-139, IFTA-1/IFT121, and DAF-10/IFT122 (Figure S6D), which
suggests that C25H3.12 could be an IFT43 homolog, albeit
of low sequence similarity. Hereafter, we refer to C25H3.12 as
ift-43.

IFT-139 and IFT-43 Regulate Dynein-2 Motility
Mutations in human IFT139 ortholog TTC21B cause syndromic
JATD and isolated nephronophthisis [34]. Whereas IFT particles
accumulated at the ciliary tip of IFT139-deficient human or
mouse cells, retrograde IFT was still evident and the mean retro-
grade speeds were reduced from 0.56 mm/s to 0.41 mm/s [35].
Consistent with the recent report [33], theC. elegans IFT compo-
nents OSM-6::GFP, CHE-11::GFP, and IFT-74::GFP were accu-
mulated in the ciliary distal segments of two putative null ift-139
alleles (Figures 6A, 6B, and 6E; Movie S6). Although the loss of
IFT-139 does not affect dynein-2 velocity or the ability of the
animals to update DiI (Figures 6D and 6G; Movie S6), the retro-
grade transport frequency of dynein-2 was markedly reduced
and GFP::CHE-3 occasionally forms aggregates at the distal
tip of ift-139 mutant cilia (Figures 6D and 6F). These mild ciliary
phenotypes indicate that IFT-139 is involved in retrograde IFT
but also suggest that other components may function together
with IFT-139 to regulate dynein-2 in a partial redundant manner.

Human IFT43 homolog is mutated in Sensenbrenner syn-
drome, a heterogeneous ciliopathy that is characterized by skel-
etal anomalies [36, 37]. Whereas IFT-B components accumulate
at the ciliary tip in the patient fibroblasts, no statistically signifi-
cant difference in cilium length was detected between patient
and control cells [36]. Intriguingly, mutations of IFT43 in Chlamy-
domonas caused the short flagella [38]; the different ciliary phe-
notypesmay be resulted from the low sequence similarity among
IFT43 homologs. We generated three large deletion alleles of the
C. elegans ift-43 that are severely truncated, lacking most of its
coding sequence (Figure 6A). In agreement with the normal
cilium length in patient cells, ift-43 mutant animals exhibit no
defects in their cilium length, IFT, or the dye-filling assay (Figures
6B, 6C, and 6G; Movie S6).

Whereas IFT-43 and IFT-139 possibly play minor roles in cilio-
genesis, functional redundancy may be involved. In the single
mutants, the fluorescence of OSM-6::GFP extended the same
8-mmdistance from the ciliary base as inWT animals, suggesting
that, in the absence of IFT-43 or IFT-139 function, IFT particles
are transported normally all along the axoneme (Figure 6C).
The cilium length and IFT in the single ift-43 or ift-139 mutant
animals are distinct from those observed in other IFT-A mutant
cilia; for example, the average length of dyf-2 mutant cilia was
reduced to 2.8 mm and OSM-6::GFP accumulated in the residual
cilia [39]. However, in multiple independent ift-43; ift-139 double
mutant strains, the ciliary phenotypes are identical to those in the
dynein-2 or IFT-A-null mutants: no fluorescent dye could be filled

into ciliated neurons and IFT particles accumulated along the re-
sidual 5-mm-long cilia (Figures 6B–6G and S6E; Movie S7), indi-
cating that IFT ceases and IFT particles are notmoved away from
the shortened cilia. Indeed, in ift-43 or ift-139 single-mutant cilia,
dynein-2 moves along both middle and distal segments at the
characteristic rates as those in WT cilia, whereas no dynein-2
motility was observed in ift-43; ift-139 double mutant cilia (Fig-
ures 6D and 6G), indicating that IFT-43 and IFT-139 function
redundantly to regulate dynein-2 motility. Considering that IFT
particles are more severely accumulated than dynein-2 in ift-
139 mutant cilia (Figures 6B, 6D, and 6E), we propose that IFT-
43 and IFT-139 may regulate dynein-2 activity by docking the
motor to its cargo, such as IFT-A, in a partial redundant mode.
Next, we performed a bimolecular fluorescence complemen-

tation (BiFC) assay to examine the spatial proximity between
IFT-43/IFT-139 and XBX-1 [40]. IFT-43 and IFT-139 showed
fluorescence complementation with XBX-1 (Figures 7A and
7B), indicative of the close proximity between IFT-A complex
and dynein-2. In contrast, no fluorescence complementation
was observed from the BiFC pair of KLP-20 and OSM-3, which
is consistent with the view that kinesin-II and OSM-3 may be
associated with the IFT-A and IFT-B complexes, respectively
(Figure 7C) [7]. The close proximity between IFT-43/IFT-139
and XBX-1 individually may explain the functional redundancy
of two IFT-A subunits in the regulation of dynein-2 motility
(Figure 7D).

DISCUSSION

This study has introduced advanced genetic, imaging, and
biochemical techniques to study dynein-2 motility in vivo. The
combination of GFP-knockin and high-resolution live micro-
scopy has allowed us to, for the first time, observe the triphasic
retrograde movement of dynein-2 along distinct ciliary domains.
We show that ciliary entry of dynein-2 requires IFT-B and that
the dynein-2 tail and IFT-A subunits IFT-43 and IFT-139 regulate
dynein-2 motility. We propose a molecular model for how
dynein-2 behaves in the C. elegans ciliated neurons. Dynein-2
may be delivered as the cargo molecule by other motor proteins
along the dendrites to the ciliary base, as the dendritic transport
of dynein-2 does not require its motor domain but depends on its
tail (Figures 4B and 4C). At the ciliary base, dynein-2 is proposed
to be transported as a cargo, bound to IFT particles, by kinesin-2
motors to the ciliary tip (Figure 7E). At the ciliary tip, dynein-2may
be activated by cargo molecules likely through the interactions
mediated by IFT-43 and IFT-139 (Figures 7D and 7E). These re-
sults reveal the regulatory mechanism of dynein-2 movement
and provide insights into dynein-2-associated ciliopathies.
This study demonstrates that dynein-2 undergoes multiple

phases of movement, which is in contrast to a unitary tip-to-
base velocity described in the early studies [8, 9, 13, 14, 21].
One distinct feature of the previously overexpressed IFTmarkers
is that there is a high level of background fluorescence instead of

segments. Images were taken at an exposure time of 200 ms. The scale bar in images represents 5 mm. The bars in kymographs represent 5 mm (horizontal) and

5 s (vertical).

(F) Summary of anterograde (antero.) and retrograde velocities C25H3.12 and ZK328.7a. m.s., middle segment; d.s., distal segments.

See also Figure S6 and Movie S5.
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Figure 6. IFT-139 and IFT-43 Function Redundantly to Regulate Retrograde IFT
(A) Genomic structures of ift-43 and ift-139. Three deletions of ift-43were generated by CRISPR-Cas9 knockout with two targets on the second (T1) and last (T2)
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(B) Cilium morphology in ift-43 and ift-139 single and double mutants. Kymographs show OSM-6/IFT52 movement at the middle (M) and distal (D) segments.

Images were taken at an exposure time of 200 ms, and numbers of worms with particle accumulation in cilia are indicated at the bottom (the same as below).

(legend continued on next page)
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clear retrograde traces from the knockin strains. In Chlamydo-
monas, anterograde and retrograde IFT both occur at unitary
rates [41]; however, anterograde IFT in C. elegans sensory cilia
uses two kinesin-2 motors to produce biphasic motility, whereas
retrograde IFT uses dynein-2 yet occurs in a triphasic fashion.
The biphasic anterograde IFT is achieved by the concerted ac-
tion of two kinesin motors of the same polarity moving toward
the same direction [9], whereas the triphasic retrograde IFT is
generated by dynein-2 with the modulation of different acces-
sory subunits and cargo molecules. Considering that the full as-
sembly of the dynein-2 holoenzyme may be a time-consuming
process, the slow retrograde IFT of the partially assembled
dynein-2 could be advantageous for preventing the accumula-
tion of anterograde kinesins and IFT trains at the ciliary tip.
Multiphasic movement of motor proteins may reflect the fine
coordination of intracellular transport by regulators and cargo
molecules.

The transition zone has been proposed to be an obstacle
for kinesin-2 motility in both anterograde and retrograde direc-
tions [8], and the deceleration of dynein-2 may represent phys-
ical obstacle due to transition zone barriers. Using double
fluorescence labeling [42], we found that the transition zone pro-
tein MRSR-2::mCherry localizes in the region where the running
GFP::CHE-3 particles reduce their speeds (Figure 2A), which
suggests that the transition zone may function as the physical
hindrance for dynein-2 in retrograde IFT. Lissencephaly 1
is generally considered to act as a molecular ‘‘clutch’’ that
suppresses dynein motility and causes it to form a tight binding
complex with theMT tracks [2]. TheC. elegans LIS-1 is restricted
within the ciliary middle segment adjacent to the transition zone
[14] and may participate locally in active dynein-2 to decelerate
the motor. Cytoplasmic dynein-1 has been shown to act as a
gear in response to load [43]; the high load of dynein-2 at the
ciliary base may contribute to the deceleration phase. Kinesin-
II is likely to be inactivated by DYF-5/mitogen activated protein
(MAP) kinase-mediated phosphorylation [44]; post-translational
modifications of dynein-2 could also modulate the motor veloc-
ity. The change of dynein-2 speed can be caused by other fac-
tors, such as the local ciliary environment or the presence of
doublet or singlet microtubules, whose number can be variable
in C. elegans [20].

The constant slow velocity of dynein-2R295C suggests that
dynein-2 motility is regulated by the dynein tail, to which dynein
accessory subunits bind. In agreement with the notion that the
dynein tail coordinates the motor activity, the Loa mutation
(F580Y) within the dynein-1 tail of mutant mice inhibits motor

run length by perturbing motor domain coordination [45].
Dynein-1 speed and processivity require accessory subunits,
such as BiCD2 and the dynactin complex [46]. Likewise, the pu-
rified human dynein-2 heavy chain only moves at 70 nm/s in
microtubule gliding assays [22]; however, retrograde IFT occurs
at 0.5 mm/s in mouse renal cilia, 1.3 mm/s in C. elegans sensory
cilia, 3.5 mm/s inChlamydomonas flagella, and 5.6 mm/s in Trypa-
nosoma flagella [35, 41, 47]. The apparent discrepancy may
reflect the different resources of dynein-2 but also suggests
that accessory subunits or the putative cargo adaptors promote
dynein-2 motility. Our early work showed that several dynein-2
accessory subunits undergo turnaround at a distance away
from the ciliary tip [14], raising the possibility that dynein-2
accessory subunits may be gradually associated with the heavy
chain and speed it up along the axonemal middle segment
(Figure 7E). Both anterograde and retrograde frequencies
of TagRFP-marked XBX-1 were twice lower than those of
GFP::CHE-3 (Figure S4D). Similarly, anterograde and retrograde
frequencies of OSM-6::mCherry are also twice less than those of
OSM-6::GFP (Figure S4K), challenging the use of red fluorescent
proteins along with GFP in double-fluorescent motility assays.
The dynein-2 composition is heterogeneous across the cilium
length that was arbitrarily divided into three parts (Figure 2A)
[14], and it is possible that the dynein-2 composition is also het-
erogeneous among different trains within the same ciliary seg-
ments or that IFT components are not always associated.
The previous studies indicate that the duration times of a

complete IFT cycle are similar in Trypanosome, Chlamydomo-
nas, C. elegans, and mammalian LLC-PK1 cells (10–13 s),
despite the different cilium length and IFT rates [47]. Our data
support the notion that the IFT speeds are faster in the longer
cilia: the C. elegans dynein-2 moves at 1.3 mm/s in average
for 7.5 mm in the retrograde direction, whereas the retrograde
IFT reaches 5.6 mm/s for 22.3 mm in Trypanosome. The bright-
ness of retrograde IFT particles is generally dimmer than anter-
ograde ones (Figure 2A) [47–49]. In Trypanosoma, the antero-
grade IFT particles split into multiple small particles, causing
the higher retrograde frequency [47]. In C. elegans, the fre-
quency of retrograde transport for XBX-1 dynein component
is 1.6-fold higher than that of anterograde [21], which may
also contribute to the balance of anterograde and retrograde
IFT. The lower frequency from the knockin animals is presum-
ably because of different systems used for expression and/or
imaging. The previous single-molecule imaging showed that
OSM-3-kinesin undergoes turnaround immediately [8]; how-
ever, the incoming IFT material spends 3 or 4 s at the ciliary

Arrowheads indicate the ciliary base and transition zone. Arrows indicate junctions between the middle and distal segments. The scale bar in images represents

5 mm. The bars in kymographs represent 5 mm (horizontal) and 5 s (vertical).

(C) Cilium length (mean ± SD) in ift-43 and ift-139 single and double mutants. Numbers of cilia used for quantification are shown in the bars. Comparisons were

performed between the WT and mutants. n.s., not significant. ***p < 0.001.

(D) Dynein-2 localization and movement in ift-139 and ift-43 single and double mutants. The accumulation of GFP::CHE-3 was only occasionally found in ift-139

single mutant. The scale bar in images represents 5 mm. The bars in kymographs represent 5 mm (horizontal) and 5 s (vertical).

(E) Endogenously labeled IFT particles (IFT-74/IFT-B and CHE-11/IFT-A) accumulate in ift-139 single mutant and ift-43; ift-139 double mutant, but not in ift-43

single mutant. The scale bar represents 5 mm.

(F) Anterograde (magenta) and retrograde (blue) IFT frequencies (mean ± SD) in ift-139 and ift-43 single and double mutants. Numbers of kymographs used for

quantification are shown above the genotypes. Comparison was performed between WT and mutants. N.D., not detectable. n.s., not significant. ***p < 0.001.

(G) IFT velocities of OSM-6/IFT52 and CHE-3/DHC in ift-139 and ift-43 single and double mutants. Numbers of cilia used for quantification are shown in the

brackets. N.D., not detectable.

See also Movies S6 and S7.
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tip before returning to the base in Trypanosome [47], and the
C. elegans dynein-2 or IFT components may also undergo a
transition phase at the ciliary tip.
The recent advances in sequencing technology have enabled

the discovery of more than 50 causal loci of human ciliary dis-
eases [50]. As hundreds of genes are crucial for ciliary structure
and function, additional ciliopathy-relatedmutations will be iden-
tified. However, without functional annotation, sequencing data
alone are not sufficient to establish the causal relationship or to
offer appropriate resolution for understanding diseases. This
study demonstrates the advantage of using a genetic model
organism to investigate the basic mechanisms of pathogenic
mutations. Our strategy facilitates the phenotypic analysis of dis-
ease-associated mutations in knockin animals, requiring only
3 weeks beginning from the experimental design in C. elegans.
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Figure 7. In Vivo Proximity between IFT-A and Dynein-2 and a Working Model Illustrating Dynein-2 Movement in Cilia
(A) The bimolecular fluorescence complementation (BiFC) assay shows that IFT-43 and XBX-1 approximate each other in vivo, indicating a possible interaction

between them. The N-terminal fragment (VN) or C-terminal (VC) fragment of Venus was fused to IFT-43 or XBX-1, respectively. The scale bar represents 5 mm.

(B) BiFC assay shows that IFT-139 and XBX-1 approximate each other in vivo.

(C) OSM-3 and KLP-20 do not show fluorescence complementation in the BiFC assay.

(D) A model illustrating the redundant roles of IFT-139 and IFT-43 in regulating dynein-2 motility. Loss of ift-139 alone causes reduction of retrograde frequency

and accumulation of IFT particles but does not affect dynein-2 velocity. Although movement of dynein-2 and IFT particles is completely wild-type in ift-43 single

mutant, dynein-2-driven retrograde IFT is severely blocked in ift-43; ift-139 double mutant.

(E) A model of dynein-2 dynamics in cilia. Dynein-2 is transported to the ciliary tip by kinesin-2 as a cargo. This process requires dynein-2 heavy-chain tail, light

intermediate chain, and IFT-B. Upon recycling, IFT-139 and IFT-43 may activate dynein-2 by docking IFT particles onto this motor. The regulation of dynein-2

motility may also involve the incorporation of dynein-2 accessory chains and hindrance of transition zone.
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