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WDR60-mediated dynein-2 loading into cilia powers
retrograde IFT and transition zone crossing

Ana R.G. De-Castro»**@®, Diogo R.M. Rodrigues"?**@®, Maria J.G. De-Castro?®, Neide Vieira**®, Carmen Vieira"?®, Ana X. Carvalho™?®,
Reto Gassmann™?@®, Carla M.C. Abreu?@®, and Tiago J. Dantas"?®

The dynein-2 motor complex drives retrograde intraflagellar transport (IFT), playing a pivotal role in the assembly and
functions of cilia. However, the mechanisms that regulate dynein-2 motility remain poorly understood. Here, we identify the
Caenorhabditis elegans WDR60 homologue, WDR-60, and dissect the roles of this intermediate chain using genome editing
and live imaging of endogenous dynein-2/IFT components. We find that loss of WDR-60 impairs dynein-2 recruitment to cilia
and its incorporation onto anterograde IFT trains, reducing retrograde motor availability at the ciliary tip. Consistent with this,
we show that fewer dynein-2 motors power WDR-60-deficient retrograde IFT trains, which move at reduced velocities and
fail to exit cilia, accumulating on the distal side of the transition zone. Remarkably, disrupting the transition zone’s NPHP
module almost fully restores ciliary exit of underpowered retrograde trains in wdr-60 mutants. This work establishes WDR-60

as a major contributor to IFT, and the NPHP module as a roadblock to dynein-2 passage through the transition zone.

Introduction
Cilia are microtubule-based structures that project outward
from the surface of most mammalian cell types. These antenna-
like structures can produce mechanical force for locomotion or
fluid flow (such as in the multiciliated airway epithelia) or sense
extracellular signals that modulate developmental pathways,
ultimately regulating cell proliferation and differentiation
(Drummond, 2012). Regardless of their type, the assembly and
functions of cilia depend on a bidirectional transport system
known as intraflagellar transport (IFT; Kozminski et al., 1993;
Prevo et al., 2017; Webb et al., 2020). IFT is driven by two classes
of molecular motors that travel on the ciliary microtubules that
compose the axoneme. Kinesin-2 motors cooperate with both
IFT-B and IFT-A complexes to power the transport of cargos in
the anterograde direction from the base to the tip of cilia
(Kozminski et al., 1995; Prevo et al., 2017). In the opposite di-
rection, cytoplasmic dynein-2 motors (hereafter referred to as
dynein-2) associate with the IFT-A complex to drive retrograde
transport (Pazour et al., 1999; Porter et al., 1999; Wicks et al.,
2000), which is critical for the retrieval of signaling molecules
and the recycling of ciliary proteins (Prevo et al., 2017; Webb
et al., 2020).

Between the base and the axoneme of cilia, a specialized
ciliary gate known as the transition zone (TZ) controls which

proteins and membrane components enter and exit the cilium,
thus isolating the ciliary environment from the cytoplasm
(Garcia-Gonzalo and Reiter, 2017). The assembly and gating
function of the TZ is a complex process that involves many
soluble and membrane-bound components organized into the
MKS (Meckel-Gruber syndrome) and NPHP (nephronophthisis)
modules (Garcia-Gonzalo and Reiter, 2017). These two modules
cooperate for the building of Y-shaped structures (Y-links) that
connect the proximal end of the axonemal doublets to the ciliary
membrane at the region of the ciliary necklace (Blacque and
Sanders, 2014). At the center of the TZ lies an apical ring (or
central cylinder) that also contributes to the integrity and gating
of the TZ (Li et al., 2016; Schouteden et al., 2015). Interestingly,
dynein-2 has been recently shown to be required for the stability
of the TZ (Jensen et al., 2018; Vuolo et al., 2018).

Problems in IFT or in the integrity of the TZ result in defects
in cilia assembly/functions that can lead to congenital develop-
mental diseases, collectively known as ciliopathies (Drummond,
2012; Garcia-Gonzalo and Reiter, 2017). Mutations in genes
coding for dynein-2 subunits are associated with severe skeletal
dysplasias such as Jeune syndrome (asphyxiating thoracic dys-
trophy), Ellis-van Creveld syndrome, and short-rib polydactyly
syndrome (SRPS), which in many cases are incompatible with
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fetal survival (Cossu et al., 2016; Dagoneau et al., 2009; Huber
et al., 2013; McInerney-Leo et al., 2013; Merrill et al., 2009;
Niceta et al., 2018; Schmidts et al., 2015; Schmidts et al., 2013;
Taylor et al., 2015). How mutations in dynein-2 subunits lead to
these disorders remains poorly understood.

Dynein-2 is a giant (>1 MDa) motor protein complex com-
posed of heavy chains (HCs), intermediate chains (ICs), light
intermediate chains (LICs), and light chains (Toropova et al.,
2019). A homodimer of two HCs (DHC2 encoded by DYNC2HI)
makes up the core of the motor complex. Each DHC2 has
an N-terminal tail that serves as a platform for the binding of
other subunits, and a C-terminus (CT) comprising six AAA
ATPase domains and a microtubule-binding domain that enable
dynein-2 movement on microtubules. Two copies of the dynein-2-
specific LIC3 (encoded by DYNC2LII) bind and serve to stabilize the
DHC2s (Mikami et al., 2002; Taylor et al., 2015; Toropova et al.,
2019). The DHC2-LIC3 subcomplex binds a heterodimer of ICs,
composed of WDR60 and WDR34 (encoded by DYNC2I and
DYNC2I2, respectively), through their CT B-propeller domains
(Asante et al., 2014; Patel-King et al., 2013; Rompolas et al., 2007;
Toropova et al., 2019). In turn, the WDR60-WDR34 heterodimer is
stabilized through the binding of multiple light chains at their
N-terminus (NT; Hamada et al., 2018; Schmidts et al., 2015;
Toropova et al., 2019; Tsurumi et al., 2019).

Recent work analyzing the effects of depleting or disrupting
the WDR60/WDR34 ICs in human cells has yielded inconsistent
results, particularly regarding the requirement of WDR60 for
ciliogenesis and cilia axoneme length control (Asante et al., 2014;
Hamada et al., 2018; McInerney-Leo et al., 2013; Vuolo et al.,
2018). Importantly, the impact of WDR60 loss on dynein-2 ac-
tivity and dynamics during IFT has not been determined. This in
part is due to the difficulty in visualizing and quantifying IFT
kinetics of dynein-2 subunits (especially of DHC2) inside cilia of
cultured cells (Hamada et al., 2018; Taylor et al., 2015; Vuolo
et al., 2018).

In Caenorhabditis elegans, GFP/RFP-tagged dynein-2 HC and
LIC subunits (see Table S1 for nomenclature) are readily de-
tectable inside cilia and easy to track during IFT (Mijalkovic
et al., 2017; Schafer et al., 2003; Yi et al., 2017). Another ad-
vantage of this model is that mutations in dynein-2 subunits that
are lethal in mice (Huangfu and Anderson, 2005; May et al.,
2005; Rana et al., 2004; Wu et al., 2017) do not compromise
viability in C. elegans (Schafer et al., 2003; Wicks et al., 2000; Yi
et al., 2017). Cilia are only present in a subset of C. elegans sen-
sory neurons, which are analogous to human sensory cilia, such
as those present in olfactory neurons. Despite being dispensable
for survival, C. elegans cilia have key sensory functions that
modulate easily quantifiable animal behaviors in response to
environmental cues (Bae and Barr, 2008). These features make
C. elegans a powerful model to dissect the roles of dynein-2 sub-
units during IFT.

Although most dynein-2 core subunits have been identified
in C. elegans, clear homologues of WDR34 and WDR60 have re-
mained unknown (Vuolo et al., 2020). Here, we identify the C.
elegans WDR60 homologue, WDR-60, and dissect its contribu-
tion to ciliary recruitment of dynein-2 subunits, retrograde IFT,
and cilia-mediated behavior. Using CRISPR/Cas9-mediated
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genome editing, we tagged endogenous WDR-60 with GFP and
tracked its dynamics during IFT in cilia of sensory neurons. In
addition, we generated a strain expressing an SRPS patient-
equivalent WDR-60 truncation (McInerney-Leo et al., 2013)
that lacks the DHC2-binding B-propeller domain (Toropova
et al., 2019), and compared this mutant with a wdr-60(null)
mutant. We show that WDR-60 is mostly dispensable for axoneme
extension but is required for efficient loading of dynein-2 onto
anterograde IFT trains, for reaching maximum retrograde IFT
velocity, and for dynein-2 crossing of the TZ to exit cilia. By
targeting specific TZ components, we were able to facilitate
dynein-2 exit from WDR-60-deficient cilia, showing that
dynein-2 is unable to overcome the resistance offered by the
TZ barrier in the absence of WDR-60.

Results

WDR-60 is recruited to cilia in C. elegans sensory neurons and
undergoes IFT with kinetics similar to those of dynein-2 HC
We set out to identify the gene encoding the so-far un-
characterized homologue of WDR60 in C. elegans (Hou and
Witman, 2015; Vuolo et al., 2020). Through protein sequence
alignments, we found that the C27F2.1 gene in C. elegans encodes
the protein with the highest sequence homology to human
WDR60. Interestingly, C27F2.1 (hereafter referred to as wdr-60)
was one of the early candidate genes identified in a screen for
transcripts specific for ciliated sensory neurons (Blacque et al.,
2005). Like genes encoding for other dynein-2 subunits (Swoboda
et al., 2000), wdr-60 contains a predicted X-box sequence (Fig. S1
A), which is a target of the regulatory factor X (RFX)-like tran-
scription factor DAF-19 (Blacque et al., 2005).

To directly visualize and analyze the dynamics of the protein
encoded by wdr-60, we used genome editing to introduce the
coding sequence for a 3xFLAG::GFP tag at the endogenous wdr-
60 locus (Fig. S1 A). Similar to what has been described for
dynein-2 LIC and HC (Schafer et al., 2003; Wicks et al., 2000),
we found that WDR-60 expression is restricted to ciliated sen-
sory neurons. To better define the tissue-specific expression of
WDR-60, we performed the classic dye filling assay that takes
advantage of a lipophilic fluorescent dye (Dil) that is specifically
incorporated into ciliated sensory neurons that have their cilia
in contact with the environment. As a control, we used a GFP
knock-in strain of dynein-2 HC, GFP:CHE-3 (Yi et al., 2017). We
found that the expression pattern of WDR-60::3xFLAG::GFP is
identical to that of GFP::CHE-3 and perfectly matches the neu-
rons that take up dye (Fig. 1 A). While a large part of the signal is
detected in the soma and dendrites of these neurons, WDR-60 is
also found inside cilia, similar to what has been observed for
GFP::CHE-3 (Yi et al., 2017).

When analyzing WDR-60::GFP ciliary distribution in more
detail, we found that WDR-60 is particularly enriched at the
ciliary base, as is the case for GFP::CHE-3 (Fig. 1, B-E). Fur-
thermore, both subunits colocalize with dynein-2 LIC, XBX-1::
RFP (Vi et al., 2017). Next, we performed time-lapse imaging to
gain insight into WDR-60 dynamics (Video 1). We found that
both anterograde and retrograde frequencies (Fig. 1, F and G)
and velocities (Fig. 1, H-K) of WDR-60::GFP particles match
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Figure 1. WDR-60 expression is restricted to ciliated sensory neurons, where it has distribution and IFT kinetics similar to those of dynein-2 HC.
(A) Endogenously tagged WDR-60::3xFLAG::GFP is expressed in the same ciliated neurons that express dynein-2 HC (GFP::CHE-3). These are the same neurons
that incorporate the Dil lipophilic dye. The top illustration shows the relative localization of amphid and phasmid ciliated neurons in C. elegans. (B) Phasmid cilia
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coexpressing GFP:CHE-3 and XBX-1::RFP. (C) Quantification of GFP::CHE-3 signal intensity along cilia (n = 109 cilia). (D) Phasmid cilia coexpressing WDR-60::
3XFLAG::GFP and XBX-1::RFP. (E) Quantification of WDR-60::3xFLAG::GFP signal intensity along cilia (n = 101 cilia). (F) Cilium kymographs of GFP::CHE-3 and
WDR-60::3xFLAG::GFP. Single and merge channels for particles moving anterogradely and retrogradely are shown. (G) Mean IFT frequency of anterogradely
and retrogradely moving GFP::CHE-3 and WDR-60::3xFLAG::GFP particles per second (n > 22 cilia). (H and 1) Anterograde and retrograde velocities of GFP::
CHE-3 and WDR-60::3xFLAG::GFP particles along cilia. (J and K) Mean velocities for each cilium subcompartment (n > 430 particle traces were analyzed in > 8
cilia). B, cilium base; TZ, transition zone; MS, middle segment; DS, distal segment. XY velocity and intensity distribution graphs are shown as mean + SEM, and
graphs in columns are shown as mean + SD. Student’ t test was used to analyze the datasets in G, J, and K. Scale bars: 10 um (A); 2 um (B and D); vertical 5 s,

horizontal 2 um (F).

those of GFP::CHE-3. Furthermore, retrograde WDR-60::GFP
motility follows a triphasic model, as previously reported for
GFP::CHE-3 (Yi et al., 2017; Fig. 1, I and K). Together, these data
strongly support that C27F2.1/wdr-60 encodes for the C. elegans
WDR60 homologue, which undergoes IFT with kinetics that
resemble those of dynein-2 HC.

The B-propeller domain is important but not essential for
WDR-60 incorporation into cilia

To determine the importance of WDR-60 for dynein-2-mediated
IFT and cilia assembly, we first characterized WDR-60 levels and
distribution in two distinct wdr-60 mutants. We took advantage
of the available wdr-60 deletion allele tm6453 (Fig. S1 B), a null
mutation, and we engineered a wdr-60 allele that produces a
truncated form of WDR-60 specifically lacking the CT B-propeller
domain (ACT; Figs. S1 C and 2 A), required for dynein-2 HC
binding (Toropova et al., 2019). The wdr-60(ACT) mutant mimics a
truncating mutation found in an SRPS patient (WDR60: c.1891C>T;
p-Q631%; Mclnerney-Leo et al., 2013).

As endogenous labeling of WDR-60 did not alter IFT kinetics
(Fig. 1, G-K), we inserted the same 3xFLAG::GFP tag sequence in-
frame with the 3’ end of both wdr-60 mutants (Figs. S1 A and 2 A).
Together with the dye-filling assay, this allowed us to analyze the
overall integrity of cilia while comparing the neuronal localization
and relative levels of WDR-60 in wild-type and in each mutant
(Fig. S2, A and B). Interestingly, and in contrast to the null xbx-
1(0k279) LIC mutant, both wdr-60 mutants had all ciliated sensory
neurons stained with Dil, suggesting that sensory cilia can form
and take up dye. No GFP signal was detectable in sensory neurons
or in cilia of the wdr-60(tm6453) mutant, indicating that no WDR-
60 is produced in this strain. In contrast, the GFP signal in neurons
of the wdr-60(ACT) mutant was readily visible and overlapped
with the neuronal pattern of the dye (Fig. S2, A and B; and Fig. 2
B). Interestingly, the ciliary signal of WDR-60(ACT):GFP was
overall weaker than in controls (approximately threefold reduc-
tion; Fig. 2 C) but showed a similar distribution profile along the
axoneme, suggesting that a fraction of WDR-60(ACT) is able to
enter cilia and undergo IFT. Strikingly, although dynein-2 LIC
stabilizes the HC (Blisnick et al., 2014; Hou et al., 2004; Reck et al.,
2016; Taylor et al., 2015) and contributes to ciliary entry of dynein-
2 by directly interacting with IFT-B (Zhu et al., 2021), XBX-1 loss
did not significantly affect the ciliary recruitment of WDR-
60::GFP or WDR-60(ACT)::GFP (Fig. 2, B and C). However, it
did lead to the accumulation of both forms of WDR-60 inside
cilia, likely due to the complete block of retrograde IFT that
occurs in the xbx-1(null) mutant (Schafer et al., 2003; Yi et al.,
2017). We conclude that WDR-60 can be recruited to cilia inde-
pendently of dynein-2 LIC and HC subunits.
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Taking advantage of the 3xFLAG epitope in our tag, we per-
formed immunoblotting to determine whether the reduction in
ciliary levels of mutant WDR-60 reflected differences in overall
protein levels (Fig. 2 D). Given that no protein bands were de-
tectable in wdr-60(tm6453) worm extracts, we conclude that this
mutant strain is indeed a wdr-60 null. In contrast, the levels of
WDR-60(ACT)::GFP were comparable to those of full-length
WDR-60::GFP, indicating that the reduced ciliary recruitment
of WDR-60(ACT)::GFP is due to loss of the B-propeller rather
than a down-regulation of protein levels.

Disruption of WDR-60 reduces dynein-2 loading into cilia and
the kinetics of retrograde IFT
Loss of the dynein-2 LIC XBX-1 destabilizes the dynein-2 HC CHE-3,
completely abolishing its recruitment to cilia, blocking retrograde
IFT and, consequently, axoneme extension. The resulting cilia are
severely truncated and bulged (Schafer et al., 2003; Yi et al., 2017).
To directly assess the impact of WDR-60 disruption on cilia and
other dynein-2 subunits, we crossed the wdr-60 mutants with
knock-in strains of GFP::CHE-3/XBX-1:RFP (Yi et al., 2017) and an-
alyzed their ciliary recruitment and distribution. While both wdr-60
mutants were capable of assembling seemingly normal cilia (with
only a minor reduction in length in the wdr-60(null) mutant), we
observed a strong reduction in the total levels of ciliary GFP::CHE-3
(~40%; Fig. 3, A-C). Interestingly, we also found that the remaining
pool of WDR-60-deficient dynein-2 accumulated particularly near
the ciliary base (Fig. 3 D). Considering that GFP:CHE-3 levels were
not greatly altered in the soma of the ciliated phasmid neurons of
wdr-60 mutants (Fig, S2 C), these observations suggest that WDR-60
contributes to both recruitment and ciliary distribution of dynein-2.

To determine when these WDR-60-associated phenotypes
start manifesting and whether they vary with aging, we re-
peated our analysis of GFP::CHE-3 recruitment and distribution
in developing and post-adulthood animals. We found that, as
early as larval stage 2 in the wdr-60(null) mutant, ciliary levels of
GFP::CHE-3 were already reduced and its distribution altered,
albeit to a lesser degree than in young adults. This suggests that
WDR-60-associated dynein-2 phenotypes arise early on and
become progressively worse as the mutant animals develop (Fig.
S$3). In addition, we found that the abnormal distribution of
GFP::CHE-3 does not significantly change with age in wdr-
60(null) animals (7 and 18 days after adulthood; Fig. S3, C-H),
suggesting that there is no age-dependent suppression of these
WDR-60-associated phenotypes, in contrast to what has been
observed for some IFT mutants (Cornils et al., 2016).

To gain further insight into the importance of WDR-60 for
dynein-2 loading and dynamics inside cilia, we analyzed the IFT
kinetics of GFP:CHE-3 by time-lapse imaging (Fig. 3, E-H; and
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Figure 2. Truncation of the B-propeller domain reduces, but does not abolish, entry of WDR-60 into cilia. (A) Schematic representation of WDR-60
tagging with 3xFLAG::GFP in control, wdr-60(tm6453) null, and truncated wdr-60 knock-in strains: (1) full-length WDR-60, composed of an NT disordered region
and a CT B-propeller domain; (2) wdr-60(tm6453), predicted to be a null mutant; (3) wdr-60(ACT), expected to produce a protein composed of the WDR-60 NT
fused to the 3xFLAG::GFP tag (lacking the B-propeller). (B) Phasmid cilia of each wdr-60 knock-in strain as indicated. Yellow arrowheads indicate the ciliary
base. Note that no GFP signal is detected in the wdr-60(tm6453)::3xflag::gfp strain. Scale bar, 2 um. (C) Quantification of GFP signal intensity distribution along
the cilium in wdr-60 mutants shown in B (n > 55 cilia). Graph is shown as mean + SEM. (D) Western blot of extracts from wild-type and wdr-60 knock-in strains
using an anti-FLAG antibody. The predicted sizes are 105.6 kD for WDR-60::3xFLAG::GFP and 63.2 kD for WDR-60(ACT)::3xFLAG::GFP truncation. No signal is
detected in wdr-60(tm6453)::3xflag::gfp extracts, demonstrating that this is indeed a null strain. a-Tubulin was used as a loading control. Source data are

available for this figure: SourceData F2.

Video 2). While we found a small increase in the frequency of GFP:
CHE-3 particles moving in the anterograde direction in the wdr-
60(null) mutant, the number of particles in the retrograde direction
was significantly reduced in both mutants (~15%; Fig. 3 F). Im-
portantly, we found that both the loss of WDR-60 and the trunca-
tion of its B-propeller led to a strong reduction in the average
amount of GFP:CHE-3 transported on anterograde tracks (~67%;
Fig. 3 G). This establishes a role for WDR-60 in the loading of
dynein-2 onto anterograde IFT trains. Consistent with this, we
found that the intensity of GFP::CHE-3 moving on retrograde tracks
was significantly reduced in both wdr-60 mutants, suggesting that
each retrograde IFT train is being powered by fewer dynein-2 mo-
tors. In addition, while the velocity of anterograde trains carrying
GFP::CHE-3 remained similar to that of controls, we observed a
strong reduction in the velocity of GFP::CHE-3-driven retrograde
trains in both wdr-60 mutants (three- to fourfold; Fig. 3 H).
Taken together, these results show that loss of WDR-60 or
truncation of its B-propeller reduces the loading of dynein-2 HC
onto anterograde IFT trains, and consequently the pool of
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dynein-2 available at the tip of cilia to power retrograde IFT. In
agreement, fewer dynein-2 motors were present in particles
moving retrogradely, which may explain the reduced kinetics of
retrograde IFT in wdr-60 mutants and the inability of dynein-2 to
fully return to the ciliary base.

WDR-60 is required for efficient recycling of IFT components
and contributes to cilia-mediated behavior
To better understand the importance of WDR-60 in IFT, we ana-
lyzed fluorescently labeled subunits of the IFT-A/B complexes
(Fig. 4, A-F) and anterograde kinesins (Fig. S4, B and C). Measurements
of cilia expressing CHE-11:mCherry (IFT140) or IFT-74:GFP confirmed
the small but significant decrease in cilium length in the wdr-60(null)
mutant (Fig 4, A, B, D, and E). We note, however, that this minor defect
in axoneme extension is distinct from the severely shortened and
bulged cilia phenotype caused by XBX-1 loss (Fig. 4, A and D).

When analyzing the ciliary distribution of CHE-11::mCherry,
we found that this IFT-A component accumulated predominantly
near the ciliary base in both wdr-60 mutants (Fig. 4, A and C),
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Figure 3. wdr-60 mutants have reduced dynein-2 recruitment and incorporation into cilia, accompanied by impaired retrograde IFT. (A) Phasmid cilia
coexpressing GFP::CHE-3 and XBX-1:RFP. (B) Cilia length in wdr-60 mutants (n > 24 cilia). (C and D) Total signal intensity of GFP::CHE-3 from the base to the
tip of cilia (C) and relative distribution of GFP::CHE-3 along cilia (D; n > 88 cilia). (E) GFP::CHE-3 kymographs of phasmid cilia of the indicated strains. Single and
merge channels for particles moving anterogradely and retrogradely are shown. (F) Frequency of IFT particles detected at the distal segment of cilia (n > 20
cilia). (G) Quantification of the average intensity of GFP::CHE-3 particles moving on anterograde and retrograde tracks (n > 345 particle traces were analyzed in
>23 cilia). (H) Velocity of anterograde and retrograde GFP::CHE-3 particles in control and wdr-60 mutants (n = 300 particle traces were analyzed in >20 cilia).
XY intensity distribution graph is shown as mean + SEM, and graphs in columns are shown as mean + SD. One-way ANOVA followed by Dunnett’s, Holm-Sidak,
and Games-Howell multiple comparison were used to analyze the datasets in B, F, and G, respectively. Kruskal-Wallis test followed by Dunn’s multiple
comparison were used to analyze the datasets in C and H. **, P < 0.01; ****, P < 0.0001. Scale bars: 2 um (A); vertical 5 s, horizontal 2 pm (E).

similar to our observations with GFP:CHE-3. Interestingly, the reduced in both wdr-60 mutants (approximately threefold;
total levels of CHE-11:mCherry retained inside cilia were sub-  Fig. 4, G and H; and Video 3). In addition, the frequency of CHE-
stantially higher in the wdr-60(null) mutant when compared 1l::mCherry tracks was also significantly reduced in the retro-
with the wdr-60(ACT) mutant. grade direction (~16% lower in wdr-60 null cilia; Fig. 4 I).
Consistent with defects in dynein-2 function, we found that The IFT-B subunit IFT-74::GFP accumulated at multiple pla-
the retrograde velocity of CHE-11::mCherry was strongly ces along cilia in both wdr-60 mutants (Fig. 4, D and F; Fig. S4 A;
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Figure 4. wdr-60 mutants have reduced retrograde transport of IFT-A and IFT-B complexes and lower efficiency of cilia-mediated signaling. (A and
D) Phasmid cilia from control, wdr-60(null), wdr-60(ACT), and xbx-1(null) animals expressing CHE-11::mCherry (A) or IFT-74::GFP (D). (B and E) Cilia length
measured with CHE-11::mCherry (B) or IFT-74::GFP (E; n > 26 and n > 34 cilia, respectively). (C and F) Quantification of the average intensity of CHE-11::
mCherry (C) and IFT-74::GFP (F) along cilia (n = 42 and n > 66 cilia, respectively). (G) CHE-11::mCherry kymographs of phasmid cilia from the indicated strains.
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and Video 4), underscoring the importance of WDR-60 in dynein-
2-mediated transport of the IFT-B machinery to the ciliary base.
When analyzing the distribution of kinesins, we also observed cil-
iary accumulations for the kinesin-2-associated protein KAP-1 (KI-
FAP3) and, to a lesser extent, for the distal segment kinesin OSM-3
(KIF17) (Fig. S4, B and C). Altogether, these results show that loss of
WDR-60 greatly impairs removal of IFT components from cilia.

To determine the impact of wdr-60-associated IFT defects on
ciliary functions, we analyzed cilia-dependent behavior in our
mutant strains. We tested chemotaxis attraction to isoamyl al-
cohol (AI) and osmotic tolerance to high concentrations of
glycerol (Fig. 4, ] and K). Both wdr-60 mutants showed modest
defects in these assays, contrasting with the xbx-1(null) mutant,
in which chemotaxis attraction and osmotic tolerance is severely
compromised. These results suggest that although WDR-60
plays critical roles in dynein-2-mediated IFT, WDR-60-deficient
sensory cilia remain partially functional.

TZ integrity and gating function are maintained in wdr-60
mutants but not in the xbx-1 mutant

Given that dynein-2 and IFT-A components were recently shown to
be required for maintaining the TZ barrier (Jensen et al., 2018;
Scheidel and Blacque, 2018; Vuolo et al., 2018), we investigated
whether the integrity and gating capacity of the TZ are affected in
wdr-60 and xbx-1 mutants. We analyzed the localization of four TZ
components: TMEM-107, NPHP-4, MKS-6, and MKSR-1 (Jensen
et al., 2018; Lambacher et al., 2016; Prevo et al., 2015; Schouteden
et al., 2015; Williams et al., 2011). In agreement with what has been
reported for CHE-3 and IFT-A mutants (Jensen et al., 2018; Scheidel
and Blacque, 2018), we found that loss of XBX-1 results in ectopic
localization of these TZ components along the ciliary axoneme
(Fig. 5). In contrast, the localization of TZ components in wdr-60
mutants was indistinguishable from controls (Fig. 5), suggesting
that loss of WDR-60 does not affect the integrity of the TZ. To di-
rectly test the integrity and gating capacity of the TZ in wdr-60
mutants, we analyzed its ability to block the entry of RPI-2::GFP
(RP2), a component of the periciliary membrane compartment re-
stricted to the base of cilia (Jensen et al., 2018). While loss of XBX-
1 resulted in abnormal entry of RPI-2::GFP into cilia, no RPI-2::GFP
signal was detectable inside cilia in wdr-60 mutants (Fig. 5, C and D).
These results show that the loss of WDR-60 does not compromise
TZ integrity or its gating function in C. elegans. In addition, our
results uncover an important role for the dynein-2 LIC XBX-1 in
maintaining the TZ barrier, likely by stabilizing CHE-3.

WDR-60 is required for dynein-2 passage through the TZ to
exit cilia

To more precisely determine where the ciliary pool of dynein-
2 accumulates in wdr-60 mutants, we colabeled GFP::CHE-3 with
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markers specific for the ciliary base (mCherry::HYLS-1;
Schouteden et al., 2015) and for the TZ (MKS-6::mCherry;
Williams et al., 2011). In controls, GFP::CHE-3 mainly accumu-
lates at the ciliary base (Fig. 6 A) before entering cilia through
the TZ. In contrast, we found that GFP::CHE-3 accumulates
mostly at the distal side of the TZ in both wdr-60 mutants
(Fig. 6, B and C).

Recent studies have shown that retrograde trains slow down
as they cross the TZ, suggesting that this ciliary gate offers re-
sistance to the passage of retrograde IFT trains (Jensen et al.,
2015; Oswald et al., 2018; Prevo et al., 2015). Given that loss of
WDR-60 reduces the amount of dynein-2 driving retrograde
trains and impairs retrograde IFT velocity (Fig. 3), we hypoth-
esized that WDR-60-deficient retrograde trains may not be able
to generate enough force to push through the TZ barrier, and
are consequently unable to exit cilia. As removal of MKS-5
(RPGRIPIL), a key component for the assembly of all TZ struc-
tures, significantly increases the velocity of IFT trains moving in
the TZ region (Jensen et al., 2015), we reasoned that the exit of
WDR-60-deficient dynein-2 from cilia might be facilitated by
disrupting MKS-5. In agreement, we found that GFP::CHE-3 no
longer accumulated on the distal side of the TZ in the mks-
5(tm3100);wdr-60(null) double mutant (Fig. 7, A-D). Instead, the
GFP::CHE-3 distribution profile in this mutant was similar to
that observed in controls. This result further supports that ret-
rograde trains driven by dynein-2 are unable to efficiently cross
the TZ in wdr-60 mutants.

To better dissect which TZ modules restrict dynein-2 pas-
sage, we next examined GFP::CHE-3 distribution in wdr-60(null)
cilia after disrupting key components required for the assembly
of each TZ module. Removal of the MKS module by inhibiting
MKSR-2 (B9D2) or CEP-290 with the mksr-2(tm2452) or cep-
290(tm4927) mutations did not prevent the accumulation of GFP::
CHE-3 near the TZ region of wdr-60(null) cilia (Fig. 7, E and F;
and Fig. S5, A and B). In contrast, disrupting the NPHP module
with the nphp-4(tm925) mutation in the wdr-60(null) background
almost completely rescued GFP:CHE-3 accumulation at the
distal side of the TZ (Fig. 7, G and H). Joint disruption of NPHP-4
and MKSR-2 further enhanced this rescue effect (Fig. 7, L and J),
although we note that both cilia size and GFP::CHE-3 levels along
cilia were strongly reduced in the mksr-2(tm2452);nphp-4(tm925)
double mutant (Fig. 7 K; and Fig. S5, C and D). We conclude that
NPHP is the main module restricting the passage of under-
powered retrograde trains through the TZ in wdr-60(null) cilia.

Next, we tested whether disrupting the TZ could compensate
for more severe retrograde IFT defects, such as those caused by
a mutation in the microtubule-binding domain of CHE-3
(K2935Q), which completely blocks dynein-2 motility and leads
to severely truncated cilia (Yi et al., 2017). In contrast to the
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Figure 5. The integrity and gating function of the TZ are maintained in wdr-60 mutants but compromised in the xbx-1 mutant. (A) Analysis of
the localization of several components of the MKS (TMEM-107::GFP and MKS-6::mCherry) and NPHP (GFP::NPHP-4) modules of the TZ in phasmid cilia of the
indicated strains. (B) Quantification of MKS-6:mCherry signal intensity confined at the TZ and dispersed along cilia (n > 38 cilia). (C) Relative localization of the
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rescue that we observed earlier in the wdr-60(null) mutant
background, disrupting MKS-5, NPHP-4, or both MKSR-2/
NPHP-4, failed to prevent GFP:CHE-3(K2935Q) accumulation
inside cilia (Fig. 8, A-H). These results show that even the
complete removal of the TZ barrier is not sufficient to rescue
the accumulation of nonmotile dynein-2 inside cilia. Although
cilia size slightly increased in the absence of MKS-5 or NPHP-
4 (Fig. 8 I), none of the TZ mutants were able to restore an-
terograde IFT in animals expressing GFP:CHE-3(K2935Q)
(Fig. 8 ] and Video 5). Thus, IFT requires a minimum amount of
functional dynein-2 regardless of the state of the TZ barrier.

The NPHP modaule restricts dynein-2 movement through the
TZ

Next, we investigated whether the kinetics of WDR-60-deficient
dynein-2 were altered by the complete removal of the TZ barrier
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or by the loss of the NPHP module. Consistent with a previous
study (Jensen et al., 2015), we observed that loss of MKS-5 in-
creases both the anterograde and retrograde velocities of GFP::
CHE-3 particles in the TZ region (Fig. 9, A, C, and D; and Video
6). We also observed a similar, albeit more modest, increase in
IFT velocities at the TZ region in the nphp-4 mutant background.
Importantly, we found that loss of either MKS-5 or NPHP-4
increased the retrograde velocity of GFP::CHE-3 in the TZ region
of WDR-60-deficient cilia (Fig. 9, A, C, and D; and Video 7).
Interestingly, retrograde IFT velocity in the middle segment of
wdr-60(null) cilia also increased upon the removal of MKS-5 or
NPHP-4 (Fig. 9 C), suggesting that clearing the accumulated IFT
trains near the TZ allows for more steady buildup of retrograde
IFT velocities in these mutants. We note that IFT frequency was
not greatly affected by disruption of MKS-5 or NPHP-4 (Fig. 9 B),
suggesting that loss of the TZ barrier does not compromise the
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poorly understood mechanisms regulating the rate of IFT injection
into cilia. Altogether, these results further support that WDR-60
loss impairs dynein-2 passage through the TZ, and that the NPHP
module restricts dynein-2 exit from WDR-60-deficient cilia.

Discussion

WDR-60 is incorporated into cilia even in the absence of
dynein-2

Our data reveal that WDR-60 is specifically expressed in ciliated
sensory neurons in C. elegans and undergoes IFT with kinetics
similar to those reported for the dynein-2 HC (GFP::CHE-3; Yi
et al., 2017). Moreover, our findings indicate that WDR-60(ACT)
is robustly expressed, showing that the B-propeller is not re-
quired for WDR-60 stability. Interestingly, we find that the
WDR-60 NT on its own can be recruited to the ciliary base and
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incorporated into IFT trains, albeit less efficiently than full-
length WDR-60. Furthermore, dynein-2 HC destabilization
through XBX-1 loss resulted in WDR-60 and WDR-60(ACT) se-
questration inside cilia, indicating that WDR-60 can enter cilia
without dynein-2 but requires its activity in retrograde IFT to
exit. Thus, we conclude that the NT of WDR-60 can establish
links with other components of the IFT machinery to be incor-
porated into cilia in the absence of dynein-2. This is in agreement
with the weaker but persistent interaction between IFT-B com-
ponents and the human WDR60[Q631*] truncation lacking the
DHC2-binding B-propeller domain (Vuolo et al., 2018).

WDR-60 is required for efficient IFT recycling and contributes
to cilia-mediated behavior

Two recent studies in human cells showed that WDR60 loss
leads to the misplacement of IFT and signaling particles in cilia
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Figure 7. Disruption of specific TZ components rescues dynein-2 accu-
mulation inside cilia of wdr-60 mutants. (A, C, E, G, and 1) Representative
examples of phasmid cilia of the indicated wdr-60 and TZ mutant genotypes,
expressing GFP::CHE-3. (B, D, F, H, and J) Relative distribution of GFP::CHE-3
signal intensity along cilia. The purple dashed line represents the data from
the wdr-60(null) in B. Gray rectangles highlight the TZ, as previously defined.
n = 108 cilia for B, n = 74 cilia for D, n = 42 cilia for F, n = 80 cilia for H,and n =
64 cilia for J. XY intensity distribution graphs are shown as mean + SEM.
(K) Length of the cilia analyzed in B, D, F, H, and J from the same color-coded
genotypes indicated in A, C, E, G, and . Loss of WDR-60 combined with TZ
mutations always resulted in a slight decrease of cilia length relative to the
respective TZ mutant control. Graph is shown as mean + SD. Mann-Whitney
U test was used to analyze each pair of datasets. **, P < 0.0L; **** P <
0.0001. Scale bars: 2 um.
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Figure 8. Complete loss of dynein-2 motility results in ciliary accumu-
lations even when the TZ barrier is completely disrupted. (A, C, E, and
G) Representative examples of phasmid cilia of the indicated TZ mutant
genotypes, expressing wild-type GFP:CHE-3 or the nonmotile GFP:CHE-
3(k2935Q). (B, D, F, and H) Relative distribution of GFP:CHE-3(K2935Q)
signal intensity along cilia, in control and TZ mutant backgrounds. The gray
dashed line represents the data from the GFP::CHE-3(K2935Q) mutant in B.
Gray rectangles highlight the TZ, as previously defined. n > 105 cilia for B, n >
104 cilia for D, n = 80 cilia for F, and n > 86 cilia for H. XY intensity distribution
graphs are shown as mean + SEM. (I) Length of GFP::CHE-3(K2935Q) mutant
cilia analyzed in B, D, F, and H, with the same color-coded genotypes as
indicated. Graph is shown as mean + SD. Kruskal-Wallis test followed by
Dunn’s multiple comparison were used to analyze these datasets. *, P < 0.05;
** P < 0.01 (J) Cilia and the respective kymographs from the specified strain
genotypes. No anterograde or retrograde IFT was detectable in the GFP:
CHE-3(K2935Q) mutant, not even in combination with the disruption of MKS-
5 or NPHP-4. Scale bars: 2 pm (A, C, E, and G); vertical 5 s, horizontal 2 pm ().
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Figure 9. Disruption of NPHP-4 is sufficient to increase the velocity of WDR-60-deficient dynein-2 through the TZ region. (A) GFP::CHE-3 kymo-
graphs of phasmid cilia from the indicated strains. Single and merge channels for particles moving anterogradely and retrogradely are shown. Arrowhead labels
the base, and white dashed line marks the limit of the TZ region (1 um). Scale bars: vertical 5 s, horizontal 2 um. (B) Frequency of IFT particles detected at the
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distal segment of cilia for each represented strain (n > 23 cilia). (C) GFP::CHE-3 velocity moving in the anterograde and retrograde direction along the cilia of the
indicated genotypes (n > 345 particle traces were analyzed in »23 cilia for each strain). Gray rectangles highlight the TZ, as previously defined. (D) Average
velocity of GFP::CHE-3 crossing the TZ region of the same cilia analyzed in C, for each indicated genotype. XY velocity graphs are shown as mean + SEM, and
graphs in columns are shown as mean + SD. One-way ANOVA followed by Sidak and the Holm-Sidak multiple comparisons were used to analyze the datasets

in B and D, respectively. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.

without greatly affecting axoneme extension (Hamada et al.,
2018; Vuolo et al., 2018). Remarkably, in spite of the strong
defect in retrograde IFT, we show that the wdr-60(null) mutant is
still capable of building nearly full-length cilia in C. elegans,
similar to what was observed in WDR60 knockout (KO) human
cells (Vuolo et al., 2018). We also show that WDR-60-deficient
cilia are at least partially functional in chemotaxis and osmotic
tolerance assays, contrasting with the strong behavioral defects
exhibited by the xbx-1(null) mutant, which assembles severely
shortened cilia. The mild chemotaxis and osmotic defects that
we observe in wdr-60 mutants likely mirror the signaling defects
underlying WDR60-associated SRPS (Cossu et al., 2016; Kakar
et al., 2018; Mclnerney-Leo et al., 2013).

We find that WDR-60 disruption results in accumulation of
IFT-74, CHE-11 (IFT140), and the kinesin-2 subunit KAP-1 inside
cilia. However, we also show that WDR-60 disruption has dif-
ferent effects on the distribution profile of these IFT components
along cilia: IFT-74 (IFT-B) levels peak at the tip and in the
middle-to-distal-segment transition (both regions containing
microtubule plus ends), while CHE-11 (IFT-A) and KAP-1 levels
peak closer to the ciliary base and the TZ region, which is similar
to the distribution profile of the dynein-2 motor itself. This
suggests that some IFT subunits might be less efficiently in-
corporated into retrograde IFT trains in WDR-60-deficient cilia.
In agreement with this, similar differences in IFT component
distribution can be discerned in prior studies using WDR60 KO
human cells: IFT88 (IFT-B) accumulates inside their cilia,
peaking mostly at the tip, while the peak levels of accumulated
IFT140 and IFT43 (both IFT-A) are found closer to the ciliary
base (Hamada et al., 2018; Tsurumi et al., 2019; Vuolo et al.,
2018).

Interestingly, our results suggest that the WDR-60 NT retains
residual activity in IFT, as the accumulation of IFT-A/B particles
inside cilia is less pronounced for the wdr-60(ACT) mutant
than for the wdr-60(null) mutant. This is consistent with what
was observed in WDR60 KO rescue experiments with an
equivalent WDR60 B-propeller truncation construct (WDR60
[Q631*]; Vuolo et al., 2018). Apart from the less pronounced
IFT accumulations, the loss of the WDR-60 B-propeller leads to
defects in dynein-2 incorporation, retrograde IFT kinetics,
and cilia-mediated behavior that are similar to those observed
upon the complete loss of WDR-60. Thus, our results show
that the WDR-60 B-propeller is critical for dynein-2 function.

Normal TZ integrity and gating function in the absence of
WDR-60

A recent study uncovered that the dynein-2 HC CHE-3 is nec-
essary for the stability and gating functions of the TZ (Jensen
et al., 2018). Consistent with this, we show that loss of the
dynein-2 LIC XBX-1 also impairs the integrity and gating
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functions of the TZ barrier. In a recent study, Vuolo et al. (2018)
observed mislocalization of the TZ components TMEM67 and
RPGRIPIL (MKS-5 orthologue) in a subset of human RPEI
WDR60 KO cells. In contrast, we do not observe any defects in
TZ integrity and gating function in wdr-60 mutants, as judged by
the correct localization of multiple TZ components and the
complete RPI-2 exclusion from their sensory cilia. We therefore
conclude that the integrity and function of the TZ barrier are
maintained in the absence of WDR-60 in C. elegans. The differ-
ence in TZ susceptibility to WDR60 loss may arise from the
variations in TZ structure observed between different types of
cilia (Akella et al., 2019; Jana et al., 2018) or from potential dif-
ferences in the minimal threshold of dynein-2 function required
for maintaining TZ integrity in each model system.

Disruption of WDR-60 reduces dynein-2 loading into cilia and
the kinetics of retrograde IFT

Prior studies reported that WDR60 loss resulted in the complete
disappearance of dynein-2 LIC from the base and axoneme of
cilia (Hamada et al., 2018; Vuolo et al., 2018), but no detectable
difference was observed in the recruitment of the dynein-2 HC
to the ciliary base (Vuolo et al., 2018). Our analyses of endoge-
nously labeled dynein-2 HC and LIC in C. elegans reveals that
both subunits still colocalize inside WDR-60-deficient cilia.
Importantly, the efficiency of dynein-2 HC recruitment to cilia is
substantially decreased in the absence of WDR-60 or its dynein-
2-binding B-propeller domain. Given that dynein-2 HC levels in
the soma of ciliated sensory neurons are not greatly altered by
the loss of WDR-60, our results argue that WDR-60 directly
contributes to dynein-2 recruitment to cilia rather than having a
significant role in dynein-2 HC stabilization, as is the case for
dynein-2 LIC (Taylor et al., 2015; Toropova et al., 2019).

A recent structural study revealed that binding of the
WDR60-WDR34 heterodimer contributes to the asymmetric
conformation of the autoinhibited dynein-2 complex, and this
was proposed to facilitate dynein-2 incorporation onto antero-
grade IFT trains (Toropova et al., 2017; Toropova et al., 2019).
Our quantifications of dynein-2 HC (GFP::CHE-3) signal on an-
terograde tracks inside wdr-60 mutant cilia provide the first
direct evidence for this model in vivo. This conclusion is sup-
ported by the observation that the reduction in dynein-2 loading
onto anterograde trains (approximately threefold) is even greater
than the reduction in dynein-2 recruitment to cilia (approximately
twofold) in wdr-60 mutants.

Intriguingly, the observation that a fraction of dynein-2 mo-
tors still become incorporated onto anterograde IFT trains in-
dicates that WDR-60 is not the only link that dynein-2 can
establish with anterograde trains. This conclusion is further
supported by the recent report of a direct interaction between
dynein-2 LIC and IFT54 of the IFT-B complex (Zhu et al., 2021)
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and by cryo-EM data suggesting that the main contacts between
anterograde IFT trains and dynein-2 motors may also involve
the HC (Toropova et al., 2019).

Although less dynein-2 reaches the cilium tip to then power
retrograde IFT, we find that the frequency of retrograde IFT is
only mildly affected in the absence of WDR-60. Taken together
with the observation that dynein-2 does not accumulate at the
ciliary tip, this result argues that WDR-60 is dispensable for
dynein-2 activation and the start of retrograde IFT.

Underpowered retrograde IFT trains fail to push through the
TZ barrier to exit cilia in wdr-60 mutants

Emerging evidence points to an important interplay between
IFT-A and the BBSome in regulating the traffic of G protein-
coupled receptors in and out of cilia across the TZ, in part by
coupling the receptors to IFT trains (reviewed in Nachury and
Mick, 2019). As a dense gating structure, the TZ has been shown
to slow down the passage of motor-powered IFT trains, sup-
porting the notion that this physical barrier offers substantial
resistance to the passage of IFT trains (Jensen et al., 2015; Oswald
et al., 2018; Prevo et al., 2015). However, little is known about
the mechanisms that enable the IFT machinery to pass through
the TZ barrier.

Our live imaging analysis shows that WDR-60-deficient
retrograde IFT trains are driven by fewer dynein-2 motors, at
severely reduced velocity, and accumulate at the distal side of
the TZ. We propose that the accumulation of these underpow-
ered IFT trains reflects their inability to push through the TZ
barrier (Fig. 10). Additional lines of evidence support a model in
which a force production threshold needs to be met for retro-
grade IFT to cross the TZ barrier: (a) in experiments using pu-
rified “untrapped” dimers of GST-dynein-2 motor domains,
maximum microtubule gliding velocity can be achieved only
after a certain dynein-2 concentration is reached (Toropova
et al, 2017); (b) the same study showed that DNA origamis
mimicking IFT trains were transported less efficiently (less
processive runs) when attached to three untrapped dynein-2 mo-
tor dimers than when attached to seven dimers (Toropova et al.,
2017); (c) the cooperative action of multiple dynein-2 motors in
retrograde IFT has been shown to be capable of generating con-
siderable forces (225 pN) to move against resisting loads (Roberts,
2018; Shih et al., 2013); and (d) we show in this study that re-
moving the resistance offered by the TZ rescues the exit of the
underpowered retrograde IFT trains driven by fewer dynein-
2 motors in wdr-60 mutants.

Our findings are also consistent with the “motorized plough”
model, which posits that dynein-2 motors remove IFT trains and
their cargoes out of the cilium by dragging them while pushing
through the TZ barrier (Nachury and Mick, 2019). We note,
nonetheless, that we cannot fully exclude the possibility that
WDR-60 might also contribute in other ways to retrograde IFT
or ciliary exit.

The NPHP module offers resistance to dynein-2 passage
through the TZ

Our results reveal that disrupting MKS-5, the most upstream TZ
assembly factor, can rescue the exit of underpowered retrograde
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IFT trains from wdr-60(null) cilia. We then dissected which TZ
modules offer resistance to dynein-2 exit by targeting their re-
spective upstream components. We find that removal of the
NPHP module by disrupting NPHP-4 almost completely rescues
the exit of WDR-60-deficient dynein-2 from cilia, while the loss
of the MKS module by disrupting MKSR-2 or CEP-290 did not.
Given that previous studies showed that the recruitment of
NPHP-4 and the assembly of the NPHP module are unaffected by
the loss of either CEP-290 or MKSR-2 (Blacque and Sanders,
2014; Li et al., 2016; Schouteden et al., 2015), our findings sup-
port a pivotal role for the NPHP module in restricting dynein-2
passage through the TZ. Interestingly, in addition to disrupting
the assembly of the NPHP module, NPHP-4 loss has also been
shown to reduce the number of Y-links and their densities
(Jensen et al., 2015; Lambacher et al., 2016). However, addi-
tional experimental work will be required to directly deter-
mine whether Y-links themselves influence the passage of IFT
trains through the TZ.

Consistent with an important role for NPHP-4 and the NPHP
module in restricting dynein-2 crossing of the TZ, studies in
C. elegans and Chlamydomonas have shown that NPHP4 loss
weakens and permeabilizes the TZ barrier, allowing entry of
normally excluded cytoplasmic proteins and reducing the re-
tention of ciliary proteins (Awata et al., 2014; Jauregui et al.,
2008; Williams et al., 2011). In agreement with this, we find
that removal of NPHP-4 increases the velocity of both antero-
grade and retrograde IFT trains crossing the TZ roadblock,
particularly improving the retrograde velocity of underpowered
WDR-60-deficient trains exiting cilia. This effect was even
comparable with the increased IFT velocity in the TZ region that
results from the disruption of MKS-5 in wdr-60(null) cilia. This
supports the idea that even though NPHP-4 loss does not impair
the TZ to the same extent as MKS-5 inhibition, it considerably
reduces the resistance offered to IFT trains crossing the TZ
barrier.

Interestingly, our results also indicate that even the complete
removal of the TZ barrier is not sufficient for clearing out
nonmotile CHE-3(K2935Q) dynein-2 from cilia. This finding
implies that, although reduced, dynein-2 motors powering
WDR-60-deficient retrograde IFT trains make an important
contribution to the rescue observed upon disruption of the TZ
barrier.

Taken together, our results provide direct evidence that the
NPHP module of the TZ offers resistance to the passage of
dynein-2-driven IFT trains and strongly support that dynein-
2 motors need to reach a minimal force-generating threshold
to power passage of retrograde trains through the TZ barrier to
exit cilia.

Materials and methods

C. elegans maintenance and strain generation

C. elegans strains were maintained at 20°C on standard nematode
growth medium (NGM) plates seeded with Escherichia coli OP50
bacteria and crossed using standard procedures (Brenner, 1974).
Hermaphrodite worms were used in all assays. Mutant geno-
typing was performed by standard PCR. The wdr-60 locus was
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Figure 10. Model for how WDR-60 contributes to efficient dynein-2-mediated retrograde IFT, and the crossing of the TZ to recycle the IFT ma-
chinery. (A) In wild-type C. elegans cilia, kinesin motors carry dynein-2 as a cargo on anterograde IFT trains across the TZ to enter the cilium compartment and reach the
ciliary tip. After rearrangement, dynein-2 transports trains in the retrograde direction, crossing the TZ barrier to return them to the base of the cilium, so they can be
recycled. (B) In the absence of WDR-60, less dynein-2 is recruited and loaded onto anterograde IFT trains to be incorporated into cilia. Consequently, fewer dynein-
2 motors are available at the ciliary tip to power the newly rearranged retrograde trains. These underpowered dynein-2-driven trains move at slower velocities and tend
to accumulate at the distal side of the TZ, unable to generate enough force to cross this barrier. (C) Disrupting the NPHP module reduces the resistance offered by the TZ
to the passage of IFT trains, facilitating the exit of retrograde IFT to the cilium base and compensating for the less efficient WDR-60-deficient dynein-2 trains.

engineered by CRISPR-Cas9 using germline microinjection of Cas9
and specific gRNA-expressing (5'-GACAAACGCAATTCGCAGA-3'
and 5'-TGTTCTAGAAGATCCCGCG-3') constructs, supplemented
with homology templates consisting in DNA oligonucleotides or
large DNA fragments partially single stranded (Dokshin et al.,
2018). The presence of the desired alleles was confirmed by
PCR-based genotyping. New strains were outcrossed four to six
times to ensure the absence of potential CRISPR-Cas9 off-target
mutations. C. elegans strains and primers used in this study are
listed in Table S2 and Table S3, respectively.

Fluorescence imaging
All imaging was performed using young adult hermaphrodite
worms, with the exception of the aging experiments, in which
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animals at larval stage 2 and 7/18 days after adulthood were also
imaged for comparison. All animals used for imaging were im-
mobilized using 5-10 mM levamisole and were placed on a 5%
agarose pad mounted on a microscope slide.

Cilia imaging to generate signal-intensity distribution pro-
files was performed using an Axio Observer microscope (Zeiss)
equipped with a Plan-Apochromat 63x/1.46 NA oil objective lens
and an Orca Flash 4.0 camera (Hamamatsu) and controlled by
Zen software (Zeiss). Z-stacks were acquired with 0.4 pm be-
tween each z-section.

Time-lapse imaging of IFT was performed using an Olympus
1X81 inverted microscope coupled to an Andor Revolution XD
spinning disk confocal system composed of an iXonEM+ DU-897
with 2x port coupler camera (Andor Technology), a solid-state
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laser combiner (ALC-UVP 350i; Andor Technology), and a CSU-
X1 confocal scanner (Yokogawa Electric Corp.), controlled by
Andor 1Q3 software (Andor Technology). 200 frames were re-
corded for each phasmid cilium at 3 frames/s (333 ms per frame)
using an UPLSAPO 100x/1.40 NA oil objective lens. All imaging
was performed in temperature-controlled rooms kept at 20°C.

Image processing and analyses of live IFT

Z-stack and time-lapse series were processed and analyzed with
Fiji software (Image]J v2.0.0-rc-56/1.52 p). Fluorescence signal of
ciliary components (such as IFT-74::GFP, CHE-11::mCherry, and
GFP::CHE-3) were used to measure the length of cilia in wild-
type and mutant strains from the center of the base to the ciliary
tip. The profile of IFT particle distribution was determined along
cilia using fluorescently labeled IFT markers. The signal inten-
sity of each pixel was measured from the base to the tip of each
cilium, and the relative signal distribution of particles was de-
termined. When indicated, signal intensity values of each profile
were normalized to their point of maximum intensity to facili-
tate comparison between profiles from different mutant com-
binations, and in these instances the total signal from base to tip
was also determined and plotted separately.

Kymographs were generated in Image] (National Institutes of
Health) using the KymographClear toolset plugin (v2.0; Mangeol
etal., 2016). To ensure the quality of the data used to analyze IFT
dynamics, only cilia without severe malformations and com-
pletely visible in single stable focal planes were used to generate
kymographs. KymographDirect software (v2.1; Mangeol et al.,
2016) was used to analyze IFT dynamics, which takes into ac-
count background and bleaching automatically and is able to
distinguish and separate anterograde from retrograde IFT. An-
terograde tracks of individual IFT particles along the whole
cilium length were automatically detected by the program as
done in Mijalkovic et al. (2017) and validated. Given the severity
of the retrograde IFT phenotypes in wdr-60 mutants, the pro-
gram was unable to robustly detect the retrograde tracks of IFT
particles. To account for that, all retrograde tracks (both in
mutants and in controls) had to be drawn manually. Continuous
IFT tracks drawn in the prior step were then used to automat-
ically determine IFT velocities at different positions along cilia
with KymographDirect. When average velocities were calcu-
lated for particular subregions of the axoneme, they were sub-
grouped as follows: TZ (0-1 pm), middle segment (1-4.5 pm),
and distal segment (4.5 um to ciliary tip).

To determine the frequency of anterograde and retrograde
IFT events (data in Figs. 1 G, 3 F, 41, and 9 B), we employed the
approach used in Mijalkovic et al. (2017). A vertical straight line
was drawn to cross the same position at the ciliary distal seg-
ment of each anterograde or retrograde kymograph. The line
drawn on each kymograph was then used to generate an in-
tensity profile plot, which allowed to score the number of IFT
events in either direction by counting the number of intensity
spikes. This quantification reflects the number of distin-
guishable GFP::CHE-3 particles that move in either direction
over time.

The average signal intensities of anterogradely or retro-
gradely moving GFP::CHE-3 particles were determined using
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KymographDirect as in Mijalkovic et al. (2017). The software
automatically measured the intensity of all pixels composing
each IFT track, including the retrograde tracks that had to be
drawn manually, as mentioned above. The pixel values were
then averaged to provide a single intensity value, representative
of each individual track. Each point of GFP::CHE-3 intensity
plotted in Fig. 3 G corresponds to the average of all of the tracks
(a minimum of 15) from a single cilium, for either anterograde or
retrograde IFT. At least 15 cilia were used per strain to determine
the average GFP:CHE-3 intensity particles moving in either
direction.

Dye filling

A stock solution containing 8 mg/ml of Dil (1,1'-dioctadecyl-
3,3,3',3-tetramethylindocarbocyanine perchlorate) in dimethyl
formamide was prepared in advance and stored at -20°C. One
confluent but not starved plate of worms from the strain to be
tested was grown for each experiment, and a fresh dilution of Dil
solution at 2.5 pg/ml was prepared in M9 (86 mM NaCl, 42 mM
Na,HPO,, 22 mM KH,PO,, and 1 mM MgSO,) and kept in the
dark covered with aluminum foil. Worms were collected and
washed in M9 and incubated in 500 pl of working Dil solution
for 1h at room temperature in the dark, with occasional flipping
of the tubes. After washing in M9, worms were placed on an
NGM seeded plate for 3 h at 20°C to further reduce the back-
ground of ingested dye. The neuronal uptake of dye was then
examined using the Axio Observer microscope as described
above. At least 20 adult hermaphrodite worms were examined
for each strain in 22 independent experiments.

Chemosensing assays

Chemotaxis to IA, an attractant compound, was assessed using
150-200 well-fed synchronized adult worms grown at 20°C per
assay, following the guidelines of Bargmann et al. (1993). Briefly,
worms were washed three times in CTX buffer (1 mM CaCl,,
1 mM MgSO,, and 5 mM KH,PO,, pH 6.0) and placed on a 10-cm
CTX plate without bacteria, at the starting/origin point. This
origin point was set to be at the edge of the plate, equidistant to
10% IA attractant (in absolute ethanol) and vehicle (absolute
ethanol) regions, which were drawn at opposite ends of the
plate. Before adding 10 pl of 10% IA to the attractant site and
10 pl of 100% ethanol (solvent) to the control site, a solution of
1 M sodium azide (NaN;) was added to these two points. The
sodium azide serves to immobilize any worms that reach the
attractant or vehicle (control) regions, preventing them from
moving away. After being placed at the origin point, worms
were allowed to freely explore the plate for 1 h at 20°C, after
which their localization and chemotaxis index was determined.
The chemotaxis index can vary from 1.0 to -1.0 and was calcu-
lated as follows: Chemotaxis index = (number of worms at the
attractant site - number of worms at the control site) / total
number of worms.

Osmotic avoidance assay

Osmotic avoidance assays were performed on NGM nonseeded
plates at room temperature (~20°C), following the guidelines of
Sanders et al. (2015). Each repeat was performed using five
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young adult hermaphrodite worms of each strain isolated before
the experiment. Worms were placed inside a glycerol ring with a
diameter of ~1 cm, freshly prepared with a tube dipped in a 59%
glycerol solution. Worm behavior was immediately monitored
for 10 min to determine whether they avoided crossing the
glycerol ring. Worms that left the ring or stayed in contact with
its glycerol border for >20 s were classified as escapers. Wild-
type and xbx-1(null) worms were used as controls.

Immunoblotting

For immunoblots of C. elegans extracts, four plates of hermaph-
rodites reaching confluence were collected and washed three
times in M9, and the worm pellet was resuspended in an equal
volume of 4x SDS-PAGE sample buffer (250 mM Tris-HCI, pH 6.8,
30% [vol/vol] glycerol, 8% [wt/vol] SDS, 200 mM DTT, and 0.04%
[wt/vol] bromophenol blue). The worm suspension in sample
buffer was supplemented with ~20 pl of glass beads, incubated for
5 min at 95°C, and vortexed for an additional 5 min. After boiling
and vortexing twice, samples were centrifuged at 20,000 g for
1 min at room temperature, and supernatants were collected. 20%
of each sample was loaded and resolved on a 10% SDS-PAGE
gel and transferred to 0.2-pm nitrocellulose membranes (GE
Healthcare). Membranes were rinsed in PBS (137 mM NaCl,
2.7 mM KCl, 8.1 mM Na,HPO,, and 1.47 mM KH,PO,) supple-
mented with 0.1% Tween-20 (PBS-T, pH 7.4), and then blocked
with 5% (wt/vol) nonfat dry milk in PBS-T for 1 h. Subsequently,
membranes were incubated with mouse anti-FLAG M2 antibody
(1:500; Sigma-Aldrich) or mouse anti-a-tubulin B512 antibody (1:
5,000; Sigma-Aldrich) overnight at 4°C. On the following day,
membranes were washed three times in PBS-T for 10 min each.
Membranes were then incubated with secondary antibodies
coupled to HRP (1:10,000; Jackson ImmunoResearch) for 1 h at
room temperature and washed three times in PBS-T for 5 min
each. Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific) was added to membranes to visualize proteins by
chemiluminescence using x-ray film or a Chemidoc station
(Bio-Rad). Each immunoblot was repeated several times using
samples from independent experiments. The predicted protein sizes
were based on the NCBI WDR-60 sequence (NP_001367569.1).

Data analyses and statistics

Statistical analyses of datasets were performed using GraphPad
Prism software (v8). For the majority of the experiments, 20
worms from different plates were examined for each strain, in
at least three independent experiments. Shapiro-Wilk and
Kolmogorov-Smirnov normality tests were performed to de-
termine whether sample groups followed Gaussian dis-
tributions, which dictated the choice between the use of
parametric or nonparametric statistical tests. One-way ANOVA,
followed by comparison of the mean of each experimental group
with the mean of the control group, was used to analyze
parametric datasets; otherwise, we used the nonparametric
Kruskal-Wallis test. Follow-up multiple comparison tests were
selected according to GraphPad Prism software suggestions. For
single-comparison statistical analyses of parametric datasets,
the two-tailed Student’s t test was used, while the two-tailed
Mann-Whitney U test was used for nonparametric data.
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Differences were considered significant at P values <5% (*, P <
0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001). XY ve-
locity and intensity distribution graphs are shown as mean +
SEM. Graphs in columns are shown as mean + SD.

Online supplemental material

Fig. S1 shows a schematic of the C27F2.11ocus organization in the
C. elegans genome and the strategies used to generate wdr-60
mutants and the 3xFLAG::GFP knock-in. Fig. S2 shows that
WDR-60::3xFLAG::GFP expression is restricted to ciliated sen-
sory neurons; it also shows the average GFP::CHE-3 intensity in
soma of phasmid sensory neurons of control and wdr-60 mu-
tants. Fig. S3 shows the analyses of WDR-60-associated pheno-
types at different stages of development and aging. Fig. S4 shows
kymographs illustrating IFT-74::GFP kinetics in wdr-60 mutants
and the ciliary distribution profile for KAP-1 and OSM-3. Fig. S5
shows the levels of ciliary GFP:CHE-3 in the mutant back-
grounds of wdr-60 and disrupted TZ components, and that the
GFP::CHE-3 accumulation at the distal side of the TZ associated
with WDR-60 loss is not ameliorated in the cep-290(tm4927)
mutant background. Table S1 contains the nomenclature of C.
elegans proteins that are mentioned in the text, and their cor-
responding homologues or orthologues in humans. Table S2
contains the list of strains used in this study. Table S3 contains
the list of primers used in this study. Video 1 shows GFP::CHE-3 and
WDR-60::GFP undergoing IFT in C. elegans phasmid cilia. Video
2 shows the dynamics of GFP:CHE-3 in C. elegans phasmid cilia
from control and wdr-60 mutants. Video 3 shows the dynamics of
CHE-11:mCherry in C. elegans phasmid cilia from control and wdr-
60 mutants. Video 4 shows the dynamics of IFT-74::GFP in C. elegans
phasmid cilia from control and wdr-60 mutants. Video 5 shows the
dynamics of GFP:CHE-3(K2935Q) in C. elegans phasmid cilia from
control, mks-5(tm3100), and nphp-4(tm925) strains. Video 6 shows
the dynamics of GFP::CHE-3 in C. elegans phasmid cilia from control,
mks-5(tm3100), and nphp-4(tm925) strains. Video 7 shows the dy-
namics of GFP::CHE-3 in C. elegans phasmid cilia from wdr-60(null),
wdr-60(null);mks-5(tm3100), and wdr-60(null);nphp-4(tm925) mutants.
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Figure S1. Schematic of the C27F2.1 locus organization in the C. elegans genome. Related to Figs. 1 and 2. Predicted wdr-60 exons (in gray boxes), including
the start and stop codons, and the X-box motif according to Blacque et al. (2005). (A) Knock-in insertion of the ::3xflag::gfp sequence at the 3’ end of the wdr-60
genomic sequence (in-frame with the WDR-60 coding sequence). (B) Representation of the wdr-60(tm6453) null allele. (C) Representation of the wdr-60(ACT)
allele (also named dan1(A1498-4125 bps)) corresponding to a WDR-60 truncation of the C-terminal B-propeller domain (A288-668 aa).
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Figure S2. WDR-60::3xFLAG::GFP expression is restricted to ciliated sensory neurons. Related to Figs. 2 and 3. (A and B) Endogenously tagged WDR-60::
3XFLAG::GFP and WDR-60(ACT)::3xFLAG::GFP are expressed in the same amphid (A) and phasmid (B) ciliated neurons that incorporate the Dil lipophilic dye (in
red). The wdr-60(null)::3xflag::gfp strain has no detectable GFP signal in its neurons; however, they are still able to take up the Dil dye. Scale bars: 10 um. DIC,
differential interference contrast. (C) GFP::CHE-3 intensity in soma of phasmid sensory neurons of untagged wdr-60 mutants (n > 45 somas). Graph is shown as
mean + SD. Kruskal-Wallis test followed by the Dunn’s multiple comparison were used to analyze these datasets. *, P < 0.05.
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Figure S3. WDR-60-associated phenotypes become worse as the animals develop to adulthood and do not improve with aging. Related to Fig. 3.
(A, C, E, and G) GFP::CHE-3-expressing phasmid cilia of wild-type and wdr-60(null) mutants at several stages of development and aging. L2, larval stage
2 worms; YA:young adult worms; 7d, worms 7 days after reaching adulthood; 18d, worms 18 days after reaching adulthood. Scale bars: 2 um. (B, D, F, and H)
Corresponding distribution of GFP::CHE-3 signal intensity along cilia. Gray rectangles highlight the TZ, as previously defined. n = 77 cilia for B, n > 95 cilia for D,
n > 113 cilia for F, and n > 110 cilia for H. XY intensity distribution graphs are shown as mean + SEM. (1) Column graph showing GFP::CHE-3 total intensity from
the base to the tip of cilia from wild-type and wdr-60(null) mutants analyzed in B, C, F, and H. Graph is shown as mean + SD. Mann-Whitney U test was used to
analyze these datasets. **, P < 0.0, ****, P < 0.0001.
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Figure S4. Loss of WDR-60 results in a severe accumulation of KAP-1 near the base of cilia but only has a modest effect on the distribution of
OSM-3. Related to Fig. 4. (A) IFT-74::GFP kymographs of a phasmid cilia from control and wdr-60(null) worms. Single channels of particles moving ante-
rogradely and retrogradely are shown, together with their respective merge. (B) Examples of phasmid cilia from control and wdr-60(null) worms expressing
KAP-1::GFP and quantification of the signal intensity along cilia (n > 60 cilia for each strain). The intensity of KAP-1::GFP in cilia is significantly increased in the
wdr-60(null) mutant with particles accumulating near the TZ. (C) Examples of phasmid cilia from control and wdr-60(null) worms expressing OSM-3::mCherry
and quantification of the signal intensity along cilia (n > 88 cilia for each strain). OSM-3::mCherry distribution and intensity along the cilium is only slightly altered
in the wdr-60(null) mutant. XY intensity distribution graphs are shown as mean + SEM. Scale bars: vertical 5 s, horizontal 2 um (A); 2 um (B and C).
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Figure S5. Disruption of some TZ components changes the average levels of ciliary dynein-2. Related to Fig. 7. (A) Phasmid cilia of the indicated wdr-60
and cep-290 mutant genotypes, expressing GFP::CHE-3. Scale bar: 2 um. (B) Distribution of GFP::CHE-3 signal intensity along cilia from the strains in A (n > 74
cilia). The gray rectangle highlights the TZ, as previously defined. XY intensity distribution graph is shown as mean + SEM. (C and D) Total GFP::CHE-3 intensity
from the base to the tip of cilia from TZ mutants of the indicated genotypes, in wild-type wdr-60 (C) and wdr-60(null) mutant (D) backgrounds. The cilia
quantified here correspond to the same that were used to quantify the GFP::CHE-3 distribution profiles depicted in Fig. 7. Column graphs are shown as mean +
SD. Kruskal-Wallis test followed by Dunn’s multiple comparison were used to analyze these datasets. ***, P < 0.001; ****, P < 0.0001.
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Video 1. Live imaging of GFP::CHE-3 (top) and WDR-60::GFP (bottom) undergoing IFT in C. elegans phasmid cilia. Related to Fig. 1. Images were
acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Video 2. Live imaging of GFP::CHE-3 in C. elegans phasmid cilia from control (top), wdr-60(null) (center), and wdr-60(ACT) (bottom) strains. Related to
Fig. 3. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Video 3. Live imaging of CHE-11::mCherry in C. elegans phasmid cilia from control (top), wdr-60(null) (center), and wdr-60(ACT) (bottom) strains.
Related to Fig. 4. Scale bar, 2 um. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Video 4. Live imaging of IFT-74::GFP in C. elegans phasmid cilia from control (top), wdr-60(null) (center), and wdr-60(ACT) (bottom) strains. Related
to Figs. 4 and S4. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Video 5. Live imaging of GFP::CHE-3(K2935Q) in C. elegans phasmid cilia from control (top); mks-5(tm3100) (center), and nphp-4(tm925) (bottom)
strains. Related to Fig. 8. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Video 6. Live imaging of GFP::CHE-3 in C. elegans phasmid cilia from control (top), mks-5(tm3100) (center), and nphp-4(tm925) (bottom) strains.
Related to Fig. 9. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 pm. The timer counts min:s.

Video 7. Live imaging of GFP::CHE-3 in C. elegans phasmid cilia from wdr-60(null) (top), wdr-60(null);mks-5(tm3100) (center), and wdr-60(null);nphp-
4(tm925) (bottom) strains. Related to Fig. 9. Images were acquired at 3 fps, and playback is set at 15 fps (5x speed). Scale bar: 2 um. The timer counts min:s.

Provided online are three tables. Table S1 shows the nomenclature of C. elegans proteins mentioned in the text and their
corresponding homologues or orthologues in humans. Table S2 lists the strains used in this study. Table S3 lists the primers used in
this study.
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