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Interaction of WDR60 intermediate chain with 
TCTEX1D2 light chain of the dynein-2 complex 
is crucial for ciliary protein trafficking

ABSTRACT The dynein-2 complex mediates trafficking of ciliary proteins by powering the 
intraflagellar transport (IFT) machinery containing IFT-A and IFT-B complexes. Although 11 
subunits are known to constitute the dynein-2 complex, with several light-chain subunits 
shared by the dynein-1 complex, the overall architecture of the dynein-2 complex has not 
been fully clarified. Utilizing the visible immunoprecipitation assay, we demonstrated the in-
teraction modes among the dynein-2 subunits, including previously undefined interactions, 
such as that between WDR60 and the TCTEX1D2–DYNLT1/DYNLT3 dimer. The dynein-2 com-
plex can be divided into three subcomplexes, namely DYNC2H1–DYNC2LI1, WDR34–
DYNLL1/DYNLL2–DYNLRB1/DYNLRB2, and WDR60–TCTEX1D2–DYNLT1/DYNLT3. We es-
tablished cell lines lacking WDR60 or TCTEX1D2, both of which are dynein-2–specific subunits 
encoded by ciliopathy-causing genes, and found that both WDR60-knockout (KO) and 
TCTEX1D2-KO cells show defects in retrograde ciliary protein trafficking, with WDR60-KO 
cells demonstrating more severe defects probably due to failed assembly of the dynein-2 
complex. The exogenous expression of a WDR60 mutant lacking TCTEX1D2 binding partially 
restored retrograde trafficking to a level comparable to that of TCTEX1D2-KO cells. Thus, 
our results demonstrated that WDR60 plays a major role and TCTEX1D2 plays an auxiliary 
role in the dynein-2 complex to mediate retrograde ciliary protein trafficking.

INTRODUCTION
The appropriate movement of proteins and the positioning of intra-
cellular organelles are fundamental to normal cellular functions. 
Microtubule motor proteins play crucial roles in a variety of cellular 

processes, such as the trafficking of proteins and carrier vesicles, 
positioning and dynamics of intracellular organelles, and organiza-
tion of microtubules during cell division. Generally, plus-end– 
directed movement of proteins and organelles along microtubules 
is driven by kinesins, whereas minus-end–directed movement is 
driven by dyneins (Hirokawa et al., 2010).

Cilia are cell-surface appendages observed in various eukary-
otic cells and consist of a microtubule-based axoneme extending 
from the basal body and the ciliary membrane surrounding the 
axoneme (Ishikawa and Marshall, 2011). Although the ciliary mem-
brane is continuous with the plasma membrane, the composition 
of proteins and lipids within cilia and on the ciliary membrane are 
considerably different from those of the cytoplasm and the plasma 
membrane, because the transition zone located at the ciliary base 
functions as a diffusion/permeability barrier (Garcia-Gonzalo and 
Reiter, 2017; Gonçalves and Pelletier, 2017). Cilia play key roles in 
the perception of extracellular stimuli and the coordination of vari-
ous signaling pathways, such as those involving Hedgehog (Hh). 
To fulfill these functions, cilia contain a number of unique proteins, 
including ion channels, G protein–coupled receptors (GPCRs), 
and adenylyl cyclases (Mukhopadhyay and Rohatgi, 2014). The 
roles of cilia as cellular sensory organelles have been underscored 
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by the fact that defects in ciliary assembly and functions result in 
phenotypically diverse hereditary diseases, which are collectively 
called the ciliopathies.

Bidirectional protein trafficking along the ciliary axoneme is me-
diated by intraflagellar transport (IFT) particles, which contain the 
two large multisubunit complexes IFT-A and IFT-B (Taschner and 
Lorentzen, 2016; Nakayama and Katoh, 2018). We as well as others 
recently demonstrated the architecture of these complexes; IFT-A is 
composed of six subunits with associated TULP3 (Hirano et al., 
2017), and the IFT-B complex is composed of 16 subunits and is di-
vided into the core (B1) subcomplex composed of 10 subunits and 
the peripheral (B2) subcomplex composed of six subunits, and 
these two subcomplexes are connected by composite interactions 
involving the IFT38, IFT52, IFT57, and IFT88 subunits (Boldt et al., 
2016; Katoh et al., 2016; Taschner et al., 2016). Anterograde protein 
trafficking from the base to the tip of cilia is mediated by the IFT-B 
complex assisted by kinesin-2 motor proteins, whereas retrograde 
trafficking is mediated by the IFT-A complex powered by the dy-
nein-2 complex (Ishikawa and Marshall, 2011; He et al., 2016).

There are two cytoplasmic dynein complexes in most ciliated 
eukaryotic cells (Roberts et al., 2013). The dynein-1 complex is in-
volved in membrane trafficking, organelle dynamics, and chromo-
some segregation during cell division (Kardon and Vale, 2009). On 
the other hand, the dynein-2 complex mediates retrograde ciliary 
protein trafficking in concert with the IFT-A complex. The dynein-2 
complex, at least in humans, is composed of a heavy chain 
(DYNC2H1), a light intermediate chain (DYNC2LI1), two intermedi-
ate chains (WDR34 and WDR60), and a light chain (TCTEX1D2), all 
of which are unique to dynein-2. In addition, some light-chain sub-
units (DYNLL1, DYNLL2, DYNLT1, DYNLT3, DYNLRB1, and DYN-
LRB2) are shared by dynein-1 and dynein-2 complexes (Asante 
et al., 2014; Hou and Witman, 2015; He et al., 2016). Mutations in 
all of the dynein-2–specific subunits, as well as those in some of the 
IFT-A and IFT-B subunits are known to cause skeletal ciliopathies, 
including short-rib thoracic dysplasia (SRTD) (Schmidts, 2014; 
McInerney-Leo et al., 2015; Reiter and Leroux, 2017).

The molecular composition of the mammalian dynein-2 complex 
has not been well defined to date. Recently, Asante et al. (2014) 
biochemically analyzed the composition of the dynein-2 subunit in 
human telomerase reverse transcriptase-immortalized retinal pig-
ment epithelial 1 (hTERT-RPE1) cells and found that WDR34/
SRTD11, WDR60/SRTD8, and TCTEX1D2/SRTD17 are bona fide 
dynein-2–specific subunits, in addition to DYNC2H1/SRTD3 and 
DYNC2LI1/SRTD15. On the basis of the interaction data, they pro-
posed a rough architectural model of the dynein-2 complex (Asante 
et al., 2014). However, specific functions of individual subunits re-
main largely unclear (for a review, see Prevo et al. [2017]). Therefore, 
to understand the roles of individual subunits in the context of the 
holocomplex, a finer architectural map of the dynein-2 complex is 
required.

We recently established a convenient and flexible strategy to vi-
sually detect protein–protein interactions, named the visible immu-
noprecipitation (VIP) assay (Katoh et al., 2015), which can visually 
detect not only binary protein interactions but also one-to-many 
and many-to-many protein interactions without the need of SDS–
PAGE and immunoblotting. Taking advantage of this strategy, we 
determined the intricate architecture of the IFT-A, IFT-B, and 
BBSome complexes (Katoh et al., 2015, 2016; Hirano et al., 2017). 
Therefore, in the present study, we determined the architecture of 
the dynein-2 complex. In our predicted architectural model, WDR34 
and WDR60 interact with distinct sets of light chains and in turn in-
teract with DYNC2H1–DYNC2LI1.

On the other hand, we also recently established a practical 
method for the targeted disruption of genes using the CRISPR/
Cas9-mediated homology-independent knock-in system (Katoh 
et al., 2017). As this method can be used effectively in hTERT-RPE1 
cells, which have been used in a number of studies analyzing ciliary 
assembly and function, we recently clarified the functions of various 
ciliary proteins by disrupting the genes encoding these proteins 
(Funabashi et al., 2017; Hirano et al., 2017; Katoh et al., 2017; 
Nishijima et al., 2017; Nozaki et al., 2017; Takahara et al., 2018). In 
this study, we therefore established WDR60-knockout (KO) and 
TCTEX1D2-KO hTERT-RPE1 cell lines and analyzed the roles of 
these dynein-2–specific subunits in the dynein-2 complex.

RESULTS
Architecture of the dynein-2 complex determined 
by the VIP assay
To delineate the architecture of the dynein-2 complex, we first ana-
lyzed binary interactions between the 11 known constituents of the 
human dynein-2 complex (Asante et al., 2014) (see Figure 1A) using 
the VIP assay; we have recently reported a detailed protocol for the 
VIP assay (Katoh et al., 2018). In short, lysates prepared from HEK293T 
cells cotransfected with any of the 121 possible combinations of ex-
pression vectors for the dynein-2 subunits fused to enhanced green 
fluorescent protein (EGFP) and mCherry (mChe) were subjected to 
immunoprecipitation with glutathione S-transferase (GST)-tagged 
anti-GFP nanobody (Nb) prebound to glutathione–Sepharose 4B 
beads. The EGFP and mChe signals on the precipitated beads were 
in turn detected by fluorescence microscopy under constant condi-
tions in the same sets of experiments. Routinely, we evaluate binary 
interactions as “positive” only when red signals can be detected on 
the surface of the precipitated beads in reciprocal combinations of 
EGFP- and mChe-fused proteins under fixed conditions.

Figure 1B shows mChe signals on the immunoprecipitated 
beads in comprehensive assays of the dynein-2 subunits; note that 
for DYNC2H1, the N-terminal 1650-amino-acid tail region (H1 tail), 
which lacks the AAA+ motor domains, was used for the interaction 
assay. It is also noteworthy that most of the interactions detected 
with a combination of EGFP-fused and mChe-fused proteins were 
also detected with a reciprocal combination of fluorescent fusion 
proteins, highlighting the reliability of the VIP assay. For example, 
the DYNC2H1 tail showed a weak but substantial interaction with 
DYNC2LI1. The intermediate-chain WDR34 interacted with a lim-
ited set of light chains, namely DYNLL1/DYNLL2 and DYNLRB1/
DYNLRB2. Groups of light chains (DYNLL1/DYNLL2, DYNLT1/
DYNLT3/TCTEX1D2, and DYNLRB1/DYNLRB2) demonstrated ho-
mophilic and heterophilic interactions within individual groups, ex-
cept that TCTEX1D2 did not show a homophilic interaction; the 
light-chain interaction data are in line with a previous interaction 
study using a yeast two-hybrid assay (Lo et al., 2007). In contrast to 
these dynein-2 subunits, we did not detect an interaction of the 
other intermediate chain, WDR60, with any other dynein-2 subunits, 
although a previous study indicated that WDR60 is a key compo-
nent of the dynein-2 complex (Asante et al., 2014).

To identify potential interacting partners of WDR60, we utilized 
an advantage of the VIP assay; namely that this assay can easily de-
tect one-to-many and many-to-many protein interactions. When 
cells were cotransfected with expression vectors for mChe-WDR60 
and each light-chain subunit fused to EGFP, and then processed for 
the VIP assay with GST–anti-GFP Nb, red signals were detected on 
the precipitated beads (Figure 1C, column 1), indicating that WDR60 
was indeed coimmunoprecipitated with some of the light chains. 
We then performed the subtractive VIP assay to determine which 
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light chains are required for the interaction with WDR60. When lim-
ited sets of light chains fused to EGFP were omitted from the VIP 
assay for mChe-WDR60, red signals were abolished when DYNLT1/
DYNLT3 (column 3) or TCTEX1D2 (column 4) was omitted but not 
when DYNLL1/DYNLL2 (column 2) or DYNLRB1/DYNLRB2 (column 
5) was omitted. mChe-WDR60 was coimmunoprecipitated when 
EGFP-fused TCTEX1D2, DYNLT1, and DYNLT3 were simultaneously 
expressed (column 9), indicating involvement of the three light 
chains in the interaction with WDR60. Furthermore, interactions with 
WDR60 were detected when a combination of TCTEX1D2 and ei-
ther DYNLT1 or DYNLT3 were coexpressed (Figure 1D, columns 5 
and 6). The VIP data were confirmed by conventional immunoblot-
ting analysis (Figure 1E, lanes 6–8). From these results, we conclude 
that WDR60 interacts with a dimer of TCTEX1D2–DYNLT1 or TC-
TEX1D2–DYNLT3. Overall, the dynein-2 complex is likely to consist 

of the following three subcomplexes (Figure 1F): the H1 subcom-
plex containing DYNC2H1 and DYNC2LI1; the WDR34 subcomplex 
containing WDR34, DYNLL1/DYNLL2, and DYNLRB1/DYNLRB2; 
and the WDR60 subcomplex containing WDR60, TCTEX1D2, and 
DYNLT1/DYNLT3. Our data, however, cannot exclude the possibility 
that DYNLL1/DYNLL2, DYNLRB1/DYNLRB2, and DYNLT1/DYNLT3 
are included in the respective subcomplexes as homodimers and/or 
heterodimers.

We then attempted to detect a potential interaction between 
the WDR34 and WDR60 subcomplexes. To this end, we cotrans-
fected HEK293T cells with an expression vector for EGFP-fused 
WDR60 alone or in combination with those for light chains 
(TCTEX1D2 and DYNLT1), along with an expression vector for 
mChe-fused WDR34 alone or in combination with those for DYNLL2 
and DYNLRB1, and processed the lysates prepared from the 

FIGURE 1: Comprehensive VIP assay for dynein-2 subunits and interaction of WDR60 with light chains. (A) Schematic 
representation of structures and domain organizations of dynein-2 subunits. (B) Comprehensive VIP assay. Lysates 
prepared from HEK293T cells transfected with a combination of expression vectors for EGFP-fused and mChe-fused 
dynein-2 subunits, as indicated, were processed for immunoprecipitation with GST-tagged anti-GFP Nb prebound to 
glutathione–Sepharose beads. The red fluorescence signals on the precipitated beads were observed, and images of 
the beads were acquired using a BZ-8000 microscope. (C, D) Identification of light chains interacting with WDR60. 
Lysates prepared from cells cotransfected with expression vectors for mChe-WDR60 and EGFP-fused light chains, as 
indicated, were subjected to the VIP assay using GST-tagged anti-GFP Nb. (E) WDR60 interacts with the TCTEX1D2–
DYNLT1/DYNLT3 dimer. Lysates prepared from cells cotransfected with expression vectors for mChe-WDR60 and 
EGFP-fused light chains, as indicated, were immunoprecipitated with GST-tagged anti-GFP Nb prebound to 
glutathione–Sepharose beads and subjected to the VIP assay or immunoblotting analysis using anti-RFP or anti-GFP 
antibodies, as indicated. WDR60 was found to interact with the dimers TCTEX1D2–DYNLT1 and TCTEX1D2–DYNLT3. IP, 
immunoprecipitation; IB, immunoblotting. (F) Schematic representation of the H1, WDR34, and WDR60 subcomplexes 
demonstrated by the experiments shown in this figure.
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transfected cells for immunoprecipitation with GST–anti-GFP Nb 
followed by the VIP assay (Figure 2A) or immunoblotting analysis 
(Figure 2B). When EGFP-WDR60 and mChe-WDR34 were coex-
pressed, red signals were hardly detectable in the VIP assay (Figure 
2A, column 2), although a weak but substantial band for mChe-
WDR34 was detected by immunoblotting (Figure 2B, lane 2). Mod-
erate levels of the interaction were detected when EGFP-fused 
WDR60+DYNLT1+TCTEX1D2 and mChe-WDR34 (column 3 and 
lane 3) or EGFP-WDR60 and mChe-fused WDR34+DYNLL2+DYNLRB1 
(column 4 and lane 4) were coexpressed. Most prominent signals/
bands were detected in both the VIP assay and immunoblotting 
when EGFP-fused WDR60+TCTEX1D2+DYNLT1 and mChe-fused 
WDR34+DYNLL2+DYNLRB1 were simultaneously expressed (col-
umn 5 and lane 5). On the basis of the data shown in Figure 2, A 
and B, we conclude that the intermediate chains WDR34 and 
WDR60 robustly interact with each other when they form subcom-
plexes with the appropriate combinations of light chains, although 
they can interact weakly in the absence of light chains.

We then addressed the interaction mode of the H1 subcomplex 
(DYNC2H1+DYNC2LI1) with other dynein-2 subunits (Figure 2, C and 

D). EGFP-DYNC2H1 or EGFP-DYNC2LI1 alone demonstrated a weak 
interaction with WDR34 but not with WDR60 (columns 2 and 3 and 
lanes 2 and 3); note that, for an unknown reason, the expression level 
of mChe-WDR60 was substantially lower than that of mChe-WDR34 
in this set of experiments (see lanes 10–18 in Figure 2D). When EGFP-
fused DYNC2H1 and DYNC2LI1 were simultaneously expressed, a 
substantial interaction was observed with mChe-WDR34 (column 4 
and lane 4) or mChe-WDR60 (column 5 and lane 5) alone, as well as 
in the presence of light chains (columns 7–9 and lanes 7–9). Thus, in-
teractions of the H1 subcomplex with the intermediate chains appear 
not necessarily to require the presence of light chains.

Collectively considering the data shown in Figures 1, B–E, and 2, 
A–D, we propose the following model for the efficient assembly of 
the dynein-2 complex (Figure 2E): 1) the intermediate chain WDR34 
forms a subcomplex with DYNLL1/DYNLL2 and DYNLRB1/DYN-
LRB2 (the WDR34 subcomplex); 2) the other intermediate-chain 
WDR60 forms a subcomplex with a light-chain dimer composed of 
TCTEX1D2 and DYNLT1/DYNLT3 (the WDR60 subcomplex); 
3) DYNC2H1 and DYNC2LI1 form another subcomplex (the H1 
subcomplex); 4) WDR34 and WDR60 interact robustly with each 

FIGURE 2: Interactions between the WDR34, WDR60, and H1 subcomplexes. (A, B) Interaction between the WDR34 
and WDR60 subcomplexes. Lysates prepared from cells cotransfected with expression vectors for EGFP-fused subunits 
of the WDR60 subcomplex and mChe-fused subunits of the WDR34 subcomplex, as indicated, were immuno-
precipitated with GST-tagged anti-GFP Nb prebound to glutathione–Sepharose beads and subjected to the VIP assay 
(A) or immunoblotting analysis using anti-RFP or anti-GFP antibodies, as indicated (B). The asterisk indicates the position 
of a putative degradation product of the EGFP-WDR60 protein. (C, D) Interactions of the WDR34 and WDR60 
subcomplexes with the H1 subcomplex. Lysates prepared from cells cotransfected with expression vectors for EGFP-
fused subunits of the H1 subcomplex and mChe-fused subunits of the WDR34 and WDR60 subcomplexes, as indicated, 
were immunoprecipitated with GST-tagged anti-GFP Nb prebound to glutathione–Sepharose beads and subjected to 
the VIP assay (C) or immunoblotting analysis (D). (E) Schematic representation of interactions involving the H1, WDR34, 
and WDR60 subcomplexes, demonstrated by the experiments shown in this figure.
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FIGURE 3: Region of WDR60 involved in its interaction with the 
TCTEX1D2–DYNLT1 dimer. (A) The N-terminal half of the WDR60 
protein participates in its interaction with TCTEX1D2–DYNLT. Lysates 
prepared from cells cotransfected with expression vectors for 
EGFP-fused WDR60(1–626) or WDR60(627–1066) and mChe-fused 
DYNLT1+DYNLT3+TCTEX1D2 were subjected to the VIP assay. 
(B–D) Determination of the region of WDR60 involved in its 
interaction with the TCTEX1D2–DYNLT1 dimer. Lysates prepared 
from cells cotransfected with expression vectors for an EGFP-fused 
WDR60 construct, as schematically shown in B, and mChe-fused 
TCTEX1D2+DYNLT1 were immunoprecipitated with GST-tagged 
anti-GFP Nb prebound to glutathione–Sepharose beads and 
subjected to the VIP assay (C) or immunoblotting analysis (D). 
(E) Sequence alignment of the vertebrate WDR60 region involved in 
binding to the TCTEX1D2–DYNLT dimer. Residues conserved in all 
species are shown in black boxes, and those conserved in at least 
three species are shaded.

other as their corresponding subcomplexes; and 5) the H1 subcom-
plex interacts with WDR34 and WDR60 to form the dynein-2 
holocomplex.

Interaction of WDR60 with the light-chain dimer via 
a conserved region upstream of the WD40 domain
We then focused on WDR60, as there are virtually no reports on 
the characterization of this intermediate chain at the molecular or 
cellular level, except for a study on a Chlamydomonas WDR60 para-
logue (Patel-King et al., 2013). We initially set out to determine the 
interaction mode of WDR60 with the light chains. When the WDR60 
protein was divided into the C-terminal WD40 domain (residues 
627–1066) and the remaining N-terminal region (residues 1–626), 
the N-terminal region (Figure 3A, left) was found to interact with 
a mixture of DYNLT1, DYNLT3, and TCTEX1D2. We therefore 

constructed various deletion mutants of WDR60 (Figure 3B). As 
shown in Figure 3C, a construct covering residues 473–1066 
(Figure 3C, column 4), but not that covering residues 523–1066 
(column 5), retained the ability to interact with the light chains 
TCTEX1D2+DYNLT1. Finally, the Δ473–522 construct (column 6) 
failed to interact with the light chains. The VIP data were confirmed 
by immunoblotting analysis. As shown in Figure 3D, the 574–1066 
and Δ473–522 constructs lacked the ability to interact with the light 
chains (lanes 5 and 6). Thus, the 50-amino-acid region (residues 
473–522), which is highly conserved among vertebrate species (see 
Figure 3E), is responsible for the interaction of WDR60 with the di-
mer composed of TCTEX1D2 and DYNLT1/DYNLT3.

Similar, but slightly different, defects in retrograde 
trafficking in WDR60-KO and TCTEX1D2-KO cells
Given that both WDR60 and TCTEX1D2 are dynein-2–specific sub-
units interacting with each other and are encoded by the causative 
genes of SRTD (SRTD8 and SRDT17, respectively) (McInerney-Leo 
et al., 2013; Gholkar et al., 2015; Schmidts et al., 2015; Cossu et al., 
2016; Kakar et al., 2017), we then investigated the roles of these 
dynein-2 subunits in ciliary protein trafficking by establishing KO 
hTERT-RPE1 cell lines using the CRISPR/Cas9 system; although we 
analyzed two independent WDR60-KO cell lines established using 
distinct target sequences (#W60-1-8 and #W60-2-2) and two inde-
pendent TCTEX1D2-KO cell lines established using distinct target 
sequences (#1D2-1-1 and #1D2-2-9) (for characterization of these 
cell lines, see Supplemental Figure S1), typical data are shown for 
one of the two established cell lines.

When control RPE1, WDR60-KO, and TCTEX1D2-KO cells were 
immunostained for ARL13B (a marker of the ciliary membrane; 
Figure 4, A′–C′) and FOP (also known as FGFR1OP; a marker of the 
basal body (Nishijima et al., 2017; Figure 4, A′′–C′′), we noticed that 
some population of WDR60-KO cells had very short cilia (<1.5 µm; 
for example, see those indicated by arrows in Figure 4, B–B′′); note 
that cells positive for ARL13B around the basal body indeed have 
cilia even though they are very short, since ARL13B is specifically 
localized on the ciliary membrane. Quantitative analysis revealed 
that in addition to #W60-1-8 and #W60-2-2 cell lines, the #1D2-1-1 
and #1D2-2-9 cell lines also demonstrated a tendency to possess 
very short cilia (Figure 4G). However, ciliary lengths of WDR60-KO 
and TCTEX1D2-KO cells, except for those with very short cilia, were 
comparable to the length of cilia of control RPE1 cells (Figure 4H). 
These observations are compatible with those in previous studies on 
WDR60 and TCTEX1D2 mutant fibroblasts from SRTD patients that 
the percentage of ciliated cells was lower compared with controls, 
although there was no obvious difference in ciliary length in mutant 
fibroblasts with detectable cilia, compared with control fibroblasts 
(McInerney-Leo et al., 2013; Schmidts et al., 2015).

When control RPE1 cells were immunostained for IFT88 (a sub-
unit of the IFT-B complex), the staining was found mainly around the 
ciliary base and faintly along the axoneme (Figure 4A). In the TC-
TEX1D2-KO cells, the IFT88 staining within cilia (Figure 4C) was 
slightly but significantly more intense than that in control cells 
(Figure 4I). In considerable contrast, in WDR60-KO cells, IFT88 was 
observed throughout cilia and often found around the distal tips 
(Figure 4B; also see Figure 4I); this phenotype is reminiscent of that 
of IFT139-KO and IFT121-KO cells (Hirano et al., 2017; Takahara 
et al., 2018); both IFT139 and IFT121 are peripheral subunits of the 
IFT-A complex and are encoded by the causative genes of SRTD 
(SRTD4 and SRTD7, respectively).

We then stained control, WDR60-KO, and TCTEX1D2-KO cells 
with an antibody against IFT140 (a subunit of the IFT-A complex). In 
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control and TCTEX1D2-KO cells, the majority of IFT140 staining was 
detected at the ciliary base (Figure 4, D and F). Note that, as de-
scribed previously (Hirano et al., 2017; Takahara et al., 2018), the 
commercially available anti-IFT140 antibody also stained undeter-
mined nuclear structures in RPE1 cells (see the manufacturer’s web-
site, www.ptglab.com/Products/IFT140-Antibody-17460-1-AP.htm). 
Owing to the high background staining for IFT140, we classified the 
localization of IFT140 by visual observation (Figure 4J), instead of 

mechanically measuring the signal intensity within cilia. In WDR60-
KO cells, similarly to IFT88 staining, IFT140 staining was observed 
within cilia, occasionally at the ciliary tips (Figure 4E). These observa-
tions indicate that retrograde trafficking of the IFT machinery is 
severely impaired in the absence of WDR60.

To address whether retrograde protein trafficking within cilia 
is indeed impaired in WDR60-KO cells and whether it is unaf-
fected in TCTEX1D2-KO cells, we next analyzed the localization of 

FIGURE 4: Accumulation of IFT88 and IFT140 within cilia in WDR60-KO and TCTEX1D2-KO cells. Control RPE1 cells 
(A, D), the WDR60-KO cell line #W60-2-2 (B, E), and the TCTEX1D2-KO cell line #1D2-2-9 (C, F) were serum starved for 
24 h and triple immunostained for either IFT88 (A–C) or IFT140 (D–F), ARL13B (A′–F′), and FOP (A′′–F′′). Merged, 
enlarged images of the boxed regions of A–F and A′–F′ are shown in A′′′–F′′′. Scale bars, 10 µm. (G) Cells with very short 
cilia (<1.5 µm; for example, see those indicated by arrows in B–B′′) were counted, and the percentages of these cells are 
expressed as bar graphs. Values are the means ± SD (error bars) of three independent experiments. In each set of 
experiments, 31–53 cells were observed, and the total numbers of observed ciliated cells (n) are shown. p, one-way 
analysis of variance (ANOVA) followed by Tukey post-hoc analysis. (H) Ciliary lengths of individual cells, except for those 
with very short cilia, were measured and expressed as bar graphs. Values are means ± SD (error bars) of three 
independent experiments. In each experiment, 28–41 ciliated cells were observed, and the total numbers of ciliated 
cells observed (n) are shown. (I) The staining intensity for IFT88 within cilia in control RPE1 cells, and in the WDR60-KO 
and TCTEX1D2-KO cell lines were measured and expressed as bar graphs. Values are means ± SD (error bars) of three 
independent experiments. In each experiment, 28–87 ciliated cells were observed, and the total numbers of ciliated 
cells observed (n) are shown. p, one-way ANOVA followed by Tukey post-hoc analysis. (J) Localization of IFT140 in 
control RPE1 cells, and in the WDR60-KO and TCTEX1D2-KO cell lines were classified as “ciliary base,” “ciliary base and 
tip,” “even distribution within cilia,” and “no ciliary localization,” and the cells with each category of IFT140 localization 
were counted. The percentages of these populations are expressed as stacked bar graphs. Values are the means of 
three independent experiments. In each set of experiments, 31–67 ciliated cells were observed, and the total numbers 
of ciliated cells observed (n) are shown. p, the Pearson χ2 test.
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Smoothened (SMO) and GPR161, both of which are GPCRs that 
participate in the Hh signaling pathway (Mukhopadhyay and Ro-
hatgi, 2014). This was because we previously showed that, due to a 
block in retrograde trafficking, both SMO and GPR161 are accumu-
lated within cilia in IFT139-KO cells (Hirano et al., 2017) and that 
GPR161 is accumulated within cilia in IFT121-KO cells (Takahara 
et al., 2018).

Under basal conditions in normal cells, SMO is excluded from 
cilia (Figure 5A), whereas GPR161 is found on the ciliary membrane 
(Figure 5G), where it negatively regulates Hh signaling (Mukhopad-
hyay and Rohatgi, 2014). On the other hand, when the Hh pathway 
is activated by treating cells with a small molecule activator, Smooth-
ened Agonist (SAG), SMO is cued to enter cilia (Figure 5D), whereas 
GPR161 is exported from cilia (Figure 5J), resulting in cancelation of 
the negative regulation (Mukhopadhyay and Rohatgi, 2014; Schou 
et al., 2015). In WDR60-KO cell lines, however, the situation of these 
GPCRs was completely different. Even in the absence of SAG, a 
substantial amount of SMO was found along cilia (Figure 5B). When 
WDR60-KO cells were treated with SAG, the proportion of cells with 
ciliary SMO was further increased (Figure 5E; also see Figure 5M). By 
contrast, a substantial amount of GPR161 was retained within 

cilia even when cells were treated with SAG (Figure 5K; also see 
Figure 5N). Overall, these data indicate that retrograde trafficking of 
ciliary GPCRs is impaired in the absence of WDR60.

TCTEX1D2-KO cells showed mild defects with respect to GPCR 
localization. However, like in control RPE1 cells, SMO was absent 
from cilia under basal conditions (Figure 5C) and entered cilia on 
SAG treatment (Figure 5F), GPR161 demonstrated a tendency to 
remain within cilia under SAG-treated conditions, although this was 
not statistically significant (Figure 5L; also see Figure 5N).

WDR60–TCTEX1D2 interaction is required for 
dynein-2 function
To exclude the possibility that the phenotypes of WDR60-KO and 
TCTEX1D2-KO cells resulted from off-target effects of the CRISPR/
Cas9 system, we performed rescue experiments by stably express-
ing an mChe-fused WDR60 or TCTEX1D2 construct. When mChe-
WDR60(WT) was expressed in WDR60-KO cells, the accumulation 
of IFT88 within cilia was significantly rescued (Figure 6B′), com-
pared with those expressing mChe as a negative control (Figure 
6A′; also see Figure 6P). Similarly, stable expression of mChe-
TCTEX1D2(WT), but not mChe, in TCTEX1D2-KO cells resulted in 

FIGURE 5: Accumulation of SMO and GPR161 within cilia in WDR60-KO and TCTEX1D2-KO cells. (A–L) Control RPE1 
cells (A, D, G, and J), the #W60-2-2 cell line (B, E, H, and K), and the #1D2-2-9 cell line (C, F, I, and L) were serum-starved 
for 24 h and further cultured for 24 h in the absence (–SAG) or presence (+SAG) of 200 nM SAG. The cells were triple 
immunostained for either SMO (A–F) or GPR161 (G–L), ARL13B (A′–L′), and FOP (A′′–L′′). Scale bars, 10 µm. 
(M, N) Fluorescence staining intensities of SMO (M) and GPR161 (N) in control, WDR60-KO, and TCTEX1D2-KO cells 
were measured, and relative intensities of the cells are expressed as bar graphs. Values are means ± SD of three 
independent experiments. In each set of experiments, 31–63 (M) and 31–53 (N) ciliated cells were analyzed and the 
total numbers of ciliated cells analyzed (n) are shown. p, one-way ANOVA followed by Tukey post-hoc analysis for 
comparison among the cell lines, and the Student t test for comparison between the cells with and without SAG 
treatment.
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FIGURE 6: Rescue of IFT88 and GPR161 localization in WDR60-KO and TCTEX1D2-KO cells on the expression of a 
WDR60 and TCTEX1D2 construct, respectively. The #W60-2-2 cell line stably expressing mChe (A, F, K), mChe-fused 
WDR60(WT) (B, G, L), or WDR60(Δ473–522) (C, H, M), or the #1D2-2-9 cell line stably expressing mChe (D, I, N,) or 
mChe-TCTEX1D2(WT) (E, J, O) were cultured under serum-starved conditions to induce ciliogenesis, as described in the 
legend to Figure 4. For examining the localization of GPR161, cells were incubated in the presence or absence of 200 nM 
SAG, as described in the legend to Figure 5. The cells were quadruple immunostained for RFP (A–O), either IFT88 
(A′–E′) or GPR161 (F′–O′), and ARL13B+FOP (A′′–O′′). Scale bars, 10 µm. The staining intensity for IFT88 within cilia in the 
cells were measured and expressed as bar graphs. Values are means ± SD of three independent experiments. In each 
experiment, 28–87 ciliated cells were observed, and the total numbers of ciliated cells observed (n) are shown. p, one-way 
ANOVA followed by Tukey post-hoc analysis. Relative staining intensities for IFT88 (P) or GPR161 (Q) within cilia were 
estimated and expressed as described in the legends to Figures 4 and 5. Values are means ± SD of three independent 
experiments. In each set of experiments, 31–49 (A–E) or 30–56 (F–O) ciliated cells were analyzed, and the total numbers 
of ciliated cells analyzed (n) are shown. p, one-way ANOVA followed by Tukey post-hoc analysis for comparison among 
the cell lines, and the Student t test for comparison between the cells with and without SAG treatment.
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FIGURE 7: Localization of EGFP-DYNC2LI1 in WDR60-KO and TCTEX1D2-KO cells. 
(A, B) Kymograms showing the movement of EGFP-DYNC2LI1-positive particles in control RPE1 
cells (A) and #1D2-2-9 cells (B). See Supplemental Videos S1 and S2, respectively. (C–E) Control 
RPE1 cells (C), the #W60-2-2 cell line (D), or the #1D2-2-9 cell line (E) stably expressing EGFP-
DYNC2LI1 were double immunostained for ARL13B (C′–E′) and FOP (C′′–E′′). Merged, enlarged 
images of the boxed regions of C–E and C′–E′ are shown in C′′′–E′′′. Scale bars, 10 µm. 
(F) Localization of EGFP-DYNC2LI1 in control RPE1 cells, and in the #W60-2-2 and #1D2-2-9 cell 
lines was classified as “even distribution within cilia,” “ciliary base,” and “no ciliary localization,” 
and the cells in each category were counted. The percentages of these populations are 
expressed as stacked bar graphs. Values are the means of three independent experiments. In 
each set of experiments, 33–60 ciliated cells were observed, and the total numbers of ciliated 
cells observed (n) are shown. p, the Pearson χ2 test.

the normal localization of IFT88 (Figure 6, compare D′ and E′; also 
see Figure 6P).

We also expressed mChe-WDR60(Δ473–522), which lacks the 
ability to interact with the TCTEX1D2–DYNLT1 dimer (Figure 3, C 
and D), in WDR60-KO cells. As shown in Figure 6C′ (also see Figure 
6P), expression of mChe-WDR60(Δ473–522) moderately restored 
the localization of IFT88; a larger amount of IFT88 was retained 
within cilia in mChe-WDR60(Δ473–522)-expressing cells than in 
mChe-WDR60(WT)-expressing cells.

We also analyzed the ciliary levels of SMO and GPR161 under 
basal conditions, and their changes on SAG treatment in WDR60-
KO and TCTEX1D2-KO cells expressing a WDR60 and TCTEX1D2 
construct, respectively. In WDR60-KO cells, the accumulation of 
SMO within cilia under basal conditions was canceled by the stable 
expression of mChe-fused WDR60(WT) or WDR60(Δ473–522) (Sup-
plemental Figure S2, compare B′ and C′ with A′; also see Supple-
mental Figure S2K). The accumulation of GPR161 under both basal 
and SAG-stimulated conditions was canceled by mChe-WDR60(WT) 
expression (Figure 6, compare G′ with F′ and L′ with K′; also see 
Figure 6Q). On the other hand, stable expression of mChe-
WDR60(Δ473–522) rescued the basal ciliary GPR161 level (Figure 
6H′) but not SAG-stimulated exit of GRP161 from cilia (Figure 6M′; 
also see Figure 6Q); this phenotype resembled that of TCTEX1D2-
KO cells expressing mChe (Figure 6, I′ and N′; also see Figure 6Q). 
The exogenous expression of mChe-TCTEX1D2(WT) in TCTEX1D2-
KO cells restored the SAG-stimulated exit of GPR161 (Figure 6O′; 
also see Figure 6Q).

Thus, loss of the interaction of WDR60 with the TCTEX1D2–
DYNLT1/DYNLT3 dimer or lack of TCTEX1D2 appears to moder-
ately impair ciliary retrograde trafficking.

Dynein-2 localization is impaired in WDR60-KO 
and TCTEX1D2-KO cells
The above data using WDR60-KO and TCTEX1D2-KO cells sug-
gested that in the absence of WDR60 or TCTEX1D2, impaired dy-
nein-2 function leads to defects in retrograde protein trafficking. 
To confirm this, we next aimed to determine the localization of 
the dynein-2 subunits in WDR60-KO and TCTEX1D2-KO cells. 
However, none of the commercially available antibodies against 
dynein-2 subunits that we examined worked well in immunofluo-
rescence experiments. Eventually, we used total internal reflection 
fluorescence (TIRF) microscopy and found that EGFP-DYNC2LI1 
stably expressed in RPE1 cells undergoes intraciliary trafficking. 
Supplemental Video S1 and kymographic analysis of the consecu-
tive images (Figure 7A) revealed that EGFP-positive particles un-
derwent both anterograde and retrograde movement along cilia. 
As shown in Figure 7C (also see Figure 7F), EGFP-DYNC2LI1 was 
found within cilia and at the base of cilia in fixed RPE1 cells. In 
fixed TCTEX1D2-KO cells, EGFP-DYNC2LI1 signals were detect-
able at the ciliary base but were below the detection level within 
cilia in a high level of cytoplasmic background signals (Figure 7E; 
also see Figure 7F). When TCTEX1D2-KO cells expressing EGFP-
DYNC2LI1 were examined by TIRF microscopy followed by kymo-
graphic analysis, however, we could detect weak signals of shut-
tling particles (Supplemental Video S2 and Figure 7B). These 
observations suggested that, in the absence of TCTEX1D2, the 
dynein-2 complex containing DYNC2LI1 assembles around the 
ciliary base, although less efficiently than in its presence. In con-
trast to control and TCTEX1D2-KO cells, we could not detect 
EGFP-DYNC2LI1 signals within nor at the base of cilia in WDR60-
KO cells (Figure 7D; also see Figure 7F). Taking into account the 

dynein-2 architectural model (Figure 2E), it 
is thus likely that the functional dynein-2 
complex containing DYNC2LI1 does not 
assemble in the absence of WDR60.

DISCUSSION
While a substantial amount of insights into 
the structures and functions of the dynein-1 
complex and the dynactin complex, which is 
an essential cofactor for dynein-1, have been 
obtained over the past decade (Roberts 
et al., 2013; Carter et al., 2016), information 
about dynein-2 has remained limited, al-
though a rough architectural model of the 
dynein-2 complex has been proposed (As-
ante et al., 2014). We here demonstrated 
the overall architecture of the dynein-2 com-
plex. The holocomplex can be divided into 
the following three subcomplexes: 1) the H1 
subcomplex (the heavy chain DYNC2H1 
directly interacting with the light intermedi-
ate chain DYNC2LI1); 2) the WDR34 sub-
complex (the intermediate chain WDR34 in-
teracting with the light chains DYNLL1/
DYNLL2 and DYNLRB1/DYNLRB2); and 3) 
the WDR60 subcomplex (the other interme-
diate chain WDR60 interacting with the light-
chain dimer TCTEX1D2–DYNLT1/DYNLT3) 
(Figure 1F). Thus, the two intermediate 
chains interact with specific sets of light 
chains. The WDR34 and WDR60 subcom-
plexes interact with each other, and in turn 
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interact with the H1 subcomplex (Figure 2E); thus, the dynein-2 com-
plex demonstrates structural asymmetry with respect to the interme-
diate chains. This is in striking contrast to the dynein-1 intermediate 
chains; in the dynein-1 complex, two copies of the same intermedi-
ate chain (DYNC1I1 or DYNC1I2) are included (Kardon and Vale, 
2009). Although WDR60 did not demonstrate a binary interaction 
with any other subunit (Figure 1B), we found that it interacts with the 
TCTEX1D2–DYNLT1/DYNLT3 dimer via its conserved region up-
stream of the WD40 domain (Figure 3). Although a previous study 
suggested that a conserved motif, (K/R)XTQT, in DYNC1I1 is re-
quired for its binding to DYNLL1 (Lo et al., 2001), such a motif se-
quence was not found in the conserved region of WDR60. Thus, the 
recognition of intermediate chains by different light chains appears 
to be based on distinct mechanisms.

We then established cell lines lacking WDR60 and TCTEX1D2 
and compared their phenotypes, as their protein products interact 
with each other and mutations of these genes cause SRTDs (McIner-
ney-Leo et al., 2013; Gholkar et al., 2015; Schmidts et al., 2015; 
Cossu et al., 2016; Kakar et al., 2017). In both WDR60-KO and 
TCTEX1D2-KO cells, IFT88 (an IFT-B subunit) was significantly accu-
mulated within cilia, with WDR60-KO cells demonstrating a severer 
phenotype (Figure 4, A–C and I). In the case of IFT140 (an IFT-A 
subunit), WDR60-KO cells demonstrated its accumulation within 
cilia, whereas TCTEX1D2-KO cells did not show significant IFT140 
accumulation (Figure 4, D–F and J).

In WDR60-KO cells, SMO was found within cilia even under basal 
conditions and GPR161 was not exported from cilia on SAG stimula-
tion (Figure 5), indicating that the retrograde trafficking of SMO and 
GPR161 was significantly impaired. The trafficking defect in WDR60-
KO cells probably resulted from the lack of functional dynein-2 as-
sembly in the absence of WDR60 (Figure 7). The phenotype of 
WDR60-KO cells resembled those of IFT139-KO and IFT121-KO 
cells (Hirano et al., 2017; Takahara et al., 2018), which are peripheral 
subunits of the IFT-A complex that mediate retrograde ciliary pro-
tein trafficking (Hirano et al., 2017). On the other hand, TCTEX1D2-
KO cells, as well as WDR60-KO cells exogenously expressing a 
WDR60 mutant defective in binding to the TCTEX1D2–DYNLT di-
mer, demonstrated mild defects in retrograde trafficking (Figure 5). 
This mild defect is probably a result of the dynein-2 complex not 
being able to efficiently enter cilia in the absence of TCTEX1D2 
(Figure 7 and Supplemental Video S2).

The present study on dynein-2 subunits, as well as our previ-
ous studies on IFT-A subunits (Hirano et al., 2017; Takahara et al., 
2018), unequivocally show that both the IFT-A and dynein-2 
complexes are involved in retrograde ciliary protein trafficking in 
mammalian cells. However, there has been no direct evidence for 
the interaction between the IFT-A and dynein-2 complexes, even 
though such an interaction has been schematically illustrated in 
many review articles. In addition, our analysis using TIRF micros-
copy (Supplemental Video S1; also see Figure 7A) showed that 
dynein-2 undergoes not only retrograde but also anterograde 
trafficking. This is consistent with previous dynein-2 studies in 
Caenorhabditis elegans neuronal cilia (Mijalkovic et al., 2017) and 
in mouse olfactory cilia (Williams et al., 2014). The bidirectional 
dynein-2 movement indirectly suggests that the dynein-2 com-
plex also associates with the IFT machinery, probably as a cargo, 
while it is trafficked in an anterograde direction. Therefore, our 
strategy utilizing the VIP assay will pave the way to clarifying the 
IFT-A–dynein-2 interaction and the potential IFT-B–dynein-2 inter-
action and understanding the physiological relevance of the inter-
actions. Indeed, we recently demonstrated the mode of interac-
tion between the IFT-B complex and heterotrimeric kinesin-II, 

wherein four IFT-B subunits and all the kinesin-II subunits 
participate in the interaction and demonstrated the importance of 
the interaction in ciliogenesis (Funabashi et al., 2018).

MATERIALS AND METHODS
Plasmids, antibodies, and reagents
cDNAs for the dynein-2 subunits listed in Supplemental Table S1 
were cloned into fluorescent protein vectors as shown in Supple-
mental Table S2. Expression vectors for dynein-2 subunits and their 
deletion constructs used in this study are also listed in Supplemental 
Table S2. Antibodies used in this study are listed in Supplemental 
Table S3. GST-tagged anti-GFP Nb prebound to glutathione–Sep-
harose 4B beads were prepared as described previously (Katoh 
et al., 2015).

VIP assay and immunoblotting analysis
The VIP assay was performed as described previously (Katoh 
et al., 2015, 2016); we have recently reported a detailed protocol 
for the VIP assay (Katoh et al., 2018). Expression vectors for EGFP- 
and mChe-fused proteins were transfected into HEK293T cells 
grown on a six-well plate (∼1.6 × 106 cells) using Polyethylenimine 
Max (20 µg; Polysciences) and cultured for 24 h. Lysates were pre-
pared from the transfected cells in 250 µl of the HNTG cell lysis 
buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 
and 10% glycerol) containing protease inhibitor cocktail (Nacalai 
Tesque) for 15 min on ice. The lysates were centrifuged at 16,100 
× g for 15 min at 4°C, and the supernatant (200 µl) was transferred 
to a 0.2 ml 8-tube strip, which contained GST-tagged anti-GFP Nb 
bound to glutathione–Sepharose 4B beads (∼5 µl bed volume) 
and incubated for 1 h at 4°C with constant rotation of the tube. 
After centrifugation at 2000 × g for 30 s, the precipitated beads 
were washed three times with the lysis buffer (180 µl), and trans-
ferred to a 96-well plate. The beads bearing fluorescent fusion 
proteins were observed under an all-in-one type microscope (BZ-
8000; Keyence) with a 20 ×/0.75 NA objective lens under fixed 
conditions (sensitivity ISO 400, exposure 1/30 s for green fluores-
cence; and sensitivity ISO 800, exposure 1/10 s for red fluores-
cence). Image acquisition was performed under fixed conditions 
in each set of experiments.

Establishment of KO cell lines using the 
CRISPR/Cas9 system
The strategy for the KO of genes in hTERT-RPE1 cells (American 
Type Culture Collection; CRL-4000) by the CRISPR/Cas9 system us-
ing homology-independent repair (the version 2 method) was de-
scribed previously in detail (Katoh et al., 2017). The single guide 
RNA (sgRNA) sequences targeting the human WDR60 and 
TCTEX1D2 genes (see Supplemental Table S4) were designed using 
CRISPOR (http://crispor.tefor.net/). Double-stranded oligonucle-
otides for the sequences were inserted into an all-in-one sgRNA 
expression vector, peSpCAS9(1.1)-2 × sgRNA (Addgene 80768). 
hTERT-RPE1 cells were grown on a 12-well plate to ∼3.0 × 105 cells 
and transfected with 1 µg of the sgRNA vector and 0.25 µg of the 
donor knock-in vector, pDonor-tBFP-NLS-Neo(universal) (Addgene 
80767), using X-tremeGENE9 Reagent (Roche Applied Science). 
After selection in the presence of G418 (600 µg/ml), the cells with 
blue nuclear fluorescence were isolated. To confirm disruption of 
the WDR60 and TCTEX1D2 genes, genomic DNA was extracted 
from the isolated cells and subjected to PCR using KOD FX Neo 
DNA polymerase (TOYOBO). Three sets of primers (Supplemental 
Table S4) were used for PCR to distinguish the following three states 
of integration of the donor vector: forward integration, reverse 
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integration, and no integration with a small insertion or deletion 
(Supplemental Figure S1A). Direct sequencing of the PCR products 
was performed to confirm disruption of both alleles of the WDR60 
and TCTEX1D2 genes; a small deletion resulting in a frameshift in 
one allele and a forward integration of the donor vector in the other 
allele (Supplemental Figure S1, B and C).

Preparation of cells stably expressing mChe-WDR60, 
mChe-TCTEX1D2, or EGFP-DYNC2LI1
Lentiviral vectors for WDR60, TCTEX1D2, and DYNC2LI1 constructs 
were prepared as described previously (Takahashi et al., 2012). Briefly, 
pRRLsinPPT-mChe-WDR60 or its deletion construct pRRLsinPPT-
mChe-TCTEX1D2, or pRRLsinPPT-EGFP-DYNC2LI1 was transfected 
into HEK293T cells with packaging plasmids (pRSV-REV, pMD2.g, 
and pMDL/pRRE; kind gifts from Peter McPherson, McGill University 
[Thomas et al., 2009]). The culture medium was replaced 8 h after 
transfection. Culture media containing lentiviral particles were col-
lected at 24, 36, and 48 h after transfection, passed through a 0.45-
µm filter (Sartorius), and centrifuged at 32,000 × g at 4°C for 4 h using 
an R15A rotor and Himac CR22G centrifuge (Hitachi Koki, Japan). 
Precipitated viral particles were resuspended in Opti-MEM (Invitro-
gen) and stored at –80°C until use. Cells expressing mChe-WDR60, 
mChe-TCTEX1D2, or EGFP-DYNC2LI1 were prepared by addition of 
the lentiviral suspension to the culture medium and processed for 
immunofluorescence analysis or TIRF microscopy.

Immunofluorescence analysis and TIRF microscopy
hTERT-RPE1 cells were cultured in DMEM/F-12 (Nacalai Tesque) 
supplemented with 10% fetal bovine serum (FBS) and 0.348% so-
dium bicarbonate. To induce ciliogenesis, cells were grown to 100% 
confluence on coverslips and starved for 24 h in Opti-MEM contain-
ing 0.2% bovine serum albumin.

For immunofluorescence analysis, cells were fixed and permea-
bilized with 3% paraformaldehyde at 37°C for 5 min, and subse-
quently in 100% methanol for 5 min at −20°C, and washed three 
times with phosphate-buffered saline. The fixed/permeabilized cells 
were blocked with 10% FBS and stained with antibodies diluted in 
5% FBS. The stained cells were observed using an Axiovert 200M 
microscope (Carl Zeiss). Statistical analyses were performed using 
JMP Pro 13 software (SAS Institute).

TIRF microscopy was performed as described previously (Taka-
hashi et al., 2012; Kubo et al., 2015). In short, RPE1 cells expressing 
EGFP-DYNC2LI1 were serum starved for 24 h on a glass-bottom 
culture dish, placed on a microscope stage prewarmed to 37°C, and 
observed using a TIRFM ECLIPSE Ti microscope (NIKON) at a video 
rate using NIS-Elements imaging software. Kymograms were gener-
ated with NIS-Elements imaging software.
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