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Cooperation of the IFT-A complex with the IFT-B 
complex is required for ciliary retrograde protein 
trafficking and GPCR import

ABSTRACT Cilia sense and transduce extracellular signals via specific receptors. The intrafla-
gellar transport (IFT) machinery mediates not only bidirectional protein trafficking within cilia 
but also the import/export of ciliary proteins across the ciliary gate. The IFT machinery is 
known to comprise two multisubunit complexes, namely, IFT-A and IFT-B; however, little is 
known about how the two complexes cooperate to mediate ciliary protein trafficking. We 
here show that IFT144–IFT122 from IFT-A and IFT88–IFT52 from IFT-B make major contribu-
tions to the interface between the two complexes. Exogenous expression of the IFT88(Δα) 
mutant, which has decreased binding to IFT-A, partially restores the ciliogenesis defect of 
IFT88-knockout (KO) cells. However, IFT88(Δα)-expressing IFT88-KO cells demonstrate a de-
fect in IFT-A entry into cilia, aberrant accumulation of IFT-B proteins at the bulged ciliary tips, 
and impaired import of ciliary G protein–coupled receptors (GPCRs). Furthermore, overac-
cumulated IFT proteins at the bulged tips appeared to be released as extracellular vesicles. 
These phenotypes of IFT88(Δα)-expressing IFT88-KO cells resembled those of IFT144-KO 
cells. These observations together indicate that the IFT-A complex cooperates with the IFT-B 
complex to mediate the ciliary entry of GPCRs as well as retrograde trafficking of the IFT 
machinery from the ciliary tip.

INTRODUCTION
Primary cilia are microtubule-based projections from the surface of 
various eukaryotic cells that function as cellular antennae by sensing 
extracellular stimuli, such as fluid flow, and by receiving and trans-

ducing developmental signals, such as Hedgehog (Hh) signaling 
(Bangs and Anderson, 2017; Gigante and Caspary, 2020). To achieve 
these functions, specific proteins exist on the ciliary membrane, 
including G protein–coupled receptors (GPCRs) (Mukhopadhyay 
and Rohatgi, 2014; Anvarian et al., 2019; Nachury and Mick, 2019). 
The ciliary membrane and cilioplasm are distinguished from the 
plasma membrane and cytoplasm, respectively, by the presence of 
the ciliary gate, composed of transition fibers (TFs) and the transi-
tion zone (TZ), the latter of which acts as a diffusion/permeability 
barrier (Garcia-Gonzalo and Reiter, 2017; Nachury and Mick, 2019). 
Therefore, the biogenesis and functions of cilia rely on the con-
trolled import and export of ciliary proteins across the TZ, as well as 
on their bidirectional trafficking along the axonemal microtubules. 
Owing to their crucial roles, defects in ciliary assembly and ciliary 
protein trafficking, as well as in TZ integrity, result in a wide range of 
hereditary diseases collectively referred to as the ciliopathies, in-
cluding Bardet–Biedl syndrome (BBS), Joubert syndrome, and 
short-rib thoracic dysplasia (Braun and Hildebrandt, 2017; Reiter 
and Leroux, 2017).

Anterograde and retrograde trafficking of ciliary proteins along 
the axoneme and their import and export across the TZ are medi-
ated by the intraflagellar transport (IFT) machinery, often referred to 
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as IFT particles or trains (Kozminski et al., 1993, 1995; Rosenbaum 
and Witman, 2002; Taschner and Lorentzen, 2016; Nakayama and 
Katoh, 2020). The IFT machinery contains two multisubunit com-
plexes, namely IFT-A and IFT-B. The IFT-B complex mediates antero-
grade trafficking from the base to the distal tip of cilia, powered by 
the kinesin-2 motor. On the other hand, the IFT-A complex mediates 
retrograde trafficking powered by the dynein-2 motor complex after 
the remodeling of IFT particles and motor exchange at the ciliary 
tip; in this context, it is noteworthy that intestinal cell kinase (ICK; 
recently renamed as CILK1 for ciliogenesis-associated kinase 1), 
which is a MAPK-like kinase that undergoes IFT-mediated antero-
grade trafficking, regulates retrograde trafficking by playing a cru-
cial role in the turnaround event at the ciliary tip (Nakamura et al., 
2020). In addition, we and others showed that the IFT-A complex 
and its adaptor protein TULP3 also regulate the import of mem-
brane proteins, including GPCRs, into cilia (Mukhopadhyay et al., 
2010; Badgandi et al., 2017; Hirano et al., 2017; Ye et al., 2018; Han 
et al., 2019). The role of IFT-A was further supported by a cryoelec-
tron tomographic study of anterograde IFT particles in Chlamydo-
monas flagella, which showed that the IFT-A and IFT-B complexes 
contact each other extensively and associate with the flagellar mem-
brane and axoneme, respectively (Jordan et al., 2018). In addition to 
these complexes, the BBSome composed of eight BBS proteins par-
ticipates in the export of ciliary membrane proteins, including GP-
CRs, by connecting GPCRs to IFT particles (Liu and Lechtreck, 2018; 
Nozaki et al., 2018, 2019; Ye et al., 2018).

IFT particles originally purified from a Chlamydomonas flagellar 
fraction were found to be dissociated into IFT-A and IFT-B com-
plexes (Piperno and Mead, 1997; Cole et al., 1998). A subsequent 
study confirmed that IFT-A proteins can be coimmunoprecipitated 
with IFT-B proteins from a Chlamydomonas flagellar fraction under 
certain conditions (Qin et al., 2004). We and others delineated the 
overall architectures of the IFT-A and IFT-B complexes (Taschner and 
Lorentzen, 2016; Nakayama and Katoh, 2018). The IFT-A complex 
can be divided into two subcomplexes (Mukhopadhyay et al., 2010; 
Behal et al., 2012; Hirano et al., 2017; Takahara et al., 2018). The 
noncore subcomplex comprises IFT139, IFT121, and IFT43, and the 
core subcomplex comprises IFT144, IFT140, and IFT122, and binds 
to TULP3, which mediates membrane association of the IFT-A com-
plex and GPCR import into cilia (Mukhopadhyay et al., 2010; 
Badgandi et al., 2017). The IFT-B complex comprises 16 subunits 
and can be divided into the peripheral (IFT-B2) subcomplex com-
posed of six subunits and the core (IFT-B1) subcomplex composed 
of 10 subunits; the two subcomplexes are connected by composite 
interactions involving IFT57–IFT38 (peripheral subunits) and IFT88–
IFT52 (core subunits) (Boldt et al., 2016; Katoh et al., 2016; Taschner 
et al., 2016). We previously showed that the IFT88/IFT57/IFT52/
IFT38 tetramer also serves as a docking site for heterotrimeric kine-
sin-II (Funabashi et al., 2018).

Despite the elucidation of the IFT-A and IFT-B architectures, little 
is known about how the two complexes are connected to function 
as IFT particles. We here found that IFT144–IFT122 from IFT-A and 
IFT88–IFT52 from IFT-B contribute to the IFT-A–IFT-B interface. 
More importantly, we showed that not only retrograde trafficking of 
the IFT machinery but also ciliary GPCR import depends on the firm 
interaction of the IFT-A complex with the IFT-B complex.

RESULTS
Subunits involved in the IFT-A–IFT-B interaction
To identify the IFT-A–IFT-B interface, we utilized the visible immuno-
precipitation (VIP) assay, which we developed as a versatile screen-
ing strategy that enables visual detection of not only binary but also 

one-to-many and many-to-many protein interactions (Katoh et al., 
2015, 2016).

When lysates of cells coexpressing all six of the IFT-A subunits 
fused to enhanced green fluorescent protein (EGFP) and all 16 of 
the IFT-B subunits fused to mCherry (mChe) or TagRFP (tRFP) were 
processed for immunoprecipitation with glutathione S-transferase 
(GST)-tagged anti-GFP nanobodies (Nb) prebound to glutathione–
Sepharose beads, red signals were detected on the precipitated 
beads (Figure 1A, top row), indicating coimmunoprecipitation of 
some of the IFT-B subunits with some of the IFT-A subunits. When 
the IFT-A subunits were grouped into those of the core (IFT144/
IFT140/IFT122) and noncore (IFT139/IFT121/IFT43) subcomplexes, 
the core subunits fused to EGFP substantially coimmunoprecipi-
tated the mChe/tRFP-fused IFT-B subunits (Figure 1A, top row). 
Among the IFT-B subunits, those of the core-2 subcomplex (IFT88/
IFT70/IFT56/IFT52/IFT46) demonstrated a relatively strong interac-
tion and those of the connecting tetramer (IFT88/IFT57/IFT52/
IFT38) demonstrated a weak interaction with the IFT-A core subunits 
(Figure 1A, fourth and bottom rows).

We then performed the subtractive VIP assay to determine which 
of the IFT-B core-2 subunits and connecting subunits contribute to 
its interaction with the IFT-A core subunits. Red signals were sub-
stantially decreased when IFT88 or IFT52 was omitted from the IFT-
B core-2 subunits moderately decreased when IFT46 was omitted 
(Figure 1B), and slightly decreased when IFT88 or IFT52 was omit-
ted from the connecting subunits (Figure 1C).

We then determined which of the IFT-A core subunits participate 
in its interaction with IFT-B by the additive VIP assay and immunob-
lotting analysis (Figure 1, D and E). Compared with any one of the 
IFT-A core subunits fused to EGFP (Figure 1E, lanes 2–4), strong 
signals were detected when both EGFP-IFT144 and EGFP-IFT122 
were coexpressed together with mChe-fused IFT88+IFT52+IFT46 
(Figure 1E, lane 6), indicating that the IFT144–IFT122 dimer of the 
IFT-A complex mainly participates in the IFT-A–IFT-B interaction.

We also determined which of the IFT-B subunits (IFT88, IFT52, 
and IFT46) participate in IFT144–IFT122 binding. As shown in Figure 
1, F and G, no or very weak signals were detected when EGFP-fused 
IFT144 and IFT122 were coexpressed with either mChe-fused IFT88, 
IFT52, or IFT46 alone (Figure 1G, lanes 2–4). However, EGFP-
IFT144+IFT122 firmly coimmunoprecipitated mChe-fused 
IFT88+IFT52 (Figure 1G, lane 5) and moderately coimmunoprecipi-
tated IFT88+IFT46 and IFT52+IFT46 (Figure 1G, lanes 6 and 7). Co-
expression of mChe-IFT46 with IFT88+IFT52 resulted in a marginal 
increase in its coprecipitation with EGFP-IFT144+IFT122 (Figure 1G, 
compare lane 8 with lane 5). These results indicate that the IFT88–
IFT52 from IFT-B, and IFT144–IFT122 from IFT-A make major contri-
butions to the IFT-A–IFT-B interface (Figure 1H) and that IFT46 may 
play an auxiliary role in the IFT-A–IFT-B interaction. However, these 
results do not necessarily exclude interactions involving other IFT-A 
and IFT-B subunits (see below), in view of a recent cryoelectron to-
mographic study of Chlamydomonas anterograde IFT trains, which 
suggests extensive contacts between the IFT-A and IFT-B complexes 
(Jordan et al., 2018).

IFT88 requires its C-terminal α-helix region for its 
interaction with the IFT-A complex
We next aimed to identify mutants of IFT88 that are unable to in-
teract with IFT-A subunits, in conjunction with IFT52 and IFT46. 
The IFT88 protein is predicted to contain 12 tetratricopeptide re-
peats (TPRs) in the middle region (Figure 2, A and B). When the 
region N-terminal to TPR1 was deleted, the resulting IFT88(ΔNT) 
construct, together with IFT52+IFT46, retained the ability to 
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interact with IFT144–IFT122 (Figure 2, C and D, compare lanes 2 
and 3). By contrast, binding of the IFT88(ΔCT) construct, in which 
the region C-terminal to TPR12 was deleted, to IFT144–IFT122 
was decreased to a level comparable to the negative control 
(Figure 2D, compare lanes 1, 2, and 4). However, because 
IFT88(ΔCT) could not rescue the ciliogenesis defect of IFT88-
knockout (KO) cells (see below), we made another construct, 
IFT88(Δα), in which the most C-terminal α-helix region comprising 
28 amino acids was truncated (Figure 2, A and B). Similar to the 
IFT88(ΔCT) construct, IFT88(Δα), in conjunction with IFT52+IFT46, 

had a decreased ability to bind to IFT144–IFT122 (Figure 2, C and 
D, compare lanes 2 and 5).

We then analyzed the interaction of these IFT88 constructs with 
the entire IFT-A complex (IFT144/IFT140/IFT139/IFT122/IFT121/
IFT43) by the VIP assay and immunoblotting analysis (Figure 2, E 
and F). The results were essentially the same as those obtained us-
ing IFT144–IFT122. Namely, IFT88(ΔCT) and IFT88(Δα), combined 
with IFT52+IFT46, demonstrated decreased abilities to coimmuno-
precipitate the IFT-A proteins, compared with IFT88(WT) and 
IFT88(ΔNT) (Figure 2F, compare lanes 4 and 5 with lanes 2 and 3); 

FIGURE 1: Determination of the interface between the IFT-A and IFT-B complexes. (A) Lysates of HEK293T cells 
coexpressing the indicated combinations of EGFP-fused IFT-A and tRFP/mChe-fused IFT-B subunits were subjected to 
the VIP assay. (B, C) The subtractive VIP assay was performed to identify IFT-B subunits that interact with IFT-A core 
subunits. Lysates of cells coexpressing EGFP-fused IFT-A core subunits and all but one (as indicated) subunits of the 
IFT-B core-2 subunits (B) or the connecting tetramer subunits (C) fused to tRFP/mChe were subjected to the VIP assay 
using GST-fused anti-GFP Nb. (D, E) Identification of the IFT-A subunits involved in the interaction with IFT88–IFT52–
IFT46. Lysates of cells coexpressing mChe-fused IFT88+IFT52+IFT46 and EGFP-fused IFT-A subunits, as indicated, were 
subjected to the VIP assay (D) or immunoblotting analysis using anti-RFP and anti-GFP antibodies (E). (F, G) Identification 
of IFT-B subunits involved in the interaction with IFT144–IFT122. Lysates of cells coexpressing mChe-fused IFT88, IFT52, 
and/or IFT46, as indicated, and EGFP-IFT144+IFT122 were subjected to the VIP assay (F) or immunoblotting analysis 
(G). (H) Schematic representation of the mode of interaction between the IFT-A and IFT-B complexes, predicted from 
the data shown in Figure 1, A–G.
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note that the bands for mChe-IFT144 and mChe-IFT139 and those 
for mChe-IFT122 and mChe-IFT121 were indistinguishable on the 
immunoblots, as described previously (Hirano et al., 2017; Takahara 
et al., 2019).

IFT88 acts as a hub subunit in the IFT-B complex, via interacting 
with several subunits. We therefore analyzed whether the IFT88(Δα) 
construct retained the ability to interact with other IFT-B subunits 
(see Figure 1H). 1) IFT88 forms a heterodimer with IFT52 (Katoh 
et al., 2016). As shown in Figure 3, A and B, IFT88(Δα) retained the 
ability to bind to IFT52 (Figure 3B, lane 4). On the other hand, 
IFT88(ΔCT) demonstrated a slightly decreased interaction with 
IFT52 (Figure 3B, compare lanes 2 and 3). 2) The IFT88–IFT52 dimer 
interacts with IFT70B (Takei et al., 2018). As shown in Figure 3, C and 
D, similar to IFT52, IFT88(Δα) retained the ability to bind to IFT70B 
(Figure 3D, lane 4), whereas IFT88(ΔCT) had a slightly reduced abil-
ity (Figure 3D, lane 3). 3) IFT88 and IFT52 from the core subcomplex 
and IFT57 and IFT38 from the peripheral subcomplex connect the 
two IFT-B subcomplexes (Katoh et al., 2016). As shown in Figure 3, 
E and F, IFT88(Δα) retained the ability to form the connecting tetra-
mer, whereas IFT88(ΔCT) had a reduced ability (Figure 3F, lanes 
2–4). 4) We previously showed that the connecting tetramer (IFT88/
IFT57/IFT52/IFT38) interacts with heterotrimeric kinesin-II (KIF3A/
KIF3B/KAP3) and that a slightly reduced interaction between them 
results in a severe ciliogenesis defect (Funabashi et al., 2018). As 

shown in Figure 3, G and H, the connecting tetramer containing 
IFT88(Δα) retained the ability to interact with heterotrimeric kinesin-
II (Figure 3H, lane 4). By contrast, the IFT88(ΔCT)-containing tetra-
mer had a slightly reduced ability to interact with kinesin-II (Figure 
3H, compare lanes 2 and 3). Considering our recent observations 
(Funabashi et al., 2018), the slight reduction in the interaction of 
IFT88(ΔCT) with kinesin-II might be attributable to its inability to res-
cue the ciliogenesis defect of IFT88-KO cells (see Figure 4D), al-
though we did not further characterize the IFT88(ΔCT) construct. 
Taking these results together, the IFT88(Δα) construct was compro-
mised with regard to its interaction with IFT-A proteins among the 
analyzed interactions (Figure 3I).

IFT88-KO cells expressing IFT88(Δα) demonstrate aberrant 
accumulation of the IFT-B complex at the ciliary tip and a 
defect in IFT-A entry into cilia
IFT88-KO RPE1 cells demonstrate the “cilia-lacking” phenotype 
(Katoh et al., 2017), indicating that integrity of the IFT-B complex is 
required for the trafficking of proteins essential for ciliogenesis, such 
as the αβ-tubulin dimer (Bhogaraju et al., 2014). We then investi-
gated whether the IFT88 constructs analyzed above could rescue 
the ciliogenesis defect of IFT88-KO cells.

When mChe-IFT88(WT) was stably expressed in IFT88-KO cells 
by infection of a lentiviral vector, ciliogenesis depicted by staining 

FIGURE 2: The C-terminal α-helix region of IFT88 is crucial for its interaction with the IFT-A complex. (A, B) Schematic 
representation of the IFT88 constructs. (A) Domain organization of IFT88(WT) and its deletion constructs. (B) Secondary 
structure of the C-terminal TPR and α-helix regions of the IFT88 protein, predicted by NetSurfP-1.0 (Petersen et al., 
2009). (C, D) Lysates of cells coexpressing the mChe-fused IFT88 constructs, as indicated, plus IFT52 and IFT46, and 
EGFP-fused IFT144+IFT122 were subjected to the VIP assay (C) or immunoblotting analysis (D). (E, F) Lysates of cells 
coexpressing EGFP-fused IFT88 constructs, as indicated, plus IFT52 and IFT46, and all the IFT-A subunits (IFT144/
IFT140/IFT139/IFT122/IFT121/IFT43) fused to mChe were subjected to the VIP assay (E) or immunoblotting analysis (F).
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FIGURE 3: The C-terminal α-helix region of IFT88 does not play an important role in its interactions with other IFT-B 
subunits and kinesin-II. (A, B) Lysates of cells coexpressing EGFP-fused IFT88 constructs, as indicated, and mChe-IFT52 
were subjected to the VIP assay (A) or immunoblotting analysis (B). (C, D) Lysates of cells coexpressing EGFP-IFT70B 
and mChe-fused IFT88 constructs, as indicated, plus IFT52 were subjected to the VIP assay (C) or immunoblotting 
analysis (D). (E, F) Lysates of cells coexpressing EGFP-fused IFT88 constructs, as indicated, plus IFT52 and tRFP-fused 
IFT57+IFT38 were subjected to the VIP assay (E) or immunoblotting analysis (F). (G, H) Lysates of cells coexpressing 
EGFP-fused kinesin-II subunits and the mChe-IFT88 constructs, as indicated, plus mChe/tRFP-fused IFT57+IFT52+IFT38 
were subjected to the VIP assay (G) or immunoblotting analysis (H). Note that, in the immunoblotting analyses shown in 
B, D, F, and H, anti-RFP and anti-tRFP antibodies recognize mChe and tRFP, respectively. (I) Summary of the results of 
the interaction analyses shown in Figures 2 and 3. +, firm interaction; ±, weak interaction; ND, not determined.
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for ARL13B and acetylated α-tubulin (Ac-tubulin) was restored 
(Figure 4, B′ and B′′). In these cells, mChe-IFT88(WT) was found 
mainly around the ciliary base and in smaller amounts at the tip 
(Figure 4B), as observed for endogenous IFT88 in control RPE1 cells 
(see Figure 5A). By total internal reflection fluorescence (TIRF) 
microscopy, mChe-IFT88(WT) – positive particles were observed 

to move along the cilium in both directions (Supplemental Video 
S1); the movement of IFT88(WT)-positive particles in IFT88-KO cells 
was essentially the same as that observed for IFT88(WT) expressed 
in control RPE1 cells (Supplemental Video S2). By contrast, the 
exogenous expression of mChe-fused IFT88(ΔNT) or IFT88(ΔCT) 
in IFT88-KO cells could not restore the ciliogenesis defect (Figure 4, 

FIGURE 4: Defects in ciliary localization of the IFT components and ARL13B in IFT88(Δα)-expressing IFT88-KO cells. 
(A–E) IFT88-KO cells stably expressing mChe as a negative control (A) or mChe-fused IFT88(WT) (B), IFT88(ΔNT) (C), 
IFT88(ΔCT) (D), or IFT88(Δα) (E) were serum-starved for 24 h to induce ciliogenesis, and immunostained for mChe (A–E), 
ARL13B (A′–E′), and Ac-tubulin+FOP (A′′–E′′). Scale bar, 5 µm. (F) Ciliated IFT88-KO cells expressing mChe or the 
mChe-fused IFT88 constructs shown in A–E were counted, and percentages of ciliated cells are expressed as bar 
graphs. Values are means ± SD of three independent experiments. In each set of experiments, 33 to 56 cells were 
analyzed, and the total numbers of cells analyzed (n) are shown. The p value was determined by the Student t test. 
(G, M) The length of cilia (G) and ciliary ARL13B staining intensity (M) in the IFT88-KO cells expressing mChe-IFT88(WT) 
or mChe-IFT88(Δα) were measured, and the ciliary length and the ciliary ARL13B staining intensity per length are 
represented as box-and-whisker plots. The boxes represent the 25th–75th percentiles (interquartile range [IQR]), and 
the median is indicated by a horizontal line. The whiskers show the minimum and maximum within 1.5 ×  IQR from the 
25th and 75th percentiles, respectively. Outliers are indicated as dots. The total numbers of ciliated cells analyzed (n) are 
shown. P values were determined by the Student t test. (H–K) IFT88-KO cells stably expressing mChe-IFT88(WT) 
(H, J) or mChe-IFT88(Δα) (I, K) were immunostained for either IFT57 (H′, I′) or IFT140 (J′, K′), mChe (H–K), and Ac-tubulin 
and FOP (H′′–K′′). Scale bar, 5 µm. (L) Localization of IFT140 was classified as “ciliary base” or “ciliary base and tip,” and 
the cells in each category were counted. The percentages of these populations are represented as stacked bar graphs. 
Values are the means of three independent experiments. In each set of experiments, 30–37 ciliated cells were observed, 
and the total numbers of ciliated cells observed (n) are shown. The p value was determined by the Pearson χ2 test.
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C and D; also see Figure 4F). On the other hand, IFT88-KO cells 
expressing mChe-IFT88(Δα) were able to form cilia, as depicted by 
the staining for ARL13B and Ac-tubulin (Figure 4E). Thus, a firm in-
teraction of the IFT-B complex with IFT-A is not necessarily required 
for ciliogenesis. However, the ciliogenesis efficiency of mChe-
IFT88(Δα) –expressing cells was considerably lower (Figure 4F) and 
the ciliary length of these cells was shorter (Figure 4G) than those of 
mChe-IFT88(WT) –expressing cells.

The most prominent difference between IFT88(WT)-expressing 
and IFT88(Δα)-expressing IFT88-KO cells was the localization of 
mChe-IFT88 itself. In contrast to mChe-IFT88(WT), mChe-IFT88(Δα) 
was markedly concentrated at the bulged distal tip (Figure 4E); this 
accumulation was not caused by the mChe-tag, because essentially 
the same accumulation was observed for EGFP-fused IFT88(Δα) ex-
pressed in IFT88-KO cells (see Figure 5C). Endogenous IFT57 (an 
IFT-B peripheral subunit) was also markedly concentrated at the 

FIGURE 5: Presence of ECVs formed by IFT88(Δα)-expressing IFT88-KO cells and by IFT144-KO cells. Control RPE1 
cells (A), IFT88-KO cells expressing EGFP-IFT88(WT) (B) or EGFP-IFT88(Δα) (C), or IFT144-KO cells (D) were serum-
starved for 24 h to induce ciliogenesis and immunostained for IFT88, ARL13B, and Ac-tubulin+FOP. Scale bar, 10 µm. 
Images of the boxed regions enlarged 2.5 times are shown in a–f. Scale bar, 5 µm.
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distal tip (Figure 4I′) where mChe-IFT88(Δα) was also localized 
(Figure 4I), indicating accumulation of the entire IFT-B complex at 
the distal tip. IFT140 (an IFT-A subunit) was mainly found around the 
ciliary base, and a small proportion was found at the distal tip in 
IFT88(WT)-expressing IFT88-KO cells (Figure 4J′; also see Figure 
4L), as observed in control RPE1 cells (e.g., see Hirano et al., 2017). 
By contrast, IFT140 signals were barely detectable at the tip in 
IFT88(Δα)-expressing IFT88-KO cells (Figure 4K′; also see Figure 
4L). Overaccumulation of the IFT-B complex at the ciliary tip and 
impaired ciliary entry of the IFT-A complex observed in IFT88(Δα)-
expressing IFT88-KO cells closely resembled our previous observa-
tions in IFT144-KO cells (Hirano et al., 2017). These observations 
suggest disengagement of the IFT-A complex from the anterograde 
IFT trains in IFT88(Δα)-expressing IFT88-KO cells.

Another difference between IFT88(WT)-expressing and 
IFT88(Δα)-expressing IFT88-KO cells was that the staining intensity 
for ciliary ARL13B was substantially lower in IFT88(Δα)-expressing 
cells (Figure 4M). Although we do not know the exact reason for this 
decreased ciliary ARL13B level, it may involve impaired entry of the 
IFT-A complex, as the ciliary ARL13B level is also decreased in 
IFT144-KO and TULP3-KO cells (Hirano et al., 2017; Han et al., 
2019; Hwang et al., 2019; Legué and Liem, 2019).

TIRF microscopy showed that mChe-IFT88(Δα) signals at the 
bulged tip were rather static. Furthermore, mChe-IFT88(Δα) –posi-
tive signals moving along the cilium (Supplemental Video S3) ap-
peared to be different from distinct particle-like signals of mChe-
IFT88(WT) expressed in control RPE1 and IFT88-KO cells 
(Supplemental Videos S1 and S2) and rather resembled those of 
EGFP-IFT88(WT) expressed in IFT144-KO cells (Supplemental Video 
S4), in which the IFT-A complex cannot be assembled or loaded 
onto the anterograde trains due to the absence of the essential core 
subunit, IFT144 (Hirano et al., 2017). In view of the cryoelectron to-
mographic data of Chlamydomonas anterograde trains suggesting 
a stoichiometry of IFT-B:IFT-A of approximately 2:1 (Jordan et al., 
2018), it is likely that the IFT88(Δα)-containing IFT machinery, owing 
to the lack of the IFT-A complex as in IFT144-KO cells, takes a con-
figuration that is different from that of the normal IFT train (Supple-
mental Videos S1 and S2). These observations altogether indicate 
that, in IFT88(Δα)-expressing IFT88-KO cells, the IFT-B complex un-
dergoes trafficking toward the distal tip, where it accumulates owing 
to impaired retrograde trafficking, because the IFT-A complex, even 
though it is intact, does not efficiently bind to the IFT-B complex to 
be loaded onto the anterograde train.

We have recently shown that in ICK-KO cells, the bulged ciliary 
tips containing aberrantly accumulated IFT components are torn off 
and released into the environment as extracellular vesicles (ECVs) 
(Nakamura et al., 2020). It is likely that proteins excessively accumu-
lated at the ciliary tip, including components of the IFT machinery, 
caused by a defective turnaround event in the absence of ICK (Na-
kamura et al., 2020), are eliminated as ECVs to liberate cilia from the 
stress of their overaccumulation. We speculated that ECVs can also 
be released from the bulged tips of IFT88(Δα)-expressing IFT88-KO 
cells, as a block in retrograde trafficking caused the aberrant accu-
mulation of IFT components.

In the case of ICK-KO cells, we noticed the presence of ECVs 
containing IFT components by observation of punctate structures 
that are positive for IFT88 but negative for the basal body marker 
FOP (recently renamed as CEP43). As RPE1 cells grow cilia not only 
on the dorsal surface but also on the ventral surface (Kukic et al., 
2016), vesicles released from the ventral side can be trapped in the 
confined space between the cell surface and the coverslip. This was 
also the case for IFT88(Δα)-expressing IFT88-KO cells.

In the cases of control RPE1 cells (Figure 5A) and EGFP-IFT88(WT) 
–expressing IFT88-KO cells (Figure 5B), IFT88 signals were detected 
around the ciliary base, and ciliary ARL13B staining was clearly de-
tected. In striking contrast, in addition to EGFP-IFT88(Δα) signals at 
the ciliary tips (Figure 5C, a–c), punctate structures representing 
ECVs with intense IFT88(Δα) signals but lacking FOP signals were 
often observed (Figure 5C, d–f). When the EGFP-IFT88(Δα) –ex-
pressing IFT88-KO cells were subjected to time-lapse recording, 
EGFP-IFT88(Δα) –positive vesicles were found to be released from 
the bulged tips (Supplemental Video S5).

As the phenotype of IFT88(Δα)-expressing IFT88-KO cells closely 
resembled that of IFT144-KO cells, which we reported previously 
(Hirano et al., 2017), we also analyzed IFT144-KO cells. As shown in 
Figure 5D, d–f, punctate structures positive for IFT88 but negative 
for FOP were observed. These observations together indicate that 
IFT-B proteins excessively accumulated in the bulged ciliary tips ow-
ing to disengagement of the IFT-A complex from the anterograde 
train are released as ECVs.

Lack of a firm IFT-A–IFT-B interaction impairs import of 
ciliary GPCRs
We then analyzed whether the lack of a firm IFT-A–IFT-B interaction 
affects the trafficking of GPR161 and Smoothened (SMO), which are 
class A and class F GPCRs, respectively, and are involved in negative 
and positive regulation of Hh signaling, respectively (Mukhopad-
hyay and Rohatgi, 2014; Anvarian et al., 2019; Nachury and Mick, 
2019). GPR161 is localized on the ciliary membrane under basal 
conditions and exits cilia when Hh signaling is activated, whereas 
SMO is absent from cilia under basal conditions but enters cilia 
upon the activation of Hh signaling.

In IFT88(WT)-expressing IFT88-KO cells, GPR161 was found within 
cilia under basal conditions, whereas a significant proportion of 
GPR161 exited cilia upon treatment of cells with Smoothened Agonist 
(SAG) (Figure 6, A and B; also see Figure 6I). On the other hand, SMO 
was not found within cilia under basal conditions and entered cilia 
when cells were treated with SAG (Figure 6, E and F; also see Figure 
6J). These results were essentially the same as those observed in con-
trol RPE1 cells (e.g., see Hirano et al., 2017; Tsurumi et al., 2019).

In striking contrast, GPR161 was present at a low level within cilia 
under not only SAG-stimulated but also basal conditions in 
IFT88(Δα)-expressing IFT88-KO cells (Figure 6, C and D; also see 
Figure 6I). On the other hand, entry of SMO into cilia upon SAG 
treatment was significantly decreased in IFT88(Δα)-expressing cells 
(Figure 6, G and H; also see Figure 6J). Thus, these results indicate 
that entry of GPR161 and SMO into cilia is impaired in the absence 
of a firm IFT-A–IFT-B interaction.

To address whether the defect in ciliary entry of GPCRs in 
IFT88(Δα)-expressing IFT88-KO cells is a more general event, we 
analyzed the localization of EGFP-fused SSTR3 expressed in 
IFT88(WT)-expressing and IFT88(Δα)-expressing IFT88-KO cells; in 
our previous study, we showed the lack of ciliary localization of 
SSTR3-EGFP in IFT144-KO cells (Hirano et al., 2017). As shown in 
Supplemental Figure S1, we could not detect the ciliary localization 
of SSTR3-EGFP in IFT88(Δα)-expressing IFT88-KO cells (Supple-
mental Figure S1B), unlike in IFT88(WT)-expressing IFT88-KO cells 
(Supplemental Figure S1A). Although the simultaneous expression 
of two distinct proteins (i.e., SSTR3-EGFP and either mChe-
IFT88(WT) or mChe-IFT88(Δα)) by lentiviral vectors in IFT88-KO cells 
resulted in a substantial reduction in cell viability for an unknown 
reason, the lack of ciliary SSTR3-EGFP in IFT88(Δα)-expressing 
IFT88-KO cells was more robust than that in IFT88(WT)-expressing 
IFT88-KO cells (Supplemental Figure S1C).
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DISCUSSION
In this study, we demonstrated two crucial roles of the interaction 
of the IFT-A complex with the IFT-B complex in ciliary protein traf-
ficking. One role is associated with retrograde trafficking of the 
IFT-B complex. Namely without efficient loading of the IFT-A com-
plex onto the anterograde IFT train, the IFT-B complex can un-
dergo anterograde trafficking toward the distal tip, which is driven 
by heterotrimeric kinesin-II via its binding to the IFT-B connecting 
tetramer (Funabashi et al., 2018). However, the IFT-A-lacking train 
cannot undergo retrograde trafficking driven by dynein-2, which 
probably binds to the IFT-A complex. In this context, it is reason-
able that IFT88(Δα)-expressing IFT88-KO cells phenocopy IFT144-
KO cells, in which IFT-B complexes are accumulated at the distal 
tips (Hirano et al., 2017); that is, as IFT144 is an essential core 
subunit, the IFT-A complex cannot be assembled or loaded onto 
the anterograde train in its absence. It is also noteworthy that in 

this context, the overaccumulated IFT-B proteins in the bulged 
ciliary tips are released as ECVs, not only in IFT88(Δα)-expressing 
IFT88-KO cells but also in IFT144-KO cells. Thus, it is likely that 
the release of ECVs observed in the absence of ciliary entry of the 
IFT-A complex or in the absence of ICK (Nakamura et al., 2020) is 
a common mechanism to relieve cilia of the stress of excessive 
protein accumulation. For example, as mutations in the genes en-
coding proteins involved in retrograde trafficking, including sub-
units of the IFT-A and dynein-2 complexes and ICK, are known to 
cause skeletal ciliopathies, such as short-rib thoracic dysplasia and 
cranioectodermal dysplasia (Arts and Knoers, 2013 [updated 
2018]; Schmidts, 2014; Paige Taylor et al., 2016; Zhang et al., 
2018), ECV release is likely to occur at the cellular level in such 
cases. However, this type of ECV release might be different from 
what occurs under physiological conditions (Nagar et al., 2017; 
Phua et al., 2017; Hoang-Minh et al., 2018).

FIGURE 6: Decreased entry of ciliary GPR161 and SMO in IFT88(Δα)-expressing IFT88-KO cells. (A–H) IFT88-KO cells 
stably expressing mChe-IFT88(WT) (A, B, E, F) or mChe-IFT88(Δα) (C, D, G, H) 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 immunostained for either 
GPR161 (A–D) or SMO (E–H), mChe (A′–H′), and Ac-tubulin+FOP (A′′–H′′). Scale bar, 10 µm. (I, J) Fluorescence staining 
intensities of GPR161 (I) and SMO (J) within cilia were measured, and relative intensities per ciliary length are 
represented as box-and-whisker plots, as described in the legend to Figure 4, G and M. The p values were determined 
by the Student t test, to compare between cell lines and between cells with and without SAG treatment.
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Second, the firm interaction of the IFT-A complex with the IFT-B 
complex is crucial for the import of ciliary GPCRs, including GPR161, 
SMO, and SSTR3. Therefore, it is also reasonable that IFT88(Δα)-
expressing IFT88-KO cells demonstrate virtually the same pheno-
type as IFT144-KO cells (Hirano et al., 2017) and TULP3-knockdown 
cells (Mukhopadhyay et al., 2010; Badgandi et al., 2017), in which 
entry of GPCRs into cilia is impaired. TULP3 is likely to act as an 
adaptor that bridges membrane proteins and the IFT machinery by 
directly or indirectly binding to membrane proteins (Badgandi et al., 
2017) and by directly binding to the IFT-A complex (Mukhopadhyay 
et al., 2010; Hirano et al., 2017). As TULP3 binds to the IFT-A core 
subcomplex IFT144/IFT140/IFT122 (Mukhopadhyay et al., 2010; Hi-
rano et al., 2017), the IFT-B complex containing IFT88(Δα) cannot 
indirectly associate with TULP3. As the driving force for the import 
of GPCRs across the ciliary gate is provided by the kinesin-II motor, 
which directly binds to the IFT-B complex (Funabashi et al., 2018), 
disengagement of the IFT-A complex from the anterograde train, 
even though the IFT-A complex itself is intact, is likely to result in 
impaired GPCR import.

An issue to be addressed in the future is where the IFT machinery 
is assembled and where the kinesin-II motor and cargo proteins are 
loaded. In this context, it is interesting to note the superresolution 
imaging studies by us and others that indicated two distinct pools of 
IFT proteins at the ciliary base (Yang et al., 2015, 2018; Katoh et al., 
2020); one at the TFs projecting from the basal body, where IFT88 
appears to occupy the gaps between CEP164-positive blades with 
ninefold symmetry (Katoh et al., 2020), and the other in the TZ. We 
speculate that the TF pool represents the site for recruiting IFT pro-
teins from the cell body, whereas the TZ pool may be a potential 
standby place of IFT particles, where IFT proteins from the TF pool 
and those from the retrograde trains can be mixed (Nakayama and 
Katoh, 2020).

Taking the results together, this study demonstrated that the IFT-
A and IFT-B complexes play crucial roles in ciliary protein trafficking 
in a mutually dependent manner.

MATERIALS AND METHODS
Request a protocol through Bio-protocol (https://en.bio-protocol 
.org/e2687).

Plasmids, antibodies, reagents, and KO cell lines
Expression vectors for IFT proteins and their deletion constructs 
used in this study are listed in Supplemental Table S1; many of them 
were used in our previous studies (Katoh et al., 2015, 2016; 
Funabashi et al., 2017, 2018; Hirano et al., 2017; Takei et al., 2018; 
Nozaki et al., 2019). Antibodies used in this study are as follows: 
monoclonal mouse anti–Ac-α-tubulin (6-11B-1) from Sigma-Aldrich; 
polyclonal rabbit anti-IFT88 (13967-1-AP), anti-IFT57 (11083-1-AP), 
anti-IFT140 (17460-1-AP), anti-GPR161 (13398-1-AP), anti-ARL13B 
(17711-1-AP), and anti-mCherry (26765-1-AP) and monoclonal 
mouse anti-GFP (66002-1-Ig) from Proteintech; monoclonal mouse 
anti-ARL13B (N295B/66) from Abcam; monoclonal mouse anti-SMO 
(sc-166685) from Santa Cruz; monoclonal mouse anti-FOP (2B1) 
from Abnova; monoclonal mouse anti-RFP (3G5) from MBL Life Sci-
ence; polyclonal rabbit anti-tRFP (AB233) from Evrogen; Alexa 
Fluor–conjugated secondary antibodies (A11034, A21131, A21127, 
A21137, and A21242) from Molecular Probes; and peroxidase-con-
jugated secondary antibodies (115-035-166 and 111-035-144) from 
Jackson ImmunoResearch. GST-tagged anti-GFP Nb prebound to 
glutathione–Sepharose 4B beads were prepared as described previ-
ously (Katoh et al., 2015, 2018). SAG was purchased from Enzo Life 
Sciences. The IFT88-KO cell line (#88-1-8) (Katoh et al., 2017) and 

the IFT144-KO cell line (#144-2-1) (Hirano et al., 2017) were estab-
lished and characterized as described previously.

VIP assay and immunoblotting analysis
The VIP assay and subsequent immunoblotting analysis were per-
formed as described previously (Katoh et al., 2015, 2016) with minor 
modifications (Nishijima et al., 2017); experimental details for the 
VIP assay were described elsewhere (Katoh et al., 2018). HEK293T 
cells were grown on a six-well plate, cotransfected with expression 
vectors for EGFP-fused and mChe/tRFP-fused proteins using Poly-
ethylenimine Max (Polysciences), and cultured for 24 h in high-glu-
cose DMEM (Nacalai Tesque) supplemented with 5% fetal bovine 
serum (FBS). The transfected cells were then lysed in 250 µl of HM-
DEKN cell-lysis buffer (10 mM HEPES, pH 7.4, 5 mM MgSO4, 1 mM 
dithiothreitol, 0.5 mM EDTA, 25 mM KCl, 0.05% NP-40) containing 
protease inhibitor cocktail (Nacalai Tesque). After 20 min on ice, the 
lysates were centrifuged at 16,100  ×  g for 15 min. The supernatants 
(200 µl) were transferred to a 0.2 ml eight-tube strip to which GST-
tagged anti-GFP Nb bound to glutathione–Sepharose 4B beads 
(approximately 5 µl bed volume of the beads) was added and incu-
bated for 1 h at 4°C with constant rotation of the tubes. After cen-
trifugation of the tubes at 2,000  ×  g for 10 s, the precipitated beads 
were washed three times with lysis buffer (180 µl), transferred to a 
96-well plate or a 96-well glass-bottom plate (AGC Techno Glass), 
and observed under a BZ-8000 all-in-one type microscope (Key-
ence) with a 20×/0.75 NA objective lens under fixed conditions (sen-
sitivity ISO 400, exposure 1/30 or 1/10 s for green fluorescence; and 
sensitivity ISO 800, exposure 1/10, 1/5, or 1/2 s for red fluores-
cence), unless otherwise noted.

The beads conjugated with fluorescent proteins were then sub-
jected to immunoblotting analysis. Proteins on the beads were sep-
arated by SDS–PAGE and electroblotted onto an Immobilon-P 
membrane (Merck Millipore). The membrane was blocked in 5% 
skimmed milk and incubated sequentially with primary antibody and 
peroxidase-conjugated secondary antibody. Protein bands were de-
tected using the Chemi-Lumi One L kit (Nacalai Tesque).

Preparation of IFT88-KO cells stably expressing mChe-fused 
IFT88 constructs or SSTR3-EGFP
Lentiviral vectors for the expression of IFT88 constructs were pre-
pared as described previously (Takahashi et al., 2012). In brief, 
pRRLsinPPT-mChe-IFT88 or its deletion construct was transfected 
into HEK293T cells together with packaging plasmids (pRSV-REV, 
pMD2.g, and pMDLg/pRRE [Thomas et al., 2009]; kind gifts from Pe-
ter McPherson, McGill University), and culture media were replaced 8 
h after transfection. Culture media containing lentiviral particles were 
collected at 24, 36, and 48 h after transfection, passed through a 
0.45-µm filter, and centrifuged at 32,000  ×  g at 4°C for 4 h using an 
R15A rotor and Himac CR22G centrifuge (Hitachi Koki). Precipitated 
lentiviral particles were resuspended in Opti-MEM (Invitrogen). 
IFT88-KO cells expressing the mChe-fused IFT88 construct were pre-
pared by adding the lentiviral suspension to the culture medium, fol-
lowed by a 24-h incubation. These cells were used for subsequent 
analyses. Expression of SSTR3-EGFP by infection of a lentiviral vector 
was performed as described previously (Hirano et al., 2017).

Immunofluorescence analysis, TIRF microscopy, and live cell 
imaging
Human telomerase reverse transcriptase–immortalized retinal 
pigment epithelial 1 (hTERT-RPE1) cells (CRL-4000; American Type 
Culture Collection) were cultured in DMEM/F-12 (Nacalai Tesque) 
supplemented with 10% FBS and 0.348% sodium bicarbonate. To 
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induce ciliogenesis, cells were grown on coverslips up to 100% con-
fluence and starved for 24 h in Opti-MEM containing 0.2% bovine 
serum albumin.

Unless otherwise noted, immunofluorescence analysis was per-
formed as described previously (Takahashi et al., 2012; Hirano et al., 
2017; Nozaki et al., 2017). Cells on coverslips were fixed with 3% 
paraformaldehyde for 5 min at 37°C, permeabilized with 100% 
methanol for 5 min at −20°C, and washed three times with phos-
phate-buffered saline. The fixed/permeabilized cells were blocked 
with 10% FBS, incubated sequentially with primary and secondary 
antibodies diluted in Can Get Signal Immunostain Solution A 
(Toyobo) (for detection of IFT140 and SMO) or in 5% FBS (for detec-
tion of the other proteins), and observed using an Axiovert 200M 
microscope (Carl Zeiss) or an AxioObserver microscope (Carl Zeiss).

TIRF microscopy was performed as described previously (Taka-
hashi et al., 2012; Kubo et al., 2015; Hamada et al., 2018). IFT88-KO 
cells expressing mChe-IFT88(WT) or mChe-IFT88(Δα) were serum-
starved for 24 h on a glass-bottom culture dish (Greiner Bio-One), 
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.

Live cell imaging to observe ECV release was performed as de-
scribed previously (Takatsu et al., 2013; Nakamura et al., 2020). 
Briefly, IFT88-KO cells expressing EGFP-IFT88(Δα) were serum-
starved for 24 h on a glass-bottom culture dish and observed under 
an Axio Observer microscope with an AxioCam 506 mono camera 
and a Plan-Apochromat 63×/1.4 NA oil immersion objective lens 
(Carl Zeiss). Z-stacks of seven images spaced 0.26 µm were acquired 
sequentially every 5 min. The region of interest was cropped and 
maximum-intensity projection images were generated and then 
converted into a movie file by Zen imaging software (Carl Zeiss).
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