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Abstract

Protein trafficking within cilia is mediated by the intraflagellar transport (IFT) machinery com-

posed of large protein complexes. The BBSome consists of eight BBS proteins encoded by

causative genes of Bardet-Biedl syndrome (BBS), and has been implicated in the trafficking

of ciliary membrane proteins, including G protein-coupled receptors (GPCRs), by connect-

ing the IFT machinery to cargo GPCRs. Membrane recruitment of the BBSome to promote

cargo trafficking has been proposed to be regulated by the Arf-like small GTPase ARL6/

BBS3, through its interaction with the BBS1 subunit of the BBSome. We here investigated

how the BBSome core subcomplex composed of BBS1, BBS2, BBS7, and BBS9 assem-

bles and interacts with ARL6, and found that the ARL6–BBS1 interaction is reinforced by

BBS9. BBS1-knockout (KO) cells showed defects in the ciliary entry of other BBSome sub-

units and ARL6, and in ciliary retrograde trafficking and the export of the GPCRs, Smooth-

ened and GPR161. The trafficking defect of these GPCRs was rescued by the exogenous

expression of wild-type BBS1, but not by its mutant lacking BBS9-binding ability. Our data

thus indicate that the intact BBSome is required for retrograde trafficking of GPCRs out of

cilia.

Introduction

Cilia are specialized cell surface projections that function as cellular antennae by perceiving

extracellular stimuli, such as fluid flow, and by receiving and transducing developmental sig-

nals, such as the Hedgehog (Hh) signal [1,2]. A cilium is composed of a microtubule-based

scaffold called the axoneme, which is surrounded by a ciliary membrane that is continuous

with the plasma membrane. Defects in ciliary assembly and functions therefore cause a variety

of congenital disorders, such as Bardet-Biedl syndrome (BBS), Joubert syndrome, nephro-

nophthisis, and Meckel syndrome, which are collectively referred to as ciliopathies [3,4]. These

are pleiotropic disorders characterized by a broad spectrum of symptoms, including polycystic

kidney, retinal degeneration, polydactyly, morbid obesity, and mental retardation.

The composition of proteins and lipids in cilia are greatly different from those of the cell

body, because the transition zone at the base of cilia serve as a permeability/diffusion barrier
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[5,6]. Therefore, there are specific soluble and membrane proteins inside cilia and on the cili-

ary membrane. Intraflagellar transport (IFT) particles containing the IFT-A and IFT-B com-

plexes are responsible for the trafficking of ciliary proteins [7–11]. The IFT-B complex

mediates anterograde protein trafficking with the aid of kinesin-2 motors, whereas the IFT-A

complex mediates retrograde trafficking powered by the dynein-2 complex [8–11]. In addition

to the IFT-A and IFT-B complexes, the BBSome composed of eight BBS proteins moves along

the axonemal microtubules in association with IFT particles [12] and has been implicated in

the trafficking of ciliary G protein-coupled receptors (GPCRs).

We and others recently clarified the overall architecture of the IFT-B complex, which is

composed of 16 subunits [13–15]. This very large complex can be divided into the core (B1)

subcomplex composed of 10 subunits, and the peripheral (B2) subcomplex composed of 6 sub-

units; the two subcomplexes are connected by composite interactions involving two core sub-

units and two peripheral subunits. We also demonstrated the architecture of the IFT-A

complex composed of 6 subunits, which associates with TULP3 [16].

We also clarified the architecture of the BBSome by taking advantage of the visible immu-

noprecipitation (VIP) assay [17], in which protein–protein interactions can be visually

detected by analyzing whether an mCherry/TagRFP (mChe/tRFP)-fused protein is coimmu-

noprecipitated with an EGFP-fused protein. In the BBSome, four subunits, namely, BBS1,

BBS2, BBS7, and BBS9 constitute the core subcomplex, whereas BBS4, BBS18, and BBS8 form

the linker subcomplex; the two subcomplexes are connected by the interaction between BBS8

and BBS9 (see S1 Fig). BBS5 interacts with BBS9 and probably mediates the association of the

BBSome with the ciliary membrane via its PH domain (see S1 Fig) [18]. In addition to these

BBSome subunits, the Arf-like small GTPase ARL6/BBS3 was proposed to regulate the mem-

brane recruitment and coat-like assembly of the BBSome via an interaction with BBS1 (see S1

Fig) [19–21]. Another BBSome-interacting protein, LZTFL1/BBS17, was also proposed to reg-

ulate BBSome function [22,23].

Nachury and colleagues proposed that the BBSome functions similarly to coat protein com-

plexes, on the basis of the following reasons [19]: (i) All the core subunits of the BBSome have

structural domains that are found in the subunits of coat protein complexes, including COPI,

COPII, and clathrin-adaptor complexes. These domains include the β-propeller (BP) fold, γ-

adaptin ear-homology (GAE)-like domain, and α/β-platform (PF) domain; (ii) similarly to the

membrane recruitment of COPI, COPII, and clathrin-adaptor coats that is triggered by Arf/

Sar1 GTPases, the BBSome is recruited onto synthetic liposomes through an interaction

between BBS1 and GTP-bound ARL6; and (iii) the ciliary targeting sequence of SSTR3, which

is a GPCR found on the ciliary membrane, is directly recognized by the BBSome.

In this study, to obtain clues toward understanding the association between the architecture

of the BBSome and its function, we analyzed the interactions of the BBSome core subunits

with one another, and furthermore, investigated the roles of BBS1 in the complex by establish-

ing BBS1-knockout (KO) cell lines, followed by rescue experiments using wild-type (WT) and

mutant BBS1.

Materials and methods

Plasmids, antibodies, and reagents

Expression vectors for BBSome subunits and their deletion mutants constructed in this study

are listed in S1 Table. The antibodies used in this study are listed in S2 Table. Glutathione S-

transferase (GST)-tagged anti-GFP nanobody (Nb) prebound to glutathione–Sepharose 4B

beads were prepared as described previously [17]. Polyethylenimine Max and Smoothened

Agonist (SAG) were purchased from Polysciences and Enzo Life Sciences, respectively.
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VIP assay and immunoblotting analysis

The VIP assay and subsequent immunoblotting analysis were carried out as described previ-

ously [14,17], with a slight modification; HEK293T cells expressing EGFP-tagged and mChe-

or tRFP-tagged proteins were lysed in HMDEKN cell lysis buffer (10 mM HEPES [pH 7.4], 5

mM MgSO4, 1 mM DTT, 0.5 mM EDTA, 25 mM KCl, and 0.5% NP-40) [24]. Unless otherwise

noted, the precipitated glutathione-Sepharose beads bearing fluorescent fusion proteins were

observed using a BZ-8000 microscope (Keyence). The precipitated beads were also subjected

to immunoblotting analysis, as described previously [17].

Establishment of KO cell lines using the CRISPR/Cas9 system

The strategy for disruption of genes in hTERT-RPE1 cells (ATCC, CRL-4000) by the CRISPR/

Cas9 system using homology-independent DNA repair (a version 2 method) was previously

described in detail [25]; also see [16,24,26,27]. Briefly, single-guide RNA (sgRNA) sequences

targeting the human BBS1 gene (see S3 Table) were designed using CRISPR design [28]. Dou-

ble-stranded oligonucleotides for these sequences were inserted separately into the all-in-one

sgRNA expression vector peSpCAS9(1.1)-2×sgRNA (Addgene ID 80768). hTERT-RPE1 cells

were grown on a 12-well plate to approximately 3.0 × 105 cells, transfected with 1 μg of the

sgRNA vector and 0.25 μg of the donor knock-in vector pDonor-tBFP-NLS-Neo(universal)

(Addgene ID 80767) using X-tremeGENE9 DNA transfection reagent (Roche Applied Sci-

ence), and cultured in the presence of G418 (600 μg/mL). Colonies of the cells carrying nuclear

tBFP signals were isolated. Genomic DNA from these isolated cells was subjected to PCR

using KOD FX Neo DNA polymerase (TOYOBO). Three sets of primers (S3 Table) were used

to distinguish the three integration modes of the donor knock-in vector: forward integration

(S2A and S2C Fig, b and b’), reverse integration (c and c’), and no integration with a small

indel (a and a’) (see [25]). Direct sequencing of the genomic PCR products was performed to

confirm the disruption of the BBS1 gene. Among the isolated BBS1-KO cell lines, we used the

#B1-1-23 and #B1-2-21 lines in the present study; for detailed characterization of these cell

lines, see S2 Fig.

Preparation of cells stably expressing mChe-tagged BBS1 constructs

Lentiviral vectors were prepared as described previously [29]. Briefly, pRRLsinPPT-mChe-

BBS1(WT) or its mutant was transfected into HEK293T cells using Polyethylenimine Max

along with the packaging plasmids (pRSV-REV, pMD2.g, and pMDL/pRRE; kind gifts from

Peter McPherson, McGill University [30]). Culture medium was replaced 8 h after transfec-

tion, and collected at 24, 36, and 48 h after transfection. The culture medium containing viral

particles was passed through a 0.45-μm filter and centrifuged at 32,000 × g at 4˚C for 4 h. Pre-

cipitated lentiviral particles were resuspended in Opti-MEM (Invitrogen) and stored at −80˚C

until use. BBS1-KO cells that express mChe-BBS1(WT) or its mutant were prepared by adding

a lentiviral suspension to the culture medium.

Immunofluorescence analysis

Induction of ciliogenesis and subsequent immunofluorescence analysis of hTERT-RPE1 cells

were carried out as described previously [16,27]. The stained cells were observed using an

Axiovert 200M microscope (Carl Zeiss). Statistical analyses were performed using JMP Pro 12

software (SAS Institute).
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Results

Modes of interactions involving BBSome core subunits and ARL6

In our previous study [17], we analyzed the 64 possible combinations of eight BBSome sub-

units tagged with EGFP and tRFP/mChe, by taking advantage of the VIP assay, and found that

BBS1, BBS2, BBS7, and BBS9 constitute the core subcomplex (S1 Fig). These four core subunits

share common domain organizations reminiscent of those of coat protein complexes [19]. All

four subunits are predicted to have a BP fold in their N-terminal half (Fig 1A); for BBS1 and

BBS9, their seven-bladed BP structures were confirmed by X-ray crystallography [31,32]. In

their C-terminal half, these four subunits are predicted to have a GAE domain, which is fol-

lowed by an α/β-platform (PF) domain (except for BBS1). Because BP folds are found in sub-

units of the COPI coat protein complex, which are subunits which participate in cargo

recognition [33,34], and because GAE domains are found in clathrin adaptor proteins, the AP-

1 γ-subunit, and GGA proteins [35], Nachury and colleagues proposed that the BBSome func-

tions like a coat protein complex [19].

To delineate the interaction modes among the core subunits, we divided the WT BBS1,

BBS2, BBS7, and BBS9 proteins into their N-terminal BP domain and their C-terminal (CT)

region containing the GAE-like and α/β-PF domains, as schematically shown in Fig 1A, coex-

pressed them as EGFP- and mChe/tRFP-fusions in HEK293T cells, and subjected them to the

VIP assay. In the VIP assay, protein–protein interactions can be visually detected by analyzing

whether the mChe/tRFP-fused protein is coimmunoprecipitated with the EGFP-fused protein

under a microscope [17]. As shown in Fig 1B, the BBS9 CT region fused to EGFP interacted

with the tRFP-fused CT regions of BBS1 and BBS2 (row 3 and 6, respectively). On the other

hand, the BP domain of BBS9 interacted with BBS5 and BBS8 (Fig 1B, row 7 and 8, respec-

tively). The BBS2–BBS7 interaction was mediated by their CT regions (Fig 1C, bottom row).

The VIP assay suggested that the BP domain of BBS1 interacted mainly with the BBS7 CT

region (Fig 1D, bottom row), although the BBS1 BP domain also exhibited an interaction with

the BBS7 BP region (row 3). We also performed conventional immunoblotting analysis to con-

firm the VIP data, because a very recent study using the yeast two-hybrid system did not detect

the BBS1–BBS7 interaction [36]. As shown in Fig 1E, the CT region of BBS7 made a major

contribution to its interaction with the BBS1 BP domain (lane 11), although the BBS7 BP

region also exhibited an interaction with the BBS1 BP domain (lane 8).

In agreement with a previous crystallographic study [32], ARL6ΔN15(Q73L) was co-

precipitated with the BP domain, but not the CT region, of BBS1 (Fig 1F); we here used an

ARL6ΔN15 (residues 1–15 deleted) construct, like in previous studies [19,32], as the presence

of an N-terminal amphipathic helix generally hampers interactions of the ARF/ARL family

GTPases with their effectors, at least in vitro.

Based on the data shown in Fig 1B–1F, we predicted the interaction model shown in Fig

1G. The BBS7–BBS2, BBS2–BBS9, and BBS9–BBS1 interactions are mediated by their CT

regions, whereas the interaction between BBS1 and BBS7 is mediated mainly by their BP

domain and CT region, respectively. The BBS1 BP domain also participates in its interaction

with ARL6.

The CT region of BBS1 contains an α-helix region followed by a GAE-like domain. A BBS1

construct lacking the α-helix region (Δα; Fig 2A) retained the ability to interact with BBS9 (Fig

2B, column 2). By contrast, another BBS1 construct lacking the C-terminal 18-amino acids of

the GAE-like domain (BBS1(1–575); Fig 2A) did not interact with BBS9 (Fig 2B, column 3).

Thus, at least a part of the GAE-like domain of BBS1 participates in its interaction with BBS9.

Lorentzen and colleagues previously reported the crystal structure of Chlamydomonas
ARL6ΔN15 in complex with Chlamydomonas BBS1(1–425) [32]. They constructed some
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Fig 1. Modes of interaction involving BBSome core subunits and ARL6. (A) Schematic representation of the domain organizations of human BBS1,

BBS2, BBS7, and BBS9. The amino acid positions of the boundary between the BP and CT constructs are also indicated. (B) HEK293T cells were

cotransfected with expression vectors for a BBS9 construct fused to EGFP and a BBS1, BBS2, BBS5, or BBS8 construct fused to tRFP, as indicated.

Lysates prepared from the transfected cells were subjected to the VIP assay, as described in Materials and Methods. (C) Lysates were prepared from

HEK293T cells coexpressing an EGFP-fused BBS2 construct and mChe-fused BBS7 construct, as indicated, and subjected to the VIP assay. (D, E)

HEK293T cells were cotransfected with expression vectors for an EGFP-fused BBS1 construct and mChe or an mChe-fused BBS7 construct, as

indicated. Lysates were prepared from the transfected cells and processed for the VIP assay (D) or SDS-PAGE followed by immunoblotting analysis

with an anti-RFP antibody, which reacts with mChe, or an anti-GFP antibody (E). (F) Lysates prepared from HEK293T cells coexpressing an EGFP-
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mutants of the human BBS1 BP domain on the basis of the crystal structure and found that an

I399E or R404A mutation in human BBS1 abolished its interaction with ARL6; Ile399 and

Arg404 are located within the bipartite blade 1 of the BBS1 BP domain [32]. By the VIP assay

and conventional immunoblotting analysis, we confirmed their data; the I399E or R404A

mutant of BBS1 could not interact with ARL6ΔN15(Q73L) (Fig 2C and 2D, lanes 3 and 4).

Somewhat unexpectedly, BBS1(1–575) demonstrated an attenuated interaction with

ARL6ΔN15(Q73L) compared with BBS1(WT) (Fig 2C and 2D, compare lane 5 with lane 2);

this will be discussed later (see below). By contrast, both BBS1 point mutants retained their

ability to interact with BBS7 (Fig 2E and 2F, lanes 2 and 3). Thus, it is likely that the BBS1 BP

domain interacts with ARL6 and BBS7, at least in part via distinct interfaces.

fused BBS1 construct, as indicated, and tRFP-fused ARL6ΔN15(Q73L), were processed for the VIP assay. (G) Schematic representation of the

predicted model of interactions involving BBSome subunits and ARL6.

https://doi.org/10.1371/journal.pone.0195005.g001

Fig 2. Interaction modes of BBS1 with BBS9, BBS7, and ARL6. (A) Schematic representation of BBS1 constructs used in the experiments. (B)

Lysates prepared from HEK293T cells coexpressing the EGFP-BBS9 construct and mChe-fused BBS1 construct, as indicated, were subjected to the

VIP assay. (C, D) HEK293T cells were cotransfected with expression vectors for EGFP-fused ARL6ΔN15(Q73L) and a tRFP-fused BBS1 construct,as

indicated. Lysates were prepared from the transfected cells and processed for the VIP assay (C) or SDS-PAGE followed by immunoblotting analysis

with an anti-tRFP or anti-GFP antibody (D). (E, F) Lysates prepared from HEK293T cells cotransfected with expression vectors for EGFP-BBS7 and a

tRFP-fused BBS1 construct as indicated were processed for the VIP assay (E) or SDS-PAGE followed by immunoblotting analysis with an anti-tRFP or

anti-GFP antibody (F).

https://doi.org/10.1371/journal.pone.0195005.g002
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Impaired retrograde trafficking of ciliary GPCRs in BBS1-KO cells

Smoothened (SMO) and GPR161 are seven-pass transmembrane GPCRs involved in Hh signal-

ing [1,2]. Under basal conditions, SMO is absent from cilia, whereas GPR161 on the ciliary mem-

brane negatively regulates Hh signaling. When the Hh pathway is stimulated, for example, by

treating ciliated cells with a small molecule activator, Smoothened Agonist (SAG), SMO enters

cilia and GPR161 exit cilia; consequently, the negative regulation of the Hh signaling is canceled.

Sheffield and colleagues previously reported that, in cells derived from Arl6-KO mice, SMO

is significantly accumulated within cilia even under basal conditions [20]. On the other hand,

Nachury and colleagues reported that GPR161 was retained in the cilia of Arl6-KO IMCD3

cells even when the cells were treated with SAG [21]. These observations taken together sug-

gested that retrograde trafficking and/or export of these ciliary GPCRs are impaired in the

absence of ARL6.

In this study, we established BBS1-KO hTERT-RPE1 cell lines using a CRISPR/Cas9 system

with our original modifications (the version 2 method; see [25]) and compared their phenotypes

with those of control RPE1 cells, as ARL6 directly interacts with BBS1 and regulates BBSome

function. Two BBS1-KO cell lines (#B1-1-23 and #B1-2-21) established using distinct target

sequences were analyzed (see Materials and Methods and S2 Fig). Regarding localization of mark-

ers of the ciliary membrane (ARL13B) or the axoneme (acetylated α-tubulin; Ac-α-tubulin), no

substantial differences were observed between control RPE1 cells and the BBS1-KO cell lines (Fig

3A–3C and 3A0–3C0). In addition, the frequency of ciliogenesis (S3A Fig) or ciliary length (S3B

Fig) was not significantly different between control RPE1 cells and the two BBS1-KO cell lines.

ARL6 (Fig 3D), BBS5 (Fig 3G), and BBS9 (Fig 3J) were uniformly distributed within cilia in

10%–20% of control RPE1 cells (also see Fig 3S–3U). In marked contrast, localization of these

BBS proteins was substantially altered in the BBS1-KO cell lines: ARL6 was no longer found

inside cilia, but its localization at the ciliary base was, at least partially, retained (Fig 3E and 3F;

also see Fig 3S); BBS5 localization within cilia and at the ciliary base was abolished (Fig 3H and

3I, also see Fig 3T); ciliary localization of BBS9 was also abolished, and BBS9-positive aggre-

gates were often observed around the base (Fig 3K and 3L, also see Fig 3U). Although the iden-

tity of these aggregates is unclear, Sheffield and colleagues also reported the presence of

BBS9-positive and BBS8-positive aggregates around the ciliary base in RPE1 cells treated with

BBS1 siRNA [22]. Overall, it is thus likely that the BBSome and ARL6 cannot enter cilia in the

absence of BBS1.

As the BBSome is believed to move within cilia in association with IFT particles containing

the IFT-A and IFT-B complexes [12], we also analyzed the localization of IFT-A and IFT-B

subunits in the BBS1-KO cell lines. However, the localization of IFT88 (an IFT-B subunit) or

IFT140 (an IFT-A subunit) was not apparently altered in the absence of BBS1 compared with

control RPE1 cells; IFT88 was mainly localized at the ciliary base with a minor proportion

found along cilia (Fig 3M–3O), whereas the majority of IFT140 is found at the base (Fig 3P–

3R). It is likely that intraciliary movement of the IFT-A or IFT-B complex is not dependent on

the BBSome, although the BBSome moves in association with IFT particles.

We then compared the localization of SMO and GPR161 under basal (–SAG) and SAG-

treated (+SAG) conditions. Under basal conditions, the ciliary localization of SMO was not de-

tected in control RPE1 cells (Fig 4A), but was substantially increased in the BBS1-KO cell lines

(Fig 4B and 4C, also see Fig 4M). Upon stimulation with SAG, SMO entered cilia in control

RPE1 cells (Fig 4D, also see Fig 4M), and its ciliary localization was further enhanced in the

BBS1-KO cells (Fig 4E and 4F, also see Fig 4M). These observations suggest two possibilities:

one is that the BBSome suppresses ciliary entry of SMO; and the other is that, even under basal

conditions, SMO undergoes constitutive cycling between the ciliary and plasma membranes to
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keep its ciliary level low, and that a block in its retrograde trafficking and/or exit from cilia in

the absence of BBS1 might result in significant retention of SMO on the ciliary membrane. In

view of the GPR161 data (see below), we favor the latter possibility.

On the other hand, in control cells, GPR161 was found within most cilia under basal condi-

tions (Fig 4G), and its localization to cilia was significantly decreased under SAG-stimulated con-

ditions (Fig 4J). Under basal conditions, localization of GPR161 within cilia in the BBS1-KO cell

lines (Fig 4H and 4I; also see Fig 4N) was significantly higher than that in control cells (Fig 4G).

Fig 3. The BBSome and ARL6 do not localize within cilia in BBS1-KO cells. (A–R) Control RPE1 cells (A, D, G, J, M, and P) or the BBS1-KO cell

lines #B1-1-23 (B, E, H, K, N, and Q) or #B1-2-21 (C, F, I, L, O, and R) were serum-starved for 24 h and triple immunostained for ARL13B (A–C),

ARL6 (D–F), BBS5 (G–I), BBS9 (J–L), IFT88 (M–O), or IFT140 (P–R), and Ac-α-tubulin (A0–R0) and γ-tubulin (A0 0–R0 0). Insets show enlarged images

of the boxed regions. Scale bars, 10 μm. (S)–(U), Control cells and BBS1-KO cells with ciliary localization of ARL6 (S), BBS5 (T), and BBS9 (U) were

counted, and the percentages are expressed as stacked bar graphs. Values are means ± SD of three independent experiments. In each set of experiments,

82–152 (S), 109–185 (T), and 95–175 (U) ciliated cells were analyzed and the total numbers of ciliated cells analyzed (n) are shown.

https://doi.org/10.1371/journal.pone.0195005.g003
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Furthermore, unlike in control cells, GPR161 was retained within cilia even when the BBS1-KO

cells were treated with SAG (Fig 4K and 4L; also see Fig 4N). The altered localization of SMO and

GPR161 in the BBS1-KO cells under basal and SAG-stimulated conditions is reminiscent of our

previous study on cells lacking IFT139, which is a subunit of the IFT-A complex [16]; in IFT139-

KO cells, retrograde trafficking and/or export of ciliary GPCRs, including SMO and GPR161, was

severely impaired. These observations together indicate that, in the absence of BBS1, retrograde

trafficking and/or ciliary exit of the GPCRs involved in Hh signaling is impaired.

BBS1 mediates retrograde trafficking of GPCRs in the context of the

BBSome via its interaction with BBS9

To exclude the potential off-target effects of the CRISPR/Cas9 system, we then performed res-

cue experiments. BBS1-KO cells were infected with a lentiviral vector for the stable expression

Fig 4. Accumulation of GPR161 within cilia in BBS1-KO cells. (A–L) Control RPE1 cells (A, D, G, and J), and the BBS1-KO cell lines #B1-1-23 (B, E,

H, and K) and#B1-2-21 (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), Ac-α-tubulin (A0–L0), and γ-tubulin (A0 0–L0 0). Scale bars, 10 μm.

(M and N) Fluorescence staining intensities of SMO (M) and GPR161 (N) in control and BBS1-KO cells were measured, and relative intensities of the

cells, with SAG-treated control cells normalized to 1, are expressed as bar graphs. Values are means ± SD of three independent experiments. In each set

of experiments, 50–71 (M) and 50–69 (U) ciliated cells were analyzed and the total numbers of ciliated cells analyzed (n) are shown. �, p< 0.05; ��,

p< 0.005; ���, p< 0.0001 (one-way ANOVA followed by Tukey post-hoc analysis).

https://doi.org/10.1371/journal.pone.0195005.g004
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of mChe-tagged BBS1(WT) or its mutant. In contrast to the BBS1-KO (#B1-1-23) cell line

without exogenous BBS1 expression (Fig 4B, 4E, 4H and 4K), SMO was excluded from and

GPR161 was localized within cilia (Fig 5A and 5I; also see Fig 5Q and 5R) in the #B1-1-23 cell

line expressing mChe-BBS1(WT) under basal conditions, as observed in control cells (Fig 4A

and 4G). Upon stimulation with SAG, SMO entered and GPR161 exited cilia (Fig 5E and 5M;

also see Fig 5Q and 5R) in the mChe-BBS1(WT)–expressing BBS1-KO cell line, similarly to in

control cells (Fig 4D and 4J). Thus, the impaired localization of SMO and GPR161 in the

BBS1-KO cell line under both basal and SAG-stimulated conditions was rescued by the exoge-

nous expression of BBS1(WT).

In striking contrast, the exogenous expression of mChe-tagged BBS1(1–575), which cannot

interact with BBS9, did not restore the normal localization of SMO or GPR161 in the BBS1-

KO cell line; a substantial, although low, level of SMO was found within cilia under basal con-

ditions (Fig 5D; also see Fig 5Q), and an increased level of GPR161 within cilia was found

Fig 5. Rescue of SMO and GPR161 localization in BBS1-KO cells upon the expression of WT and mutant BBS1. The #B1-1-23 cell line stably

expressing mChe-fused BBS1(WT) (A, E, I, and M), BBS1(I399E) (B, F, J, and N), BBS1(R404A) (C, G, K, and O), or BBS1(1–575) (D, H, L, and P)

were cultured and treated with SAG as described in the legend for Fig 4, and triple immunostained for either SMO (A–H) or GPR161 (I–P), and

ARL13B and FOP (A0 0–P0 0). (M and N) Relative staining intensities for SMO and GPR161 were estimated and expressed as described in the legend for

Fig 4. Values are means ± SD of three independent experiments. In each set of experiments, 31–44 (M) and 31–45 (U) ciliated cells were analyzed, and

the total numbers of ciliated cells analyzed (n) are shown. �, p< 0.05; ���, p< 0.0001 (one-way ANOVA followed by Tukey post-hoc analysis).

https://doi.org/10.1371/journal.pone.0195005.g005
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under basal conditions, and the level was maintained even when the KO cells were stimulated

with SAG (Fig 5P; also see Fig 5R). These data indicate that the interaction of BBS1 with BBS9,

in other words, the integrity of the BBSome core subcomplex (see S1 Fig), is essential for

BBSome function to mediate retrograde trafficking of ciliary GPCRs and/or their exit from

cilia.

ARL6 interacts with the BBSome via BBS1 with the aid of BBS9

In contrast to the failed recovery of GPCR retrograde trafficking by the expression of BBS1(1–

575), in BBS1-KO cells exogenously expressing a BBS1 mutant defective in ARL6 binding sub-

stantially rescued the abnormal localization of SMO and GPR161. Namely, in the BBS1-KO

cell line expressing mChe-BBS1(I399E) or mChe-BBS1(R404A), SMO was excluded from cilia

under basal conditions (Fig 5B and 5C; also see Fig 5Q). Ciliary exit of GPR161 upon SAG

treatment was promoted in BBS1-KO cells expressing mChe-BBS1(I399E) or mChe-BBS1

(R404A) (Fig 5N and 5O), compared with those expressing mChe-BBS1(1–575) (Fig 5P; also

see Fig 5R). Thus, these BBS1 point mutants appeared to be functional, at least partly, with

regard to GPCR trafficking, even though they are defective in ARL6 binding (Fig 2C and 2D).

Given that ARL6 demonstrates a binary interaction only with BBS1 among the BBSome sub-

units (S4 Fig), the results of these rescue experiments were intriguing.

In an attempt to address the apparent contradiction of the data obtained by the rescue

experiments of the BBS1-KO cells (Fig 5) with the biochemical interaction data (Fig 2C and

2D), we took advantage of the VIP assay to analyze whether the ARL6–BBS1 interaction can

be enhanced in the presence of other BBSome subunit(s). For this purpose, tRFP-fused

ARL6ΔN15(Q73L) and either EGFP-fused BBS1(WT), BBS1(I399E), or BBS1(R404A) were

co-expressed with tBFP fusions of all the other BBSome subunits, other core subunits (BBS2,

BBS7, and BBS9), or linker subunits (BBS4, BBS8, and BBS18) in HEK293T cells. As shown in

Fig 6A, the interaction of EGFP-BBS1(WT) with tRFP-ARL6 appeared to be promoted in the

presence of tBFP-fused all the other BBSome subunits (BBS2/BBS4/BBS5/BBS7/BBS8/BBS9/

BBS18; Fig 6A, column 1) or other core subunits (BBS2/BBS7/BBS9; column 4) compared with

that in the presence of tBFP-fused linker subunits (BBS4/BBS8/BBS18) (column 7), the latter

which does not demonstrate a direct interaction with BBS1. Importantly, substantial interac-

tion of BBS1(I399E) or BBS1(R404A) with ARL6 was detectable in the presence of all other

BBSome subunits or all other core subunits, but not in the presence of linker subunits (com-

pare columns 1–6 with 7–9).

We then investigated which core subunit(s) can enhance the ARL6–BBS1 interaction. As

shown in Fig 6B, the interaction between EGFP-BBS1(WT) and tRFP-ARL6 was substantially

enhanced in the presence of tBFP-BBS9 (column 7), but not in the presence of tBFP-BBS2 (col-

umn 1) or tBFP-BBS7 (column 4). Furthermore, tBFP-BBS9 made the interaction between

tRFP-ARL6 and EGFP-BBS1(I399E) or EGFP-BBS1(R404A) (column 8 and 9) detectable. The

VIP data were confirmed by conventional immunoblotting. tBFP-BBS9 substantially increased

the amount of tRFP-ARL6 coimmunoprecipitated with EGFP-BBS1(WT), as compared with

tBFP-BBS2 and tBFP-BBS7 (Fig 6C, top panel; compare lane 7 with lanes 1 and 4). Further-

more, tBFP-BBS9 also led to an increase in the amount of tRFP-ARL6 coprecipitated with

EGFP-BBS1(I399E) or EGFP-BBS1(R404A) (middle panel; compare lanes 8 and 9 with lanes 2

and 5, and lanes 3 and 6, respectively).

The data shown in Fig 1B indicate that the BBS9 CT region interacts with the BBS1 CT

region. We then examined whether the BBS9 CT region is sufficient for promoting the ARL6

interaction with BBS1. As shown in Fig 6D and 6E, not only the WT construct (lane 2) but also

the CT region (lane 4) of BBS9 considerably enhanced the interaction of BBS1(WT) with
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ARL6. The enhancement of the ARL6–BBS1 interaction by BBS9 was confirmed to be medi-

ated by the interaction of BBS9 with BBS1, since the BBS9 CT region did not promote the

interaction of ARL6 with BBS1(1–575) (compare lane 6 with lane 4), which lacks the

BBS9-binding ability (Fig 2B).

These VIP and immunoblotting data suggest that BBS9 can reinforce the interaction of ARL6

with BBS1, although it does not directly interact with ARL6 (see Discussion). Furthermore, these

Fig 6. The ARL6–BBS1 interaction is strengthened by BBS9. (A) HEK293T cells were transfected with expression vectors for an EGFP-fused BBS1

construct, as indicated, and tRFP-ARL6ΔN15(Q73L) together with tBFP-fusion vectors for all BBSome subunits (excepting BBS1), all core subunits

(excepting BBS1), or all linker subunits. Lysates prepared from the transfected cells were processed for the VIP assay. Beads bearing fluorescent fusion

proteins were observed using an A1R-MP confocal laser-scanning microscope (Nikon). (B and C) HEK293T cells were transfected with expression

vectors for an EGFP-fused BBS1 construct as indicated and tRFP-ARL6ΔN15(Q73L) together with tBFP-fused BBS2, BBS7, or BBS9. Lysates prepared

from the transfected cells were processed for the VIP assay (B) or immunoblotting analysis (C) with anti-tRFP antibody, which reacts with tRFP and

tBFP, and very weakly cross-reacts with EGFP (indicated by an asterisk) and with an anti-GFP antibody. (D and E) Lysates prepared from HEK293T

cells cotransfected with expression vectors for an EGFP-fused BBS1 construct as indicated, and tRFP-ARL6ΔN15(Q73L) together with tRFP-fused

BBS2 or a BBS9 construct as indicated were processed for the VIP assay (D) or immunoblotting analysis (E) with anti-tRFP antibody and anti-GFP

antibody. The anti-tRFP antibody very weakly cross-reacts with EGFP (indicated by an asterisk).

https://doi.org/10.1371/journal.pone.0195005.g006
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data can explain why BBS1(I399E) and BBS1(R404A) can rescue, at least partially, the BBS1-KO

phenotype (Fig 5), although neither of the BBS1 mutants forms a binary interaction with ARL6

(Fig 2C and 2D; and Fig 6B and 6C, lanes 2 and 3, and lanes 4 and 5) (see Discussion).

Discussion

Protein trafficking within cilia is mediated by the IFT machinery composed of large protein

complexes. The BBSome consists of eight BBS proteins encoded by causative genes of BBS, and

has been implicated in the trafficking of ciliary membrane proteins, including GPCRs, by con-

necting the IFT machinery and cargo GPCRs. The membrane recruitment and coat-like assem-

bly of the BBSome to promote cargo trafficking has been proposed to be regulated by the Arf-

like small GTPase ARL6/BBS3, through its interaction with the BBS1 subunit. Using the VIP-

based method, we here systematically investigated how the BBSome core subcomplex composed

of BBS1, BBS2, BBS7, and BBS9 assembles and interacts with ARL6 (Fig 1). The data presented

here showed that the CT regions containing the GAE and PF domains, but not the BP domains

(except for that of BBS1) of these core subunits mainly participate in the assembly of the core

subcomplex (Fig 1G). In other words, the BP domains of the core subunits are free from core

subcomplex assembly. Taking into account the fact that the BP domains of the α-COP and δ-

COP subunits of the COPI complex are responsible for recognition of cargo molecules [33,34],

it is tempting to speculate that the BP domains of the BBSome subunits participate in cargo rec-

ognition, although our attempts to find interactions between the BBSome and candidate cargo

molecules have so far been unsuccessful. While this manuscript was in preparation, Klink et al.
reported that a recombinant BBSome semi-complex, which contained BBS1 and BBS9 but

lacked BBS2 and BBS7, bound in vitro to synthetic peptides derived from ciliary GPCRs, SMO

and SSTR3 [37]. Given that, in the genomes of Drosophila species, the BBS2 and BBS7 genes are

absent [38], BBS1 and/or BBS9 might play pivotal roles in cargo recognition, although it

remains possible that other subunits also play some role.

Unexpectedly, our VIP-based analysis, supported by conventional immunoblotting analy-

sis, also demonstrated that although BBS1 directly interacts with ARL6 via its BP domain as

shown by a previous crystallographic study [32], the ARL6–BBS1 interaction can be indirectly

strengthened by BBS9 (Fig 6B and 6C). In view of the facts that BBS1 interacts with BBS9 via

its CT region (Fig 1B) and that BBS9 did not show a direct interaction with ARL6 (S4 Fig),

how BBS9 supports the ARL6-BBS1 interaction is an interesting issue to address. One possible

explanation is that the BBS1 protein on its own adopts a closed conformation, but upon bind-

ing of BBS9 to its CT region, the BBS1 protein undergoes a change in conformation so that

ARL6 is now accessible to its BP domain. In support of this speculation, the interaction of

ARL6 with the BP domain construct of BBS1 appears to be stronger than that with the BBS1

(WT) construct (Fig 1F). Another possibility is that BBS9 can somehow stabilize the ARL6–

BBS1 dimer. If so, formation of the ARL6–BBS1 dimer, and subsequent BBS9 binding, can

trigger the assembly of the whole BBSome complex. In any case, our data suggest that the

ARL6–BBS1 interaction is maximally functional in the context of the BBSome complex.

In this study, we also established BBS1-KO RPE1 cells and showed that the absence of BBS1

impairs retrograde trafficking and/or export of GPR161, and possibly SMO (Fig 4). This phe-

notype is in line with that reported for ARL6-KO cells [20,21]. The impaired trafficking of

these ciliary GPCRs was rescued by the exogenous expression of BBS1(WT), but not by its

mutant, BBS1(1–575), defective in BBS9 binding due to the lack of only 18-amino acids from

the C-terminus (Fig 5). As BBS1(1–575) retains the ability to interact with BBS7 and ARL6, the

data of rescue experiments indicate that the integrity of the whole BBSome complex is crucial

for its role in ciliary protein trafficking.
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On the other hand, two BBS1 mutants, BBS1(I399E) and BBS1(R404A), which are defective

in the binary interaction with ARL6 (Fig 2B and 2C)[32], were unexpectedly found to rescue

the impaired GPCR trafficking in BBS1-KO cells (Fig 5). Given that ARL6-KO cells [20,21]

show apparently the same phenotype as that of BBS1-KO cells (Fig 5), it was intriguing that the

BBS1 mutants defective in ARL6 binding were able to restore the impaired GPCR trafficking

in BBS1-KO cells. However, we finally found that the BBS1 mutants demonstrate a substantial,

although limited, interaction with ARL6 in the presence of BBS9, as described above. There-

fore, how ARL6 is implicated in BBSome function; namely, whether it regulates the assembly

of the BBSome or is a stoichiometric component of the BBSome will be an interesting issue to

address in the future, although these roles are not mutually exclusive.

Supporting information

S1 Fig. Schematic representation of the architecture of the BBSome predicted from our

previous study.

(TIF)

S2 Fig. Genomic PCR and sequence analyses of the BBS1-KO cell lines. (A and C) Genomic

DNA was extracted from control hTERT-RPE1 cells and form the BBS1-KO cell lines, #B1-1-23

(A) and #B1-2-21 (C), established using donor knock-in vectors containing target sequences 1

and 2, respectively. The DNA was subjected to PCR using the primer sets as indicated (see S3

Table) in an attempt to detect alleles with a small indel or no insertion (a and a0), or with for-

ward (b and b0) or reverse (c and c0) integration of the donor knock-in vector. (B and D) Align-

ment of allele sequences of the B1-1-23 (B) and B1-2-21 (D) cell lines determined by direct

sequencing of the genomic PCR products. Red and black lines indicate the target sequences and

PAM sequence, respectively, and blue arrows indicate the direction of donor vector integration.

(TIF)

S3 Fig. Ciliogenesis is not affected in the absence of BBS1. Percentages of cells with cilia (A)

and the length of cilia (B) in the data shown in Fig 3A–3C, were measured and expressed as

bar graphs. Values are means ± SD of three independent experiments. In each set of experi-

ments, 34–60 (A) and 31–51 (B) cells were observed, and the total numbers of ciliated cells

observed (n) are shown.

(TIF)

S4 Fig. ARL6 can interact only with BBS1 among the BBSome subunits. Lysates prepared

from HEK293T cells coexpressing EGFP-ARL6ΔN15(Q73L) and each of the BBSome subunits

fused to mChe were subjected to the VIP assay.

(TIF)

S1 Table. Plasmid vectors used in this study.
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S2 Table. Antibodies used in this study.
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S3 Table. Oligo DNAs used in this study.
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