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RABL2 interacts with the intraflagellar 
transport-B complex and CEP19 and 
participates in ciliary assembly

ABSTRACT Proteins localized to the basal body and the centrosome play crucial roles in cili-
ary assembly and function. Although RABL2 and CEP19 are conserved in ciliated organisms 
and have been implicated in ciliary/flagellar functions, their roles are poorly understood. 
Here we show that RABL2 interacts with CEP19 and is recruited to the mother centriole and 
basal body in a CEP19-dependent manner and that CEP19 is recruited to the centriole prob-
ably via its binding to the centrosomal protein FGFR1OP. Disruption of the RABL2 gene in 
Chlamydomonas reinhardtii results in the nonflagellated phenotype, suggesting a crucial role 
of RABL2 in ciliary/flagellar assembly. We also show that RABL2 interacts, in its GTP-bound 
state, with the intraflagellar transport (IFT)-B complex via the IFT74–IFT81 heterodimer and 
that the interaction is disrupted by a mutation found in male infertile mice (Mot mice) with a 
sperm flagella motility defect. Intriguingly, RABL2 binds to CEP19 and the IFT74–IFT81 het-
erodimer in a mutually exclusive manner. Furthermore, exogenous expression of the GDP-
locked or Mot-type RABL2 mutant in human cells results in mild defects in ciliary assembly. 
These results indicate that RABL2 localized to the basal body plays crucial roles in ciliary/fla-
gellar assembly via its interaction with the IFT-B complex.

INTRODUCTION
The centrosome is an organelle that is assembled from a pair of 
centrioles arranged in an L-shaped configuration and surrounded by 
a dense matrix of pericentriolar material. In interphase cells, the cen-
trosome is located near the nucleus and serves as an organizing 

center for intracellular microtubules, and in the mitotic phase, bipo-
lar mitotic spindles assemble on the duplicated centrosomes 
(Ishikawa and Marshall, 2011). When cells enter the G0 phase, one 
of the centrioles serves as the basal body beneath the plasma mem-
brane to project the cilium. This hair-like structure is categorized into 
two types: motile cilia, which are present in limited types of cells, 
such as those of airway epithelial cells, ventricle ependymal cells, 
and sperm flagella; and immotile cilia (also called primary cilia), 
which are present in almost all cells and serve as cellular antennae to 
receive and transduce a wide variety of extracellular signals. The 
assembly and function of cilia require the selective trafficking of vari-
ous proteins into and out of cilia, including tubulins and signaling 
proteins. Ciliary protein trafficking is mediated by the intraflagellar 
transport (IFT) machinery, often referred to as the IFT train, which is 
composed of the IFT-B complex, involved in anterograde trafficking, 
and the IFT-A complex, involved in retrograde trafficking (Ishikawa 
and Marshall, 2011; Sung and Leroux, 2013; Taschner and Lorent-
zen, 2016). Defects in the assembly and function of cilia, including 
those in the IFT machinery, cause various genetic diseases collec-
tively called ciliopathies. These include Bardet–Biedl syndrome 
(BBS), Joubert syndrome (JBTS), Meckel syndrome, and nephro-
nophthisis, with a wide spectrum of symptoms, such as polycystic 
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gene. However, the RABL2 gene is not found in Drosophila melano-
gaster or Caenorhabditis elegans (Eliáš et al., 2016). Similarly, the 
CEP19 gene is conserved in humans, mice, zebrafish, and Chlam-
ydomonas (Supplemental Figure S1B) but is not found in D. melano-
gaster or C. elegans; note that Chlamydomonas sequences depos-
ited as two separate genes (XM_001690851 and XM_001690852) 
actually constitute a single CEP19 gene and that the Chlamydomo-
nas protein predicted from the cDNA cloned by reverse transcrip-
tion (RT)–PCR using a set of primers for the 5′- and 3′-terminal 
sequences of XM_001690851 and XM_001690852, respectively 
(Supplemental Table S3), has a large insertion in the middle region 
relative to the CEP19 protein of other species (Supplemental Figure 
S1B). Thus conservation of the RABL2 and CEP19 genes during 
evolution appears to have occurred in parallel.

Although the database of a comprehensive yeast two-hybrid 
analysis suggested that RABL2 can interact with CEP19 (Rual et al., 
2005), two-hybrid analyses often yield false-positive results. To verify 
the potential interaction between RABL2 and CEP19, we transiently 
coexpressed enhanced green fluorescent protein (EGFP)–CEP19 
and RABL2B-HA in HEK293T cells and subjected lysates prepared 
from the cells to immunoprecipitation with a glutathione S-transfer-
ase (GST)-tagged anti-GFP nanobody (Nb); note that we used hu-
man RABL2B in this study because only RABL2B cDNA was ob-
tained by PCR amplification of a human testis cDNA library using a 
set of primers with sequences common to both the RABL2A and 
RABL2B genes. As shown in Figure 1A, wild-type (WT) RABL2B-HA 
was coimmunoprecipitated with EGFP-CEP19 (lane 5). Because 
RABL2 has GTP-binding motifs that are conserved among the small 
GTPases, we then constructed RABL2B mutants according to previ-
ous studies for other GTPases: the Q80L mutant, which is predicted 
to be locked in a GTP-bound state, and the S35N mutant, which is 
predicted to be a GDP-bound form. We also constructed the 
RABL2B(D73G) mutant because a corresponding mutation in male 
mice (Mot mice) was reported to cause infertility (Lo et al., 2012). 
When we performed a coimmunoprecipitation assay using these 
RABL2 mutants, we found RABL2B(Q80L) to interact with CEP19 
(Figure 1A, lane 7), similarly to RABL2B(WT) (lane 5), whereas 
RABL2B(S35N) did not interact with CEP19 (lane 6), indicating that 
RABL2 binds to CEP19 in its GTP-bound state. On the other hand, 
RABL2B(D73G) interacted with CEP19 (lane 8). These results indi-
cate that the phenotype of male sterility in Mot mice is not caused 
by the inability of RABL2 to interact with CEP19.

We then set out to determine the region of CEP19 that is respon-
sible for its interaction with RABL2. To this end, we constructed vari-
ous deletion mutants of CEP19 (Figure 1B) and coexpressed them 
with RABL2B, followed by the coimmunoprecipitation assay as de-
scribed earlier. Truncation of up to the first N-terminal 30 amino ac-
ids of CEP19 did not affect its ability to bind to RABL2B (Figure 1C; 
compare lanes 3 and 4 with lane 2). When 17 amino acids were 
truncated from the C-terminus, the construct, CEP19(1-150), re-
tained the ability to interact with RABL2B (lane 5). In considerable 
contrast, C-terminal truncation of 47 amino acid residues from the 
C-terminus, CEP19(1-120), abolished the RABL2B-binding ability of 
CEP19 (lane 6). These results indicate that the 30–amino acid region 
(residues 121–150) of CEP19 participates in its binding to RABL2; 
note that this region is highly conserved between human and 
Chlamydomonas (Supplemental Figure S1B).

RABL2 and CEP19 are colocalized to the centrosome 
and basal body
Although a previous study showed that CEP19 is localized to the 
centrosome (Jakobsen et al., 2011), the intracellular localization of 

kidney, retinal degeneration, obesity, infertility, and brain and skel-
etal malformation (Schwartz et al., 2011; Brown and Witman, 2014; 
Madhivanan and Aguilar, 2014). The molecular basis of these phe-
notypes is largely unknown.

Small GTPases belonging to the ARF/ARL and RAB families func-
tion as molecular switches by cycling between a GDP-bound, inac-
tive state and a GTP-bound, active state and directly or indirectly 
regulate various cellular processes, including protein trafficking and 
cell division. Various ARF/ARL and RAB GTPases also play crucial 
roles in centrosomal functions and ciliary protein trafficking. These 
include ARF4, ARL2, ARL3, ARL6/BBS3, ARL13B/JBTS8, RAB8, 
RAB10, RAB11, RAB23, and RAB28 (Li and Hu, 2011; Lim et al., 
2011). There are also RAB-like (RABL) GTPases, which are similar to 
RAB GTPases but lack a canonical C-terminal isoprenylation site 
found in the RAB GTPases (Rojas et al., 2012). Among them, RABL4 
and RABL5, also known as IFT27/BBS19 and IFT22, respectively, are 
components of the IFT-B complex (Li and Hu, 2011; Lim et al., 2011; 
Katoh et al., 2016; see later discussion of Figure 8L); RABL4/IFT27/
BBS19 has been proposed to serve as a functional linker between 
two multiprotein complexes involved in ciliary protein trafficking, 
namely, the IFT-B and BBSome (Eguether et al., 2014; Liew et al., 
2014).

Here we focus on RABL2 for the following reasons: 1) the RABL2 
gene is conserved in species that have motile cilia/flagella, and it was 
reported that the expression level of RABL2 is higher in ciliated than 
in nonciliated cells (Hoh et al., 2012); 2) male mice with a point muta-
tion in RABL2 (Mot mice) were reported to be sterile as a conse-
quence of severely compromised sperm motility (Lo et al., 2012), and 
RABL2 variants have been implicated in infertility in men (Jamsai 
et al., 2014); 3) RABL2 was reported to interact with the +TIP protein 
EB1 and some components of the IFT-B complex (Lo et al., 2012); 
4) the results of a comprehensive yeast two-hybrid analysis (Rual et al., 
2005) suggested a potential RABL2-interacting protein, C3ORF34, 
which was shown to localize to the centrosome and was therefore re-
named as centrosomal protein of 19 kDa (CEP19; Jakobsen et al., 
2011); and finally, 5) after we started this study, CEP19 deficiency in 
humans and mice was reported to cause sperm defects and morbid 
obesity (Shalata et al., 2013), both of which are typical symptoms of 
ciliopathies (Schwartz et al., 2011; Brown and Witman, 2014).

In this study, we show that RABL2 and CEP19 indeed interact with 
each other and colocalize to the mother centriole and the basal 
body. In addition, we show that CEP19 recruits RABL2 to the centri-
ole and that CEP19 is recruited to the centrosome via its interaction 
with fibroblast growth factor receptor 1 oncogene partner (FGFR1OP, 
also known as FOP), which is another centrosomal protein. We then 
find that a mutant of Chlamydomonas reinhardtii with a disrupted 
RABL2 gene lacks flagella. Furthermore, we show that RABL2, in its 
GTP-bound state, can interact with the IFT-B complex via the IFT74–
IFT81 dimer and that the interaction is abolished by the point muta-
tion found in Mot mice. Furthermore, the exogenous expression of a 
GDP-bound or Mot-type RABL2 mutant significantly inhibits cilio-
genesis. On the basis of these data, we propose that RABL2 localizes 
to the mother centriole/basal body, where it plays a crucial role in cili-
ary assembly by regulating IFT-B function in some way.

RESULTS
CEP19 binds to RABL2 via its C-terminal region
RABL2 is highly conserved in ciliated organisms, including humans, 
mice, zebrafish, and Chlamydomonas (Eliáš et al., 2016; Supple-
mental Figure S1A); humans have two virtually identical paralogues 
(Kramer et al., 2010; Eliáš et al., 2016), RABL2A and RABL2B (97% 
identity at the amino acid level), whereas mice have a single RABL2 
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genous CEP19. We also examined the lo-
calization of EGFP-tagged RABL2B(S35N), 
RABL2B(Q80L), and RABL2B(D73G). In par-
allel with their ability to interact with 
CEP19, RABL2B(Q80L) and RABL2B(D73G) 
were colocalized with tRFP-CEP19 on the 
centrosome (Figure 2, J–J′′′ and K–K′′′, 
respectively). By contrast, the distinct local-
ization of RABL2B(S35N) to the centro-
some was not observed (Figure 2, I–I′′′), 
although tRFP-CEP19 was localized to the 
centrosome. These observations suggest 
that RABL2 localizes to the centrosome via 
its interaction with CEP19, whereas the 
centrosomal localization of CEP19 is inde-
pendent of RABL2.

It is noteworthy that, unlike endogenous 
proteins, exogenously expressed RABL2 
and CEP19 demonstrated a tendency to lo-
calize to both centrioles (see Discussion).

The N-terminal region of CEP19 is 
required for its localization to the 
centrosome and binding to FGFR1OP
We next investigated the region of the 
CEP19 protein that is required for its cen-
trosomal localization, using the deletion 
mutants that were used for the RABL2-
binding experiments (Figure 1, B and C). 
Like CEP19(WT) tagged with EGFP (Figure 
2, L–L′′), the C-terminal deletion con-
structs EGFP-CEP19(1-150) and EGFP-

CEP19(1-120) were localized to the centrosome when expressed 
in RPE1 cells (Figure 2, N–N′′ and O–O′′, respectively). By con-
trast, the N-terminal deletion construct EGFP-CEP19(16-167) did 
not show a distinct centrosomal localization but was distributed 
throughout the cytoplasm (Figure 2, M–M′′); we also attempted 
to examine the localization of EGFP-CEP19(31-167) but were un-
successful because this construct was highly cytotoxic when ex-
pressed in RPE1 cells. These observations indicate that at least 
the N-terminal 15–amino acid region of CEP19 is essential for its 
localization to the centrosome and that RABL2 binding is not re-
quired for the centrosomal localization of CEP19.

Because FGFR1OP was suggested to be localized to the centro-
some and involved in ciliogenesis (Yan et al., 2006; Lee and Stearns, 
2013) and three independent interactome analyses suggested an 
interaction between CEP19 and FGFR1OP (Rolland et al., 2014; 
Gupta et al., 2015; Huttlin et al., 2015), we then addressed the pos-
sibility that CEP19 and FGFR1OP associate with each other. We also 
analyzed whether FOR20 (also known as FOPNL) interacts with 
CEP19, because the N-terminal region of FGFR1OP is homologous 
to FOR20, particularly in the Lis1-homology (LisH) domain (Figure 
3A), and FOR20 was also reported to be localized to the centro-
some and crucial for ciliogenesis (Sedjaï et al., 2010). As shown in 
Figure 3B, mCherry (mChe)-tagged CEP19 was coimmunoprecipi-
tated with EGFP-FGFR1OP but not with EGFP-FOR20 when ex-
pressed in HEK293T cells.

We then analyzed which region of CEP19 participates in 
FGFR1OP binding. As shown in Figure 3C, the C-terminal deletion 
constructs CEP19(1-150) and CEP19(1-120) interacted with 
FGFR1OP (lanes 5 and 6), like the WT construct (lane 2). In clear 
contrast, the N-terminal deletion constructs CEP19(16-167) and 

RABL2 has not been examined. We therefore set out to compare 
the localization of RABL2 and CEP19 in human telomerase reverse 
transcriptase-immortalized retinal pigment epithelial (hTERT-RPE1) 
cells using antibodies against RABL2, CEP19, and γ-tubulin (a cen-
trosomal marker). As shown in Figure 2, A–A′′ and B–B′′, RABL2 and 
CEP19 localized to one of two centriolar structures positive for γ-
tubulin; note that although the anti-CEP19 antibody used in this 
study does not work well in immunoblotting experiments for an un-
known reason (unpublished data), the antibody was able to detect 
the centriolar localization of the CEP19 protein in immunofluores-
cence analysis of hTERT-RPE1 cells, as the centriolar signals de-
tected with the antibody are abolished in CEP19-knockout (KO) 
cells (see later discussion of Figure 5, A–C). When RABL2 and CEP19 
were double stained for outer dense fiber protein 2 (ODF2), which is 
a marker for the mother centriole, the staining for both RABL2 
(Figure 2, D–D′′) and CEP19 (Figure 2, E–E′′) was superimposed with 
the ODF2 staining, indicating that both RABL2 and CEP19 localize 
to the mother centriole. When hTERT-RPE1 cells were cultured un-
der serum-starved conditions to induce ciliogenesis, RABL2 and 
CEP19 signals were found at the base of cilia depicted by staining 
for acetylated α-tubulin (Ac-α-tubulin; Figure 2, G–G′′′), indicating 
the colocalization of RABL2 and CEP19 to the basal body.

When RABL2B(WT) fused to EGFP and CEP19 fused to TagRFP 
(tRFP; a monomeric red fluorescent protein [mRFP]) were tran-
siently coexpressed in hTERT-RPE1 cells, these exogenously ex-
pressed proteins were colocalized on the centrosome (Figure 2, 
H–H′′′). Note that when RABL2B-EGFP was exogenously expressed 
in the absence of coexpressed CEP19, it showed a tendency to be 
distributed throughout the cytoplasm (e.g., see later discussion of 
Figure 9H); this was probably due to the limited level of endo-

FIGURE 1: Interaction between RABL2 and CEP19. (A) Interaction of RABL2 with CEP19. 
HEK293T cells were transiently cotransfected with expression vectors for EGFP-CEP19 and 
RABL2B(WT)-HA or its mutant (S35N, Q80L, or D73G). At 24 h after the transfection, lysates 
were prepared from the transfected cells and immunoprecipitated with GST-fused anti–GFP Nb 
prebound to glutathione–Sepharose 4B beads. Proteins bound to the precipitated beads were 
subjected to SDS–PAGE and immunoblotting analysis using anti-HA or anti-GFP antibodies. 
(B) Schematic representation of the structures of CEP19 and its deletion constructs. (C) RABL2 
interacts with the C-terminal region of CEP19. Lysates prepared from HEK293T cells transfected 
with expression vectors for RABL2B-HA and EGFP, or EGFP-tagged CEP19(WT) or its deletion 
construct, as indicated, were processed for immunoprecipitation with GST–anti-GFP Nb, 
followed by immunoblotting analysis, as described for A.
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To examine whether RABL2, CEP19, and FGFR1OP form a ter-
nary complex, we coexpressed EGFP-tagged FGFR1OP with 
either CEP19 or RABL2B tagged with mChe or both mChe-CEP19 
and RABL2B-mChe in HEK293T cells, immunoprecipitated cell 
lysates with GST-tagged anti-GFP Nb, and processed them for 

CEP19(31-167) lost the ability to interact with FGFR1OP (lanes 3 and 
4). Thus the ability of CEP19 to interact with FGFR1OP is in parallel 
with its ability to localize to the centrosome, making it likely that 
CEP19 is recruited to the centrosome via its interaction with 
FGFR1OP.

FIGURE 2: Colocalization of RABL2 and CEP19 at the mother centriole and the ciliary base. (A–C) Localization of RABL2 
and CEP19 at one of the centrioles. hTERT-RPE1 cells were double stained for RABL2 and γ-tubulin (A–A′′), CEP19 and 
γ-tubulin (B–B′′), or RABL2 and CEP19(C–C′′). (D–F) Colocalization of RABL2 and CEP19 with ODF2. hTERT-RPE1 cells 
were double stained for RABL2 and ODF2 (D–D′′), CEP19 and ODF2 (E–E′′), or ODF2 and γ-tubulin (F–F′′). 
(G–G′′′) Colocalization of RABL2 and CEP19 at the ciliary base. hTERT-RPE1 cells were cultured under serum-starved 
conditions for 24 h and processed for triple immunostaining for RABL2, CEP19, and Ac-α-tubulin. (H–K) Localization of 
exogenously expressed RABL2B and its mutants. hTERT-RPE1 cells were transiently cotransfected with expression 
vectors for tRFP-CEP19 and RABL2B(WT)-EGFP (H–H′′′) or its mutant, S35N (I–I′′′), Q80L (J–J′′′), or D73G (K–K′′′) and 
stained with an anti–γ-tubulin antibody. (L–O) Localization of CEP19 deletion constructs. hTERT-RPE1 cells were 
transfected with an expression vector for EGFP-tagged CEP19(WT) (L–L′′) or its deletion construct, as indicated 
(L–L′′, M–M′′, N–N′′, or O–O′′), and stained with an anti–γ-tubulin antibody. Insets. enlarged images of the boxed 
regions. Scale bars, 10 µm.
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FGFR1OP interacts with CEP19 
through its C-terminal region
We then investigated the region of 
FGFR1OP involved in CEP19 binding. Pre-
vious studies indicated that the N-terminal 
region of FGFR1OP containing the LisH do-
main determines its centrosomal localiza-
tion (Figure 4A; Mikolajka et al., 2006) and 
interacts with another centrosomal protein, 
CEP350 (also known as CAP350; Figure 4H) 
via its N-terminal region (Yan et al., 2006). 
However, the N-terminal region (residues 
1–179) of FGFR1OP did not coimmunopre-
cipitate CEP19 (Figure 4B, compare lanes 6 
and 2). Furthermore, the FGFR1OP con-
struct FGFR1OP(1-352), lacking only the C-
terminal 27 residues, did not retain the 
ability to interact with CEP19 (lane 5). Re-
ciprocally, a construct containing the C-
terminal 27 residues, FGFR1OP(353-379), 
demonstrated a robust interaction with 
CEP19 (lane 4), similarly to FGFR1OP(WT) 
(lane 2). When these FGFR1OP constructs 
tagged with EGFP were expressed in cells, 
the N-terminal constructs FGFR1OP(1-179) 
and FGFR1OP(1-352) (Figure 4, G–G′′ and 
F–F′′) were localized to the centrosome and 
interacted with the most C-terminal region 
of CEP350 (Figure 4H, lane 3), as previously 
reported (Mikolajka et al., 2006; Yan et al., 
2006). It is thus unlikely that the centro-
somal localization of FGFR1OP depends 
on its interaction with CEP19.

CEP19 is required for RABL2 
localization to the centrosome
The data presented so far suggest that 
CEP19 determines the centrosomal localiza-
tion of RABL2. To corroborate this, we es-
tablished hTERT-RPE1 cell lines defective in 
CEP19, using the clustered regularly inter-
spaced short palindromic repeats (CRISPR /
Cas9 system with our original modifications, 
as described in Materials and Methods; ex-
perimental details were recently reported 
(Katoh et al., 2017; also see Funabashi et al., 
2017; Hirano et al., 2017; Nozaki et al., 
2017). PCR analysis of genomic DNA iso-

lated from two established CEP19-KO cell lines, 19-1-2 and 19-1-12, 
demonstrated monoallelic and biallelic forward integration, respec-
tively, of the donor knock-in vector into the CEP19 locus (Supple-
mental Figure S2A). Direct sequencing of the PCR products demon-
strated that clone 19-1-2 has a 55–base pair insertion in one allele 
and donor vector integration in the other allele (Supplemental 
Figure S2B), and clone 19-1-12 has donor vector integration in both 
alleles (Supplemental Figure S2C).

In contrast to control RPE1 cells (Figure 5A), centrosomal sig-
nals were not detected with the anti-CEP19 antibody in the 
CEP19-KO cell lines 19-1-2 and 19-1-12 (Figure 5, B and C). 
In parallel with the loss of CEP19 signals, the centrosomal sig-
nals of RABL2 were abolished in the two CEP19-KO cell lines 
(Figure 5, E and F; also see Figure 5N); note that the level of the 

immunoblotting analysis with anti-mRFP antibodies that recognize 
mChe. As shown in Figure 3D, RABL2B-mChe was not coprecipi-
tated with EGFP-FGFR1OP in the absence of mChe-CEP19 (lane 2). 
In striking contrast, RABL2B-mChe was robustly coprecipitated 
with EGFP-FGFR1OP in the presence of mChe-CEP19 (lane 3). 
These results demonstrate that the FGFR1OP–CEP19–RABL2 
ternary complex can be formed in cells.

As shown in Figure 3, E–E′′′, FGFR1OP staining was found on 
both centrioles, as previously reported (Lee and Stearns, 2013). By 
contrast, both RABL2 and CEP19 were colocalized on one of the 
two FGFR1OP-positive centrioles. These observations suggest the 
existence of a determinant for the mother centriole–specific local-
ization of CEP19 in addition to its binding to FGFR1OP (see 
Discussion).

FIGURE 3: Interaction between RABL2, CEP19, and FGFR1OP. (A) Schematic representation of 
the structures of FGFR1OP and FOR20. (B) Interaction of CEP19 with FGFR1OP. HEK293T cells 
were transiently cotransfected with expression vectors for mChe-CEP19 and either EGFP, 
EGFP-FGFR1OP, or EGFP-FOR20. At 24 h after the transfection, lysates were prepared from the 
transfected cells and immunoprecipitated with GST–anti-GFP Nb, followed by immunoblotting 
analysis with antibodies against mRFP or EGFP. (C) FGFR1OP interacts with the CEP19 
N-terminal region. Lysates prepared from HEK293T cells transfected with expression vectors for 
tRFP-FGFR1OP and EGFP, or EGFP-tagged CEP19(WT) or its deletion construct, as indicated, 
were subjected to immunoprecipitation with GST–anti-GFP Nb, followed by immunoblotting 
analysis with anti-tRFP or anti-GFP antibodies. (D) Tripartite interaction of RABL2, CEP19, and 
FGFR1OP. hTERT-RPE1 cells were transfected with expression vectors for EGFP-FGFR1OP and 
either mChe-CEP19 or RABL2-mChe, or both mChe-CEP19 and RABL2-mChe. Lysates from the 
transfected cells were subjected to immunoprecipitation with GST–anti-GFP Nb, followed by 
immunoblotting analysis with anti-mRFP or anti-GFP antibodies. (E–E′′′) Colocalization of RABL2, 
CEP19, and FGFR1OP at one of the centrioles. hTERT-RPE1 cells were triple stained for RABL2, 
CEP19, and FGFR1OP. RABL2 and CEP19 were colocalized to one of the two FGFR1OP-positive 
centrioles. Insets, enlarged images of the boxed regions. Scale bar, 10 µm.
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Decreased ciliogenesis efficiency in CEP19-KO cells
When control RPE1 cells and CEP19-KO cells were cultured under 
serum-starved conditions to induce ciliogenesis followed by stain-
ing for Ac-α-tubulin, we noticed that the rate of ciliogenesis was 
decreased, although not abolished, in the CEP19-KO cells; ∼70% of 
control cells formed cilia, whereas ∼30% of the two CEP19-KO cell 
lines formed cilia (Figure 6, E–G; also see Figure 6M).

We then examined whether the decrease in ciliogenesis effi-
ciency in CEP19-KO cells could be recovered by exogenous ex-
pression of CEP19. As shown in Figure 6, I–I′′′, and summarized in 
Figure 6N, ciliogenesis was significantly restored by the stable 
expression of EGFP-CEP19(WT) compared with the exogenous 
expression of EGFP used as a control (Figure 6, H–H′′′). By con-
trast, the expression of EGFP-CEP19(1-120) recovered ciliogene-
sis to a lesser extent (Figure 6, J–J′′′ and N). No significant recov-
ery was observed when EGFP-CEP19(91-167) was expressed 
(Figure 6, K–K′′′ and N).

RABL2-deficient Chlamydomonas exhibits defects in 
flagellar assembly
To examine the role of RABL2 in ciliogenesis, we also attempted to 
establish RABL2-KO RPE1 cell lines. We obtained two independent 

RABL2 protein was not substantially changed in the absence of 
CEP19 (Figure 5M, top). By contrast, the centrosomal localiza-
tion of FGFR1OP was not affected by CEP19 deficiency (Figure 
5, G–I), compatible with the finding that FGFR1OP constructs 
lacking the CEP19-binding region can localize to the centro-
some (Figure 4, F and G).

We then examined whether the centrosomal localization of 
RABL2 in CEP19-KO cells can be restored by the exogenous expres-
sion of CEP19 and its deletion mutants. When EGFP-CEP19(WT) 
was expressed in the 19-1-2 cells, the centriolar localization of 
RABL2 was almost completely recovered (Figure 6, B–B′′′; also see 
Figure 6L). In striking contrast, exogenous expression of EGFP-
CEP19(1-120), which retains the ability to bind FGFR1OP and local-
izes to the centrosome but lacks RABL2 binding ability, or EGFP-
CEP19(91-167), which cannot localize to the centrosome, did not 
recover the RABL2 localization (Figure 6, C–C′′′, D–D′′′, and L). We 
also attempted to establish CEP19-KO cells stably expressing 
CEP19(16-167) or CEP19(31-167) but were unsuccessful, probably 
due to the cytotoxic effects of these CEP19 constructs. These obser-
vations confirm that the RABL2 displacement observed in the 
CEP19-KO cells did not result from off-target effects and that CEP19 
determines the centrosomal localization of RABL2.

FIGURE 4: FGFR1OP interacts with CEP19 and CEP350 via its N- and C-terminal regions, respectively. (A) Schematic 
representation of the structures of FGFR1OP and its deletion constructs. (B) FGFR1OP interacts with CEP19 via its 
C-terminal region. Lysates of HEK293T cells transfected with expression vectors for tRFP-CEP19 and EGFP, or EGFP-
tagged FGFR1OP(WT) or its deletion construct, as indicated, were subjected to immunoprecipitation with GST–anti-
GFP Nb, followed by immunoblotting analysis with anti-tRFP or anti-GFP antibodies. (C–G) Localization of FGFR1OP 
deletion constructs. hTERT-RPE1 cells were transfected with an expression vector for EGFP-tagged FGFR1OP(WT) 
(C–C”) or its deletion construct (D–D”, E–E”, F–F”, or G–G”) and stained with an anti–γ-tubulin antibody. Insets, 
enlarged images of the boxed regions. Scale bar, 10 µm. (H) FGFR1OP interacts with CEP350 via its N-terminal region. 
Lysates from HEK293T cells transfected with an expression vector for mChe-CEP350(3071-3117) together with that for 
EGFP, EGFP-tagged FGFR1OP(WT), or its deletion construct, as indicated, were subjected to immunoprecipitation with 
GST–anti-GFP Nb, followed by immunoblotting analysis with anti-mRFP or anti-GFP antibodies.
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tion to C. reinhardtii, an organism that has often been used to study 
cilia/flagella. Of importance, the primary structure of RABL2 is highly 
conserved between vertebrates and Chlamydomonas (Supplemen-
tal Figure S1A).

We searched the database of a genome-wide collection of 
Chlamydomonas mutants (Chlamydomonas Library Project [CLiP; 

cell lines in which both alleles of both the RABL2A and RABL2B 
genes were confirmed to be edited, and we confirmed the absence 
of RABL2 protein expression by immunoblotting; however, these 
cells underwent growth arrest at an early stage for unknown reasons, 
which made further analysis impossible (unpublished data). As an 
alternative to the functional analysis of RABL2, we turned our atten-

FIGURE 5: Loss of centriolar localization of RABL2 in CEP19-KO cells. Control RPE1 cells (A, D, G, J) and the CEP19-KO 
cell lines 19-1-2 (B, E, H, K) and 19-1-12 (C, F, I, L) were double immunostained for CEP19 (A–C), RABL2 (D–F), or 
FGFR1OP (G–I) and γ-tubulin (A′–I′) or triple immunostained for IFT88 (J–L) and Ac-α-tubulin plus FGFR1OP (J′–L′). 
Insets, enlarged images of the boxed regions. Scale bars, 10 µm. (M) Lysates prepared from control RPE1 cells (lane 1) 
or the CEP19-KO cell line 19-1-2 (lane 2) or 19-1-12 (lane 3) were processed for immunoblotting analysis using antibody 
against RABL2 (top), IFT88 (middle), or actin (bottom). (N) Cells with centrosomal RABL2 signals in the experiments in 
D–F were counted, and the percentages of RABL2-positive cells in each condition are shown as a bar graph. Values are 
means of three independent experiments. In each set of experiments, 30 cells were analyzed, and the total number of 
analyzed cells (n) is shown. (O) Localization of IFT88 in individual control and CEP19-KO cells was classified as “ciliary 
base + within cilia,” “mainly ciliary base,” and “no ciliary localization” and counted. The percentages of these 
populations are expressed as stacked bar graphs. Values are means ± SE of three independent experiments. In each 
set of experiments, 35–49 ciliated cells were observed, and the total number of ciliated cells observed (n) is shown. 
**p < 0.0001 (Pearson’s χ2 test).
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We then performed the subtractive VIP assay to determine the core 1 
subunit(s) responsible for the RABL2 interaction. As shown in Figure 
8C, red signals were greatly reduced when mChe-tagged IFT74 or 
IFT81 was omitted, suggesting that these two subunits are directly 
involved in the RABL2 interaction. Indeed, immunoprecipitation of 
RABL2B(Q80L)-EGFP resulted in red signals upon coexpression with 
mChe-tagged IFT74+IFT81 but not with IFT74 or IFT81 alone (Figure 
8D), indicating that RABL2 interacts with a complex of IFT74 and 
IFT81, which are known to form a tight heterodimer through their 
coiled-coil regions, and directly interacts with tubulins (Bhogaraju 
et al., 2013). We next analyzed the interaction of wild-type RABL2 and 
its mutants with the IFT74–IFT81 dimer by the VIP assay. As was the 
case for all the IFT-B subunits fused to mChe, mChe-tagged 
IFT74+IFT81 interacted robustly with RABL2B(Q80L)-EGFP. In addi-
tion, mChe-IFT74+IFT81 demonstrated a weak interaction with 
RABL2B(WT)-EGFP (Figure 8F). By contrast, RABL2B(S35N)-EGFP did 
not result in red signals when it was coexpressed with mChe-
IFT74+IFT81. Furthermore, virtually no red signals were detected 
when the Mot-type mutant RABL2B(D73G) was coexpressed with 
mChe-IFT74+IFT81. We then confirmed the VIP data by conventional 
immunoblotting analysis. RABL2B(Q80L)-EGFP coimmunoprecipi-
tated mChe-tagged IFT74+IFT81 but not IFT74 or IFT81 alone (Figure 
8E), and RABL2B(WT), but not RABL2B(S35N) or RABL2B(D73G), 
interacted weakly with mChe-IFT74+IFT81 (Figure 8G).

We then examined whether RABL2 can simultaneously interact 
with CEP19 and IFT74–IFT81. To this end, we coexpressed EGFP-
tagged IFT74+IFT81 and RABL2B(Q80L)-mChe in the presence or 
absence of mChe-CEP19 and subjected the cell lysates to the VIP 
assay using GST–anti-GFP Nb. Red signals were detected when 
EGFP-IFT74+IFT81 and RABL2B(Q80L)-mChe were coexpressed 
(Figure 8H, left). Intriguingly, the red signals were abolished when 
mChe-CEP19 was additionally coexpressed (Figure 8H, right). 
The VIP data were confirmed by immunoblotting analysis. 
RABL2B(Q80L)-mChe was coimmunoprecipitated with EGFP-
IFT74+IFT81 in the absence but not in the presence of coexpressed 
mChe-CEP19 (Figure 8I). Reciprocally, when RABL2B(Q80L)-EGFP 
was coexpressed with mChe-IFT74+IFT81 in the presence or ab-
sence of EGFP-CEP19, the amount of coimmunoprecipitated 
mChe-IFT74+IFT81 was greatly decreased by the coexpression of 
EGFP-CEP19 (Figure 8, J and K). Taken together, these results dem-
onstrate that RABL2 is likely to interact, probably in its GTP-bound 
state, with CEP19 and the IFT-B complex in a mutually exclusive 
manner (Figure 8L).

Participation of RABL2 in ciliary assembly
The interaction data, together with the Chlamydomonas mutant 
phenotype, suggest two possible roles of RABL2 in ciliary function. 
One possibility is that, although RABL2 is localized mainly at the cili-
ary base in the steady state (Figure 2G), it is trafficked anterogradely 
as a cargo of the IFT-B complex during ciliogenesis. The other pos-
sibility is that RABL2 in some way regulates the IFT-B complex at the 
ciliary base. To address the first possibility, we used our recently 
established IFT139-KO RPE1 cells (Hirano et al., 2017). In the ab-
sence of IFT139 (an IFT-A subunit), anterograde ciliary trafficking 
mediated by the IFT-B complex still occurs, whereas retrograde traf-
ficking mediated by the IFT-A complex is suppressed, resulting in 
accumulation of the IFT-B complex at the bulged ciliary tips (Figure 
9, B′ and C′). Therefore this phenotype can be used to determine 
whether RABL2 is a cargo of the IFT-B complex. In the two indepen-
dent IFT139-KO cell lines (139-2-6 and 139-2-8), RABL2 and CEP19 
were found at the ciliary base (Figure 9, B and C, and E and F, re-
spectively) as in control RPE1 cells (Figure 9, A and D), and neither 

www.chlamylibrary.org]; Li et al., 2016) and found a candidate of the 
rabl2 mutant (LMJ.RY 0402.205222). This mutant had no flagella 
and could not swim (compare Figure 7, A and B; also see Figure 7F 
and Supplemental Movie S1, left and middle). We then confirmed 
the insertion of the paromomycin resistance gene cassette in the 
RABL2 locus; we found an insertion causing gene disruption in exon 
6 of the RABL2 gene (Figure 7D). We also confirmed by RT-PCR 
that the RABL2 transcript is not detectable in the rabl2 mutant 
(Figure 7E, lane 3)

To exclude the possibility that the observed nonflagellated 
phenotype resulted from disruption of an unexpected locus, we 
performed a rescue experiment. We transformed the rabl2 strain 
with a RABL2 expression vector and confirmed the expression of 
RABL2 mRNA in the selected transformant by RT-PCR (Figure 
7E, lane 4). The exogenous RABL2 expression in the rabl2 strain 
was confirmed to restore flagellar biogenesis (Figure 7, C and F) 
and the swimming behavior (Supplemental Movie S1, right). 
Thus the nonflagellated phenotype of the Chlamydomonas 
rabl2 strain indicates a crucial role of RABL2 in ciliary/flagellar 
assembly.

RABL2 interacts with CEP 19 and the IFT-B complex in a 
mutually exclusive manner
The foregoing data showing that the Chlamydomonas rabl2 mu-
tant cannot form flagella suggest that the RABL2–CEP19 interaction 
is required for flagella formation in Chlamydomonas. However, if 
CEP19 functions upstream of RABL2, the observation that ciliogen-
esis of CEP19-KO RPE1 cells, although significantly decreased, was 
not completely abolished cannot be readily explained. We therefore 
addressed another possibility—that, via interacting with some down-
stream effector(s), RABL2 is in some way involved in the trafficking of 
flagellar/ciliary proteins, including the αβ-tubulin dimer, which is the 
building block of the flagellar/ciliary axoneme. One candidate 
downstream effector of RABL2 is the IFT-B complex, as it mediates 
intraciliary/intraflagellar trafficking of tubulins (Bhogaraju et al., 
2013, 2014), and a previous study suggested that RABL2 interacts, 
directly or indirectly, with the IFT-B complex (Lo et al., 2012).

To examine whether the IFT-B complex can interact directly with 
RABL2, we took advantage of the visible immunoprecipitation (VIP) 
assay, which we recently developed to enable the convenient and 
flexible detection of protein–protein interactions (Katoh et al., 
2015). Using this assay, we recently determined the overall architec-
tures of the IFT-A and IFT-B complexes (Katoh et al., 2016; Hirano 
et al., 2017). The IFT-B complex can be divided into a core subcom-
plex, composed of 10 subunits, and a peripheral subcomplex, com-
posed of 6 subunits (Katoh et al., 2016; Figure 8L). IFT-B subunits 
fused to mChe or tRFP were coexpressed with EGFP-tagged 
RABL2B(WT), RABL2B(S35N), RABL2B(Q80L), or RABL2B(D73G) in 
HEK293T cells, and lysates prepared from the cells were immuno-
precipitated with GST–anti-GFP Nb prebound to glutathione–Sep-
harose beads. Subsequent observation under a microscope demon-
strated the presence of robust red fluorescence signals on the 
precipitated beads when the IFT-B subunits were coexpressed with 
RABL2B(Q80L)-EGFP (Figure 8A).

We then set out to determine the IFT-B subunit(s) involved in the 
RABL2 interaction. When cells coexpressing mChe/tRFP-tagged core 
or peripheral subunits and RABL2B(Q80L)-EGFP were processed for 
the VIP assay, we observed red signals only when the mChe/tRFP-
tagged core subunits were coexpressed (Figure 8B). When the core 
subunits were divided into two subgroups, IFT22/IFT25/IFT27/IFT74/
IFT81 (core 1) and IFT46/IFT52/IFT56/IFT70/IFT88 (core 2; Figure 8L), 
only the core 1 subgroup resulted in intense red signals (Figure 8B). 
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FIGURE 6: Decreased ciliogenesis efficiency in CEP19-KO cells. (A–D) Requirement of CEP19 for RABL2 centrosomal 
localization. CEP19-KO 19-1-2 cells stably expressing EGFP (A–A′′′), EGFP-CEP19(WT) (B–B′′′), EGFP-CEP19(1-120) 
(C–C′′′), or EGFP-CEP19(91-167) (D–D′′′) were double immunostained for RABL2 (A′–D′) and γ-tubulin (A′′–D′′). Insets, 
enlarged images of the boxed regions. (E–G) Ciliogenesis in CEP19-KO cells. Control RPE1 cells (E) or the CEP19-KO 
cell lines 19-1–2 (F) and 19-1-12 (G) were serum starved for 24 h and double immunostained for Ac-α-tubulin 
(E–G) and γ-tubulin (E′–G′). (H–K) Rescue experiments using CEP19 deletion constructs. CEP19-KO 19-1-12 cells 
stably expressing EGFP (H–H′′′), EGFP-CEP19(WT) (I–I′′′), EGFP-CEP19(1-120) (J–J′′′), or EGFP-CEP19(91-167) (K–K′′′) 
were serum starved for 24 h and double immunostained for Ac-α-tubulin (H′–K′) and γ-tubulin (H′′–K′′). Scale bars, 
10 µm. (L) Cells with centrosomal RABL2 signals in the experiments shown in A–D were counted, and percentages of 
RABL2-positive cells are shown as a bar graph. Values are means of three independent experiments. In each set of 
experiments, 30 cells were analyzed, and the total number of analyzed cells (n) is shown. (M) Ciliated cells in the 
experiments in E–G were counted, and the percentages of ciliated cells are shown as a bar graph. Values are 
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We then anticipated that overexpression 
of RABL2B(S35N) or RABL2B(D73G) might 
have a dominant-negative effect on the 
assembly of cilia through affecting IFT-B 
function, because these mutants failed to 
interact with the IFT-B complex (Figure 8, 
F and G). Indeed, when expressed in hTERT-
RPE1 cells, both RABL2B(S35N)-EGFP 
and RABL2B(D73G)-EGFP significantly sup-
pressed ciliogenesis, as depicted by the 
staining for Ac-α-tubulin, compared with ex-
ogenously expressed EGFP or RABL2B(WT)-
EGFP (compare Figure 9, I–I′′ and K–K′′ 
with G–G′′ and H–H′′; also see Figure 9L). 
Taken together with the phenotype of the 
Chlamydomonas rabl2 strain, it is likely that 
RABL2 is involved in ciliary assembly by 
regulating IFT-B function, which mediates 
the trafficking of tubulins and other ciliary 
proteins (Bhogaraju et al., 2013, 2014; see 
Discussion).

DISCUSSION
In this study, we demonstrated that RABL2 
is recruited to the mother centriole/basal 
body via its interaction with CEP19, which is 
probably recruited to the centriole via its in-
teraction with FGFR1OP. Of interest, en-
dogenous RABL2 and CEP19 are localized 
on the mother centriole (Figure 2, D–F), 
whereas FGFR1OP is found on both centri-
oles (Figure 3, E–E′′′). These observations 
suggest that, besides FGFR1OP binding, 

other factor(s) on the mother centriole determine the localization of 
CEP19. In this context, it is noteworthy that exogenously expressed 
CEP19 localized to both centrioles (e.g., Figure 2L). Therefore it is 
also possible that some factor located at the daughter centriole re-
stricts the access of CEP19 to FGFR1OP and that overexpressed 
CEP19 might titrate out the restricting factor.

CEP19-KO RPE1 cells lacked the centrosomal localization of 
RABL2 as well as exhibited mild ciliogenesis defects. On the other 
hand, the available Chlamydomonas rabl2 strain cannot form fla-
gella. These results make it likely that the assembly of flagella in 
Chlamydomonas requires the interaction of RABL2 with proteins 
other than CEP19. We then unequivocally demonstrated that RABL2 
interacts with the IFT-B complex via the IFT74–IFT81 heterodimer; 
the RABL2–IFT-B interaction was suggested by a previous study (Lo 
et al., 2012). Furthermore, we showed that RABL2 binding to IFT-B 
is mutually exclusive with that to CEP19. Although the IFT-B com-
plex is involved in the anterograde trafficking of ciliary proteins 
(Ishikawa and Marshall, 2011; Sung and Leroux, 2013), our data us-
ing IFT139-KO and CEP19-KO cells suggest that RABL2 is unlikely 
to be trafficked as a cargo of IFT-B but might participate, directly or 

of the proteins was colocalized with IFT88 (an IFT-B subunit) at the 
bulged tips. These observations suggest that RABL2 is not a cargo 
of the IFT-B complex, although it remains possible that RABL2 was 
once trafficked with the IFT train and then returned to the ciliary 
base by diffusion after dissociation from the IFT-B complex at the 
ciliary tips.

We then addressed the other possibility—namely, RABL2 in 
some way regulates the IFT-B complex. In view of the fact that 
CEP19 determines the localization of RABL2 at the ciliary base, we 
examined localization of IFT88 in CEP19-KO cell lines. In the major-
ity of control RPE1 cells, IFT88 is found within cilia as well as at the 
ciliary base (Figure 5J; also see Figure 5O). In the CEP19-KO cell 
lines, however, the population of cells with IFT88 signals only at the 
ciliary base (namely, those without IFT88 signals within cilia) was sig-
nificantly increased (Figure 5, K and L; also see Figure 5O), although 
the cellular level of the IFT88 protein was not substantially changed 
in the absence of CEP19 (Figure 5M, middle). These observations 
indirectly suggest that RABL2 somehow participates in recruitment 
of the IFT-B complex to the ciliary base and/or its entry into cilia (see 
Discussion).

FIGURE 7: Chlamydomonas RABL2 mutant. (A–C) The C. reinhardtii wild-type (WT) strain 
(A; CC-4533 cw15 mt-) and rabl2 strain (B; LMJ.RY0402.205222) and the rabl2 strain transformed 
with a RABL2 expression vector (C) were stained with an anti–Ac-α-tubulin antibody and DAPI. 
(D) Schematic representation of the integration of the paromomycin (Paro) resistance gene 
cassette in the RABL2 locus (top) and an alignment of the mutant allele sequence determined by 
direct sequencing of the genomic PCR products with the reference sequence encompassing the 
coding sequence of exon 6 (bottom). The magenta arrow indicates the direction of Paro 
cassette integration. (E) RT-PCR analysis of RABL2 mRNA expression in the WT strain (lane 2), 
the rabl2 strain (lane 3), and the transformant (lane 4). Lane 1 is a DNA size marker (DdeI-
digested pSP64 DNA). (F) Flagellated cells in the experiments in A–C were counted, and the 
percentages of flagellated cells are shown as a bar graph. The number of observed cells (n) is 
shown in the graph.

means ± SE of three independent experiments. In each set of experiments, 38–50 cells were analyzed, and the total 
number of analyzed cells (n) is shown. **p < 0.001 (Student’s t test). (N) Ciliated cells in the experiments in H–K were 
counted, and the percentages of ciliated cells are shown as a bar graph. Values are means ± SE of three independent 
experiments. In each set of experiments, 37–66 cells were analyzed, and the total number of analyzed cells (n) is 
shown. **p < 0.001; *p < 0.01 (Student’s t test).
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IFT particles at the ciliary base before entering cilia (Yang et al., 
2015). It is therefore possible that RABL2 regulates recruitment or 
assembly of the IFT-B complex at the ciliary base.

indirectly, in ciliary entry of the IFT-B complex at the ciliary base. In 
this context, it is noteworthy that the distribution patterns of IFT88 
revealed by superresolution microscopy suggested accumulation of 

FIGURE 8: Mutually exclusive interactions of RABL2 with the IFT-B complex and CEP19. (A) Interaction of 
RABL2B(Q80L) with the IFT-B complex demonstrated by the VIP assay. An expression vector for EGFP-IFT22 (as a 
positive control), EGFP (as a negative control), or an EGFP-tagged RABL2B construct, as indicated, was cotransfected 
with expression vectors for all IFT-B subunits tagged with mChe or tRFP into HEK293T cells. Cell lysates were 
immunoprecipitated with GST–anti-GFP Nb prebound to glutathione–Sepharose beads and observed under a 
microscope as described in Materials and Methods. (B) Interaction of RABL2B(Q80L) with the IFT-B core 1 subunits. 
Lysates prepared from HEK293T cells coexpressing RABL2B(Q80L)-EGFP and all IFT-B, all core, all core 1, all core 2, all 
peripheral, or all connecting (IFT38/IFT52/IFT57/IFT88) subunits tagged with mChe or tRFP were processed for the VIP 
assay as described. (C) Interaction of RABL2B(Q80L) with IFT74 and IFT81 demonstrated by the subtractive VIP assay. 
Lysates of HEK293T cells coexpressing RABL2B(Q80L)-EGFP and all but one (as indicated) of the IFT-B core 1 subunits 
tagged with mChe were processed for the VIP assay. (D, E) Interaction of RABL2B(Q80L) with the IFT74–IFT81 dimer. 
Lysates from HEK293T cells coexpressing RABL2B(Q80L)-EGFP and mChe-IFT74 or mChe-IFT81 alone or both 
mChe-IFT74 and mChe-IFT81 were processed for VIP assay (D) or immunoblotting analysis with an anti-mRFP or 
anti-GFP antibody (E). (F, G) Interaction of RABL2 with the IFT74–IFT81 dimer in its GTP-bound state. HEK293T cells 
coexpressing mChe-IFT74+IFT81 and EGFP-tagged RABL2B(WT), RABL2B(S35N), RABL2B(Q80L), or RABL2B(D73G) 
were lysed and processed for the VIP assay (F) or immunoblotting analysis with an anti-mRFP or anti-GFP antibody (G). 
(H–K) Mutually exclusive interactions of RABL2 with the IFT-B complex and CEP19. Lysates prepared from HEK293T 
cells coexpressing EGFP-IFT74+81 and either RABL2B(Q80L)-mChe or mChe-CEP19 alone, or both RABL2B(Q80L)-
mChe and mChe-CEP19 (H, I), or those coexpressing reciprocal combinations of the EGFP and mChe 
tags (J and K) were processed for the VIP assay (H, J) or immunoblotting analysis with an anti-mRFP or anti-GFP 
antibody (I, K). (L) Schematic representation of the overall architecture of the IFT-B complex and interactions of 
RABL2 with CEP19 and the IFT-B complex.
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IFT74–IFT81 dimer binds to and mediates trafficking of the αβ-
tubulin dimer, which is the building block of the ciliary axoneme 
(Bhogaraju et al., 2013, 2014); this is compatible with the phenotype 
of the Chlamydomonas rabl2 strain and that of RPE1 cells with ex-
ogenous expression of the RABL2 mutants.

In this context, it is interesting to note that the IFT74–IFT81 
dimer interacts more strongly with RABL2B(Q80L) than with 
RABL2B(WT) (Figure 8, F and G), whereas CEP19 binds to 
RABL2B(WT) and RABL2B(Q80L) with similar affinities (Figure 1A). 

It is also noteworthy that the interactions of 
RABL2 with IFT-B and CEP19 are mutually 
exclusive (Figure 8, H–K), whereas the 
RABL2–CEP19–FGFR1OP ternary complex 
can be formed (Figure 3D). A possible sce-
nario is that 1) RABL2 localizes to the basal 
body/mother centriole via its constitutive 
interaction with CEP19, and 2) on its activa-
tion, RABL2 becomes able to interact with 
and somehow regulates the IFT-B complex, 
such as its recruitment to the ciliary base 
and its ciliary entry. To address this possibil-
ity, it is therefore an important issue to 
identify a putative guanine nucleotide ex-
change factor for RABL2.

Mot mice with a point mutation in the 
RABL2 gene (Lo et al., 2012), as well as 
CEP19-KO mice (Shalata et al., 2013), ex-
hibit male sterility caused by a motility dys-
function of their sperm. However, in these 
mice, the formation of cilia and flagella does 
not appear to be severely affected. Our 
data showing that CEP19-KO RPE1 cell lines 
exhibit a mild defect in the formation of cilia 
are compatible with the phenotype of 
CEP19-KO mice. By contrast, the Chlam-
ydomonas rabl2 strain lacks flagella. While 
this article was under review, male infertile 
patients with short sperm flagella were re-
ported to have a splicing-site mutation in 
the RABL2B gene (Hosseini et al., 2017). 
Therefore the differences in the phenotype 
between sperm flagella of Mot mice, fla-
gella of the Chlamydomonas rabl2 strain, 
and sperm flagella of infertile men may be 
attributed to differences between the ef-
fects of a point mutation (D73G) and the 
disruption of the RABL2 gene. Intriguingly, 
the D73G mutation abolishes or greatly de-
creases the interaction of RABL2 with the 
IFT-B complex (Figure 8, F and G). In marked 
contrast, the Mot-type mutation does not 
affect the RABL2–CEP19 interaction (Figure 
1A), indicating that the phenotype of Mot 
mice is not due to a change in the interac-
tion of RABL2 with CEP19. In view of the fact 
that Mot mice demonstrate a defect in 
sperm motility but not in the assembly of 
sperm flagella, at least at the light micro-
scopic level (Lo et al., 2012), it is possible 
that the D73G mutation affects the traffick-
ing of proteins other than tubulins. For ex-
ample, motile cilia diseases are often caused 

The interactions of the three RAB-like GTPases (RABL2, RABL4/
IFT27/BBS19, and RABL5/IFT22) with the same IFT74–IFT81 het-
erodimer (Figure 8L) suggest pivotal roles of the heterodimer in the 
IFT-B complex. Indeed, in the architecture model we proposed of 
the IFT-B complex (Katoh et al., 2016) as well as in that proposed by 
others (Taschner and Lorentzen, 2016; Taschner et al., 2016), the 
IFT74–IFT81 heterodimer is responsible for the interactions with 
IFT22, the IFT25–IFT27 dimer, and the IFT46–IFT52 dimer. In addi-
tion and of greater importance, via their N-terminal regions, the 

FIGURE 9:  RABL2 participates in ciliary assembly. (A–F) RABL2 does not accumulate at the 
ciliary tip regardless of impaired retrograde trafficking. Control hTERT-RPE1 cells (A, D) or the 
IFT139-KO cell line 139-2-6 (B, E) or 139-2–8 (C, F) was cultured under serum-starved conditions 
to induce ciliogenesis and triple immunostained for RABL2 (A–C), IFT88, and Ac-α-tubulin 
(A′–C′), or for CEP19 (D–F), Ac-α-tubulin, and γ-tubulin (D′–F′). Insets, enlarged images of the 
boxed regions. Scale bars, 10 µm. (G–L) Exogenous expression of RABL2 mutants defective in 
IFT-B binding suppress ciliogenesis. hTERT-RPE1 cells were transfected with an expression 
vector for EGFP (G) or EGFP-tagged RABL2B(WT) (H), RABL2B(S35N) (I), RABL2B(Q80L) (J), or 
RABL2B(D73G) (K) and cultured for 12 h under normal conditions. The cells were then cultured 
under serum-starved conditions for 12 h and processed for immunostaining with antibodies 
against Ac-α-tubulin and γ-tubulin (G′–K′). (L) Ciliated cells in the experiments in G–K were 
counted, and percentages of ciliated cells are expressed as a bar graph. Values are means ± SE 
of three independent experiments. In each set of experiments, 30–33 cells were analyzed, and 
the total number of cells analyzed for each condition (n) is shown. **p < 0.005; *p < 0.02 
(Student’s t test).
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blocked with 10% FBS and treated with antibodies diluted in 5% 
FBS. For the detection of γ-tubulin, antibodies were diluted with 
Can Get Signal immunostain (Toyobo). The stained cells were 
observed using an Axiovert 200 M microscope (Carl Zeiss) or an 
A1R-MP confocal laser-scanning microscope (Nikon).

Establishment of KO cell lines using the CRISPR/Cas9 
system
Details of the knockout strategy by the CRISPR/Cas9 system using 
homology-independent DNA repair were recently reported (Katoh 
et al., 2017; also see Funabashi et al., 2017; Hirano et al., 2017; 
Nozaki et al., 2017). Single guide RNA (sgRNA) sequences targeting 
the human CEP19 gene (Supplemental Table S3) were designed us-
ing CRISPR Design (Hsu et al., 2013). A double-stranded oligonucle-
otide for the target sequence was inserted into the donor knock-in 
vector pDonor-tBFP-NLS-Neo (deposited in Addgene, ID 80766) 
and the all-in-one sgRNA expression vector pSpCas9(BB)-2A-Puro 
(Addgene plasmid 48139). hTERT-RPE1 cells cultured in a 12-well 
plate were transfected with 1 µg of the all-in-one vector and 0.25 µg 
of the donor vector using X-tremeGENE9 Transfection Reagent 
(Roche Applied Science). After selection in medium containing 
G418 (600 µg/ml), cells with nuclear tBFP signals were isolated. Ge-
nomic DNA isolated from the cloned cells was subjected to PCR 
using KOD FX Neo DNA polymerase (Toyobo). Three sets of prim-
ers (Supplemental Table S3) were used to distinguish the following 
three states of donor vector integration: forward integration (Sup-
plemental Figure S1; lanes 3, 6, and 9), reverse integration (lanes 4, 
7, and 10), and no integration with a small insertion or deletion 
(lanes 2, 5, and 8). Direct sequencing of the PCR products ensured 
the KO of both alleles of the CEP19 genes, with integration of the 
donor vector and/or a small deletion/insertion causing a frameshift 
(Supplemental Figure S1, B and C). Establishment of IFT139-KO cell 
lines was described previously (Hirano et al., 2017).

Preparation of cells stably expressing EGFP-tagged CEP19 
and its deletion constructs
Lentiviral vectors were prepared as described previously (Takahashi 
et al., 2012; Nozaki et al., 2017). Briefly, either pRRLsinPPT-EGFP-
CEP19(WT) or its mutant was transfected into HEK293T cells using 
Polyethylenimine Max along with packaging plasmids (pRSV-REV, 
pMD2.g, and pMDLg/pRRE; kind gifts from Peter McPherson, Mc-
Gill University; Thomas et al., 2009). The culture medium was re-
placed 8 h after transfection and collected at 24, 36, and 48 h after 
transfection. The medium containing viral particles was passed 
through a 0.45-µm filter and centrifuged at 32,000  ×  g at 4°C for 4 
h. Precipitated lentiviral particles were resuspended in Opti-MEM 
(Invitrogen) and stored at −80°C until use. Control cells and 
CEP19-KO cells expressing EGFP-CEP19(WT), EGFP-CEP19(1-120), 
or EGFP-CEP19(91-167) were prepared by adding the lentiviral sus-
pension to the culture medium. These cells were used for immuno-
fluorescence analysis.

Analysis of the Chlamydomonas rabl2 mutant
The C. reinhardtii wild-type (CC-4533 cw15 mt-) and rabl2 (LMJ.
RY0402.205222) strains obtained from the CLiP (Li et al., 2016) were 
grown on a Tris-acetate-phosphate (TAP) agar plate and cultured in 
liquid TAP medium. To confirm the insertion of the paromomycin 
resistance gene cassette in the RABL2 locus, genomic PCR using the 
specific primers listed in Supplemental Table S3 was performed ac-
cording to the manual provided by the CLiP.

An ∼2.1-kbp genomic DNA fragment encompassing the RABL2 
gene (Cre17. g722350, from the initiation codon to the codon for 

by mutations in the genes of components of the outer dynein arm, 
inner dynein arm, and radial spoke (Praveen et al., 2015), some of 
which were reported to bind to the IFT-B complex (Ahmed et al., 
2008; Ishikawa et al., 2014; Huttlin et al., 2015). Although our at-
tempts to establish RABL2-KO mammalian cells have been unsuc-
cessful, how RABL2 regulates the assembly and function of cilia/fla-
gella is an important issue for future studies.

MATERIALS AND METHODS
Plasmids
Expression vectors for RABL2, CEP19, FGFR1OP, and CEP350 used 
in this study are listed in Supplemental Table S1. Expression vectors 
for the IFT-B subunits were described previously (Katoh et al., 2016; 
Nozaki et al., 2017).

Antibodies and reagents
Antibodies used in this study are listed in Supplemental Table S2. 
GST-tagged anti-GFP Nb was purified with glutathione–Sepharose 
4B beads (GE Healthcare) from Escherichia coli (BL21 DE3) cells trans-
formed with the corresponding vector, as described previously (Katoh 
et al., 2015, 2016). Polyethylenimine Max and Hoechst 33342 were 
purchased from Polysciences and Molecular Probes, respectively.

Coimmunoprecipitation assay and VIP assay
HEK293T cells (kindly provided by Hiroyuki Takatsu, Kyoto Univer-
sity) were plated on 6-cm dishes and cultured in DMEM with high 
glucose (Nacalai Tesque) supplemented with 10% fetal bovine se-
rum (FBS). The cells were transfected with expression vectors for an 
EGFP fusion construct and a hemagglutinin (HA) fusion construct 
using Polyethylenimine Max and cultured for 24 h. The cells were 
then lysed in lysis buffer (50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid [HEPES]-KOH, pH 7.4, 100 mM KCl, 5 mM 
NaCl, 3 mM MgCl2, 0.5% Triton X-100, 10% glycerol, and 1 mM di-
thiothreitol [DTT]) containing a protease inhibitor cocktail (Nacalai 
Tesque). The cell lysates were immunoprecipitated with GST–anti-
GFP Nb prebound to glutathione–Sepharose 4B beads, and bound 
proteins were subjected to SDS–PAGE and immunoblotting analysis 
using anti-HA, anti-mRFP, anti-tRFP, or anti-GFP antibodies as de-
scribed previously (Katoh et al., 2015, 2016; Nozaki et al., 2017).

The VIP assay was performed as described previously (Katoh et al., 
2015, 2016) with a slight modification; in this study, cells expressing 
EGFP-tagged and mChe-tagged proteins were lysed in the HMDEKN 
cell lysis buffer (10 mM HEPES, pH 7.4, 5 mM MgSO4, 1 mM DTT, 
0.5 mM EDTA, 25 mM KCl, 0.05% NP-40; Cole et al., 1998).

Immunofluorescence analysis
The 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 induce ciliogenesis, 
cells were grown to 100% confluence on dishes or coverslips and 
starved for 24 h in Opti-MEM (Invitrogen) containing 0.2% bovine 
serum albumin. Expression vectors were transfected into the cells 
using X-tremeGENE9 DNA Transfection Reagent (Roche Applied 
Science).

Immunofluorescence analysis was performed as described previ-
ously (Takahashi et al., 2012; Nozaki et al., 2017). Cells were fixed 
with 3% paraformaldehyde at 37°C for 15 min, washed three times 
with phosphate-buffered saline (PBS), quenched with 50 mM NH4Cl 
for 10 min, washed three times with PBS, permeabilized with 0.1% 
Triton X-100 for 5 min, and washed three times with PBS. For the 
detection of endogenous RABL2, cells were fixed with 10% trichlo-
roacetic acid on ice for 15 min. The fixed/permeabilized cells were 
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the C-terminal amino acid) was amplified by PCR using the specific 
primers (CrRabL2-NS and CrRabL2-CAS) listed in Supplemental 
Table S3. An expression vector for Chlamydomonas RABL2 was con-
structed by inserting the resulting PCR product into the pIC2L-BC-
CPC-3 × HA vector (Oda et al., 2015). The rabl2 strain was trans-
formed with the RABL2 expression vector, and the transformants 
were selected as described (Oda et al., 2015).

For RT-PCR analysis, total RNAs were extracted from the cells 
using an ISOGEN RNA extraction kit (Nippon Gene). RT-PCR using 
the specific primers (CrRabL2-NS and CrRabL2-G-Rv2) listed in Sup-
plemental Table S3 was performed using a SuperScript III One-Step 
RT-PCR System (Invitrogen).

Immunofluorescence analysis was performed as described previ-
ously (Kubo et al., 2015). Briefly, Chlamydomonas cells attached to 
a coverslip were fixed and permeabilized with methanol at –20°C for 
20 min, blocked with 10% FBS, and incubated with an anti–Ac-α-
tubulin antibody, followed by staining with Alexa Fluor 488–conju-
gated anti-mouse immunoglobulin G and 4′,6-diamidino-2-phenyl-
indole (DAPI). The coverslip was placed onto Mowiol mounting 
medium (Sigma-Aldrich), and the cells were observed under an 
Axiovert 200 M microscope. The swimming of Chlamydomonas 
cells was recorded using a Biozero BZ-8000 microscope (Keyence).
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