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Primary cilia are sensors of chemical and mechanical signals
in the extracellular environment. The formation of primary
cilia (i.e. ciliogenesis) requires dynamic membrane trafficking
events, and several Rab small GTPases, key regulators of
membrane trafficking, have recently been reported to partici-
pate in ciliogenesis. However, the precise mechanisms of Rab-
mediated membrane trafficking during ciliogenesis remain
largely unknown. In the present study, we used a collection of
siRNAs against 62 human Rabs to perform a comprehensive
knockdown screening for Rabs that regulate serum starvation-
induced ciliogenesis in human telomerase reverse transcriptase
retinal pigment epithelium 1 (hTERT-RPE1) cells and suc-
ceeded in identifying Rab34 as an essential Rab. Knockout (KO)
of Rab34, but not of Rabs previously reported to regulate cilio-
genesis (e.g. Rab8 and Rab10) in hTERT-RPE1 cells, drastically
impaired serum starvation-induced ciliogenesis. Rab34 was also
required for serum starvation-induced ciliogenesis in NIH/3T3
cells and MCF10A cells but not for ciliogenesis in Madin-Darby
canine kidney (MDCK)-II cysts.We then attempted to identify a
specific region(s) of Rab34 that is essential for ciliogenesis by
performing deletion andmutation analyses of Rab34. Unexpect-
edly, instead of a specific sequence in the switch II region, which
is generally important for recognizing effector proteins (e.g. Rab
interacting lysosomal protein [RILP]), a unique long N-terminal
region of Rab34 before the conserved GTPase domain was
found to be essential. These findings suggest that Rab34 is an
atypical Rab that regulates serum starvation-induced ciliogene-
sis through its uniqueN-terminal region.

Primary cilia are membrane projections from the cell surface
and are thought to function as sensors of chemical and me-
chanical signals in the extracellular environment (1). Defects in
the formation or function of primary cilia cause various human
diseases called ciliopathies (2). The assembly and disassembly
of primary cilia are tightly coupled to cell cycle progression,
and primary cilia form in cells in the resting stage (3). Primary
cilium formation (so-called ciliogenesis) is known to occur in a
series of membrane-trafficking steps (4–6). First, small vesicles,
called preciliary vesicles, accumulate on the mother centriole,
and then the preciliary vesicles fuse with each other to form a
large vesicle called a ciliary vesicle. The resulting ciliary vesicle
extends together with the axoneme and finally fuses with the
plasma membrane. It is generally thought that lipids and ciliary

proteins must be transported from other organelles, such as the
Golgi apparatus and recycling endosomes, to the mother cen-
triole via membrane trafficking mechanisms during the ciliary
vesicle formation and elongation (7, 8).
Rab small GTPases, which belong to the Ras superfamily, are

key regulators of membrane trafficking (9–12). Rabs function as
switch proteins that cycle between an active state and an inactive
state. In their active state, Rabs localize to specific vesicles or or-
ganelles and recruit a specific binding partner (called a Rab effec-
tor), via which they regulate a specific membrane trafficking
pathway. Recent studies have reported that several Rabs, includ-
ing Rab8, Rab10, Rab11, Rab23, Rab29, and Rab34, participate in
ciliogenesis (8, 13–18). However, not all of the membrane traf-
ficking mechanisms in ciliogenesis are fully understood, and
knockout mice in which each of several cilia-regulating Rabs had
been knocked out did not exhibit any ciliopathy phenotypes (15,
19). Moreover, no attempts have been made to perform a com-
prehensive analysis of all mammalian Rabs (Rab1A–43) during
ciliogenesis.
In this study, we performed a comprehensive knockdown

screening for Rabs that regulate serum starvation-induced cilio-
genesis in hTERT-RPE1 (human telomerase reverse transcriptase
retinal pigment epithelium 1) cells and succeeded in identifying
Rab34 as an essential Rab in serum starvation-induced ciliogene-
sis. Intriguingly, however, the known cilia-regulating Rabs, includ-
ing Rab8, Rab10, Rab11B, and Rab12, were found to be dispensa-
ble for ciliogenesis, because their knockout (KO) cells formed
primary cilia. Moreover, the requirement of Rab34 for serum
starvation-induced ciliogenesis was confirmed in NIH/3T3 cells
and MCF10A cells. On the other hand, Rab34 was not essential
for ciliogenesis in cysts of Madin-Darby canine kidney (MDCK)-
II cells. We then performed KO-rescue experiments on several
Rab34mutants, including a switch II swappingmutant (S1A) and
an N-terminal deletion mutant (DN), to identify the region of
Rab34 that is responsible for ciliogenesis. The results showed that
Rab34(S1A) rescued the Rab34-KO phenotype but that Rab34
(DN) did not. These findings indicate that the unique long N-ter-
minal region of Rab34, and not a specific sequence in the switch
II region, is necessary for serum starvation-induced ciliogenesis.

Results

Comprehensive screening for Rabs whose knockdown inhibits
ciliogenesis in hTERT-RPE1 cells

To identify novel Rabs that participate in serum starvation-
induced primary ciliogenesis, by using effective and specific
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siRNAs against 62 human Rabs that we have developed previ-
ously (20), we performed a comprehensive knockdown screen-
ing in hTERT-RPE1 cells. We used acetylated tubulin as a cil-
ium marker and then counted the number of nonciliated cells.
When we knocked down CEP164 protein that is essential for
ciliogenesis (21), the number of nonciliated cells increased to
more than 80% (Fig. 1A, black bar), whereas control siRNA had
almost no effect (;10% of the cells were nonciliated), thereby
validating our experimental setup. The results of the screening
showed that knockdown of ten Rabs, i.e. Rab6C, Rab9A, Rab10,
Rab11B, Rab12, Rab34, Rab40A, Rab40B, Rab42(43), and
Rab43(41), increased the number of nonciliated cells to more
than 50% (Fig. 1A, blue bars, and B), and we considered these
Rabs to be primary candidates.
To confirm the knockdown effects on ciliogenesis that had

been observed in the first screening and to avoid possible off-

target effects by single siRNAs, we proceeded to perform
knockdown experiments by using other independent siRNAs
against the primary Rab candidates. The results showed that
knockdown of only four Rabs, i.e. Rab6C, Rab11B, Rab12, and
Rab34, by each of two independent siRNAs increased the num-
ber of nonciliated cells to more than 50% (Fig. 2A). We also
checked the protein expression levels of several candidate Rabs
by immunoblotting, and the results confirmed that the Rab11B,
Rab12, and Rab34 bands almost completely disappeared when
the two independent siRNAs were used (Fig. 2B). siRab9A#2
and siRab10#2 seemed to decrease the protein expression level
more efficiently than siRab9A#1 and siRab10#1, respectively
(Fig. 2B and data not shown), but they had a lesser effect on cil-
iogenesis, suggesting that siRab9A#1 and siRab10#1 have cer-
tain off-target effects on ciliogenesis. On the other hand, no
protein expression of other candidate Rabs, including Rab6C,

Figure 1. Screening for Rabs whose knockdown inhibited ciliogenesis in hTERT-RPE1 cells. A, the number of nonciliated hTERT-RPE1 cells (%) that have
been transfected with siRNA against each Rab isoform (0.2 nM) was counted after a 24-h serum starvation (n. 50 cells). The broken red line indicates that 50%
of the cells have no cilia. The black bar represents Cep164 (positive control), and the blue bars represent candidate Rabs whose knockdown increased the num-
ber of nonciliated cells to more than 50% compared with the control siRNA (negative control). Because of the high sequence identity between Rab40A and
Rab40AL, Rab40A siRNAwas also able to knock down Rab40AL (20). B, typical images of cells transfected with control siRNA (siControl), Cep164 siRNA (siCep164)
(positive control), or siRNA against candidate Rabs (siRab). The cells were fixed after a 24-h serum starvation and then stained with anti-acetylated tubulin anti-
body (green; cilia) and DAPI (blue; nuclei). The brokenwhite lines indicate the boundaries of each cell. *, nonciliated cells. Scale bars, 20mm.
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was detected by immunoblotting (data not shown), and we did
not pursue Rab6C in the subsequent analysis. Based on the
results of the two-step screenings, we selected Rab11B, Rab12,
and Rab34 as secondary candidate Rabs.
A possible function of Rab11 in ciliogenesis had already been

reported (8), but involvement of Rab12 and Rab34 in ciliogene-
sis had not been investigated by the time we completed the
comprehensive screening. During investigating Rab12 and
Rab34 in the subsequent analysis, their possible involvement in
ciliogenesis was reported by other groups (17, 22–24), although
the detailedmolecular mechanisms remained unknown.

Rab34 is required for ciliogenesis in hTERT-RPE1 cells

To determine whether the secondary candidates identified
above, i.e. Rab11B, Rab12, and Rab34, are indeed essential for
ciliogenesis in hTERT-RPE1 cells, we generated their respective
KO cells by using the CRISPR/Cas9 system.We also established
Rab8A/B-double KO (Rab8A/B-KO) cells and Rab8A/B/10-tri-
ple KO (Rab8A/B/10-KO) cells as controls, because Rab8 and
Rab10 are widely thought to be involved in cilium formation in
mammalian cultured cells (15). Loss of the target Rabs in each
KO cell was verified by both immunoblotting (Fig. 3B) and
sequencing of genomic PCR products (Fig. S1). As shown in
Fig. 3A, only Rab34-KO greatly increased the number of nonci-
liated cells. In contrast, Rab8A/B-KO, Rab10-KO, Rab8A/B/10-
KO, Rab11B-KO, and Rab12-KO cells did not show any defects
in ciliogenesis under our experimental conditions. The KO
phenotypes observed in this study are unlikely to be caused by
clonal variations, because essentially the same results were
obtained in other independent Rab-KO clones (i.e. impaired

ciliogenesis in Rab34-KO cells versus normal ciliogenesis in
other Rab-KO cells) (data not shown).
To further confirm that the impaired ciliogenesis was directly

related to Rab34-KO, we performed rescue experiments by sta-
bly expressing EGFP (enhanced GFP)-P2A-Rab34, which con-
tains a P2A self-cleavage site (25) between EGFP and Rab34, in
Rab34-KO cells (Fig. S2A). The results showed that expression
of EGFP-P2A-Rab34 completely rescued the impaired ciliogen-
esis phenotype of Rab34-KO cells (Fig. 3, C and D). We used
EGFP-P2A-Rab34 instead of EGFP-Rab34 for the KO-rescue
experiment, because EGFP-P2A-Rab34 was able to rescue the
phenotype of Rab34-knockdown (KD) cells more efficiently
than EGFP-Rab34 was (Fig. S2B), suggesting that N-terminal
EGFP tagging partly distorts the function of Rab34. A similar
observation was previously reported with respect to Rab10:
untagged Rab10, but not EGFP-Rab10, was found to promote
neurite outgrowth of Rab10-depleted cells (26). These findings
suggest that Rab34 is the most crucial Rab for serum starvation-
induced ciliogenesis in hTERT-RPE1 cells.

Requirement of Rab34 for ciliogenesis depends on the cell type

To determine whether Rab34 is a general positive regulator of
ciliogenesis, we investigated the effect of Rab34-KO or -KD on
ciliogenesis in other cell types. As shown in Fig. 4,A and B, Rab34
depletion in NIH/3T3 cells and MCF10A cells resulted in an
increase in the number of nonciliated cells under serum-starved
conditions, the same as that in hTERT-RPE1 cells, and the
impaired ciliogenesis of Rab34-KONIH/3T3 cells and Rab34-KD
MCF10A cells was clearly rescued by expression of EGFP-P2A-
Rab34. On the other hand, checking the primary cilia in the cysts
of Rab-KO MDCK-II cells that we recently established (27)

Figure 2. Secondary screening for Rabs whose knockdown inhibited ciliogenesis by using another siRNA site. A, the number of nonciliated hTERT-
RPE1 cells (%) transfected with the siRNAs (0.2 nM) indicated was counted after a 24-h serum starvation (n. 50 cells). Error bars indicate the S.E. of data from
three independent experiments. The broken red line indicates that 50% of the cells have no cilia. The black bar represents Cep164 (positive control), and the
blue bars represent candidate Rabs whose knockdown with two independent siRNAs increased the number of nonciliated cells to more than 50% compared
with the control siRNA (negative control). *, p , 0.05; **, p , 0.01; ***, p , 0.001; NS, not significant compared with the control siRNA (Tukey’s test). B, the
knockdown efficiency of candidate Rabs was evaluated by immunoblotting with the antibodies indicated on the right of each panel. Cells were harvested 48 h
after transfectionwith control siRNA or siRNA against candidate Rabs (0.2 nM). Lane 1 and lanes 2 and 3 show the results for the control siRNA and for two inde-
pendent siRNAs against each Rab, respectively. The positions of themolecular mass markers (in kDa) are shown on the left.
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revealed that all of the Rab-KO cysts, including the Rab34-KO
cysts, had formed primary cilia in their luminal domain (Fig. 4C
and Fig. S3). Although Rab6 and Rab11 have been shown to be
required for normal epithelial morphogenesis (27), their KO cysts
still had primary cilia in their luminal domain (Fig. 4D). Thus,
Rab34 is unlikely to be a general regulator of ciliogenesis, and it is
dispensable for ciliogenesis at least inMDCK-II cysts.

Rab34 is required for early steps in serum starvation-induced
ciliogenesis in hTERT-RPE1 cells

To investigate the defective ciliogenesis in the absence of
Rab34 in greater detail, we then investigated the subcellular
localization of ciliary membrane proteins and proteins that are
required for ciliogenesis, i.e. Rabin8, CP110, IFT20, and Arl13B
(7, 14, 28, 29), in Rab34-KO cells. As shown in Fig. 5A, Rab34-
KO had no effect on the localization of Rabin8 (3 h after serum

starvation) or of CP110, IFT20, and Arl13B (24 h after serum
starvation) in hTERT-RPE1 cells compared with that of the
control parental cells for removal of CP110 from mother cen-
trioles (Fig. 5A, arrows in the second row) (28), and the centriole
localization of Rabin8, IFT20, and Arl13B (Fig. 5A, arrowheads
in the top, third, and bottom rows, respectively). Essentially the
same results were reported for CP110, Rabin8, and IFT20 in
Rab34-KO NIH/3T3 cells (23), indicating that Rab34 is not
involved in the recruitment of Rabin8 and IFT20 to centrioles
or CP110 removal. Because depletion of Rab34 inhibited the
axoneme elongation and extension of ciliary vesicles, Rab34 is
likely to be required for early steps in serum starvation-induced
ciliogenesis in hTERT-RPE1 cells.
Because our anti-Rab34 antibody was unable to detect the

subcellular localization of endogenous Rab34 in hTERT-RPE1
cells by immunofluorescence analysis, we tried overexpres-
sing FLAG-tagged Rab34, which can restore the Rab34-KO

Figure 3. Rab34 is required for ciliogenesis in hTERT-RPE1 cells. A, the number of nonciliated cells (%) in parental, Rab8A/B-KO, Rab10-KO, Rab8A/B/10-
KO, Rab11B-KO, Rab12-KO, and Rab34-KO cells was counted after a 24-h serum starvation (n . 50 cells). Error bars indicate the S.E. of data from three inde-
pendent experiments. ***, p, 0.001; NS, not significant (Dunnett’s test). B, the loss of Rab8A/B, Rab10, Rab11B, Rab12, or Rab34 in respective KO cells was ana-
lyzed by immunoblotting with the antibodies indicated on the right of each panel. The positions of the molecular mass markers (in kDa) are shown on the left.
C, the number of nonciliated cells (%) in parental, Rab34-KO, and stable EGFP-P2A-Rab34-expressing Rab34-KO (Rab34-KO1 Rab34) cells was counted after a
24-h serum starvation (n. 50 cells). Error bars indicate the S.E. of data from three independent experiments. ***, p, 0.001 (Tukey’s test). D, typical images of
parental, Rab34-KO, and Rab34-KO 1 Rab34 cells. The cells were fixed after a 24-h serum starvation and then stained with anti-acetylated tubulin antibody
(ac-Tub, in green; cilia), anti-Arl13B antibody (magenta; cilia), and DAPI (blue; nuclei). *, nonciliated cells. Scale bars, 20mm.
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phenotype in Rab34-KO cells (Fig. 6E), and visualized it by
using an anti-FLAG tag antibody. The results showed that
FLAG-Rab34 was mainly localized at the Golgi apparatus, con-
sistent with the findings in a previous report (30), and that it

rarely localized at primary cilia (;20%) (Fig. 5B). Taken to-
gether, these results imply that Rab34, an early-step regulator
of ciliogenesis, is released from ciliary membranes before the
maturation of primary cilia.

Figure 4. Rab34 is also required for ciliogenesis in NIH/3T3 cells andMCF10A cells but not inMDCK-II cells. A, the number of nonciliated cells (%) in the
parental, Rab34-KO, and stable EGFP-P2A-Rab34-expressing Rab34-KO (Rab34-KO1 Rab34) NIH/3T3 cells was counted after a 48-h serum starvation (n. 50
cells). Error bars indicate the S.E. of data from three independent experiments. *, p, 0.05; **, p, 0.01 (Tukey’s test). Typical images of parental, Rab34-KO, and
Rab34-KO1 Rab34 cells are shown. The cells were fixed after a 48-h serum starvation and then stained with anti-acetylated tubulin antibody (ac-Tub, in green;
cilia), anti-Arl13B antibody (magenta; cilia), and DAPI (blue; nuclei). *, nonciliated cells. Scale bars, 20 mm. The loss of Rab34 in KO cells was confirmed by immu-
noblotting with the antibodies indicated on the right of each panel. The positions of the molecular mass markers (in kDa) are shown on the left. B, the number
of ciliated cells (%) in the control (siControl), Rab34-KD (siRab34), and stable EGFP-P2A-Rab34-expressing Rab34-KD (siRab34 1 Rab34) MCF10A cells was
counted after a 24-h serum starvation (n. 500 cells). Error bars indicate the S.E. of data from five independent experiments. **, p, 0.01 (Tukey’s test). The cells
were fixed after a 24-h serum starvation and then stained with anti-acetylated tubulin antibody (ac-Tub, in red; cilia), anti-Arl13B antibody (green; cilia), and
DAPI (blue; nuclei). *, nonciliated cells. Scale bars, 10 mm. The knockdown efficiency of Rab34 was evaluated by immunoblotting with the antibodies indicated
on the right of each panel. Cells were harvested 72 h after transfection with control siRNA (siControl) or Rab34 siRNA (siRab34). The positions of the molecular
mass markers (in kDa) are shown on the left. C, the number of nonciliated cells per cyst (%) in parental and Rab-KOMDCK-II cells was counted after a 7-day cul-
ture in collagen gel. Note that the percentage of nonciliated cells of all of the Rab-KO cysts was below 50% (indicated as a broken red line). Error bars indicate
the S.E. of data from at least ten cysts. D, typical images of parental, Rab6A/B-KO, Rab8A/B-KO, Rab8A/B/10-KO, Rab11A/B-KO, and Rab34-KO MDCK-II cells.
The cells were fixed after a 7-day culture in collagen gel and then stained with anti-acetylated tubulin antibody (ac-Tub, in green; cilia), anti-Arl13B antibody
(magenta; cilia), and DAPI (blue; nuclei). *, nonciliated cells. Scale bars, 20mm.
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The unique long N-terminal region of Rab34 is required for
ciliogenesis in hTERT-RPE1 cells

Next, we attempted to identify a specific region(s) of Rab34
that is essential for ciliogenesis by performingmutation and de-
letion analyses of Rab34-KO cells. In general, Rabs are thought
to recognize specific effectors through their switch II region,
because mutations of specific amino acids in this region of
some Rabs have been shown to abrogate their effector-binding
ability (31–35). Sequence comparisons of the switch II region
of mammalian Rabs have revealed that Lys-115 and Cys-116
are specific to Rab34 (and its closest paralog, Rab36) (Fig. 6A,
asterisks) (34). Actually, we had previously shown that K120A/

C121A mutations of Rab36 impaired RILP (Rab interacting
lysosomal protein)-binding activity, and that the Rab36
(K120A/C121A) mutant did not support retrograde melano-
some transport in melanocytes (34). Therefore, we gener-
ated a Rab34(K115A/C116A) [here referred to as Rab34
(KC/AA)] mutant and evaluated its effect on ciliogenesis in
Rab34-KD hTERT-RPE1 cells.
Consistent with the previous finding regarding Rab36 (34),

Rab34(KC/AA) failed to interact with RILP in yeast two-hybrid
assays (Fig. S4A) and was shown to hardly interact with it by
coimmunoprecipitation assays (Fig. S4B). Unexpectedly, how-
ever, Rab34(KC/AA) completely rescued the Rab34-KD pheno-
type (Fig. S4C). Because a weak interaction between Rab34(KC/
AA) and RILP was still observed in the coimmunoprecipitation
assays (Fig. S4B), it was possible that such a weak interaction
could rescue the KD phenotype. To rule out this possibility, we
generated an additional Rab34 mutant that completely lacks
RILP-binding ability by swapping the switch II region of Rab34
for that of Rab1A, a Rab isoform distantly related to Rab34
[named Rab34(S1A)] (Fig. 6A), and complete loss of RILP-bind-
ing activity by Rab34(S1A) was confirmed by both yeast two-
hybrid assays and coimmunoprecipitation assays (Fig. 6, B and
C). Nevertheless, Rab34(S1A) did rescue the Rab34-KO pheno-
type, the same as Rab34(WT) did (Fig. 6D). Although no spe-
cific sequence in the switch II region of Rab34 was essential for
ciliogenesis, GTP-binding activity of Rab34 itself was necessary,
because a constitutively active Rab34 mutant, Rab34(Q111L),
but not its constitutively inactive mutant, Rab34(T66N), res-
cued the Rab34-KD effect on ciliogenesis, as did Rab34(WT)
(Fig. S5).
To further identify the crucial region of Rab34 for ciliogene-

sis, we compared the entire sequences of mammalian Rab fam-
ily members in greater detail and discovered that Rab34 con-
tains a long N-terminal region (gray box in Fig. 6A) that was not
found in other Rab isoforms except Rab36. Rab36, the closest
paralog of Rab34, also contains a long N-terminal sequence,
but the N-terminal sequences are not well conserved between
them. Therefore, we produced an N-terminal deletion mutant
of Rab34 [named Rab34(DN)], which lacks the 49 N-terminal
amino acids of Rab34, and performed a rescue experiment. The
results showed that Rab34(DN) did not rescue the Rab34-KO
phenotype at all (Fig. 6E). The lack of a rescue effect by Rab34
(DN) is unlikely to be attributable to its protein expression level,
because similar amounts of Rab34(DN) and endogenous Rab34
were observed in hTERT-RPE1 cells (Fig. 6F). Moreover,
FLAG-tagged Rab34(S1A) and Rab34(DN) mainly localized at
the Golgi apparatus, the same as Rab34(WT) did (Fig. 6G and
5B). It should be noted that Rab34(S1A) localized at primary
cilia to an extent similar to that of Rab34(WT) (;20%), whereas
we did not observe any ciliary localization of Rab34(DN) under
our experimental conditions. Thus, the unique N-terminal
region of Rab34 is not involved in its Golgi localization, but it
may be required for its ciliary targeting or localization. How-
ever, because the protein expression level of Rab34(DN) was of-
ten lower than that of Rab34(WT) and Rab34(S1A) (Figs. 3B
and 6F), we could not completely rule out the possibility that its
low protein expression masked the ciliary localization of Rab34
(DN).

Figure 5. Rab34 is required for early steps in serum starvation-induced
ciliogenesis in hTERT-RPE1 cells. A, typical Rabin8, CP110, IFT20, and
Arl13B images of parental and Rab34-KO cells. Top row, for Rabin8 staining,
cells stably expressing EGFP-Rabin8 (green) were fixed after a 1-h serum star-
vation and then stainedwith anti-g-tubulin antibody (g-Tub, inmagenta; cen-
trioles). For CP110, IFT20, and Arl13B staining, cells were fixed after a 24-h
serum starvation and then stained with antibodies against CP110 (green) and
g-tubulin (magenta) (second row), IFT20 (green) and g-tubulin (magenta)
(third row), or Arl13B (green) and g-tubulin (magenta) (bottom row). The
arrows and arrowheads indicate CP110-negative centrioles and centriole-
localized Rabin8 (IFT20 or Arl13B), respectively. Scale bars, 2 mm. B, typical
images of FLAG-Rab34 and GALNT2 or Arl13B in hTERT-RPE1 cells expressing
FLAG-Rab34(WT). Top, for GALNT2 staining, cells were fixed without serum
starvation and stained with antibodies against GALNT2 (magenta) and
FLAG (green). Bottom, for Arl13B staining, cells were fixed after a 24-h se-
rum starvation and then stained with antibodies against Arl13B (ma-
genta) and FLAG (green). The arrows indicate FLAG-Rab34-positive
primary cilia. Scale bars, 20 mm.
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Figure 6. The unique long N-terminal region of Rab34, not its specific sequence in the switch II region, is required for ciliogenesis in hTERT-RPE1 cells. A,
schematic representation of mouse Rab1A, Rab5A, Rab7, and Rab34 (WT and DN) and sequence alignment of the switch II region (black boxes) of mouse Rab1A,
Rab5A, Rab7, and Rab34. Identical and similar residues in the switch II region are shown against a black background and a gray background, respectively. Lys-115
and Cys-116 of Rab34 (asterisks) are not conserved in other Rabs except Rab36 (34) (see also Fig. S4). The unique long N-terminal region of Rab34 is indicated by a
gray box. B, interaction between Rab34(WT), Rab34(S1A), or Rab34(DN) and RILP was analyzed by yeast two-hybrid assays. Yeast cells expressing pGBD-C1-Rab34
(WT), Rab34(S1A), or Rab34(DN) and pAct2-RILP were streaked on an SC-LW plate (upper) and on an SC-AHLW plate (lower, selection medium) and incubated at
30 °C. C, interaction between Rab34(WT) or Rab34(S1A) and RILP was analyzed by coimmunoprecipitation assays of COS7 cell lysates. COS7 cell lysates expressing
FLAG-tagged Rab34(WT) or Rab34(S1A) and T7-tagged EGFP or RILP were incubated with anti-T7-tag antibody-conjugated agarose beads. Proteins bound to the
beads (IP) and a 1% volume of total cell lysates (input) were analyzed by immunoblotting with the HRP-conjugated anti-FLAG and anti-T7 tag antibodies indicated
on the right of each panel. The positions of themolecular mass markers (in kDa) are shown on the left.D, the number of nonciliated cells (%) in parental, Rab34-KO,
and stable tagless Rab34(WT)-expressing or Rab34(S1A)-expressing Rab34-KO cells [Rab34-KO1 Rab34(WT) or Rab34(S1A)] was counted after a 24-h serum starva-
tion (n. 50 cells). Error bars indicate the S.E. of data from three independent experiments. ***, p, 0.001 (Tukey’s test). E, the number of nonciliated cells (%) in pa-
rental, Rab34-KO, and stable FLAG-Rab34(WT), -Rab34(DN)-expressing Rab34-KO cells [Rab34-KO 1 Rab34(WT) or Rab34(DN)] was counted after a 24-h serum
starvation (n . 50 cells). Error bars indicate the S.E. of data from three independent experiments. ***, p , 0.001; NS, not significant (Tukey’s test). F, the protein
expression level of FLAG-tagged Rab34(WT) and Rab34(DN) in panel Ewas analyzed by immunoblotting with the antibodies indicated on the right of each panel.
The positions of themolecular mass markers (in kDa) are shown on the left. G, typical images of FLAG-Rab34 and GALNT2 or Arl13B in hTERT-RPE1 cells expressing
FLAG-Rab34(S1A) or -Rab34(DN). Top, for GALNT2 staining, cells not subjected to serum starvation were fixed and stained with anti-GALNT2 antibody (magenta),
anti-FLAG tag antibody (green), and DAPI (blue). Bottom, for Arl13B staining, cells were fixed after a 24-h serum starvation and then stained with antibodies against
Arl13B (magenta) and FLAG (green). The arrows indicate FLAG-Rab34-positive primary cilia. Scale bars, 20mm.
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The known Rab34-interacting proteins are not required for
ciliogenesis in hTERT-RPE1 cells

In the final set of experiments, we investigated the possible
involvement of the known Rab34-interacting proteins, i.e.
RILP, RILP-like 1 (RILP-L1), RILP-like 2 (RILP-L2) (30, 36, 37),
Folliculin (FLCN) (38), and Munc13-2 (39), in ciliogenesis in
hTERT-RPE1 cells. To narrow down the candidates, we first
took advantage of the Rab34(S1A) mutant described above.
Because Rab34(S1A) was able to support ciliogenesis (Fig. 6D),
a Rab34 effector(s) that functions in ciliogenesis was expected
to bind to Rab34(S1A). However, RILP and RILP-L1/L2 failed
to interact with Rab34(S1A) (Fig. 6, B and C, and data not
shown), indicating that the RILP-binding activity of Rab34 is
not essential for ciliogenesis. Actually, knockdown of endoge-
nous RILP in hTERT-RPE1 cells had no or little effect on cilio-
genesis (Fig. 7A), and RILP-L1 and RILP-L2 have previously
been shown to inhibit rather than promote ciliogenesis in
hTERT-RPE1 cells (40). Therefore, we focused on FLCN, which
had previously been shown to be associated with ciliopathy
(41), and Munc13-2 in our subsequent analyses. An immuno-
blot analysis using specific antibodies showed that FLCN was
endogenously expressed in hTERT-RPE1 cells (Fig. 7B), but no
endogenous Munc13-2 expression was detected under our ex-
perimental conditions (Fig. S6A). Furthermore, transfection of
a specific siRNA for Munc13-2 into hTERT-RPE1 cells had no
effect on ciliogenesis (Fig. S6B), indicating that Munc13-2 is
not a relevant effector in ciliogenesis. Finally, we knocked down
endogenous FLCN in hTERT-RPE1 cells, and the results
showed that FLCN-KD had no effect on ciliogenesis, even
though the FLCN immunoreactive bands almost completely
disappeared after treatment with two independent siRNAs
(Fig. 7B). These findings taken together indicate that the
known Rab34-interacting proteins, including RILP and
FLCN, are not required for Rab34-regulated serum starva-
tion-induced ciliogenesis in hTERT-RPE1 cells.

Discussion

In the present study, we performed a comprehensive knock-
down screening for human Rabs that regulate ciliogenesis (Fig.
1), and, based on the results together with the results of KO
analyses, we succeeded in identifying Rab34 as an essential Rab
in serum starvation-induced ciliogenesis in hTERT-RPE1 cells
(Fig. 1–3). Moreover, Rab34-KO had no effect on recruitment
of IFT20, Rabin8, and Arl13B to centrioles or removal of CP110
from the mother centriole, but they inhibited axoneme elonga-
tion and extension of ciliary vesicles (Fig. 5A). These results
suggest that Rab34 regulates the ciliary vesicle fusion step and/
or the subsequent expansion step of serum starvation-induced
ciliogenesis.
Although;10 Rabs have been proposed to participate in cil-

iogenesis in previous studies (8, 13–18, 42–44), the results of
knockdown or knockout of these Rabs in the present study
demonstrated that none of the reported Rabs except Rab34 are
essential for serum starvation-induced ciliogenesis, at least in
hTERT-RPE1 cells under our experimental conditions (Fig. 1–
3). Among the Rab-KO cells established in this study, only the
Rab34-KO cells showed marked inhibition of ciliogenesis, and

although Rab8/10-KO seemed to weakly inhibit ciliogenesis,
the reduction was not statistically significant (Fig. 3). Neverthe-
less, we cannot rule out the possibility that Rabs other than
Rab34 participate in ciliogenesis in other cell types or under dif-
ferent conditions (e.g. different upstream signals).
Intriguingly, when we checked the primary cilia in the cysts

of recently established Rab-KO MDCK-II cells (27), we found
that all of the Rab-KO cysts, including the Rab34-KO cysts,
formed primary cilia in their luminal domain (Fig. 4, C and D,
and Fig. S3). Thus, themechanism of ciliogenesis in the two cell
types is likely to be different. Actually, it has been proposed that
ciliogenesis in polarized cells and in nonpolarized cells occurs
in different pathways (45, 46). For example, the cilia in hTERT-
RPE1 cells, NIH/3T3 cells, and MCF10A cells are induced by
serum starvation, whereas the cilia in MDCK-II cells are
induced during cyst growth in the absence of starvation.
Thus, the upstream signals of ciliogenesis in hTERT-RPE1
and MDCK-II cells must be different, and Rab34 is specifi-
cally required for ciliogenesis in only certain cell types, such
as hTERT-RPE1 cells, NIH/3T3 cells, and MCF10A cells.
Consistent with this conclusion, Rab34-KO mice exhibited
polydactyly, cleft lip, and cleft palate, but they did not have a
polycystic kidney disease phenotype (23, 47), indicating that
the primary cilia in their kidney cells are functionally
normal.
Several questions regarding the function of Rab34 remain

unanswered in this study. One of the important questions that
must be answered in a future study concerns the function of
the unique long N-terminal region of Rab34. Because no spe-
cific sequence in the switch II region of Rab34 is essential for se-
rum starvation-induced ciliogenesis (Fig. 6 and Fig. S4), we
hypothesized that the long N-terminal region contributes to
recognition of an unidentified Rab34 effector that functions in
ciliogenesis. Consistent with our hypothesis, N-terminal EGFP
tagging of Rab34 significantly reduced its rescue efficiency (Fig.
S2), presumably because fusion of a relatively large molecule,
e.g. EGFP, to the N terminus of Rab34 partially impairs its inter-
action with an unidentified Rab34 effector. We used N-termi-
nally GST (GSH S-transferase)-tagged or GBD (Gal4-binding
domain)-tagged Rab34 as bait in our previous comprehensive
screening for Rab effectors (34, 37, 48), but the screening meth-
ods we used are presumably inappropriate for identifying a
Rab34 effector that functions in ciliogenesis. C-terminally
tagged or untagged Rab34(S1A), which lacks binding activity
toward RILP family members, would be useful in future screen-
ing for a novel Rab34 effector(s) in ciliogenesis. Another unan-
swered question concerns the cargo(s) Rab34 transports. One
possible cargo is a component of SNARE complexes, because
recruitment of an EHD1-binding protein, SNAP-29, to precili-
ary membranes is important for ciliogenesis, and a similar
early-step ciliogenesis defect phenotype has been observed in
EHD1-depleted cells (49). It is also unknown which membrane
trafficking steps(s), e.g. budding, transport, docking, and fusion,
Rab34 regulates. It had previously been shown that the main
localization of Rab34 is the Golgi apparatus (30), and we con-
firmed its Golgi localization in the present study (Fig. 5B). The
unique N-terminal region of Rab34 is not required for its Golgi
localization, but no ciliary localization of Rab34(DN) was
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observed, at least under our experimental conditions. There-
fore, we assume that Rab34 regulates the budding/secretion
step from the Golgi, the transport step of preciliary vesicles,
and/or the fusion step of preciliary vesicles to form ciliary
vesicles. Further extensive research will be necessary to answer
all of the questions.
In summary, we found that Rab34 regulates early steps of se-

rum starvation-induced ciliogenesis through its unique, previ-
ously uncharacterized N-terminal region and that its KO
causes a loss of primary cilia even after serum starvation. In the
future, it will be necessary to identify all of the membrane traf-
ficking mechanisms responsible for Rab34-dependent ciliogen-
esis and determine the functional relationships between Rab34
and the previously reported Rabs, including Rab8 and Rab11,
during ciliogenesis.

Experimental procedures

Antibodies

Anti-acetylated tubulin mouse mAb (no. T7451), anti-
g-tubulin mouse mAb (no. T5326), anti-FLAG tag (M2) mouse
mAb (no. F1804), anti-GALNT2 rabbit polyclonal antibody
(no. HPA011222), horseradish-peroxidase (HRP)-conjugated
anti-T7 tag antibody (no. 69522), and HRP-conjugated anti-
FLAG tag (M2) antibody (no. A8592) were obtained from
Sigma-Aldrich. Anti-Arl13B rabbit polyclonal antibody (no.
17711-1-AP), anti-CP110 rabbit polyclonal antibody (no.
12780-1-AP), anti-IFT20 rabbit polyclonal antibody (no. 13615-
1-AP), and anti-RILP rabbit polyclonal antibody (no. 13574-1-
AP) were from Proteintech. Anti-Rab10 rabbit polyclonal anti-
body (no. 8127) and anti-FLCN (Folliculin) rabbit polyclonal
antibody (no. 13697) were obtained from Cell Signaling Tech-
nology. Anti-Rab8 mouse mAb (no. 610845, BD Biosciences),
anti-b-actin mouse mAb (no. G043, Applied Biological Materi-
als), and anti-Munc13-2 (UNC13B) rabbit polyclonal antibody
(no. ab97924, Abcam) were also obtained commercially. HRP-
conjugated anti-mouse IgG goat polyclonal antibody (no. 1031-

05) and anti-rabbit IgG goat polyclonal antibody (no. NA934)
were from SouthernBiotech and GE Healthcare, respectively.
Alexa Fluor 488/555/594/633-conjugated anti-mouse/rabbit
IgG goat/donkey polyclonal antibodies were from Thermo
Fisher Scientific. Anti-Rab11B, anti-Rab12, and anti-Rab34 rab-
bit polyclonal antibodies were prepared as described previously
(27, 50).

siRNAs and plasmids

The sequences of the effective siRNAs against human Rabs
are described in our previous study (20) (Table S1). The no-
menclature of human Rabs is in accordance with the National
Center for Biotechnology Information (NCBI) database rather
than Itoh et al. (51); thus, four Rabs, i.e. Rab7B(42), Rab41(6D),
Rab42(43), and Rab43(41), are named in this study as shown
before parentheses and in our previous studies as shown in
each set of parentheses. The siRNAs against human CEP164,
RILP, FLCN (#1 and #2), and Munc13-2 were chemically
synthesized by Nippon Gene (Toyama, Japan) (their target
sequence is summarized in Table S1). The siRNA-resistant
(SR) forms of human Rab34 (20), Rab34(S1A), Rab34SR(KC/
AA), and Rab34(DN) were prepared by conventional PCR tech-
niques using the specific oligonucleotides shown in Table S1 as
described previously (52) and subcloned into the pMRX-IRES-
puro-EGFP, pMRX-IRES-bsr-EGFP-P2A, pEF-FLAG tag (53),
and pGBD-C1 vectors (54). The cDNAs of mouse Rab34 (55),
Rab34 (T66N), and Rab34(Q111L) (56) were subcloned into
the pMRX-IRES-bsr-EGFP-P2A vector and pMRX-IRES-bsr
vector, respectively. The P2A self-cleavage site (ATNFSLLK-
QAGDVEENPGP [25]) was inserted into the pMRX-IRES-bsr-
EGFP vector by PCR using specific oligonucleotides (Table S1).
The pMRX-IRES-puro/bsr-EGFP vectors are variants of the
pMRX-IRES-puro/bsr vectors, which were donated by Dr.
Shoji Yamaoka (Tokyo Medical and Dental University, Tokyo,
Japan). pEF-FLAG-Rab34 and pEF-T7-RILP were prepared as
described previously (34, 55). The cDNAs of mouse RILP-L1

Figure 7. Two known Rab34-interacting proteins, RILP and FLCN, are not required for ciliogenesis in hTERT-RPE1 cells. A, the number of nonciliated
control cells (siControl; 0.2 nM) and RILP-KD (siRILP; 0.2 nM) hTERT-RPE1 cells (%) was counted after a 24-h serum starvation (n. 50 cells). Error bars indicate the
S.E. of data from three independent experiments. NS, not significant (Student’s unpaired t test). The knockdown efficiency of RILP was evaluated by immuno-
blotting with the antibodies indicated on the right of each panel. Cells were harvested 48 h after transfection with control siRNA or RILP siRNA. The positions of
themolecular massmarkers (in kDa) are shown on the left. The asterisk indicates nonspecific bands of the anti-RILP antibody. B, the number of nonciliated con-
trol cells (siControl; 10 nM) and FLCN-KD (siFLCN#1 and #2; 10 nM) hTERT-RPE1 cells (%) was counted after a 24-h serum starvation (n. 50 cells). Error bars indi-
cate the S.E. of data from three independent experiments. NS, not significant (Tukey’s test). The knockdown efficiency of FLCN was evaluated by
immunoblotting with the antibodies indicated on the right of each panel. Cells were harvested 48 h after transfection with control siRNA or FLCN siRNA. Lane 1
shows the results obtained with control cells, and lanes 2 and 3 show the results obtained with the two FLCN-KD cells. The positions of the molecular mass
markers (in kDa) are shown on the left.
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and RILP-L2 (34) were subcloned into the pAct2 vector (Clon-
tech/Takara Bio, Shiga, Japan).
The target sequences for human Rab8A/B-KO, Rab10-KO,

Rab11B-KO, Rab12-KO, and Rab34-KO were designed by
using CRISPR direct (https://crispr.dbcls.jp/) (summarized in
Table S1). The annealed oligonucleotides of the Rab8A/B-KO
and Rab11B-KO sense and antisense oligonucleotides were
inserted into the pSpCas9(BB)-2A-bsr vector, a variant of
pSpCas9(BB)-2A-puro (ID no. 48139) that was obtained by
replacement of the puromycin-resistant gene (puro) by a blasti-
cidin-resistant gene (bsr). The annealed oligonucleotides for
Rab10-KO, Rab12-KO, and Rab34-KO were also inserted into
the pSpCas9(BB)-2A-puro vector and pDonor-tBFP-NLS-Neo
vector (Addgene ID no. 80766).

Cell culture and transfections

hTERT-RPE1 cells were cultured at 37 °C under 5% CO2 in
Dulbecco’s modified Eagle medium–nutrient mixture F-12
(DMEM/F12) medium (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum, 100 mg/ml streptomy-
cin, and 100 unit/ml penicillin G. One day after plating, siR-
NAs and plasmids were transfected into hTERT-RPE1 cells
by using Lipofectamine RNAi MAX for the siRNAs (concen-
trations are indicated in each figure legend) and Lipofect-
amine 2000 (Thermo Fisher Scientific) or Fugene6 (Prom-
ega) for the plasmids, each according to the manufacturer’s
instructions.
MCF10A cells were cultured at 37 °C under 5% CO2 in

DMEM/F12 medium supplemented with 5% horse serum, 50
ng/ml cholera toxin (Fujifilm Wako Pure Chemical, Osaka, Ja-
pan), 20 ng/ml epidermal growth factor (Fujifilm Wako Pure
Chemical), 10 mg/ml insulin (Fujifilm Wako Pure Chemical),
500 ng/ml hydrocortisone (FujifilmWako Pure Chemical), 100
mg/ml streptomycin, and 100 unit/ml penicillin G. One day af-
ter plating, siRNAs (0.5 nM) were transfected into MCF10A
cells by using Lipofectamine RNAiMAX according to the man-
ufacturer’s instructions. The same culture medium without the
addition of horse serum and cholera toxin was used for serum
starvation.
MDCK-II cells and NIH/3T3 cells were cultured at 37 °C

under 5% CO2 in DMEM supplemented with 10% fetal bovine
serum, 100 mg/ml streptomycin, and 100 unit/ml penicillin G.
Establishment of Rab-KOMDCK-II cells (listed in Fig. S3) and
culture of three-dimensional cysts were performed as described
previously (27). Rab34-KO NIH/3T3 cells were established in a
similar manner (27). Plat-E cells were donated by Dr. Toshio
Kitamura (The University of Tokyo, Tokyo, Japan). The plat-E
cell culture and retrovirus infection were performed as described
previously (57).

Establishment of CRISPR/Cas9 KO cell lines

hTERT-RPE1 cells that had been transfected with pSpCas9-
bsr-Rab8A/B or -Rab11B were selected by exposure to 15 mg/
ml blasticidin for ;48 h. hTERT-RPE1 cells that had been
transfected with pSpCas9-puro-Rab10, -Rab12, or -Rab34
and pDonor-tBFP-NLS-Neo-Rab10, -Rab12, or -Rab34 were
selected as described previously (58). Single clones were then

selected by the limiting dilution method. KO cells were first
checked for loss of target proteins by immunoblotting and then
checked for genomic mutations by genomic PCR and sequenc-
ing of the PCR products as described previously (27).

Immunoblotting

hTERT-RPE1 cells were lysed in an SDS sample buffer (62.5
mM Tris-HCl, pH6.8, 2% 2-mercaptoethanol, 10% glycerol, and
0.02% bromphenol blue) in a lysis buffer (50 mM HEPES-KOH,
pH7.2, 150 mM NaCl, 1 mM MgCl2, and 1% Triton X-100). Cell
lysates were subjected to SDS-PAGE, and proteins were trans-
ferred to PVDF membranes (Merck Millipore). The mem-
branes were blocked with 1% or 5% skimmilk and 0.1% Tween-
20 in PBS and then reacted with specific primary antibodies.
The reacted bands were visualized with appropriate HRP-
conjugated secondary antibodies and detected by enhanced
chemiluminescence.

Immunofluorescence analysis

hTERT-RPE1 cells, NIH/3T3 cells, and MCF10A cells that
had been transfected with siRNAs or in which a Rab had been
knocked out were fixed with 4% paraformaldehyde for 15 min
at room temperature after a 24-h or 48-h serum starvation. Af-
ter fixation, the cells were permeabilized with 0.3% Triton X-
100 in PBS for 1 min and then stained with specific primary
antibodies and appropriate Alexa Fluor 488/555/633-conju-
gated secondary antibodies. After a 7-day culture in collagen
gel MDCK-II, cysts were fixed with 10% TCA for 15 min at
room temperature and then stained with specific primary
antibodies and appropriate Alexa Fluor 555/633-conjugated
secondary antibodies. The immunostained cells were exam-
ined with a confocal fluorescence microscope (FV1000,
FV1000-D; Olympus, Tokyo, Japan; and Dragonfly spinning
disk scanning unit [Dragonfly200], Andor, Belfast, Northern
Ireland).

Binding experiments

Coimmunoprecipitation assays of COS-7 cell lysates and
yeast two-hybrid assays were performed as described previ-
ously (53, 59).

Statistical analysis

The data were statistically analyzed by performing Stu-
dent’s unpaired t test, Dunnett’s test, or the Tukey-Kramer
test. The single asterisk (*), double asterisks (**), and triple
asterisks (***) in the graphs indicate p values of ,0.05,
,0.01, and ,0.001, respectively. NS indicates not signifi-
cant (p. 0.05).
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All presented data are contained within the article.
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