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Rab7 regulates primary cilia disassembly through
cilia excision
Guang Wang1,3*, Huai-Bin Hu1*, Yan Chang1,4, Yan Huang1, Zeng-Qing Song1, Shi-Bo Zhou1, Liang Chen1, Yu-Cheng Zhang1, Min Wu1, Hai-Qing Tu1,
Jin-Feng Yuan1, Na Wang1, Xin Pan1, Ai-Ling Li1, Tao Zhou1, Xue-Min Zhang1, Kun He1, and Hui-Yan Li1,2

The primary cilium is a sensory organelle that protrudes from the cell surface. Primary cilia undergo dynamic transitions
between assembly and disassembly to exert their function in cell signaling. In this study, we identify the small GTPase Rab7 as a
novel regulator of cilia disassembly. Depletion of Rab7 potently induced spontaneous ciliogenesis in proliferating cells and
promoted cilia elongation during quiescence. Moreover, Rab7 performs an essential role in cilia disassembly; knockdown of
Rab7 blocked serum-induced ciliary resorption, and active Rab7 was required for this process. Further, we demonstrate that
Rab7 depletion significantly suppresses cilia tip excision, referred to as cilia ectocytosis, which has been identified as required
for cilia disassembly. Mechanically, the failure of F-actin polymerization at the site of excision of cilia tips caused suppression
of cilia ectocytosis on Rab7 depletion. Overall, our results suggest a novel function for Rab7 in regulating cilia ectocytosis and
cilia disassembly via control of intraciliary F-actin polymerization.

Introduction
The primary cilium is an antenna-like, microtubule-based or-
ganelle that extends from the cell surface to sense and transduce
extracellular signals (Singla and Reiter, 2006; Berbari et al.,
2009; Goetz and Anderson, 2010; Satir et al., 2010; Ishikawa
and Marshall, 2011; Sung and Leroux, 2013). Dysfunctions of
the primary cilium underlie a group of human diseases referred
to as ciliopathies, including polycystic kidney disease, retinal
dystrophy, and Bardet-Biedl syndrome (Fliegauf et al., 2007;
Gerdes et al., 2009; Nigg and Raff, 2009; Veland et al., 2009;
Hildebrandt et al., 2011). Primary cilia are dynamically ex-
pressed in cycling cells (Rieder et al., 1979; Tucker et al., 1979;
Pan and Snell, 2007; Pugacheva et al., 2007; Kim et al., 2011; Kim
and Dynlacht, 2013; Pan et al., 2013; Sánchez and Dynlacht,
2016). Briefly, they are formed in quiescent cells and resorbed
during cell cycle reentry. Alongside discoveries indicating di-
verse roles for ciliogenesis, emerging evidence suggests that
ciliary resorption is associated with cellular functions, including
stress responses (Iomini et al., 2004; McGlashan et al., 2010;
Prodromou et al., 2012; Luo et al., 2014), cell cycle progression
(Rieder et al., 1979; Pugacheva et al., 2007; Kim et al., 2011; Li et al.,
2011; Inoko et al., 2012; Plotnikova et al., 2012; Spalluto et al.,
2013), and cell differentiation (Marion et al., 2009; Plaisant
et al., 2009; Forcioli-Conti et al., 2015).

Recently, researchers have made increasing efforts to uncover
the mechanisms underlying cilia disassembly. Initial studies
showed that Aurora A (AurA) kinase induces disassembly of cilia
by phosphorylation and activation of the tubulin deacetylase
HDAC6, deacetylating tubulin molecules within the axoneme and
resulting in the destabilization of axonemal microtubules to fa-
cilitate ciliary resorption (Pugacheva et al., 2007). Similarly, two
microtubule depolymerizing kinesins, Kif2a (Miyamoto et al.,
2015) and Kif24 (Kobayashi et al., 2011; Kim et al., 2015b), were
found to directly promote the depolymerization and destabiliza-
tion of ciliary microtubules and postulated to facilitate cilia dis-
assembly independently of AurA. In addition, cilia disassembly
also requires the participation of actin dynamics, since inhibition
of actin polymerization induces cilia assembly and prevents cilia
disassembly through orchestration of intracellular trafficking and
transcription regulation (Kim et al., 2010, 2015a; Pitaval et al.,
2010; Cao et al., 2012; Yan and Zhu, 2013; Saito et al., 2017). In-
terestingly, a recent study provided more direct evidence of the
role of actin dynamics in cilia disassembly, demonstrating that
F-actin can polymerize in primary cilia to excise cilia tips for cilia
ectocytosis (also called cilia decapitation; Nager et al., 2017; Phua
et al., 2017), thus triggering disassembly of cilia and entry into the
cell cycle (Phua et al., 2017).
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Rab GTPases are key regulators of membrane trafficking in the
endomembrane system (Barr and Lambright, 2010; Hutagalung
andNovick, 2011; Itzen and Goody, 2011; Barr, 2013). Their activity
is strictly controlled through cycling between inactive GDP-bound
and active GTP-bound forms. Rab8 and Rab11 have been reported
to be involved in various steps during ciliogenesis, including
vesicle docking, ciliary membrane formation, and intraflagellar
transport (Nachury et al., 2007; Omori et al., 2008; Knödler et al.,
2010; Westlake et al., 2011); however, it remains unclear whether
Rab GTPases participate in the process of cilia disassembly. Here,
we report that the small GTPase Rab7, a key regulator of endo-
somal biogenesis and maturation (Bucci et al., 2000; Rink et al.,
2005; Hyttinen et al., 2013), is also an essential regulator of pri-
mary cilium disassembly, which depends on its active state.
Further, we found that cilia ectocytosis, a newly defined process
required for cilia disassembly, is suppressed by Rab7 depletion
because of a failure of F-actin polymerization at the site of cilia tip
excision. Overall, our results suggest that Rab7 is required for
intraciliary F-actin polymerization and is responsible for regula-
tion of cilia ectocytosis and disassembly.

Results and discussion
Depletion of Rab7 can promote ciliogenesis by increasing both
the number and length of primary cilia
Our data from a separate study indicate that Rab7 knockdown can
promote ciliogenesis. To elucidate its function in cilia expression, we
knocked down Rab7 in RPE-1 cells using three individual siRNA
molecules with nonoverlapping sequences. Spontaneous ciliogenesis
was observed in Rab7 knockdown cells, even in the presence of
serum, with percentages as high as 28–44%, compared with 4% in
control cells (Fig. 1, A and B). Notably, the variations in levels of
ciliogenesis induced by the different siRNAs were consistent with
their efficiency in knocking down Rab7, as determined by immu-
noblotting (Fig. 1 B). To further investigate its effect on primary cilia,
wemeasured cilia length in serum-starved cells and found that Rab7
depletion significantly increased the length of primary cilia; how-
ever, silencing of CP110, a well-known ciliogenesis suppressor that
must be removed from themother centriole for ciliogenesis (Spektor
et al., 2007; Schmidt et al., 2009; Kobayashi et al., 2011), had no such
effects (Fig. 1, C and D). Moreover, immunoblotting results showed
that Rab7 knockdown did not affect CP110 expression (Fig. 1 C).

As a small GTPase, Rab7 can hydrolyze GTP to GDP to
transform from an active to an inactive state.We found that both
wild-type and the dominant active mutant (Q67L) of Rab7 could
efficiently rescue the spontaneous ciliogenesis and prolonged
cilia length in Rab7 knockdown cells, while the dominant neg-
ative Rab7 mutant, T22N, failed to rescue these phenotypes
(Fig. 1, E–H). Together, these data indicate a negative regulatory
role of Rab7 in ciliogenesis and demonstrate that depletion of
Rab7 promotes ciliogenesis, likely in a different way than CP110.

Active Rab7 is required for serum-induced disassembly of
primary cilia
Cilia dynamics reflect the equilibrium between cilia assembly
and disassembly (Marshall and Rosenbaum, 2001; Liang et al.,
2016; Hsu et al., 2017). It has been shown experimentally that

serum starvation of cells induces cilia assembly, while culture in
serum-containing medium induces cilia disassembly (Fig. 2 A;
Pugacheva et al., 2007; Li et al., 2011; Kim et al., 2015b). Since
Rab7 negatively regulates ciliogenesis in a different way from
CP110, which suppresses cilia assembly, we next examined
whether Rab7 plays a role in cilia disassembly. The results
showed that cilia disassembly was induced upon serum stimu-
lation in control cells. However, cilia disassembly was blocked in
Rab7 knockdown conditions (Fig. 2, B–D), suggesting an essen-
tial role for Rab7 in cilia disassembly. Accordingly, the expres-
sion profile of Rab7 is consistent with a role in cilia dynamics in
that the level of endogenous Rab7 decreased continuously during
ciliogenesis and increased moderately during cilia disassembly,
resembling the profile of the established cilia disassembly reg-
ulator, AurA (Fig. 2 E).

Next, we determined whether active Rab7 is required for cilia
disassembly. A rescue experiment showed that expression of
wild-type or the dominant active mutant (Q67L) of Rab7 could
efficiently reverse the inhibition of cilia disassembly caused by
Rab7 silencing, whereas the dominant negative mutant (T22N)
of Rab7 had no effect (Fig. 3, A–C). To confirm the activity of the
Rab7 constructs, GST pull-down assays were performed, and
only the wild-type and Q67L mutant could be pulled down using
GST-RILP, a well-known effector of Rab7 (Cantalupo et al., 2001;
Jordens et al., 2001; Carroll et al., 2013), whereas the T22N
mutant protein was not pulled down (Fig. S1 A). Thus, these
results suggest that the activity of Rab7 is indeed required for
cilia disassembly.

Rab7 has an established role in endo-lysosomal maturation.
To verify whether lysosome function is also required for cilia
disassembly, we applied two lysosome inhibitors, NH4Cl and
chloroquine (CQ), to inhibit the lysosome activity. Lysosome
inhibition was confirmed by the accumulation of p62 and LC3-II
in the presence of NH4Cl and CQ (Fig. 3 E); however, lysosomal
inhibition had no effect on cilia disassembly (Fig. 3 D). These
results suggest that the role of Rab7 in cilia disassembly is un-
likely to involve regulation of lysosome activity. Rab7 is also
reported to localize to ER and mitochondrial membranes. To
verify whether intracellular localization of Rab7 is required for
cilia disassembly, we knocked down the retromer subunit VPS35
to inhibit Rab7 localization on ER and mitochondrial membranes
(Fig. S1, B–D; Jimenez-Orgaz et al., 2018). However, VPS35
knockdown had no effect on cilia disassembly, suggesting it is
unlikely that the role of Rab7 in cilia disassembly depends on its
localization to ER or mitochondrial membranes.

Rab7 is required for cilia ectocytosis during serum-induced
cilia disassembly
It has been recently reported that serum induction triggers the
excision of cilia tips, referred to as cilia ectocytosis (also called
cilia decapitation), which is required for cilia disassembly (Phua
et al., 2017). To test whether Rab7 could function in cilia ecto-
cytosis, we adopted RPE-1 cells expressing fluorescent protein-
tagged ciliary membranemarkers (GFP-SMO or 5HT6-mCherry;
Corbit et al., 2005; Kim et al., 2010; Lu et al., 2015; Phua et al.,
2017) to visualize cilia ectocytosis in live cells. Primary cilia were
first induced by starving the cells for 48 h, and then cilia
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Figure 1. Depletion of Rab7 promotes cilio-
genesis. (A) Rab7 knockdown using three indi-
vidual siRNAs induced spontaneous ciliogenesis
in cycling cells (+serum). RPE-1 cells transfected
with the indicated siRNAs were stained with
acetylated α-tubulin (Ac-tub, green) and ADP ri-
bosylation factor–like GTPase 13B (Arl13b, red).
Nuclei were stained with Hoechst (blue). Scale
bars, 10 µm (main image) and 2 µm (magnified
regions). (B) The percentage of cells with pri-
mary cilia in A were quantified. Data are means ±
SD of four independent experiments. Student’s
t test was performed. **P < 0.01, ***P < 0.001.
Cell lysates were immunoblotted with the indi-
cated antibodies. GAPDH was used as a loading
control. (C) Rab7 knockdown promoted cilia
elongation in quiescent (−serum) RPE-1 cells. The
length of primary cilia was measured. CP110 was
used as a negative control. Data are means ± SD.
Mann-Whitney rank sum test was performed.
***P < 0.001. Cell lysates were immunoblotted
with the indicated antibodies. GAPDH was used
as a loading control. (D) Representative images
of C. RPE-1 cells transfected with the indicated
siRNAs were stained with acetylated α-tubulin
(green) and γ-tubulin (red). Acetylated α-tubulin
labels cilia and γ-tubulin labels centrosomes.
Nuclei were stained with Hoechst (blue). Scale
bars, 10 µm (main image) and 2 µm (magnified
regions). (E and F) Spontaneous ciliogenesis in-
duced by Rab7 knockdown in RPE-1 cells were
rescued by Flag-Rab7-WT and the Q67L mutant,
but not by the T22N mutant. RPE-1 cells trans-
fected with the indicated siRNAs and plasmids
were cultured in serum medium for 48 h. WT,
wild-type Rab7; T22N, dominant negative mutant
of Rab7; Q67L, dominant active mutant of Rab7.
All constructs were RNAi resistant. Cells were
stained with Flag (green) and Arl13b (red). Nuclei
were stained with Hoechst (blue). Scale bar,
5 µm. Data are means ± SD of three independent
experiments. ***P < 0.001. (G and H) Prolonged cilia
length induced by Rab7 knockdown in RPE-1 cells
was rescued by Flag-Rab7-WT and the Q67L mutant,
but not by the T22N mutant. RPE-1 cells transfected
with the indicated siRNAs and plasmids were cul-
tured in serum-free medium for 48 h. All constructs
were RNAi resistant. Cells were stained with Flag
(green) and Arl13b (red). Nuclei were stained with
Hoechst (blue). Scale bar, 5µm.Data aremeans±SD.
Student’s t test was performed. ***P < 0.001.
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ectocytosis was monitored within 12 h after serum re-
stimulation. The results demonstrated that 66% of control
cells underwent cilia ectocytosis within 12 h; however, Rab7
knockdown significantly suppressed the occurrence of ciliary

excision after serum stimulation (Fig. 4, A and B). Meanwhile,
Latrunculin A (LatA), an inhibitor of actin polymerization, could
restrict cilia ectocytosis after serum treatment (Fig. 4, A and B).
A similar result was also observed in a previous study (Phua

Figure 2. Rab7 is required for serum-induced
disassembly of primary cilia. (A) Schematic
diagram summarizing the strategy used for the
cilia disassembly experiments. (B) Quiescent
RPE-1 cells transfected with control or Rab7
siRNA were subjected to serum restimulation for
the indicated times. Primary cilia were scored at
0, 2, and 24 h after serum readdition. Cilia were
stained with anti-Arl13b (green), and nuclei were
stained with Hoechst (blue). Scale bar, 10 µm.
(C) RPE-1 cells transfected with the indicated
siRNAs were subjected to cilia disassembly as-
say. The percentage of cells with primary cilia
was quantified. Data are means ± SD of three
independent experiments. Student’s t test was
performed. **P < 0.01, ***P < 0.001. From left to
right, cell n = 426, 402, 395; 489, 450, 389; 407,
372, 390; and 407, 382, 324. (D) Immunoblots of
RPE-1 cell lysates in B with the indicated anti-
bodies. GAPDH was used as a loading control.
(E) Western analysis of Rab7 in RPE-1 cells after
serum starvation and serum restimulation for the
indicated times. AurA, HDAC6, and GAPDH were
used as positive, negative, and loading controls,
respectively. Quantification of relative amounts
of Rab7, AurA, and HDAC6, normalized to re-
spective GAPDH levels, is shown at the bottom
of each immunoblot.
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Figure 3. The activity of Rab7 is required for the disassembly of primary cilia. (A) Quiescent RPE-1 cells transfected with the indicated siRNAs and
plasmids were subjected to serum restimulation for 24 h. Cells were stained with Flag (green) and Arl13b (red). Nuclei were stained with Hoechst (blue). WT,
wild-type Rab7; T22N, dominant negative mutant of Rab7; Q67L, dominant active mutant of Rab7. All constructs were RNAi resistant. Scale bar, 10 µm.
(B) Cells were collected at the indicated times after serum restimulation, and the percentages of transfected cells with cilia were quantified. Cilia disassembly
defects induced by Rab7 knockdown in RPE-1 cells were rescued by Flag-Rab7-WT and the Q67L mutant, but not by the T22N mutant. Data are means ± SD of
three independent experiments. ***P < 0.001. From left to right, cell n = 365, 295, 264; 270, 245, 242; 169, 147, 129; 137, 132, 122; and 153, 155, 162.
(C) Immunoblots of RPE-1 cell lysates in B with the indicated antibodies. GAPDH was used as a loading control. (D) Quiescent RPE-1 cells were treated with
DMSO, 10 mMNH4Cl, or 20 µM CQ in serum-containing media for cilia disassembly. The percentages of cells with primary cilia were quantified after the serum
was restimulated for 24 h. Data are means ± SD of three independent experiments. Student’s t test was performed. **P < 0.01. (E)Western blotting was used
to detect the inhibition effect of NH4Cl and CQ on lysosome. The accumulation of p62 and LC3-II indicates the inhibition of lysosome activity.
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et al., 2017). Notably, some ectocytosis also occurred under
serum-free conditions and did not decrease further in Rab7
knockdown cells, suggesting that Rab7 is not involved in cilia

ectocytosis under serum-starved conditions. Further, in accor-
dance with the finding that Rab7 activity is required for cilia
disassembly, wild-type Rab7 and the Q67L mutant efficiently

Figure 4. Depletion of Rab7 inhibits cilia ectocytosis during cilia disassembly. (A) Knockdown of Rab7 inhibits cilia ectocytosis. RPE-1 cells stably ex-
pressing GFP-SMO were transfected with the indicated siRNA or treated with 200 nM LatA (positive control) during serum restimulation for live-cell imaging.
Arrowheads, excised cilia tips. Time in hour:minute. Scale bar, 5 µm. (B) Scoring of the percentage of cells that underwent cilia ectocytosis under quiescent
(−serum) or growth-stimulated (+serum) conditions. Data are means ± SD of three independent experiments. Student’s t test was performed. **P < 0.01.
(C) The percentages of transfected cells that underwent cilia ectocytosis under growth-stimulated (+serum) conditions were quantified. Cilia ectocytosis
defects induced by Rab7 knockdown in RPE-1 cells were rescued by mCherry-Rab7-WT or mCherry-Rab7-Q67L, but not by the T22N mutant of Rab7. Data are
means ± SD of three independent experiments. Student’s t test was performed. **P < 0.01, ***P < 0.001. (D) Immunoblots of RPE-1 cell lysates in C with the
indicated antibodies. GAPDH was used as a loading control.
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rescued the reduction of ectocytosis in Rab7 knockdown cells,
while the dominant negative Rab7 mutant, T22N, failed to rescue
the phenotype (Fig. 4, C and D). These results indicate that active
Rab7 is required for serum-stimulated cilia ectocytosis during
cilia disassembly. Phua et al. (2017) found that ciliary ectocytosis
was an initiating step during cilia-loss process in RPE-1 and
IMCD3 cells. However, Mirvis et al. (2019) reported that whole-
cilium shedding in IMCD3 cells mainly occurs during cilia loss.
We speculate that the difference might be a result of the different
culture or imaging conditions.

Role of Rab7 in regulation of actin polymerization during
cilia ectocytosis
To better understand the role of Rab7 in cilia ectocytosis, we
performed live-cell imaging to monitor Rab7 localization during
cilia ectocytosis by serum stimulation. Interestingly, we found
that Rab7 transiently localized at the cilia excision site and the
position of cilia excision correlated with Rab7 accumulation
during ectocytosis (Fig. 5, A and B; and Fig. S2, A and B). To see
whether the relative position of Rab7 is near the base or tip of
the cilium, we applied both base and ciliary membrane markers
to orient cilia and found that Rab7 localized at the tip of primary
cilia (Fig. S2 C). We also found that the dominant active mutant
of Rab7 (Q67L) could localize at the cilia excision site, which was
not the case for the dominant negative mutant of Rab7 (T22N;
Fig. S2, D and E).

F-actin polymerization at the ciliary tip is the key step during
cilia ectocytosis (Phua et al., 2017). We then investigated
whether Rab7 could regulate F-actin dynamics in primary cilia.
We found that purified Rab7 recombinant protein could interact
with polymerized F-actin in a GTP-dependent manner (Fig. 5, C
and D; and Fig. S2 F), which suggests a direct binding of Rab7 to
F-actin. Furthermore, we investigated the involvement of Rab7
in intraciliary actin polymerization using live-cell visualization
of F-actin dynamics. mCherry-Lifeact was used as an F-actin
biosensor. As reported previously (Phua et al., 2017), F-actin
was polymerized at the site of cilia excision, and the position
of cilia excision correlated with F-actin accumulation during
ectocytosis (Fig. 5, E and F), consistent with the transient lo-
calization of Rab7. Importantly, Rab7 knockdown significantly
diminished actin accumulation at the cilia ectocytosis sites
(Fig. 5, E and G). According to previous reports (Phua et al.,
2017), PI(4)P/PI(4,5)P2 switching is reported to be involved in
cilia ectocytosis. Rab7 is also known to play roles in controlling
phosphoinositide switching in intracellular compartments, such
as PI (phosphatidylinositol), PI(3)P, and PI(3,5)P2. To exclude
that Rab7 regulates ciliary ectocytosis indirectly through PIs, we
next examined whether Rab7 could regulate the ciliary locali-
zation of Inpp5e and PI(4,5)P2 during serum stimulation. The
results showed that Rab7 knockdown did not abolish the ciliary
reduction of Inpp5e and ciliary accumulation of PI(4,5)P2 (Fig.
S3, A–C). Taken together, our results suggest that Rab7 regulates
intraciliary actin polymerization and promotes cilia ectocytosis,
potentially through its direct binding to F-actin.

The primary cilium is a microtubule-based organelle pro-
truding from the cell surface. The important functions of pri-
mary cilia in signal transduction, cell proliferation and

differentiation, and embryo development are well understood.
In recent years, great progress has been made in uncovering
how regulatory proteins control ciliogenesis; however, our
knowledge of cilia disassembly lags somewhat behind that of
ciliogenesis. A recent study reported that cilia ectocytosis, in
which polymerized F-actin excises cilia tips, is required to
trigger cilia disassembly (Phua et al., 2017). In our study, we
define a novel function of the small GTPase Rab7 in regulating
F-actin polymerization at cilia tips to control cilia ectocytosis as
well as cilia disassembly.

Emerging evidence indicates that actin dynamics is involved
in the regulation of ciliogenesis and cilia disassembly. Depletion
of the actin filament nucleator ARP2/3 significantly promotes
both the number and length of cilia (Bershteyn et al., 2010; Kim
et al., 2010; Cao et al., 2012). Low-dose treatment with the actin
polymerization inhibitors cytochalasin D or LatA not only pro-
motes ciliogenesis, but also inhibits cilia disassembly (Li et al.,
2011; Kim et al., 2015a; Phua et al., 2017; Saito et al., 2017). Rab7 is
reported to be associated with several cytoskeleton-associated
factors, including Rac1, vimentin, cortactin, and F-actin (Guerra
and Bucci, 2016). Moreover, Rab7 depletion can influence cell
spreading and neurite outgrowth (BasuRay et al., 2010; Cogli
et al., 2010; Raiborg et al., 2015; Margiotta et al., 2017), likely
through influencing cytoskeletal alterations. More importantly,
a research group had also identified Rab7 in their cilia proteome
(Mick et al., 2015). Our data show that Rab7 could directly bind
to F-actin and Rab7 depletion reduces F-actin polymerization at
the ciliary excision site, which would directly account for the
abolition of cilia ectocytosis that occurs before cilia disassembly.
As the activity of Rab7 was found to be required for cilia dis-
assembly and cilia ectocytosis, further research is needed
to verify the exact mechanism underlying the coordination of
Rab7 activation and intraciliary actin dynamics during cilia
ectocytosis.

As inhibition of cilia tip excision suppresses serum-
stimulated cilia disassembly, cilia ectocytosis is considered
crucial to this process (Phua et al., 2017); however, some cilia
ectocytosis also occurs in quiescent cells, with no growth stim-
ulation for cilia disassembly.We assume that the cilia ectocytosis
taking place in quiescent cells may maintain the equilibrium
between cilia assembly and disassembly to keep length constant
(Long et al., 2016). Interestingly, our data show that, unlike
serum-induced cilia ectocytosis, cilia ectocytosis in quiescent
cells is not regulated by Rab7 (Fig. 4). Moreover, Rab7 protein
expression was reduced during serum starvation, which also
indicates that Rab7 is not a major regulator in this condition;
nevertheless, whether or not cilia ectocytosis requires other
regulators remains to be determined.

Abnormalities in cilia can cause developmental disorders,
including defects in embryonic pattern formation (Capdevila
et al., 2000; Gerdes et al., 2009; Kinzel et al., 2010; Bangs
et al., 2015), and Rab7 knockout mice are reported to fail to es-
tablish the anterior–posterior axis during gastrulation, exhibit-
ing embryonic lethality at approximately E7–8 (Kawamura et al.,
2012). Thus, our research suggests a possible connection be-
tween Rab7 and cilia dynamics in early embryonic development.
In addition, Rab7 is reported to promote protrusion and neurite
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outgrowth (BasuRay et al., 2010; Raiborg et al., 2015; Ponomareva
et al., 2016), and mutations in Rab7 are well characterized as
causing Charcot-Marie-Tooth syndrome type 2B (CMT2B; Cogli
et al., 2009; Bucci and De Luca, 2012), a peripheral neuropathy
with an unknown pathogenic mechanism. Given the existence of
neuronal primary cilia (Lee and Gleeson, 2011; Guemez-Gamboa
et al., 2014), further research is needed to investigate whether
Rab7-mediated cilia disassembly can account for CMT2B patho-
genesis. Thus, our findings relating to the function of Rab7 in cilia
disassembly could provide insights into Rab7-associated devel-
opmental defects and pathogenesis, which may result from
dysregulated cilia dynamics.

Materials and methods
Cells and culture
Human hTERT-RPE-1 cells were a gift from Xueliang Zhu (Chi-
nese Academy of Sciences, Beijing, China), and RPE-1 cell lines
stably expressing GFP-SMO (constitutive active W535L mutant
of Smoothened, which is constantly present in cilia) were kindly
provided by Christopher J. Westlake (National Cancer Institute,
Bethesda, MD). RPE-1 cells were cultured in DMEM/F-12 (Life
Technologies) supplemented with 10% FBS, 1% penicillin/strep-
tomycin, and 0.01 mg/ml hygromycin B. Cilia assembly and
disassembly assays were performed as previously described
(Pugacheva et al., 2007; Li et al., 2011; Kim et al., 2015b). Briefly,
RPE-1 cells were starved in Opti-MEM reduced-serum media
(Life Technologies) for 48 h to induce cilia formation, and then
10% serum was added back to the media for 24 h to induce cilia
disassembly. For chemical treatments, cells were treated with
200 nM LatA (428021, Millipore), 10 mM NH4Cl, 20 µM CQ
(C6628, Sigma), or DMSO during the last 1 h of starvation, as well
as after serum readdition, until the time of harvest.

Plasmids and transfection
Plasmids expressing Rab7, Lifeact, and BFP sequences were ob-
tained from Addgene (#61804, #54610, and #46911, respec-
tively). Plasmids expressing Centrin2 were obtained from
Jianguo Chen (Peking University, Beijing, China). The sequence
of Rab7 cDNAwas subcloned into the pcDNA3.0 or pmCherry-C1
vectors to generate Flag-tagged or mCherry-tagged Rab7,

respectively. The Rab7-T22N and Rab7-Q67L mutants were
generated by PCR-based site-directed mutagenesis. Both the
Centrin2 and BFP cDNA were cloned into pcDNA3.0 to generate
BFP-tagged Centrin2. Plasmids of 5HT6-mCherry were ob-
tained from Addgene (#47500). All of the plasmids were tran-
siently transfected into cells using Lipofectamine LTX Reagent
(Life Technologies) or X-tremeGENE 9 (Roche) according to the
manufacturer’s instructions.

siRNA oligonucleotides and transfection
Synthetic siRNA oligonucleotides were obtained from Life Tech-
nologies,with sequences as follows: control siRNA, 59-UUCUCCGAA
CGUGUCACGUAA-39; CP110 siRNA, 59-GCGGCCAAAUGUUGCGAC
AAUUUAA-39; Rab7 siRNA (1#), 59-CACUCAUGAACCAGUAUGUGA
AUAA-39; Rab7 siRNA (2#), 59-CCCUAGAUAGCUGGAGAGAUGAGU
U-39; Rab7 siRNA (3#), 59-GCUGCGUUCUGGUAUUUGA-39; VPS35
siRNA (1#), 59-GGUGUAAAUGUGGAACGUUdTdTAACGUUCCAC
AUUUACACC-39; VPS35 siRNA (2#), 59-GAGUUACACCAGAAUG
UAAdTdTUUACAUUCUGGUGUAACUC-39.

siRNAs were transfected using RNAiMAX (Life Technolo-
gies) according to the manufacturer’s instructions. Rab7 siRNA
#1 was used in the majority of Rab7 depletion experiments,
unless indicated otherwise.

Antibodies
The following antibodies were used in this study: mouse anti–
Ac-tubulin (1:400; T6793, Sigma), rabbit anti-Arl13b (1:100;
17711–1-AP, Proteintech), rabbit anti–γ-tubulin (1:200; T5192, Sigma),
rabbit anti-CP110 (1:200; 12780–1-AP, Proteintech), rabbit anti-AurA
(1:1,000; 4718S, CST), rabbit anti-HDAC6 (1:1,000; 7612, CST), mouse
anti-calregulin (1:400; sc-11398, Santa Cruz), mouse anti-TOM20
(1:400; sc-17764, Santa Cruz), and rabbit anti-Rab7 (Western blot
1:1,000, immunofluorescence 1:200; ab137029, Abcam).

The activity of Rab7 constructs
HEK293T cells were transfected with different constructs for
24 h, and then lysed with lysis buffer (20 mM Hepes, pH 7.4,
150 mMNaCl, 1% NP-40, and 2.5 mMMgCl2) containing 0.5 mM
PMSF and complete protease inhibitor cocktail (04693132001,
Roche). Lysates were centrifuged at 12,000 rpm for 10 min at
4°C, and supernatants were incubated with GST-RILP beads at

Figure 5. Rab7 regulates F-actin assembly to induce cilia ectocytosis. (A) Rab7 localization during cilia ectocytosis. Time-lapse images of RPE-1 cells
expressing 5HT6-mCherry and GFP-Rab7 during serum restimulation. Arrowheads mark GFP-Rab7 foci at the site of cilia excision. Time is in hour:minute. Scale
bar, 10 µm. (B) Correlation plot of the intraciliary Rab7 position with position of excision, each provided as a relative ratio of cilia length. The position of Rab7
was measured at the estimated centroid position of GFP-Rab7 foci at excision. Linear regression is indicated by the dashed line, with the Pearson correlation
coefficient R value indicated. n = 20 cells from four independent experiments. (C) Rab7 binds to F-actin. Purified MBP protein and MBP-tagged Rab7 protein
were incubated with (+) or without (−) polymerized F-actin filaments and subjected to ultracentrifugation. The supernatant (S) or pellet (P) samples were
subjected to SDS-PAGE, followed by Coomassie blue staining. The samples that we used inWestern blot amount to 2% of those in Coomassie blue staining, and
indicated antibodies were used in Western blot. (D) Rab7 binds to F-actin in a GTP-dependent manner. Purified MBP and MBP-Rab7-Q67L, and MBP-Rab7-
T22N immobilized on amylose-resin beads were incubated with GTP, or with GDP, respectively, and then incubated with polymerized F-actin. After extensive
washing, bound proteins were resolved by SDS-PAGE and Western blotting using indicated antibodies. (E) Ciliary F-actin polymerization was inhibited by
siRab7. RPE-1 cells stably expressing GFP-SMO were transfected with the indicated siRNAs and mCherry-Lifeact during serum restimulation and subjected to
live-cell imaging. Arrowheads mark mCherry-Lifeact foci at the site of cilia excision. Time is in hour:minute. Scale bars, 5 µm. (F) Correlation plot of the
intraciliary F-actin position against the excision position in control cells in the left panel of E, each provided as a relative ratio of cilia length. The position of
F-actin was measured at the estimated centroid position of F-actin foci at excision. Linear regression is indicated by the dashed line, with the Pearson
correlation coefficient R value indicated. n = 10 cells from three independent experiments. (G) Relative risk ratio analyses of the effect of siRab7 on intraciliary
F-actin incidence in E.
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4°C for 1 h. After washing three times with washing buffer (lysis
buffer without NP-40), beads were collected, and proteins at-
tached to beads were detected by Western blotting and Ponceau
S staining.

Actin-binding assay
The actin co-sedimentation assay was performed according to
the manufacturer’s instructions (BK001, Cytoskeleton). Briefly,
resuspended actin was kept on ice for 30 min and polymerized
in actin polymerization buffer (5 mM Tris-HCl, pH 8.0, 0.2 mM
CaCl2, 50 mM KCl, 2 mM MgCl2, and 1 mM ATP) at room tem-
perature for 1 h. Purified recombinant proteins were incubated
with polymerized F-actin in actin polymerization buffer at room
temperature for 30 min. The reaction was then spun down at
150,000× g for 1.5 h at room temperature. Pellets and super-
natants were analyzed by SDS-PAGE followed by Coomassie blue
staining or immunoblotting.

Maltose-binding protein (MBP) pull-down assay
Purified MBP-tagged proteins (5 µg of each) were immobilized
on amylose-resin beads and incubated with polymerized F-actin
in binding buffer (PBS with 2 mM MgCl2 and 10 mM GTP or
GDP) at 4°C for 2 h. After extensivewashingwith binding buffer,
bound proteins were analyzed by SDS-PAGE and Western
blotting using the indicated antibodies.

Immunofluorescence
For detection of primary cilia, RPE-1 cells were fixed in 4%
paraformaldehyde for 10 min at room temperature and then
permeabilized in 0.5% Triton X-100 in PBS for 10 min. For
staining of centrosome proteins, RPE-1 cells were fixed and
permeabilized in methanol at −20°C for 5 min, and then blocked
with 3% normal goat serum in 0.1% Triton X-100/PBS for 1 h.
Primary antibodies were added in blocking buffer for 1 h at room
temperature. Secondary antibodies (Alexa Fluor 488– and 546–
conjugated donkey anti-mouse and anti-rabbit; Life Technolo-
gies) were used at a dilution of 1:400 in blocking buffer for 1 h at
room temperature. DNA was stained with Hoechst 33342
(1:1,000; H3570, Invitrogen). Images were taken with a 60×/1.42
(Fig. 1, D, F, and H; and Fig. S1 B) or 40×/1.30 (Figs. 1 A, 2 B, and 3
A) oil objective lens on a DeltaVision Restoration Microscope
(Applied Precision Instruments). All acquisition settings were
kept constant for experimental and control groups in the same
experiment. The representative images acquired by the Delta-
Vision system were processed by iterative constrained decon-
volution (SoftWoRx, Applied Precision Instruments). Maximal
intensity projections of the entire Z-stack are shown. Raw im-
ages were analyzed using Volocity 6.0 software (PerkinElmer).

Live-cell imaging
RPE-1/GFP–Smo stable cell lines were seeded in 8-chambered
cover glasses (Lab-Tek Chambered no. 1.0 Borosilicate Cover
Glass System, Thermo). Images were collected every 5 min for
12 h using a 60×/1.40 oil objective lens on an inverted fluores-
cence microscope (Nikon Eclipse Ti-E) with an UltraView
spinning-disc confocal scanner unit (PerkinElmer) at 37°C and
5% CO2. The start points were taken ∼30 min after serum

readdition to select appropriate fields. Images were viewed us-
ing Volocity 6.0 software, and cell behavior was analyzed
manually. All acquisition settings were kept constant for ex-
perimental and control groups in the same experiment. Images
in Fig. 5 A and Fig. S2, D and E, show single optical sections, and
images in Figs. 4 A, 5 E, and Fig. S2, A and C, show projections.

Notably, there were occasions when primary cilia extended
from the ventral side of the cell and adhered to the underlying
substratum. Subsequent cellular movements could result in
significant mechanical pulling and breaking of primary cilia.
Care was taken to exclude such instances of passive cilia
breaking from all our experiments (Phua et al., 2017).

Statistical analysis
Statistical comparisons between two groups were performed by
two-tailed t test or the Mann-Whitney rank sum test when a
normal distribution could not be assumed. Statistical analysis
was performed using SPSS software. The probability data pre-
sented in Fig. 5 G were analyzed using statistical risk ratio
analyses: probability was determined by dividing the number of
positives by the total number of cells analyzed, and relative risk
was determined by dividing the probability value in the test
condition by that of the control condition. For all tests, differ-
ences were considered statistically significant if P values were
<0.05 (as indicated with *; *P < 0.05; **P < 0.01; ***P < 0.001). No
statistical methods were used to predetermine sample size. The
experiments were not randomized. Investigators were blinded
during assessment for all staining and time-lapse assays.

Online supplemental material
Fig. S1 shows that the activity of Rab7 is required for the proper
maintenance of ciliogenesis. Fig. S2 illustrates Rab7 localization
during cilia ectocytosis. Fig. S3 shows that depletion of Rab7 does
not affect ciliary Inpp5e and PI(4,5)P2 distribution during serum
stimulation.
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