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a b s t r a c t

The actin cytoskeleton has been implicated in the assembly of cilia, but roles of actin-dependent motor
proteins in ciliogenesis remain unclear.Myosin heavy chain 10 (MYH10), one of the isoforms of non-muscle
myosin II, is known tomediate centrosome reorientation during cell migration. Herewe show that MYH10
is required for centriolemigration to the apical plasmamembrane,whichoccurs at the onset of ciliogenesis.
Knockdown of MYH10 in RPE1 cells caused a reduction in the levels of cortical filamentous actin (F-actin)
and its binding protein EZRIN. Moreover, both centriole migration and subsequent cilium assembly were
defective in MYH10 depleted cells. We further found that MYH10 influences centrosomal recruitment of
IFT88, which is required for the transport of building blocks to the ciliary tip. The role of MYH10 in IFT88
recruitment appears to be indirect in that there is a correlation between centriolar IFT88 levels and cen-
triolar positions along the apical-basal axis during ciliogenesis. Our results indicate thatMYH10 contributes
to ciliogenesis in RPE1 cells by promoting cortical actin-dependent centriole migration.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Primary cilia are microtubule-based organelles that extend like
an antenna and transduce sensory stimuli to the cell body [1,2].
Recent studies have identified large numbers of molecules that are
involved in the biogenesis of primary cilia [3,4], yet detailed mo-
lecular mechanisms underlying each step of ciliogenesis remain
incompletely understood. During early phase of ciliogenesis, the
mother centriole migrates close to the apical plasma membrane
and serves as a template for the axoneme [5]. Centriole migration is
necessary for ciliogenesis, and defects in centriole migration have
been implicated in the pathogenesis of MeckeleGruber syndrome,
which is one of the inherited diseases caused by dysfunction of
primary cilia [6,7]. However, molecular motors that mediate the
migration of centrioles are unknown.

The locomotion of the centriole in migrating cells depends on
non-muscle myosin II, the motor protein of the actin cytoskeleton
[8,9]. The involvement of the actin cytoskeleton in centriole
migration during ciliogenesis has been suggested by the fact that
meckelin, MeckeleGruber syndrome protein required for centriole
migration, functions with actin-binding protein filamin A [7].
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Moreover, in multi-ciliated cells of mammalian oviducts, suppres-
sion of myosin II function interferes with centriole migration [10].
However, roles of non-muscle myosin II in centriole migration for
the assembly of primary cilia have not been addressed yet.

A previous RNAi library screen identified MYH10 as a positive
factor for ciliogenesis in RPE1 cell [3]. MYH10 is one of the isoforms
of non-muscle myosin II, and is known to regulate the orientation
of both the centriole and the Golgi apparatus during cell migration
[11,12]. A recent study showed thatMYH10 regulates ciliogenesis by
interacting with microtubule acetyltransferase Mec17 [13]. Mec17
appears to upregulate MYH10 expression in quiescent cells, and
MYH10 accumulation facilitates the formation of the pericen-
trosomal membranous compartment that supplies materials for
cilium growth [13]. Here, we demonstrate that MYH10 contributes
to ciliogenesis through regulation of cortical actin dynamics and
centriole migration. In addition, we report that MYH10-dependent
centriole migration affects centriolar recruitment of IFT88, a key
molecule in the intraflagellar transport supporting the assembly
and maintenance of cilia.

2. Materials and methods

2.1. Cell culture, siRNA, and transfection

Human RPE1 cells were cultured in Dulbecco's modified Eagle's
medium/F12 (DMEM/F12), supplemented with 10% (v/v) fetal
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bovine serum, 100 units/ml of penicillin and 100 mg/ml of strep-
tomycin. RPE1 cells were transfected with 10 nM of siRNAs using
Lipofectamine RNAiMAX (Invitrogen) in accordance with the
manufacturer's reverse transfection protocol. RPE1 cells were
transfected for 2 days and cultured for additional 1 day in the
absence of serum to induce ciliogenesis. The following siRNAs were
used: MYH10 si1: GACTCGUCAGGAACUGGAA, MYH10 si2: UAUU-
CUCAGAGUAAAUUGG, MYH10 si3 GCACUUGUCUCUCUCAUUU, and
CEP164 si: GAGUGAAGGUGUAUCGCUU. For MYH10 over-
expression, we used GFP tagged MYH10 vector (Addgene #11348),
and pEGFP-C3 vector was used as a negative control. RPE1 cells
were transfected with 200 ng of plasmid DNA using Lipofectamine
LTX (Invitrogen) in accordance with the manufacturer's forward
transfection protocol.

2.2. Western blot

Cells were extracted 48 h after transfection with RIPA lysis
buffer [50 mM Tris pH 8.0, 150 mM NaCl, 10 mM EDTA, 1% (v/v)
NP40, 1% (v/v) deoxycholic acid, and 0.1% (w/v) SDS] supplemented
with protease and phosphatase inhibitors (SigmaeAldrich). Sam-
ples were separated by 6% poly-acrylamide gel and transferred onto
nitrocellulose membrane. Membrane were blocked with 5% (w/v)
skim milk for 30 min and incubated with primary antibodies
diluted in blocking solution overnight at 4 �C. Bound antibodies
were visualized with Peroxidase-coupled secondary antibody
(Santa Cruz Biotechnology) and ECL solution (Neuronex).

2.3. Immunofluorescence

Cells were grown on Lab-Tek II chamber slides (Thermo Fisher
Scientific Inc.) and either fixed in �20 �C methanol for 5 min or in
4% Paraformaldehyde (PFA) for 7 min. Cells fixed with methanol
were incubated at RT for 10 min with blocking solution (PBS with
10% FBS and 0.02% (w/v) NaN3), and 4% PFA treated cells were
blocked for 10 minwith blocking solution containing 0.1% Triton X-
100. After blocking, cells were incubated with primary antibodies
diluted with blocking solution for 1 h at RT. Alexa Fluor-conjugated
secondary antibodies were used to detect primary antibodies for
1 h at RT. Coverslips were mounted on glass slides in mounting
solution composed of 75% glycerol, 0.02% (w/v) NaN3, 0.5 DAPI mg/
ml, and 20 nM Tris pH 8.8. Primary antibodies used are: rabbit anti-
MYH10 (Cell signaling), rabbit anti-ARL13B (Proteintech), rabbit
anti-CP110 (Proteintech), rabbit anti-IFT88 (Proteintech), rabbit
anti-TCTN1 (Proteintech), mouse anti-g tubulin (Abcam), rabbit
anti-EZRIN (Cell signaling), and mouse anti-GT335 (Adipogen).

2.4. Microscopy and image analysis

Fluorescence microscopy was performed on an inverted Delta
Vision fluorescence microscope equipped with a cooled CCD cam-
era (Applied precision). Images were taken using a 60X objective
(1.42 NA, Plan-Achromat, Olympus). For Fig. 3A, images were
stacked with a z-step size of 0.5 mm and processed by volume
rendering tool. The inverted confocal microscope (LSM780, Zeiss)
was used in study of apical, basal actin structure shown in Fig. 2A
and C. In confocal microscopy, images were taken using a 40X
objective (LD C-Apochromat, 1.1 W Corr), with water immersion. To
quantitate IFT88 immunofluorescence intensity in RPE1 cells, im-
ages were captured without auto-intensity adjustment and pixel
intensities were measured using Image J software (National In-
stitutes of Health). We conformed to Stefanie Kuhns and his col-
league's method for the intensity analysis [14]. Images were sized
and placed in figures using Adobe Photoshop CS6.
3. Results

3.1. MYH10 is required for ciliogenesis

To confirm if MYH10 is involved in primary cilium biogenesis,
we depleted MYH10 in RPE1 cells using two independent siRNAs
and assessed ciliogenic potential of the cells. Cells were serum
deprived for final 24 h and primary cilia were marked by immu-
nofluorescence using antibodies raised against ARL13B, a known
cilium-specific protein. As shown in Fig. 1A and B, the number of
ciliated cells was significantly decreased after MYH10 knockdown.
Although ciliated cell numbers decreased consistently, depletion of
MYH10 did not cause a complete suppression of ciliogenesis. Thus
we were able to examine the effect of MYH10 knockdown on the
length of cilia. Cilia from MYH10 depleted cells failed to acquire
normal length (Fig. 1C). These results indicate that MYH10 is
required for both ciliogenesis and cilium elongation.

Next, we performed a rescue experiment to confirm the speci-
ficity of the knockdown phenotypes. We transfected cells with
siRNAswhich target 50UTR region of MYH10 gene for 48 h, and then
transfected the cells again with MYH10 expression vector for 24 h.
Exogenously introduced MYH10 partially rescued ciliogenesis and
ciliary elongation (Fig. 1D and E). In addition, efficient MYH10
knockdown was confirmed by immunoblotting (Fig. 1F).

3.2. MYH10 depletion affects the apical enrichment of actin
filaments and EZRIN

It has been shown that MYH10 co-localizes with F-actin and
influences actin dynamics [12]. We confirmed that MYH10 co-
localized with F-actin in serum deprived RPE1 cells (Fig. 2A).
Remarkably, cortical actin was co-stained with MYH10 antibodies
and MYH10 was also detected in the vicinity of centrioles (Fig. 2B).
Apical actin dynamics is thought to play an important role in the
initiation of ciliogenesis because centriole migration and basal
body docking to the apical membrane involves the cortical actin
complex [15]. Localization patterns of MYH10 suggest its potential
roles in apical actin dynamics and centriole migration.

To investigate if MYH10 is required for cortical actin complex
formation, we examined the expression of EZRIN after MYH10
knockdown. EZRIN is the actin-binding protein that links cyto-
plasmic membrane to the actin cytoskeleton in polarized epithelial
cells. A recent study showed that EZRIN is required for basal body
migration and docking in multiciliated cells [16]. As shown in
Fig. 2C, EZRIN immunofluorescence intensities were decreased in
the apical region of MYH10 depleted cells. Moreover, apical actin
staining was also noticeably reduced when compared with control.
However, MYH10 knockdown did not affect protein levels of EZRIN
(Fig. 2D). These results indicate that MYH10 plays a role in the
establishment of the cortical actin structure in RPE1 cells.

3.3. Centriole migration requires MYH10 function

Centriole migration to the apical region of the cell is one of the
earliest steps of ciliogenesis and centriole localization is thought be
mediated by both actin cytoskeleton and actin-based motor pro-
teins [5]. Previously it has been shown that MYH10 localizes to the
vicinity of centrioles in ependymal cells [17], and we also observed
similar localization (Fig. 2B). Moreover, MYH10 depletion was
shown to induce mislocalization of the Golgi and centrioles during
cell migration [11]. Thus, we investigated whether MYH10 is
involved in centriole migration to the apical plasma membrane
during the biogenesis of primary cilia. Cells were transfected for
48 h with siRNAs and serum-starved for additional 24 h. The po-
sition of the centriole/basal body was measured by vertical optical



Fig. 1. MYH10 is required for the assembly and elongation of primary cilia. (A) RPE1 cells were transfected with the indicated siRNAs for 48 h, and culture for additional 24 h in
serum-free medium. Primary cilia were labeled with anti-ARL13B antibodies, the centriole were labeled with anti-g tubulin antibodies. The nuclei were visualized by DAPI staining.
Quantification of the result shown in (B) and the length of primary cilia was compared between control and MYH10 depleted cells (C). (D) RPE1 cells were transfected with 50UTR
targeted siMYH10 for 48 h, and then GFP tagged MYH10 was overexpressed for 24 h. Empty GFP vector was used as a control. Cilia were immunostained with anti-ARL13B an-
tibodies and quantification of the result is shown in (E). (F) Efficient MYH10 knockdown was confirmed by immunoblotting. All quantification data are mean ± SD from two in-
dependent experiments. *P < 0.05 and **P < 0.01 (t-test). Scale bars: 5 mm.

Fig. 2. MYH10 is required for the enrichment of actin filaments and EZRIN at the apical membrane. (A) Apical-basal immunofluorescence images of endogenous MYH10 in RPE1
cells. RPE1 cells were serum-starved for 24 h before fixation. The actin cytoskeleton was visualized by Alexa 594-conjugated Phalloidin. (B) Centrioles labeled with anti-g tubulin
antibodies were co-stained with endogenous MYH10 in serum deprived RPE1 cells. (C) EZRIN expression pattern was visualized by anti-EZRIN immunofluorescence. (D) Western
blot showing that MYH10 knockdown does not affect total EZRIN expression levels. Scale bars: 15 mm.
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Fig. 3. MYH10 plays a role in centriole migration, but is dispensable for the removal CP110 cap from the mother centriole. (A) RPE1 cells were transfected with the indicated siRNAs
for 72 h, and serum-starved for additional 24 h. Location of the centrioles was accessed by immunofluorescence staining of anti-g tubulin antibodies. Cilia were labeled by anti-
ARL13B antibodies and the nuclei were visualized by DAPI. Lower panels are reconstructed fluorescence images showing z-axis view. Double-headed arrows indicate the height of
centrioles from the basal layer of the cell. (B) Quantitation of centriole localization. Centriole positions were classified as basal (0.0e1.5 mm), medial (1.5e3.0 mm), and apical
(3.0e4.5 mm). (C) RPE1 cells were transfected with the indicated siRNAs for 48 h and cultured for additional 24 h in serum-free medium. The centrioles and cilia were labeled with
anti-poly-glutamylated Tubulin antibodies (GT335), and CP110 cap was labeled with anti-CP110 antibodies. (D) Quantification of cells exhibiting single CP110 cap from each
centriole pair. (E) Immunofluorescence images showing TCTN1 localization in MYH10 depleted RPE1 cells. All data are mean ± SD from two independent experiments. *P < 0.05 and
**P < 0.01 (t-test). Scale bars: 5 mm.
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sections of cells stained with anti-g-Tubulin antibody. In ciliated
control cells, the centrioles/basal bodies were detected within
characteristic heights (3.0e4.5 mm) from the base of the cells
(Fig. 3A and B). By contrast, a fraction of cells depleted of MYH10
failed to migrate to the apical region. This result indicates that
MYH10 is required for centriole migration during ciliogenesis as
well as apical actin cortex formation.

Next, we examined the involvement of MYH10 in other early
steps in ciliogenesis. CP110 is a major component of the cap
structure which localizes to the distal end of both centrioles [18]. It
has been shown that CP110 cap suppresses both centriole elonga-
tion and axoneme assembly, and is specifically removed from the
mother centriole at the onset of ciliogenesis [18]. We examined the
removal of CP110 cap from the mother centriole in response to
serum starvation after MYH10 knockdown. We double stained cells
with anti-CP110 and anti-poly-glutamylated Tubulin antibodies.
Depletion of distal appendage protein CEP164 inhibited CP110
removal as previously reported [19] and completely blocked cilio-
genesis (Fig. 3C). By contrast, CP110 cap was normally removed in
MYH10 depleted cells. Moreover, transition zone protein TCTN1
was properly localized to the centriolar region in MYH10 depleted
cells (Fig. 3E). These results show that MYH10 is not involved in
CP110 cap removal or transition zone maturation. It is also note-
worthy that centriole migration mediated by MYH10 is indepen-
dent of CP110 cap removal.

3.4. Centriolar IFT88 recruitment is correlated with centriole
migration

The assembly of axoneme requires the transport system known
as ‘intraflagellar transport (IFT)’ that is mediated by multiprotein
IFT complexes and microtubule-based motor proteins [20,21].
IFT88, one of the IFT complex components, localizes to both the
centriole and the intraciliary space, and is involved in material
transports to the ciliary tip [22,23]. To test if MYH10 is required for
the recruitment of IFT88 to the centriole, we measured fluores-
cence intensity of anti-IFT88 antibody staining. Remarkably, cen-
triolar intensity of IFT88 staining was significantly reduced in
MYH10 depleted cells (Fig. 4A and B). In control cells, IFT88 was
recruited to the centrosome even before the assembly of the
axoneme, suggesting that loss of centriolar IFT88 in MYH10
depleted cells was not a secondary consequence of ciliogenesis
defect (Fig. 4A). The reduction of IFT88 levels in MYH10 depleted
cells was partially rescued by an overexpression of MYH10 (Fig. 4C).
The transition zone, an intermediate region between the basal body
and the cilium, is known to facilitate the docking of IFT molecules
[24,25]. As shown in Fig. 3E, normal levels of transition zone protein
TCTN1 were observed in the centriolar region of MYH10 depleted
cells, suggesting that defects in IFT88 recruitment is not ascribed to
a loss of the transition zone.

Interestingly, we found that centriolar levels of IFT88 are
correlated with the position of centriole along the apical-basal axis
in cells undergoing ciliogenesis (Fig 4D). IFT88 fluorescence in-
tensities of the apical centrioles were higher than those of the
basal centrioles. Therefore, MYH10 may indirectly affect IFT88
localization through its role in centriole migration along the ver-
tical axis.

4. Discussion

In the present study, we demonstrate that actin-dependent
motor MYH10 is required for the assembly of primary cilia,



Fig. 4. MYH10 knockdown affects centriolar recruitment of IFT88, which is correlated with centriole migration. (A) Immunofluorescence images showing IFT88 localization. RPE1
cells were transfected with the indicated siRNAs. Insets are magnified views of the centrosomal area. (B) Quantification of centrosomal immunofluorescence intensity of IFT88
(arbitrary unit; a.u.). (C) Western blot showing that MYH10 knockdown does not affect total IFT88 expression levels. (D) RPE1 cells were transfected with 50UTR targeted MYH10
siRNA for 48 h, and then GFP tagged MYH10 was overexpressed for 24 h. The reduction in centrosomal IFT88 recruitment was rescued by exogenous MYH10. (E) Quantification of
centrosomal immunofluorescence intensity of IFT88 (arbitrary unit; a.u.). (F) Normal RPE1 cells were serum-starved for 24 h before fixation. Centrosomal apical-basal positions and
IFT88 levels were measured. All quantification data are mean ± SD from two independent experiments. *P < 0.05 (t-test). Scale bars: 5 mm.
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mediating centriole migration to the apical region of the cell. Pre-
viously, branched filamentous actin was recognized as a negative
regulator of ciliogenesis in mammalian cells because treatment
with cytochalasin D, an actin destabilizer, induces rapid cilium as-
sembly and stimulates axoneme elongation by 2-fold [3,26].
Moreover, actin-associated molecules that are involved in the
nucleation of branched actin such as components of ARP2/3 com-
plex, suppress ciliogenesis [3]. However, we found that MYH10,
which contributes cell contractility by maintaining stability of
stress fibers and filamentous actin [27], is a positive factor for cil-
iogenesis in RPE1 cells. Recent report also refers its role in cilio-
genesis as an interaction partner of microtubule acetyltransferase
Mec17 [13]. We observed that MYH10 localizes to both cortical
actin networks as well as stress fibers, and plays a role in the as-
sembly of cortical actin and EZRIN. Because, the cortical actin
complex appears to be critical for the migration and docking of the
centriole, defective centriole migration observed in MYH10
depleted cells may be due to structural defects in the cortical actin
complex. However, our results do not exclude the possibility that
centrosomally localized MYH10 is involved in the migration.

Both centriole migration and CP110 cap removal are considered
to be essential for the initiation of cilium assembly [5]. However,
potential causal relationship and temporal order of the two pro-
cesses have not been addressed. Interestingly, we found that
MYH10 is not required for CP110 cap removal from the mother
centriole, while it plays a key role in centriole migration. This result
suggests that the removal of CP110 cap occurs in response to serum
starvation independent of MYH10-mediated centriole migration.
Recent studies have shown that CP110 cap removal requires the
recruitment of serineethreonine kinase TTBK2 to the centrosome,
and CEP164, a distal appendage protein, is essential for TTBK2
recruitment [19]. Thus, it can be also inferred that the activation of
CEP164-TTBK2 interaction can occur independent of centriole
migration.

The assembly of the axoneme was blocked or incomplete in
MYH10 depleted cells. This observation corresponds well with the
finding that MYH10 depletion causes a decrease in IFT88 levels
from the centrosome. IFT88 reduction does not seem to be caused
by dramatic structural defects of the basal body in that TCTN1 is
normally localizes to the presumptive transition zone in MYH10
depleted cells. IFT88 is one of the best-studied IFT molecules,
moving to the ciliary tip with the microtubule-based motor pro-
tein kinesin and other ciliary cargoes [23]. Intact IFT88 is essential
for ciliogenesis, and mutations of mouse IFT88 gene (Tg737) cau-
ses embryonic lethality and randomized left-right body axis as
well as neural tube defects [22,28]. Thus it is likely that the
reduction of IFT88 levels in MYH10 depleted cells is responsible
for the defects in ciliogenesis and cilium elongation. Remarkably,
in normal cells initiating ciliogenesis, levels of IFT88 gradually
increased as centrioles migrate to the apical region of the cell.
Thus, we suggest that MYH10 indirectly affects the centriolar
recruitment of IFT88 through its impact on centriole migration
during ciliogenesis.

In conclusion, we demonstrate that MYH10 is required for effi-
cient ciliogenesis, and mediates the link between the apical-basal
polarity and microtubule-dependent movements of ciliary com-
ponents. Future studies that can associate MYH10-dependent actin
dynamics with other ciliogenic events such as ciliary vesicle traf-
ficking and docking will further explicate key mechanisms of
ciliogenesis.
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