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A B S T R A C T

Osteoclasts are multinucleated bone-resorbing cells that are formed by fusion of monocyte/macrophage lineage.
Osteoclasts and macrophages generate podosomes that are actin-based dynamic organelles implicated in cell
adhesion, spreading, migration, and degradation. However, the detailed mechanisms of podosome organization
remain unknown. Here, we identified the Rho-specific guanine-nucleotide exchange factor (Rho-GEF) Plekhg5 as
an up-regulated gene during differentiation of osteoclasts from macrophages. Knockdown of Plekhg5 with small
interfering RNA in both macrophages and osteoclasts induced larger cell formation with impaired cell polarity
and resulted in an elongated and flattened shape. In macrophages, Plekhg5 depletion enhanced random mi-
gration, but impaired directional migration, adhesion, and matrix degradation. Plekhg5 in osteoclasts affected
random migration, podosome organization, and bone resorption. Plekhg5 depletion affected signaling and lo-
calization of several Rho downstream effectors. In fact, end-binding protein 1 (EB1), cofilin and vinculin were
abnormally localized in Plekhg5-depleted cells, and mDia1 and LIM kinase (LIMK)1 were upregulated in
Plekhg5-depleted cells compared with control cells. However, overexpression of Plekhg5 in macrophages in-
duced an increase in its mRNA level, but failed to increase the protein level, indicating that overexpressed
Plekhg5 was degraded in macrophages but not HEK293T cells. Thus, Plekhg5 affects cell polarity, migration,
adhesion, degradation, and podosome organization in macrophages and osteoclasts.

1. Introduction

Osteoclasts are multinucleated giant cells that are responsible for
bone resorption [1]. They are formed by the fusion of mononuclear
progenitors of the monocyte/macrophage lineage [2]. The lineage de-
velops unique organelles called podosomes that work as focal adhesions
in adherence and migration. Podosomes are actin-based dynamic or-
ganelles of the plasma membrane, and are implicated in cell adhesion,
spreading, migration, and degradation of the extracellular matrix [3].
Podosomes are composed of some key factors including actin regulators
(e.g., cortactin, cofilin, Wiskott–Aldrich syndrome proteins), adhesion
molecules (e.g., integrins, talin, vinculin), adaptor proteins (e.g., pax-
illin, TSK4, TSK5), and proteases (e.g., MMP2, MMP9, MT1-MMP) [4].
Factors important for the development of podosomes are Rho-GTPases.

The Rho family of small GTPases regulates cell migration, cell

adhesion, and cell polarity through controlling F-actin and organization
of the cytoskeleton [5]. Several Rho-GTPases have been shown to play
important roles in osteoclast function [6,7]. Rac1 is essential for os-
teoclastogenesis, since it is activated as a downstream molecule of
RANKL, and subsequently induces calcium oscillations that drive
NFATc1 activation, which is an essential transcriptional factor for os-
teoclastogenesis, via generation of reactive oxygen species [8]. Rac1-
deficient macrophages display a lack of some of RANKL-dependent
signaling, resulting in impaired osteoclastogenesis. Cdc42 also pro-
motes osteoclast differentiation by controlling MITF phosphorylation
and NFATc1 expression [9]. RhoA is critical for podosome organization
in osteoclasts [10]. Induction of a constitutively active form of RhoA
enhanced podosome formation, and increased osteoclast migration and
bone resorption [10]. RhoU/Wrch1 is the only Rho-GTPase whose ex-
pression is induced by RANKL during osteoclastogenesis [11–13].
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Suppression of RhoU/Wrch1 in osteoclasts reduced their adhesion onto
vitronectin, and inhibited pre-osteoclast chemotactic migration [13]. In
addition to Rho-GTPases, the importance of Rho-specific guanine-nu-
cleotide exchange factors (Rho-GEFs) in osteoclastogenesis has been
suggested. GEFs are known to regulate GTPase activity by catalyzing
the exchange of GDP for GTP [14]. A previous study using DNA mi-
croarray of RANKL-treated and control RAW264.7 cells has reported
that 46 out of 76 genes encoding Rho-GEFs are potentially expressed in
the osteoclasts [11]. The authors have shown that knockdown of
Arhgef8, a Rho-GEF of the Dbl family, severely inhibited differentiation
and affected osteoclast morphology, whereas suppression of Dock5, a
Rho-GEF of the CZH family, was toxic and led to the death of osteoclast
precursor cells [11,15]. The Rho-GEF kalirin negatively regulates os-
teoclast function; kalirin-deficient osteoclasts showed increased bone-
resorption activity and enhanced differentiation in vitro [16]. The
Cdc42-GEF FGD6 modulates cell polarity and endosomal membrane
recycling in osteoclasts [17]. Thus, only a few studies have investigated
the role of Rho-GEF in osteoclast function and differentiation.

Recently, we have reported, using DNA microarray analysis, that
1363 genes were upregulated and 881 genes were downregulated
during osteoclastogenesis [18]. Among the upregulated genes, in the
present study, we focused on the Rho-GEF Plekhg5 (also known as
Syx1/GEF720/TECH), and investigated by knockdown using small-in-
terfering RNA (siRNA) whether Plekhg5 regulates cell polarity, adhe-
sion, and migration during differentiation from macrophages into os-
teoclasts.

2. Materials and methods

2.1. Reagents

Minimum essential medium (MEM) alpha medium (α-MEM) was
purchased from WAKO (Osaka, Japan). Fetal bovine serum (FBS) was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Recombinant
RANKL was prepared as described previously [19]. M-CSF was pur-
chased from Kyowa Hakko Kogyo (Tokyo, Japan). Polyclonal anti-
bodies (Abs) were purchased as follows: anti-GAPDH (Cat. No. 5174S,
D16H11, rabbit mAb, 1:1000), anti-cofilin (Cat. No. 5175S, D3F9,
rabbit mAb, 1:1000), anti-vinculin (Cat. No. 13901S, E1E9V, rabbit
mAb, 1:1000), anti-LIMK1 (Cat. No. 3842S, rabbit polyclonal Ab,
1:1000), anti-phospho-cofilin (Cat. No. 3313S, Ser3, 77G2, rabbit mAb,
1:1000), anti-RhoA (Cat. No. 2117S, 67B9, rabbit mAb, 1:1000), and
anti-DYKDDDDK Tag (Cat. No. 2368S, rabbit antibody) were purchased
from Cell Signaling Technology (Danvers, MA, USA; all rabbit); anti-
EB1 (Abcam, Cambridge, UK; Cat. No. ab107562, rabbit polyclonal Ab,
1:1000); anti-α-tubulin (Santa Cruz Biotechnology, CA, USA; Cat. No.
sc-53029, YL1/2, rat monoclonal Ab); anti-Src (Merck Millipore,
Darmstadt, Germany; Cat. No. 05-184, clone GD11, mouse monoclonal
Ab, 1:1000); anti-mDia1 (BD Transduction Laboratories™, Cat. No.
610848, mouse polyclonal Ab, 1:1000), and anti-cathepsin K Ab were
prepared as previously described [20]. Osteo Assay Plates were pur-
chased from Corning (Corning, NY, USA). All other reagents, including
phenylmethylsulfonyl fluoride, MG132, and the protease inhibitor
cocktail, were obtained from Sigma-Aldrich.

2.2. Cell culture

Murine monocytic cell line RAW-D cells were kindly provided by
Prof. Toshio Kukita (Kyushu University, Japan). RAW-D cells were
plated in 100 mm plates in 10 mL of α-MEM containing 10% FBS and
1% penicillin-streptomycin. The cells were harvested when 70% con-
fluent by pipetting without scraping to avoid the activation of the cells.
To generate osteoclasts, cells were incubated with the complete media
containing 100 ng/mL of RANKL, and changed into the media every
other day (without isolation).

2.3. Gene knockdown by siRNA

Synthetic siRNA oligonucleotide specific for Plekhg5 (5′-
UUCUCAUGCCCAUCAGUGAGCUCCC-3′) was designed and synthe-
sized by Invitrogen (Carlsbad, CA, USA). RAW-D cells were transfected
with the siRNA oligonucleotide (20 nM/transfection), using
Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer's
protocol. After 48 h of transfection, cells were allowed to differentiate
into osteoclasts in the presence of RANKL for 6 days. Stealth siRNA
Negative Control Duplexes (Invitrogen) were used as a negative control.

2.4. Transient overexpression of Plekhg5

Plekhg5 Mouse cDNA ORF Clone (MR216305) was purchased from
OriGene. The day before transfection, 5 × 105 RAW-D cells were
seeded as in a 60-mm dish and transfected with 5 μg of Plekhg5 vector,
using SuperFect Transfection Reagent (Qiagen), according to the man-
ufacturer's protocol. After 24 h of transfection, cells were allowed to
differentiate into osteoclasts in the presence of 100 ng/mL RANKL.
Mock construct pCMV6-Entry (OriGene, PS100001) was used as the
control.

2.5. Western blot analysis

Cells were stimulated with or without RANKL for the indicated
amount of time. They were then rinsed twice with ice-cold PBS and
lysed in a cell lysis buffer (50 mM Tris-HCl [pH 8.0], 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM PMSF, and
proteinase inhibitor cocktail). The protein concentration of each sample
was measured with BCA Protein Assay Reagent (Thermo Pierce,
Rockford, IL, USA). Lysate proteins (5 µg) were resolved in an SDS-
PAGE gel and electroblotted onto a polyvinylidene difluoride mem-
brane. The blots were blocked with 3% milk/TBST for 1 h at room
temperature, probed with various Abs overnight at 4 °C, washed, in-
cubated with horseradish peroxidase-conjugated secondary Abs (anti-
rabbit IgG, 1:2000; anti-rat IgG, 1:2000; and anti-mouse IgG, 1:2000;
Cell Signaling Technology), and finally detected with ECL-Prime (GE
Healthcare Life Sciences, Tokyo, Japan). The immunoreactive bands
were analyzed using an LAS-4000mini (Fujifilm, Tokyo, Japan).

2.6. Quantitative polymerase chain reaction analysis

Total RNA was extracted using TRIzol Reagent (Invitrogen). Reverse
transcription was performed using an oligo(dT)15 primer (Promega,
Madison, WI, USA) and ReverTra Ace (Toyobo, Osaka, Japan).
Quantitative real-time PCR was performed using a MX3005P QPCR
system (Agilent Technologies, La Jolla, CA, USA). The cDNA was am-
plified using Brilliant III Ultra-Fast SYBR QPCR Master Mix (Agilent),
according to the manufacturer's instructions. The following primer sets
were used (5′ to 3′): Plekhg5, forward: TGTGTGAGGTTGAGGCTGAG;
Plekhg5, reverse: GCTTGAAGAGTGAGCCGAAC; GAPDH, forward:
ACCACAGTCCATGCCATCAC; GAPDH, reverse: TCCACCACCCTG
TTGCTGTA; Cathepsin K, forward, CAGCTTCCCCAAGATGTGAT;
Cathepsin K, reverse: AGCACCAACGAGAGGAGAAA; and Lamp1, for-
ward: ATGGCCAGCTTCTCTGCCTCC, Lamp1, reverse: ACAGTG
GGGTTTGTGGGCAC

2.7. Immunofluorescence

Cells were fixed with 4% paraformaldehyde at 4 °C for 30 min,
permeabilized with 0.01% digitonin for 10 min, and then blocked with
5% normal goat serum, followed by incubation with primary antibodies
diluted with 5% normal goat serum and incubated overnight at 4 °C.
After three washes in PBS, primary antibodies were revealed with Alexa
Fluor 488- or 555-conjugated anti-mouse or anti-rabbit antibodies (Cell
Signaling Technology). Where indicated, Alexa Fluor 594-conjugated
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phalloidin (Invitrogen) was added to reveal F-actin. DNA was stained
using DAPI (4′, 6-diamidino-2-phenylindole, dihydrochloride) (Sigma-
Aldrich). Microscopic fluorescence images were digitized using an LSM
710 (Carl Zeiss, Oberkochen, Germany) confocal microscope.

2.8. Cell adhesion assay

Exactly 1 × 105 cells were added to each well of a 96-well plate and
incubated at 37 °C for 10, 20, or 30 min. Floating or weakly bound cells
in the plate were gently removed by filling the wells three times with
washing buffer. Bound cells were fixed with 4% paraformaldehyde in
PBS for 30 min. After washing, cells were stained with trypan blue.
After washing three times with the washing buffer, the stained plate
was assayed with a microplate reader at 540 nm.

2.9. Chemotaxis assay

A chemotaxis assay was performed, as previously described [21].
Briefly, migration of cells (5 × 104 cells) in response to the medium
alone, MCP-1, or M-CSF was assessed in a 24-well chemotaxis chamber
separated by a polyethylene terephthalate membrane (pore size, 5 mm).
Cells were loaded into the upper chambers and tested for chemoat-
traction to the media alone, MCP-1(20 ng/mL) or M-CSF (50 ng/mL).
The chambers were incubated at 37 °C in 5% CO2 for 90 min. The cells
that migrated into the lower wells were fixed with 4% paraformalde-
hyde in PBS for 10 min, subsequently stained with May-Giemsa, and
then counted by light microscopy.

2.10. Matrix degradation assay

Coverslips were coated with FITC-gelatin (Molecular Probes, 1 mg/
10 mL), air dried, rehydrated with water for 15 min in 4 °C, and fixed
with 0.5% glutaraldehyde for 30 min in 4 °C. Cells were grown on
fluorescein isothiocyanate (FITC)-gelatin-coated coverslips for 24 h and
then fixed in 4% paraformaldehyde, permeabilized in 0.2% Triton X-
100, washed thrice with PBS, blocked in 5% normal goat serum/PBS in
blocking solution for 1 h. Coverslips were then washed four times and
mounted.

2.11. Counting osteoclasts with different actin superstructures

All cells were cultured on glass coverslips. At 6 days after the ad-
dition of RANKL, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.01% digitonin, and stained for actin (rhodamine-
phalloidin) and DAPI. The stained cells were processed for confocal
microscopy and their undersides were photographed in order to detect
actin superstructures. Data were collected from six independent ex-
periments. All the cells with more than three nuclei were chosen and
classified into four types using a method for modeling osteoclast mul-
tinucleation [22].

2.12. Bone resorption assay

The bone resorption activity of osteoclasts was determined using the
Osteo Assay Plate for 11 days of culture. Images for bone resorption
area was taken with a CKX41 Inverted Microscope (OLYMPUS).
Resorption pits were identified using ImageJ software (NIH, Bethesda,
MD, USA).

2.13. Live cell imaging

After cells were plated, culture dishes were transferred to a time-
lapse microscope with a 37 °C, 5% CO2 incubation chamber for 2 h to
allow cells to settle and for the plastic ware to equilibrate. Images were
obtained using an inverted Real-Time Cultured Cell Monitoring System
CCM-1.4Z (ASTEC, Fukuoka, Japan) with a 10× objective and bright-

field channels at 7-min intervals over up to 24 h for macrophage cells
and 14-min intervals over up to 3 days for osteoclasts. Cell tracking
analysis for migration was performed manually using the tracking
function of the MTrackJ plugin of ImageJ.

2.14. Scanning electron microscopy

Cells were seeded on glass coverslips and fixed in 3.5% for-
maldehyde plus 0.05% glutaraldehyde in PBS buffer for 1 h. Samples
were dehydrated through a graded ethanol series (50%, 70%, 90%, and
100%), sputter coated with a thin layer of gold (E-101; Hitachi, Tokyo,
Japan) and observed by scanning electron microscopy (JSM-6700FS;
JEOL, Tokyo, Japan) using an accelerating voltage of 15 kV.

2.15. Statistical analysis

All values were expressed as means± SD for 3 independent ex-
periments. The data were analyzed by the Tukey-Kramer method when
ANOVA indicated a significant difference between concentrations
(*P<0.05 or **P<0.01).

3. Results

3.1. Expression of Plekhg5 increases during osteoclast differentiation

To confirm whether Plekhg5 is one of up-regulated genes during
differentiation of osteoclasts from macrophages, we measured the
mRNA levels of Plekhg5 during osteoclast differentiation of RAW-D
macrophages after RANKL stimulation. Quantitative real-time PCR
analysis showed that the mRNA levels of Plekhg5 in RANKL-stimulated
RAW-D cells were significantly higher than those in unstimulated RAW-
D cells (Fig. 1A). The increased mRNA levels of Plekhg5 reached a peak
at 2 days after stimulation, and these increased levels were maintained
for 6 days (Fig. 1A). The protein levels of Plekhg5 were gradually in-
creased during the differentiation (Fig. 1A). Therefore, we concluded
that Plekhg5 expression was significantly increased during differentia-
tion from macrophages into osteoclasts.

3.2. Knockdown of Plekhg5 causes formation of larger osteoclasts

To investigate the role of Plekhg5 during osteoclast differentiation,
we performed knockdown by siRNA transfection in RAW-D cells. We
determined the knockdown efficacy of Plekhg5 in RAW-D macrophages
by three different siRNAs (Fig. 1B). Among them, a Plekhg5 siRNA (#1)
potently inhibited its expression level down to approximately 30% as
compared to that of a control siRNA, while a Plekhg5 siRNA (#2) did
approximately 38% (Fig. 1B). Knockdown by the siRNA (#1 and #2) in
the RAW-D macrophages was confirmed by western blot analysis
(Fig. 1D). Moreover, we found that the reduced mRNA levels by
#1siRNA were maintained at approximately 40% for 6 days (Fig. 1J).
Under these conditions, tartrate-resistant acid phosphatase (TRAP)
staining revealed that Plekhg5 depletion induced the formation of
considerably larger osteoclasts when the cells were cultured for 6 days
after stimulation with RANKL (Fig. 1C and E). Similar results were
observed in cultures for a prolonged period of 10 days (Fig. 1F). TRAP-
positive multinucleated cells transfected with the control siRNA or
Plekhg5 siRNA indicated that Plekhg5-depleted osteoclasts increased in
area by approximately 65% whereas the control osteoclasts covered by
only 7.8% (Fig. 1G). However, the number of nuclei in TRAP-positive
multinucleated osteoclasts was comparable between the control and
Plekhg5-knockdown osteoclasts (Fig. 1H). Interestingly, we noticed that
the nuclear size of Plekhg5-knockdown osteoclasts was significantly
larger than that of the control osteoclasts (Fig. 1I). These results in-
dicate that Plekhg5 depletion in osteoclasts induces larger cell forma-
tion, but not multinucleation.

Moreover, we found that the formation of Plekhg5-depleted
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osteoclasts depended on protein substrates. As shown in Fig. S1,
Plekhg5-knockdown osteoclasts showed markedly larger cell sizes than
the control cells when both were grown on glass (non-coated) and type I
collagen. However, on a vitronectin-coated surface, Plekhg5-depleted
osteoclasts showed a slightly larger cell size compared with the control
cells (Fig. S1). These results indicate that the formation of larger
Plekhg5-knockdown osteoclasts depends on cell adhesion conditions.

3.3. Plekhg5 depletion in both macrophages and osteoclasts induces
impaired cell polarity, resulting in an elongated and flattened shape

To evaluate the morphology of osteoclasts, we compared the shape
of precursor macrophage RAW-D cells and mature osteoclasts stimu-
lated with RANKL for 6 days. Confocal microscopic observation of F-
actin formation revealed that Plekhg5-depleted RAW-D cells displayed
an elongated and flattened cell shape in comparison with the control
cells (Fig. 2A). Plekhg5-depleted RAW-D cells were significantly larger
than control cells, but were apparently about half as tall as the control
cells (Fig. 2B and C). Similarly, RANKL-stimulated osteoclasts that were
differentiated from RAW-D cells were also elongated and flattened
(Fig. 2D and E). When we measured the distribution of the nuclei in
control and Plekhg5-knockdown RAW-D cells, we observed that of
Plekhg5-knockdown RAW-D cells was spread over a larger area,
whereas that of control cells occupied a limited area (Fig. 2F). More-
over, the cell height of Plekhg5-knockdown osteoclasts was sig-
nificantly lower than that of control, although the cell volume of con-
trol and Plekhg5-knockdown osteoclasts were similar (Fig. 2G and H).
These results indicate that both Plekhg5-depleted osteoclasts and their
precursor macrophages display impaired cell polarity, resulting in an
elongated and flattened shape.

3.4. Plekhg5 depletion in macrophages enhances random migration, but
impairs directional migration, adhesion, and matrix degradation

To examine the migratory capability of the precursor RAW-D mac-
rophages, we performed a scratch wound assay. Unexpectedly, Plekhg5-
depleted RAW-D cells showed significantly enhanced migration com-
pared with control cells (Fig. 3A, B). To confirm the enhanced migra-
tion of Plekhg5-depleted RAW-D cells, we monitored the control and
Plekhg5-knockdown RAW-D cells for 24 h (Fig. 3C). Time-lapse movies
obtained by phase-contrast microscopy showed that migration of a
single Plekhg5-depleted cell was apparently increased, whereas mi-
gration of a single control cell was moderate (Fig. 3D). Both the cal-
culated migration distance and rate of Plekhg5-knockdown cells were
longer and higher, respectively, than those of control cells (Fig. 3E, F).

We further examined chemotaxis of control and Plekhg5-knock-
down RAW-D cells by Transwell migration assays. Chemotactic re-
sponses of Plekhg5-depleted macrophages were significantly reduced
by M-CSF and MCP-1 (Fig. 4A and B). M-CSF is an important cytokine of
osteoclast differentiation, which includes chemotactic activity, while
MCP-1 is a representative chemokine of monocytes. To test the adhesive
abilities of control and Plekhg5-knockdown RAW-D cells, we in-
vestigated their attachment to uncoated plastic tissue culture dishes.
The number of attached Plekhg5-knockdown RAW-D cells was

significantly lower than that of control RAW-D cells (Fig. 4C). These
results indicate that cell adhesion was decreased in Plekhg5-depleted
macrophages. We also examined the control and Plekhg5-knockdown
RAW-D cells for their ability to degrade extracellular matrix. The de-
gradation area of Plekhg5-depleted macrophages was significantly
narrow compared with that of control macrophages (Fig. 4D and E).
Taken together, these results indicate that Plekhg5 depletion in mac-
rophages impairs cell adhesion and extracellular matrix degradation.

3.5. Plekhg5 depletion causes abnormal fusion of precursor macrophages

We monitored the fusion of mononuclear precursor macrophages
into multinuclear osteoclasts by time-lapse imaging (Supplementary
Videos 1 and 2). It should be noted that both mononucleated and
multinucleated RAW-D cells in the control experiments were actively
moving (Supplementary Video 1). In Plekhg5-knockdown experiments,
however, mononucleated cells moved rapidly, but the multinucleated
cells moved around without significantly changing their position
(Supplementary Video 2). These results indicate that Plekhg5 depletion
causes abnormal fusion of the precursor macrophages, although the
nuclear number between control and Plekhg5-knockdown osteoclasts
was indistinguishable.

Supplementary material related to this article can be found online at

3.6. Plekhg5 depletion decreases bone-resorption activity and causes
abnormal expression and localization of lysosome proteins in osteoclasts

Next, we studied whether Plekhg5 affects the bone-resorption ac-
tivity of osteoclasts. Pit formation assay was performed with osteoclasts
derived from RANKL-stimulated RAW-D cells. While the control os-
teoclasts displayed moderate resorption activity, Plekhg5-knockdown
osteoclasts displayed a markedly reduced resorption activity (Fig. 5A).
When we measured the calculated resorption area of control and
Plekhg5-depleted osteoclasts, that of Plekhg5-depleted osteoclasts was
reduced to approximately 10% of that of control osteoclasts (Fig. 5B).
These results indicate that Plekhg5 depletion attenuates the bone-re-
sorption activity of osteoclasts.

While the staining of LAMP1, a marker of the ruffled border in os-
teoclasts, in wild-type osteoclasts was detected along the actin ring, that
in Plekhg5-depleted osteoclasts was observed in various punctate
structures located within the actin ring (Fig. S2A). The subcellular
distribution of cathepsin K, the osteoclast-specific lysosomal protease,
in wild-type osteoclasts was observed in various punctate structures
located within the actin ring (Fig. S2A). However, the staining pattern
of cathepsin K in Plekhg5-depleted osteoclasts showed irregularly
shaped punctate structures along the actin ring (Fig. S2A). These results
suggest that Plekhg5-depleted osteoclasts exhibit abnormal transport of
LAMP1 and cathepsin K. We also determined the expression levels of
LAMP1 and cathepsin K in control and Plekhg5-depleted osteoclasts.
Western blot analysis showed that the protein level of LAMP1 at 3 days
in Plekhg5-depleted cells was slightly decreased, but that at 6 days was
increased (Fig. S2B). Conversely, the protein level of cathepsin K at 3
days in Plekhg5-depleted cells was slightly increased but that at 6 days
was reduced (Fig. S2B). Consistent with the protein data, the mRNA

Fig. 1. Larger cell formation in Plekhg5-knockdown osteoclasts. (A) For osteoclast differentiation, RAW-D cells were stimulated with 100 ng/mL RANKL for 6 days. Upper: The
mRNA expression of Plekhg5 was measured by quantitative real-time PCR analysis. Lower: the protein levels of Plekhg5 was analyzed by immunoblotting using anti-Plekhg5. (B-C) RAW-
D cells were transfected with two different Plekhg5 siRNA (#1 and #2). (B) Efficiency of knockdown was analyzed by quantitative real-time PCR for Plekhg5 mRNA in RAW-D cells that
were transfected with 3 types of Plekhg5 siRNA for 48 h. (C) TRAP-positive osteoclast formation in Plekhg5 knockdown cells treated with RANK-L for 6 days. (D) Efficiency of knockdown
was analyzed by immunoblotting of Plekhg5 in control and Plekhg5-knockdown cells (siRNA Plekhg5 #1, and #2). Cell lysates from control and Plekhg5-knockdown macrophages were
subjected to immunoblotting with anti-Plekhg5 Abs. Anti-GAPDH mAbs served as loading controls. (E) TRAP staining analysis of osteoclasts generated from siRNA-transfected RAW-D
macrophages that were induced by the indicated concentrations of RANKL for 2, 4, and 6 days. (F) TRAP-positive osteoclast formation in Plekhg5 knockdown cells treated with RANK-L
for 10 days. (G-J) Both cell types were incubated for 6 days with 100 ng/mL RANKL. (G) Rate of TRAP-positive osteoclast formation area in the visible region. (H) The nuclear number of
TRAP-positive osteoclasts (≧ 4 nuclei) per cell. (I) The nuclear size of TRAP-positive osteoclasts. Data and pictures shown are representative of three independent experiments. All values
are shown as means± SD. **P<0.01 vs control siRNA group. (J) Efficiency of knockdown was analyzed by quantitative real-time PCR for Plekhg5 mRNA in RAW-D cells stimulated with
RANKL for 6days.
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Fig. 2. Impaired cell polarity with an elongated and flattened shape in Plekhg5-knockdown macrophages and osteoclasts. (A) Control and Plekhg5-knockdown RAW-D mac-
rophages were stained with phalloidin (red) and DAPI (blue) and analyzed by confocal microscopy. (B) Cell size of control and Plekhg5-knockdown macrophages was analyzed by
confocal microscopy (n = 30). (C) Cell height of control and Plekhg5-knockdown macrophages was analyzed by confocal microscopy (n = 30). (D, E) Control and Plekhg5-knockdown
osteoclasts were stained with phalloidin (red) and DAPI (blue), and analyzed by confocal microscopy. (F) Distribution of nuclei sizes in control and Plekhg5-knockdown osteoclasts. (G)
Cell height of control and Plekhg5-knockdown osteoclasts (n = 30). Data are average of four separate experiments. All data are representative of three independent experiments.
**P<0.01, *P<0.05 for the indicated comparisons. (H) Comparison of volume control and Plekhg5-knockdown osteoclasts cell volume in osteoclasts (day 6). The cell volume rendering
the z-stacks of confocal images were analyzed to calculate by a confocal microscopy. All data are representative of three independent experiments.
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Fig. 3. Increased migration in Plekhg5-knockdown macrophages. (A)Wound-healing migration assay was performed, in which cells were wounded by scratching the monolayer with
a 200-µL pipette tip, to determine the motility of control and Plekhg5-knockdown macrophages. Cells were photographed at indicated times (0, 0.5, 1, 3, and 6 h). The cell motility was
then assayed by observation under a light microscope. (B) Quantification was performed by counting the migrated cells and comparing with the controls. Data are representative of three
independent experiments. **P<0.01, *P<0.05 for the indicated comparisons. (C) Control and Plekhg5-knockdown macrophage migration on a 12-well plate was obtained from time-
lapse video microscopy. Micrographs of time-lapse imaging showing macrophage tracks. (D) Representative plots of 10 cells of control and Plekhg5-knockdown macrophage migration
tracks for a total duration of 24 h/track. Data and pictures shown are representative of three independent experiments. (E) The distance traveled between positions (path length).
**P<0.01, for the indicated comparisons. (F) Average of migration speed at each 192 point. **P<0.01, for the indicated comparisons.
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Fig. 4. Impaired chemotaxis and adhesion in Plekhg5-knockdown macrophages. Chemotaxis of cells in response to a 50 ng/mL M-CSF (A) and 20 ng/mL MCP-1 (B) Migration was
assessed in a 24-well Transwell chemotaxis chamber. The chambers were incubated at 37 °C for 90 min, and cells that migrated to the lower well were fixed, and subsequently stained
with May-Giemsa and counted by light microscopy. (C) Control and Plekhg5-knockdown macrophages were added to 96-well plate, and subsequently incubated at 37 °C for 10, 20, or
30 min. After washing, bound cells were fixed with 4% paraformaldehyde in PBS, and then stained with trypan blue. The stained plates were assayed with a microplate reader at 540 nm.
(D) Control and Plekhg5-knockdown macrophages were cultured on FITC-labeled gelatin-coated glass coverslips for 24 h. Areas of gelatin degradation appear as dark spots in the
fluorescent background beneath the cells. (E) Quantitation of matrix degradation by control and Plekhg5-knockdown macrophages. The degradation area was determined using ImageJ
software. All values are shown as means± SD. * P<0.05, **P<0.01 vs. control group.
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levels of LAMP1 at 6 days in Plekhg5-depleted cells were significantly
higher than those of the control (Fig. S2C). In addition, the mRNA levels
of cathepsin K at 6 days in Plekhg5-depleted cells were significantly

lower than the control (Fig. S2D). These results imply that Plekhg5
affects the subcellular localization and expression levels of lysosome
proteins such as LAMP1 and cathepsin K.

Fig. 5. Decreased bone resorption and migration in Plekhg5-knockdown osteoclasts. Control and Plekhg5-knockdown cells were cultured with 100 ng/mL RANKL for 11 days. (A)
Photograph of the bone-resorption activity of osteoclasts on an Osteo Assay Plate. (B) Quantification of the area by control and Plekhg5-knockdown osteoclasts. The resorption area was
determined in 5 × 104 cells on 24-well plates data of 3 independent experiments using ImageJ software (significance compared with the control ** P<0.01). (C, D) Control and Plekhg5-
knockdown cells were cultured with 100 ng/mL RANKL for 3 days. (C) Control and Plekhg5-knockdown osteoclasts migration on a 12-well plate was obtained from time-lapse video
microscopy. Micrographs of time-lapse imaging showing macrophage tracks. (D) Representative plots of 10 cells of control and Plekhg5-knockdown osteoclasts migration tracks for a total
duration of 3 days/track. Data and pictures shown are representative of three independent experiments. (E) The distance traveled between positions (path length) (F) Average of
migration speed at each 308 point.
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3.7. Plekhg5 in osteoclasts affects random migration and podosome
organization

We further determined the migratory ability of osteoclasts derived
from RANKL-stimulated RAW-D macrophages by phase-contrast mi-
croscopy. In contrast to macrophages (see Fig. 3C and D), migration of
Plekhg5-depleted multinucleated osteoclasts was impaired, whereas
that of control osteoclasts was moderate (Fig. 5C and D). Similarly, the
both of the calculated migration distance and rate of Plekhg5-depleted
osteoclasts were shorter and lower, respectively, than those of control
cells (Fig. 5E).

Podosomes are actin-based dynamic protrusions of the plasma
membrane that represent sites of attachment and degradation of the
extracellular matrix [4]. We therefore examined adhesion structures in
osteoclasts by scanning electron microscopy. As shown in Fig. 6A,
control osteoclasts exhibited numerous sharp protrusions (Fig. 6A). By
contrast, Plekhg5-depleted osteoclasts displayed few dull protrusions
(Fig. 6A). Indeed, Plekhg5-depleted osteoclasts contained a short pro-
trusion length and a low number of protrusion (Fig. 6B and C). These
results indicate that Plekhg5 depletion causes reduced actin structure
formation and poor lamellipodia of filopodia. Subsequently, we ana-
lyzed actin superstructures of control and Plekhg5-depleted osteoclasts
during osteoclastogenesis. Takito et al. [22] have recently reported that
the actin superstructure is classified into 4-types: podosome clusters,
podosome rings, a cluster of zipper-like structures, and podosome belts
formed during the fusion of osteoclasts. Indeed, we observed that both
control and Plekhg5-depleted osteoclasts displayed the 4 types of po-
dosome superstructures. However, the formation of podosome belts in
Plekhg5-depleted osteoclasts was more than 2-fold increased relative to
that of podosome clusters. However, ratio of other formations including
rings, zipper-like structures, and podosome belts in Plekhg5-depleted
osteoclasts was slightly higher than that in control cells although it was
not statistically significant (Fig. 6D and E). These results suggest that
the reduced actin superstructures (Fig. 6A-C) may influence the ratio of
podosome organization (Fig. 6D and E) in Plekhg5-depleted osteoclasts.

3.8. Plekhg5 depletion affects signaling and localization of several Rho
downstream effectors

To investigate effects of Plekhg5 depletion, we examined protein
levels and localization of RhoA in macrophages and osteoclasts.
Although the protein levels of RhoA between control and Plekhg5-de-
pleted macrophages were similar, the RhoA level was increased in
Plekhg5-knockdown osteoclasts compared with control osteoclasts
(Fig. 7A). When we examined localization of RhoA, it was detected in
the cytoplasm and the actin structure in some control macrophages
(Fig. 7B, indicated by arrowheads). However, the RhoA expression was
localized only in the cytoplasm in Plekhg5-depleted macrophages
(Fig. 7B). Similarly, the RhoA localization in the control osteoclasts was
found in the cell periphery (Fig. 7C, indicated by arrowheads) as well as
the cytoplasm, whereas that in Plekhg5-depleted osteoclasts was lo-
cated only in the cytoplasm (Fig. 7C).

Rho-mDia-EB1 or tubulin and Rho-LIMK-cofilin or vinculin are
known to be important signaling cascades. The former regulates actin
reorganization and focal adhesion, while the latter does stabilize mi-
crotubules promote cell migration. While mDia1 is implicated in for-
mation of actin stress fibers and filopodia [23], end-binding protein 1
(EB1) is a major plus-end tracking protein that links microtubule end to
cell structure [24]. Therefore, the Rho-mDia1-EB1 pathway is known to
modulate a stable formation of microtubules [25–27]. We compared the
protein levels of mDia1 and EB1 in control and Plekhg5-knockdown
cells. In macrophages, without stimulation, the protein levels of mDia1
in Plekhg5-knockdown macrophages were slightly higher than those in
control macrophages (Fig. 7D and E). Upon RANKL or M-CSF stimula-
tion, the protein levels of mDia in Plekhg5-knockdown macrophages
were apparently higher than those in control macrophages (Fig. 7D and

E). However, the levels of EB1 between the control and Plekhg5-de-
pleted macrophages were comparable (Fig. 7D and E). However, after
stimulation with only M-CSF, but not with RANKL, the mDia1 level was
upregulated in Plekhg5-knockdown osteoclasts as compared with con-
trol cells (Fig. 7F). Although similar protein levels of EB1 were observed
between controls and Plekhg5-depleted cells (Fig. 7D-J), we found that
localization of EB1 in both macrophages and osteoclasts was slightly
different between them (Fig. 7G and H). When the clusters of EB1
puncta in control macrophages were detected on the actin structure,
those in Plekhg5-depleted macrophages were detected off the actin
structure as a larger size (Fig. 7G). Whereas EB1 in control osteoclasts
was scattered in the cytoplasm and detected even at the cell edge, that
in Plekhg5-depleted osteoclasts was predominantly distributed in the
center (Fig. 7H). Moreover, Plekhg5 depletion induced abnormal
structures of tubulin in macrophages (Fig. 7I). The staining pattern of
tubulin was also detected in the outside area surrounded by the actin
ring in osteoclasts (Fig. 7J). These results suggest that the EB1 in
Plekhg5-depleted osteoclasts incorrectly regulate microtubules.

LIM kinase (LIMK)1 is a serine/threonine kinase acting a Rho-
downstream effector that is involved in reorganization of actin fila-
ments [28]. Cofilin, which is an essential factor for reorganization of
filaments, is phosphorylated by LIMKs [29,30]. Therefore, we examined
signaling and localization of LIMK1 and cofilin in Plekhg5-depleted
cells. Upon M-CSF stimulation, the protein levels of LIMK1 were up-
regulated in Plekhg5-depleted macrophages, whereas those in the
controls were downregulated (Fig. 8A). The protein levels of LIMK1
between the control and Plekhg5-depleted osteoclasts were comparable
(Fig. 8B). However, the localization patterns of LIMK1 in both control
and in Plekhg5-depleted macrophages and osteoclasts were similar
(data not shown). The phosphorylation levels of cofilin in control
macrophages were gradually decreased after M-CSF stimulation, al-
though those in Plekhg5-knockdown macrophages were unchanged
(Fig. 8A). However, the protein levels of cofilin in control and Plekhg5-
knockdown macrophages or Plekhg5-depleted osteoclasts were indis-
tinguishable. (Fig. 8A and B). Whereas cofilin in control macrophages
were well colocalized with the actin structure, that in Plekhg5-depleted
macrophages partially colocalized with it (Fig. 8C). While distribution
of cofilin in the control osteoclasts was scattered in the cytoplasm, that
in Plekhg5-depleted osteoclasts was detected only in peripheral regions
(Fig. 8D).

Vinculin is also a main downstream effector of RhoA that regulates
focal adhesion in various cells [31,32]. When we analyzed the protein
levels of vinclin between the control and Plekhg5-depleted cells, that in
Plekhg5-depleted macrophages was slightly increased upon stimulation
with RANKL (Fig. 8E). Moreover, with or without M-CSF, the protein
levels of vinclin in Plekhg5-depleted macrophages and osteoclasts were
slightly higher than those in the control cells (Fig. 8E-F). The locali-
zation of vinclin in control macrophages was observed at the cell edges
as many small dots, while that in Plekhg5-depleted macrophages was
detected at the center, but not the cell edges as larger dots (Fig. 8H). In
the control osteoclasts, vinculin was localized clearly along the actin
ring, whereas in Plekhg5-knockdown osteoclasts, vinculin was detected
as small dots in the cytoplasm, and partially localized along the actin
ring (Fig. 8I). Taken together, these results indicate that the Rho-
downstream effectors such as EB1, cofilin and vinculin were abnor-
mally localized in Plekhg5-depleted cells, and that mDia1 and LIMK1
were upregulated in Plekhg5-depleted cells.

3.9. Overexpression of Plekhg5 induces an increased mRNA level, but not
an increased protein level in RAW-D macrophages

Finally, we examined overexpression of control vector or Plekhg5-
containing vector in RAW-D cells. As shown in Fig. 9A, overexpression
of Plekhg5 resulted in a 100-fold increase in mRNA expression in
macrophage RAW-D cells. Curiously, the protein levels were compar-
able between control and Plekhg5-overexpressing RAW-D cells
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Fig. 6. Abnormalities of actin superstructures, podosome organization, and localization of podosome makers in Plekhg5-knockdown osteoclasts. (A) Osteoclasts were incubated on
coverslips for 6 days, fixed, and then sputter-coated with gold and preparation for scanning electron microscopy. (B) Protrusion length was determined by the image of the control and
Plekhg5-knockdown osteoclasts (20 cells). Quantification was performed by measurement of the protrusion in control and Plekhg5-knockdown osteoclasts. Data are the results of 130
protrusions. **P<0.01, for the indicated comparisons. (C) Number of protrusion per one cell was counted. Data are the results of 130 protrusions (20 osteoclasts). * P<0.05 vs. control
group. (D) Confocal images of control and Plekhg5-knockdown osteoclasts at day 6. The cells were fixed and stained for actin. Representative images of 4 types of actin superstructures in
control and Plekhg5-knockdown osteoclasts. Scale bars: 10 µm. (E) Quantification was performed by counting the osteoclasts classified in D and compared with the controls. Percentage of
osteoclasts with different actin superstructures; n = 100. **P< 0.01 vs. control group.
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stimulated with RANKL for 3days, but slightly increased the protein
levels of Plekhg5 -overexpressing RAW-D cells stimulated with RANKL
for 6days, suggesting that overexpressed Plekhg5 proteins are mainly
degraded (Fig. 9B). Importantly, when we transfected with control or
Plekhg5-containing vector in the non-macrophage HEK293T cells, the
expressed mRNA and the protein of Plekhg5 were detected (Fig. 9C, D).
Thus, Plekhg5 overexpression failed to increase the protein level in
macrophage RAW-D cells, but expressed in the non-macrophage
HEK293T cells. These results indicate that Plekhg5 protein may be
degraded in macrophage-like cells.

4. Discussion

In this study, we have demonstrated an increase in Plekhg5 ex-
pression during osteoclast differentiation. Studies on siRNA knockdown
in RAW-D cells indicated that Plekhg5 depletion in osteoclasts induced
the formation of large cells with an elongated and flattened shape in
both Plekhg5-depleted macrophages and osteoclasts. Regarding mac-
rophages, Plekhg5 deficiency enhanced random migration, but im-
paired cell adhesion and directional migration (chemotaxis). In osteo-
clasts, Plekhg5 decreased bone resorption and induced abnormal
podosome organization. However, Plekhg5 overexpression does not
compensate for all phenotypes of Plekhg5 depletion. Thus, the Rho-GEF
Plekhg5 regulates cell polarity, adhesion, migration, and podosome
organization in macrophages and osteoclasts.

One of the most important findings is that Plekhg5 is implicated in
cell polarity in both of macrophages and osteoclasts. The formation of
larger cells in Plekhg5-depeleted osteoclasts is attributed to the loss of
polarity of macrophages, rather than multinucleation. Several studies
on other cell types have shown that Plekhg5 regulates cell polarity and
morphological changes [33,34]. A recent study with breast cancer cells
has reported that Plekhg5 is implicated in RhoA-mediated cell polarity,
and that Plekhg5-depleted cells exhibit a rounded, flattened shape [35].
The Plekhg5-knockdown phenotype in macrophages and osteoclasts is
reminiscent of that in Plekhg5-depleted breast cancer cells [35]. Since
Plekhg5 depletion has been speculated to cause a dramatic re-
organization of microtubules in other cell types [35], which is probably
one of the main causes of the loss of polarity, Plekhg5 depletion in
osteoclasts also resulted in the similar microtubule-based changes in
polarity. Consistent with this notion, staining patterns of microtubules
in osteoclasts was abnormal. Therefore, the loss of polarity in Plekhg5-
depeleted macrophages and osteoclasts is probably due to the abnormal
reorganization of microtubules.

In addition to cell polarity, Plekhg5 depletion caused abnormal
migration and impaired adhesion. Cell migration is a highly organized
and complicated process that regulates the coordinated activity of cell
adhesion, protrusion, and contraction. In other cell types, Plekhg5 plays
an important role in directional migration [19,36,37]. Knockdown of
Plekhg5 in endothelial cells impairs growth factor-induced cell migra-
tion and angiogenesis [19]. In breast tumor cells, Plekhg5 depletion
impaired directional cell migration [35]. However, these previous stu-
dies have not demonstrated the role of Plekhg5 in random migration
but the directional migration [19,35–37]. Nevertheless, it is likely that

the mechanisms underlying random migration and the directional mi-
gration are different. In in vitro studies, RhoA and RhoB double-defi-
cient neutrophils exhibit increased random migration, but impaired
chemotactic responses to a N-formyl methionyl peptide [38]. Consistent
with these findings, the present study showed that Plekhg5 depletion in
macrophages enhances random migration, but impairs directional mi-
gration. Moreover, podosome organization in Plekhg5-depleted mac-
rophages and osteoclasts was impaired, since functional abnormalities
and morphological abnormalities were observed in these cells. The
former includes decreased migration, adhesion, and matrix/bone de-
gradation as described above, and the latter includes less developed
protrusions, the abnormal ratio of 4 types of podosomes, abnormal
localization of the adhesion molecules (vinculin) actin regulators (actin,
cofilin), microtubule regulators (α-tubulin, EB1), and Rho-GTPase
(RhoA), and aberrant upregulation of mDia1 and LIMK1. Considering
that podosomes regulate adhesion, migration, and matrix degradation,
Plekhg5 is likely to be an important regulator of podosome organization
in osteoclasts.

Overexpression of Plekhg5 failed to increase the protein level, but
induced a massive increase in its mRNA level. The precise mechanisms
of the discrepancy between the mRNA and the protein levels are un-
clear at present. However, because pharmacological inhibition of the
proteasome induced a slightly increase of the Plekhg5 protein, it is
likely that the overexpressed Plekhg5 protein in RAW-D cells is partially
degraded by the proteasome.

The present study did not identify molecule(s) that interact with
Plekhg5 in macrophages and osteoclasts. Thus far, there are many
studies on other cell types have investigated Plekhg5-interacting mo-
lecules. Originally, Plekhg5 was known to be a RhoA-GEF [14,36,37].
Recently, however, Plekhg5 has been shown to interact with the Rho-
GTPases Rnd3 not through the Dbl homology, but rather through a
region similar to the classic Raf1 Ras-binding domain [33]. Myosin VI
and synectin form a complex with Plekhg5 that likely associates with
the actin cytoskeleton and could facilitate retrograde translocation of
the complex along actin filaments [33,36,39]. The 14-3-3 family of
proteins are associated with Plekhg5 at the N-and C-terminal regions in
a phosphorylation-dependent manner [40]. The interaction of 14-3-3
proteins inhibits the GEF activity of Plekhg5. Angiomotin, a membrane-
associated scaffold, forms a ternary complex together with the multi-
PDZ-domain protein Mupp1 and Plekhg5 [14,19]. This complex reg-
ulates RhoA activity at the leading edge in migrating cells and knock-
down of either angiomotin or Plekhg5 inhibits migration of interseg-
mental vessels during angiogenesis in zebrafish and mice. Considering
that depletion of Mupp1 induced the activation of c-Src [14], it is
reasonable to speculate on the possible association between Mupp1 and
Plekhg5 in osteoclasts. Therefore, it is of important to determine the
interacting molecules in macrophages and osteoclasts in further studies.

5. Conclusion

This study shows that Plekhg5 causes reduced cell polarity along
with an elongated and flattened cell shape in macrophages and osteo-
clasts. Plekhg5 affects random or directional migration, adhesion, and

Fig. 7. Protein levels and localization of molecules involved in a Rho-mDia-EB1 pathway in Plekhg5-knockdown cells. (A) Immunoblotting of RhoA in control and Plekhg5-
depleted cells. Cell lysates from control and Plekhg5-knockdown macrophages or osteoclasts were subjected to immunoblotting with anti-RhoA Abs. Anti-GAPDH mAbs served as loading
controls. (B, C) Localization of RhoA in control and Plekhg5-knockdown cells. The cells on coverslips were fixed, permeabilized with 0.01% digitonin in PBS, and then allowed to react
with an anti-RhoA Ab. After washing, the samples were incubated with a fluorescence-labeled secondary antibody (green) and rhodamine-phalloidin (red), and analyzed by confocal
microscopy. (B); macrophages, (C); osteoclasts. (D, F), Immunoblotting of mDia1 and EB1 in control and Plekhg5-depleted cells. Cell lysates from control and Plekhg5-knockdown
macrophages and osteoclasts on the day 6 after RANKL stimulation were subjected to immunoblotting with anti-mDia1, EB1, and GAPDH Abs, respectively. GAPDH served as a loading
control. (E) Cell lysates from control and Plekhg5-knockdown macrophages treated with or without M-CSF (50 ng/mL) for 60 min were subjected to immunoblotting with anti-mDia1 and
EB1, α-tubulin and GAPDH Abs, respectively (F) Cell lysates from control and Plekhg5-knockdown osteoclasts treated with or without M-CSF (50 ng/mL) for 60 min were subjected to
immunoblotting with anti-mDia1 and EB1, α-tubulin and GAPDH Abs, respectively. (G) Localization of EB1 and F-actin in control and Plekhg5-knockdown macrophages. (H) Localization
of EB1 and F-actin in control and Plekhg5-knockdown osteoclasts. (I) Localization of α-tubulin and F-actin in control and Plekhg5-knockdown macrophages. (J) Localization of α-tubulin
and F-actin in control and Plekhg5-knockdown osteoclasts. Scale bars: 10 µm.
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matrix/bone degradation in macrophages and osteoclasts.
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Fig. 8. Signaling and localization of molecules in Rho-LIMK-cofilin pathway and the vinculin protein in Plekhg5-knockdown cells. (A, B) Immunoblotting of control and
Plekhg5-knockdown cells stimulated with M-CSF (50 ng/mL) for the indicated time. Cell lysates were subjected to immunoblotting with LIMK1, p-cofilin, and cofilin Abs. GAPDH served
as a loading control. (A); macrophages, (B); osteoclasts C-D, Localization of cofilin in control and Plekhg5-knockdown cells. The cells on coverslips were fixed, permeabilized with 0.01%
digitonin in PBS, and then allowed to react with an anti-cofilin Ab. After washing, the samples were incubated with a fluorescence-labeled secondary antibody (green) and rhodamine-
phalloidin (red), and analyzed by confocal microscopy. (C); macrophages, (D); osteoclasts. (E-G) Immunoblotting of cell lysates from control and Plekhg5-knockdown cells. (E) Cell
lysates from control and Plekhg5-knockdown macrophages treated without or with RANKL (100 ng/mL) for 6 days were subjected to immunoblotting with vinculin Abs. (F) Cell lysates
from control and Plekhg5-knockdown macrophages treated without or with M-CSF (50 ng/mL) for 60 min were subjected to immunoblotting with vinculin Abs. (G) Cell lysates from
control and Plekhg5-knockdown osteoclasts with treated without or with M-CSF (50 ng/mL) for 60 min were subjected to immunoblotting with vinculin Abs. (H) Localization of vinculin
and F-actin in control and Plekhg5-knockdown macrophages. (I) Localization of vinculin and F-actin in control and Plekhg5-knockdown osteoclasts. Scale bars: (C, D) 20 µm and (H, I)
10 µm.

Fig. 9. Expression levels and several phenotypes in overexpressed-Plekhg5 RAW-D macrophages and HEK 293Tcells. (A) RAW-D cells were transfected with control or Plekhg5
vector. Efficiency of Plekhg5 overexpression was analyzed by quantitative real-time PCR. (B) Immunoblot analysis of Plekhg5 in control and Plekhg5-overexpressing RAW-D cells
stimulated with RANKL for 3 or 6 days. The cell lysates with equal amounts of protein were subjected to SDS-PAGE, followed by western blotting with anti-Plekhg5 antibody or Anti-
GAPDH antibody served as a loading control. (C) mRNA levels of Plekhg5 in control and Plekhg5-overexpressing HEK293T cells. (D) Immunoblot analysis of Plekhg5 in control and
Plekhg5-overexpressing HEK293T cells. The cell lysates with equal amounts of protein were subjected to SDS-PAGE, followed by western blotting with anti-Plekhg5 antibody or Anti-
GAPDH antibody served as a loading control.
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