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Abstract. Osteosarcoma (OS) is a primary malignancy of the 
bone, with a tendency to metastasize early. Despite intensive 
chemotherapy and surgical resection, more than 30% of patients 
develop distant metastases, and the prognosis of patients with 
metastases is essentially poor. Members of the protein kinase D 
(PKD) family are serine/threonine kinases, and have been 
studied in various cancers. Among the three different isoforms 
of this family, PKD1 is one of the best understood for its role 
in human malignancies; however, its role in musculoskeletal 
tumors has not been studied. In the present study, we investi-
gated the role of PKD1 in human OS. We first analyzed PKD1 
mRNA expression in human musculoskeletal tumor tissue 
samples by quantitative real-time PCR. PKD1 expression in OS 
samples was significantly lower than that in benign schwan-
noma samples, and this was correlated with metastatic potential. 
In in vitro studies, overexpression of PKD1 by plasmid transfec-
tion decreased OS cell invasion, migration and proliferation, 
and significantly decreased matrix metalloproteinase (MMP)2 
mRNA expression. Conversely, siRNA knockdown of PKD1 
increased invasion, migration and proliferation of OS cells, and 
MMP2 expression was markedly increased. Furthermore, over-
expression of PKD1 significantly reduced in vivo tumor growth 
of OS cells. These results demonstrated that low expression of 
PKD1 may contribute to increased cell invasion, migration and 
proliferation ability of human OS. Taken together, our findings 
strongly suggest that PKD1 may negatively regulate the malig-
nant potential of human OS, and may be a therapeutic target for 
human OS in the clinical setting.

Introduction

Osteosarcoma (OS) is a primary malignancy of bone and has a 
high propensity for early metastasis, with the lung being the most 

common metastatic site. Currently, more than 30% of patients 
with localized disease eventually develop distant metastases, 
even after intensive chemotherapy and surgical treatment (1), and 
despite extensive efforts, the outcome of patients with OS has not 
significantly improved during the past decade. Molecular mech-
anisms underlying progression of OS are still largely unknown; 
therefore, there is a great need to understand the mechanisms of 
tumor progression before more targeted therapies can be real-
ized.

Protein kinase D (PKD) constitutes a novel family of serine/
threonine kinases with a homology to conventional protein 
kinase C (PKC) isoforms in the regulatory domain (2) and diacyl-
glycerol (DAG) receptors, which signal downstream of G protein 
coupled receptors (GPCRs) and tyrosine kinase receptors. PKD 
is known to have additional protein modules, including an acidic 
domain, a hydrophobic domain, and a pleckstrin homology 
(PH) domain, which are not found in other PKCs, however, their 
functions have not been fully defined (3). PKD is now classi-
fied as a subfamily of the calcium/calmodulin-dependent kinase 
(CaMK) superfamily because of its unique substrate specificity, 
which completely differs from other PKCs. PKD is considered 
to be a key regulator of many important cellular processes (4). 
The PKD family consists of three isoforms, PKD1/PKCμ, PKD2 
and PKD3/PKCν, which share unique molecular architecture (3). 
Among the three different isoforms, PKD1 is the most exten-
sively characterized. It is a target of DAG and a direct substrate 
of PKCs, and recent studies revealed that PKD1 has important 
functions in the regulation of cancer cell adhesion, vesicle 
transport, survival, migration, invasion, proliferation and apop-
tosis (5-8). A potential mechanism of PKD1 regulation of cell 
survival is via activation of the nuclear factor (NF)-κB pathway 
(8). PKD1 has been implicated in the regulation of a variety of 
cellular functions, including DNA synthesis, cell proliferation 
(9), cell migration (10), and NF-κB-mediated gene expression. 
However, recent studies demonstrated that PKD1 acts as a nega-
tive regulator in several cancer cells (11,12). PKD1 inhibits cell 
migration of prostate cancer cells (11), and in breast cancer cells, 
PKD1 negatively regulates cell motility via its activation by the 
RhoGTPase RhoA, which has also been implicated in the inhibi-
tion of cell migration (13). Expression of PKD1 is downregulated 
in androgen-independent prostate cancer (14), and in gastric 
cancer its promoter is epigenetically-silenced by methylation 
events (15). PKD1 has been also reported as a regulator of the 
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matrix metalloproteinase (MMP) expression and inhibits breast 
cancer cell invasion (16). Thus, PKD1 has opposing biological 
functions depending on the cell type-specific environment; 
however, the role of PKD1 in OS is not fully understood.

For the development of metastases, tumor cells require 
invasive capacity in order to degrade the extracellular matrix 
(ECM) (17), and MMPs are known to degrade most components 
of ECM (18). In various human malignancies, the increased 
expression of certain MMPs correlates with tumor expansion, 
invasiveness and poor prognosis of patients with the disease (19), 
and among them, MMP2 is associated with tumor invasiveness 
and metastatic potential in OS (20).

Here, we showed that PKD1 expression was decreased in OS 
samples compared with benign schwannoma samples, and that 
its expression in OS samples with metastases was significantly 
lower than in non-metastatic OS samples. In in vitro studies, we 
demonstrated that overexpression of PKD1 by plasmid transfec-
tion decreased OS cell invasion, migration and proliferation, and 
conversely, PKD1 inhibition increased these abilities. We also 
identified PKD1 as an inhibitor of MMP2 expression, which has 
been implicated in the progression of human OS. In addition, 
we found that PKD1 overexpression significantly suppressed 
the in vivo tumor growth of OS cells. Our findings presented in 
the present study strongly suggest that PKD1 may have negative 
effects on tumorigenesis and/or tumor progression of human 
OS, and that PKD1 may be an effective therapeutic target for 
human OS in the clinical setting.

Materials and methods

Musculoskeletal tumor tissue samples and human OS cell lines. 
Twenty-eight human musculoskeletal tumor tissue samples, 
including 13 osteosarcomas (5 samples with lung metastases) 
and 15 schwannomas, were obtained by surgery at Kobe 
University Hospital in accordance with institutional guidelines. 
All patients participating in this study gave informed consent 
prior to surgery. All samples were immediately stored at -80˚C 
until use.

Three human OS cell lines, KHOS, KTHOS and MG63 
were used in the in vitro studies. KHOS and MG63 cells 
were obtained from the American Type Culture Collection 
(ATCC), and the KTHOS cell line was previously established 
in our laboratory (21). Cells were grown in culture medium 
consisting of Dulbecco's modified Eagle's medium (DMEM; 
Sigma-Aldrich Co., St. Louis, MO, USA) supplemented with 
10% fetal bovine serum (FBS; Sigma-Aldrich) and 100 U/ml 
penicillin/streptomycin solution (Sigma-Aldrich). Cell lines 
were routinely maintained at 37˚C in a humidified 5% CO2 
atmosphere.

Quantitative real-time PCR. We isolated total RNAs from tumor 
tissue samples and cell lines using an RNeasy Mini Kit according 
to the manufacturer's protocol (Qiagen, Valencia, CA, USA), and 
first strand cDNAs were transcribed. Quantitative real-time 
PCR (qRT-PCR) was performed in a 20-µl reaction mixture 
using the Power SYBR Green Master Mix reagent (Applied 
Biosystems, Foster City, CA, USA) on an ABI PRISM 7500 
sequence detection system (Applied Biosystems). The PCR 
conditions were as follows: 1 cycle at 95˚C for 10 min followed 
by 40 cycles at 95˚C for 15 sec and 60˚C for 1 min. Primers used 

were: PKD1, 5'-AATTCCTAATGGGGCCAATC-3' and 5'-TGA 
CCACATTTTCTCCCACA-3'; MMP2, 5'-ACAGCAGGTCTC 
AGCCTCAT-3' and 5'-TGCCTCTGGACAACACAGAC-3'; 
PCNA, 5'-ATGCCTTCTGGTGAATTTGC-3' and 5'-TCACTC 
CGTCTTTTGCACAG-3'; β-actin, 5'-GATGAGATTGGCAT 
GGCTTT-3' and 5'-CACCTTCACCGTTCCAGTTT-3'. The 
values were normalized with those for β-actin, and relative 
expression was analyzed using the ∆∆Ct method.

Transfection of OS cell lines with PKD1-expressing plasmid or 
small interfering RNA for PKD1. To evaluate the effect of PKD1 
expression, we transfected OS cells with PKD1-expressing 
plasmid or human PKD1-specific small interfering RNA 
(siRNA).

For PKD1 overexpression, OS cells were transfected with 
a PKD1-expressing plasmid, HA.PKD1 or pcDNA3 as control 
(Addgene, Cambridge, MA, USA). Briefly, 1 day before trans-
fection, cells were seeded in a 6-well culture plate in growth 
medium without antibiotics. Then, cells were transfected with 
2 µg of plasmid using FuGENE HD Transfection Reagent 
according to the manufacturer's protocol (Roche Applied 
Science, Indianapolis, IN, USA). For PKD1 knockdown, we 
used a human PKD1-specific siRNA (PKD1-siRNA) and a 
negative control siRNA (control-siRNA) (Ambion Inc., Austin, 
TX, USA). Cells seeded in a 6-well culture plate were trans-
fected with 100 pmol of either PKD1-siRNA or control-siRNA 
using Lipofectamine 2000 Transfection Reagent according to 
the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA).

Immunoblot analysis. Lysates were extracted from cells using a 
whole cell lysis buffer (Mammalian Protein Extraction Reagent; 
Thermo Scientific, Rockford, IL, USA) supplemented with 
protease and phosphatase inhibitor mix (Roche Applied Science). 
The protein content of lysates was then quantified using BCA 
Protein Assay reagent (Bio-Rad, Richmond, CA, USA). Samples 
containing equal amounts of proteins were electrophoresed 
through 12% polyacrylamide gels, and were transferred onto 
PVDF membranes. After blocking, membranes were incubated 
overnight at 4˚C with the following antibodies in CanGet Signal 
Solution 1 (Toyobo Co., Ltd., Osaka, Japan): anti-human PKD1 
polyclonal antibody (1:1000; Cell Signaling Technology Inc., 
Danvers, MA, USA), anti-human MMP2 polyclonal antibody 
(1:1000; Cell Signaling Technology) and anti-α-tubulin antibody 
(1:10000, Sigma-Aldrich). Following washes, membranes were 
incubated with appropriate secondary antibody conjugated 
to horseradish peroxidase, and were exposed with ECL Plus 
western blotting detection system reagent (GE Healthcare 
Bio-Sciences, Piscataway, NJ, USA). Antibody binding was 
detected by Chemilumino analyzer LAS-3000 mini (Fujifilm, 
Tokyo, Japan).

Cell invasion assays. In vitro invasive properties of OS cells were 
evaluated using transwell chamber invasion assays, as previously 
described (22). After 48 h of plasmid or siRNA transfection, cells 
were added to the upper wells of 24-well transwell chambers 
(BioCoat Matrigel Invasion Chamber; BD Biosciences, Bedford, 
MA, USA), and lower wells were filled with complete growth 
medium. The chambers were incubated to allow cells to invade 
from the upper wells towards the lower wells. After 22 h of incu-
bation, non-invading cells on the upper surface of membranes 
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were removed by scrubbing, and invading cells on the lower 
surface of the membranes were fixed and counted under a light 
microscope in three random fields.

Cell migration assays. We performed in vitro scratch wound- 
healing assays to evaluate OS cell migration as previously 
described (23). After 48 h of transfection, cells were seeded in 
a 6-well culture plate to form a confluent monolayer. A denuded 
area was created by scraping with a sterile 200-µl pipette tip, and 
each well was washed three times with PBS to remove floating 
cells. Scratch wounds were then inspected microscopically and 
photographs of each wound were taken at indicated times (0 and 
16 h after scratch). The distance between the opposing edges of 
wound was measured at two points and averaged.

Cell proliferation assays. We assessed the cell proliferative 
activity of transfected cells using Cell Counting Kit-8 (CCK-8) 
according to the manufacturer's instructions (Dojindo Inc., 
Kumamoto, Japan). Cells that were transfected with plasmid or 
siRNA were seeded in 96-well culture plates in 100 µl culture 
medium. At the indicated times (0, 24, 48 and 72 h of incubation), 
10 µl of the CCK-8 solution was added into each well, and the 
optical density was measured at a wavelength of 450 nm using a 
Model 680 Microplate Reader (Bio-Rad, Richmond, CA, USA) 
after 2 h of further incubation. The relative number of viable cells 
in each well was calculated.

Animal models. Finally, we evaluated the effect of PKD1 over-
expression on in vivo OS cell proliferation using animal models. 
Male athymic BALB/c nude mice, aged 6-8 weeks, obtained 
from CLEA Japan (Tokyo, Japan) were maintained in pathogen-
free conditions and in accordance with institutional principles. 
All animal experiments were performed according to the Guide 
for the Care and Use of Laboratory Animals at the host institu-
tion and were approved by the institutional animal committee. 
A human OS cell line, MG63, was transfected with either 
HA.PKD1 or control plasmid as described above. After 3 days 
of plasmid transfection, cells (4.0x106 cells in 100 µl culture 
medium) were inoculated subcutaneously to the dorsal area of 
nude mice (12 mice for each transfection). After cell inocula-
tion, the volume and body weight of mice was monitored twice 

a week for 28 days. Tumor volume was calculated according 
to the formula V = π/6 x a2 x b, where a and b represent the 
shorter and longer dimensions of the tumor, respectively (24). 
After 28 days of inoculation, mice were euthanized, and tumors 
were excised from the mice. The expression of PKD1 in excised 
tumors was evaluated by qRT-PCR and immunohistochemical 
analysis was performed as previously described (24). For 
immunohistochemical staining, anti-PKD1 antibody (Bioworld 
Technology Inc., Minneapolis, USA) was used as the primary 
antibody.

Statistical analysis. Each experiment was performed at least 
three times independently, and data are presented as the mean 
± SD. For distributed data, the two-tailed t-test was used for a 
comparison between groups. ANOVA with post hoc test was 
used to compare for continuous values. All tests were considered 
significant at P<0.05.

Results

PKD1 expression was significantly lower in OS samples 
compared with benign schwannoma samples, and was associ-
ated with metastatic potential. First, we surveyed the mRNA 
expression of PKD1 in musculoskeletal tumor tissue samples 
by qRT-PCR. We found that PKD1 mRNA expression in OS 
samples was significantly lower than that in benign schwannoma 
samples (*P<0.05, Fig. 1A). In addition, low expression of PKD1 
showed a significant correlation with lung metastases in OS 
samples (*P<0.05, Fig. 1B). These results suggest that low expres-
sion of PKD1 contributes to musculoskeletal tumorigenesis, and 
to the metastatic potential of OS.

PKD1 overexpression decreased OS cell invasion. We performed 
transfection of PKD1-overexpressing plasmid (HA.PKD1) or 
PKD1-siRNA to evaluate the effects of PKD1 expression on OS 
cells. PKD1 expression was sufficiently increased by HA.PKD1 
transfection (Fig. 2A) and was reduced by PKD1-siRNA trans-
fection (Fig. 2B) compared with each control.

To examine the effect of PKD1 expression on OS cell inva-
sion, we performed transwell invasion assays. The number of 
invading cells in HA.PKD1 transfected cells was decreased to 

Figure 1. qRT-PCR analysis of PKD1 mRNA expression in human musculoskeletal tumor tissue samples. (A) mRNA expression of PKD1 in osteosarcoma (OS) 
samples was significantly lower than that in benign schwannoma samples (*P<0.05). (B) In OS samples with lung metastases, mRNA expression of PKD1 was 
significantly lower than that in non-metastatic OS samples (*P<0.05).
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Figure 2. Immunoblot analysis for protein expression of PKD1 in plasmid- or siRNA-transfected OS cells (A and B). We performed transfection of OS cell lines 
with PKD1-overexpressing plasmid (HA.PKD1) or control plasmid (pcDNA3) (A), and PKD1-siRNA or control siRNA (B). In all three OS cell lines, PKD1 protein 
expression was increased by HA.PKD1 transfection (A) and was reduced by PKD1-siRNA transfection (B). Transwell chamber invasion assays of plasmid- or 
siRNA-transfected OS cells (C and D). The number of invading cells in HA.PKD1 transfected cells was decreased to 31 (KHOS), 36 (KTHOS) and 32% (MG63) 
of that in control cells (*P<0.05) (C). Conversely, siRNA knockdown of PKD1 increased the number of invading cells by 253, 206 and 191% of that in control cells, 
respectively (*P<0.05) (D).
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31 (KHOS), 36 (KTHOS) and 32% (MG63) of that of control 
cells (*P<0.05, Fig. 2C), and conversely, siRNA knockdown 
of PKD1 increased OS cell invasion by 253, 206 and 191% 
compared with control cells, respectively (*P<0.05, Fig. 2D). 
These findings strongly suggest that PKD1 has an inhibitory 
effect on OS cell invasion.

OS cell migration was significantly suppressed by PKD1 over-
expression. Since cell migration is necessary at the initiation of 
tumor growth and metastases (25), we next evaluated the role of 
PKD1 on OS cell migration using in vitro scratch wound healing 
assays. At the time of wounding (at 0 h), there was no apparent 
difference between cells that were transfected with HA.PKD1 
or PKD1-siRNA or their controls (Fig. 3). After 16 h of incuba-
tion, in all three OS cell lines the wound closure in HA.PKD1 

transfected cells was significantly suppressed compared with 
that in the control (*P<0.05, Fig. 3A). Conversely, in PKD1-
siRNA transfected cells, the wound closure was dramatically 
increased when compared with control (*P<0.05, Fig. 3B).

PKD1 expression negatively regulated MMP2 expression. It is 
known that OS cells produce MMPs to facilitate cell invasion 
and migration (20), and according to previous reports, MMP2 
is strongly related with OS cell invasion and migration (20,26). 
Therefore, we examined the effect of PKD1 expression on MMP2 
regulation. We evaluated the expression of MMP2 in plasmid- or 
siRNA-transfected OS cells using qRT-PCR (Fig. 4A and C), and 
immunoblot analyses (Fig. 4B and D). MMP2 mRNA expression 
was significantly decreased by PKD1 overexpression (*P<0.05, 
Fig. 4A), and was increased by siRNA knockdown of PKD1, 

Figure 3. In vitro scratch wound healing assays of plasmid- or siRNA-transfected OS cell lines. PKD1 overexpression significantly inhibited wound closure in 
all OS cells after 16 h of incubation (*P<0.05) (A), and conversely, siRNA knockdown of PKD1 induced a significant increase in wound closure compared with 
controls (*P<0.05) (B).
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conversely (*P<0.05, Fig. 4C). Immunoblot analyses revealed 
that significant suppression of MMP2 protein expression was 
observed in PKD1-overexpressing OS cells (Fig. 4B), and PKD1 
knockdown strongly increased MMP2 protein expression 
(Fig. 4D). These results suggest that PKD1 expression negatively 
regulates MMP2 expression, and that OS cell migration and 
invasion properties might be related to PKD1-regulated MMP2 
expression.

OS cell proliferation was decreased by PKD1 overexpression. 
We also assessed the proliferative ability of OS cells that were 
transfected with either HA.PKD1 or PKD1-siRNA. In all cell 
lines, proliferation was significantly reduced by transfection 
of HA.PKD1 (*P<0.05, Fig. 5A), and was strongly increased 
by siRNA knockdown of PKD1 (*P<0.05, Fig. 5B). The results 
were corroborated by PCNA mRNA expression, a cell prolif-
eration marker, using qRT-PCR (Fig. 5). The findings suggest 
that PKD1 has an inhibitory effect on OS cell proliferation.

Overexpression of PKD1 showed a significant inhibitory 
effect on in vivo OS cell proliferation. Finally, we evaluated 
the effect of PKD1 overexpression on in vivo OS cell prolif-
eration. We performed transfection of MG63 cells with 
either HA.PKD1 plasmid or control plasmid (pcDNA3), and 
each group of transfected cells were inoculated subcutane-
ously to the dorsal area of nude mice. Tumor growth formed 
by HA.PKD1 transfected cells was significantly suppressed 
compared with control cells (*P<0.05, Fig. 6A). qRT-PCR and 
immunohistochemical analysis of the tumors revealed that 
PKD1 expression was increased in tumors that were formed by 
HA.PKD1 transfected cells (*P<0.05, Fig. 6B-D). The results 
indicate that PKD1 overexpression decreases in vivo OS cell 
proliferation.

Discussion

Protein kinases are of particular interest in the treatment of 
human diseases because of their enzymatic activities and 
susceptibilities to successful therapeutic targeting (27). Since 
it was established that PKC is a high-affinity intracellular 
receptor for the phorbol-ester tumor promoters (28), many 
studies of PKC isozymes have been performed to elucidate 
their roles in cancer signal transduction pathways. Several 
studies have focused on PKC isozymes in musculoskeletal 
tumors (29-32). Kang et al reported that PKCθ expression is 
increased in Ewing's sarcoma (31), while Tirado et al demon-
strated that PKCα phosphorylation promotes resistance to 
chemotherapy-induced apoptosis in Ewing's sarcoma cells 
(32). We have previously demonstrated that PKC412, a selec-
tive inhibitor of classical PKC, has an inhibitory effect on cell 
proliferation in human osteosarcoma and MFH cell lines by 
reducing PKCα activity (29). Our recent study revealed that 
PKCδ has a negative effect on tumorigenesis and/or acts as a 
pro-apoptotic kinase in human MFH cells (30).

PKD1, a PKC-related kinase, has been shown to play 
important roles in multiple cellular functions, including cell 
proliferation, migration, invasion, DNA synthesis, apoptosis, 
oxidative stress response, immune response and other intracel-
lular signal transduction pathways (27). Previous studies revealed 
that PKD1 is dysregulated in several cancer types (14-16). Kim 
et al analyzed PKD1 expression levels in primary gastric tumors 
and in gastric cancer cell lines, and revealed that the expression 
was decreased due to hypermethylation of the PKD1 promoter 
region (15). Analysis of invasive human breast tumors has 
revealed that PKD1 expression is downregulated in infiltrating 
ductal carcinoma compared to normal breast tissues (16), and 
androgen-independent human prostate cancer also showed 

Figure 4. Expression of MMP2 in OS cells transfected with either HA.PKD1 plasmid or PKD1-siRNA. In PKD1-overexpressing OS cells, MMP2 expression 
was significantly decreased at both the mRNA (*P<0.05) (A) and protein level (B) compared with control cells. Conversely, expression was increased by PKD1 
knockdown at both the mRNA (*P<0.05) (C) and protein level (D).
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reduced PKD1 expression (14). Therefore, PKD1 has recently 
received a considerable attention as a potential therapeutic target 
for human malignancies. On the other hand, studies focused on 
PKD1 in human pancreatic ductal adenocarcinoma and basal 
cell carcinoma have shown an opposing role for PKD1 (33,34). 
There is even a report that PKD1 expression level was elevated in 
human prostate carcinoma tissues compared to normal prostate 
epithelial tissues (35). However, the role of PKD1 in musculo-
skeletal tumors is still unclear. We speculated that PKD1 is 
related with musculoskeletal tumorigenesis similarly to other 
cancers, and examined the expression of PKD1 in musculo-

skeletal tumors. We found that mRNA expression of PKD1 in 
OS samples was significantly lower than that in benign schwan-
noma samples.

OS is a malignant bone-forming mesenchymal tumor and 
represents the most common primary tumor of the bone (1,36). In 
aggressive growth, the worst problem of OS is their high propen-
sity to form pulmonary metastases (37), and metastatic lesions 
have already developed in some cases by the time diagnosis 
has been made. Over the past two decades, progress in modern 
chemotherapy has improved the prognosis of patients with the 
disease (37), however the prognosis depends on the existence of 

Figure 5. Cell proliferation assays and PCNA expression in PKD1 plasmid- or siRNA-transfected OS cells. Cell proliferation was significantly reduced by 
overexpression of PKD1 (*P<0.05) (A), and was increased by PKD1 knockdown (*P<0.05) (B). The results corroborated with mRNA expression of PCNA under 
the same conditions (*P<0.05) (A and B).
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metastatic lesions rather than the primary tumor (38). Metastasis 
is considered to be the final step in the process of multistep 
tumorigenesis of malignant tumors (39), and is a complex process 
that is dependent on the capacity of a tumor cell capacity to 
invade, migrate and proliferate (25,40). Previous studies reported 
that changes in PKC activity affects the malignant phenotypic 
characteristics in various cancers through cell signaling cascades 
(41). Jaggi et al reported that decreased PKD1 activity contrib-
utes to the malignant phenotype in androgen-independent 
prostate cancer because PKD1 is involved in multiple malignant 
processes (14), and PKD1 is also reported to be an inhibitor of 
breast cancer cell invasion (16). Therefore, we speculated that 
decreased PKD1 contributes to the malignant phenotype in OS, 
and revealed that PKD1 expression in metastatic OS samples 
was significantly lower than that in non-metastatic OS samples. 
Our findings suggest a significant correlation between PKD1 and 
metastatic potential of OS.

We next performed transfection of OS cell lines with PKD1-
overexpressing plasmid or PKD1-siRNA to evaluate the direct 
effects of PKD1 expression on OS cell invasion, migration and 
proliferation in vitro. We demonstrated that PKD1 overexpres-
sion significantly inhibited OS cell invasion and migration 

with suppression of MMP2 expression, and reduced cell prolif-
eration. Conversely, siRNA knockdown of PKD1 dramatically 
increased cell invasion, migration, elevated the expression of 
MMP2, and enhanced proliferation of OS cells. These findings 
suggest that reduced expression of PKD1 is associated with 
oncogenic events in OS cells, consistent with previous reports 
(11,15,16,42,43).

Migration is crucial for cancer cell spread (44), and can 
be classified into collective and single cell migration. Single 
migration consists of two alternative mechanisms of migration, 
namely amoeboid and mesenchymal migration (45). According 
to a report by Yui et al (46), acquisition of the mesenchymal 
mode of migration is critical in pulmonary metastasis of OS, 
which is mesenchymal in origin. This report also demonstrated 
that Rho-associated kinase (ROCK) inhibitor increases OS cell 
migration with induction of migration mode from amoeboid 
to mesenchymal (46). PKD1 is activated by RhoA via ROCK, 
which has a serine/threonine domain (47), and Matsumoto et al 
reported that highly activated Rho-ROCK pathway inhibited OS 
cell invasion and migration with decreasing MMP2 activity (48). 
Therefore, a possible mechanism of activation of OS cell migra-
tion is through Rho-ROCK-PKD1 pathway signaling.

Figure 6. Effect of PKD1 overexpression on in vivo OS cell proliferation. We performed transfection of MG63 cells with either HA.PKD1 or control plasmid 
(pcDNA3), and subcutaneous inoculation of transfected cells into the dorsal region of nude mice (n=12). There was no significant difference in body weight 
between the two groups (data not shown) during the experiments. The volume of tumors in HA.PKD1 transfected group was significantly lower than that in 
control group after 17 days of inoculation (*P<0.05) (A). qRT-PCR showed that PKD1 expression in tumors in the HA.PKD1 transfected group was significantly 
increased compared with control (*P<0.05) (B), and increased PKD1 expression in tumors were also detected by immunohistochemical staining (C and D). Red 
arrows indicate PKD1-overexpressing cells (C).
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In breast cancer, tumor cells invade surrounding tissues by 
breaking through the basal membrane using invadopodia, which 
participates in proteolytic matrix degradation (6), and PKD1 
forms a complex with cortactin and paxillin, both of which 
are associated with invadopodia membranes (6). Enomoto et al 
reported that, in OS cells, suppressed expression of either Wnt5a 
or Ror2 inhibits cell invasiveness accompanying decreased 
invadopodia formation (49). One of the most important steps 
in the metastatic process is the degradation of extracellular 
matrix (ECM), which allows a cell to invade and migrate to 
surrounding area (19), and MMPs have been shown to play a 
crucial role in helping cancer cells invade through the ECM 
and form metastatic lesions (50). Previous studies demonstrated 
that highly invasive OS expresses greater levels of MMP2 than 
poorly invasive OS (20), and that OS cell invasion and migration 
are decreased by reduced MMP2 expression (26). From these 
reports, we hypothesized that MMP2 may be a key target for 
PKD1-related migration and invasion. Then, we examined the 
direct effect of PKD1 expression on MMP2 expression in OS 
cell lines, and found that MMP2 expression was decreased 
by PKD1 overexpression, and conversely increased by PKD1 
knockdown. Consistent with previous reports (16,43), our data 
strongly suggest that overexpression of PKD1 may prevent 
OS cell migration and invasion by reducing the expression of 
MMP2. Furthermore, we examined the effect of PKD1 over-
expression on in vivo OS cell growth, and revealed that tumor 
growth formed by PKD1-overexpressing OS cells was signifi-
cantly decreased compared with control. The result indicates 
that targeting PKD1 is an effective tool for human OS in the 
clinical setting.

Taken together, these data are consistent with the possibility 
that PKD1 plays an important functional role in preventing 
tumorigenesis in human OS in vitro and in vivo. To our 
knowledge, this is the first report of the anti-tumoral effect of 
PKD1 on cell invasion, migration and proliferation in human 
OS. In conclusion, our findings strongly indicate that PKD1 
may be a promising target for treatment and as a biomarker of 
progression of human OS.
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