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migration, and metastasis of osteosarcoma cells
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Osteosarcoma is the most frequent primary bone tumor. Serine/threonine protein phosphatase 2A (PP2A) participates in
regulating many important physiological processes, such as cell cycle, growth, apoptosis, and signal transduction. In this
study, we examined the expression and function of PP2A Cα in osteosarcoma cells. PP2A Cα expression was expected
to be higher in malignant osteosarcoma tissues. PP2A Cα expression level and PP2A activity was higher in malignant
osteosarcoma LM8 cells compared with that in primary osteoblasts and in the osteoblast-like cell line MC3T3-E1. Okadaic
acid, an inhibitor of PP2A, reduced cell viability and induced apoptosis in LM8 cells. PP2A Cα-knockdown LM8 cells
(shPP2A) exhibited less striking filopodial and lamellipodial structures than that in original LM8 cells. Focal adhesion kinase
phosphorylation and NF-κB activity decreased in shPP2A-treated cells. Sensitivity to serum deprivation-induced apoptosis
increased in shPP2A-treated cells, accompanied by a lower expression level of anti-apoptotic BCL-2 in these cells.
Reduction of PP2A Cα resulted in a decrease in the migration ability of LM8 cells in vitro. Reduction in PP2A Cα levels
in vivo suppressed proliferation and metastasis in LM8 cells. PP2A Cα expression was also higher in human osteosarcoma
MG63 and SaOS-2 cells than that in primary osteoblasts and MC3T3-E1 cells, and reduction in PP2A Cα levels suppressed
the cell proliferation rate and migration ability of MG63 cells. These results indicate that PP2A Cα has a critical role in
the proliferation and metastasis of osteosarcoma cells; therefore, its inhibition could potentially suppress the malignancy
of osteosarcoma cells.
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Osteosarcoma is the most frequent primary malignant tumor
of the skeleton, usually developing before 30 years of age.1,2

Osteosarcoma grows aggressively at the primary site and often
develops subclinical micrometastasis in the lung before diag-
nosis, with consequently poor prognosis. The usual treatment
for osteosarcoma is the complete removal of the primary
lesion by wide surgical resection and aggressive adjuvant
chemotherapy.3,4 Despite progress in chemotherapy for
osteosarcoma, distant metastasis is the major cause of
mortality. Therefore, the prevention of pulmonary metastases
during the early stage of tumor development is critical to
improve the prognosis for patients with osteosarcoma.

The LM8 osteosarcoma cell line was established from
murine Dunn osteosarcoma cells inoculated i.v. into male
C3H mice through the tail vein.5,6 Compared with Dunn
cells, LM8 cells exhibit more striking filopodial and
lamellipodial structures, and have higher proliferation rates

and metastatic potentiality to the lung.6 LM8 cells were
also reported to possess activated focal adhesion kinase (FAK)
and high NF-κB activity.7,8 Therefore, LM8 cells could be a
useful tool to study the mechanisms involved in proliferation
and metastasis of osteosarcoma.

Protein phosphatases regulate many key cellular processes
including glycogen metabolism, cell cycle, and protein
synthesis. Based on their biochemical parameters, serine/
threonine phosphatases were initially divided into two classes:
type 1 phosphatases (PP1) and type 2 phosphatases (PP2).9,10

Furthermore, PP2 comprises three enzymes (PP2A, PP2B,
and PP2C) that can be distinguished by their cation
requirements.9,10 Of these, PP2A refers to a large family of
heterotrimeric phosphatases in eukaryotic cells.11 PP2A com-
prises a structural A subunit, a regulatory B subunit, and a
catalytic C subunit.12,13 The catalytic C subunit is divided into
two isoforms, Cα and Cβ. Cα transcripts are about 10-fold
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more abundant in many tissues.14 A combinatorial assembly
of A, B, and C subunits permits the formation of many
distinct PP2A complexes, which have been implicated in the
control of various cellular processes, including cell prolifera-
tion, survival, adhesion, and cytoskeletal dynamics.12 Knock-
out mice lacking the PP2A C subunit α-isoform (PP2A Cα)
showed embryonic lethality and an absence of mesoderm
induction,14,15 indicating that PP2A Cα has a pivotal role in
the development of mesenchymal cells including osteoblasts.
We have previously reported that okadaic acid (OA), a potent
inhibitor of PP2A, induces apoptosis in the human osteo-
sarcoma cell lines, MG63 and SaOS-2,16–18 suggesting that
PP2A is involved in proliferation and apoptosis of osteo-
sarcoma cells. Furthermore, we also demonstrated that
PP2A Cα has important roles in bone formation and osteo-
blast differentiation through bone-specific genes including
Osterix.19,20 PP2A Cα is also involved in the osteoblast function
of controlling osteoclastogenesis.21 PP2A Cα is a key regulator
of osteoblast differentiation and function, which suggests that it
also has an important role in the proliferation and metastasis of
osteosarcoma cells, because osteosarcoma cells are derived from
osteoblasts with malignant mutations. However, the role of
PP2A Cα in osteosarcoma cells has not been investigated.

Diverse conditions such as serum deprivation induce
apoptosis through the intrinsic mitochondrial pathway.
BCL-2 family proteins comprise anti-apoptotic factors
(BCL-2, BCL-XL) and pro-apoptotic factors (BAX, BIM).
These members are critical regulators of cell survival and death,
controlling the integrity of the mitochondrial membrane.22

The expression patterns of BCL-2 family proteins elicit the
release of cytochrome C from mitochondria, which in turn
induces caspase-3 activation and poly ADP-ribose polymerase
(PARP) cleavage.22–24 Therefore, the ratio between the anti-
apoptotic and pro-apoptotic BCL-2 family proteins determines
the susceptibility of cells to death signals.

In this study, we examined the role of PP2A Cα in the
proliferation, migration, and metastasis of osteosarcoma cells
in vitro and in vivo.

MATERIALS AND METHODS
Materials
PP2A Cα, caspase-3, PARP, Bcl-2, Bim, Bax, and Bcl-xL
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). β-actin and phospho-FAK antibodies
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Proliferating cell nuclear antigen (PCNA) antibody was
purchased from DAKO (Glostrup, Denmark). Rhodamine–
phalloidin was purchased from Life Technologies (Grand
Island, NY, USA). OA was purchased from Wako (Osaka,
Japan). The other materials used were of the highest grade
available commercially.

Immunohistochemical Analysis
Osteosarcoma sections on a tumor tissue slide array (Super
Bio Chips, Seoul, Korea) were analyzed by immunohisto-

chemistry using PP2A Cα antibody. After washing in
phosphate-buffered saline (PBS), the sections were incubated
with anti-rabbit biotinylated secondary antibody and avidin–
biotin–peroxidase complex (Nakalai Tesque, Kyoto, Japan).
The reaction was then developed with a peroxidase stain DAB
kit (Nakalai Tesque). Specificity of immune reactivity of PP2A
Cα antibody was confirmed using an ileum section stained
with this antibody as positive and negative controls. As a
negative control, primary PP2A Cα antibody was replaced
with non-immune normal rabbit serum. Histopathological
information for the tissues on the slide is provided online
(http://www.novusbio.com/Osteosarcoma-Tissue-Micro-Array_
NBP2-30289.html).

Cell Culture
Mouse preosteoblastic MC3T3-E1 and osteosarcoma LM8
cells were obtained from Riken Cell Bank (Tsukuba, Japan).
Human osteosarcoma cell lines MG63 and SaOS-2 were
purchased from the American Type Culture Collection
(Rockville, MD, USA). Primary calvarial osteoblasts were
isolated from 3-day-old mice. Cells were cultured in α-MEM
supplemented with 10% fetal bovine serum (FBS) at 37 °C
under a humidified atmosphere of 5% CO2.

SDS–PAGE and Western Blot Analysis
Protein samples and pre-stained molecular weight markers
(Bio-Rad, Hercules, CA, USA) were separated by SDS–PAGE
and transferred to PVDF membranes (Millipore, Medford,
MA, USA). The membranes were incubated overnight at 4 °C
in blocking solution containing specific antibodies (diluted at
1:1000). After being washed in PBS-Tween, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies (diluted at 1:5000). The proteins recog-
nized by the antibodies were visualized with an Immobilon
western detection kit (Millipore).

Serine/Threonine Protein Phosphatase Activity Assays
The activity of serine/threonine phosphatase was determined
using a nonradioactive molybdate dye-based phosphatase
assay kit (Promega, Madison, WI, USA) according to the
manufacturer’s recommendations. Absorbance at 630 nm was
measured using an iMark Absorbance Reader (Bio-Rad,
Hercules, CA, USA) and the amount of phosphate released
was calculated using the standard curve.

Cell Viability Assay
The cells were seeded into a 96-well plate at a density of
0.2 × 104 cells/well. After attachment, the cells were treated
with OA for 24 h. Cell viability was measured using a Cell
Counting Kit (Dojindo, Kumamoto, Japan).

Transfection
A pGL4 expression vector (Promega) was transfected into the
cells using the Lipofectamine reagent (Life technologies). The
cells were cultured with 600 μg/ml Geneticin (G418) for
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10 days. Positive clones stably expressing the luciferase gene
were selected and infected with MISSION shRNA lentiviral
transduction particles for PP2A Cα (NM_019411, Sigma-
Aldrich) according to the manufacturerʼs directions, and
the stable clones (shPP2A) were obtained after puromycin
(5 μg/ml) selection. MISSION Non-Target shRNA lentiviral
transduction particles were used as negative control (shCont).
To detect bioluminescence in cultured cells using an IVIS
spectrum (Caliper, PerkinElmer), D-luciferin (10 μg/ml) was
added to the culture dish. The luciferase produced by viable
LM8 cells reacts with luciferin and generates bioluminescence.
Bioluminescence was calculated by integrating the bio-
luminescence signal between 5 and 10 min after i.v. injection
or after direct addition to the cultured cells. For transient
silencing of PP2A Cα, MG63 cells were transfected with vali-
dated stealth siRNA targeting human PP2A Cα (#HSS108358,
Invitrogen) with Lipofectamine 2000 (Invitrogen) (siPP2A).
Nonspecific siRNA (Invitrogen) was also transfected as a
negative control (siCont).

Immunocytochemistry
Cells were grown on sterile 18-mm round glass coverslips
placed in 60-mm plastic dishes. After blocking, the coverslips
were incubated for 30 min with a rhodamine–phalloidin or an
anti-phospho-FAK antibody diluted at 1:200 in 4% BSA. After
three washes with PBS, they were incubated with Alexa Fluor
488 goat anti-mouse IgG (Invitrogen). After incubation
with 10 μg/ml Hoechst 33342 for 30 min, the coverslips were
mounted with fluorescent mounting medium (Dako,
Glostrup, Denmark). The cells were examined under an
Olympus BX50 microscope equipped with epifluorescence
illumination and a U-MNIBA filter for green, blue, and red
fluorescence (Olympus, Tokyo, Japan). Photomicrographs
were recorded on a computer (Olympus, DP70-WPCXP).

Luciferase Assay
An NF-κB luciferase reporter was obtained from Stratagene
(La Jolla, CA, USA). Cells were transfected with NF-κB
reporter vector with the aid of Lipofectamine LTX reagent
(Life technologies). The cells were cultured for another 24 h
and total cell lysates were prepared using the Dual-Glo
Luciferase Assay System (Promega) and assessed for luciferase
activity. The efficiency of transfection was standardized by
co-transfection with pTK-Renilla (Promega).

In Vitro Migration Assay
Migration was analyzed in a Boyden chamber assay using
Falcon cell culture inserts (pore size 8 μm; Becton Dickinson,
Frankinson Lakes, NJ, USA). The upper chamber of the insert
was filled with 500 μl serum-free medium containing cells
and 1 ml serum-containing medium was added into the lower
chamber. After incubation for 24 h, the remaining cells on
the upper surface of the membrane were removed and the
migrated cells on the lower surface were fixed and stained
with trypan blue. Cells that had penetrated through the

8 μm-pore culture inserts were counted using a light scope.
For the scratch assay, cells were grown to confluence on
culture dishes and a scratch was made in the cell monolayer
using a sterile pipette tip. Cells were washed with PBS and
then cultured for another 12 h. Cells were photographed
before and after treatment and gap widths were measured
using ImageJ software.

Seahorse XF24 Metabolic Flux Analysis
To measure the mitochondrial bioenergetics profile in live
cells, a Seahorse Bioscience XF24 Extracellular Flux Analyzer
was used (Seahorse Bioscience, North Billerica, MA, USA).
Cells were plated on XF24 plates and allowed to settle for
24 h. The cells were transferred into the recommended
XF Assay medium (phenol red-free DMEM assay medium
containing 2 mM Glutamax, 1 mM sodium pyruvate, 25 mM
glucose and 1.85 g/l NaCl, pH 7.4) and maintained at 37 °C in
a non-CO2 incubator for 1 h before performing the assay.
Dual-analyte sensor cartridges were preincubated overnight in
XF24 Calibrant solution (Seahorse Bioscience). Mitochon-
drial function was interrogated by the sequential injection of
oligomycin A (1 μM), FCCP (0.5 μM) and rotenone (2 μM) in
combination with antimycin A (1 μM). Oxygen consumption
rate (OCR, pmol O2/min) was automatically calculated and
recorded by the Seahorse XF24 software.

Measurement of Phosphatidylserine (PS) Exposure
The level of PS exposure was determined by measuring
the extent of annexin V-fluorescein isothiocyanate (FITC)
binding using an apoptosis detection kit (Beckman Coulter,
Miami, FL, USA). Briefly, the cells were collected, washed
with PBS, and resuspended in 1 × binding buffer at a concen-
tration of 1 × 106 cells/ml. Overall, 5 μl of annexin V-FITC
and 2.5 μl of propidium iodide (PI, final conc. 250 μg/ml)
were added to 100 μl of the cell suspension. After incubation
for 15 min on ice, the cells were sequentially analyzed by cell
analyzer (EPICS XL-MCL, Beckman Coulter).

Subcutaneous and Intratibial Transplantation Studies
Six- to eight-week-old BALB/c mice were purchased from
Japan SLC (Hamamatsu, Japan). All mice studied were reared
in our specific pathogen-free mouse colony and given food
and water ad libitum. Experiments were humanely conducted
under the regulation and permission of the Animal Care and
Use Committee of the University of Tokushima, Tokushima,
Japan (toku-dobutsu 12031). For the proliferation studies,
1 × 106 cells were mixed with an equal volume of BD Matrigel
basement membrane and subcutaneously transplanted into
the back of five mice in each group. For the metastasis studies,
1 × 106 cells were injected intraosseously into the proximal
part of the tibia shaft of five mice in each group. These
subcutaneous and intratibial transplantations were indepen-
dently performed three times. Cell growth and metastasis
were monitored every 2 days using IVIS spectrum (Caliper,
PerkinElmer). The mice were anesthetized and injected IP
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with luciferin at 150 mg/kg in a volume of 150 μl. Images were
recorded and then analyzed using Living Image software
(Xenogen Corporation, Alameda, CA, USA).

Histopathology
Lung and liver tissues were collected from the mice and fixed
with 4% paraformaldehyde overnight at 4 °C. Samples were
washed with PBS three times for 1 h at room temperature.
After dehydration, samples were embedded in paraffin blocks.
Sections were stained with hematoxylin and eosin following
standard procedures and were analyzed by immunohisto-
chemistry using PCNA antibody.

Statistical Analysis
All data were expressed as means± s.d. and a minimum of
three independent experiments were performed for each
assay. Analysis of variance (ANOVA) was used for statistical
analysis. Statistical significance was indicated with ‘*’ (P value
o0.05) or ‘**’ (P value o0.01).

RESULTS
Osteosarcoma Shows Various Expression Patterns of
PP2A Cα
PP2A Cα expression was examined in osteosarcoma tissue
samples. PP2A Cα was detected distributed throughout the
cell cytoplasm, and/or nucleus and high-PP2A Cα expression
levels were observed in 53% (26/49) of the analyzed osteo-
sarcoma tissues (Figure 1a, D–F) compared with non-
malignant granulation tissue (Figure 1a, A). Some osteosar-
coma tissue samples had lower (33%, 16/49) or similar levels
(14%, 7/49) of PP2A Cα expression (Figure 1a, B, and C,
respectively) compared with non-malignant granulation
tissue. Specificity of immune reactivity of the antibody was
examined via staining of the ileum section with (positive) or
without (negative) the primary antibody. We also examined
PP2A Cα expression in primary osteoblasts, osteoblastic
MC3T3-E1, and malignant osteosarcoma LM8 cells. The
expression of PP2A Cα was significantly higher in LM8 cells
compared with that in other cells (Figure 1b). In agreement
with the result of western blot analysis of PP2A Cα
expression, PP2A activity was higher in LM8 cells (Figure 1c).

OA Induces Apoptosis in LM8 Cells
To examine whether PP2A activity is involved in cell viability,
LM8 cells were treated with OA, a potent inhibitor of PP2A.
Figure 2a shows the phase-contrast photomicrographs of the
LM8 cells treated with OA for 24 h. Cell rounding, shrinking,
and floating were caused in a dose-dependent manner by OA
treatment. Treatment with OA decreased cell viability in LM8
cells (Figure 2b). We further examined the effect of OA on cell
viability using the stably transfected luciferase-expressing LM8
cells (LM8-Luc). As shown in Figure 2c (left panel), treatment
with luciferin (Luci), a substrate of luciferase, allows us to
observe living cells, with corresponding bioluminescence inten-
sity in LM8-Luc cells, but not in original LM8 cells. We treated

LM8-Luc cells with various concentrations of OA for 24 h.
Figure 2c (right panel) shows that OA decreased biolumines-
cence intensity in LM8-Luc cells in a dose-dependent manner,
which is in agreement with the results of the cell morphological
change and viability assay. To examine whether OA induces
apoptosis in LM8 cells, western blot analysis using caspase-3
antibody was performed. Cleaved forms of caspase-3 were
detected in the cells treated with 20 and 50 nM OA (Figure 2d).

Silencing of PP2A Cα Changes Cell Morphology and
Suppresses Cell Growth in LM8 Cells
PP2A Cα-knockdown cells were established by transfecting
shRNA into luciferase-expressing LM8 cells. Figure 3a shows
that shPP2A cells express lower levels of PP2A Cα compared
with that in shCont cells. In agreement with this result, PP2A
activity was lower in shPP2A cells than in shCont cells
(Figure 3b). As shown in Figure 3c, shCont cells and the
original LM8 cells showed considerably higher numbers of
filopodia per cell. However, shPP2A cells had a comparatively
spindle-shaped morphology with a smooth cell surface. One
thousand cells were plated in 35 mm plastic dishes, and
cell numbers were measured every day for 3 days (Figure 3d).
The shPP2A cells grew more slowly than shCont cells.
The number of shPP2A cells at day 3 was reduced to ~ 60%
compared with the number of shCont cells. To further
investigate the change in cell morphology, we stained F-actin
and nuclei with rhodamine–phalloidin and Hoechst 33342,
respectively. The staining clearly showed that shPP2A cells
had fewer filopodia and lamellipodia, which are supported
by actin fibers (Figure 4a, upper). The phosphorylation
levels of FAK were also significantly lower in shPP2A cells, as
determined by immunostaining and western blot analysis
(Figure 4a, lower and right). Strong intensity, corresponding
to phosphorylated FAK, was observed in the projection area
in shCont cells, but not shPP2A cells. These observations were
in accordance with the result of western blot analysis for
phosphorylated FAK. The cells were transfected with the
luciferase reporter construct containing the NF-κB binding
site and luciferase activity was measured in collected cell
lysates. NF-κB transcriptional activity was lower in shPP2A
cells compared with that in shCont cells (Figure 4b).

Reduction of PP2A Cα Suppresses Cell Migration Ability
In the transwell migration assay, the number of shPP2A cells
that penetrated through the membrane was substantially lower
than the number of shCont cells (Figure 4c). In the scratch
assay, we evaluated wound closure by measuring the distance
between the edges of migrated cells. shPP2A cells also showed
decreased ability to migrate into the scratch area (Figure 4d).

Reduction of PP2A Cα Increases Sensitivity to Serum
Starvation-Induced Apoptosis
Next, we examined whether PP2A Cα affects mitochondria-
related cell apoptosis. We determined mitochondrial respira-
tory ability by monitoring OCR in shCont and shPP2A cells.
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As shown in Figure 5a, shPP2A cells exhibited lower OCR
rates in the untreated condition compared with that in
shCont cells (~15% decrease at 0 min). The addition of the
mitochondrial inhibitor oligomycin similarly reduced oxygen
consumption in both cell types (30 and 40 min). Maximal
OCR was determined by the addition of carbonylcyanide-4-
trifluorometh-oxyphenylhydrazone (FCCP), an oxidative
phosphorylation uncoupler. The addition of FCCP increased
OCR levels in shCont cells, whereas OCR levels in shPP2A
cells were drastically lower (~35% reduction in maximal

OCR). These observations suggest that knockdown of PP2A
Cα suppressed mitochondrial respiratory ability.

We further examined whether PP2A Cα affects serum
deprivation-induced cell apoptosis. Cells were cultured in
serum-free medium for 16 h and PS exposure on the surface of
apoptotic cells was measured by flow-cytometry using annexin
V/PI staining. The extent of apoptotic cell death was recorded
in each part (Figure 5b). The number of annexin V-positive
cells was higher in shPP2A cells than that in shCont cells (38.7
vs 21.52%). In accordance with this result, cleaved forms of
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(b) Total protein was extracted from the cells and protein expression of PP2A Cα and β-actin were analyzed by western blot. (c) Cell lysates were
collected from the cells and PP2A activity was measured in triplicate. Data are expressed relative to the activity of primary osteoblasts as mean± s.d.
of representative analysis from three separate experiments (*Po0.05; **Po0.01). PP2A, protein phosphatase 2A.
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caspase-3 and PARP were detected in shPP2A cells at 6 and
24 h, respectively, whereas these cleaved forms were not
detected in shCont cells at same time points (Figure 5c). To
clarify the mechanism behind the stimulated apoptosis of
shPP2A cells by serum deprivation, the status of several
mitochondrial proteins was determined by western blot, as
shown in Figure 5d. The basal expression levels of anti-
apoptotic protein BCL-2 was lower in shPP2A cells compared
with that in shCont cells. Although BCL-2 was induced by
serum deprivation in shPP2A cells, its expression level was still
lower at 6 and 12 h than that in shCont cells. The levels of BAX,
BCL-XL, and β-actin did not change in either cell type under
these conditions. Moreover, the pro-apoptotic protein BIM was
similarly induced in both cell types by serum deprivation.

Reduction of PP2A Cα Suppresses Proliferation and
Metastasis Abilities of LM8 cells In Vivo
To examine the role of PP2A Cα in the proliferation ability
of LM8 cells in vivo, shCont and shPP2A cells were

subcutaneously transplanted into the backs of mice.
Tumor growth was monitored by the IVIS imaging system.
Transplanted shCont and shPP2A cells showed similar levels
of bioluminescence intensity at day 0 (Figure 6a, left panel).
Although transplanted shCont cells still showed high levels of
bioluminescence intensity at day 14, no signal was obtained
from the mice transplanted with shPP2A cells (Figure 6a,
right panel).

Because reduction of PP2A Cα in LM8 cells suppressed
migration ability in vitro, we evaluated the role of PP2A Cα in
tumor metastasis in vivo. shCont and shPP2A cells injected
intraosseously at the proximal part of the tibia shaft were
monitored using noninvasive bioluminescence imaging.
Figure 6b shows representative images of the mice at day 0
and day 14 after injection. Distributed bioluminescence
signals were detected in shCont cell-transplanted mice, but
not in shPP2A cell-transplanted mice. These results were
confirmed by histological analysis of dissected tissues from
these mice. As shown in Figure 6c, metastasized tumor cells
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were observed in lung and liver tissues in the samples
of shCont cell-transplanted mice, but not in shPP2A cell-
transplanted mice. Figure 6d shows a representative image of
the immunostaining of metastasized shCont cells in lung and
liver tissues with PCNA antibody. The expression level of
PCNA was extremely high in the metastasized cells.

Reduction of PP2A Cα Suppresses Cell Growth and
Migration Abilities and Increases the Sensitivity to
Serum Starvation-Induced Apoptosis in MG63 Cells
PP2A Cα expression was further examined in human
osteosarcoma cell lines, MG63 and SaOS-2. Compared with
that in primary osteoblasts and osteoblastic MC3T3-E1 cells,
the expression of PP2A Cα was significantly higher in MG63
and SaOS-2 cells as well as LM8 cells (Figure 7a). Knockdown
of PP2A Cα significantly reduced the cell growth rate in
MG63 cells (Figure 7b). In the scratch assay and the transwell
migration assay, knockdown of PP2A Cα suppressed

migration ability in MG63 cells (Figure 7c and d).
Furthermore, knockdown of PP2A Cα increased the level of
cleaved forms of caspase-3 in MG63 cells after serum
deprivation for 48 h (Figure 7e).

DISCUSSION
Identification of specific tumor biomarkers may help in
the investigation and development of novel and effective
therapeutic approaches with specific molecular targets to treat
patients with osteosarcoma. Here, we explored the role of
PP2A Cα in osteosarcoma proliferation and metastasis. Our
present study demonstrated that PP2A Cα expression and
PP2A activity are correlated with osteosarcoma proliferation,
migration, and metastasis because reduction of PP2A Cα
attenuates these properties of osteosarcoma. Reduction of
PP2A Cα also increased sensitivity to serum deprivation-
induced apoptosis in osteosarcoma cells through the down-
regulation of BCL-2.
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First, we examined the expression patterns of PP2A Cα
in malignant osteosarcoma tissues. In this study, immuno-
histochemistry showed that a greater number of osteosarcoma
tissues express higher amounts of PP2A Cα compared
with that in benign granulation tissue. However, some malig-
nant osteosarcoma tissues showed moderate or lower levels
of PP2A Cα expression. It was reported that there exists
a large amount of inter-patient, inter-tumor, and intra-

tumor heterogeneity in osteosarcoma.25 Therefore, the term
‘osteosarcoma’ includes a number of different osteosarcoma
subtypes, which have diverse histological features and
complex genomic organization.25 Although the different
PP2A Cα expression patterns observed in the present study
might result from tumor heterogeneity in osteosarcoma, more
than half of malignant osteosarcoma tissues showed higher
PP2A Cα expression. Furthermore, PP2A Cα expression and
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PP2A activity were examined in primary osteoblasts, immor-
talized osteoblastic MC3T3-E1 cells, and malignant osteo-
sarcoma LM8 cells. PP2A Cα expression and PP2A activity
were considerably higher in LM8 cells compared with that
in other cells, suggesting that PP2A Cα is involved in the
acquisition and progression of malignancy in osteosarcoma
cells. Thus, we treated LM8 cells with OA, a potent inhibitor
of PP2A, and determined cell morphology and viability. Cell
rounding and shrinking were observed in OA-treated LM8
cells in a dose-dependent manner. OA induced cleavage of
caspase-3 in LM8 cells, leading to apoptosis.

Next, PP2A Cα-knockdown cells were established, and
cell morphology and proliferation rate were analyzed. Control
LM8 cells displayed filopodial and lamellipodial structures
neighboring the cell surface, which substantially resembles the

phenotype of the original LM8 cells.6 In contrast, apparent
filopodial and lamellipodial structures disappeared in PP2A
Cα-knockdown cells. Moreover, PP2A Cα-knockdown
decreased the proliferation rate of LM8 cells. LM8 cells were
established as an osteosarcoma cell line with high metastatic
potential to the lungs. During this process, the original
osteosarcoma cells acquired filopodial and lamellipodial
structures on their surface.6 It was reported that genistein,
an isoflavone phytoestrogen found in soy, inhibited tumor
growth, and decreased the number of spindle-shaped cells in
LM8 cultures.26 These findings strongly suggest that PP2A Cα
has an important role in the acquisition of distinct cell
morphology in LM8 cells. In addition, LM8 cells display
higher levels of FAK phosphorylation at focal adhesion sites,8

which has key roles in cell migration and metastasis of tumor
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The percentage of apoptotic cell death was measured by annexin V/PI staining of the cells. The results are representative of three separate experiments
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cells. NF-κB has also been reported to have a central and
specific role in the regulation of metastasis in LM8 cells,
because NF-κB decoy transfection inhibited pulmonary
metastasis of these cells.27 In the present study, phosphoryla-
tion levels of FAK at the cell protrusion region and NF-κB
activity were suppressed in shPP2A cells, suggesting that PP2A
Cα regulates cell migration and metastasis by controlling FAK
and NF-κB activity.

Mitochondria have important roles in cell energy produc-
tion and metabolism, and mitochondrial dysfunction has
been linked to a wide array of human diseases including
tumor growth.28,29 High oxygen consumption through

mitochondrial respiration was observed in shCont cells.
Nonetheless, reduction of PP2A Cα led to suppressed
mitochondrial respiratory capacity at the basal and maximal
level. It was demonstrated that low metastatic tumor cells
have lower oxygen consumption than high metastatic tumors,
including osteosarcoma.30,31 Although many studies reported
a shift from oxidative phosphorylation to glycolysis to provide
energy for cellular activities in cancer cells,32 cancer cells have
also been reported to rely on oxidative phosphorylation and
mitochondrial bioenergetics pathways for anabolism and
energy production.33 Our present finding indicates that PP2A
Cα is involved in the regulation of mitochondrial respiratory
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capacity. The molecular mechanism by which reduction of
PP2A Cα attenuates mitochondrial aerobic metabolism
remains to be determined.

We next investigated sensitivity to serum deprivation-
induced apoptosis in shCont and shPP2A cells. The number
of annexin V-positive cells was higher in shPP2A cells
after serum deprivation compared with that in shCont cells.
Cleaved caspase-3 and PARP were also detected at an earlier
time point in shPP2A cells. These observations indicate that

shPP2A cells are more sensitive to serum deprivation-induced
apoptosis. Serum deprivation-induced apoptosis is mainly
regulated by mitochondrial proteins including those of the
BCL-2 family. In the present study, BCL-2 expression was
lower in shPP2A cells than in shCont cells at the basal level.
Among members of this family, BCL-2 and BAX are central
regulators of apoptosis that inhibit (BCL-2) or stimulate
(BAX) cell death.34 BCL-2 and BAX are able to control apop-
tosis competitively or independently,35,36 therefore, the ratio
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of BCL-2/BAX is an important indicator of apoptosis.37

Owing to its anti-apoptotic properties, BCL-2 is over-
expressed in a variety of cancers, thereby allowing them to
escape from various apoptotic signals.38 It was also reported
that overexpression of BCL-2 increases mitochondrial respira-
tion.38,39 These findings suggest that reduction of BCL-2
expression in shPP2A cells increases the sensitivity to serum
deprivation-induced apoptosis.

Finally, we examined the role of PP2A Cα in LM8 cell
migration using traditional in vitro approaches. Reduction
of PP2A Cα decreased the migration ability of LM8 cells.
Mice transplanted with shCont cells in the tibia bone
marrow region exhibited metastasis to lung and liver at high
frequency. However, metastasis to distant organs was barely
detectable in the mice transplanted with shPP2A cells. These
observations further indicate that PP2A Cα has critical roles
in the abilities of migration and metastasis in osteosarcoma
cells.

A number of studies have highlighted the role of PP2A as a
tumor suppressor. PP2A has complex roles in cells, depending
upon the state of specific subunits, cell type, and biological
context. Given the prominent activation of kinase in various
cancer cells,40 PP2A is considered a tumor suppressor by
virtue of its dephosphorylation activity.11,41 In fact, the
inhibition of PP2A by OA promotes tumor growth in
mice.42–44 Similarly, it was established that the viral SV40
small tumor antigen, which is required for cellular transfor-
mation in human cells, could alter PP2A activity.45,46 Finally,
mutations have been identified in different components of
the PP2A holoenzyme complex, which have been linked
to a variety of primary human tumors.11,47 In contrast, some
reports demonstrated the role of PP2A as a tumor promoter;
thus, inhibition of PP2A increases sensitivity to anticancer
drugs and/or induces cell death. PP2A inhibitors including
LB-100 and calyculin A have been evaluated as sensitizers for
chemotherapy or radiotherapy in several malignancies.48–50

Cantharidin, another PP2A inhibitor, suppresses the migra-
tion and growth of pancreatic and breast cancer cells.48,51–53

We also previously reported that OA induced apoptosis in
several types of cell line including osteosarcoma cells through
NF-κB and PKR pathways.17,18 Furthermore, genistein
attenuates the proliferative rate and invasive potential of LM8
cells.54 In this process, treatment of LM8 cells with genistein
induces morphological changes to a fibroblast-like shape,
which is considerably similar to the effect of reduction of
PP2A Cα expression in these cells. These observations suggest
that PP2A has various roles in different types of tumor cells.

In summary, our results show that PP2A Cα is an impor-
tant factor for proliferation, migration, and metastasis of
osteosarcoma cells. Increases in PP2A activity and PP2A Cα
expression were observed in malignant osteosarcoma LM8
cells as well as human osteosarcoma MG63 and SaOS cells.
Reduction of PP2A Cα induced morphological change in
these cells and decreased the activation of NF-κB and FAK,
followed by the suppression of proliferation and migration

in vitro. In addition, reduction of PP2A Cα in LM8 cells
attenuates their proliferation and metastasis ability in vivo.
Repressive effects of PP2A Cα knockdown on proliferation
and metastasis ability were also observed in human osteo-
sarcoma MG63 cells. PP2A is one of the most critical
phosphatases in cancer cells, thus an alteration of its activity
may not only influence the phosphorylation and dephos-
phorylation balance of certain proteins, but potentially also
many components of the serine/threonine kinase signaling
network. This diversity of PP2A function in tumors suggests
that, in certain circumstances, targeting PP2A Cα expression
might be an effective anti-cancer strategy.
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