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Osteosarcoma is the most frequent type of primary bone cancer in children and adolescents. These malignant osteoid
forming tumors are characterized by their uncontrolled hyperproliferation. Here, we investigate the role of Ca2þ /
calmodulin-dependent protein kinase II (CaMKII) in the growth of human osteosarcoma. We show that a-CaMKII is
expressed in human osteosarcoma cell lines and in primary osteosarcoma tissue derived from patients. The pharmaco-
logic inhibition of CaMKII in MG-63 and 143B human osteosarcoma cells by KN-93 resulted in an 80 and 70% decrease in
proliferation, respectively, and induced cell cycle arrest in the G0/G1 phase. The in vivo administration of KN-93 to mice
xenografted with human osteosarcoma cells significantly decreased intratibial and subcutaneous tumor growth.
Mechanistically, KN-93 and a-CaMKII siRNA increased p21(CIP/KIP) gene expression, protein levels, and decreased the
phosphorylation of retinoblastoma protein and E2F transactivation. Furthermore, the inhibition of CaMKII decreased
membrane-bound Tiam1 and GTP-bound Rac1, which are known to be involved in p21 expression and tumor growth in a
variety of solid malignant neoplasms. Our results suggest that CaMKII plays a critical role in the growth of osteosarcoma,
and its inhibition could be an attractive therapeutic target to combat conventional high-grade osteosarcoma in children.
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Osteosarcomas are among the most frequent primary bone
cancers in humans, excluding hemopoietic malignancies,
affecting mainly children and adolescents. They are highly
aggressive and lethal if left untreated.1 These malignant
tumors commonly occur in the metaphyseal region of long
bones and are divided into three broad categories, depending
on the predominant matrix produced.2,3 About 50% show
large amounts of osteoid or bone produced by ‘osteoblast-
like’ cells, and is described as ‘osteoblastic osteosarcoma’.
About 35% of all osteosarcomas have a predominantly
chondroid matrix mixed with osteoid.4 The remainder,
‘fibroblastic osteosarcoma’, show a predominant spindle
cell pattern, where osteoid production is found only in small
foci.5

Osteosarcomas provide one of the best examples of un-
controlled proliferation and deregulated cellular growth. Cell
cycle progression is regulated by cyclins, cyclin-dependent
kinases (CDKs) and CDK inhibitors (CDKIs).6,7 CDKs are
serine/threonine kinases, which associate with specific cyclin
partners and phosphorylate key substrates to facilitate cell

cycle progression. Cyclin/CDK complexes phosphorylate a
number of specific targets; the best characterized being the
retinoblastoma family proteins, Rb, p107 and p130. Phos-
phorylated Rb proteins dissociate from E2F family members,
allowing active E2F to regulate the expression of genes
required for cell cycle progression.6,7 This process is coun-
teracted by two CKI families that prevent the activation
of the kinases and uncontrolled replication, the Cip/Kip
(p21, p27 and p57) and the INK4 (p15, p16, p18 and p19)
families.7 These regulatory proteins are reported to play a
role in the uncontrolled growth of osteosarcoma, including
p21. The expression of p21 is inversely associated with
osteosarcoma tumor growth.8 Furthermore, hyper-
proliferative osteosarcoma tumors were shown to lack p21
expression while the overexpression of p21 in osteosarcoma
cell lines was shown to induce growth inhibition.9

Ca2þ is a ubiquitous intracellular messenger responsible
for controlling numerous cellular processes. Calcium/
calmodulin-dependent kinase II (CaMKII) is a multifunc-
tional serine/threonine kinase that is critical for decoding
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Ca2þ signal transduction, and is highly expressed in neuro-
nal cells as well as osteoblasts.10,11 The role of CaMKII in
cancer is also been described. CaMKII activates Akt and
regulates survival of c-Myc overexpressing mouse mammary
carcinoma.12 Furthermore, it has been shown that the
inhibition of CaMKII reduces cyclin D1 and enhances the
association of p27 with CDK2 that results in a G1 phase arrest
in fibroblasts.13 These reports suggest that CaMKII plays a
central role in the control of cell cycle machinery, through
regulation of cyclins and CDKs.

Rac1 is a member of Rho-GTPases family that includes
RhoA, RhoB, RhoC, Rac1, Rac2 and Cdc42. These proteins
are involved in the regulation of cytoskeletal reorganization,
membrane trafficking, transcriptional regulation and cellular
growth and proliferation.14,15 Rho-GTPases family is regu-
lated by the binding of guanine nucleotides. They are inactive
when bound to GDP and active when bound to GTP.
Guanine nucleotide exchange factors (GEFs) exchange GDP
for GTP, thus rendering the G proteins active.16 T-lymphoma
and metastasis gene 1 (Tiam1) is the specific GEF that
activates Rac1.16 Tiam1 is predominantly localized in the
cytoplasm and upon phosphorylation (activation) by kinases
such as CaMKII, it translocates to the cell surface mem-
brane.17,18 The phosphorylation of Tiam1 and the activation
of Rac1 have been shown to promote the growth of several
tumors including mammary carcinoma.18–20

The current study examined the role of a-CaMKII in the
growth of a human osteosarcoma in vivo and in vitro. Here,
we show that a-CaMKII was expressed in osteosarcoma cell
lines and primary human osteosarcoma tissue derived from
patients. The pharmacologic inhibition of CaMKII by KN-93
arrested osteosarcoma cells in G0/G1 phase of the cell cycle.
Furthermore, the in vivo inhibition of CaMKII by KN-93
significantly reduced the size of osteosarcoma tumors. KN-93
increased p21 expression and decreased the phosphorylation
of Rb and E2F transactivation. Finally, the inhibition CaMKII
decreased the activation of Tiam1 and its substrate, Rac1.
Taken together, our work increases the understanding of the
mechanisms by which CaMKII regulates the growth of
osteosarcoma, and should have important implications in
the development of therapeutic intervention strategies to
combat the life-threatening condition of osteosarcoma while
dramatically improving patients’ survival.

MATERIALS AND METHODS
Reagents
Antibodies against a-CaMKII, p-a-CaMKII (Thr287), p21,
Rb, p-Rb (Thr876/877), cyclin D1, cyclin D2, cyclin D3, CDK
4, Tiam1, integrin b1 and actin; a-CaMKII and p21 siRNA
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). 2-[N-(2-Hydroxyethyl)]-N-(4-methoxybenzene-
sulfonyl)]amino-N-(4-chlorocinnamyl)-N-methylbenzylamine
(KN-93), a cell-permeable inhibitor of CaMKII that selec-
tively binds to the CaM binding site of CaMKII and prevents
the association of CaM with CaMKII and 2-[N-(4-Methoxy-

benzenesulfonyl)]amino-N-(4-chlorocinnamyl)-N-methylbenzyl-
amine (KN-92), an inactive analogue of KN-93 were ob-
tained from Calbiochem (San Diego, CA, USA) and were
dissolved in dimethylsulfoxide (DMSO).

Cells and Cell Culture
Human osteosarcoma cells (MG-63 and 143B) and human
mesenchymal stem cells (hMSCs) were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA) and Cambrex Corp (East Rutherford, NJ, USA),
respectively. Cells were maintained in DMEM supplemented
with 10% FBS (Atlanta Biologicals, Lawrenceville, GA, USA),
100U/ml penicillin and 100 mg/ml streptomycin (Invitrogen,
Carlsbad, CA, USA). All cell cultures were maintained at
371C with 5% CO2.

RNA Extraction and RT-PCR
Total RNA was extracted using the Trizol method as
recommended by the manufacturer (Invitrogen, Carlsbad,
CA, USA). A 1 mg weight of RNA was reverse-transcribed
using Maloney murine leukemia virus reverse transcriptase
(M-MLV RT), according to the instruction provided by
the manufacturer (Clontech, Mountain View, CA, USA), and
the equivalent of 100 ng was used for RT-PCR. The sequences
and conditions for the specific primers used in this study
were previously described.21 Amplified products were then
electrophoretically separated on 1.5% agarose gel. Digital
images were obtained and analyzed using the Kodak Digital
Science one-dimensional image analysis software (Eastman
Kodak Co., Rochester, NY, USA). TaqMan real-time RT-PCR
analysis was performed as described previously.22 Expression
of the 18S rRNA subunit served as a control. The sequences
and conditions for the specific primers used in this study
were as previously described.23

MTT Cell Proliferation Assay
MG-63 or 143B cells were seeded in 96-well plates at a density
of 1� 104 cells/well and cultured for 24 h, followed by KN-93
(10mM) treatment for 24 or 48 h. At the end of incubation,
20ml of 5mg/ml MTT was added to each well, followed by
incubation for another 4 h. The medium was then aspirated
and 150ml DMSO was added into each well. Optical density
was measured at 550 nm using an ELISA plate reader.

Cell Cycle Analysis by Flow Cytometry
At the end of the study, cells were collected in cold PBS and
fixed with �201C ethanol for 1 h then stained with a pro-
pidium iodide (PI) solution (50 mg/ml PI, 0.5mg/ml RNase
in TBST buffer) for 30min. DNA profiles of PI-stained cells
were analyzed with a Becton Dickinson FACScan (San Jose,
CA, USA) and the number of cells in each cell cycle phase was
determined by analyzing data using ModFit LT 3.1 software.
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Colony Formation Assay
MG-63 cells were seeded at 2� 104 cells/well in 0.3ml growth
factor reduced Matrigelt Matrix (BD Biosciences, Bedford,
MA, USA) in a 24-well plate. The Matrigelt was covered
with DMEM medium supplemented with DMSO, 10 mM
KN-92 or 10 mM KN-93. Medium and treatment were
replaced every day for 7 days. Images of tumor colonies were
obtained at � 200 magnification.

Transient Transfections and Luciferase Reporter Assay
MG-63 cells were plated at a density of 2� 104 cells/cm2 in
six-well plates. Twenty-four hours after plating, cells were
transfected with 1.5 mg of luciferase reporter construct driven
by the E2F consensus sequences,24 and expression vectors
containing wild-type (WT) a-CaMKII, dominant-negative
mutant a-CaMKII K42M25 or a CMV-b-galactosidase repor-
ter construct (as a control). Reporter activity was measured
using a luciferase (Promega) or b-galactosidase (Clontech)
assay system and a luminometer.10

Gene Silencing by siRNA
MG-63 cells were plated at a density of 2� 104 cells/cm2 in
six-well plates. a-CaMKII, p21 or control non-functional
siRNA (Santa Cruz Biotechnology) were transfected into
the cells using TransIT-TKO transfection reagent as recom-
mended by the manufacturer (Mirus, Madison, WI, USA).
The medium was changed 24 h post-transfection, and the
cells were cultured with fresh medium. Cells were harvested
72 h later.

Animals and Tumor Cell Inoculation
Six-week-old male Balb/c (nu/nu) mice were used in
these studies, with the approval of the UAB Institutional
Animal Care and Use Committee. MG-63 cells were prepared
from sub-confluent cultures.26 Anesthetized mice were pre-
pared or tumor injection. Cells (2� 105 cells in 20 ml PBS)
were intratibially injected using a TB syringe and a 27 g
needle.27 The knee was flexed, and the needle inserted into
the tibia, boring the needle through the epiphysis and
epiphyseal growth plate for delivery of the cells into the
metaphysis. In addition, MG-63 osteosarcoma cells were
resuspended in fresh culture media, mixed 1:1 with BD
Matrigelt (1� 106 cells/100ml), and then injected in the
flank of the mice using a 23-gauge needle. Mice were
divided into two groups that either received a daily in-
traperitoneal injection of vehicle alone (PBS) or 1mg/kg of
water-soluble KN-93 (Calbiochem, EMD Biosciences, USA).
Subcutaneous tumors were evaluated by measuring their
volume 6 and 42 days after tumor injections. At the end
of the study (after 42 days), complete autopsies were con-
ducted (on all animals) with a dissecting microscope.
Subcutaneous tumors were excised, formalin fixed, EDTA
decalcified and paraffin embedded. For the intratibial
tumors, the hind limbs were excised and microtomography
(m-CT) analysis was performed on selected samples. Limbs

were formalin fixed, EDTA decalcified and paraffin
embedded. All tissues were sectioned and stained with
hematoxylin and eosin (H&E) for histological evaluation of
the tumors.28

Immunohistochemistry and Human Tissue Samples
Primary human osteosarcoma tissue samples from four
patients were obtained from the Pathology Department of
the University of Alabama at Birmingham Hospital, with
the approval of the Institutional Review Board. Tissues
(human and animal) were formalin fixed, decalcified in
EDTA and histologically processed for paraffin embedding
and immunostaining, as previously described.29

Rac1 Activity Assay
Rac1 activity was determined by a pull-down assay according
to the manufacturer’s instructions (Rac activity assay kit;
Upstate Biotechnology). Total lysates and precipitates
were examined by performing SDS-PAGE and Western blot
analysis using mouse monoclonal antibody against Rac1
(Upstate).

Statistical Analysis
Statistical analyses were performed using the Student’s t-test.
Experiments were repeated at least three times, unless other-
wise stated. Values were expressed as mean7s.e. Significance
was confirmed at Po0.05.

RESULTS
The Expression and Activation of a-CaMKII is Increased
in Human Osteosarcoma
To characterize the expression of a-CaMKII in osteosarcoma,
we first examined the gene expression of CaMKII isoforms in
well-characterized osteosarcoma cell lines (MG-63 and 143B)
and compared it to primary hMSCs that are non-trans-
formed pre-osteoblastic cells. Cells were cultured for 48 h
until they reached 80% confluence and then processed for
RNA and cytoplasmic protein extraction. In Figure 1a we
show, by RT-PCR, that all four isoforms of CaMKII (a, b, g,
d) were expressed in MG-63 cells, 143B cells as well as in
hMSCs. However, the levels of the a-isoform gene expression
were significantly increased (460%) in MG-63 cells, but not
in 143B osteosarcoma cells, as compared to hMSCs (Figure
1a). As discrepancies between gene expression and protein
levels in several types of cancer have previously been
reported, we then examined the levels of total and active
a-isoform proteins in hMSC and osteosarcoma cell lines. We
show by Western blotting techniques that MG-63 and 143B
osteosarcoma cells express high levels of the total and the
phosphorylated and active form of a-CaMKII as compared to
hMSCs (Figure 1b). Furthermore, by immunohistochemistry,
the phosphorylated a-CaMKII protein was also increased in
osteosarcoma cell lines and displays distinct speckled peri-
nuclear localization (Figure 1c). Interestingly, hMSC, which
are osteoblast progenitors, also displayed a similar pattern of
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expression but with less intensity. Negative control (NC)
studies were performed using rabbit IgG, instead of primary
antibody, confirming the specificity of the p-a-CaMKII
antibody.

In order to examine the in vivo expression of a-CaMKII
in primary osteosarcoma tissue, human samples from four

patients diagnosed with osteosarcoma were obtained from
the Pathology Department at the University of Alabama at
Birmingham after appropriate IRB approval. H&E staining
(Figure 1d, left photograph) confirmed the diagnosis of
osteosarcoma. In the right panel we show that, similar to
MG-63 and 143B cells, primary human osteosarcoma

Figure 1 Human osteosarcoma expresses high levels of a-CaMKII. MG-63, 143B and hMSC cells were used. Representative images from three experiments of

(a) RT-PCR using CaMKII isoforms or actin-specific primers. (b) Western blots using antibodies directed against phosphorylated and total a-CaMKII and actin

(c) Immunohistochemistry staining using a specific antibody directed against p-a-CaMKII. (d) Primary human osteosarcoma tissue was surgically removed,

formalin-fixed and paraffin-embedded. H&E staining (left) shows osteosarcoma. Immunohistochemical staining (right) was performed using an antibody

against p-a-CaMKII (brown), counterstained with hematoxylin (blue). NC, without immunoreactivity, is shown in the low left inset. Photomicrographs were

obtained at � 400 magnification, and are representative of the four different patients.
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expressed high levels of active a-CaMKII (Figure 1d, right
photograph).

The CaMKII Antagonist, KN-93, Inhibits Growth of
Human Osteosarcoma Cells
Osteosarcoma is characterized by its uncontrolled pro-
liferative capability and CaMKII has been previously shown
to be critical for cell proliferation in several biological sys-
tems.30 In order to determine the effects of CaMK antagonist
(KN-93) on a-CaMKII activation; we examined the phos-
phorylation of a-CaMKII after KN-93 treatment. We also
used an inactive analogue of KN-93 (KN-92) as an additional
control. MG-63 osteosarcoma cells were treated with DMSO
(0.1% v/v), KN-92 (10 mM) or KN-93 (10 mM) for 24 h
followed by protein extraction. Western blotting for phos-
phorylated a-CaMKII was performed using antibody
directed against phosphorylated a-CaMKII (Thr-286). As is
clearly shown in Figure 2a, KN-93 effectively inhibited the
phosphorylation of a-CaMKII in MG-63 osteosarcoma cells
as compared to DMSO- or KN-92-treated cells. Next, we
examined the effects of KN-93 on the proliferation of MG-63

and 143B osteosarcoma cells by an MTTassay. Here, we show
that treatment with KN-93 (10 mM) for 24 and 48 h resulted
in 40 and 80% decrease in the proliferation of MG-63 cells,
and 35 and 70% decrease in the proliferation of 143B
osteosarcoma cells (Figure 2b). This inhibition of prolifera-
tion by KN-93 is due to a cell cycle arrest and results in a 40
and 57% increase in the number of cells that are in the G0/G1

phase of the cell cycle, compared to untreated and KN-92-
treated cells after 24 and 48 h, in MG-63 osteosarcoma cells,
respectively (Figure 2c). This treatment did not alter apop-
tosis in these cells, as determined by Annexin V-FITC and PI
staining followed by flow cytometric analyses (data not
shown). Finally, in order to determine the effects of CaMK
inhibition by KN-93 on tumor colony formation, MG-63
cells were cultured in growth factor reduced Matrigel and
treated with KN-93 (10 mM) for 7 days. We demonstrate that
KN-93 significantly decreased (87%) the number and size of
tumor colonies when MG-63 cells are cultured in a three-
dimensional (3D) growth factor-reduced Matrigel matrix as
compared to untreated or KN-92-treated osteosarcoma cells
(Figure 2d).

Figure 2 The CaMKII antagonist, KN-93, arrests the growth of human osteosarcoma cells. (a) MG-63 cells were treated with either DMSO (control), KN-92

(10 mM) or KN-93 (10 mM) for 24 h. Cells were then lysed and protein extracts were separated by SDS-PAGE. Western blots were conducted using antibodies

directed against p-a-CaMKII or actin. (b) MG-63 or 143B cells were cultured for 24 h and then treated for 24 and 48 h with DMSO (0.1% v/v) (control), KN-92

(10 mM) or KN-93 (10 mM). At the end of the study, an MTT proliferation assay was performed. Values were obtained from three separate experiments and

represent the mean7s.e. *Po0.01. (c) MG-63 Cells were stained with PI and flow cytometric analysis of the DNA content was performed. Analysis of the cell

cycle was performed using ModFit LT 3.1 software. Values were obtained from three separate experiments and represent the mean7s.e. *Po0.01. (d) MG-

63 cells were seeded in growth factor-reduced Matrigel, supplemented with DMSO, 10 mM KN-92 or 10 mM KN-93. Medium and treatment were replaced

every day for 7 days. Arrows indicate tumor colonies. Photographs are representative of three different experiments. Colonies were counted from three

randomly selected microscopic fields from three different experiments.
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The CaMKII Antagonist, KN-93, Modulates the
Expression and Activation of Cell Cycle Regulatory
Proteins in MG-63 Osteosarcoma Cells
To elucidate the mechanism by which CaMKII inhibition
causes cell cycle arrest in osteosarcoma cells, we examined the
effects of KN-93 on cell cycle regulatory proteins, specifically
those related to the transition from G0/G1 to the S phase. Our
data demonstrate that the inhibition of CaMKII activation by
KN-93 increases p21 protein levels in a time- and dose-
dependent manner (Figure 3a, upper and lower panels). The
increase in p21 protein levels in response to KN-93 treatment
was due to an increase in p21 gene expression, because the
general inhibition of transcription by actinomycin D prevents
KN-93 from increasing p21 protein levels (Figure 3b, lower
panel). Interestingly, the expression of other cell cycle
regulatory molecules such as cyclin D1, D2, D3, CDK 4 and
p27 did not change in response to KN-93 treatment (data not
shown).

Furthermore, we examined the interaction of p21 and
CDK in response to KN-93 treatment. MG-63 cells were
treated with KN-93 (10 mM) for 24 and 48 h, protein was
extracted and immunoprecipitation was performed using
anti-CDK2 or anti-CDK4 antibodies. Immunoprecipitates
were then examined by Western blotting using p21 antibody.
Our results demonstrate that CDK4 and CDK2 did not in-
teract with p21 in MG-63 osteosarcoma cells, most likely due
to the lack of p21 expression in these cells. In contrast, p21
became part of the CDK4 complex 24 and 48 h after treat-
ment with KN-93, without any change in p21/CDK2 binding
(Figure 3c).

It has been shown that the Rb proteins repress the tran-
scription of genes required for transition from G1 to S phase
by directly binding to the transactivation domain of E2F
and by binding to the promoter of these genes as a complex
with E2F.6,7 Therefore, the relevance of the increase in p21
expression and its binding to CDK4 in MG-63 osteosarcoma
cells was determined by examining the phosphorylation
of Rb and the transactivation of E2F in response to
KN-93 treatment. MG-63 cells were treated with DMSO
(0.1% v/v), KN-92 (10 mM) or KN-93 (10 mM) for 24 and
48 h, followed by protein extraction. Western blotting
for phosphorylated and total Rb was performed. Here, we
show that KN-93 decreased the phosphorylation of Rb in
MG-63 osteosarcoma cells compared to DMSO- or KN-92-
treated cells (Figure 3d, upper panel). To examine the
effect of KN-93 on E2F transactivation, MG-63 cells were
transfected with an E2F luciferase reporter construct
(generously provided by Dr Peter Glazer, Yale University,
New Haven, CT, USA24). MG-63 cells were then treated with
KN-93 for 24 and 48 h, followed by measurement of luci-
ferase activity. E2F transactivation was decreased 40 and 70%
after treatment with KN-93 for 24 and 48 h, respectively.
Treatment with either DMSO or KN-92 did not change
E2F transactivation over the same time period (Figure 3d,
lower panel).

Specific Inhibition of the a-Isoform of CaMKII Increases
p21 Levels and Decreases Cell Growth
KN-93 is a general CaMK antagonist that inhibits the acti-
vation of different CaMK isoforms. Therefore, in order to
examine the specific role of a-CaMKII in the growth of
osteosarcoma, we transfected MG-63 cells with an siRNA that
specifically silences the expression of a-CaMKII. Further-
more, we transfected MG-63 with a ‘kinase-dead’ a-CAMKII
(K42M) that was generously provided by Dr Chunhai Hao,
Emory University School of Medicine, Atlanta, GA, USA.25

This kinase has been previously described and extensively
used to inhibit the ability of a-CaMKII to phosphorylate its
substrates. Overexpression of this mutant construct exerts a
dominant-negative effect, as it blocks the function of the
endogenous a-CaMKII.25,31 Here, we show that a-CaMKII
siRNA was effective in inhibiting the activation of the
a-CaMKII enzyme compared to control siRNA-transfected
cells (Figure 4a, upper panel). Furthermore, we demonstrate
that the overexpression of a WT a-CaMKII and a kinase-dead
a-CaMKII (K42M) constructs in MG-63 cells results in ex-
pression of equal levels of a-CaMKII protein levels compared
to non-transfected cells (NT) (Figure 4a, lower panel). Our
data also show that similar to KN-93, the specific inhibition
of a-CaMKII expression or activation increased p21 protein
levels (Figure 4b).

Moreover, we examined the effects of inhibiting a-CaMKII
activation by K42M on the proliferation of MG-63
osteosarcoma cells. Similar to KN-93, the specific inhibition
of a-CaMKII by the K42M kinase-dead construct resulted
in 45% inhibition of MG-63 cells’ growth compared to non-
transfected or WT a-CaMKII-transfected cells (Figure 4c).
Finally, we determined if the upregulation of p21 expression
in response to KN-93 treatment is indeed responsible for
the decrease in the proliferation of osteosarcoma cells.
MG-63 osteosarcoma cells were transfected with either con-
trol or p21 siRNA for 48 h. Cells were then treated with either
vehicle or KN-93 for 24 h. Our results show that KN-93
(10 mM) compared to vehicle, results in a 36% decrease in
the proliferation of MG-63 cells that were transfected
with control siRNA. While in p21 siRNA-transfected cells,
KN-93 treatment did not have any effect on prolife-
ration (Figure 4d). It has been reported that calcium/
calmodulin-dependent kinase I (CaMKI) and calcium/
calmodulin-dependent kinase kinase (CaMKK) participate
in the control of cell cycle progression in cancer cells.32

In order to exclude the unspecific effects of a-CaMKII
siRNA on CaMKI and CaMKK, we examined the protein
levels of CaMKK and CaMKI, as well as the phosphorylation
level of CaMKI in a-CaMKII siRNA-transfected cells. Our
results show that a-CaMKII siRNA neither affected the
protein levels of CaMKK and CaMKI, nor the phosphory-
lation level of CaMKI (Figure 4e). Taken together, these
data demonstrate that the inhibition of a-CaMKII in osteo-
sarcoma cells caused a cell cycle arrest in a p21-dependent
mechanism.
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KN-93 Decreases the In Vivo Growth of Human
Osteosarcoma
In order to examine the effects of KN-93 on the growth
of osteosarcoma cells in vivo, we subcutaneously and

intratibially injected MG-63 osteosarcoma cells into 5-week-
old male athymic (nude) mice. Animals were either treated
with vehicle or KN-93 (1mg/kg). Treatment started 4 days
after tumor cell inoculation and administration was by

Figure 3 The CaMKII antagonist, KN-93, controls the expression and activation of cell cycle regulatory proteins in osteosarcoma. (a) MG-63 cells were

treated with 10 mM KN-93 for the indicated time (upper panel), or treated for 24 h with the indicated concentrations of KN-93 (lower panel). A representative

immunoblot of p21 and actin from three separate experiments is shown. (b) Real-time PCR was performed using primers specific for p21 or 18S rRNA (upper

panel). Values were obtained from three separate experiments and represent the mean7s.e. of p21 messenger RNA expression relative to 18 S rRNA

expression. *Po0.01. (Lower panel) MG-63 cells were treated with DMSO (0.1%), KN-93 (10 mM) or KN-93 (10 mM)þ actinomycin D (Act D) (0.8 mM) for 12 h.

Cells were then lysed and immunoblotting was performed using p21- and actin-specific antibodies. Representative images from three separate experiments

are shown. (c) MG-63 cells were treated with DMSO (control), KN-92 (10mM) or KN-93 (10mM) for the indicated time. Protein was extracted and

immunoprecipitation was performed using anti-CDK2 or anti-CDK4 antibodies, followed by Western blotting for p21 or CDK4 (upper panel), and p21 or

CDK2 (lower panel). Representative images from three separate experiments are shown. (d) MG-63 cells were treated with either DMSO (control), KN-92

(10 mM) or KN-93 (10mM) for 24 or 48 h. (Upper panel) Western blots using antibodies directed against p-Rb or total Rb were performed. (Lower panel) MG-

63 cells were transfected with luciferase reporter plasmids driven by the E2F sequences and a CMV-b-galactosidase reporter constructs using Lipofectamine

for 24 h. Cells were then treated with DMSO (control), KN-92 (10 mM) or KN-93 (10 mM) for 24 h. Reporter activity was then measured. Data are expressed

relative to an internal control (CMV-b-galactosidase) and are the means7s.e. of three separate experiments, each performed in triplicate; *Pr0.01.
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intraperitoneal injections every other day for 6 weeks.
Furthermore, a control group of mice that did not receive
tumor cell injection or KN-93 treatment was also maintained.
At the end of the study (42 days), mice were euthanized,
subcutaneous tumors were excised and tibiae were collected.
Tibiae were then examined and scanned by m-CT and
the subcutaneous tumors were processed for immuno-
histochemical (IHC) staining. Our results demonstrate
that KN-93 treatment resulted in a 35.2% reduction in the
subcutaneous tumor volume compared to control (data not
shown). Furthermore, KN-93 treatment dramatically reduced
the size of the intratibial tumor, as indicated by the broken
circle in the representative two-dimensional (upper panel)
and 3D (lower panel) m-CT images (Figure 5a). In order to
examine the osteosarcoma tumors histologically, H&E and
IHC staining of the subcutaneous tumors were performed.
H&E staining showed no difference in the cytomorphology
between the vehicle- and the KN-93-treated tumors. Fur-
thermore, IHC using antibody directed against p-a-CaMKII
demonstrate that treatment with 1mg/kg is sufficient to
inhibit the activation of a-CaMKII in vivo. Similar to the
in vitro results, we demonstrate that in vivo treatment with
KN-93 increased p21 protein levels and induced the hypo-

phosphorylation of Rb protein in osteosarcoma tumors
(Figure 5b). These findings strongly validate the role of
CaMK in the expression of p21 protein, the phosphorylation
of pRb and, most importantly, the control of the growth of
osteosarcoma.

CaMKII Regulates Rac1 Activation and Tiam1
Translocation in MG-63 Osteosarcoma Cells
To further understand the mechanism by which CaMKII
regulates cell cycle progression, and more specifically p21
expression, we examined the activation of Rac1 GTPase and
its specific guanine nucleotide exchange factor, Tiam1, in
MG-63 osteosarcoma cells, in response to KN-93 treatment.
MG-63 cells were cultured for 24 h and then treated with KN-
93 for 1, 2, 4, 8 and 24 h. At the end of the study, cells were
lysed and cytoplasmic protein was extracted followed by a
Rac1 pull-down assay to extract the GTP-bound form of
Rac1. In addition, cell membrane proteins were extracted and
Western blotting was performed to examine Tiam1 protein
levels in cell membranes. Our results demonstrate that the
inhibition of CaMKII using KN-93 decreased the GTP-bound
form of Rac1 by 38% after 8 h of treatment and 50% after
24 h, without any change in the total Rac1 protein levels

Figure 4 The a-isoform of CaMKII regulates the proliferation of MG-63 osteosarcoma cells and p21 protein levels. MG-63 cells were transfected with control

or a-CaMKII siRNA, WT or dominant-negative a-CaMKII (K42M) plasmids 24 h after plating, and were harvested 72 h after transfection. Cells were lysed for

whole-cell protein extraction. Immunoblots were developed using antibodies directed against (a) p-a-CaMKII, total a-CaMKII and actin or (b) p21 and actin.

The blots are representative of three separate experiments. (c) MG-63 cells were either transfected with WT or dominant-negative a-CaMKII (K42M) plasmids

24 h after plating, or cultured without transfection (NT). MTT proliferation assay was performed 48 h after transfection. Values were obtained from three

separate experiments and represent the mean7s.e; *Po0.01. (d) MG-63 cells were transfected for 24 h with control or p21 siRNA. Cells were then treated

with DMSO or 10 mM KN-93 for 24 h, followed by an MTT proliferation assay. Values were obtained from three separate experiments and represent the

mean7s.e. *Po0.01. (e) MG-63 cells were transfected with control or a-CaMKII siRNA. Immunoblots were developed using antibodies directed against

CaMKK, p-CaMKI, CaMKI and actin. The blots are representative of three separate experiments.
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(Figure 6a). Likewise, treatment with KN-93 decreased the
phosphorylated form (membrane bound) of Tiam1 by 35%
after 8 h of treatment and 40% after 24 h, without any change
in the levels of another cytoplasmic membrane protein, in-
tegrin b1 (Figure 6b). Taken together, our results suggest that
the inhibition of CaMKII decreased the phosphorylation of
Tiam1 and its membrane localization. This then resulted in a
decrease in the activation of Rac1, and ultimately an increase
in the expression of p21 protein. This, therefore led to
inhibiting cell cycle progression and arrest of osteosarcoma
cells in the G1 phase of the cell cycle (Figure 6c).

DISCUSSION
Osteosarcoma is the most frequent type of primary bone
cancer in children and adolescents. These tumors often
demonstrate genetic dysregulation in cell cycle regulatory
genes, as characterized by chromosomal losses, gains or
mutations, resulting in altered levels and/or activation of

proliferation-regulatory proteins such as p53, pRb, cyclin D1,
CDK4 and MDM2.33,34

The present study demonstrates that the uncontrolled
proliferation of human osteosarcoma is partly due to an in-
crease in the protein levels and activation of a-CaMKII. Our
results show that in both osteosarcoma cell lines and in
primary human clinical samples, the a-isoform of CaMKII
protein is highly expressed. These results are consistent with
several reports describing the increased expression of differ-
ent CaMKII isoforms in several neoplastic cells.12,35 However,
we found that the gene expression of a-isoform of CaMKII in
143B osteosarcoma cells is not significantly different from
hMSCs, whereas protein levels are higher. This discrepancy
between RNA and protein levels has previously been reported
in several type cancers and is likely due to differences in post-
transcription mRNA half-life regulation.36–38 Our results also
demonstrate that not only the expression of a-CaMKII is
increased in osteosarcoma cells, but also its phosphorylation.

Figure 5 The CaMKII antagonist, KN-93, decreases the in vivo growth of human osteosarcoma. MG-63 cells were subcutaneously or intratibially injected into

5-week-old male athymic nu/nu mice that were divided into untreated and KN-93-treated groups. Mice were treated every other day for 6 weeks. (a) After

mice were killed, tibiae were removed, formalin fixed and MicoCT scanning was performed. The upper panel shows a two-dimensional section in the

proximal tibia, where osteosarcoma has grown (indicated by broken white circle), whereas the lower panel shows a 3D image of the cross-sectional proximal

tibia also showing the tumor. (b) Subcutaneous tumors were removed, formalin fixed and paraffin embedded. H&E and IHC staining were performed for

p21, p-Rb and p-a-CaMKII. All images were obtained at � 200 (lower left insets) and � 400. The results showed no change in the cytomorphology

comparing the control to the KN-93-treated tumors, but upregulation of p21 and downregulation of p-a-CaMKII and p-pRb, as assessed by IHC.
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It is known that CaMKII is a Ca2þ /CaM-regulated kinase.
Therefore, the increase in the expression of a-CaMKII in
osteosarcoma could potentially be insignificant if it is not
accompanied with a similar increase in activation. Therefore,
we also demonstrate that in MG-63 and 143B osteosarcoma
cells the activation of a-CaMKII is similarly high. This could
be due to a direct increase in the expression levels of the
kinase itself, or indirectly in response to an increase in an
upstream activator such as intracellular calcium. It has been
shown that osteosarcoma cells express high levels of the
L-type a-Ca2þ channels.39 Ca2þ is known to be critical for
the growth and proliferation of normal cells. Several reports
suggest that this is achieved by the activation of the CaMK-
dependent signaling pathway in response to Ca2þ , which
ultimately leads to the activation of cyclin protein expression
and acceleration of the rate of cells’ entry into the cell cycle.32

In contrast, neoplastic cells are able to proliferate in Ca2þ -
deficient media, suggesting that this strict requirement for
Ca2þ is lost and possibly compensated by an upregulation of
Ca2þ downstream targets in these transformed (neoplastic)

cells.40 Indeed, several tumors such as neuroblastoma, lung,
breast and colon adenocarcinoma have been shown to
express high levels of different isoforms of CaMK, specifically
CaMKII.35 Many studies that investigate the role of CaMK
in cancer suggest that this kinase plays a critical role in the
regulation of proliferation in these tumor cells.41 Taken
together, these findings may indicate that in osteosarcoma,
the combination of an increase in the intracellular calcium
with the upregulation of a-CaMKII expression is necessary
for the uncontrolled proliferative capability of this tumor.

The general inhibition of CaMK by KN-93 or its specific
isoforms by siRNA has been shown to be effective in arresting
cell cycle progression in many different cancers such as hu-
man breast carcinoma.42 We significantly inhibited the pro-
liferation of MG-63 and 143B osteosarcoma cells by treating
them with the CaMK antagonist, KN-93, as well as with an
a-CaMKII dominant-negative construct. This decrease in
proliferation was not due to an increase in apoptosis (data
not shown). Our data show that KN-93 treatment for 48 h
induces a growth arrest of osteosarcoma cells in the G1 phase

Figure 6 The CaMKII antagonist, KN-93,

decreases the activation of Rac1 and Tiam1

in osteosarcoma cells. MG-63 cells were

treated with vehicle only (control) or 10 mM
KN-93 for 1, 2, 4, 8 and 24 h. (a) Rac1

activation assay was performed by a pull-

down assay, whereby the activated (GTP

bound) Rac1 protein is pulled down from

whole-cell protein lysates with PAK-1 PBD-

conjugated agarose beads. (b) Cytoplasmic

membrane proteins were extracted and

Western blots analyses were performed

using antibodies directed against Tiam1

and integrin b1. Integrin b1 was examined

as a loading control. Representative

images from three experiments are shown.

The band intensities of both GTP-Rac1

relative to Rac1 (a, lower panel) and Tiam 1

relative to integrin b1 (b, lower panel) are

plotted as a graph. Values were obtained

from three separate experiments and

represent the mean7s.e; *Po0.05. (c) A

proposed mechanism depicting the role of

CaMKII in cell cycle progression in

osteosarcoma. The increase in the

expression/activation of a-CaMKII in

osteosarcoma cells results in an increase in

the phosphorylation of Tiam1 and its

membrane localization. This increases the

activation of Rac1 and ultimately inhibits

the expression of p21 protein. This leads to

a disruption of cell cycle regulation and

results in an unregulated growth of these

cells, and therefore development of

osteosarcoma.
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of cell cycle. The precise mechanism by which CaMK reg-
ulates the proliferation of transformed cells is not well un-
derstood. Many studies have focused on the relationship
between CaMK and cyclin D1, due to the importance of
cyclin D1 in regulating cell cycle progression from the G1 to S
phase. Many studies have also shown that the inhibition of
CaMK decreases the accumulation of cyclin D1 in breast
cancer cells.42 In contrast, other studies, including ours, have
shown that while CaMK inhibition decreases the activation of
the cyclin D1/CDK4 complex, it does not affect the total
levels of cyclin D1 protein.43 The decrease in cyclin D1/CDK4
activation is generally achieved by an increase in the protein
levels of CDKIs such as p21 and p27. In many tumor cells,
there are various dysfunctions of p21 that allows neoplastic
cells to avoid arrest at the G1/S checkpoint. In this work,
although the inhibition of CaMKII by KN-93 and siRNA did
not decrease cyclin D1 expression (data not shown), it was
successful in increasing the expression of p21 that ultimately
decreased the activation of cyclin D1. This observation was
supported by the decrease in the phosphorylation of Rb
protein and the transactivation of E2F.

Our results demonstrate that the inhibition of CaMKII by
KN-93 or by an a-CaMKII dominant-negative construct in-
creases the expression of p21. The cellular levels of p21 are
regulated by various mechanisms, including transcriptional
regulation, epigenetic silencing, mRNA stability, and ubi-
quitin-dependent and -independent degradation of the pro-
tein.44 In this work, we show that the increase in p21 in
response to inhibiting CaMKII in osteosarcoma is due to a
transcriptional upregulation of p21 gene expression, as KN-
93 was not able to increase p21 protein in the presence of
actinomycin D, which binds to DNA and inhibits RNA
synthesis. The role of p21 in the progression of the cell cycle
has been somewhat controversial. While a consensus exists
regarding the inhibition of CDK2-cyclinE/A activation by
p21, there are several contrasting reports describing the role
of p21 in regulating the activity of CDK4/6-cyclin D.45,46 Our
results demonstrate that the inhibition of CaMKII upregu-
lates p21 gene expression and protein levels, as well as its
association with CDK4. We also show that the inhibition of
p21 by siRNA abrogates the effects of KN-93 on the growth
of MG-63 osteosarcoma cells. Our results are consistent with
several reports describing the effects of increasing the ex-
pression of p21 in different mammalian cells, and demon-
strating the ability of p21 to induce a G1 phase arrest, CDK4
activity inhibition and a decrease in Rb phosphorylation.47,48

The antiproliferative effects of CaMKII inhibition were not
only limited to our in vitro findings. Our results demonstrate
that the in vivo administration of KN-93 significantly de-
creases the size of osteosarcoma tumors. However, although
we demonstrate an increase in p21 expression and decrease in
the p-Rb in response to KN-93 treatment in vivo, we cannot
conclusively determine that this is the specific mechanism by
which KN-93 decreases primary osteosarcoma tumor growth.
It has been shown that matrix metalloproteinases (MMP)

play an important role in the growth and invasion of
osteosarcomas.49 Interestingly, it was previously reported that
CaMKII regulates MMP-13 gene expression.50 Therefore, it
is possible that the decrease in osteosarcoma tumor size
by KN-93 treatment in vivo is in response to a decrease in
MMP-13 expression in combination with the upregulation of
p21 gene expression. Studies to examine this hypothesis are
currently ongoing in our laboratory.

Several signaling pathways are involved in tumor growth
and control of cell cycle, including Rac1. It has been shown
that Rac1 promotes cell cycle progression from G1 to S phase,
leading to uncontrolled cellular proliferation by increasing
cyclin D1 activation, pRb phosphorylation and E2F trans-
activation.51 Furthermore, it has been reported that Rac1
inhibition induces p21 mRNA expression in different can-
cers.52 Likewise, our data show that the inhibition of CaMKII
decreases the activation of Rac1. This ultimately leads to an
increase in p21 expression that contributes to G1/G0 cell cycle
arrest.

In order to investigate how CaMKII regulates Rac1 acti-
vation in osteosarcoma, we examined the upstream activators
of Rac1; Tiam1.53 The phosphorylation of Tiam1 has been
shown to play a pivotal role in the activation of Rac and the
promotion of tumor cell growth, invasion and metastases in
several organs such as the breast.18,19 It has been shown that
the phosphorylation of Tiam1 by CaMKII enhances its nu-
cleotide exchange rate toward Rac1.17 Our data demonstrate
that the pharmacologic inhibition of CaMKII in MG-63 osteo-
sarcoma cells decreases, in a time-dependent manner, the
activation of Tiam1, which leads, in turn, to a decrease in
the activation of Rac1. However, this does not exclude the
possibility that CaMKII could also be responsible for the ac-
tivation of other unidentified GEFs beside Tiam1.

Taken together, our results suggest that an increase in the
expression/activation of a-CaMKII in osteosarcoma cells re-
sults in an increase in the phosphorylation of Tiam1 and its
membrane localization. This increases the activation of Rac1,
inhibits the expression of p21 and leads to a disruption in cell
cycle regulation that results in the unregulated growth of
osteosarcoma (Figure 6c). Findings from our studies provide
the first documentation of a novel molecular mechanism that
describes the role of CaMKII in the growth of osteosarcoma.
In addition, although we focus on the role of CaMKII spe-
cifically in osteosarcoma, it is possible that this mechanism is
also important in promoting the growth of other types of
solid tumors. If found to be true, this would provide basis for
the development of a new target for drug design and thera-
peutic intervention to combat the life-threatening condition
of osteosarcoma and to dramatically improve patient’s
survival.
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