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A well-characterized murine osteosarcoma model for
metastasis and invasion was used in this study to
determine the role of AP-1 in the progression of this
disease. We analyzed K12 and K7M2 cells, two
clonally related murine osteosarcoma cell lines that
have been characterized as low metastatic or high
metastatic, respectively, for AP-1 components and ac-
tivity. AP-1 DNA binding was similar between the two
cell lines; however AP-1 transcriptional activity was
enhanced by 3- to 5-fold in K7M2 cells relative to that
in K12 cells. The AP-1 complexes in K12 and K7M2
cells was composed primarily of cJun, JunD, FosB,
Fra1, and Fra2, with the contribution of individual
components in the complex varying between the two
cell lines. In addition, an increase in phosphorylated
cJun, JNK activity, and phosphorylated ERK1/2 was
associated with the more metastatic osteosarcoma
phenotype. The significance of AP-1 activation was
confirmed by conditional expression of TAM67, a
dominant negative mutant of cJun. Under conditions
where TAM67 inhibited AP-1 activity in K7M2 cells,
migration and invasion potential was significantly
blocked. Tam67 expression in aggressive osteosar-
coma cells decreased long-term in vivo experimental
metastasis and increased survival of mice. This study
shows that differences in metastatic activity can be
due to AP-1 activation. The inhibition of AP-1 activity
may serve as a therapeutic tool in the management of
osteosarcoma. (Am J Pathol 2009, 174:265–275; DOI:
10.2353/ajpath.2009.071006)

Osteosarcomas are malignant tumors of the bone that
frequently metastasize to the lung.1 During this process,
a complex set of events is initiated that includes migration
from the primary tumor location, intravasation, cellular
arrest and adherence, extravasation at distant sites, cell
proliferation, and angiogenesis.2 Each of these events is
accompanied by changes in gene regulatory patterns,
which are required for metastasis. Genetic profiling stud-
ies are beginning to decipher the global gene regulatory
patterns associated with invasion.3 A murine model of
osteosarcoma with differing metastatic potential has pre-
viously been developed and used to identify genes that
associate with metastasis.4,5 In this model, two clonally
related murine cell lines were used: K12 having low met-
astatic potential and K7M2 with high metastatic potential
as observed by the aggressive behavior of K7M2 cells to
establish experimental metastasis after tail-vein injection.
Of the genes found differentially regulated between these
clones, a number have a role in metastasis-associated
events such as cytoskeleton rearrangement, motility, and
proliferation. In particular, ezrin, a member of the ezrin-
radixin-moesin family of proteins that function as cross-
linkers between actin filaments and the plasma mem-
brane, and galectin-3, a lectin binding protein that has a role
in proliferation and apoptosis, were identified as genes that
associate with K7M2 metastasis.4 Both ezrin and galectin-3
have been described as AP-1-regulated transcriptional tar-
gets.3,6,7 In addition to these two candidates, a number of
other genes that were found to be differentially regulated
between K12 and K7M2 are AP-1 targets.4

AP-1 is a transcription complex composed of members
of the Jun, Fos, and activating transcription factor (ATF)
family of proteins that bind as hetero- and/or homodimers
to AP-1 binding sites in the promoters of various target
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genes.8–10 Transcriptional activation of AP-1 target genes
requires phosphorylation of the individual components. The
cJun component of AP-1 is phosphorylated in the transac-
tivation domain at ser-63 and ser-73 by c-Jun NH (2)-termi-
nal kinase (JNK) and ERK1/2.11–14 Over expression of Fos,
the other major component of AP-1, has been shown to
induce osteosarcoma formation in rodents.15,16 In addition,
the co-expression of cJun and cFos in Fos-Jun double
transgenic mice enhances Fos-induced osteosarcoma,
suggesting that AP-1 is involved in osteosarcoma develop-
ment in murine models.17 These studies and others identi-
fying an association of AP-1-regulated genes with metasta-
sis suggest that AP-1 may have a role in the aggressive
phenotype observed in K7M2 osteosarcoma.

The objective of this study was therefore to establish if
AP-1 had a role in the metastatic phenotypes observed in
K12 and K7M2 murine osteosarcoma cells. To address
this objective, we determined the activity and expression
levels of the different components of the AP-1 complex
and their upstream activators in K12 and K7M2. Our data
show that AP-1 activity is increased in the highly aggres-
sive K7M2 and that this phenotype could be suppressed
by inhibition of AP-1 with dominant-negative cJun.

Materials and Methods

Cell Culture and Doxycycline Induction

K12 and K7M2 murine osteosarcoma cells were grown in
Dulbecco’s minimal essential medium (DMEM; GIBCO/
BRL, Burlington, ON, Canada) containing 10% fetal bo-
vine serum and supplemented with penicillin-strepto-
mycin (GIBCO/BRL). K7M2-Green Fluorescent Protein
and K7M2-Tam67–3 clones were maintained in the pres-
ence of 5 �g/ml blastacidin.5 For each experiment, near-
confluent cells were trypsinized with 0.5% trypsin/0.53
EDTA in Hanks-balanced salt solution (Tryp/EDTA;
GIBCO/BRL) and plated in media containing 10% fetal
bovine serum and penicillin-streptomycin with or without
2 �g/ml doxycycline to induce gene expression.

Preparation of Stable Clones

K7M2 osteosarcoma cells were infected with a Tam67- or
GFP-containing pLRT retrovirus as previously described.7

The cells were split as necessary and treated with 8 �g/ml
blastacidin. Clones resistant to blastacidin were selected
and screened for inducible Tam67 expression using 2
�g/ml doxycycline (Sigma). The K7M2-Tam67 clone with
the lowest background and highest inducible gene expres-
sion was used in subsequent experiments.

Total Protein and Nuclear Protein Preparation

Cells grown in 100-mm diameter tissue culture dishes
were washed with cold PBS. Total protein was extracted
from cells using RIPA lysis buffer (150 mmol/L NaCl, 1%
Triton X-100, 1% deoxycholate, 0.1% SDS, and 10
mmol/L Tris (pH 7.4) containing 100 �g/ml aprotinin, 100
�g/ml leupeptin, and 0.1 mmol/L Phenylmethanesulpho-

nylfluoride. Samples were sonicated and centrifuged.
The total protein concentrations were determined using a
Biorad assay (Biorad). Nuclear proteins were harvested
in cold PBS using a cell scraper. The cells were pelleted
and resuspended in 1 ml of a buffer containing HEPES
(pH 7.9), 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L
dithiothreitol, and allowed to swell on ice for 15 minutes.
The nuclei were released by slow uptake and rapid ejec-
tion (five times) through a 25 gauge needle. The nuclei
were pelleted by centrifugation and resuspended in 200
�l of a buffer containing HEPES (pH 7.9), 25% glycerol,
0.45 mol/L NaCl, 1.5 mmol/L MgCl2, 0.2 mmol/L EDTA,
100 �g/ml aprotinin, 1 �g/ml leupeptin, and 0.5 mmol/L
Phenylmethanesulphonylfluoride. The samples were in-
cubated at 4°C for 30 minutes with constant rotation. The
samples were centrifuged and the supernatant was
saved. Nuclear protein concentrations were determined
using a Biorad assay. Both total and nuclear protein
samples were stored at �80°C until needed.

Transfection and Dual Luciferase Assays

Transfection assays were performed using FuGene6 re-
agent. For each transfection and dual luciferase assay, 1
�g of pGL2-luciferase, TRE2-luciferase, �1048/�245
CyclinA-luciferase, 4�AP-1-luciferase, or mutated 4�AP-
1-lucifase and 20 ng of thymidine kinase-Renilla lucif-
erase (pRL-TK-Renilla) plasmid in Fugene6 reagent was
added to cells in six-well plates. The transfected cells
were incubated at 37°C for 24 hours. The proteins were
harvested in passive lysis buffer (Promega, Madison, WI),
and the luciferase activities of the lysates were analyzed
using the dual luciferase reagents (Promega). All exper-
iments were performed in triplicate.

Western Immunoblotting Analysis

Thirty to seventy �g of the protein sample was separated
by SDS-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane. The membranes
were incubated in a 1:2000 dilution of primary antibody
(Santa Cruz Biotechnology or Cell Signaling Technology)
in Tris-buffered saline Tween 20, followed by incubation
in a 1:4000 dilution of a secondary antibody linked to
horseradish peroxidase (Amersham Biosciences) in Tris-
buffered saline Tween 20. Proteins were identified using
chemiluminescence (Amersham Biosciences) and auto-
radiography of X-ray films. Antibodies used include;
c-Jun (sc-44), Jun B (sc-46), Jun D (sc-74), c Fos (sc-52),
Fra 1 (sc-605), Fra 2 (sc-604), ATF 1 (sc-243), ATF 2 (sc-
187), ATF 3 (sc-188), ATF 4 (sc-200), JAB-1 (sc-15353),
JIP-1 (sc-9074), JNK1 (sc-571), and �-tubulin (sc-9404)
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Phospho-specific antibody (#92615) against Ser-63-c-Jun
was obtained from New England Biolabs (Beverly, MA).
Antibodies against Phospho-ERK1/2 (#9101) and ERK1/2
(#9102) were obtained from Cell Signaling Technology.
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Gel Mobility and Gel Supershift Assay

Six �g of nuclear extract was incubated with 2 �l of poly
dI/dC, 4 �l of 5� incubation buffer (100 mmol/L HEPES
[pH 7.9], 250 mmol/L KCl, 2.5 mmol/L EDTA, 5 mmol/L
MgCl2, 20% Ficoll 400), and 2 �l of cold AP-1 oligomer or
cold mutated AP-1 oligomer, if necessary, in a total vol-
ume of 20 �l for 20 minutes on ice. AP-1 oligomers
labeled with [�-32P]ATP were then added and the mix-
tures were incubated on ice for 45 minutes. For supershift
assays, 1 �l of supershift antibody (Santa Cruz Biotech-
nology) was added to the protein-probe mixture and
allowed to incubate on ice for an additional 45 minutes.
The samples were separated on a non-denaturing 5%
polyacrylamide gel at 180 volts for 3 hours at 4° in
0.5�Tris/Borate/EDTA. Gels were dried and exposed to
X-ray film.

JNK Assay

Cells grown in 100-mm diameter tissue culture dishes
were washed with cold PBS. Non-denatured proteins
were extracted from cells using cell lysis buffer (20
mmol/L Tris [pH 7.4], 150 mmol/L NaCl, 1 mmol/L EDTA,
1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophos-
phate, 1 mmol/L �-glycerolphosphate, 1 mmol/L Na3VO4,
1 �g/ml leupeptin, containing 1 mmol/L Phenylmethane-
sulphonylfluoride) obtained from Cell Signaling Technol-
ogy. The lysed cells were sonicated, then centrifuged,
and protein concentrations were determined using a Bio-
rad assay. A 2-�g sample of c-Jun fusion beads (Cell
Signaling Technology) was added to 250 �g total protein
and rotated at 4°C for 24 hours. The sample was pelleted,
washed twice with cell lysis buffer, and twice with kinase
buffer (25 mmol/L Tris [pH 7.4], 5 mmol/L �-glycerolphos-
phate, 2 mmol/L DDT, 0.1 mmol/L Na3VO4, 10 mmol/L
MgCl2) on ice. The sample was suspended in 50 �l
kinase buffer supplemented with 100 �mol/L ATP and
incubated at 30°C for 30 minutes. The reaction was ter-
minated by the addition of 15 �l of 4�LDS sample buffer
(NuPage). The sample was then boiled, and 20 �l loaded
onto an SDS-polyacrylamide electrophoresis gel for
Western immunoblotting analysis. A phospho-cJun anti-
body (Cell Signaling Technology) was used to detect the
amount of cJun phosphorylation. Membranes were ex-
posed to X-ray film.

Motility Assays

Motility assays were performed using transwell chambers
(Costar, Cambridge MA) with 8-�m pore size. Cells in
serum-free DMEM were added to an upper transwell
chamber. The chamber was placed into lower chambers
containing DMEM supplemented with 10% fetal bovine
serum. Cells were incubated for 4, 8, or 24 hours at 37°C.
On completion of the incubation period, the cells in the
upper chambers were removed by gentle wiping with a
cotton tip and the migrated cells on the bottom chamber
stained using DiffQuick reagent (American Scientific
Products, McGraw Park, IL). The transwell membranes

were then viewed under a microscope for cell counting.
At least six views per condition were counted and aver-
aged. The percentage of motile cells was calculated
related to the total number of cells plated as described
in.4 Each experiment was performed in triplicate.

Invasion Assays

The in vitro invasive ability of K7M2-Tam67 cells grown in
the absence and presence of doxycycline was deter-
mined using Transwell plates with 8 �m pore size coated
with basement membrane matrix. The assay was per-
formed using a fluorometry-based cell invasion assay
according to the manufacturers protocols (Oncogene Re-
search Products). Briefly, 300 �l of 0.5 � 106 cells/ml in
serum-free media were added to the top chamber and
incubated for 48 hours at 37°C. The bottom chamber
contained 10% FBS containing DMEM. After incubation
the cells on the underside of the chamber were removed
by gently tapping the insert and incubated in a 500 �l
1:300 diluted calcein-AM solution for 30 minutes in the
tissue culture incubator. The insert was removed and the
dislodged cells incubated for an additional 30 minutes.
Two hundred �l of the dislodged cells were then trans-
ferred to a 96-well plate in duplicate and fluorescence at
excitation 485 nm and emission 520 nm measured. Ex-
periments were done in triplicate.

Ex vivo Metastasis Videomicroscopy

Ex vivo metastasis videomicroscopy was performed as
described by Khanna et al, 2000.5 Female, balb/c mice of
4 to 6 weeks of age were purchased from Charles Rivers
Laboratories (NCI-Frederick Animal Production Area).
Mice were divided into experiment groups consisting of
three mice per condition per experiment and received
either untreated water or water consisting doxycycline 2
mg/ml (Sigma Inc) in 5% sucrose solution (MP-Biomedi-
cals, LLC) ad libitum for 3 days before each experiment.
Cells were labeled with the Cell Tracker Green CMFDA
(Invitrogen) at a final concentration of 25 �mol/L in se-
rum-free DMEM. Subsequently, labeled cells were
trypsinized, detached, and resuspended in 1�Hanks’
balanced salt solution. Using a 27-guage�1/2 inch hy-
podermic needle, in 0.1 ml volume of cells (1�106) was
delivered by lateral tail vein injection. Mice were eutha-
nized at either 1 hour or 6 hours postinjection. Three mice
were injected per cell line per time point. On euthaniza-
tion, lungs were removed and inflated using slow intra-
tracheal injection of PBS. Lungs were then imaged ex vivo
with a LEICA fluorescent inverted microscope as previ-
ously described.18 Images of 10 representative regions
of each removed lung were captured using Openlab
software. Experimental lung tissue was preserved in 10%
formalin. The number of cells per image was counted
using the Openlab software automatic feature counter
and histographs were constructed in Microsoft Excel.
Statistical significance was determined using non-
parametric t-test and experiments were performed in
quadruplicate.
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In Vivo Experimental Metastasis

Mice were divided into four experiment groups (doxycy-
cline induced K7M2-Tam67, uninduced K7M2-Tam67,
doxycycline-induced K7M2-GFP, and uninduced K7M2-
GFP) consisting of 10 mice per group per experiment and
either received untreated water or water containing 2
mg/ml doxycycline (Sigma Inc) in 5% sucrose solution
(MP-Biomedicals, LLC) ad libitum for 3 days before each
experiment and then continuously through the duration of
the experiment. Fresh doxycycline water was replaced
twice weekly. Cells were resuspended in 1�Hanks’ bal-
anced salt solution. Using a 27-guage�1/2 inch hypo-
dermic needle, a 0.1 ml volume of cells (1 � 106) was
delivered by lateral tail vein injection into 4- to 6-week-old
BALB/c mice. Mice were monitored at least twice weekly
for the development of metastasis related morbidity.
Animals were sacrificed based on two different criteria.
For experiment 1, animals were sacrificed in the pre-
morbid state. Criterion for morbidity associated with
metastases in mice included ill thrift, anorexia, dehy-
dration, decreased activity and grooming behavior,
and dyspnea. Sacrifice of mice with presumed pulmo-
nary metastases was primarily based on the develop-
ment of dyspnea. For experiment 2, animals were sac-
rificed at 37 days, a time determined to easily
demonstrate the size and number of metastases in this
model. All mice that were sacrificed due to presumed
pulmonary metastases had necropsy confirmation of me-
tastases. Their lungs were extracted, fixed in formalin,
and examined for the presence of metastases by H&E
light microscopy. Each experiment was repeated in trip-
licate. Statistical analysis was performed by and log-rank
and log-rank trend statistics were used for survival curves
(using Graphpad Prism v3.0a).

Results

Increased AP-1 Activity in Highly Metastatic
Murine Osteosarcoma Cells

AP-1 target genes such as ezrin and galectin-3 have
previously been shown to have increased expression
in the more aggressive K7M2 osteosarcoma cell line
when compared to the less aggressive K12 cell line.4

To determine whether differences in the biological phe-
notypes of these two cell lines could be attributed to
alterations in AP-1 activity, we performed promoter
activity assays. Transient transfections of two artificial
promoter constructs containing either two (TRE2-lucif-
erase) or four putative AP-1 binding sites (4�-AP-1-
luciferase) were performed. These AP-1 regulated pro-
moter constructs had enhanced activity in the K7M2
compared to K12 (Figure 1A, B). Promoter assays with
mutated AP-1 binding sites confirmed that the differ-
ences in promoter regulation were a result of alter-
ations in AP-1 activity (Figure 1B). Similar to artificial
AP-1 promoter constructs, the promoter of a known
AP-1 responsive gene, cyclin A had a significantly
higher activity in K7M2 osteosarcoma (Figure 1C).

These results suggest an increase in AP-1 activity in
the more aggressive osteosarcoma cell type.

AP-1 Complex Components in Murine
Osteosarcoma Cells

To further investigate what contributed to the differences
in AP-1 activity between the two cell lines, we performed
gel shift assays with an AP-1 consensus binding site.
AP-1 binding was detected in K12 and K7M2 nuclear
extracts and binding could be competed with unlabeled
wild-type AP-1 oligomers but not the mutant oligomer
(Figure 2). No difference in the relative amounts of AP-1
binding was observed between the two cell lines (Figure
2, lanes 1 and 11). Gel shift assays analysis with antibod-
ies that have previously been shown to result in either the
electrophoretic supershift or reduction of complexes con-

Figure 1. AP-1 promoter activity in K12 and K7M2 osteosarcoma cell lines.
AP-1 promoter activity was assayed by transient transfection of TRE2-Lucif-
erase containing two AP-1 binding sites (A) and 4�AP-1-luciferase contain-
ing four AP-1 binding sites (B) and the �1048 to � 205 cyclin A promoter (C)
fused to the luciferase reporter gene. Results are representative of the
mean � SD of experiments performed in triplicate. Renilla-luciferase under
the control of the TK promoter was used as a control for transfection
efficiency. Empty vectors and 4�mut AP-1-Luciferase containing four mu-
tated AP-1 binding sites were used as negative controls (*P � 0.05, n � 4).
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taining individual AP-1 proteins19 identified supershift/
reduction of cJun, JunD, FosB, Fra2, and to a lesser
extent, Fra1 in K12 nuclear extracts (Figure 2, lanes 4, 6,
8, 9, 10). While the binding of the same AP-1 components
was affected in K7M2 nuclear extracts, the supershift/
reduction effect for JunD, Fra1, and Fra2 (Figure 2, lanes
16, 19, 20) appeared altered compared to K12. Western
blot analysis for AP-1 components revealed no major
differences in cJun, JunB, JunD, and cFos expression
levels (Figure 3). An increase in Fra1 and ATF3 levels,
and decrease in ATF2, was observed in K7M2 protein
extracts (Figure 3). No difference in the upstream modu-
lators of AP-1 activity, the Jun-activation domain binding
protein (JAB1) and JNK interacting protein 1 (JIP1), was
detected. Phosphorylation of cJun at ser-63 however,
was approximately twofold higher in K7M2 cells (Figure
3). Thus, while total cJun amounts do not differ between
K12 and K7M2 cells, increased phosphorylation of cJun
is apparent in the more aggressive cell line, suggesting
that JNK, and possibly other mitogen-activated protein
kinases such as MEK, may have increased activity in
K7M2 cells.

JNK and MEK1 Activity is Increased in Highly
Metastatic Osteosarcoma

To determine the level of JNK activity in K12 and K7M2
cell lysates, JNK1/2 kinase assays were performed using
GST-cJun-fusion beads. Phosphorylation of the GST-
cJun fusion protein was achieved by incubation of K12
and K7M2 protein extracts with ATP in a kinase buffer.
The phosphorylation of GST-cJun was then detected by
Western blot analysis using a Ser63 phospho-specific
antibody. An increase in JNK activity was observed in
K7M2 compared to K12 cells (Figure 4A). This was not as

a result of an increase in JNK1/2 levels since these re-
mained largely unchanged between the two cell lines.
Similarly, phosphorylation of ERK1/2 was considerably
increased in K7M2 cells compared to K12 cells, suggest-
ing an increase in MEK1/2 activity (Figure 4B). These
results suggest that the increase in AP-1 activity in K7M2
may be associated with an increase in MAP Kinase acti-
vated signaling pathways.

Dominant Negative cJun Inhibits AP-1 Activity
and the K7M2 Phenotype

The significance of increased AP-1 activity in K7M2 cells
was determined by using a dominant negative mutant of
cJun, Tam67, to inhibit endogenous AP-1 activity. K7M2
clones with doxycycline regulated Tam67 were prepared
and screened for Tam67 by Western blot analysis. K7M2
cells with inducible GFP expression (K7M2-GFP) served
as a control for the effect of doxycycline alone. A number

Figure 2. Electrophoretic mobility shift assays using the AP-1 consensus
oligomer. Five �g of nuclear protein extracted from K12 or K7M2 cells were
incubated with a radioactively labeled AP-1 consensus oligomer. DNA-pro-
tein complexes were resolved by 4.5% non-denaturing polyacrylamide gel
electrophoresis. Unlabeled wild-type and mutant AP-1 oligomers were used
as competitors for complex formation. Antibodies against specific AP-1 com-
ponents were used in supershift experiments to determine the nature of the
DNA-protein complex. The asterisk shows the specific AP-1 DNA-binding
complex and arrows show supershifted DNA-protein complexes.

Figure 3. Western blot analysis for AP-1 components and upstream modu-
lators. Western blot analyses were performed using 30 �g total cell protein
extracted from K12 and K7M2 osteosarcoma cells separated by SDS-poly-
acrylamide gel electrophoresis. After transfer of the proteins to nitrocellulose
membranes the blots were probed with antibodies against cJun, p-cJun,
JunB, JunD, cFos, Fra1, ATF2, ATF3, JIP1, JAB1, and �-tubulin as a control for
protein loading. All blots were generated using the same protein extract, with
the p-cJun blots stripped to analyze total cJun levels. The results shown are
representative of three independent experiments.
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of clones with varying conditional Tam67 expression
were isolated (Figure 5A). The clone with the highest
detectable doxycycline inducible Tam67 levels, K7M2-
Tam67–3 was used in subsequent analysis. A time

course of doxycycline treatment indicated that Tam67
was induced approximately 8 hours after treatment and
was maximally expressed by 24 hours (Figure 5B). The
expression of Tam67 occurred with an associated de-
crease in endogenous cJun levels (Figure 5B). This result
confirmed that Tam67 inhibits AP-1 activity in K7M2 cells
as c-jun is a known AP-1-regulated gene. The inhibition of
AP-1 by Tam67 had no significant effect on the prolifer-
ation of K7M2 cells (Figure 5C). Cells grown in the ab-
sence of doxycycline had a doubling time of 22.09 � 0.98
hours while that of those grown in the presence of doxy-
cycline was 25.69 � 1.77 hours. The decrease in cJun
levels in Tam67 expressing K7M2 cells suggested that
AP-1 activity should be decreased in these cells. Support
for these observations was obtained by transient trans-
fection of the TRE2-promoter-luciferase construct into
K7M2-Tam67 cells grown in the absence and presence
of doxycycline. Doxycycline regulated expression of
Tam67 resulted in a significant inhibition in TRE2-pro-
moter activity of approximately 63% in K7M2 Tam67 ex-
pressing cells (Figure 6A). This inhibition was not as a
result of doxycycline alone, since promoter activity was
not altered in the GFP expressing K7M2 control cells.
Tam67 also had a nonspecific effect on the TK-Renilla
promoter-reporter construct (Figure 6B). Taken together,
these results show that dominant negative cJun can in-
hibit the expression of endogenous cJun expression as
well as block activation of an AP-1 responsive promoter
construct in aggressive osteosarcoma cells.

Figure 4. JNK and MEK1/2 kinase activity is increased in K7M2 cells. A: JNK
assays were performed using protein extracted in a nondenaturing lysis buffer.
Equal amounts of protein from K12 and K7M2 cells were incubated with a
GST-cJun fusion protein linked to agarose beads to pull down JNK in the
extracts. In vitro kinase reactions were performed in the presence of cold ATP
and phosphorylation of the GST-cJun fusion protein at Ser63 were detected
using a phospho-specific antibody in Western blot analysis. JNK1/2 and �-tu-
bulin levels are shown, indicating that equal amounts of proteins were used in
the assay. B: MEK1/2 activity was assayed by determining the phosphorylation
status of ERK1/2. Equal amounts of K12 and K7M2 protein were used in Western
blot analysis and p-ERK1/2 and total ERK1/2 levels are shown. The results
shown are representative of three independent experiments.

Figure 5. Inducible dominant-negative cJun expression in K7M2 cells. A:
K7M2 clones with stable inducible expression of GFP or a dominant-negative
cJun, Tam67, were prepared as described in Materials and Methods. Induc-
ible expression of Tam67 was determined by Western blot analysis using a
cJun-specific antibody that recognizes Tam67 as a 29kD protein. Clone
K7M2-Tam67–3 had the highest inducible Tam67 expression. B: Western
blots showing a time course of doxycycline-inducible Tam67 expression in
K7M2-Tam67 cells. Inducible Tam67 expression results in the inhibition of
endogenous cJun expression. Results are representative of at least three
independent clones. Tubulin is shown as a control for differences in loading.
C: The effect of inducible Tam67 on the growth of K7M2 cells. Cell growth in the
absence and presence of 2 �g/ml doxycycline (�Tam67) was performed in 96
well plates and measured by MTT assays (Promega) as described in materials
and methods. Results are the mean � SD of eight wells per condition. The
doubling time for K7M2 cells was not significantly changed by TAM67.

Figure 6. AP-1 promoter activity is inhibited by inducible Tam67 expression.
K7M2-GFP and K7M2-Tam67 cells grown in the absence and presence of
doxycycline for 24 hours were transiently transfected with the TRE2-promot-
er-luciferase construct containing two AP-1 binding sites and lysates ex-
tracted after 48 hour incubations. A: Luciferase activity was inhibited by
inducible Tam67 expression in K7M2-Tam67 cells and not in K7M2-GFP
control cells. (*P � 0.05, n � 3). B: Tam67 expression had an inhibitory effect
Renilla-luciferase expression, although not to the same extent as that on the
TRE2-Promoter construct. Results are the mean � SD of experiments per-
formed in triplicate.
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Inhibition of AP-1 Activity Interferes with K7M2
Migration and Invasion

Biological phenotypes associated with metastasis in-
clude motility and invasion. K7M2 cells have previously
been shown to be highly motile. To determine whether
AP-1 activity is required for the movement of these cells,
in vitro motility assays using transwell chambers were
performed with control and Tam67 expressing K7M2
cells. These assays were performed after growing the
cells in the absence and presence of doxycycline for 24
hours before setting up the experiment. Cell migration
was allowed for 4, 8, and 24 hours in the absence and
presence of doxycycline. Tam67 expression significantly
inhibited the migration of K7M2 cells (Figure 7A). This
inhibition was observed at 4, 8, and 24 hours and was
significant in relation to the total cells assayed (Figure
7B). Doxycycline treatment of the K7M2-GFP control cells
had no effect on cell migration while doxycycline-induc-
ible Tam67 expression resulted in an approximately 80%
reduction in K7M2 motility (Figure 7C). Taken together,
these results suggest that AP-1 activation is essential for
the motility associated with K7M2 osteosarcoma cells. To
determine whether AP-1 activity associated with the in-
vasive ability of K7M2 cells, we performed in vitro invasion
assays using transwell chambers coated with basement
membrane matrix and demonstrated that Tam67 inhib-
ited the invasion of K7M2 cells (Figure 8A).

Inhibition of AP-1 Activity Interferes with K7M2
Experimental Metastasis in Vivo and Prolongs
Survival

To determine the effect of Tam67 expression on in vivo
invasion and experimental metastasis, Tam67 expressing
K7M2 cells were used to induce experimental metastasis
in BalbC mice. A fraction of cell lysates from K7M2-
Tam67 control (�dox) and Tam67-expressing K7M2 cells
(�dox) to be injected into mice were first assayed by
western blots to confirm the expression of Tam67 (Figure
8B). As observed previously, Tam67 expression resulted
in an associated decrease in cJun levels confirming
Tam67’s inhibitory effect on AP-1 activity. Using the sin-
gle-cell fluorescent imaging of CMFDA-labeled cells as
previously described,18 we examined the effects of
Tam67 expression on the early steps that follow arrival of
single metastatic cells in the lung. After tail vein injection
of control (�dox) and Tam67 expressing (�dox) cells,
the load of tumor cells was determined by imaging of
fluorescent tumor cells in the lungs of injected animals at
1 hour and 6 hours post-experimental metastasis (Figure
8C). A decrease in the number of cells colonizing the
lungs was observed within 6 hours of tail vein injection in
the Tam67 expressing group; this change however, was
not significant at this early time point (Figure 8D).

To determine the role of Tam67 expression on the
consequences of osteosarcoma metastasis, mice were
followed for the development of metastasis-associated
morbidity. In this model, there is a predictable series of
clinical changes in mice that occurs as a result of pulmo-

Figure 7. K7M2 motility is inhibited by dominant-negative cJun. A: In vitro motility
of K7M2-Tam67 cells grown in the absence and presence of doxycycline for 24
hours determined using Transwell culture chambers containing membranes with
8-�m pores as described in Materials and Methods. Motility of cells in the absence
(�Tam67) and presence (�Tam67) of doxycycline were compared at 4, 8, and 24
hours. The total number of cells plated in each condition was stained on the
membrane within 4 hours of plating. After incubation for 4, 8, and 24 hours the cells
in the top on the chamber were removed and those that have migrated onto the
bottom of the chamber were stained with DiffQuick solution and photographed at
original magnification �100. B: The percentage of motile cells scored as the number
of cells at the bottom of the chamber relative to the total number of cells plated.
Tam67 inhibited the motility of K7M2 cells relative to controls at 4, 8, and 24 hours.
C: Motility of K7M2-GFP and K7M2-Tam67 at 24 hours. Motility in the presence
of doxycycline is expressed relative to un-induced controls. Doxycycline-induc-
ible GFP expression has no effect on the motility of K7M2 cells, while Tam67
expression significantly inhibits K7M2 motility. (*P � 0.05, n � 3).
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nary metastases. Mice develop weight loss, poor hair
coat, and eventually dyspnea (humane endpoint of sur-
vival; see Materials and Methods). Marked and diffuse
pulmonary metastasis is confirmed by necropsy in all
sacrificed mice. In the event that marked and diffuse
metastasis is not seen, mice are censured from the data
analysis. The biological differences in Tam67-expressing
K7M2 cells became apparent during these longitudinal in
vivo experiments. The suppression of AP-1 activity by
both conditional (doxycycline-inducible) and constitutive
expression of Tam67 (pcDNA-Tam67) significantly im-
pacted the survival of the animals. Mice injected with
Tam67-expressing cells showed longer survival com-
pared to those injected with the untreated or control cell
lines. Log-rank trend tests showed a significant increase
in the survival of animals injected with Tam67 express-
ing osteosarcoma (Figure 9A and B). The survival of
animals injected with doxycycline-inducible Tam67 ex-
pressing K7M2 cells was similarly increased (69 days,
P � 0.015 under doxycycline induction) in comparison
with that of animals injected with K7M2-GFP control
cells (0 days, under doxycycline induction). In addi-
tion, mice treated with K7M2-GFP cells and doxycy-
cline did not survive any longer than K7M2-Tam67
treated mice without doxycycline. The animals were
followed to the same clinical endpoint (distress); how-
ever, the number of pulmonary metastases was de-
creased in animals with high Tam67 expression (25.2%
decreased), although this was not statistically signifi-
cant. While fewer pulmonary lesions were observed in
the presence of doxycycline-inducible Tam67 expres-
sion, these lesions were large and showed a high
indication of necrosis (Figure 10A–D). To confirm these
results, we repeated the in vivo experiment but sacri-
ficed all of the animals at a time when the animals were
not yet showing distress (37 days), allowing for a more

accurate assessment of differences in number and
size of pulmonary metastases. Gross examination of
the lungs demonstrated a decrease in pulmonary me-
tastases in the animals with high TAM67 expression.
Microscopic examination of the lungs revealed a 67%
decrease in pulmonary metastases with TAM67 ex-
pression (P � 0.001) and a decrease in the size of

Figure 8. Inhibition of K7M2 in vitro and in vivo
metastasis by Tam67. A: In vitro invasion assays
of K7M2-Tam67 cells grown in the absence and
presence of doxycycline. In vitro invasion was
determined by a fluorometric-based cell inva-
sion assay using transwell plates with 8-�m pore
size that have been coated with basement mem-
brane matrix. Induction of Tam67 expression
with doxycycline significantly inhibited in vitro
invasion. B: Western blot analysis showing
Tam67 and cJun levels in a pool of K7M2-Tam67
cells prepared for lung colonization assays. Cells
were grown in the absence and presence of
doxycycline for 48 hours before harvesting for
invasion assays. Overexpression of Tam67 re-
sults in a decrease in cJun levels as observed in
Figure 5B. C: Short term in vivo experimental
metastasis imaging of fluorescently labeled
K7M2-Tam67 cells grown in the absence and
presence of doxycycline for 48 hours before
tail-vein injection of the cells into mice. Fluores-
cent cells located in the lungs of injected animals
were photographed at 1 and 6 hours after tail-
vein injection. Representative fields from lungs
are shown at original magnification �100. D:
Quantification of fluorescence detected in the
lungs of eight mice per group injected with
control (�dox) and Tam67 expressing (�dox)
K7M2 cells. Results shown are the mean � SEM
and are expressed as a percentage of cells in the
lungs imaged at 1 hour after tail-vein injection.
(*P � 0.05, n � 3).

Figure 9. Inhibition of AP-1 activity with Tam67 significantly prolongs sur-
vival of mice with experimental osteosarcoma metastasis. A: Doxycycline-
induced Tam67 expression in K7M2 osteosarcoma cells resulted in an in-
crease in survival (P � 0.0001 by log-rank test for K7M2-Tam67 �dox vs
�dox). B: Constitutive Tam67 expression in K7M2 cells (K7M2-pCDNA-
Tam67) results in a significant increase in survival compared to mice injected
with K7M2 cells containing the empty vector (P � 0.005, n � 3).
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those lesions (Figure 11). Our results suggest that the
inhibition of AP-1 activity in aggressive osteosarcoma
suppresses the formation of metastatic lung tumors
and hence increases overall survival.

Discussion

In this study, we identified an association between AP-1-
dependent transcriptional activation and invasion with
two clonally related murine osteosarcomas, K12 and
K7M2. Enhanced AP-1 activity was observed in the highly
aggressive K7M2 compared to K12. Similar results have
been reported in breast cancer, where AP-1 overexpres-
sion associates with increased motility and invasion of
MCF-7 breast cancer cells.20,21 To characterize the mo-
lecular basis for the difference in AP-1 activity in K12 and
K7M2 osteosarcoma, we determined its composition and
upstream activators. Supershift gel shift analysis identi-
fied slight variations in the major components of the AP-1
complex in K7M2 and K12 cells. This finding was sup-
ported by Western blot analysis showing that phospho-

cJun and Fra1 levels were increased in K7M2. Previous
studies have shown that phosphorylation of cJun in the
transactivation domain enhances its activity as a regula-
tor of transcription.12,22 Contrary to our expectations,
ATF2 expression was significantly decreased in K7M2
relative to K12. ATF2 is a member of the ATF family of
proteins and have been shown to have role in oncogen-
esis by interacting with v-Jun in primary chicken embryo
fibroblasts.23 Our results suggest ATF2 is not required for
the activation of AP-1 responsive promoters in K7M2 and
that the involvement of cJun and possibly Fra1 may be
the determining factors. This hypothesis is supported by
our findings that JNK activity is significantly higher in
K7M2 osteosarcoma. The activation of JNK signaling
pathways have been demonstrated to have a role in
osteoblast proliferation and apoptosis.24,25 JNK-acti-
vated AP-1 signaling pathways have also been associ-
ated with the progression of human osteosarcoma and
the formation of osteosarcomas in transgenic mice.26,27

The increase in JNK and AP-1 activities in K7M2 may
therefore be a prerequisite for the aggressive phenotype
of these cells.

In addition to JNK activation, MEK activity, as deter-
mined by phosphorylation of ERK1/2, was significantly
increased in K7M2. MEK has been reported to stimulate
JNK activity in human leukemia cells.28 It is possible that
MEK1 can stimulate JNK and hence AP-1 activity in these
cells. A recent study showed that phosphorylation of
cJun at ser-63 and ser-73 is mediated by ERK1/2 in
response to TPA and EGF stimulation.14 The regulation of
cFos expression is thought to involve ERK1/2.10 Interest-
ingly, high levels of cFos have been detected in many
osteosarcomas of human and murine origin.29–31 The
overexpression of cFos in mice causes osteosarcoma by
transforming chondroblasts and osteoblasts.32 We, how-
ever, did not observe an increase in cFos expression in
K7M2 suggesting that cFos is not involved in AP-1 activity
in K7M2. A study by Rupp et al., (1998) reported that
while overexpression of AP-1 complex members such as
c-fos and v-fos may be involved in tumorigenesis, the
increased expression of these component proteins does
not associate with murine osteosarcoma invasiveness
and metastasis.33 It would thus appear that absolute
levels of at least the Fos proteins are not essential for
metastasis. Similarly, our results suggest that differences

Figure 10. Pulmonary metastasis in animals with K7M2-Tam67 cells sacri-
ficed at premorbid state. A: H&E staining of lung from an animal injected with
K7M2-Tam67 cells without doxycycline treatment. B: H&E staining of lung
from an animal injected with K7M2-Tam67 with doxycycline treatment (C)
High power (original magnification � 20) image of lung (Lu) containing a
metastatic lesion (tumor) from an animal without doxycycline treatment. D:
High power (original magnification � 20) image of lung of lung containing
metastasis (Tu) with necrosis (Ne) from an animal with doxycycline treat-
ment. Images shown are representative of all experimental animals.

Figure 11. Pulmonary metastasis in animals
with K7M2-Tam67 cells sacrificed at 37 days. A:
H&E staining of lung from an animal injected
with K7M2-Tam67 with doxycycline treatment
containing two lymph nodes (LN) and small
metastasis (arrow). B: H&E staining of lung
from an animal injected with K7M2-Tam67 cells
without doxycycline treatment containing
lymph node (LN) and many large metastases
(arrows). Images shown are representative of
all experimental animals.
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in metastatic potential reported for the two clonally re-
lated K12 and K7M2 murine osteosarcoma cell lines does
not associate with differences in the expression levels
of AP-1 components such as cFos, cJun, JunB, and
JunD, but rather that an increase in AP-1 activity as-
sociated with an increase in MAP kinase-activated sig-
naling pathways may be involved. Fra1 expression and
DNA binding on the other hand was increased. The
transactivation of Fra1 and resultant AP-1 transcrip-
tional activation has been reported to occur in a ERK-
dependent manner in a mouse epidermal model for
oncogenesis.34 Fra1 overexpression has also been im-
plicated in the transformation, motility and invasive-
ness of epithelial adenocarcinoma cells.35 The combi-
nation of JNK and ERK activation and the increase in
phospho-cJun and Fra1 in K7M2 may therefore ac-
count for the increase in AP-1 activity and invasiveness
observed in these cells.

The significance of AP-1 activation to the biological
phenotype of K7M2 was determined by using Tam67, a
dominant-negative mutant of cJun, to inhibit its activity.
TAM67 can form blocking homodimers or inhibitory het-
erodimers with other Jun, Fos, and ATF members. In our
study, Tam67 had a significant inhibitory effect on AP-1
activity, and in turn cellular motility and invasion. While
TAM67 has been shown to inhibit AP-1 activity and cel-
lular events such as motility and invasion in other cells
such as keratinocytes, most of these studies have used
in vitro systems and focused on early events in trans-
formation such as tumor promotion.36 To our knowl-
edge, this is the first study to report in vivo inhibition of
AP-1 activity in an experimental metastasis model re-
sulting in significant increase in survival of the animals.
The survival of the animals in this model is the direct
result of the number and size of the pulmonary metas-
tases. The prolongation of survival by inhibition of AP-1
in our study associates with a decrease in experimental
metastasis. We suspect that the decrease in the num-
ber of observed pulmonary metastases would have
been greater if the animals were not allowed to progress
till distress. Our data suggest that AP-1 plays an impor-
tant role during the early stages of metastasis in this
model. These early events would include cell motility and
invasion, both shown to be inhibited by TAM67 in in vitro
assays. Further, the number of cells in the lung after 6
hours was lower in the TAM67 expressing cells consis-
tent, with a role early in the metastatic process. Of note,
many of the animals that had decreased numbers of
metastases (TAM67 expressors) had larger lesions than
the control animals (sacrificed when premorbid). This
observation is consistent with fewer cells initiating lesions
in the lungs, but once established, growing at similar
rates as those without TAM67. Presumably the larger size
results from the greater available lung volume in animals
with high TAM67 expression and less total pulmonary
metastasis. This is supported by the observations of
decrease in the number and size of metastases at
30 days.

The data presented in this study support the concept
that AP-1 transcriptional activity and the expression of
AP-1-regulated genes is important for the process of

metastasis in osteosarcoma. Further, since AP-1 has
an essential role in metastasis and invasion of osteo-
sarcoma, it could be a potential therapeutic target for
osteosarcoma.
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