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Establishment and Characterization of a Stable Cell
Line to Evaluate Cellular Runx2 Activity
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Abstract Runx2 is an essential transcription factor for osteoblast differentiation from early commitment step to final
differentiation. Based on its crucial role in osteoblast differentiation, the transcriptional activity of Runx2 protein implies
more valuable information for osteoblast differentiation than any other parameters, such as Runx2 mRNA or protein level.
Thus, a sensitive, specific, and consistent method to determine the Runx2 transcriptional activity has long been expected.
Here we suggest a stable cell line that carries 6xOSE2-Luciferase reporter vector would be a good evaluation system to
determine biological Runx2 transcriptional activity. The proliferation rate, cell shape, and the myogenic differentiation
potential of the cloned cell line were similar to those of parental premyoblastic C2C12 cells. The cells specifically
responded to Runx2 modulating agent such as FGF2. The stable cell line responded 5-6 folds more sensitively than the
transiently transfected cells with Runx2. Though overexpression of any Runx gene stimulated the luciferase activity,
Runx2 enhanced the reporter activity the highest. Collectively, the 6xOSE2-luc stable cells would be a good biological
evaluation system to assess the activity of extracellular Runx2 modulating stimulations as well as the signal transduction

pathways involved in the stimulations. J. Cell. Biochem. 91: 1239-1247, 2004.  © 2004 Wiley-Liss, Inc.
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Runt-related transcription factor 2 (Runx2),
previously known as Cbfal/Pebp2¢A/AMLS,
plays an essential role in osteoblast differentia-
tion [Ducy et al., 1997; Komori et al., 1997].
Runx2-knockout animals display complete
absence of bone because of arrested osteoblast
maturation [Komori et al., 1997] and hetero-
zygotes develop cleidocranial dysplasia, a dis-
order characterized by delayed ossification
[Mundlos et al., 1997; Otto et al., 1997]. Several
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reports show that Runx2 regulates the expres-
sion of bone marker genes during osteoblast
differentiation [Banerjeeetal., 1997;Ducyetal.,
1997; Ji et al., 1998]. In our previous report, we
showed the expression pattern of Runx2 during
intramembranous and endochondral bone for-
mation, which indicate that Runx2 is required
for all steps of osteoblast differentiation,
namely, from the initial commitment to the
final differentiation events [Park et al., 2001;
Choi et al., 2002]. These observations collec-
tively indicate that Runx2 plays a key role in
osteoblast differentiation.

Although the mechanism by which Runx2
controls osteoblast differentiation and skeletal
bone formation is not fully revealed, this
transcription factor regulates osteogenic mar-
ker genes such as osteocalcin (OC), osteopontin
(OP), bone sialoprotein (BSP), collagenase 3,
osteoprotegerin, and o1(I) and a2(I) collagen.
Promoters of these genes contain common
consensus sequences, 5'-(Pu/T)ACCPuCPu-3’
or 5'-PyGPyGGT(Py/A)-3/, referred as nuclear
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matrix protein 2 (NMP2)-binding site or osteo-
blast-specific cis-acting elements 2 (OSEZ2)
[Ducy and Karsenty, 1995; Merriman et al.,
1995], which is also recognized by highly
conserved runt domain of other Runx proteins
[Meyers et al.,, 1993; Geoffroy et al., 1995].
Runx2 binds to the conserved OSE2 element
and stimulated transcriptional activity of repor-
ter gene in the multimerized OSE2 promoter-
driven reporter system. However, mutations of
common consensus sequences in OSE2 ele-
ments abolished Runx2 binding as well as its
transcriptional activity [Geoffroy et al., 1995;
Ducy et al., 1997; Kim et al.,, 2003]. These
results indicate that Runx2 transcriptional
activity is basically dependent on the binding
of runt domain and cognate cis-acting element.
Moreover, post-translational modifications of
the Runx2 protein also greatly influence on the
binding or transcriptional activity [Xiao et al.,
2002; Kim et al., 2003]. Thus, the Runx2 activity
could not be simply determined by its mRNA or
protein level.

In the present study, we have const-
ructed multimerized OSE2-driven reporter
vector, established a stable cell line expressing
6xOSE2-driven luciferase. We compared gen-
eral cellular activity of the cell with that of
parental cell and assessed usefulness of the cell
line for the determination of Runx2 transcrip-
tional activity.

MATERIALS AND METHODS
Materials

Recombinant human FGF2 and luciferase
assay system were purchased from Promega
(Madison, WI). G418, LipofectAMINE PLUS
reagent, Dulbecco’s modified eagle medium
(DMEM), and alpha minimum essential med-
ium (a-MEM) were from Gibco (Grand Island,
NY). Fetal bovine serum (FBS) was from
HyClone (Logan, UT). Zeta-probe blotting mem-
branes and ExpressHyb hybridization solution
were from Bio-Rad (Hercules, CA) and Clontech
(Palo Alto, CA), respectively. The p38 MAPK
inhibitor SB203580 and the MEK1 inhibitor
PD98059 were purchased from Tocris (Ballwin,
MO) and calphostin C, PMA, U73122, and
forskolin were from Sigma Chemical Co. (St.
Louis, MO). Polyclonal Runxl and Runx3, and
monoclonal Runx2 antibodies were generously
provided from Dr. Suk-Chul Bae in Chungbuk
National University, Korea.

Vector Construction

To construct p6xOSE2-luc reporter vector,
complimentary oligonucleotides containing se-
quences for osteoblast-specific element 2 (OSE2)
of mouse OC promoter were synthesized (5'-
CCGGGCTGCAATCACCAACCACAGCATC-3
and 5-CCGGGATGCTGTGGTTGGTGATTG-
CAGGC-3'). Annealed oligonucleotides of OSE2
element were multimerized by unidirectional
ligation. 6xOSE2 multimer was isolated and
cloned into Xmal site of pGL3-promoter repor-
ter vector (Promega). To confirm tandemly
repeated 6xOSE2 multimer, cloned fragments
were sequenced.

Cell Culture and the Construction
of Stable Cell Lines

Premyoblastic C2C12 cells were maintained
in DMEM supplemented with 15% FBS, peni-
cillin G (100 U/ml), and streptomycin (100 pg/
ml). Cells were maintained at 37°C in a humi-
dified atmosphere of 5% CO,. In order to
determine the effect of each agent, cells were
washed twice with phosphate-buffered saline
(PBS) to exclude the serum effect, and pre-
treated for 1 h with each inhibitor in serum-free
medium supplemented with 0.2% BSA and
treated with 10 ng/ml FGF2 for 16—24 h.
Runx2—/— calvarial cell lines were maintained
in «-MEM supplemented with 10% FBS. To
establish the p6xOSE2-luc-stably transfected
cell line, C2C12 cells were cotransfected with
p6xOSE2-lucreporter vector and pcDNA3.0ina
5:1 ratio by using LipofectAMINE PLUS re-
agent as manufacturer’s instructions. Stably
transfected clones were selected in media con-
taining 2.5 mg/ml of G418 (Gibco). Individual
G418-resistant clones were isolated by using
separation rings, transferred, and subcultured.
Stable cell clones were screened by luciferase
assay. Once established, clones were main-
tained in media containing 200 pg/ml of G418.

Transient Transfection and Luciferase Assays

For transient transfection assays, 1 x 10°
cells were plated per well in 6 well plates and
transfected 24 h after seeding with 0.5 pg of
p6xOSE2-luc or 0.5 pg of other expression
vectors using lipofect AMINE PLUS reagent.
After 24-48 h of transfection, cells were
harvested and assayed for luciferase activity
using Luciferase Reporter Assay kit according
to the manufacturer’s instructions.
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Northern Blot Analysis and Electrophoretic
Mobility Shift Assays (EMSA)

Isolation of total RNA and Northern blot
analysis were done as previously described
[Kim et al., 2003]. Full-length coding region of
Runx2-type I was used for the hybridization
probe. Nuclear extracts were prepared and
EMSA were performed as previously described
[Kim et al., 2002]. Previously characterized
wild type OSE2 oligonuleotides corresponding
to the —156/—112 segment of the mouse OC
promoter [Ducy and Karsenty, 1995] were used
as EMSA probes. For supershift assay, a specific
antibody against each Runx protein was incu-
bated with nuclear extract in the binding buffer
for 20 min at room temperature prior to the
addition of the probes.

MTT Assay

MTT assay is based on the cleavage of the
yellow tetrazolium salt, MTT, to purple forma-
zan crystals by the mitochondrial metabolic
activity of cells; the assay is used for the
quantitative determination of cell proliferation
and viability. C2C12 and 6xOSE2-C2C12 cells
were cultured for 24 or 48 h after plating 4 x 10*
cells/well in 24 well plates. We treated 50 pl of
5 mg/ml MTT (dimethyl thiazolyldiphenylte-
trazolium bromide) in 1 ml culture medium and
cells were returned to the incubator for addi-
tional 4 h. The reaction was stopped by the
removal of the medium, and 200 ul of DM SO and
50 pl glycin buffer (0.1 M glycin, 0.1 M NaCl, pH
10.5) was added to the cells. The degree of MTT
conversion was measured immediately with
spectrophotometer at 570 nm.

RESULTS

Establishment of Stable Cell Lines
With 6xOSE2-Luciferase Reporter

Parental C2C12 cells originated from em-
bryonic skeletal muscle so that the cells were
prone to differentiate myoblasts. The cells
express relatively low level of Runx2 but have
a potential to transdifferentiate into osteoblast
when stimulated by osteogenic factors [Katagiri
et al., 1994; Lee et al., 1999, 2000]. Cells with
stable integration of the reporter genes were
selected in media containing 2.5 mg/ml of G418
(see Materials and Methods). Nineteen clones
resistant to G418 were selected and basal luci-
ferase activity was measured (Fig. 1A). Among
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Fig. 1. The establishment of 6xOSE2-C2C12 stable cells. A:
After 6xOSE2-luc reporter genes were transfected into C2C12
cells, 19 G418 resistant clones were selected, and basal
luciferase activities were measured. Cont denotes the basal
activity of C2C12 lysate without any reporter genes. B: 18 clones
which have detectable luciferase activity were treated with
10 ng/ml FGF2. After 24 h, cells were lysed and assayed for
luciferase activity. Fold stimulation of FGF2/Cont of each clone is
indicated on top of each graph bar.

them, 18 clones had detectable reporter activity
although the level of basal activity was vari-
able. Stable cell lines expressing 6xOSE2-luc
were referred to as 6xOSE2-C2C12 hereafter.
The 18 clones with basal luciferase activity were
plated and treated with FGF2 which is known to
stimulate Runx2 expression as well as its
transcriptional activity by posttranslational
level [Kim et al., 2003]. Figure 1B showed that
the FGF2 responsiveness was variable in each
cell clone. Clones 3, 5, and 29 showed a 41.1,
15.5, and 7.8 fold increase by FGF2, respectively
while clones 7, 20, and 28 showed relatively
lower 2.1, 2.5, and 2.2 fold increase, respec-
tively. There were little response in clones 1, 15,
19, and 22. To further characterize 6xOSE2-
C2C12, we focused on clone 3 since this showed
the highest response to FGF2.

6xOSE2-Stable Cell Line Retains the
Characters of C2C12 Cells

Since stable transfection results in a random
incorporation of plasmid into chromosomal
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DNA and this may change the characteristics of
the cells, we thus compared 6xOSE2-stable cell
lines with parental C2C12 cells. The prolifera-
tion of 6xOSE2-C2C12 cells was not affected by
the chromosomal incorporation of reporter
vector when compared to C2C12 cells (Fig. 2A).
In addition, 6xOSE2-C2C12 cells still retain a
potential of myotube formation (Fig. 2B) when
cultured with 5% FBS, which is quite similar
that of parental C2C12 cells [Lee et al., 1999].
Northern blot analysis indicated that the
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Fig. 2. 6xOSE2-C2C12 cells maintain pre-myoblastic features
like C2C12 cells. A: C2C12 and 6xOSE2-C2C12 cells (clone #3)
were cultured for 24 or 48 h after plating 4 x 10* cells/well in 24
well plates. At indicated time points, MTT assay was preformed
and absorbance was measured at 570 nm. B: C2C12 and
6xOSE2-C2C12 cells (clone #3) were plated at 1 x 10° cells/well
in 6 well plates. Morphology of the cells was photographed on
day 1 and 14. C: C2C12 and clone #3 were treated with 10 ng/ml
FGF2 in serum free medium upon confluency. Three hours post
treatment, cells were harvested and total RNAs were prepared.
Runx2 expression was determined by Northern blot analysis.
Ethidium bromide stained ribosomal RNA (rRNA) is shown as
control for equal loading.

induction level of Runx2 by FGF2 in the stable
cells was quite comparable that of parental
C2C12 cells (Fig. 2C). Collectively, 6xOSE2-
stable cell line still maintained some typical
characteristics of parental C2C12 cells.

The Stimulation of Runx2 Activity by FGF2 Is
Prominent in Proliferating Cells

In order to understand the usefulness of the
stable cell line for the determination of Runx2
activity in long term cultures, we tested their
responses at various cell densities and time
points after plating. Various numbers of
6xOSE2-C2C12 cells (0.2x 10°, 1x10° or
1 x 108 cells/well) were plated in 6 well plates.
Enhancement of FGF2-mediated luciferase
activity was decreased with the increase in the
cell density (Fiig. 3A). Similarly, we observed the
higher level of FGF2-stimulated Runx2 activity
during the active proliferation stage, and this
response to FGF treatment was dramatically
decreased after the cell reached to the con-
fluence (Fig. 3B).
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Fig. 3. The stimulation of Runx2 activity by FGF2 is prominent
in proliferating cells. A: 6xOSE2-C2C12 cells were plated at
0.2x10° 1x10° or 1 x10° cells in 6 well plates and were
treated with 10 ng/ml FGF2 after 24 h. Cells were harvested 24 h
later, and luciferase activities were determined. B: 6xOSE2-
C2C12 cells were plated at 1 x 10° cells in 6 well plates and
harvested at indicated time points (day 3, 7, and 14) after
treatment with 10 ng/ml FGF2 final 24 h. The luciferase activity
was normalized by the total protein in the respective lysates.
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The Basal Promoter Activity of 6xOSE2-C2C12
Cells Decreased With Passages

Except for the homologous recombination,
most of the stably transfected genes are prone to
lose their specific character with passages. In
the 6xOSE2-C2C12 cells, the basal luciferase
activity was gradually decreased with the
passages (Fig. 4A). Even if the basal luciferase
activity was decreased with the cell passages,
the cells still showed consistent and reproduci-
ble fold-induction of reporter activity by FGF2
stimulation (data not shown). When the higher
passage cells with decreased basal activity
(approximately over 10—15 passages) were re-
selected at a higher concentration (2.5 mg/ml) of
G418, the basal activity of luciferase was
recovered back to the original level (Fig. 4B).
For this reason, we cultured the cell in a higher
concentration of G418 until the experimental
use.

All Runx Proteins Commonly Bind to OSE2 But
6XOSE2-luc More Specifically Reflects
Runx2 Activity

The Runx family of transcription factor
proteins consists of three known members
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Fig. 4. The recovery in basal promoter activities in 6xOSE2-
C2C12 cells after reselection. A: 6xOSE2-C2C12 cells were
cultured and passed under the treatment of 200 pg/ml G418.
Cells were harvested at passage number 3,4,7,8,11,and 15 and
then luciferase activities were determined. B: Stable cells with
decreased basal promoter activity were plated and treated for
several days with 2.5 mg/ml of G418. Cells were harvested at
indicated days to determine luciferase activity.

(Runx1-3) of which the amino terminal part
comprises the DNA-binding runt domain, a
region of 128 amino acids with conserved
sequence homology to the Drosophila transcrip-
tion factor runt. Since all Runx proteins have
the same recognition sequences, we investi-
gated how the 6xOSE2-luc reporter responds to
different Runx transcription factors. Gel mobi-
lity shift and supershift assay confirmed that all
three Runx proteins commonly bind to OSE2
(Fig. 5A). When the expression vector of each
Runx family member and reporter vector were
transfected into C2C12 cells, the reporter
activity was stimulated commonly by the forced
expression of each Runx gene but was increased
to the highest by Runx2 (about 10 folds) while
Runxl and Runx3 stimulated 5 and 3 folds,
respectively (Fig. 5B). Runx2 specific stimula-
tion was commonly determined in other cell
types such as ROS 17/2.8 and MC3T3-E1 (data
not shown). To determine the specificity of
Runx-mediated activation of the 6xOSE2-luc
reporter gene, c-fos and c-jun, components of
activator protein 1 (AP1) which recognizes the
consensus sequence (TGAG/CTCA), were tran-
siently transfected into Runx2 knockout cells
(Runx2—/— cells). Neither c-Fos nor c-Jun acti-
vated the promoter, indicating that 6xOSE2-luc
specifically responds to Runx factors (Fig. 5C).

The 6xOSE2-C2C12 Cell Clone Is a Useful
System for the Screening of Signaling Pathways
Involved in Runx2-mediated Activation
or Suppression

In our previous study, we demonstrated that
protein kinase C (PKC) pathway plays a pivotal
role in Runx2 protein activation by FGF2
stimulation [Kim et al., 2003]. To explore the
other signaling pathways involved in the reg-
ulation of Runx2 activity, we used 6xOSE2-
C2C12 cell system and several pathway specific
inhibitors or dominant negative expression
vectors. 6xOSE2-C2C12 cells were treated with
each pathway inhibitor for 1 h prior to the
stimulation by FGF2. After 24 h of FGF2
treatment, cells were harvested and luciferase
activity was measured. FGF2-mediated induc-
tion of Runx2 activity was downregulated by
calphostin C, U73122, PD98059, or SB203580
which are the specific inhibitors of PKC,
phospholipase Cy (PLCy), Erk MAPK, and p38
MAPK, respectively (Fig. 6A). However, forced
expression of dominant negative MEKK1 which
is known to inhibit SPAK/JNK pathway did not
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Fig. 5. 6XOSE2-luc reporter responds to all three Runx
transcription factors. A: Nuclear extracts were prepared from
C2C12 cells. Electrophoretic mobility shift assays were per-
formed with 5 pg nuclear extracts and *2P-labeled OSE2
oligonucleotides. The arrow head indicates the Runx complex.
R1, R2, and R3 indicate specific antibodies for Runx1, Runx2,
and Runx3, respectively. B: Expression vectors for each Runx
were transfected into C2C12 cells. After 24 h, cells were
harvested and luciferase activity was determined from the cell
lysates. Mock indicated the empty vector transfected cells as a
control. The luciferase activity was normalized by the protein
concentrations in the respective cell lysates. C: Runx2—/— cells
were transiently transfected with Runx2-type Il isoform, c-fos, c-
jun, or empty vector as a control. The luciferase activity was
normalized by the protein concentrations in the respective cell
lysates.
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Fig. 6. Theinvolvement of various signaling pathways in FGF2-
mediated regulation of Runx2 activity. A: 6xOSE2-C2C12 cells
were treated with FGF2 for 16—24 h with or without 50 pM
PD98059 (PD), 25 pM SB203580 (SB), 0.5 uM calphostin C (Cal),
and 3 uM U73122 pretreatment. DMSO was treated as vehicle.
The luciferase activity was normalized by protein concentrations
in the respective cell lysates. B: 6xOSE2-C2C12 cells were
transiently transfected with vectors expressing the dominant
negative MEKK1 (MEKK1-DN) or empty vector as a control. After
overnight culture, the cells were treated with or without FGF2
and were harvested after 16-24 h to determine luciferase
activities. The luciferase activity was normalized as described
above. C: 6xOSE2-C2C12 cells were treated with 100 nM PMA
or 2 uM forskolin. The cells were harvested after 16-24 h culture
and luciferase activity was determined from the lysate.

change FGF2-stimulated Runx2 activity
(Fig. 6B). We next examined the Runx2 activity
after the treatment of PMA and forskolin,
activator of PKC and protein kinase A (PKA),
respectively. The activation of PKC or PKA
pathway stimulated 6xOSE2-luc promoter
activity (Fig. 6C).

DISCUSSION

Since Runx2 is an essential transcription
factor for skeletal development and osteoblast
differentiation [Ducy et al., 1997; Komori et al.,
1997; Otto et al., 1997], the Runx2 activity is the
utmost important parameter to be examined in
monitoring osteoblast differentiation. Runx2
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binds to the consensus sequences (PuUACCACA)
on the promoter of target genes such as OC, OP,
BSP, and other bone marker genes, and stimu-
lates the transcription of these genes [Ducy
et al., 1997]. However, since the levels of Runx2
mRNA and protein are not always correlated
with the transcriptional activity of Runx2
protein [Xiao et al., 1998; Sudhakar et al.,
2001], and the Runx2 transcription itself is
autoregulated by its own protein [Drissi et al.,
2000], the direct measurement of Runx2 activ-
ity is more effective and critical parameter for
monitoring osteoblast differentiation. In the
present study, we established and character-
ized a cell line harboring 6xOSE2-luc reporter
for this purpose.

The General Characteristics of the Stable Cell
Clone Were Similar to Those of C2C12 Cells

As demonstrated in several gene targeting
studies, the homologous recombination of het-
erologous genes is permanently maintained
through innumerable cell division. However,
stable transfection by non-homologous recom-
bination method results in a nonspecific incor-
poration of foreign gene into host chromosomes,
which in turn may result in changes of the
original cell characters. In that case, the use of
stable cell line causes a misinterpretation of the
experimental results. Therefore, it is extremely
important to compare characters of the stable
cells with those of the parental cells. In this
context, the 6xOSE2-C2C12 cell clone satisfies
three criteria; it retains a comparable cell shape
and proliferation rate, a predetermined differ-
entiation phenotype (myotube formation), and
the FGF2-responsiveness (Runx2 activation).

Runx2 Is Mainly Activated by FGF2 in
Proliferation Stage of Osteoblast Differentiation

During the cranial suture development,
FGF2 expression is mainly found in sutural
mesenchyme in which Runx2-type I isoform
(Pebp2aA/Cbfal) expression is dominant [Park
et al., 2001] and the active proliferation of
osteoprogenitor cells occurs. Moreover, the
application of FGF2 stimulated Runx2 expres-
sion as well as cell proliferation [Kim et al.,
1998, 2003]. Similar to these biological situa-
tions, 6xOSE2-luc promoter responded to FGF2
in proliferating stage of the stable cells, suggest-
ing that these stable cells can reflect Runx2
activity similar to that in the physiological and
developmental conditions of osteoblasts.

OSE2 Commonly Responds to
all Runx Proteins

Runx2 response element in OC promoter was
first identified in rat as an osteogenic tissue
specific nuclear matrix protein binding site
[Merriman et al.,, 1995] and in mouse as a
osteoblast specific factor 2 binding site [Geoffroy
et al., 1995], respectively. The binding sites of
Runx2 and Runxl have an identical core
binding sequence [Baeet al., 1993, 1994; Meyers
et al.,, 1993, 1995; Ogawa et al., 1993a,b].
However, it has not been reported that Runx3
binds directly to OSE2. In this experiment, we
assumed that the expression level of each Runx
protein would be similar because all Runx genes
were subcloned in the same expression vector,
pcDNAS3.1-His vector, so that their expressions
were controlled under the same promoter. Our
gel mobility shift and supershift assays showed
that Runx1, 2, and 3 commonly bind with OSE2
of mouse OC promoter without significant
differences in affinity. Even though the forced
expression of each Runx commonly stimulated
6xOSE2-driven luciferase activity, the OSE2
responded more specifically to Runx2. There-
fore, the result indicates that the common core
binding sequence is good enough for the binding
of all Runx proteins but adjacent sequences
probably determine transcriptional specificity
of each Runx protein.

The binding of these Runx proteins to OSE2
oligonucleotides is specific since the binding
complex on OSE2 oligonucleotides was neither
shifted by AP1 protein nor supershifted by AP1
antibodies (data not shown). Its Runx-specifi-
city was also confirmed by cotransfection ex-
periments of other transcription factors. Forced
expression of Runx2 dramatically enhanced
6xOSE2-luc promoter activity but c-fos and
c-jun did not affect the promoter activity. For
this experiment, we used Runx2—/— cells
because AP1 can interact physically with Runx2
and synergistically stimulates Runx2 function
[Hess et al., 2001; D’Alonzo et al., 2002].
Actually, forced expression of AP1 components
stimulated slightly 6xOSE2-luc promoter activ-
ity without cotransfection of Runx2 in C2C12
cells (data not shown). It can be explained by
that Runx2 is endogenously expressed in C2C12
cells and can interact with exogenously intro-
duced AP1 components [Kim et al., 2003].
Recent reports indicated that Cbfp, a common
partner of Runx1, 2, and 3 for their transactiva-
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tion function [Ogawaet al., 1993a,b; Wanget al.,
1996], is essential for skeletal development
[Kundu et al., 2002; Yoshida et al., 2002].
However, consistent with the results of Harada
et al. [1999], the cotransfection of Cbfp with
each Runx did not have additional effects on the
stimulation of 6xOSE2-luc promoter activity
over the expression of each Runx alone (data not
shown). Even if this artificial promoter system
has such a limitation that it could not reflect all
the physiological events of Runx activation, the
6xOSE2-luc stable cell is a useful monitoring
system for Runx2 activity.

Various Signaling Pathways Are Involved in
the Regulation of Runx2 Activity

Extracellular signals are transmitted to the
nucleus in a variety of ways by activating
several kinases. FGFR induces receptor dimer-
ization, intrinsic tyrosine phosphorylation, and
activation of multiple signal transduction path-
ways, including those involving MAPKSs, Src,
PLCy, and PKC [Kuo et al., 1997; Maher, 1999].
Our previous report showed that FGF/FGFR-
stimulated Runx2 expression and activity are
mediated by PKC pathway using these stable
cell lines [Kim et al., 2003]. Although previous
study focused on the PKC pathway in the
regulation of Runx2 by FGF/FGFR signaling,
the results presented here showed that several
signaling pathways are involved in the regula-
tion of FGF/FGFR-stimulated Runx2 activity.
FGF2-stimulated 6xOSE2 promoter activity
was downregulated by calphostin C, U73122,
PD98059, or SB203580 which are the specific
inhibitors of PKC, PLCy, Erk MAPK, and p38
MAPK, respectively. 6xOSE2 promoter activity
was also stimulated by PKA activator, forskolin.
This result is correlated with recent report that
PTH-stimulated collagenase 3 gene expression
is regulated by Runx2 via PKA pathway
[Selvamurugan et al., 2000; Hess et al., 2001;
D’Alonzo et al., 2002]. These results suggest
that the regulation of Runx2 activity is very
sophisticated, thus the individual regulation by
each signaling pathway, cross-talk between
them, and an eventual comprehensive under-
standing of the regulation of Runx2 activity
should be further investigated.

Collectively, 6xOSE2-C2C12 stable cell is a
very efficient and useful system for screening of
the transcriptional activity of Runx2 protein.
Furthermore, given the importance of Runx2 in
osteoblast differentiation and bone formation, it

will be a useful system for the screening of new
osteogenic agents for the treatment of osteo-
porosis and bone fracture. In addition, it would
be also a good system to understand signaling
pathways involved in the regulation of Runx2
activity.
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