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Abstract Runx2, a transcription factor, is essential for
osteoblastic differentiation, bone formation, and mainte-
nance. We examined the effect of Runx2 on transdifferen-
tiation of 3T3-L1 preadipocytes into functional, mature
osteoblasts. Forced expression of exogenous Runx2 using a
retroviral gene-delivery system showed increases of alka-
line phosphatase (ALP) activity and expression of the
osteoblastic marker genes osteocalcin (OC), bone sialo-
protein (BSP), and osterix (Osx), accompanied by low-level
matrix mineralization. In contrast, adipocytic differentiation
was completely blocked with downregulation of adipogenic
transcription factors PPARy2, C/EBPz, and C/EBP6.
Treatment of dexamethasone (Dex), a synthetic glucocor-
ticoid, stimulated the formation of mineralized nodules in
Runx2-overexpressing 3T3-L1 cells with increases of ALP,
OC, BSP, and Osx expression. Here, we focused on a dual
specific phosphatase, mitogen-activated protein Kkinase
(MKP-1), since Dex significantly increased MKP-1
expression in Runx2-overexpressing 3T3-L1 cells. Forced
expression of exogenous MKP-1 resulted in accumulation of
robust matrix mineralization in parallel with induction of
ALP activity and expression of OC, BSP, and Osx in Runx2-
overexpressing 3T3-L1 cells. These results suggest that
simultaneous overexpression of Runx2 and MKP-1 is
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effective for transdifferentiation of preadipocytes into fully
differentiated bone-forming osteoblasts and provide a novel
strategy for cell-based therapeutic applications requiring
significant numbers of osteogenic cells to synthesize min-
eralized constructs for the treatment of large bone defects.

Keywords Adipocytes - Osteoblasts - Runx2 - MKP-1 -
Transcription factor - Transdifferentiation

Introduction

Osteoblasts and adipocytes are originated from common
mesenchymal progenitor cells, and several transcription
factors control the differentiation of the two lineages.
Runx2 is a transcription factor that belongs to the runt
domain gene family and has a DNA-binding domain that is
homologous to the Drosophila pair-rule gene runt [1].
Runx2 was found to control bone formation during both
skeletal development and postnatal life [2]. In the differ-
entiation process of precursor cells into osteoblasts, Runx2
is activated and regulates the expression of osteoblastic
marker genes such as osteocalcin (OC) [3], osteopontin
(OPN) [4], and bone sialoprotein (BSP) [5]. This regulation
occurs when Runx?2 interacts with a DNA sequence termed
“osteoblast-specific cis-acting element 2” (OSE2) [3, 5, 6].
Several studies have revealed that forced expression of
exogenous Runx2 in nonosteoblastic cells or osteogenic
cells upregulates the expression of osteoblastic makers and
induces in vitro matrix mineralization [6-9]. In addition,
gene-alteration studies have shown that heterozygous
mutation of the Runx2 gene is implicated in the human
disorder cleidocranial dysplasia [10], while homozygous
mutation in mice results in a complete lack of minerali-
zation and immediate postnatal death [6]. However,
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transgenic mice overexpressing exogenous Runx2 lead to
osteopenia with a decrease of bone mineral density and
multiple fractures [11, 12], although Runx2 is essential for
bone formation.

Adipogenic differentiation requires the sequential
expression of two major groups of transcription factors,
including hormone receptor peroxisome proliferator-acti-
vated receptor y (PPARy) and CCAAT/enhancer-binding
proteins (C/EBPs) [13]. PPARy is expressed as two iso-
forms, PPARy1 and PPARy2, which are generated from
alternative promoter usage and splicing [14]. The C/EBP
families belong to the basic leucine zipper class of tran-
scription factor and bind to specific DNA sequences as
dimers with other C/EBPs [15]. When adipocytic differ-
entiation is induced in preadipocytic cells, C/EBPS and ¢
are rapidly and transiently induced [16, 17]. These regu-
lators play important roles in the induction of C/EBPo and
PPARy2 via interaction with C/EBP regulatory elements
present in the proximal promoter of these genes [18, 19].
Subsequently, C/EBPo. and PPAR72 involve the expres-
sion of adipocytic markers such as adipocyte P2 (aP2),
which is necessary for the development of functional,
mature adipocytes [20, 21]. Early markers of adipogenic
differentiation are evaluated to increase the expression of
PPARy2 and aP2, whereas the formation of lipid droplets
in the cytoplasm of adipocytes is a late marker of adipo-
genesis [22].

Transdifferentiation of bone marrow adipocytes into
osteoblasts has been reported previously. In particular, a
relatively pure population of adipocytes from bone mar-
row cells appears to have the ability to revert to a more
proliferative phase and subsequently to differentiate in
the osteogenic direction, which requires an intermediate
step to induce morphological change into preadipocytes
[23]. Another report has also shown that subcutaneous
preadipocytes have the potential to differentiate into
bone-forming osteoblasts [24]. These findings suggest
that conversion of adipocytes to osteoblasts goes through
a preadipocytic stage with enhanced proliferation poten-
tial, although lipid-filled mature adipocytes are not
directly differentiated to osteoblasts [25]. However, the
molecular mechanism for the preadipocyte conversion
into osteoblasts is not fully understood. A recent study
has reported that overexpression of Runx2 in adipose-
derived stem cells stimulates the induction of osteoblastic
differentiation accompanied by detectable levels of min-
eralized nodules and decreased PPARy mRNA [26]. A
preadipocytic cell line originated from mouse subcuta-
neous fat tissues also induces differentiation into mature
osteoblasts with increased Runx2 mRNA [27]. These
findings raise the possibility that Runx2 is a key factor
promoting the transdifferentiation of adipocytes into
functional osteoblasts.

3T3-L1 cells, an immortalized preadipocyte cell line,
are established from subclones of 3T3 mouse embryonic
fibroblasts [27]. Several days after reaching confluence,
3T3-L1 cells lose their fibroblastic morphology, round up,
and differentiate into mature adipocytes, accumulating
large amounts of cytoplasmic triglyceride [27, 28]. 3T3-L1
cells also differentiate and develop into tissue indistin-
guishable from normal adipose when transplanted subcu-
taneously into nude mice [28]. Here, we examined the
effect of Runx2 on the transdifferentiation potential of
3T3-L1 cells into osteoblasts using a retroviral gene-
delivery system. As will be shown, Runx2-overexpressing
3T3-L1 cells increased alkaline phosphatase (ALP) activity
and expression of OC, BSP, and Osx with the formation of
mineralized matrix. Osteoblastic differentiation was syn-
ergistically enhanced when Runx2-overexpressing 3T3-L1
cells were introduced with the expression vector encoding
a full-length mitogen-activated protein kinase phosphatase-
1 (MKP-1) gene, which modulates glucocorticoid-depen-
dent osteoblast differentiation involving Runx2 activity [9].
These results demonstrated an important implication for
our understanding of the role of Runx2 and MKP-1 in the
transdifferentiation of preadipocytes into fully differenti-
ated bone-forming osteoblasts.

Materials and Methods
Antibodies and Reagents

Polyclonal rabbit anti-mouse Runx2 antibody and
HRP-conjugated donkey anti-goat IgG were obtained from
Abcam (Cambridge, MA). Polyclonal rabbit anti-mouse
PPARY, polyclonal rabbit anti-human MKP-1, goat anti-
rabbit actin, and HRP-conjugated anti-rabbit IgG antibod-
ies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Alexa Fluor 546-conjugated goat ant-mouse
IgG and Alexa Fluor 488-conjugated goat anti-rabbit IgG
were obtained from Invitrogen (Carlsbad, CA). Lipofect-
amine 2000, geneticin, penicillin-streptomycin, and
reverse-transcription reagents including SuperScript II™
reverse transcriptase and oligonucleotide primers were also
purchased from Invitrogen. Reagents for RNA isolation,
standard reverse transcription (RT)-polymerase chain
reaction (PCR) were acquired from TaKaRa Bio (Otsu,
Shiga, Japan). Alizarin-Red S, Oil-Red O, water-soluble
dexamethasone (Dex), and puromycin were obtained from
Sigma (St. Louis, MO). Tablet containing NBT/BCIP or
proteinase inhibitors was purchased from Roche Diagnostic
(Mannheim, Germany). The calcium C-test kit and BCA
protein assay kit were obtained from Wako Chemical
(Tokyo Japan) and Pierce Biotechnology (Rockford, IL),
respectively.
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Plasmids

A full-length mouse Runx2 cDNA (Osf2-pCMV5) [6] and
six-repeated osteoblast-specific cis-acting element 2 inser-
ted upstream of the luciferase gene in pGL3-Basic (6x
OSE2/pGL3) [3] were kindly provided by Professor Gérard
Karsenty (College of Physicians and Surgeons, Columbia
University, New York, NY). An expression vector, which
was constructed by subcloning full-length mouse MKP-1
cDNA into pcDNA3.1(+) (MKP-1/pcDNA), was provided
by Dr. Yoshikazu Mikami (Department of Anatomy, Nihon
University School of Dentistry) [29].

Cell Culture

A mouse 3T3-L1 preadipocytic cell line was obtained from
Health Science Research Resources Bank (JCRB9014,
Osaka, Japan) and maintained in growth medium consist-
ing of Dulbecco’s modified Eagle medium (DMEM, Wako
Chemical) and 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin. 3T3-L1 cells
overexpressing Runx2 or/and MKP-1 were cultured with
growth medium in the presence or absence 10 mM
p-glycerophosphate and 50 pg/mL r-ascorbic acid to
mineralize. A synthetic glucocorticoid, Dex, was also used.
Cells at a density 1 x 10° or I x 10*/mL were seeded on a
24-well plate or an eight-well culture slide, respectively,
and maintained with growth medium overnight. Subse-
quently, medium was replaced and further cultured for 3, 6,
7,9, 10, 14, 16, 18, and 21 days. Medium was changed
every 3 days until the terminal assay. All culture plates and
culture slides were obtained from BD Falcon (Franklin
Lakes, NJ).

Construction of Runx2-Retroviral Vector
and Retroviral Infection

A retroviral gene-transfer and expression system (Clon-
tech, Mountain View, CA) was used for production of
recombinant retrovirus for Runx2. A 112-bp fragment at
the end of the 3’-untranslated region of Osf2-pCMV5 was
amplified by PCR using primers 5-CCA GAA TGA TGG
TGT TGA CG-3’ and 5-CTC GAG TCA ATA TGG CCG
CCA AAC AG-3', which contain restriction sites of BstXI
and Xhol, respectively; ligated with a 1.71-kb fragment of
Osf2-pCMVS5 digested with EcoRI and BstXI; and then
subcloned into EcoRI and Xhol sites in pBluescript KS
(Osf2-pBS). Next, a 300-bp fragment of the 5’ region of
Osf2 encoding the amino acid sequence of MSHLS of type
II Runx?2 [30] was amplified by PCR using primers 5'-AGA
TCT ATG GCG TCA AAC AG-3' and 5'-CCA TGG TGC
GGT TGT CGT G-3', containing restriction sites of BgIII
and Ncol, respectively. This product was ligated with a 1.3-
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kb fragment of Osf2-pBS digested with Ncol and Xhol and
subcloned into BglII and Xhol sites of pMSCV puro.

Retroviral stocks were produced by transient transfec-
tion of PT67 cells with recombinant plasmid according to
the manufacturer’s instruction. Briefly, cells were plated at
a density of 5 x 10%mL on a 100-mm culture dish (BD
Falcon) with growth medium for 24 hours and then trans-
fected with 10 pg of pMSCVpuro containing Runx2cDNA
or empty vector (no insert Runx2), using Lipofectamine
2000. Forty-eight hours after transfection, supernatants
were collected and filtered through a 0.45-pum cellulose
acetate membrane (Millipore, Bedford, MA) and aliquots
were stored at —80°C until use.

For retroviral infection, 3T3-L1 cells were seeded on a
100-mm culture plate at a density 5 x 10%/mL. Cells at
80% confluence were infected by adding 5 mL of retroviral
supernatants and incubated for 24 h. Medium was changed
to fresh growth medium containing 1 ng/mL puromycin,
and cells were further cultured for 2 weeks. Some colonies
were collected and analyzed.

Transfection of MKP-1 in Runx2-Overexpressing
3T3-L1 Cells

Runx2-overexpressing 3T3-L1 cells seeded on a 100-mm
culture plate at a density of 1 x 10°/mL were incubated
overnight, and 10 pg of MKP-1/pcDNA was added with
Lipofectamine 2000 in the growth medium. Five hours
after incubation, medium was replaced with fresh growth
medium and cells were cultured for 16 h and then expan-
ded at a density of 1 x 10*/mL with fresh growth medium
containing 400 pg/mL geneticin. Three weeks after incu-
bation, a positive clone, which simultaneously overex-
presses Runx2 and MKP-1, was collected.

Histochemical Analyses

Cells in a 24-well plate were fixed with 10% buffered for-
malin, and ALP staining using NBT/BCIP tablet and
Alizarin-Red S staining were performed to examine osteo-
blastic activity, respectively. After washing with distilled
water to reduce nonspecific stain, plates were scanned using
an Epson GT-X800 scanner (Seiko Epson, Tokyo, Japan).

Formation of lipid droplets was detected by Oil-Red O.
Cells in eight-well culture slides were fixed and stained with
Oil-Red O solution for 30 minutes at room temperature,
washed with distilled water, and then mounted for inspec-
tion using light microscopy (Olympus, Tokyo, Japan).

Cell Growth Assay

Confluent cells in a 96-well culture plate were cultured for
1, 4, 7, 9, 14, and 21 days. A cell-growth assay was
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performed with a cell-counting kit (Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions. After
incubation with 100 pL solution containing WST reagent at
37°C for 45 min, supernatants were collected and cell-
growth activity was detected by spectrophotometry at
ODysp.

Calcium Content

Calcium incorporation into mineralized matrix was deter-
mined as described previously [31]. Briefly, 300 pL of
0.5 M HCI was added to cells cultured in 24-well plates
and incubated overnight at room temperature to decalcify
the mineralized nodules. The calcium content was deter-
mined quantitatively using a calcium C-test kit, and the
protein content was determined using a BCA protein assay
kit after evaporation of HCI from the samples.

RT-PCR

Standard RT-PCR was performed using 1 pg of total RNA
as a template. Double-stranded cDNA was synthesized
from 1 pg of DNase I-treated total RNA in 20 pL of buffer
containing 10 ng random primer, 10 mM dNTP mixture,
1 mM DTT, and 0.5 units SuperScript II"™ reverse trans-
criptase at 50°C for 30 minutes and 94°C for 2 minutes.
Subsequently, 1 pL of reaction solution was subjected to
RT-PCR in 10 pL of buffer containing 10 mM NTPs, gene-
specific primers, and 0.1 U Tag DNA polymerase (Finn-
zymes, Keilaranta, Finland). Forward and reverse primers
are listed in Table 1. A reaction condition at 35 cycles was
as follows: denaturing at 94°C for 15 s, annealing and
extension at 64°C for 30 s, and final extension at 72°C for

Table 1 Primers used in RT-PCR

10 min. PCR products were subjected to 2% agarose gel
electrophoresis and visualized by ethidium bromide
staining.

Luciferase Assay

Cells in 24-well plates were transfected with 2 pg of 6x
OSE2/pGL3 using Lipofectamine 2000. Twenty-four hours
after transfection, cells were washed with PBS(—) and
scraped with 200 pL of lysis buffer. Luciferase assay was
performed using the Dual Luciferase Assay Kit (Promega,
Madison, WI) according to the manufacturer’s instructions.
Experiments were performed in triplicate, and values of
luciferase activity were normalized by that obtained by
renilla luciferase activity as an internal control.

Western Blotting

Cells were washed with ice-cold PBS(—); resuspended with
200 pL of lysis buffer containing 0.2 M Tris—HCl (pH 7.5),
1% Triton X-100, 0.1% SDS, 150 mM NaCl, and a tablet of
proteinase inhibitors; disrupted by gentle rocking for
30 min; and centrifuged at 15,000xg for 15 min at 4°C.
Supernatants were collected and protein concentrations
were determined with the BCA protein assay kit using
bovine serum albumin (BSA) as a standard. Ten micrograms
of samples were fractionated in a gradient SDS-PAGE gel
(ATTO, Tokyo, Japan) and transferred to Imobilon-P
membrane (Millipore). Membranes were blocked with 5%
nonfat powdered milk dissolved with Tris-buffer saline
(TBS) containing 20 mM Tris-HCI (pH 7.6), 137 mM NaCl
for 1 h at room temperature and washed with TBS con-
taining 0.1% Tween 20 (TBS-T). Rabbit polyclonal

Gene Sequence Size (bp)
Forward Reverse
Runx2 5'-ACAACCACAGAACCACAAG-3 5'-TCTCGGTGGCTGGTAGTGA-3' 106
Dix5 5'-TACAACCGAGTCCCGAGT-3' 5'-AATAGTCCTGGGTTTACG-3’ 107
Misx2 5'-TCACCACGTCCCAGCTTCTAG-3’ 5'-AGCTTTTCCAGTTCCGCCTCC-3’ 179
Osx 5'-CTTTCCCCACTCATTTCCTG-3’ 5'-CTAGGCAGGCAGTCAGAAG-3' 89
ALP 5-GAGATGGTATGGGCGTCTC-3’ 5-GTTGGTGTTGTACGTCTTGGA-3' 136
BSP 5'-GATAGTTCGGAGGAGGAGGG-3’ 5'-CTAACTCCAACTTTCCAGCGT-3' 171
ocC 5'-GACAAGTCCCACACAGCAACT-3 5'-GGACATGAAGGCTTTGTCAGA-3’ 98
PPARy2 5'-TATGGGTGAAACTCTGGGA-3' 5'-TGGCATCTCTGTGTCAACCAT-3' 111
C/EBPu. 5'-ATAAGAACAGCAACGAGTACC-3' 5'-GCGGTCATTGTCACTGGTC-3' 133
C/EBPf 5'-TCGACTTCAGCCCCTACCT-3’ 5'-ACGGCTTCTTGCTCGGCTT-3' 131
C/EBP¢ 5'-CCACGACCCCTGCCATGTAT-3’ 5'"-TGTGATTGCTGTTGAAGAGGTC-3' 167
aP2 5'-"TGGGGACCTGGAAACTCGT-3' 5'-"TCTCTGACCGGATGACGAC-3' 130
P-actin 5'-ATCTATGAGGGTTACGCGCT-3' 5'-CTGTGGTGGTGAAGCTGTAG-3’ 118
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antibody to Runx2 or MKP-1 was added at a dilution of
1:250 and incubated for 2 hours. After washing with TBS-T,
HRP-conjugated goat anti-rabbit IgG was added at a dilution
of 1:500 for 1 h, a final wash was performed with TBS-T for
30 minutes three times, and then protein bands were visu-
alized by ECL detection kit (GE Healthcare, Buckingham-
shire, England, UK). Semiquantitative analysis was
performed using the Image software package (version 1.63;
NIH, Bethesda, MD).

Immunofluorescence Study

Cells in eight-well culture slides were fixed with 4%
paraformaldehyde for 5 min, washed with PBS(—), and
blocked with PBS(—) containing 1% BSA for 1 h at room
temperature. After washing with PBS(—), polyclonal rabbit
antibody to Runx2 or mouse antibody to PPARy was added
at a dilution of 1:250, incubated for 2 h, and then washed.
Alexa Fluo 546-conjugated goat anti-rabbit IgG or Alexa
Fluo 488-conjugated anti-mouse IgG was added at a dilu-
tion of 1:500 and incubated for 1 hour at room temperature.
After a final wash with PBS(—), cells were mounted and
visualized with a fluorescence microscope (Eclipse E600;
Nikon, Tokyo, Japan).

Data Analysis

Values are expressed as mean *+ SE. Statistical analysis
was performed using Student’s r-test, and P < 0.05 was
considered significant.

Results
Overexpression of Exogenous Runx2 in 3T3-L1 Cells

In order to generate Runx2-overexpressing 3T3-L1 cells,
recombinant retrovirus encoding mouse type II Runx2
cDNA [30] was used as a transducer of the gene-delivery
system. An immunofluorescence study using polyclonal
anti-Runx2 antibody showed large amounts of Runx2
protein localized in nuclei of Runx2-overexpressing clones
5,9, and 11 (Fig. 1a, left), whereas PPARy were detected
in clone 4 and controls including parental 3T3-L1 (L1) and
a clone with empty vector (Co) (Fig. 1a, right). Western
blotting also showed increased Runx2 expression in clones
5,9, and 11 but low expression in clones 4 and Co
(Fig. 1b). A molecular size reacting to anti-Runx2 antibody
is approximately 65 kDa, which corresponds to that of type
II Runx2 reported previously [32]. Semiquantitative anal-
ysis of these signals using NIH Image software detected the
highest level of Runx2 expression in clone 9 among four
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Fig. 1 Overexpression of Runx2 in 3T3-L1 cells. Cells were infected
with recombinant retrovirus encoding Runx2. By adding puromycin,
Runx2-overexpressing clones 4, 5, 9, and 11 were selected and
analyzed. 3T3-L1 cells (L1) and a clone with empty vector (Co) were
used for negative controls. a Immunofluorescence analysis of Runx2
(lefty and PPARy (right) in Runx2-overexpressing clones was
performed (original magnification of all images x200). b Western
blotting detected the expression level of Runx2 and PPARY proteins
in Runx2-overexpressing clones. ¢ Semiquantitative analysis of
Runx2 (leff) and PPARYy (right) expression levels shown in b was
performed using NIH image software

clones examined (Fig. Ic). In contrast, PPARy protein
levels were lower in clones 5, 9, and 11 compared to that in
clone 4 and Co (Fig. 1b, d). Taken together, we selected
clone 9 for Runx2-overexpressing 3T3-L1 cells and further
characterized it.

Effect of Runx2 on Osteogenic and Adipogenic
Differentiation of 3T3-L1 Cells

At first, the effect of Runx2-overexpressing clone 9 on
osteogenic differentiation was examined. Confluent cells
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Fig. 2 Osteogenic potential of Runx2-overexpressing 3T3-L1 cells.
Confluent cells of Runx2-overexpressing clone 9, 3T3-L1 (L1), and a
clone with empty vector (Co) were cultured at 3, 6, 7, 9, 14, and
21 days. a RT-PCR was performed with osteogenic primers OC, BSP,
Osx, DIx5, and Msx2. b ALP activity and ALP mRNA level were
detected. As an internal control, fi-actin was used. Alizarin-Red S
staining (c¢) and amount of calcium deposition (d) in mineralized
matrix shown in cells cultured for 21 days. * P < 0.05 vs. parental
3T3-L1

of clone 9, L1, and Co were maintained for 7, 14, and
21 days; and the mRNA level of osteoblastic markers was
detected by RT-PCR. As expected, Runx2-overexpressing
clone 9 showed inductive ALP activity and mRNA levels
of ALP, OC, and BSP. An increase of Osx mRNA level
was also shown at 14 and 21 days, but that of OC, BSP,
and Osx was undetectable in L1 and Co at all culture

aP2

p-actin

Culture Day

«®h | ohe

27,7 ' . o %
* g
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Fig. 3 Adipogenic potential of Runx2-overexpressing 3T3-L1 cells.
Confluent cells of Runx2-overexpressing clone 9, 3T3-L1 (L1), and a
clone with empty vector (Co) were cultured for 7, 14, and 21 days.
a RT-PCR was performed with adipogenic primers PPAR}2; C/EBPq,
-f, and -y; and aP2. As an internal control, f-actin was used.
b Oil-Red O staining was performed in cells cultured for 21 days
(original magnification of all images x200)

times (Fig. 2a, b). Basal mRNA levels of two osteoblastic
transcription factors, DIx5 and Msx2, did not change in
clone 9, L1, and Co, even though they were cultured for
21 days (Fig. 2a). Alizarin-Red S staining in clone 9
showed small amounts of mineralized matrix at 21 days
with the increase of calcium deposition (Fig. 2c, d).
However, no mineralization was detected in clones 4, 5,
and 11 (data not shown) as well as L1 and Co at 21 days
of culture (Fig. 2c).

Next, we examined the expression pattern of adipocytic
markers in Runx2-overexpressing clone 9 at 7, 14, and
21 days of culture. As shown in Fig. 3a, mRNA levels of
PPARy2, C/EBPa, and aP2 were increased in L1 and Co in
a time-dependent manner. However, their levels were
decreased in clone 9, PPARy2 and C/EBPa were at 14 and
21 days, and aP2 was at 7, 14, and 21 days. A steady level
of C/EBPf and 6 mRNAs was detected in L1, Co, and
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clone 9 at all culture times. Oil-Red O staining showed
lipid droplets in L1 and Co at 14 and 21 days, but its
accumulation was attenuated in clone 9 (Fig. 3b).

Dex Increases Osteoblastic Differentiation
in Runx2-Overexpressing 3T3-L1 Cells

Since previous studies have demonstrated that Dex stimu-
lates the induction of osteoblastic differentiation in exog-
enous Runx2-overexpressing marrow stromal cells and
primary fibroblasts [8, 9], the effect of Dex in Runx2-
overexpressing clone 9 was examined. As shown in
Fig. 4a, Dex-treated clone 9 drastically increased ALP
activity from 3 to 6 days higher than that in Dex-untreated
clone 9. RT-PCR also detected inductive mRNA levels of
OC, BSP, and Osx in Dex-treated clone 9 at all culture
times, while no significant changes in DIx5 and Msx2
mRNA levels were observed in Dex-treated or untreated
clone 9 (Fig. 4b). Furthermore, Dex increased the
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7 14 16 18 21
Day

mineralized matrix and calcium deposition in Runx2-
overexpressing clone 9 in a time-dependent manner
(Fig. 4c, d).

Dex Increases MKP-1 Expression Level
in Runx2-Overexpressing 3T3-L1 Cells

Phillips and coworkers [9] reported that MKP-1, a dual
specific phosphatase, stimulates osteoblast differentiation,
increasing the dephosphorylation level of a serine residue
(Ser125) of Runx2; but the exact mechanisms how MKP-1
is induced and Runx2 is activated are not well understood.
In order to examine if endogenous MKP-1 modulates Dex-
induced upregulation of osteoblast differentiation of clone
9, the MKP-1 expression level was determined by Western
blotting. As shown in Fig. 5a, b, Dex significantly
increased the expression level of endogenous MKP-1
compared to that of untreated cells, suggesting that Dex is
closely related to the osteoblastic differentiation of Runx2-
overexpressing clone 9 through MKP-1 expression.
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Fig. 5 Dex increased the expression level of MKP-1 in Runx2-
overexpressing 3T3-L1 cells. Confluent cells of 3T3-L1 and clone
9 were cultured for 14 days in the presence (+) or absence (—) of
Dex (1077 M) for 1 week. a Cell lysates were prepared, then
subjected to Western blotting. b Semiquantitative analysis of MKP-
1 expression levels shown in a was performed using NIH Image
software

Overexpression of Exogenous MKP-1
in Runx2-Overexpressing 3T3-L1 Cells

To determine the effect of MKP-1 in Runx2-overexpress-
ing clone 9, exogenous MKP-1 was overexpressed using
expression vector encoding full-length mouse MKP-1
cDNA. Several clones were collected, and the expression
levels of Runx2 and MKP-1 were determined by Western
blotting, resulting in a clone strongly expressing MKP-1
and/or Runx2, shown in Fig. 6a (lane 6). A luciferase assay
was performed to examine the binding activity of Runx2 to
6x OSE2/pGL3. As shown in Fig. 6b, a higher level of
Runx2-mediated luciferase activity was determined in
MKP-1-overexpressing clone 9 than in clone 9 with or
without empty vector but there was no significant change in
3T3-L1 cells, demonstrating that MKP-1 is a candidate for
the increase of Runx2-binding activity to the 6x OSE2
sequence.
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Fig. 6 Forced expression of MKP-1 in Runx2-overexpressing 3T3-
L1 cells. 3T3-L1 (L1) and Runx2-overexpressing clone 9 were
transfected with an expression vector encoding MKP-1 ¢cDNA, and
then a clone overexpressing MKP-1 was chosen. a Western blotting
was performed to examine the expression level of MKP-1 and Runx2
(lane 1, 3T3-L1; lane 2, 3T3-L1 with pcDNA; lane 3, 3T3-L1 with
MKP-1; lane 4, clone 9; lane 5, clone 9 with pcDNA; lane 6, clone 9
with MKP-1). Actin was used as an internal control. b Runx2-
mediated luciferase activity to 6 x OSE2/pGL3 was measured in
3T3-L1 (L7) and Runx2-overexpressing clone 9 (#9) (white bars, cells
without vector; gray bars, cells with empty vector; black bars, cells
with MKP-1). * P < 0.05 vs. clone 9 with or without empty vector

MKP-1 Stimulates Osteoblastic Conversion
of Runx2-Overexpressing 3T3-L1 Cells

The effect of MKP-1 on osteoblastic differentiation of
Runx2-overexpressing clone 9 was examined. As shown in
Fig. 7a (lanes 4-6), MKP-1 overexpression in clone 9
increased ALP activity as well as mRNA expression levels
of ALP, OC, BSP, and Osx compared to clone 9 with or
without empty vector but not induction of DIx5 and Msx2.
However, no significant expression level of osteoblastic
markers was detected in MKP-1-overexpressing 3T3-L1
(Fig. 7a, lanes 1-3). Alizarin-Red S staining showed that
MKP-1 overexpression drastically increased matrix miner-
alization, which first appeared at 3 days, increased from
7 days, and then reached a plateau at 14 days. Compared
with Dex-treated clone 9, exogenous MKP-1 quickly
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Fig. 7 MKP-1 overexpression stimulates osteoblastic differentiation
of Runx2-overexpressing 3T3-L1 cells. Osteogenic potential was
compared between MKP-1-overexpressing clone 9 (#9) and 3T3-L1
(LI). a RT-PCR was performed with primers of OC, BSP, DIx5,
Msx2, and Osx (lane 1, L1; lane 2, L1 with pcDNA; lane 3, L1 with
MKP-1; lane 4, clone 9; lane 5, clone 9 with pcDNA; lane 6, clone 9
with MKP-1). Actin was used as an internal control. b Alizarin-Red S
staining was subjected in clone 9 (#9), clone 9 with pcDNA3.1 (#9/

induced accumulation of a large amount of mineralized
matrix at 10, 14, and 21 days, whereas a small amount was
observed at 14 and 21 days in clone 9 with or without empty
vector (Fig. 7b). Calcium deposition in MKP-1-over-
expressing clone 9 also increased from 7 days, higher than
that in Dex-treated clone 9 (Fig. 7c). To rule out cell death,
cell-growth activity was further measured in these cells
cultured for 1, 4, 7, 10, 14, and 21 days in the presence or
absence of f-glycerophosphate and ascorbic acid, resulting
in no significant change among four growth curves obtained
by clone 9, clone 9 with pcDNA, Dex-treated clone
9/pcDNA, and clone 9 overexpressed by MKP-1 (Fig. 7d).

Discussion

This is the first report that overexpression of Runx2 pro-
motes transdifferentiation of 3T3-L1 preadipocytes into
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pcDNA), Dex (10’7 M)-treated clone 9 with pcDNA3.1 (#9/
pcDNA+Dex), and clone 9 with MKP-1 (#9/MKP-1) at 3, 7, 10,
14, and 21 days. ¢ Amounts of calcium deposition were measured in
clone 9, Dex (1077 M)-treated clone 9, untreated clone 9, and MKP-
1-overexpressing clone 9 at 3, 7, 10, 14, and 21 days. d Cell-growth
activity was detected in clone 9, Dex (1077 M)-treated clone 9,
untreated clone 9, and MKP-1-overexpressing clone 9 at 1, 4, 7, 10,
14, and 21 days. * P < 0.05 vs. clone 9

bone-forming osteoblasts with inhibition of adipogenesis.
In vitro studies suggested a reciprocal relationship between
the differentiation process into osteoblasts and adipocytes
under several experimental conditions. For example,
increased PPAR?Y2 expression in bone marrow cells inhibits
differentiation into osteoblast lineages [33, 34]. Overex-
pression of PPARy2 in MC3T3-El preosteoblastic cells
downregulates ALP activity and mRNA levels of osteo-
blastic markers including OC and BSP, resulting in stim-
ulation of adipocytic differentiation [35]. Conversely,
osteoblastic differentiation is initiated with decreased
PPARy mRNA level when Runx2 predominantly expresses
in mature adipocyte-derived preadipocytic cells or adipose-
derived stem cells [25, 26]. These findings confirm that
Runx2 or PPARY2 expression is a milestone for cell fate
toward the osteoblast or adipocyte lineage. Interestingly, a
decrease of C/EBPx mRNA level was detected in Runx2-
overexpressing 3T3-L1 cells (Fig. 3a). C/EBPu is induced
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at later stages and active in mature adipocytes [36]. Forced
expression of C/EBPo and PPARY2 in NIH3T3 fibroblasts
has synergistic effects on adipogenetic conversion [21],
and coexpression of C/EBPa and -J increases transcrip-
tional activity from PPARy)2 promoter [19]. These findings
suggest that Runx2 expression inhibits the cooperation of
PPARy with C/EBPu or their signal pathways necessary for
optimal differentiation into mature adipocytes. On the
other hand, no significant change in the mRNA level of
osteoblastic transcription factors DIx5 and Msx2 was
shown during all culture times (Figs. 2a, 4b), suggesting
that DIx5 and Msx2 expression is independent of Runx2-
mediated osteoblast differentiation of 3T3-L1 cells.

Several studies have reported cell type-dependent
upregulation of osteoblastic differentiation and minerali-
zation after overexpression of exogenous Runx2. In
C3HI10T1/2 fibroblasts and MC3T3-L1 preosteoblasts,
Runx2 overexpression increases the formation of mineral-
ized matrix with inductive expression of ALP, OC, and
BSP [6-9]. In contrast, Runx2-overexpressing NIH3T3 and
IMR-90 fibroblasts fail to mineralize, but ALP activity and
OC mRNA levels were increased in Runx2-overexpressing
NIH3T3 cells [7]. These findings suggest that, although
functional Runx2 is crucial to the expression of osteo-
blastic marker genes, matrix mineralization may require
additional tissue-specific activators, which supplement
Runx2 activity. Here, we focus on the effect of MKP-1, a
dual specific phosphatase, since Dex increased endogenous
MKP-1 expression in Runx2-overexpressing 3T3-L1 cells
(Fig. 5a, b). Notably, MKP-1 is thought to stimulate Dex-
induced osteoblastic differentiation in bone marrow cells
and primary fibroblasts through an increase of Runx2
activity [9]. Indeed, our previous study has shown that Dex
stimulates MKP-1 expression with an increase of Runx2-
mediated luciferase activity of 6x OSE2/pGL3 in the rat
mesenchymal progenitor cell line ROB-C26 [29]. In this
study, forced expression of exogenous MKP-1 in Runx2-
overexpressing 3T3-L1 cells synergistically increased
Runx2-mediated luciferase activity to 6x OSE2 (Fig. 6b)
and expression of osteoblastic marker with a high miner-
alized efficiency (Fig. 7a—c), suggesting the importance of
MKP-1 expression and Runx2-binding activity to 6x
OSE2 for transdifferentiation of 3T3-L1 cells into the
osteoblastic lineage. However, MKP-1-overexpressing
3T3-L1 cells did not show osteoblastic differentiation,
although they have low Runx2 expression (Fig. 6a, lane 3).
This evidence suggests that high-level expression of Runx2
and MKP-1 involves the conversion of preadipocytes into
functional and mature osteoblasts.

The present study clearly demonstrates that overex-
pression of MKP-1 stimulates Runx2-dependent osteo-
blastic differentiation in 3T3-L1 cells (Fig. 7a—c). The
ability of MKP-1 to increase expression of osteoblastic

markers and accumulation of matrix mineralization sug-
gests that MKP-1 is an important regulator that supports
Runx2 activity. However, the physiological association of
other transcriptional activators involving Runx2-mediated
osteoblast differentiation cannot be ignored. It is well
known that Runx2 activity is tightly controlled by protein—
protein interactions of transcriptional activators. For
example, Runx2 is controlled by TAZ, a WW domain-
containing molecule of a transcriptional activator that
directly interacts with Runx2 and activates Runx2-depen-
dent gene transcription [37]. Cbff1 is the most important
transcriptional coactivator of Runx2, which is required for
Runx2-dependent bone formation [38, 39]. Signal trans-
ducers of transforming growth factor f superfamily
receptors, Smadl and Smad5, interact with Runx2 to reg-
ulate bone-specific genes [40, 41]. Runx2 is also negatively
controlled by transcriptional factors such as Statl [42], Sox
9 [43], AJ18 [44], Nrf2 [45], and Hoxa2 [46]. In particular,
antisense MKP-1 oligonucleotide prolonged the accumu-
lation of phosphorylated transcription factor Statl [47],
indicating a novel activation pathway of Runx2 in which
MKP-1 attenuates Statl activity and promotes a Runx2-
dependent osteoblast differentiation program. Indeed,
Stat] ™~ mice reveal increasing nuclear localization and
transcriptional activity of Runx2 [48].

A number of mesenchymal cells or bone marrow stro-
mal cells genetically modified using viral delivery systems
have been implanted into recipient animal models to
regenerate bone and heal bone defect [25, 47]. The present
study demonstrated that overexpression of Runx2 and
MKP-1 promoted the transdifferentiation of 3T3-L1 cells
into osteoblasts with large amounts of accumulation of
mineralized nodules, suggesting that Runx2 and MKP-1
are a good choice for the application of genetic engineering
in bone regeneration. Similar to the present study, over-
expression of BMP receptors suppresses adipogenesis of
3T3-F442 preadipocytes and stimulates osteoblastic dif-
ferentiation in response to retinoic acid, resulting in the
deposition of large amounts of mineralized nodules [49].
However, our results clearly demonstrate that Runx2 and
MKP-1 in 3T3-L1 cells stably induced the conversion into
fully differentiated osteoblasts in the absence of other
growth factors and chemicals. Therefore, combined
expression of Runx2 and MKP-1 is a powerful tool for
osteogenic induction of preadipocytes in bone marrow.
Whether the present results can be applied to the man-
agement of bone disease will be a challenge for future
research.
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