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Abstract

Bone regeneration requires interactions between a number of factors including bone
morphogenetic proteins (BMPs), growth factors, and transcriptional regulators such as Runx2/
Cbfal (Runx2). Because each component may provide a unique contribution to the overall
osteogenic response, we hypothesized that bone formation may be enhanced by using
combinations of complimentary factors. As an initial test of this concept, interactions between
BMP2 and Runx2 were examined using adenovirus-based expression vectors (AdCMV-Runx2,
AdJCMV-BMP2) in the pluripotent C3H10T1/2 cell line. Cells transduced with AACMV-Runx2
strongly expressed osteoblast markers, such as alkaline phosphatase and osteocalcin, but formed
only a weakly mineralized extracellular matrix in vitro, whereas cells transduced with AACMV-
BMP2 exhibited higher levels of mineralization, but only expressed low levels of Runx2 and
osteocalcin mRNA. Significantly, when cells were transduced with optimal titers of both viruses,
osteoblast differentiation was stimulated to levels that were 10-fold greater than those seen with
either AACMV-Runx2 or AACMV-BMP2 alone. To measure in vivo osteogenic activity, virally
transduced cells were subcutaneously implanted into immunodeficient mice. Cells transduced with
control virus produced only fibrous tissue while those with AACMV-Runx2 produced limited
amounts of both cartilage and bone. In contrast, cells transduced with either AACMV-BMP2 alone
or AACMV-BMP2 plus AdCMV-Cbfal generated large ossicles containing cartilage, bone, and a
marrow cavity. However, ossification in the AACMV-BMP2 plus AdCMV-Cbfal group was more
extensive in that both mineral content and fractional bone area were greater than that seen in the
AdJCMV-BMP2 group. Thus, the increased osteoblast differentiation observed with combined
adenovirus treatment in vitro is also manifested by increased bone formation in vivo. These results
suggest that Runx2 and BMP2 have distinct, but complementary, roles in osteogenesis and that
their combined actions may be necessary for optimal bone formation.
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INTRODUCTION

A number of soluble factors involved in normal bone development also participate in bone
regeneration and fracture healing including the bone morphogenetic proteins (BMPs), TGF-
Bs, members of the hedgehog family of factors, fibroblast growth factors (FGFs), and
various cytokines.(1:2) Of these, the BMPs have been most extensively studied, in part,
because they can, by themselves, induce osteoblast differentiation and bone formation either
when directly administered as recombinant proteins(® or through gene therapy—mediated
delivery using adenovirus vectors.(4:5)

BMP-initiated signals are mediated by the receptor-regulated Smad proteins 1, 5, and 8 (R-
Smads) and the common partner protein, Smad4. R-Smad-Smad4 complexes interact with
specific enhancer sequences (Smad binding elements [SBES]) on target genes to stimulate
gene expression.(®7) Although few direct target genes for BMP signaling are known, an
attractive candidate is Runx2, the bone-related product of the CbfaZ gene.® This
transcription factor, Runt, related to the Drosophila protein, is essential for osteoblast and
hypertrophic chondrocyte differentiation, and for this reason, skeletons of Cbhfaz~/~ animals
are totally devoid of mineral.(®10) Because BMPs can upregu-late Runx2 in certain
systems,®11) one possible explanation for how BMPs act in bone would be to assume that
their effects are principally mediated by this transcription factor, which would subsequently
activate downstream genes necessary for the osteoblast phenotype. However, some BMP
activities are independent of Runx 2. For example, BMP2 can induce low level expression
of osteoblast marker genes like osteocalcin (OCN) and alkaline phosphatase (ALP) in
calvarial cells from Cbfaz~ animals, although these cells are not able to form a mineralized
matrix.(29) Furthermore, R-Smad-Smad4 complexes can directly interact with and activate
certain target genes, thus providing a possible mechanism for BMPs to stimulate osteoblast
gene expression through a Runx2-independent pathway.(1213) Also un-resolved is the extent
to which Runx2 is responsible for expression of the osteoblast phenotype. Overexpression of
Runx2 has been reported to induce osteoblast-related genes in certain non-osteoblast
mesenchymal cell lines.(814) However, no previous studies described effects of Runx2 on
either formation of a mineralized extracellular matrix in vitro or bone formation in vivo.
Thus, it remains an open question whether Runx2 regulates osteoblast differentiation in a
linear manner (i.e., activates all downstream signals necessary for osteoblast differentiation)
or whether it acts in concert with other non—Runx2-dependent factors that must also be
present for transcriptional activation to occur.

To begin addressing these issues, the present study was designed to first determine the
extent to which Runx2 can induce functional osteoblast differentiation in a mesenchymal
cell line and then to examine functional interactions between Runx2 and BMP2 in
stimulation of the osteoblast phenotype. As will be shown, adenovirus-mediated expression
of Runx2 was found to induce osteoblast marker genes and weakly stimulate mineralization
in the murine C3H10T1/2 mesenchymal cell line as well as stimulate cartilage and bone
formation in vivo. However, osteoblast differentiation was synergistically enhanced if cells
were cotransduced with an adenovirus expressing BMP2. These results have important
implications for our understanding of the role of Runx2 in osteoblast formation and suggest
a therapeutic potential for the combined use of complimentary factors for gene therapy—
based bone regeneration.
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MATERIALS AND METHODS
Construction of ADCMV-Runx2 and AdCMV-BMP2

Cell culture

Recombinant adenoviruses were constructed using Cre/lox recombination.(® Briefly,
mouse Runx2 cDNA or BMP2 cDNA was inserted into pAdlox to produce pAd-loxRunx2
and pAdloxBMP2 plasmids. Each plasmid was cotransfected with '¥'5 DNA into CRES cells
using the calcium phosphate precipitation method. Primary lysates were collected after 5
days and used to reinfect CRES8 cells. A plaque assay method was used to purify virus from
this secondary lysate. Each plaque lysate was screened for the presence of Runx2 or BMP2
insert using gene-specific primers and polymerase chain reaction (PCR) analysis. Positive
plaques were amplified in 293 cells, and the virus was purified by CsCl gradient
ultracentrifugation. Purified virus was stored in 20% glycerol-phosphate-buffered saline
(PBS) and titered using a plaque assay. AdCMV-lacZ was purchased from the University of
Michigan Vector Core Laboratory (Ann Arbor, MI, USA). Previous studies in our laboratory
demonstrated that this vector does not stimulate bone formation regardless of whether virus
was directly implanted in experimental animals or used to transduce dermal fibroblasts
before implantation.>)

The murine pluripotent mesenchymal cell line C3H10T1/2 was obtained from American
Type Culture Collection (Gaithersburg, MD, USA). Cells were plated at a confluent density
of 50,000 cells/cm?, based on previous studies with osteoblast-like cells indicating that
cultures must be confluent before differentiation can commence.(16:17) Cells were grown in
a-MEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin.
For in vitro transduction of cells, adenovirus at the desired titer was added to cells in serum-
free medium. After 4 h, serum was added to a final concentration of 2%, and cells were
grown for an additional 24 h. Cells were then transferred to medium containing 50 pg/ml
ascorbic acid and 5 mM B-glycerol-phosphate and fed every 2 days unless indicated
otherwise.

Western blot detection of Runx2 and BMP2 protein

For detection of Runx2, cells were lysed by incubation at 4°C for 30 minutes in lysis buffer
(20 mM sodium phosphate [pH 7.0] 250 mM NaCl, 30 mM sodium pyrophosphate, 0.1%
NP-40, 5 mM EDTA, 10 mM NaF, 0.1 mM NazVOs, and 1 mM phenylmethyl sulfonyl
fluoride (PMSF) supplemented with 1 pg/ml leupeptin, 1 xg/ml pepstatin, and 1 pg/ml
aprotinin). For BMP2 detection, cells were transferred to serum-free medium for 24 h and
both medium and cell layers were harvested, pooled, and lyophilized. Samples were
fractionated by SDS-PAGE on 10% gels and electrophoretically transferred to a
nitrocellulose membrane (Schleicher & Schuel, Keene, NH, USA). Anti-Runx2 antibody, a
gift from Dr Gerard Karsenty (Baylor College of Medicine, Houston, TX, USA), was used
at a dilution of 1:1000. BMP2 antibody (R&D Biosystems, Inc., Minneapolis, MN, USA)
was used at a dilution of 1:500. Second antibodies (horseradish peroxidase—conjugated goat
anti-rabbit 1gG or goat anti-mouse 1gG) were used at dilutions of 1:10,000 or 1:5000,
respectively. Blocking and reaction with antibodies was conducted as described.(18)
Immunore-activity was detected by enhanced chemiluminescence (ECL; Amersham,
Piscataway, NJ, USA).

RNA analysis

Total RNA was isolated from cells using Trizol reagent (Life Technologies, Inc.,
Gaithersburg, MD, USA) as described by the manufacturer and quantified by ultraviolet
spectroscopy. Ten-microgram aliquots of total RNA were fraction on 1% agarose-

J Bone Miner Res. Author manuscript; available in PMC 2013 February 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

YANG et al.

Page 4

formaldehyde gels and blotted onto nitrocellulose membranes (Stratagene, La Jolla, CA,
USA).(19) Membranes were hybridized with a cDNA probe labeled with [a-32P]deoxy-CTP
(NENA Media Inc., Los Angeles, CA, USA) using a random primer labeling kit
(Boehringer-Mannheim, Mannheim, Germany). Mouse cDNA probes used for hybridization
were obtained from the following sources: Runx2(®) from Dr Gerard Karsenty (Baylor
College of Medicine), OCN(20) from Dr John Wozney (Genetics Institute, Boston, MA,
USA), bone sialoprotein (BSP)1 from Dr Marion Young (NIDCR, Bethesda, MD, USA),
tissue nonspecific ALP(22) from Dr Enrico Garattini (Instituto di Ricerche Farmacolgiche
Mario Negri, Milan, Italy), and a2(1) collagen(?® from Dr B de Crombrugghe (UT/MD
Anderson Cancer Center, Houston, TX, USA). All cDNA inserts were previously excised
from plasmid DNA with the appropriate restriction enzymes and purified by agarose gel
electrophoresis. Hybridizations were performed as previously described using a Bellco
Autoblot hybridization oven (Bellco glass, Inc., Vineland, NJ, USA) and quantitatively
scanned using a Packard A2024 Instant-Imager (Packard Bioscience, Meriden, CT, USA)
and subsequently exposed to Kodak BIOMAX film (Eastman Kodak Co., Rochester, NY,
USA) at —70°C. All blots were normalized for RNA loading by stripping and reprobing with
cDNA to 18S rRNA.(24)

Biochemical assays

ALP activity was measured in cell layers as previously described using a p-nitrophenyl
phosphate substrate and an incubation temperature of 37°C.(25) For measurement of calcium,
cell layers were extracted overnight with 15% trichloroacetic acid (TCA). Insoluble material
was removed by low-speed centrifugation. DNA in pellets was measured according to the
method of Schneider.(26) Supernatants were then assayed for calcium with a commercially
available kit (Sigma Diagnostics, Inc., St. Louis, MO, USA). Cultures were also stained for
mineral by the method of von Kossa as previously described.(2?)

Animal experiments

Histology

All procedures were approved by the University Committee on the Use and Care of Animals
and were in compliance with State and Federal laws. A total of 6 x 108 cells were infected
with the indicated adenovirus at a titer of 250 pfu/cell. After 24 h, cells were trypsinized,
and 5 x 10 cells were absorbed to gelatin sponges prewetted with medium. Transplants
were subcutaneously implanted into 4- to 6-week-old immunodeficient mice (N: National
Institutes of Health-bg--xid) as previously described.(28) Surgery was performed under
anesthesia achieved by inhalation of isoflurane (Mallinckrodt Veterinary, Mundelein, IL,
USA). Four longitudinal skin incisions of about 0.5-0.6 cm in length were made on the
dorsal surface of each mouse, and subcutaneous pockets were formed by blunt dissection. A
single transplant was placed into each pocket and incisions were closed with surgical
staples.

Implants were removed from mice and fixed in 4% paraformaldehyde (PFA) overnight at
4°C, and then decalcified in 10% formic acid for 48 h. The solution was changed every 24 h.
Samples were dehydrated through a series of graded ethanols, xylol, and finally xylene, after
which they were embedded in paraffin and sectioned at 8 zm. Slides were stained with
hematoxylin and eosin. Morphometric analysis of bone areas in histological sections was
conducted using ImagePro software (Media Cybernetics, Inc., Carlsbad, CA, USA).

Statistical analysis

All experiments were repeated a minimum of two times, and qualitatively identical results
were obtained. Statistical analyses were performed using Instat 3.0 (GraphPAD Software,
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Inc., San Diego, CA, USA). Where indicated, experiment data are reported as means and SD
of triplicate independent samples.

Induction of osteoblast differentiation by transduction of C3H10T1/2 cells with AdCMV-

Runx2

Initial studies were designed to examine whether Runx2 expression could induce an
osteoblast phenotype in a pluripotent mesenchymal cell line. C3H10T1/2 cells were selected
for study because of their known capacity to differentiate to the principle mesenchyme-
derived cell types (i.e., myoblasts, adipocytes, chondrocytes, and osteoblasts) under the
appropriate conditions(?% and because previous work had show that transient transfection
with a Runx2 expression vector could induce osteoblast marker mRNAs in these cells.® To
determine optimal conditions for virus treatment, C3H10T1/2 cells were transduced with
increasing titers of AACMV-lacZ or AACMV-Runx2, and cells were assayed for Runx2
expression by Western blotting, ALP activity or mineralization (formation of a von Kossa—
positive ECM). As shown in Fig. 1, adenovirus-mediated overexpression of Runx2 clearly
induced Runx2 protein, ALP activity, and a modest degree of mineralization in C3H10T1/2
cells, whereas cells transduced with control lacZ virus contained no detectable Runx2
protein and failed to differentiate. Maximal induction of ALP activity and mineralization
was observed at a viral titer of 100 pfu/cell. A somewhat higher viral titer of 250 pfu/cell
was needed to maximally induce Runx2 protein expression. In separate experiments, cells
transduced with increasing titers of AACMV-lacZ were stained for S-galactosidase activity,
and it was determined that 90-95% of C3H10T1/2 cells are transduced by a viral titer of 100
pfu/cell (result not shown).

The experiments shown in Fig. 1 clearly indicate that Runx2 overexpression in C3H10T1/2
cells leads to the induction of features consistent with an osteoblast phenotype. To examine
this phenomenon in greater detail, cells were transduced with either control virus (AdCMV-
lacZ) or AACMV-Runx2 and grown for increasing times in the presence or absence of
ascorbic acid (Fig. 2). We previously showed that this cofactor induces in vitro osteoblast
differ-entiation in preosteoblast-like cells by stimulating collagen matrix synthesis.(16)
Unlike results with preosteoblast cell lines, C3H10T1/2 cells transduced with control virus
had no detectable ALP activity (Fig. 2A) or osteoblast marker mMRNA expression (Figs. 2B
and 2D-2G), regardless of whether or not cells were treated with ascorbate. In contrast, cells
transduced with AdCMV-Runx2 expressed maximal ALP activity after 3 days, with a
gradual decline at later times. Furthermore, ALP activity was 1.6- to 2-fold higher when
cells were also treated with ascorbate. Runx2 mRNA (Fig. 2B) or protein (Fig. 2C) was only
detected in ADCMV-Runx2-transduced cells; it was present in the highest levels
immediately after viral transduction (day 1) and declined to below the limits of detection by
day 12. AACMV-Runx2 also induced OCN and ALP mRNA beginning at day 1. ALP
MRNA, like enzymatic activity, peaked at day 3, but was not detectable at later times. OCN
mRNA was also detectable at day 1, continued to increase to day 6, and then gradually
declined, but was still present in appreciable levels after 12 days. Thus, although Runx2 is
known to be a direct regulator of the OCN gene, levels of osteoblast marker mMRNA were not
well correlated with either Runx2 mRNA or protein. Mineralization measured either as von
Kossa—positive ECM or as cell layer—associated calcium was also modestly increased from
day 6 onward (discussed below; Figs. 4B and 4G).

Although AACMV-Runx2-transduced cells exhibited many characteristics of mature
osteoblasts, certain differences were noted. Specifically, Col1A1 mRNA was not increased
by Runx2 (Fig. 2B), although previous work indicated that this gene is, in part, regulated by
this transcription factor.(39) Also notably absent was mRNA for bone sialoprotein and the
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parathyroid hormone (PTH)/parathyroid hormone-related protein (PTHrP) type I receptor
(results not shown). However, AACMV-Runx2-transduced cells did exhibit PTH-dependent
increases in cyclic adenosine monophosphate (CAMP) activity (3-fold increase 3 days after
virus treatment), which indicates that Runx2 expression likely did induce low levels of the
PTH/PTHTrP receptor (result not shown).

These results indicate that AACMV-Runx2 transduction of C3H10T1/2 cells induced
osteoblast marker mMRNA and low levels of mineralization. Although virally expressed
Runx2 mRNA and protein declined with time, detectable amounts of Runx2 were present
for at least 9 days. Furthermore, OCN mRNA expression, which was seen exclusively in
AdCMV-Runx2-transduced cells, persisted for at least 12 days after viral transduction. This
suggests either that Runx2 levels were sufficient to activate this gene over this entire period
or that Runx2 initiated additional downstream events that allowed OCN expression to
continue. AdCMV-Runx2-transduced cells also resembled normal osteoblasts in other ways;
they were partially dependent on ECM synthesis to fully express osteoblast markers and
they exhibited a sequential pattern of gene expression with ALP being induced before OCN.

Cooperative interactions between Runx2 and BMP2 in inducing osteoblast differentiation

in vitro

As noted in the Introduction, some osteogenic signals initiated by BMPs seem to be
independent of Runx2 in that they are seen in CbfaZ~/~ animals. In addition, BMP-
dependent Smad proteins have been shown to cooperatively interact with Cbhfa-family
members to stimulate transcription in certain systems. In view of these findings, we
hypothesized that BMP signals may be able to compliment Runx2-dependent gene
expression to stimulate osteoblast differentiation. To test this concept, we examined the
responsiveness of C3H10T1/2 cells to increasing titers of an adenovirus expressing BMP2
(AACMV-BMP?2) in the presence or absence of an optimal titer of AACMV-Runx2 (100 pfu/
cell). Analysis of secreted BMP2 protein by Western blotting demonstrated that maximal
BMP2 production occurred in cells transduced with AACMV-BMP?2 at a titer of 150 pfu/cell
(result not shown). Transduction of C3H10T1/2 cells with AACMV-BMP?2 alone induced
only a modest increase in both ALP activity and von Kossa-positive mineral after 6 days in
culture (Fig. 3). Comparable levels of differentiation were also seen with AACMV-Runx2.
However, when increasing titers of the BMP2 adenovirus were added in the presence of
Runx2 virus, dramatic increases were seen in both ALP activity and mineralization. To
avoid results being confounded by variations in total viral titer between groups, in this and
all subsequent experiments, the total amount of virus was held constant at 250 pfu/cell by
adding appropriate amounts of AACMV-lacZ control virus.

Time course studies were next performed to examine cooperative interactions in greater
detail (Fig. 4). C3H10T1/2 cells were divided into four groups and transduced with
AdCMV-lacZ (250 pfu/cell), AACMV-Runx2 (100 pfu/cell) plus AACMV-lacZ (150 pfu/
cell), ADCMV-BMP2 (150 pfu/cell) plus AdCMV-lacZ (100 pfu/cell), or AACMV-Runx2
(100 pfu/cell) plus AACMV-BMP2 (150 pfu/cell). Cells were analyzed for ALP activity
(Fig. 4A), mineral (Figs. 4B and 4G), mRNA (Figs. 4C, 4E, and 4F), and transduced protein
(Runx2 and BMP2) expression (Fig. 4D). As was seen in Fig. 3, cells transduced with
individual viruses showed only modest amounts of ALP activity or mineral formation,
whereas combined treatment gave a dramatic synergistic response that was observed at all
time points examined. For example, at day 3, the ALP activity in cells treated with Runx2
plus BMP2 virus was approximately 10-fold greater than the sum of activities in cells
individually treated with AACMV-Runx2 or AACMV-BMP2. ALP activity in all groups was
highest at day 3 and declined at later times, whereas mineral measured either as cell layer—
associated calcium or von Kossa—positive matrix continued to accumulate through the
duration of the experiment. Synergistic interactions between AACMV-Runx2 and AACMV-
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BMP2 were also apparent when OCN mRNA levels were measured. The amount of synergy
actually increased through day 9, although little Runx2 mRNA or protein was detected after
days 3-6 (Figs. 4C-4F). BSP mRNA was not detected under any of the conditions tested
(result not shown).

Surprisingly, transduction with AdCMV-BMP2 alone only slightly stimulated Runx2
mRNA or protein on days 1 and 3 and was without effect at later times. Nevertheless, this
virus strongly induced expression of BMP2 protein (Fig. 4D) and modest amounts of OCN
mRNA. BMP2 protein was highest at day 1 and gradually declined, being barely detectable
at day 9, whereas OCN mRNA was detected on days 3-9. However, OCN mRNA levels
were much lower than those seen with either AACMV-Runx2 alone or combined virus
treatment. Similarly, AACMV-BMP2 had little effect on Runx2 protein or mRNA levels in
cells cotransduced with Runx2 virus (Figs. 4C—4E). Under these conditions, AACVM-BMP2
increased Runx2 mRNA or protein by only about 50% on days 1 and 3 (measured by
scanning densitometry of blots). In contrast, during the same time interval, ALP activity
increased 10-fold, whereas OCN mRNA increased 3-fold. Conversely, AACMV-Runx2 did
not induce BMP2 protein at any time examined and did not affect BMP2 levels in ADCMV-
BMP2-transduced cells. A final point is that, although ADCMV-Runx2 was considerably
more active than AACMV-BMP?2 in stimulating both ALP and OCN mRNA, it was a less
potent inducer of mineralization (Figs. 4B and 4G).

In vivo osteogenic activity of virally transduced cells

To provide in vivo confirmation of the phenotypic changes in C3H10T1/2 cells seen in vitro,
virally transduced cells were adsorbed to collagen sponges and subcutaneously implanted
into immunodeficient mice. After 4 weeks, implants were removed and either assayed for
changes in wet weight (Fig. 5A), biochemical parameters of bone formation (ALP activity
and calcium, Figs. 5B and 5C), or fixed and sectioned for histological analysis (Figs. 5D and
5E). Implants containing AdCMV-lacZ-transduced cells contained only fibrous tissue,
residual carrier, and low levels of ALP and calcium. In contrast, clear evidence of bone
formation was apparent in cell implants transduced with AdCMV-Runx2 and/or AdCMV-
BMP2, although differences were noted between groups. First, the size of implants as
reflected by wet weight was higher in the BMP2-only group (Fig. 5A). However, when
biochemical parameters of bone for-mation normalized to implant weight were examined,
both BMP2 and BMP2 plus Runx2 groups gave higher values than the Runx2-only group,
with the highest values being seen in cells transduced with both viruses (Figs. 5B and 5C).
Clear differences were also apparent when implant histology was examined (Figs. 5D and
5E). AdCMV-Runx2-implants contained zones of chondrogenesis adjacent to osteogenic
regions as well as a small marrow space and fibrous tissue. However, all bone/cartilage
formation was restricted to the space within the residual Gelfoam carrier. In contrast, in both
AdCMV-BMP2-treated groups, bone formation extended beyond the carrier to form a
clearly defined ossicle with a cortex that surrounded a zone of residual carrier, cartilage, and
marrow. This cortical bone-like layer was thicker in the AACMV-Runx2 plus AACMV-
BMP2-treated group, which may explain why the biochemical parameters of bone
formation and fractional bone area as measured by histology were higher in these implants
relative to the AACMV-BMP2-only group.

DISCUSSION

This study examines whether bone formation can be enhanced by coexpressing factors that
provide distinct, but complimentary, contributions to the osteogenic response. Using an
adenovirus-based expression system in C3H10T1/2 mesenchymal cells, we were able to
show that Runx2, a bone-related transcription factor, or BMP2, a bone morphogen, stimulate
bone formation in cell culture and in vivo. Of particular significance, combined expression
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of both factors gave a greater osteogenic response than either factor alone. These studies
provide further evidence that BMPs and Runx2 initiate separate, but complimentary, events
during osteoblast differentiation, and that useful gene therapy—based strategies for bone
regeneration may be achieved using the approach of overexpressing combinations of factors.

Osteogenic differentiation and Runx2

Although a large number of transcription factors have been associated with bone cells, only
two molecules are known to be specifically required for osteoblast differentiation, Runx2
and, most recently, Osterix (Osx). Disruption of either of these genes by homologous
recombination resulted in animals with severe defects in skeletal mineralization.(8:31)
Skeletons of Runx2-deficient mice were essentially devoid of mineralization foci, whereas
the Osx knockout had mineralized hypertrophic cartilage but not bone. These and related
studies on the role of Runx2 in cartilage differentiation(3233) indicate a generalized role for
this molecule in both chondrocyte and osteoblast differentiation, with a more selective
requirement for Osx in the formation of osteoblasts.

Consistent with these results, we find that AACMV-Runx2-transduced C3H10T1/2 cells
form both cartilage and bone when implanted into immunodeficient mice. Although we have
not yet looked for induction of hypertrophic cartilage markers in vitro, Runx2-transduced
cells clearly expressed several osteoblast markers (ALP, OCN, PTH/PTHTrP receptor) and
formed a weakly mineralized ECM. Runx2-expressing cells shared several properties with
primary osteoblasts including a requirement for ascorbic acid—dependent ECM synthesis for
optimal differentiation and a clear temporal sequence in the expression of differentiation
markers (i.e., induction of ALP at early times followed by OCN and mineralization).
Although other laboratories previously showed that overexpression of Runx2 in
nonosteogenic cells induced osteoblast-related mRNA, (8:14) ours is the first demonstration
that such cells are capable of forming a mineralized ECM in vitro and bone and cartilage in
vivo.

Despite the obvious similarities between Runx2-transduced C3H10T1/2 cells and
osteoblasts, certain differences were noted. We were unable to detect bone sialoprotein(®4) in
any C3H10T1/2 cultures regardless of treatment conditions (i.e., transduction with AdCMV-
Runx2 or AACMV-BMP?2 individually or in combination). Also, Col1A1 mRNA was not
affected by ADCMV-Runx2 treatment, although this gene is known to require Runx2 for
optimal expression.(39) These results may indicate that C3H10T1/2 cells require additional
factors to fully express an osteoblast phenotype and/or be an indication that transduced cells
are expressing both chondrocyte and osteoblast markers as was suggested by the in vivo
data. Because only a single cell line was examined in our studies, it is also not clear whether
other pluripotent mesenchymal cells or lines will respond to Runx2 and BMP2 in the same
way as C3H10T1/2 cells. Further studies will be required to resolve these points.

A second issue raised by our in vitro studies is related to the temporal relationship between
the expression of Runx2 and other osteoblast markers. Because Runx2 is known to directly
regulate the OCN gene by interacting with specific enhancer sequences in the proximal
promoter,®) we were surprised to find that OCN mRNA was only weakly inducedat day 1
after transduction when Runx2 protein levels were highest, peaked on day 6 when Runx2
had already decreased by more than 90%, and remained elevated to day 12 when Runx2 was
no longer detectable (Fig. 2). There are several possible explanations for this result. The
simplest is that OCN mRNA is relatively stable and continues to accumulate even after
Runx2-dependent transcription of the OCN gene has begun to decrease. Although we have
not directly examined this possibility, based on previous work with cultured osteoblasts, we
consider it unlikely because (1) during osteoblast differentiation, OCN mRNA levels are
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generally closely correlated with rates of gene transcription(3>:36); and (2) OCN mRNA half-
life in differentiating osteoblasts is too short (estimated at 15 h(37)) to explain the
persistently high mRNA levels observed in this study. A second possibility is that Runx2
can be inhibitory when present at the high concentrations found immediately after viral
transduction and that the residual Runx2 seen at later times is sufficient to maintain OCN
expression. In fact, certain in vitro studies support an inhibitory role for Runx2 in
controlling its own expression and that of the bone sialoprotein gene.(38:39) However, viral
titration studies did not support this view in that induction of Runx2 protein and
differentiation markers increased with increasing ADCMV-Runx2 titer (Fig. 1). A final
possibility is that Runx2 induces secondary factors that further enhance OCN transcription
at later times. Such factors might function independently or in concert with Runx2. Further
studies will be required to resolve which of these mechanisms best explains our results.

Relationship between BMP2 and Runx2 in the induction of osteoblast
differentiation

BMP2 or BMP7 can upregulate Runx2 mRNA and induce osteoblastic marker genes in
C2C12 or C3H10T1/2 cells,®11) which has led to the speculation that these BMP responses
are mediated by Runx2. While this may be partially correct, BMPs clearly have other
activities in bone that are independent of Runx2 in that they can induce osteoblast marker
genes in calvarial cells from Cbfal™~ animals.(19) Previous work by Lee et al.(1) also
supports the hypothesis that BMPs must stimulate factors in addition to Runx2 for osteoblast
differentiation to occur. Specifically, transfection with a Runx2 expression vector was
unable to induce osteoblast differentiation in C2C12 cells unless BMP-related signals were
also activated by either direct BMP treatment or transfection with a Smad5 expression
vector. This view is also supported by our in vitro studies that detected marked differences
in the behavior of AACMV-BMP2- and AdCMV-Runx2-transduced C3H10T1/2 cells.
BMP2-expressing cells exhibited weak induction of ALP and OCN mRNA and barely
detectable increases in Runx2 mRNA or protein. Osteoblast markers were more strongly
induced in the AACMV-Runx2 transduced group, but levels were still considerably less than
those seen with the combined Runx2 and BMP2 virus treatment. On the other hand, BMP2-
expressing cells formed a more extensively mineralized ECM than the Runx2 expressing
group (Fig. 4). These results cannot be explained by differences in BMP2 versus Runx2
expression because comparable signals were obtained for both proteins on Western blots.
Rather, they suggest that BMP2 and Runx2 each provide unique osteogenic signals to
C3H10T1/2 cultures.

To further pursue this concept, we examined the consequences of combined transduction of
cells with optimal titers of Runx2 and BMP2-expressing adenoviruses and found a strongly
synergistic interaction that was sustained throughout the 15-day time course examined (Figs.
3 and 4). By all criteria examined (ALP activity, OCN mRNA induction, mineral
deposition), combined viral transduction stimulated osteoblast differentiation to levels that
were 2- to 10-fold greater than the sum of individual levels found in cell transduced with
either AACMV-Runx2 or AACMV-BMP2. The simplest interpretation of this result is to
assume that Runx2 and BMP2 are contributing separate, but complimentary signals to
synergistically stimulate osteoblast gene expression. Although we do not currently
understand the basis for this synergy, it clearly cannot be explained by AACMV-BMP2
upregulating endogenous Runx2 or by AACMV-Runx2 inducing BMP2. Western blot
analysis showed that BMP2 virus had a minimal effect on Runx2 levels in the presence or
absence of ADCMV-Runx2. Similarly, total (cell layer plus medium) BMP2 protein was not
detected in cells transduced only with ADCMV-Runx2, and Runx2 expression did not affect
BMP?2 levels in the presence of AACMV-BMP2 (Fig. 4). Other possible explanations for our
results include Runx2 stimulation of cellular responsiveness to BMP2 by regulation of BMP
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receptors or Smad signaling or modulation of Runx2/Smad transcriptional activity by
interactions between these two factors on the promoters of target genes. Studies are in
progress to clarify this issue.

These cell culture studies are to be contrasted with our in vivo results, which showed that the
osteogenic activity of BMP2-expressing cells was clearly greater than the AACMV-Runx2—
transduced group and that the effects of combined virus treatment were additive rather than
synergistic (Fig. 5). These differences are likely explained by the fact that the virally
expressed BMP?2 is a diffusable molecule while Runx2, a nuclear transcription factor,
remains in the cell where it was first synthesized. Our previous in vivo work showed that
fibroblasts transduced with BMP-expressing adenoviruses form bone that is composed of
both host and donor cells.®) Thus, BMP2 secreted from implanted C3H10T1/2 cells can act
in an autocrine manner to stimulate their differentiation as well as recruit host cells to
proceed down an osteogenic pathway to generate the prominent ossicle shown in Fig. 5E. In
contrast, AdCMV-Runx2—-transduced cells in vivo will behave much as they do in vitro and
differentiate to osteoblasts as well as chondrocytes without having a major effect on cells
from the host. The situation encountered when animals were implanted with cells expressing
both BMP2 and Runx2 is considerably more complex but can still be understood by
extrapolating from in vitro results. The size of the ossicles formed in this case (as reflected
by the wet weight; Fig 5A) was approximately the same as with cells transduced with
AdJCMV-Runx2 alone and considerably less than the AACMV-BMP2-transduced group.
However, the fraction of each ossicle that contained bone, measured by ALP activity or
calcium/g wet weight or by the fractional bone area of implants (Figs. 5B, 5C, and 5E), was
clearly greater with combined virus treatment. Based on our in vitro results, C3H10T1/2
cells transduced with BMP2, and Runx2 adenoviruses would be predicted to differentiate
into osteoblasts to a greater extent than cells transduced with either virus alone. However,
this more rapid bone formation might be expected to restrict the release of BMP2 to host
cells and thereby reduce the overall size of the resulting ossicle. Clearly, a definitive proof
of this hypothesis will require separate examination of the contribution of implanted and
host cells to the overall osteogenic response as might be obtained if cells were implanted in
diffusion chambers to separate them from the host.

In summary, our results clearly show that the osteogenic activity of BMP-expressing cells
can be modulated by coexpressing factors like Runx2 that are major regulators of the
osteoprogenitor lineage. Our studies may have important clinical implications in that it is
through manipulations of this type that it may be possible to control both the extent and type
of bone formed in regenerating sites.
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FIG. 1.

Effect of adenovirus titer on Runx2 expression and induction of osteoblast differentiation in
C3H10T1/2 cells. C3H10T1/2 cells were transduced with the indicated titer of AACMV-
LacZ (AdLacZ) or AACMV-Runx2 (AdRunx2) as described in the Materials and Methods
section. After 24 h, cells were fed with complete medium containing 10% FBS, 50 pg/ml
ascorbic acid, and 5 mM gB-glycerol phosphate. (A) On day 3 after viral transduction, Runx2
protein levels were measured in whole cell extracts by Western blotting. (B) On day 6, cells
were harvested for measurement of ALP activity. (C) A separate set of cultures was stained
for mineralization by method of von Kossa after 12 days in culture.
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FIG. 2.

Time course of osteoblast differentiation in AdRunx2-transduced C3H10T1/2 cells. Cultures

were transduced with AdLacZ (~) or AdRunx2 (r,p) at a titer of 250 pfu/cell. After 24 h,

one-half the cells in each group were fed with basal medium (a-MEM, 10% FBS, open

symbols) and one-half were fed with basal medium supplemented with 50 wg/ml ascorbic

acid (closed symbols). Cells were harvested at the times indicated and assayed for (A) ALP

activity, (B) mRNA levels, or (C) Runx2 protein levels. (D-G) These panels show mRNA

levels after imaging and normalization to 18S rRNA.
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FIG. 3.

Effect of Runx2 expression on AdBMP2-dependent induction of ALP and mineralization.
Cells were transduced with the indicated titer of AACMV-BMP2 in the presence (a) or
absence (@) of AdRunx2 at a titer of 100 pfu/cell. Total viral titer was held constant at 250
pfu/cell by addition of the appropriate titer of AACMV-lac Z control virus. The cells were
harvested (A) at day 6 for ALP assays or (B) at day 9 for measurement of mineralization by
von Kossa staining.
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FIG. 4.

Time course of osteoblast differentiation in C3H10T1/2 cells transduced with AABMP2 in
the presence or absence of AdRunx2. Cells were transduced with the following
combinations of adenovirus vectors: AdLacZ alone (200 pfu/cell), @; AdLacZ (100 pfu/cell)
plus AdBMP2 (100 pfu/cell), @; AdLacZ (100 pfu/cell) plus AdRunx2 (100 pfu/cell), 4; and
AdBMP2 (100 pfu/cell) plus AdRunx2 (100 pfu/cell), a. Cells were harvested at the times
indicated for measurement of (A) ALP activity, (B) calcium, (C) osteoblast marker mRNA
expression, or (D) total Runx2 or BMP2 protein. Normalized mRNA levels are shown for
(E) Runx2 mRNA and (F) OCN mRNA. (G) Replicate plates of cells were also stained for
mineral by the method of von Kossa.
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FIG.5.

In vivo bone formation by virally-transduced C3H10T1/2 cells. Cells were transduced with
indicated adenoviruses and implanted into immunodeficient mice as described in Methods.
After 4 weeks, transplants were harvested for determination of (A) total wet weigh, (B) ALP
activity, or (C) calcium. (D) A morphometric analysis of histological sections from each
treatment group. Results are expressed as the ratio of total bone area/total implant area.
Statistical analysis: a, significantly different from AdLacZ (p < 0.001); b, significantly
different from AdBMP2 (p < 0.05). (E) Histological sections of each treatment group.
Implants of cells transduced with control virus contained residual Gelfoam carrier (g) and
fibrous tissue (f), but no bone or cartilage. Cells transduced with AdRunx2 alone contained
small areas of both bone (b) and cartilage (c) as well as a small marrow cavity (m). Both
BMP2 alone and BMP2 plus Runx2 treated groups formed large ossicles with clearly
defined cortical and trabecular bone as well as a marrow cavity.
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