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ABSTRACT

Heparan sulfate proteoglycans cooperate with basic fibroblast growth factor (bFGF/FGF2) signaling to control osteoblast growth and
differentiation, as well as metabolic functions of osteoblasts. FGF2 signaling modulates the expression and activity of Runt-related
transcription factor 2 (Runx2/Cbfal), a key regulator of osteoblast proliferation and maturation. Here, we have characterized novel Runx2
target genes in osteoprogenitors under conditions that promote growth arrest while not yet permitting sustained phenotypic maturation.
Runx2 enhances expression of genes related to proteoglycan-mediated signaling, including FGF receptors (e.g., FGFR2 and FGFR3) and
proteoglycans (e.g., syndecans [Sdc1, Sdc2, Sdc3], glypicans [Gpc1], versican [Vcan]). Runx2 increases expression of the glycosyltransferase
Exostosin-1 (Ext1) and heparanase, as well as alters the relative expression of N-linked sulfotransferases (Ndst1 = Ndst2 > Ndst3) and
enzymes mediating O-linked sulfation of heparan sulfate (Hs2st > Hs6st) or chondroitin sulfate (Cs4st > Cs6st). Runx2 cooperates with FGF2
to induce expression of Sdc4 and the sulfatase Galns, but Runx2 and FGF2 suppress Gpc6, thus suggesting intricate Runx2 and FGF2
dependent changes in proteoglycan utilization. One functional consequence of Runx2 mediated modulations in proteoglycan-related gene
expression is a change in the responsiveness of bone markers to FGF2 stimulation. Runx2 and FGF2 synergistically enhance osteopontin
expression (>100 fold), while FGF2 blocks Runx2 induction of alkaline phosphatase. Our data suggest that Runx2 and the FGF/proteoglycan
axis may form an extracellular matrix (ECM)-related regulatory feed-back loop that controls osteoblast proliferation and execution of the
osteogenic program. J. Cell. Biochem. 107: 144-154, 2009. © 2009 Wiley-Liss, Inc.
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P roteoglycans are highly glycosylated proteins that are
prominently expressed in osteoblasts and functionally

interact with osteogenic ligands (e.g., FGF2/bFGF, BMPs, WNTs)
[De Cat and David, 2001; Jackson et al., 2006b; Ling et al., 2009].
Glycosaminoglycans (GAGs) attached to these proteins potentiate
intracellular signaling through their ability to bind distinct ligands
and to support extracellular ternary complexes between proteogly-
cans and liganded receptors that are embedded within the cell
membrane. Chemical modifications (e.g., sulfation and acetylation)
of the sugar moieties may control the specificity of the interactions
and regulate signaling efficiency [Gorsi and Stringer, 2007;
Lamanna et al., 2007]. For example, heparan sulfates that are
attached to specific proteoglycans (e.g., syndecans, glypicans) may
control fibroblast growth factor (FGF) signaling through the
synergistic interactions between membrane-associated FGFRs that
initiate intracellular signaling through their associated tyrosine
kinase activities [Marie, 2003; Jackson et al., 2006b].

FGF2 is indispensable for normal bone development and
maintenance. For example, activating mutations of FGF receptors
(FGFRs) cause alterations in bone development and are associated
with several genetic disorders, including Pfeiffer, Apert, and
Jackson-Weiss syndromes [Bodo et al., 1999; Marie et al., 2005;
Bonaventure and El Ghouzzi, 2003; Cunningham et al., 2007].
Patients with these syndromes characteristically exhibit increased
mineralization and premature fusion of the cranial suture
(craniosynostosis). FGF2 is a key signaling molecule in osteoblasts
with strong anabolic functions in bone in vivo [Coffin et al., 1995;
Montero et al., 2000; Yu et al., 2003; Naganawa et al., 2006] and in
osteoblasts in culture [Boudreaux and Towler, 1996; Molteni et al.,
1999; Sobue et al., 2005; Jackson et al., 2006a, 2007; Ling et al.,
2006; Lee et al., 2007; Song et al., 2007; Sabbieti et al., 2008] by
stimulating bone formation, mineralization and regeneration, as
well as by acting as a potent osteoblast mitogen. FGF2 knock-out
mice have reduced bone mass and bone formation [Montero et al.,
2000] and develop osteopenia with aging [Naganawa et al., 2006],
while over-expression of the FGF2 gene in transgenic mice causes
premature mineralization, flattening and shortening of the long
bones [Coffin et al., 1995; Sobue et al., 2005]. Continued exposure to
FGF2 during osteogenic differentiation in vitro has been shown to
disrupt mineralization [Ling et al., 2006].

Runt-related transcription factor Runx2 [van Wijnen et al., 2004]
and activation protein 1 (AP1) represent downstream gene
regulatory effectors of FGF signaling in osteoblasts [Okazaki
et al., 1992; Shimizu-Sasaki et al., 2001; Xiao et al., 2002; Zhang
et al., 2002; Kim et al., 2003, 2006; Hatch et al., 2008]. Apart
from mediating lineage commitment, Runx2 attenuates osteoblast
proliferation [Pratap et al., 2003; Galindo et al., 2005, 2007; Zaidi
et al., 2007; Teplyuk et al., 2008] and performs a novel epigenetic
function by associating with mitotic chromosomes [Zaidi et al.,
2003; Rajgopal et al., 2007; Young et al., 2007a,b]. Consistent with
functional linkage between Runx2 and FGF2, abrogation of FGF
receptor signaling in mouse embryonic stem cells primes them for
osteogenic stimulation and significantly induces Runx2 gene
expression [Ng et al., 2007]. Runx2 has also been implicated in
the etiology of osteosarcoma and cancer metastasis to bone [Thomas
et al., 2004; Pratap et al., 2006; Gutierrez et al., 2008; Nathan et al.,

2008] suggesting that the FGF2 dependent activity of Runx2 may
regulate osteogenic commitment, bone cell growth and metastatic
potential.

In this study, we have characterized genes that are modulated by
re-introduction of Runx2 in Runx2 null osteoprogenitors when cells
become growth arrested but have not yet differentiated into mature
osteoblasts. We have previously shown that Runx2 mediates cell
growth control by regulating a number of genes involved in G
protein coupled receptor signaling [Teplyuk et al., 2008]. We now
show that growth control by Runx2 also involves regulation by
genes related to FGF signaling, a key mitogenic pathway in
osteoprogenitors. We find that Runx2 upregulates expression of
several FGF receptors, proteoglycans and GAG modifying enzymes.
FGF2 treatment strongly synergizes with Runx2 to induce the
expression of the early osteogenic marker osteopontin, but FGF2
counteracts Runx2 induction of the bone-phenotypic marker
alkaline phosphatase. Our combined results suggest that Runx2
modifies the responsiveness of osteoprogenitors to FGF stimulation
during the transition from active proliferation to growth arrest.

TISSUE CULTURE AND PROTEIN EXPRESSION

The development of a TERT-immortalized Runx2 null mouse
calvaria osteoprogenitor cell line was described previously [Bae
et al., 2007]. Cells were maintained in « MEM supplemented with
10% fetal bovine serum (FBS, Atlanta), 30 mM penicillin-
streptomycin and 100 mM L-glutamine at 37°C and humidified
500 CO, atmosphere. For exogenous expression of Runx2, cells were
plated in 6-well plates (1 x 10° cells/well) and infected after 24 h
with 100 MOI of adenovirus expressing Runx2 plus IRES-driven
GFP or GFP alone control in 600 pl of medium complemented with
1% FBS as described previously [Teplyuk et al., 2008]. After 4 h,
additional medium was added (400 pl of «MEM containing 1% FBS)
and cells were incubated for an additional 10 h. Infection efficiency
was determined by monitoring GFP positive cells. Construction of
Runx2 expressing adenovirus was described previously [Teplyuk
et al., 2008]. Infections were stopped by washing cells with 1X PBS
and changing the media, and cells were treated 12 h later with 10 ng/
ml bovine basic FGF (R&D Systems, Minneapolis, MN) for the next
24 h when indicated.

AFFYMETRIX ANALYSIS

Initial examination of Runx2 responsiveness of proteoglycan
related gene expression was based on Affymetrix data previously
reported [Teplyuk et al., 2008]. In brief, we examined immortalized
Runx2 null osteoprogenitors [Bae et al., 2007] that were infected
with Adenoviral vectors expressing a bicistronic Runx2-GFP mRNA
or GFP alone. At 24 h after infection, RNA samples were harvested in
triplicate and examined by Affymetrix gene expression profiling
(Mouse Genome 430 2.0 Array). Statistically significant differences
between probe sets were evaluated using Student’s t-test (P < 0.05).
Functional annotation of Affymetrix probe sets and gene ontology
relationships between groups of co-regulated genes were assessed
using the database for Annotation, Visualization and Integrated
Discovery (DAVID 2.0) [Dennis et al., 2003] and information
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Hyperlinked Over Proteins (iHOP; http://www.ihop-net.org) [Hoff-
mann and Valencia, 2004].

QUANTITATIVE PCR ANALYSIS

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad,
CA) and purified on columns after DNasel treatment (RNA
purification kit; Zymo Research, Orange, CA). Total RNA aliquots
(1 wg) were used for reverse transcription with random hexamers
(Invitrogen). The resulting cDNA products were diluted 75-fold and
5 wl was added in a 25 pl qPCR reaction with Power SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA) for
quantitation in an ABI Prism 7000 Sequence Detection System.
PCR was performed using the following conditions: 1 cycle at 95°C
for 10 min as the initial denaturation, 40 cycles of 2-step reaction at
95°C for 15 sec (denaturation) and 60°C for 1 min (annealing and
synthesis).

The following mouse gene primers were used in the reactions
(0.5 pmol/pl each): Runx2: F 5'-CGA CAG TCC CAA CTT CCT GT-3';
R 5'-CGG TAA CCA CAG TCC CAT CT-3'; osteocalcin: F 5'-CTG ACA
AAG CCT TCA TGT CCA A-3’; R 5'-GCG CCG GAG TCT GTT CAC TA-
3'; osteopontin: F 5’-ACT CCA ATC GTC CCT ACA GTC G-3/,R 5'-
TGA GGT CCT CAT CTG TGG CAT-3’; alkaline phosphatase: F 5'-
TTG TGC GAG AGA AAG AGA GAG A-3’; R 5-GTT TCA GGG CAT
TTT TCA AGG T-3'; FGF receptor 1 (FGFR1): F 5'-CCG TAT GTC CAG
ATC CTG AAG A-3'; R 5-GAT AGA GTT ACC CGC CAA GCA-3';
FGF receptor 2 (FGFR2): F 5'-GCC CTA CCT CAA GGT TCT GAA AG-
3’; R 5-GAT AGA ATT ACC CGC CAA GCA-3’; FGF receptor 3
(FGFR3): F 5’-CCC TAC GTC ACT GTA CTC AAG ACT G-3’; R 5'-GTG
ACA TTG TGC AAG GAC AGA AC-3’; FGF receptor 4 (FGFR4): F 5'-
CGA CGG TTT CCC CTA CGT ACA-3'; R 5'-TGC CCG CCA GAC AGG
TAT AC-3'; syndecan 1 (Sdc1): F 5'-AAC CAA ATC TGG ACG GCA
AA-3';R5'-CTA CTT ACG GGC CGC CAA A-3';syndecan 2 (Sdc2): F
5-TGT AGG ACC AGA CCA AGA AAA CAG-3’; R 5-TTC TCT GGC
GCC TGC TCT AG-3’; syndecan 3 (Sdc3): F 5-CGT AGG CCA CTG
TCA TTG TCA-3’; R 5-TGG TTA GAG GAG CCA GAT GCA-3';
syndecan 4 (Sdc4): F 5’-CTT CCT CCA GGC GCT CTA GA-3'; R 5'-
CAC GTA GTC TGA AGT GAA CCG AGT T-3'; Heparanase (Hpse): F
5'-ACC GAC GAC GTG GTA GAC TTG-3'; R 5'-GAT GGT GAT GGA
CAG GAA CGA-3’; biglycan (Bgn): F 5'-CAC CTG ACA CCA CAC
TGC TAG AC-3’; R 5'-GTA GAG GTG CTG GAG GCC TTT3'; decorin
(Dcn): F 5'-ATT GAA AAC GGA GCC TTC CA-3’; R 5'-TTG AGG GAT
CGC AGT TAT GTT G-3'; versican (Vcan): F 5'-CTC ATT TCC AAA
ATA GGC AGC AT-3’;R 5’-CAT GAG CTT CAC GAA AGG AAG A-3/;
perlecan (Perl): F 5'-TGC ATC CCC CGA GAC TAC CT-3’; R 5'-CTC
ACA ATC AAA GTC ACC GTC ACA-3’; glypican 1 (Glyp1): F 5'-CCA
GCT GCA TGG CAT CGA TG-3'; R 5'-GGC ACG AGT GTT CTG CGT
ATA CAG-3'; glypican 2 (Glyp2): F 5'-CCG TCA TCT TCA ATA GCC
TGT TTT-3'; R 5/-TCC GCC AAG GTG TCA TCT AAC-3'; glypican 4
(Glyp4): F 5'-GCT TAG CAG TTG CAA GGG ATG T-3'; R 5'-GCA GTG
GGA GCA GTA GAT CAT CT-3’; glypican 6 (Glyp 6): F 5'-GAC TGG
AAG GGC CAT TCA AC-3’; R 5'-TGC ATG CTG TTIT TCC TGC AT-3’;
N-deacetylase/N-sulfotransferase (heparin glucosaminyl) 1 (Ndst1):
F 5'-TTT TAA CGG CCA CAA CTA TCA CA-3'; R 5'-AAG TCC GAG
GTG GTG TTG GA-3'; N-deacetylase/N-sulfotransferase (heparin
glucosaminyl) 2 (Ndst2): F 5'-TCT GTG CTA GCT GAC CAG ATG AG-
3’; R 5’-CAT ACC CCA GAT CCG TAG GAA TC-3'; N-deacetylase/N-

sulfotransferase (heparin glucosaminyl) 3 (Ndst3): F 5-TCT CTA
GTC CCG AAA GCC AAG A-3’; R 5-GGA TCG CTG ATG CTG ATA
CCA-3'; heparan sulfate 2-0-sulfotransferase 1 (Hs2st1): F 5'-AAG
GGC CGT GGT TAG AGC TTA-3; R 5'-AGA CAG GGC TTC TCC ATG
ACA AT-3’; heparan sulfate 6-O-sulfotransferase 1 (Hs6st1): F 5'-
GTG TGC CCA CCG AGG ACT AC-3’; R 5'-TTA AAT CGT GCC CAT
CAC TCT CT-3'; carbohydrate (chondroitin 4) sulfotransferase
(Ch4st): F 5'-TGG AAG TGA TGA GGA TGA ACA GA-3'; R 5-TGG
GTG CAA CAT ACT TTG GAA A-3’; carbohydrate (N-acetylgluco-
samine 6-0) sulfotransferase 1 (Chést): F 5'-CGC ACG GGT TCC TCG
TTC-3’; R 5'-GAA CAC GGT GCG CTC GAT GT-3’; glucuronyl C5-
epimerase (Glce): F 5'-CAA GGG CAA GCC ATC TCT ACCT-3/;R 5/~
TCA TGA ACA CGG CTT TAA CTC CAT-3’; galactosamine (N-
acetyl)-6-sulfate sulfatase (Galns): F 5'-CCC AGT GAC AGG GTG
ATT GAT-3’; R 5'-TGT GCT TTG TAC TGG CCA AGA-3'; exostosin-1
(Ext1): F 5'-GTG TAC CCG CAG CAG AAA GG-3’; R 5-GTA GAA
CCT GGA GCC CTC GAT-3’; exostosin-2 (Ext2): F 5'-CAA AAT CCG
AGT TCC CCT GAA-3';R 5'-TCG ATT TCG TCG TAA GGG AAG A-3'.
Data normalization of samples from cell lines was established by
qPCR with primers specific for rodent GAPDH and 18S ribosomal
RNA (Applied Biosystems).

WESTERN BLOT ANALYSIS

For Western blotting, cell pellets were boiled in 100 pl of direct lysis
buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 12% urea,
25 wM MG132 (Calbiochem, San Diego, CA), 100 mM DTT and 1X
complete protease inhibitors from Roche). Aliquots (5 wl) of each
lysate were separated using 10% SDS-PAGE and subjected to semi-
wet transfer to PVDF membranes. PBS (1X)/0.1% Tween (PBST) with
5% milk was used for 1 h to block non-specific binding. Primary and
secondary antibodies were used in a 1:2,000 dilution for 1 h in PBST/
1% milk. Signals were detected by chemiluminescence (Perkin Elmer
Western Lightning Chemiluminescence Reagent Plus). Runx2-
specific mouse monoclonal antibodies were the generous gift of
Dr. Yoshiaki Ito (Cancer Research Center of Excellence, National
University of Singapore). CDK2 rabbit polyclonal antibodies were
purchased from Santa Cruz Biotechnology.

EXPRESSION OF FGFR AND PROTEOGLYCAN GENES IN RUNX2
NULL OSTEOPROGENITORS

Runx2 and FGF2 signaling both control osteoblast proliferation
and maturation (Fig. 1A). Runx2 null calvarial cells represent
mesenchymal precursors that are arrested in the osteoprogenitor
stage [Bae et al., 2007]. Re-introduction of Runx2 into these cells
by adenoviral infection (Fig. 1B) decreases cell proliferation and
increases alkaline phosphatase expression marking the onset of
osteogenic differentiation (Fig. 1C), consistent with previous
observations [Bae et al., 2007; Teplyuk et al., 2008]. To understand
how Runx2 controls proliferation of osteoprogenitors, we have
previously performed Affymetrix gene expression profiling and
established that Runx2 controls genes for distinct G protein coupled
receptor signaling pathways and enzymes controlling sterol
metabolism [Teplyuk et al., 2008], as well as enhances expression
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Fig. 1. Runx2 and FGF2 signaling control both proliferation and maturation of osteoblast. A: The schematic depicts the dual role of Runx2 and FGF2 signaling in control of
osteoblast proliferation and differentiation. Runx2 may act opposite to FGF2 signaling during the G1 phase of the cell cycle in osteoprogenitors. FGF2 has potent mitogenic
effects and stimulates the proliferative expansion of osteoprogenitor cells, while Runx2 suppresses cell cycle progression and may drive cells into quiescence. Runx2 and FGF2
signaling work synergistically on the early steps of osteoblast differentiation, both inducing expression of the early osteoblastic markers (e.g., osteopontin). B: The experimental
system used in this study is a complementation assay in which Runx2 protein is exogenously expressed in osteoprogenitor cells with a homozygous Runx2 null background.
Runx2 protein levels were detected by Western blot analysis 36 h after infection with recombinant adenovirus expressing Runx2 and GFP (lane “Runx2"), or the same vector
lacking Runx2 but containing GFP (abbreviated EV; lane “Control EV") or in mock-infected cells (lane “No DNA"). CDK2 protein levels were used as internal endogenous control.
C: Re-introduction of Runx2 protein expression in Runx2 null cells decreases proliferation as monitored by cell counting (left bar graph) and increased osteogenic differentiation
as assessed by alkaline phosphatase (AP) staining (right bar graph) after cells were grown for 8 days in osteogenic media (50 pg/ml Ascorbic acid, 10 mM B-glycerophosphate)
and treated with 200 ng/ml BMP2 for 24 h. AP staining was quantified by densitometry using ImageJ software. Error bars represent standard error of mean (SE) between three
different quantifications. D: Runx2 regulates distinct expression programs. Runx2 regulation of ECM proteins, G protein signaling and sterol metabolism in osteoprogenitor cells
were identified previously by Affymetrix gene expression profiling [Teplyuk et al., 2008]. This study focuses on Runx2 regulation of proteoglycan related genes. E: Membrane
and extracellular matrix related proteoglycans were identified as a component of Runx2 responsive programs by hierarchical clustering, as well as the DAVID 2.0 database
(Database for Annotation, Visualization and Integrated Discovery, http://david.abce.nciferf.gov) [Dennis et al., 2003] and information Hyperlinked Over Proteins (iHOP, http://
www.ihop-net.org) [Hoffmann and Valencia, 2004].

of classical Runx2 targets such as osteocalcin, osteopontin (secreted
phosphoprotein 1, Spp1) and MMP13 (Fig. 1D). During the course of
these studies we observed that a subset of Runx2 responsive genes
encode proteoglycans and related proteins (Fig. 1E).

Because proteoglycans support cell signaling in osteoblasts, we
further examined the Runx2 dependent regulation of this set of
genes, which includes FGF receptors, membrane-anchored proteo-
glycans and enzymes that modify GAGs. We first assessed the basal
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Fig. 2.

Relative basal expression levels of genes encoding proteoglycans (dark gray bars), FGF receptors (white bars) and proteoglycan modifying enzymes (light gray bars) in

osteoprogenitor cells. We determined basal mRNA expression by qPCR analysis in Runx2 null osteoprogenitor cells to assess the relative expression of selected genes in the
absence of Runx2 and to determine which genes are characteristic for immature cells within the early osteogenic lineage. The mRNA levels of different genes were plotted as a
percentage of GAPDH mRNA levels. Genes were arbitrarily divided based on their expression level into robustly expressed (A) and weakly expressed (B) genes, with the dividing
point at 1% of GAPDH expression. Error bars represented standard error of mean (SE) between three different populations of cells.

level of this set of genes in Runx2 null cells that represent calvarial
derived osteoprogenitors (Fig. 2). These cells robustly express
several proteoglycans (e.g., biglycan, perlecan, versican, glypican-1
and -4, as well as syndecan-2, -3, and -4), exostosin-1 and FGF
receptor-1. Heparin related modifying enzymes, as well as FGF
receptors-2, -3, and -4, are expressed at significantly lower but
detectable levels. Thus, as expected, structural proteins that
interface with the extracellular matrix (ECM) are generally
expressed at higher levels than the enzymes that control their
modifications.

A [ FGF receplors B [Proteoglycans

* 5

]

Fold change in mRNAlevels
I

RUNX2 REGULATES GENES ENCODING PROTEOGLYCANS AND
GLYCOSAMINOGLYCAN MODIFYING ENZYMES IN
OSTEOPROGENITORS

To validate our preliminary findings using Affymetrix profiling that
proteoglycan related genes are responsive to elevation of Runx2
levels, we performed quantitative RT-PCR analysis. We analyzed
triplicate RNA samples from Runx2 null cells infected by an adeno-
viral vector expressing exogenous wild type Runx2 protein or a
corresponding empty vector. Upon exogenous expression of Runx2,
all four FGF receptors (FGFR-1, -2, -3, and -4) are upregulated

GAG related
enzymes

| Relative induction by Runx2 |

Fig. 3.

Responsiveness of FGF receptor and proteoglycan gene expression by Runx2 in osteoprogenitors. Expression levels of FGF receptors (A) or proteoglycans (B) were

determined by qPCR analysis in Runx2 null osteoprogenitors infected with vectors that either do or do not express Runx2 protein. Relative mRNA levels were plotted as fold
change of exogenous Runx2 expressing cells over the GFP expressing control and normalized to 18S ribosomal RNA level. Statistical significance of differences was determined
by Student's t-test. Values with P< 0.05 are indicated by asterisks and values with P< 0.01 have two asterisks. Error bars represented Standard error of mean (SE) between three
independent experiments. Panel B (right part) also contains data for two glycosaminoglycan (GAG) modifying enzymes that did not fit the scale of the graphs in Figure 4A.
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(Fig. 3A). FGFR-3 mRNA levels increase by approximately 5-fold,
whereas FGFR1 mRNA levels increase by only a modest amount
(~1.6- to 1.7-fold), yet FGFR-1 remains the most prominently
expressed FGF receptor following the reintroduction of Runx2
into Runx2 null cells. Similarly, expression of exostosin-1 and
syndecan-1, -2, and -3, as well as other plasma membrane
chondroitin and heparan sulfate proteoglycans (versican and
glypican-1) is increased, while expression of glypican-4 and the
dermatan sulfate proteoglycan decorin is modestly diminished in
the presence of Runx2 (Fig. 3B).

We note that the magnitude of the fold-increase for FGF
receptors, proteoglycans and proteoglycan-related enzymes (see
Figs. 3 and 4) is in several cases inversely related to their basal
expression in the absence of Runx2 (see Fig. 2). Highly expressed
genes (e.g., FGFR1, glypican 1) exhibit modest quantitative changes
upon forced expression of Runx2, while moderately expressed genes
(e.g., FGFR3, syndecan 1) tend to be stimulated to a greater degree.
This finding is not unexpected as transcription of genes that are
already prominently expressed in Runx2 null osteoprogenitors is at
least in part controlled independently of Runx2.

The signaling function of proteoglycans can be modified by
changes in the sulfation pattern of their GAG side-chains. Therefore,
we assessed whether Runx2 regulates enzymes that can modify the
sulfation status of sugar moieties. The expression of the heparin-
related enzymes heparanase and heparan sulfate 2-0-sulfotransfer-
ase (Hs2st) is increased, while expression of at least two
sulfotransferases (i.e., heparan glucosaminyl sulfotransferase 3
[Ndst3] and heparan sulfate 6-O-sulfotransferase [Hs6st]) is
repressed by Runx2 (Fig. 4A). Consequently, Runx2 alters the
mRNA expression ratios of N-linked sulfotransferases (Ndst1 and
Ndst2 vs. Ndst3) and enzymes mediating O-linked sulfation of
heparan sulfate (Hs2st vs. Hs6st) or chondroitin sulfate (Cs4st vs.
Csé6st) (Fig. 4B). A number of other genes encoding proteoglycans
and enzymes related to heparan sulfate synthesis and metabolism
did not reveal statistically significant differences in expression upon
Runx2 introduction in osteoprogenitor cells (Figs. 3 and 4). We
conclude that Runx2 coordinately and selectively regulates the
levels of several distinct proteoglycans, FGF receptors and enzymes
that modify sugar moieties.

RUNX2 OPPOSES FGF2 DEPENDENT DOWN-REGULATION OF
PROTEOGLYCAN RELATED GENES

The observation that Runx2 induces multiple components of the
FGF receptor-proteoglycan axis and other genes related to plasma
membrane signal transduction suggests that Runx2 may regulate
the sensitivity of osteoblast precursors to FGF signaling. Runx2
activity itself is controlled by FGF2 and we have previously shown
that osteoblast-specific heparan sulfate upregulates Runx2 expres-
sion [Jackson et al., 2007]. Therefore, we examined how expression
of proteoglycan-related genes in osteoprogenitors responds to FGF2
signaling in the presence or absence Runx2. The results show that
FGF2 selectively suppresses expression of FGFR2 and FGFR3,
independent of Runx2, and has no effect on FGFR1 expression
(Fig. 5A). FGF2 slightly increases FGFR4 levels in the absence of
Runx2. The selective down-regulation of FGFR2 and FGFR3 by
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Fig. 4. Regulation of glycosaminoglycan modifying enzyme gene expression
by Runx2 in osteoprogenitors. Fold changes in mRNA expression of genes
encoding glycosaminoglycan (GAG) modifying enzymes including different
heparan sulfate and chondroitin sulfate sulfotransferases species upon expres-
sion of Runx2 (A), or the same data as in panel B plotted in a manner that
emphasizes relative changes in the expression ratios of enzymes involved in
N- versus O-linked modifications of GAGs (B). Similar to Figure 3, relative
mRNA levels were normalized to 18S ribosomal RNA levels and plotted as fold
change upon exogenous Runx2 expression in Runx2 null cells. Error bars
represent SE between three independent experiments. Statistical significance
of differences was determined by Student's t-test. Values with P < 0.05 are
indicated by asterisks and values with P< 0.01 have two asterisks. Error bars
represented Standard error of mean (SE) between three independent experi-
ments. Data on expression of two glycosyltransferases (Ext1 and Ext2) that did
not fit the scale of the graph in A were included in Figure 3B.

FGF2 in Runx2 null cells is consistent with negative feed-back
regulation of FGF signaling that occurs independently of Runx2.
FGF2 signaling also reduces syndecan-2, glypican-6, versican,
exostosin-1 and perlecan in Runx2 null cells (Fig. 5B). However, the
presence of Runx2 prevents the FGF2 dependent suppression of
these same genes with the exception of glypican-6. Hence, Runx2
opposes the FGF2 dependent down-regulation of four out of nine
highly expressed proteoglycans (see Fig. 1) that are produced by
Runx2 null osteoprogenitors. Similarly, Runx2 attenuates the
decrease of Cs6st upon FGF2 administration, and renders two genes
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Fig. 5. FGF2 responsiveness of genes encoding FGF receptors and proteo-
glycans in the absence or presence of Runx2. Cells infected with an Adenoviral
vector expressing Runx2 or the corresponding empty vector were treated 24 h
after infection with 10 ng/ml of bovine FGF2 in DMSO or a corresponding
amount of DMSO control for the next 24 h. Relative mRNA expression levels of
genes encoding FGF receptors (A) and proteoglycans (B) were detected by gPCR
analysis. The mRNA levels were normalized to 18S ribosomal RNA and plotted
as fold change after FGF2 treatment versus DMSO control in the absence (left
panel in A, upper panel in B) or in the presence (right panel in A and lower panel
in B) of Runx2 expression. Statistical significance of differences was deter-
mined by Student's t-test and values with P< 0.05 are indicated by asterisks,
and values with P< 0.01 have two asterisks. Error bars represented standard
error of mean (SE) between three independent experiments.

(the sulfotransferase Ndst3 and the sulfatase Galns) modestly
responsive to FGF2 signaling, but has no other effect on GAG
modifying enzymes (Fig. 6). Apart from opposing effects between
Runx2 and FGF2, the data also show that Runx2 and FGF2 cooperate
to stimulate expression of Sdc4 and the sulfatase Galns (Figs. 5
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Fig. 6. FGF2 responsiveness of genes encoding glycosaminoglycan modifying
enzymes in the absence or presence of Runx2. Similar to Figure 5, cells infected
with an Adenoviral vector expressing Runx2 or the corresponding empty vector
were treated 24 h after infection with 10 ng/ ml of bovine FGF2 in DMSO or a
corresponding amount of DMSO control for the next 24 h. Relative mRNA
expression levels of genes encoding glycosaminoglycan modifying enzymes
were detected by qPCR analysis. The mRNA levels were normalized to 18S
ribosomal RNA and plotted as fold change after FGF2 treatment versus DMSO
control in the absence (upper panel) or in the presence (lower panel) of Runx2
expression. Statistical significance of differences was determined by Student
T-test and values with P< 0.05 are indicated by asterisks, and values with
P<0.01 have two asterisks. Error bars represented standard error of mean (SE)
between three independent experiments.

and 6). Hence, our results suggest that Runx2 alters the sensitivity of
osteoprogenitors to FGF signaling through selective modulations in
the expression of proteoglycan related genes.

RUNX2 POTENTIATES THE FGF2 DEPENDENT INDUCTION OF
OSTEOPONTIN AND FGF2 OPPOSES RUNX2 DEPENDENT
UPREGULATION OF OSTEOCALCIN AND ALKALINE PHOSPHATASE
Because Runx2 modulates the expression of proteoglycan genes
that are linked to FGF2 signaling, we investigated whether these
modulations have functional consequences for responsiveness of
immortalized Runx2 null osteoprogenitors to FGF2. We evaluated
whether Runx2 and FGF2 cooperate in the expression of osteoblast
phenotypic markers that reflect progression along the osteogenic
lineage. Runx2 null calvarial osteoprogenitors were infected with
adenoviral vectors expressing Runx2 followed by treatment with a
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FGF2 signaling synergizes with Runx2 for the induction of osteopontin, but antagonizes the induction of alkaline phosphatase in osteoprogenitor cells. Similar to

Figure 5, cells infected with an Adenoviral vector expressing Runx2 or the corresponding empty vector were treated 24 h after infection with 10 ng/ ml of bovine FGF2 in DMSO

or a corresponding amount of DMSO control for the next 24 h. Expression of the osteoblastic markers osteopontin (A), alkaline phosphatase (B) and osteocalcin (C) was
determined by qPCR analysis. The mRNA levels for the three genes were normalized using 18S ribosomal RNA and plotted relative to the value of osteocalcin mRNA in the control
sample (no infection, DMSO treated) which was arbitrarily set as 1. Statistical significance of differences was determined by Student's t-test and values with P< 0.05 are
indicated by asterisks, and values with P< 0.01 have two asterisks. Error bars represented standard error of mean (SE) between three independent experiments.

low dose (10 ng/ml) of FGF2 under low serum conditions. We note
that osteoprogenitor cells cultured in low FBS conditions (0.1-2%
FBS) (see Fig. 7) exhibit more pronounced FGF2 effects than when
treatment is performed in high (10%) FBS (data not shown). The RNA
expression of osteogenic markers was evaluated after 24 h of FGF2
treatment by qPCR analysis (this treatment period spans approxi-
mately one cell cycle). Runx2 and FGF2 can each robustly stimulate
expression of the early osteogenic marker osteopontin (i.e., Runx2
alone increases the expression of osteopontin by ~15- to 20-fold,
while treatment by FGF2 alone increases the expression 3- to 4-
fold) (Fig. 7A and data not shown). The combined treatment by both
Runx2 and FGF2 dramatically increases the expression
of osteopontin (>100-fold) (Fig. 7A). Hence, Runx2 and FGF2
synergistically enhance osteopontin gene expression.

We evaluated the expression of other osteogenic markers
including alkaline phosphatase and osteocalcin, which are both
expressed at very low levels in osteoprogenitors. Consistent with
previous data using similar samples [Bae et al., 2007; Teplyuk et al.,
2008], expression of both alkaline phosphatase and osteocalcin is
significantly induced by Runx2 (Fig. 7B,C). The expression of BSP
gene was not detectable in our experiments with proliferating
osteoprogenitor cells (data not shown). Strikingly, FGF2 treatment
almost completely abrogates the Runx2 mediated induction of
alkaline phosphatase gene expression (Fig. 7B), but only marginally
decreases the induction of osteocalcin (Fig. 7C). The synergistic
(Fig. 7A) and antagonistic (Fig. 7B) actions of FGF2 and Runx2
clearly indicate cross-talk between Runx2 and FGF signaling
(Fig. 8).

In this study, we have characterized novel Runx2 target genes in
Runx2 null osteoprogenitors under conditions that promote growth

arrest while not yet permitting sustained phenotypic maturation.
Runx2 null cells in which Runx2 is re-introduced will only
differentiate when cultured in the presence of osteogenic media and/
or BMP2 [Bae et al., 2007]. Our studies have been aimed at
identifying sets of co-regulated genes and pathways, including
genes that are both directly and indirectly controlled by Runx2,
during Runx2 induced inhibition of osteoblast proliferation
[Teplyuk et al., 2008]. We focused here on proteoglycan genes,
because proteoglycans are key regulators of cell signaling pathways
that promote osteoblast proliferation and differentiation [De Cat and
David, 2001; Jackson et al., 2006b; Ling et al., 2009]. For example,
proteoglycans support FGF2 signaling, and FGF2 signaling
modulates the activity of Runx2 and osteoblast-specific gene
expression [Okazaki et al., 1992; Shimizu-Sasaki et al., 2001; Xiao
et al., 2002; Zhang et al., 2002; Kim et al., 2003, 2006; Hatch et al.,
2008].

We first validated initial Affymetrix gene expression profiling
studies indicating that Runx2 selectively regulates expression
of proteoglycan genes. Our data revealed that adenoviral expression
of Runx2 in Runx2 null cells prominently increases mRNA levels of
FGFR2 and FGFR3, syndecan-1, -2, and -3, as well as glypican-1,
versican and exostosin-1. While FGFR1 is most prominently
expressed in immature proliferating osteoblastic precursors,
expression of both FGFR2 and FGFR3 expression is enhanced
during osteoblast maturation [Marie, 2003; Jackson et al., 2006a,b].
Thus, Runx2 modulates the repertoire of FGF receptors, as well as
proteoglycans that support FGF signaling. We also find that Runx2
controls GAG modifying enzymes. GAGs are highly complex sugar
moieties that are covalently modified by sulfation. The distribution
and concentration of sulfation on sugar chains will modulate their
ability to bind selective ligands (e.g., FGF2, BMPs or WNTs). Runx2
alters the expression ratio of Hs2st versus Hs6st, as well as Cs4st
versus Csé6st, suggesting that Runx2 may indirectly alter O-linked
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Fig. 8. Cross-talk between the Runx2 and FGF2 signaling axes during

osteoblastic lineage progression. The model depicts several well-known aspects
of the FGF signaling cascade including the synergy between FGF signaling and
proteoglycans, as well as downstream effects of FGF signaling on MAPK and
CDK related pathways. We propose that Runx2 may participate in two distinct
feed-back loops. In actively dividing cells, FGF2 is mitogenic and activates
MAPKs and CDKs. This activation may both promote and attenuate Runx2
activity to generate short-term changes in proteoglycan expression that
transiently modulate responsiveness to FGF2. In post-proliferative cells,
FGF2 functions anabolically and CDK effects on Runx2 are blocked by CDK
inhibitors (CKIs). Consequently, the FGF/MAPK/Runx2 pathway may generate a
long-term sustained response in which Runx2 modulates a program of
proteoglycan expression to promote osteoblast maturation. The ideas pre-
sented in the model are consistent with references cited in the main text, but
remain to be experimentally tested.

sulfation patterns of heparan sulfates or chondroitin sulfates.
Because the oxygen at position 2 (2-0) of iduronate in heparan
sulfate contributes to FGF2 binding, the Runx2 dependent increase
in the ratio of 2-0/6-0-sulfotransferases may modulate the affinity
of FGF2 for specific proteoglycans.

We directly tested whether Runx2 alters the FGF2 responsiveness
of immortalized Runx2 null osteoprogenitors. The experiments
revealed that Runx2 and FGF2 synergistically enhance expression
of osteopontin, as well as syndecan-4 and the heparanase Galns.
In addition, Runx2 prevents or reduces FGF2 dependent down-
regulation of syndecan-2, exostosin-1, versican, and perlecan. Thus,
our results together are consistent with the concept that Runx2
promotes modifications in the composition of the ECM to modify
responsiveness of osteoprogenitors to FGF signaling.

Runx2 activity and/or expression is controlled by many
osteogenic and mitogenic signaling pathways. For example,
BMP2 promotes the osteogenic program by inducing Smad1 and

Smad>5 that together with Smad4 can interact with Runx2 to control
BMP2 dependent targets [Javed et al., 2008]. However, the Runx2
co-factors Smad4 and Smad5 themselves are also Runx2 targets
[Galindo et al., 2006; Young et al., 2007a], thus generating a BMP2-
Smad-Runx2 feed-forward loop. Similarly, Runx2 regulates the
RNA helicase Ddx5, and Ddx5 interacts with Runx2 to control
osteoblast differentiation [Jensen et al., 2008]. Runx2 control is
regulated by cAMP signaling, hence Runx2 enhancement of G
protein coupled receptor signaling through Gsa proteins is expected
to generate a self-sustained molecular circuit [Teplyuk et al., 2008].
Our current results indicate that Runx2 coordinately controls
proteoglycan components of the ECM and selectively synergizes
with FGF2 to enhance syndecan-4 and osteopontin gene expression.
We conclude that many target genes controlled by Runx2 represent
components of reinforcing molecular pathways that mediate cell
growth and differentiation of osteoblasts.
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