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PROSPECTS
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Abstract The Cbfa1/Runx2 is an important transcription factor necessary for osteoblast differentiation and bone
formation. However, the signaling pathways regulating Runx2 activity are just beginning to be understood. In-
consistencies between Runx2 mRNA or protein levels and its transcriptional activity suggests that posttranslational
modification and/or protein-protein interactions may regulate this factor. Runx2 can be phosphorylated and activated by
the mitogen-activated protein kinase (MAPK) pathway. This pathway can be stimulated by a variety of signals including
those initiated by extracellular matrix (ECM), osteogenic growth factors like bone morphogenic proteins (BMPs) and
fibroblast growth factor-2 (FGF-2), mechanical loading and hormones such as parathyroid hormone (PTH). Protein kinase
A (PKA) may also phosphorylate/activate Runx2 under certain conditions. In addition, Runx2 activity is enhanced by
protein-protein interactions as are seen with PTH-induced Runx2/AP-1 and BMP-mediated Runx2/Smads interactions.
Mechanisms for interaction with Runx2 are complex including binding of distinct components such as AP-1 factors and
Smads proteins to separateDNA regions in target gene promoters and direct physical interactions between Runx2 andAP-
1/Smad factors. Post-translational modifications such as phosphorylation may influence interactions between Runx2 and
other nuclear factors. These findings suggest that Runx2 plays a central role in coordinating multiple signals involved in
osteoblast differentiation. J. Cell. Biochem. 88: 446–454, 2003. � 2003 Wiley-Liss, Inc.
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Cbfa1/Runx2 is a bone-related transcription
factor homologous to the Drosophila protein,
Runt [Ducy et al., 2000]. This protein is es-
sential for thedifferentiation of osteoblasts from
mesenchymal precursors and bone formation as
homozygousCbfa1�/�miceshowacomplete lack
of functional osteoblasts and are devoid of min-
eralized bone or hypertrophic cartilage [Otto

et al., 1997]. Mutations in the Cbfa1 locus in
humans cause cleidocranial dysplasia, an auto-
somal dominant disease characterized by the
absence of clavicles, open fontanelles, super-
numerary teeth and short stature [Mundlos
et al., 1997]. Runx2 can directly stimulate tr-
anscription of osteoblast-related genes such as
those encoding osteocalcin (OCN), type I col-
lagen, osteopontin (OPN) and collagenase 3 by
binding to specific enhancer regions containing
the core sequence, PuCCPuCA [Ducy et al.,
1997; Selvamurugan et al., 1998; Kern et al.,
2000]. Beyond this, themolecularmechanism of
Runx2 action is unknown.

Although Runx2 is expressed exclusively in
mineralized tissues and their precursors, in
many cases there is a poor correlation bet-
ween actual Runx2 mRNA or protein levels
and the expression of osteoblast-related genes.
Thus, during development Runx2 expression
precedes osteoblast differentiation and OCN
expression by several days [Ducy et al., 1997].
Also, in several osteoblast cell culture systems,
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Runx2 protein levels are not well correlated
with expression of its target genes. For example,
cultures of primary osteoblasts or of theMC3T3-
E1 preosteoblast cell line do not exhibit major
changes in Runx2 protein during in vitro differ-
entiation even though expression of osteoblast
marker genes like OCN, bone sialoprotein and
alkaline phosphatase is dramatically increased
[Xiao et al., 1998]. Likewise, although both
TGF-b and BMP2 dramatically increase Runx2
expression in C2C12 myoblasts, only BMP
treatment can induce osteoblast-specific gene
expression [Lee et al., 2000]. Taken together,
these studies indicate that Runx2-dependent
transcription is not simply regulated by levels
of the Runx2 protein. Rather, they imply that
this transcription factor is regulated either by
post-translational modification or by protein-
protein interactions.
This article will present five representative

examples of Runx2 regulation using studies
from the authors’ laboratory and the current
literature. Specifically, we will discuss Runx2
activation by: (i) binding of the extracellular
matrix (ECM) to cell surface integrins; (ii)
FGF2; (iii) mechanical loading; (iv) PTH; and
(v) BMPs. These examples, while not covering
all potential types of Runx2 regulation, will give
the reader an appreciation of the breadth of
signaling pathways that can control this impor-
tant transcription factor.

ECM-DEPENDENT ACTIVATION OF
RUNX2-DEPENDENT TRANSCRIPTION

Osteoblasts must establish a type I collagen-
containing ECM before they can differentiate
and express osteoblast-related genes such as
those encoding OCN, bone sialoprotein, alka-
line phosphatase and the parathyroid hormone/
parathyroid hormone-related protein receptor
and, ultimately, mineralize [for review, see
Franceschi, 1999]. The ECM signals to the dif-
ferentiating preosteoblast by binding to b1 sub-
unit-containing integrins (a2b1 and, possibly,
a1b1) [Takeuchi et al., 1997; Xiao et al., 1998;
Zimmerman et al., 2000]. Disruption of integrin
signaling using either blocking antibodies or
peptides that mimic the cell-binding domain of
collagen completely blocks ECM-dependent dif-
ferentiation. This observation is highly signifi-
cant for understanding osteoblast metabolism
since it is through integrins that cells sense their
ECM environment and respond to changes in
mechanical loading [Danen et al., 1998].

We showed that Runx2 at least in part
mediates the response of preosteoblasts to ma-
trix signals. Specifically, ECM production by
murine MC3T3-E1 cells dramatically increases
transcription of the OCN gene. This matrix re-
sponse requires Runx2 and its cognate DNA
binding site in the OCN promoter, osteoblast-
specific element 2 (OSE2) [Xiao et al., 1997].
Interestingly, this Runx2-dependent increase
in transcriptional activity is not accompaniedby
a significant change in Runx2 mRNA or protein
although large increases are seen in the in vitro
binding of Runx2 to OSE2 DNA asmeasured by
gel retardation assays [Xiao et al., 1998].

As one of the primary transducers of integrin
signals to the cell nucleus, the MEK/ERK
branch of the mitogen-activated protein kinase
(MAPK) pathway provides a plausible link
between cell surface integrin activation and
subsequent stimulation of Runx2-dependent
transcription. We recently showed that U0126,
a specific inhibitor of ERK1/2 phosphorylation
by MEK, rapidly and specifically inhibits both
ERK phosphorylation and ECM-dependent in-
duction of the OCN gene. Similarly, BMP
actions in osteoblasts also require matrix sig-
nals and can be blocked by U0126 [Xiao et al.,
2002a].

In separate studies, we showed that over
expression of a constitutively active MEK1
mutant induces both endogenous OCN mRNA
and promoter activity and, further, that this
response requires Runx2 and an intact OSE2
sequence. Finally, Runx2 phosphorylation in-
creased after transfection of cells with constitu-
tively active MEK1, the kinase immediately
beforeERK1/2 in theMAPKcascade [Xiao et al.,
2000], thus providing evidence that a MAPK-
dependent phosphorylation cascade regulates
Runx2 activity. Although the specific amino
acid residues in Runx2 necessary for MAPK
responsiveness and phosphorylation have not
been identified, we know that they reside in a
270 amino acid proline/serine/threonine-rich
region (P/S/T domain) in the C-terminal portion
of the molecule [Xiao et al., 2000; Franceschi
et al., 2002].

In summary, Osteoblasts must be in contact
witha collagen-containingECMandbind to this
matrix via interactions between type I collagen
and specific b1 integrins. Integrin liganding
then activates MAPK and related pathways,
which transduce signals to the nucleus. Finally,
Runx2 is phosphorylated and activated by
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MAPK, thereby allowing it to stimulate osteo-
blast differentiation by increasing transcription
of osteoblast marker genes such as OCN.

FGF2 ACTIVATES RUNX2 VIA
THE MAPK PATHWAY

FGF2 is an important in vivo regulator of
skeletal development and growth. Intermittent
FGF2 administration can restore bone mass in
theoveriectomized rat, awell-establishedmodel
for postmenopausal bone loss [Liang et al.,
1999]. Overexpression of FGF-2 in transgenic
mice causes premature mineralization, achon-
droplasia and shortening of long bones while
disruption of the FGF-2 gene leads to decreas-
ed bone mass and bone formation [Coffin et al.,
1995; Montero et al., 2000]. Furthermore,
activating mutations in FGF receptors are
associated with a series of craniosynostosis
syndromes characterized by accelerated in-
tramembranous bone formation in calvarial
sutures. Of particular interest, activating mu-
tations in FGFR1 up-regulate Runx2 and
enhance differentiation of calvarial osteoblasts
[Zhou et al., 2000]. FGF2 can also stimulate
osteocalcin gene expression in MC3T3-E1 pre-
osteoblast cells [Boudreaux and Towler, 1996].

Since a major route for FGF receptor signal-
ing involves activation of theMEK/ERK branch
of the MAP kinase pathway [Nugent and Iozzo,
2000],we initiated a series of studies to examine
whether FGF2 induction of the osteocalcin gene
required MAPK activity and Runx2 phospho-
rylation [Xiao et al., 2002b]. Initial studies
demonstrated that FGF2 could rapidly induce
ERK phosphorylation and stimulate OCN
mRNA in MC3T3-E1 cells and in bone marrow
stromal cells. FGF2 also stimulated activity of a
1.3 kb OCN promoter-luciferase reporter gene
and this stimulation could be blocked by the
MEK/ERK inhibitor, U0126. This stimulation
was only seen in cells containing wild type
Runx2 (a P/S/T domain mutant was unrespon-
sive) and also required an intact Runx2 binding
site in the OCN promoter. Metabolic labeling
with [32P]-orthophosphate showed that the
level of Runx2 phosphorylation is increased by
FGF2 treatment and that this response is also
prevented by U0126.

Others have shown that FGF2 can also
activate OCN transcription through an AP-1-
like site that is immediately 50 to the Runx2
binding site described above [Boudreaux and

Towler, 1996]. The nuclear factor/s binding this
site are currently unknownalthough their DNA
binding activity increases with FGF2 treat-
ment. Of further interest, the FGF2 response is
synergistically stimulated by the PKA pathway
activator, forskolin, which is known to increase
the activity of AP-1-related nuclear factors such
as c-Fos and c-Jun. Taken together, these re-
sults raise the intriguing possibility that coop-
erative interactions take place between Runx2
and AP-1 like factors (see below).

FGF2 has also been reported to stimulate the
transcriptional activity of other osteoblast-
related genes such as those encoding bone
sialoprotein and interstitial collagenase (matrix
metalloproteinase 1) although it is not known
whether Runx2 is involved in either of these
responses [Newberry et al., 1997; Shimizu-
Sasaki et al., 2001]. Of interest, AP-1-like sites
as well as MAP kinase activities were impli-
cated in the regulation of both genes.

RUNX2 IS A TARGET OF
MECHANOTRANSDUCTION

It is well established that mechanical loading
plays an important role in the regulation of bone
homeostasis and skeletal morphology during
development and in postnatal life where it in-
creases bone density and strength. In contrast,
skeletal unloading in humans and rats, as seen
during space flight, is associated with bone loss
and compromised bone mechanical properties.
Mechanical stimulationhas also been examined
in a variety of cells in vitro including epithelial
cells, fibroblast, chondrocytes, and osteoblasts
[for review, see Banes et al., 1995]. Mechani-
cally strained osteoblasts express increased
levels of osteopontin (OPN), OCN, and collagen
I/ IIImRNA [Harter et al., 1995; Carvalho et al.,
1998].

Although the importance of mechanical load-
ing in thedevelopmentandmaintenance of bone
integrity is undisputed, themechanisms under-
lying mechanotransduction through which os-
teoblasts sense and convert mechanical stimuli
into cellular responses are largely unknown. Of
particular interest, the MAP kinase pathway is
one of the principle signal transduction cas-
cades to be associated with mechanotransduc-
tion. Integrins, which connect the cytoskeleton
to the extracellular matrix and mediate a va-
riety of signaling cascades, may transduce
mechanical stimuli into biochemical signals.
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For example, MacKenna et al. showed that
mechanical stretch activated ERK2 and JNK1,
but not p38, in rat cardiac fibroblasts and that
this activation required the presence of two
integrins, a4b1 and a non-a5b1 integrin, as well
as extracellular matrix (fibronectin) [MacK-
enna, 1998]. Similarly, application of mechan-
ical force to osteoblasts specifically through a2
and b1-containing integrins induces MAPK
activation [Schmidt et al., 1998].
Two recent studies established an important

link between Runx2 andmechanotransduction.
Ziros and coworkers showed that Runx2 may
act as a target for mechanical signals in human
periodontal ligament (hPDL) cells (i.e., osteo-
blast-like cells which can differentiate toward
osteoblasts in response to a variety of extra-
cellular stimuli.) [Ziros et al., 2002]. Specifical-
ly, low level continuous mechanical stretching
of hPDL cells dramatically increased binding of
Runx2 toOSE2DNA in gel retardationmobility
shift assays, althoughaslight increase inRunx2
mRNA or protein was also observed. This sti-
mulation was detected after as little as 30 min
of stretching, peaked after 6 h, and lasted for
at least 12 h. ERK1/2 phosphorylation was
activated in a time-dependent manner in mec-
hanically stretched hPDL cells and was well-
correlated with the increase in Runx2 binding
activity. Furthermore, the stretch-induced
increase in Runx2 DNA binding activity was
completely abolished by U0126, a specific in-
hibitor of ERK1/2 activation. Of particular
interest, stretch-activated ERK physically in-
teracted with Runx2 and could phosphorylate
this transcription factor in vitro. In separate
studies, Wang et al. provided evidence that
both ERK activation and Runx2 phosphoryla-
tion are required for mechanical signaling in
human and rat bone marrow stromal cells
[Wang et al., 2002]. They showed that extra-
corporeal shock wave (ESW), an alternative
non-invasive method for the promotion of bone
growth and tendon repair, promoted stromal
cell proliferation and differentiation to osteo-
blasts. Specifically, optimal ESW treatment of
bone marrow stromal cells at 0.16 mJ/nm2 for
500 impulses increased [3H]-thymidine inco-
poration into DNA, alkaline phosphatase activ-
ity, OCN gene expression, and bone nodule
formation. Of particular interest, ESW drama-
tically stimulated ERK-dependent Runx2 phos-
phorylation although it did not change the
Runx2 protein levels. Thus, mechanical force

may regulate osteoblast proliferation and dif-
ferentiation as well as bone formation through
MAPK-dependent Runx2 phosphorylation.

INVOLVEMENT OF RUNX2 IN
PTH SIGNALING

Parathyroid hormone (PTH) is an important
regulator of calcium homeostasis and has both
anabolic and catabolic effects on osteoblasts and
bone in vitro and in vivo. PTH functions by bind-
ing to the G-protein-coupled PTH-1 receptor
(PTH1R). Binding of PTH to PTH1R activates
two well-defined signal transduction pathways:
(1) theproteinkinaseA (PKA)pathway inwhich
stimulatory G-alpha proteins (Gas) activate ad-
enylate cyclase with subsequent production of
cAMP and activation of PKA; (2) the protein
kinase C (PKC) pathway where Gaq activates
phopholipase Cb with subsequent formation of
diacylglycerol, PKC activation and formation
of 1,4,5-inositol trisphosphate. This later com-
pound stimulates a rise in intracellular free
Ca2þ and related signaling events. PKA and
PKC pathways can regulate transcription fac-
tors such as cAMP response element binding
proteins (CREBs), AP-1 family members [for
review, see Karaplis and Goltzman, 2000] as
well as Runx2 (below).

Studies on the collagenase 3 gene (MMP13)
have been particularly informative for under-
standing how PTH regulates gene expression
in bone. Systematic analysis of the MMP13
promoter showed that two conserved enhancer
sequences are necessary for PTH responsive-
ness; a Runx2 binding site and an AP-1 site
[Selvamurugan et al., 1998; Hess et al., 2001;
D’Alonzo et al., 2002]. Mutations in either site
that abrogated the binding of Runx2 or c-Fos/c-
Jun, respectively, abolished PTH stimulation
of promoter activity. Furthermore, the helical
phasing between these two sites appears to be
critical for the PTH response since insertion of
additional bases interfered with promoter acti-
vation. Overexpression of both Runx2 and AP-1
(c-Fos and c-Jun) proteins increased PTH res-
ponsiveness suggesting that these factors coop-
eratively interact. Indeed, immunoprecipitation
experiments provided direct evidence for a phy-
sical interaction between Runx2 and c-Fos/c-
Jun in intact cells. Furthermore this interaction
requires the runt domain of Runx2 and the leu-
cine zipper domain of the twoAP-1 factors [Hess
et al., 2001; D’Alonzo et al., 2002].

Runx2 and Signal Transduction 449



Since PTH does not change Runx2 prote-
in levels, posttranslational modification of
this factor in the signaling pathway for PTH-
mediated collagenase gene expression was sug-
gested [Selvamurugan et al., 2000]. Analysis of
mutations in the P/S/T domain of Runx2 fused
to the DNA binding domain of the Gal4 yeast
transcription factor localized a PTH responsive
region to a PKA consensus phosphorylation
site in the activation domain 3 (AD3) region of
Runx2. This same site could be phosphorylated
by purified PKA in vitro, although it is not yet
known if it is also phosphorylated in intact cells.
These results suggest that PTH stimulates the
collagenase 3 promoter by a PKA-dependent
pathway that phosphorylates Runx2 and up-
regulates c-Fos and c-Jun via phosphorylation
of CREB. It is not currently known whether
phosphorylation affects interactions between
Runx2 and c-Fos/c-Jun. This pathway is to be
distinguished from the regulation of Runx2
by ECM or FGF2 which is mediated by the
MEK/ERK MAP kinase pathway.

RUNX2 IS A TARGET OF
BMP/SMADs SIGNALING

The bonemorphogenetic proteins (BMPs) are
the best-described inducers of osteoblast and
chondrocyte differentiation, as well as bone
and cartilage formation in vivo. All BMPs func-
tion by interacting with unique combinations of
type I and type II BMP receptors. Signals in-
itiated by binding of BMPs to their receptors
are transduced using specific Smad proteins
(i.e. the receptor-regulated Smads 1, 5, and 8
(R-Smads) and the common partner protein,
Smad4 [Baker and Harland, 1997]). BMP
regulation of osteoblast gene expression is com-
plex, involving direct interactions of R-Smad-
Smad4 complexes with enhancer sequences on
target genes (Smad binding elements or SBEs),
binding of Smads to other nuclear factors as
well as up-regulation of separate transcription
factors including Runx2 and Osterix (Osx)
[Ducy et al., 1997; Watanabe and Whitman,
1999; Nakashima et al., 2002].

BMP treatment or overexpression of Runx2
have both been reported to induce osteoblast-
specific gene expression in mesenchymal cells
[Ducy et al., 1997; Xiao et al., 1999]. SinceBMPs
can increase Runx2 expression, one possible
explanation for how BMPs act in bone would
be to assume that Runx2 mediates their effects.

Alternatively, BMPs may also activate other si-
gnaling pathways that, together with Runx2,
stimulate gene expression. For example, con-
sensus SREs in the promoter regions of target
genes could bind the R-Smad–Smad4 complex
and this complex could cooperatively interact
with Runx2 bound to another region of the pro-
moter. In fact, there is some precedent for this
concept; TGF-b stimulation of the IgCa promo-
ter is known to require interactions between
Cbfa3, another Runt-related protein homolo-
gous to Runx2, and a protein complex contain-
ing Smad3/Smad4 bound to a separate SBE in
this promoter [Hanai et al., 1999].

To specifically test for cooperativity between
Runx2 and BMP signaling in osteoblast gene
expression, we examined effects of BMP over-
expression in the presence or absence of Runx2.
For these studies, recombinant adenoviruses
engineered to overexpress BMPs 2, 4, or 7 or
Runx2 under the control of a CMV promoter
were used to transduce the pluripotent
C3H10T1/2 mesenchymal cell line [Franceschi
et al., 2002]. Cells transduced with each virus
were assayed for induction of osteoblast mar-
kers (alkaline phosphatase activity-ALP and
OCN mRNA). Our data showed individual
BMPs or combinations of BMPs only modestly
stimulated ALP activity. A slightly higher level
of induction was observed in cells transduced
with the Runx2 virus alone. In contrast, co-
transduction of cells with BMP and Runx2
viruses dramatically increased ALP activity
relative to activities observed with either virus
alone. Similarly, cells transduced only with
BMP2 virus showed a small stimulation in
Runx2 and OCN mRNA at d 3 and 6 while
transduction with the Runx2 virus induced a
somewhat higher level of OCN mRNA at all
times examined. However, combination of both
viruses led to an approximately 10-fold increase
in OCNmRNA levels. In separate experiments,
we sawa similar degree of synergywhen control
or Runx2 transduced cells were treated with
saturating levels of recombinant BMP2 protein.

These studies strongly support the view that
Runx2 and BMP signals cooperatively inter-
act to stimulate osteoblast gene expression al-
though they do not explore the basis for this
cooperation. Possible explanations for the ob-
served cooperativity include direct interactions
between Runx2 and R-Smads, modulation of
either R-Smad or Runx2 transcriptional activ-
ity or regulation of BMP receptor activity.
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Nevertheless, the observation that BMPs dra-
matically stimulate osteoblast gene expression
even in cells already overexpressing Runx2
suggests that some aspects of BMP action
cannot be explained simply by upregulation of
Runx2.
Recently, the laboratory of Dr. Benoit de

Crombrugghe’s identified another osteoblast-
specific transcription factor, Osterix (Osx), in
BMP2-treated C2C12 myoblast [Nakashima
et al., 2002]. Gene deletion studies showed that
Osx, like Runx2, is essential for osteoblast dif-
ferentiation and bone formation. However, Osx
is clearly downstream fromRunx2 since it is not
detected in Runx2�/� mice. Current evidence
supports the view that Runx2 is required for
early mesenchymal commitment to chondro/
osteoblastic lineages as well as expression of
phenotypicmarkers in differentiated cellswhile
Osx functions to further define the differentia-
tion potential of chondro/osteogenic precursors
toward the osteoblast phenotype [Inada et al.,
1999; Nakashima et al., 2002]. Consistent with
this concept, Runx2 is expressed in condensed
chondrogenic mesenchyme as early as embryo-
nic day 12.5, well before osteoblasts or hyper-
trophic chondrocytes appear [Ducy et al., 1997].
Osx, in contrast, is absent from early chondro-
genic cells, first appearing in differentiating
chondrocytes and the perichondrium of E 13.5
embyros [Nakashima et al., 2002]. At later
times, it is exclusively expressed in osteogenic
cells. Osx�/� mice exhibit normal chondrocyte
differentiation (i.e., undergo normal hyper-
trophy) while in Runx2�/� mice, neither osteo-
blasts nor hypertrophic chondrocytes are
observed. Although we do not yet know whet-
her Runx2 and Osx physically or functionally
interact, Osx is clearly necessary for Runx2
transcriptional activity in vivo since the puta-
tive Runx2 target genes, osteocalcin, bone
sialoprotein, osteopontin and Col1a1 are silent
in Osx�/� animals, yet Runx2 is still expressed
at normal levels [Nakashima et al., 2002].
Clearly, an important area for future studies
will be to understand the relationship between
these two factors in the control of gene expres-
sion in bone.

CONCLUSIONS

The five regulatory signals discussed in this
article are shown in Figure 1 (i.e., those

initiated by BMPs, ECM, FGF2, mechanical
loading, or PTH/PTHrP). We believe that ac-
tivation of Runx2 via phosphorylation is crucial
for this factor to be transcriptionally active.
Phosphorylation can be stimulated in several
ways: (i) ECM binding to integrins on the cell
surface activates focal adhesion kinase (FAK)
and the MEK/ERK branch of the MAPK path-
way; (ii) Activation of receptor tyrosine kinase
(RTK) activity in the FGF2 receptor also ac-
tivates theMEK/ERKpathway; (iii)Mechanical
loading activates the MAPK pathway; (iv) The
classic protein kinase A (PKA) pathway acti-
vated by the parathyroid hormone/parathyroid
hormone-related peptide (PTH/PTHrP) re-
ceptor may also stimulate phosphorylation of
Runx2 on sites distinct form those utilized by
the MEK/ERK pathway. Alternatively, stimu-
lation of the MAPK pathway via protein kinase
C (PKC) is a potential route for cross-signaling
from the PTH/PTHrP receptor via activation of
Gq. The PKA pathway also up-regulates AP-1
related factors like c-Fos and c-Jun by phos-
phorylation of cAMP response element binding
protein (CREBP). AP-1 factors regulate gene
expression by binding to AP-1 sites in osteo-
blast-related genes as well as by interacting
with Runx2. Finally, the BMP/Smad pathway
controls Runx2 gene expression possibly by di-
rectly up-regulating the Runx2 gene. In addi-
tion, R-Smad-Smad4 heterodimers can directly
interact with SBEs in regulatory regions of
osteoblast-related genes as well as form com-
plexes with Runx2. The function of Osx in this
scheme remains to be determined, although it
may play an important role in BMP action.

In our view, Runx2 can be considered a focal
point for integration of a variety of signals af-
fecting osteoblast activity. These signals inclu-
de information about the extracellular matrix
environment asdetected through integrin-ECM
interactions (i.e., Has an appropriate ECMbeen
synthesized? Is the cell in contact with this
ECM? Is the ECM experiencing mechanical
loads?) and hormone/growth/differentiation
factor levels in the extracellular milieu. (i.e.,
Are the combined signals from endocrine/juxta-
crine/autocrine factors telling the osteoblast or
preosteoblast to growordifferentiate?Laydown
new bone matrix or resorb existing matrix?)
These disparate signals can affect Runx2 activ-
ity by altering transcription factor levels as is
the case for BMP induction of Runx2, phosphor-
ylation state (mediated by MAPK as well as
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possibly PKA-dependent pathways) or interac-
tions between Runx2 and other transcription
factors such as Smads and AP1-related factors
and Osx.

ACKNOWLEDGMENTS

This work was supported by National Insti-
tutes of Health Grants DE13386, DE11723,
DE12211 (to R.T.F.), and DE14454-01 (to G.X.).
Additional support was obtained from the
Michigan Multipurpose Arthritis Center Grant
AR20557 (to R.T.F.) and the General Clinical
Research Center Grant M01-RR00042 (R.T.F.).

REFERENCES

Baker JC, Harland RM. 1997. From receptor to nucleus:
The Smad pathway. Curr Opin Genet Dev 7:467–473.

Banes AJ, Tsuzaki M, Yamamoto J, Fischer T, Brigman B,
Brown T, Miller L. 1995. Mechanoreception at the
cellular level: The detection, interpretation, and diversity

of responses to mechanical signals. Biochem Cell Biol
73:349–365.

Boudreaux JM, Towler DA. 1996. Synergistic induction of
osteocalcin gene expression: Identification of a bipartite
element conferring fibroblast growth factor 2 and cyclic
AMP responsiveness in the rat osteocalcin promoter. J
Biol Chem 271:7508–7515.

Carvalho RS, Schaffer JL, Gerstenfeld LC. 1998. Osteo-
blasts induce osteopontin expression in response to
attachment on fibronectin: Demonstration of a common
role for integrin receptors in the signal transduction
processes of cell attachment and mechanical stimulation.
J Cell Biochem 70:376–390.

Coffin JD, Florkiewicz RZ, Neumann J, Mort-Hopkins
T, Dorn GW 2nd, Lightfoot P, German R, Howles PN,
Kier A, O’Toole BA. 1995. Abnormal bone growth and
selective translational regulation in basic fibroblast
growth factor (FGF-2) transgenic mice. Mol Biol Cell
6:1861–1873.

D’Alonzo RC, Selvamurugan N, Karsenty G, Partridge NC.
2002. Physical interaction of the activator protein-1
factors c-Fos and c-Jun with Cbfa1 for collagenase-3
promoter activation. J Biol Chem 277:816–822.

Danen EH, Lafrenie RM, Miyamoto S, Yamada KM. 1998.
Integrin signaling: Cytoskeletal complexes, MAP kinase

Fig. 1. Overview of signal transduction pathways affecting Runx2 activity. Refer to text for explanation.

452 Franceschi and Xiao



activation, and regulation of gene expression. Cell Adhes
Commun 6:217–224.

Ducy P, Zhang R, Geoffroy V, Ridall AL, Karsenty G. 1997.
Osf2/Cbfa1: A transcriptional activator of osteoblast
differentiation. Cell 89:747–754.

Ducy P, Schinke T, Karsenty G. 2000. The osteoblast: A
sophisticated fibroblast under central surveillance.
Science 289:1501–1504.

Franceschi RT. 1999. The developmental control of osteo-
blast-specific gene expression: Role of specific transcrip-
tion factors and the extracellular matrix environment.
Crit Rev Oral Biol Med 10:40–57.

Franceschi RT, Xiao G, Jiang D, Gopalakrishnan R, Yang
S, Reith E. 2002. Multiple signaling pathways converge
on the Cbfa1/Runx2 transcription factor to regu-
late osteoblast differentiation. Connect Tissue Res
(in press).

Hanai J, Chen LF, Kanno T, Ohtani-Fujita N, Kim WY,
Guo WH, Imamura T, Ishidou Y, Fukuchi M, Shi MJ,
Stavnezer J, Kawabata M, Miyazono K, Ito Y. 1999.
Interaction and functional cooperation of PEBP2/CBF
with Smads. Synergistic induction of the immunoglobu-
lin germline Calpha promoter. J Biol Chem 274:31577–
31582.

Harter LV, Hruska KA, Duncan RL. 1995. Human osteo-
blast-like cells respond to mechanical strain with
increased bone matrix protein production independent
of hormonal regulation. Endocrinology 136:528–535.

Hess J, Porte D, Munz C, Angel P. 2001. AP-1 and Cbfa/
runt physically interact and regulate parathyroid
hormone-dependent MMP13 expression in osteoblasts
through a new osteoblast-specific element 2/AP-1 compo-
site element. J Biol Chem 276:20029–20038.

Inada M, Yasui T, Nomura S, Miyake S, Deguchi K,
Himeno M, Sato M, Yamagiwa H, Kimura T, Yasui N,
Ochi T, Endo N, Kitamura Y, Kishimoto T, Komori T.
1999. Maturational disturbance of chondrocytes in
Cbfa1-deficient mice [in process citation]. Dev Dyn
214:279–290.

Karaplis AC, Goltzman D. 2000. PTH and PTHrP effects on
the skeleton. Rev Endocr Metab Disord 1:331–341.

Kern B, Shen J, Starbuck M, Karsenty G. 2000. Cbfa1
contributes to the osteoblast-specific expression of Type I
collagen genes. J Biol Chem 5:5.

Lee KS, Kim HJ, Li QL, Chi XZ, Ueta C, Komori T, Wozney
JM, Kim EG, Choi JY, Ryoo HM, Bae SC. 2000. Runx2 is
a common target of transforming growth factor beta1 and
bone morphogenetic protein 2, and cooperation between
Runx2 and Smad5 induces osteoblast-specific gene
expression in the pluripotent mesenchymal precursor
cell line C2C12. Mol Cell Biol 20:8783–8792.

Liang H, Pun S, Wronski TJ. 1999. Bone anabolic effects of
basic fibroblast growth factor in ovariectomized rats.
Endocrinology 140:5780–5788.

MacKenna DA, Dolfi F, Vuori K, Ruoslahti E. 1998.
Extracellular signal-regulated kinase and c-Jun NH2-
terminal kinase activation by mechanical stretch is
integrindependent and matrix-specific in rat cardiac
fibroblasts. J Clin Invest 101:301–310.

Montero A, Okada Y, Tomita M, Ito M, Tsurukami H,
Nakamura T, Doetschman T, Coffin JD, Hurley MM.
2000. Disruption of the fibroblast growth factor-2 gene
results in decreased bone mass and bone formation. J
Clin Invest 105:1085–1093.

Mundlos S, Otto F, Mundlos C, Mulliken JB, Aylsworth AS,
Albright S, Lindhout D, Cole WG, Henn W, Knoll JH,
Owen MJ, Mertelsmann R, Zabel BU, Olsen BR. 1997.
Mutations involving the transcription factor CBFA1
cause cleidocranial dysplasia [see comments]. Cell
89:773–779.

Nakashima K, Zhou X, Kunkel G, Zhang Z, Deng JM,
Behringer RR, de Crombrugghe B. 2002. The novel zinc
finger-containing transcription factor osterix is required
for osteoblast differentiation and bone formation. Cell
108:17–29.

Newberry EP, Willis D, Latifi T, Boudreaux JM, Towler
DA. 1997. Fibroblast growth factor receptor signaling
activates the human interstitial collagenase promoter via
the bipartite Ets-AP1 element. Mol Endocrinol 11:1129–
1144.

Nugent MA, Iozzo RV. 2000. Fibroblast growth factor-2. Int
J Biochem Cell Biol 32:115–120.

Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC,
Rosewell IR, Stamp GW, Beddington RS, Mundlos S,
Olsen BR, Selby PB, Owen MJ. 1997. Cbfa1, a candidate
gene for cleidocranial dysplasia syndrome, is essential for
osteoblast differentiation and bone development. Cell
89:765–771.

Schmidt C, Pommerenke H, Durr F, Nebe B, Rychly J.
1998. Mechanical stressing of integrin receptors induces
enhanced tyrosine phosphorylation of cytoskeletally
anchored proteins. J Biol Chem 273:5081–5085.

Selvamurugan N, Chou WY, Pearman AT, Pulumati MR,
Partridge NC. 1998. Parathyroid hormone regulates the
rat collagenase-3 promoter in osteoblastic cells through
the cooperative interaction of the activator protein-1 site
and the runt domain binding sequence. J Biol Chem
273:10647–10657.

Selvamurugan N, Pulumati MR, Tyson DR, Partridge NC.
2000. Parathyroid hormone regulation of the rat collage-
nase-3 promoter by protein kinase A-dependent transac-
tivation of core binding factor alpha1. J Biol Chem
275:5037–5042.

Shimizu-Sasaki E, Yamazaki M, Furuyama S, Sugiya H,
Sodek J, Ogata Y. 2001. Identification of a novel response
element in the rat bone sialoprotein (BSP) gene promoter
that mediates constitutive and fibroblast growth factor 2-
induced expression of BSP. J Biol Chem 276:5459–5466.

Takeuchi Y, Suzawa M, Kikuchi T, Nishida E, Fujita T,
Matsumoto T. 1997. Differentiation and transforming
growth factor-beta receptor down-regulation by collagen-
alpha2beta1 integrin interaction is mediated by focal
adhesion kinase and its downstream signals in murine
osteoblastic cells. J Biol Chem 272:29309–29316.

Wang FS, Wang CJ, Sheen-Chen SM, Kuo YR, Chen RF,
Yang KD. 2002. Superoxide mediates shock wave induc-
tion of ERK-dependent osteogenic transcription factor
(CBFA1) and mesenchymal cell differentiation toward
osteoprogenitors. J Biol Chem 277:10931–10937.

Watanabe M, Whitman M. 1999. The role of transcription
factors involved in TGFbeta superfamily signaling dur-
ing development. Cell Mol Biol (Noisy-le-grand) 45:537–
543.

Xiao G, Cui Y, Ducy P, Karsenty G, Franceschi RT. 1997.
Ascorbic acid-dependent activation of the osteocalcin
promoter in MC3T3-E1 preosteoblasts: Requirement for
collagen matrix synthesis and the presence of an intact
OSE2 sequence. Mol Endocrinol 11:1103–1113.

Runx2 and Signal Transduction 453



Xiao G, Wang D, Benson MD, Karsenty G, Franceschi RT.
1998. Role of the alpha2-integrin in osteoblast-specific
gene expression and activation of the Osf2 transcription
factor. J Biol Chem 273:32988–32994.

Xiao ZS, Hinson TK, Quarles LD. 1999. Cbfa1 isoform
overexpression upregulates osteocalcin gene expression
in non-osteoblastic and pre-osteoblastic cells. J Cell
Biochem 74:596–605.

Xiao G, Jiang D, Thomas P, Benson MD, Guan K, Karsenty
G, Franceschi RT. 2000. MAPK pathways activate and
phosphorylate the osteoblast-specific transcription fac-
tor, Cbfa1. J Biol Chem 275:4453–4459.

Xiao G, Gopalakrishnan R, Di J, Reith E, Benson MD,
Franceschi RT. 2002a. Bone morphogenic proteins,
extracellular matrix, and mitogen-activated protein
kinase signaling pathways are required for osteoblast-
specific gene expression and differentiation inMC3T3-E1
cells. J Bone Miner Res 17:101–110.

Xiao G, Jiang D, Gopalakrishnan R, Franceschi RT. 2002b.
FGF-2 induction of the osteocalcin gene requires MAPK
activity and phosphorylation of the osteoblast transcrip-
tion factor, Cbfa1/Runx2, 2002. J Biol Chem. 277:36181–
36187.

Zhou YX, Xu X, Chen L, Li C, Brodie SG, Deng CX. 2000. A
Pro250Arg substitution in mouse Fgfr1 causes increased
expression of Cbfa1 and premature fusion of calvarial
sutures. Hum Mol Genet 9:2001–2008.

Zimmerman D, Jin F, Leboy P, Hardy S, Damsky C. 2000.
Impaired bone formation in transgenic mice resulting
from altered integrin function in osteoblasts. Dev Biol
220:2–15.

Ziros PG, Gil AP, Georgakopoulos T, Habeos I, Kletsas D,
Basdra EK, Papavassiliou AG. 2002. The bone-specific
transcriptional regulator Cbfa1 is a target of mechanical
signals in osteoblastic cells. J Biol Chem 277:23934–
23941.

454 Franceschi and Xiao


