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Dose-Dependent Effects of Runx2 on Bone Development

Shiqin Zhang,1,2 Zhousheng Xiao,1,2 Junming Luo,1 Nan He,1 Josh Mahlios,1 and L. Darryl Quarles1

ABSTRACT: Runx2 controls the commitment of mesenchymal cells to the osteoblastic lineage. Distinct
promoters, designated P1 and P2, give rise to functionally similar Runx2-II and Runx2-I isoforms. We
postulate that this dual promoter gene structure permits temporal and spatial adjustments in the amount of
Runx2 isoforms necessary for optimal bone development. To evaluate the gene dose–dependent effect of
Runx2 isoforms on bone development, we intercrossed selective Runx2-II+/2 with nonselective Runx2-II+/2/
Runx2-I+/2 mice to create compound mutant mice: Runx2-II+/2, Runx2-II+/2/Runx2-I+/2, Runx2-II2/2,
Runx2-II2/2/Runx2-I+/2, Runx2-II2/2/Runx2-I2/2. Analysis of the different Runx2-deficient genotypes
showed gene dose–dependent differences in the level of expression of the Runx2 isoforms. In addition, we
found that Runx2-I is predominately expressed in the perichondrium and proliferating chondrocytes,
whereas Runx2-II is expressed in hypertrophic chondrocytes and metaphyseal osteoblasts. Newborn mice
showed impaired development of a mineralized skeleton, bone length, and widening of the hypertrophic zone
that were proportionate to the reduction in total Runx2 protein expression. Osteoblast differentiation ex vivo
was also proportionate to total amount of Runx2 expression that correlated with reduced Runx2 binding to
the osteocalcin promoter by quantitative chromatin immunoprecipitation analysis. Functional analysis of P1
and P2 promoters showed differential regulation of the two promoters in osteoblastic cell lines. These
findings support the possibility that the total amount of Runx2 derived from two isoforms and the P1 and P2
promoters, by regulating the time, place, and amount of Runx2 in response to changing environmental cues,
impacts on bone development.
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INTRODUCTION

RUNX2 IS A MASTER transcription factor regulating both
embryonic bone development and postnatal osteo-

blastic function.(1) The disruption of Runx2 function in
mice and hereditary skeletal disorders caused by inactivating
Runx2 mutations establishes the essential and nonredundant
role of Runx2 in osteoblast and terminal chondrocyte dif-
ferentiation.(2–6) Runx2 transcriptional activation requires
binding to the ubiquitously expressed Cbfb transcriptional
co-activator and the presence of consensus cis-acting se-
quence PuACCPuCA in the promoters of target genes.(7)

Runx2 expression and function are regulated at multiple
levels, including two promoters, P1 and P2, that transcribe
two major isoforms, designated Runx2-II and Runx2-I,
which differ only in their respective N termini (MASNS
for Runx2-II and MRIPV for Runx2-I),(8–10) a complex
59UTR that may regulate message stability and other func-
tional domains permitting post-translational modifications

(phosphorylation, ubiquitination) of Runx2 in response to
growth factor signaling (e.g., mitogen activated protein ki-
nase [MAPK], fibroblast growth factor [FGF], PTH/PTH-
related peptide [PTHrP]).(11,12) Runx2 also integrates many
developmental and growth factor signals through the pres-
ence of a myriad of structural domains that act as scaffolds
for stimulatory and inhibitory co-regulatory proteins.(8,13–23)

It is becoming apparent that these complex control
mechanisms regulating the amount and location of Runx2
expression are critical to this transcription factor’s func-
tions. Whereas increments in Runx2 expression stimu-
late mesenchymal cells to differentiate into osteoblasts
but inhibit their differentiation into chondrocytes and
adipocytes,(24) Runx2 must be suppressed for immature
osteoblasts to become fully mature,(24) and the ectopic
expression of Runx2 is associated with malignancies.(25)

Differential promoter utilization is important in deter-
mining the location of Runx2 isoform expression and their
differences on bone development in vivo. In this regard,
selective Runx2-II2/2 mice have a predominant impair-
ment of endochondral bone formation, whereas Runx2-I
seems to function to regulate early osteoblastogenesis and
the formation of cortical and intramembranous bone.(26,27)
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Except for increased potency of Runx2-II in vitro, how-
ever, Runx2-I and Runx2-II isoforms have nearly identical
functions.(15,27–30) Moreover, Runx2-I and Runx2-II, as
well as Runx paralogs, can substitute for one another in
vitro and in vivo.(27,28,30–33) It is unclear why there is a need
for a complex dual promoter gene structure to generate
separate gene products of similar function.

One possibility is that a critical dose of Runx2, at a
particular time and place, under the control of the P1 and
P2 promoter, is critical for normal bone development and
postnatal osteoblast function. To date, insights into the
possibility that Runx2 exerts important gene dose effects
on skeletal development have been derived from obser-
vations that heterozygous nonselective Runx2– and se-
lective Runx2-II–deficient mice have less severe bone
abnormalities than homozygous mice(2,3) and from trans-
genic mice overexpression of Runx2 paradoxically showing
impaired osteoblastic function and increased bone re-
sorption.(34,35) Recently, study of a hypomorphic Runx2
mutant allele indicates that there is a minimal requirement
of ;80% functional Runx2 for normal bone development
in mice.(36) It has been challenging to develop a selective
Runx2-I knockout mouse model to separately assess the
contribution of the Runx2-I isoform and separately assess
the graded effects of loss of the Runx2-I and Runx2-II
isoforms below the threshold for normal skeletal devel-
opment. In this study, transferred nonselective Runx2– and
selective Runx2-II–deficient mice onto a C57BL/6J back-
ground and intercrossed these mice in various combina-
tions to generate compound mutant mice with graded
reductions in the levels of Runx2-I and II isoform expres-
sion. Using this model, we examined the hypothesis that
the amount of total Runx2 expression, controlled by the
composite of Runx2-I and Runx2-II expression from their
respective P2 and P1 promoters, is predominantly re-
sponsible for the apparent differential effects of Runx2

isoforms on intramembranous and endochondral bone
formation. We show that there is a critical gene dose re-
quirement for Runx2 for skeletal development.

MATERIALS AND METHODS

Animals

Selective Runx2-II–deficient mice (Runx2-II+/2) were
generated in our laboratory as previously described,(27) and
nonselective Runx2 mutant mice (Runx2-II+/2/Runx2-I+/2)
were obtained from Dr. Gerard Karsenty.(3) In the selec-
tive Runx2-II mutant mice, both the proximal P1 promoter
and exon 1 are deleted.(27) In the nonselective Runx2
mutant mice, Runx2 expression is disrupted by the inser-
tion of an IRES-LacZ-pA and MC1-Neo-pA cassette in
exon 2.(3) All mice were bred and maintained on a
C57BL/6J background. We used three different breeding
strategies. Selective Runx2-II heterozygous (Runx2-II+/2)–
and homozygous (Runx2-II2/2)–deficient mice were gen-
erated by mating male and female selective Runx2-II
heterozygous mice. Nonselective Runx2-II heterozygous
(Runx2-II+/2/Runx2-I+/2)– and homozygous (Runx2-II2/2/
Runx2-I2/2)–deficient mice were generated by mating male

and female nonselective Runx2-II heterozygous mice.
Compound heterozygous Runx2-II+/2 and Runx2-II+/2/
Runx2-I+/2 mice (Runx2-II2/2/Runx2-I+/2) were gener-
ated by intercrossing our selective Runx2-II heterozygous
mice with the nonselective Runx2 heterozygous mice
(Table 1).

In situ hybridization, microdissection, and
RT-PCR analysis

The Runx2-II, Runx2-I isoform-specific, type X collagen,
and osteopontin cDNA probes were linearized with re-
striction enzyme and purified using a QIAquick gel ex-
traction kit (QIAGEN, Valencia, CA, USA) as previously
described.(37) The antisense and sense cRNA probes were
synthesized, labeled, and purified following the protocol of
a T3/T7 or SP6 Digoxin RNA probes labeling kit (Roche
Applied Science, Indianapolis, IN, USA). For in situ hy-
bridization, 5-mm sections of bone tissues were cut and
placed on the positively charged glass slides. The sections
were deparaffinized and rehydrated to PBS with Tween
20 (PBST) and fixed with fresh prepared cold 4% para-
formaldehyde solution (PFA) followed by proteinase K
digestion and 4% PFA refixation and acetylation. The
slides were incubated with 1.0 mg/ml antisense or sense
probes at 568C overnight. After hybridization, the slides
were washed, blocked, and incubated with a 1:5000 alkaline
phosphatase anti-Digoxin Fab fragment at 48C overnight.
The color development was carried with a Vector Red
Alkaline Phosphatase Substrate kit (Vector Laboratories,
Burlingame, CA, USA), and the sections were counter-
stained with Vector Methyl Green (Vector Laboratories).

For laser capture microdissection (LCM), the hindlimbs
of E17.5 mice were removed and embedded in O.C.T.
Compound (Tissue-Tek; Fisher Scientific, Pittsburgh, PA,
USA). Longitudinal sections (10 mm) were cut and put on
membrane slides (Leica Microsystems, Bannockburn, IL,
USA). The sections were immediately stained using a LCM
crystal violet staining kit (Ambion, Austin, TX, USA), and
the hypertrophic zone, trabecular bone, bone collar, pro-
liferation zone, and perichondrium were selectively dis-
sected under a laser capture microscope. The total RNA
from these microdissections was isolated using an RNeasy
Micro Kit (QIAGEN) according to manufacturer’s proto-
col. RT-PCR was carried out with either Runx2 isoform-
specific or type X collagen primers using the Titan One

TABLE 1. Genotype of Groups

Group Genotype

Group 1 Wildtype

Group 2 Runx2-II+/2 (lack one copy of Runx2-II)

Group 3 Runx2-II+/2/Runx2-I+/2 (lack one copy

of Runx2-II and Runx2-I)

Group 4 Runx2-II2/2 (lack both copies of Runx2-II)

Group 5 Runx2-II2/2/Runx2-I+/2 (lack one copy

of Runx2-I and two copies of Runx2-II)

Group 6 Runx2-II2/2/Runx2-I2/2 (lack two copies

of Runx2-II and Runx2-I)
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tube RT-PCR kit (Roche Applied Science) as previously
described,(8,38) and mouse cyclophilin A was amplified as a
control for the RT-PCR reactions.

Immunohistochemistry

The E17.5 embryos were fixed in 4% PBS-buffered
formalin overnight and decalcified in 15% EDTA-PBS for
2 wk. The hindlimbs of embryos were removed and pro-
cessed for paraffin embedding. Five-micrometer sections of
bone tissues were put on the positively charged glass slides
(Superfrost Plus; Fisher Scientific). Immunohistochemistry
was carried out using M.O.M Kits (Vector Laboratories,
Youngstown, OH, USA). Briefly, the slides were depar-
affinized and rehydrated to PBST buffer. Antigen
unmasking was achieved using 0.01 M citrate buffer (pH
6.0) to boil for 20 min. Endogenous peroxidase was
blocked by treating the slides with 3% hydrogen peroxide
in water for 5 min. Avidin/biotin blocking was performed
using a Vector Avidin/biotin blocking kit (Vector Labo-
ratories). The mouse IgG blocking process was carried out
with 1-h incubation of mouse IgG blocking reagent. The
slides were incubated with Runx2 monoclonal antibody
(1:100; MBL International, Woburn, MA, USA) at room
temperature for 30 min. The negative control sections were
incubated with 0.01 M 13 PBS. Thereafter, the slides were
treated with ready-to-use biotinylated secondary antibody
and VECTSTAIN Elite ABC reagent (Vector Laborato-
ries), followed by standardized development using a Vec-
tor NovaRed substrate kit (Vector Laboratories), and the
sections were counterstained with Vector Methyl Green
(Vector Laboratories).

Whole skeletal mount Alizarin red/Alcian blue
staining and histological preparations

Whole mouse carcasses were collected from newborn
mice after death, defatted for 2–3 days in acetone, stained
sequentially with Alcian blue and Alizarin red S in 2%
KOH, cleared with 1% KOH/20% glycerol, and stored in
50% ETOH/50% glycerol. Femurs and tibias from new-
born mice were decalcified at 48C in 12.5% EDTA/2.5%
paraformaldehyde in PBS. Longitudinal sections were
stained with H&E to assess the histology of the growth
plate in femurs and tibias.(27,39) The hypertrophic zone was
defined by visual inspection of enlarging cell size in the
zone on the histology slide and by expression of type X
collagen mRNA through in situ hybridization analysis. The
length of the entire tibias, formation of bone marrow
cavity, and hypertrophic zone of growth plate were calcu-
lated using NIH (Bethesda, MD, USA) Image J software
(V1.33m) as previously described.(40,41)

mCT analysis

For newborn mice, the whole mouse skeleton and full-
length tibias were scanned using a mCT 40 in high resolu-
tion (Scanco Medical, Southeastern, PA, USA). The length
of mineralized tibias was calculated using the number of
scanned slices. 3D images and longitudinal sections of
mineralized tibias were generated using the following
values for a gauss filter (sigma 0.8, support 1) and a

threshold of 200. One hundred slices of the metaphyses
under the growth plate, constituting 0.6 mm in length, and
50 slices of the diaphysis, constituting 0.3 mm in length,
were selected. 3D image analysis was performed to deter-
mine bone volume (BV/TV) and cortical thickness (Ct.Th)
as previously described.(27)

Real-time RT-PCR

For quantitative real-time RT2PCR, 2.0 mg total RNA
isolated from E17.5 embryos was reverse transcribed as
previously described.(8) PCR reactions contained 100 hg
template (cDNA or RNA), 300 hM each forward and
reverse primer, and 13 iQ SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA) in 50 ml. Samples were am-
plified for 40 cycles in an iCycler iQ Real-Time PCR
Detection System with an initial melt at 958C for 10 min,
followed by 40 cycles of 958C for 15 s and 608C for 1 min.
PCR product accumulation was monitored at multiple
points during each cycle by measuring the increase in
fluorescence caused by the binding of SybrGreen I to
dsDNA. The threshold cycle (Ct) of tested-gene product
from the indicated genotype was normalized to the Ct for
cyclophilin A.

Western blot analysis, alkaline phosphatase activity,
and mineralization assays in immortalized
osteoblast cultures

Calvaria from E17.5 embryos were used for the isolation
of osteoblasts by sequential collagenase digestion as pre-
viously described.(27,42) To engineer immortal osteoblast
cell lines, isolated primary osteoblasts were infected using a
retroviral vector carrying SV40 large and small T antigen as
previously described.(27,42) Briefly, cells were grown in 100-
mm plates at ;50–60% confluent the day before infection.
On the day of infection, the medium was removed and
replaced with a medium containing SV40 large and small T
antigen-helper-free viral supernatant in the presence of 4
mg/ml of polybrene (Sigma, St. Louis, MO, USA) for 48 h.
The cells were allowed to recover for 72 h followed by
selection with 1 mg/ml puromycin (Sigma) for 3–4 days.
The immortalized osteoblasts were characterized following
the protocols below.

For Western blot analysis, nuclear extracts from cultured
osteoblasts were prepared using a NE-PER nuclear ex-
traction kit (Pierce Chemical, Rockford, IL, USA). Protein
concentrations were determined with a Bio-Rad protein
assay kit (Bio-Rad). Equal quantities of protein were
subjected to NuPAGE 4–12% Bis-Tris Gel (Invitrogen,
Carlsbad, CA, USA) and analyzed with standard Western
blot protocol.(8,39) Primary Runx2 monoclonal antibody
was obtained from MBL International (Woburn, MA,
USA), and lamin A/C antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Signals were
detected using horseradish peroxidase–conjugated sec-
ondary antibodies (Santa Cruz Biotechnology) and an en-
hanced chemiluminescence detection kit (ECL Plus
Western Blotting Detection Reagents; GE Healthcare,
Piscataway, NJ, USA).

BONE DEVELOPMENT CONTROLLED BY RUNX2 DOSAGE 1891



To induce differentiation, the immortalized osteoblasts
were plated at a density of 1 3 105 cells per well in a 6-
well plate and grown for period of up to 14 days in
aMEM containing 10% FBS supplemented with 5 mM
b-glycerophophate (b-GP) and 25 mg/ml of ascorbic acid
(AA). Alkaline phosphatase activity and Alizarin red-S
histochemical staining for mineralization were performed
as previously described.(27) Total DNA content was mea-
sured with a PicoGreen dsDNA quantification reagent and
kit (Molecular Probes, Eugene, OR, USA).

Quantitative chromatin immunoprecipitation
analyses

The quantitative chromatin immunoprecipitation
(qChIP) analyses were performed using the ChIP-IT
kit (Active Motif, Carlsbad CA) and modifications of
previously described methods.(43) Briefly, immortalized
osteoblasts were cultured in differentiation medium
(containing 5 mM b-GP and 25 mg/ml of AA) for 6
days and treated with 1% formaldehyde to cross-link
chromatin. Immunoprecipitation was performed using
anti-Runx2 antibody (M-70; sc10758; Santa Cruz Bio-
technology) and protein A agarose. The specific protein–
DNA complex was reversely cross-linked, and DNA
fragments were purified. Real-time PCR was performed
using primers located in the OSE2a site of osteocalcin

promoter as previously reported.(44) Primers amplifying
exon 4 that does not contain any Runx2-binding sites were
used to normalize for DNA content and to calculate the
relative ratio of the OSE2a sequence over control se-
quence. Fold enrichment reflects the ratio of OSE2a/
control sequence in the immunoprecipitation versus the
input samples. Nonspecific normal rabbit IgG was used as
a negative control.

Analysis of transcription factor binding sites in the
P1 and P2 promoter of Runx2 gene

We used the rVISTA program to map the cis-regulatory
elements in the 5.4-kb P1 and 12.0-kb P2 promoter of
Runx2 gene.(45,46) We also used PCR to subclone 2.0 kb of
proximal P2 promoter [P2(2.0)-LUC] into pluc4 vector as
we did on 1.4 kb of proximal P1 region [P1(1.4)-LUC]
before.(47) The P1 and P2 promoter activities were as-
sessed by measuring luciferase activity 48 h after trans-
fection into ROS17/2.8 and MC3T3-E1 osteoblastic cell
lines using the electroporation protocol from Amaxa’s
Biosystems as the manufacturer describes (Amaxa).(39) To
study the effects of different osteogenic factors (such as
TGF-b and Wnt3a) on P1 and P2 promoter activity,
Ros17/2.8 cells were transiently co-transfected with either
P1(1.4)-LUC or P2(2.0)-LUC along with Renilla luciferase-
null (RL-null; Promega, Madison, WI, USA) as an in-
ternal control for 24 h, and the cells were starved in
0.1% serum medium for 24 h before stimulants were
added. After treatment with 5%FBS growth medium in
the presence or absence of osteogenic factors (such as
TGF-b and Wnt3A) for 8 h, cell lysates were harvested,
and luciferase activity was determined using the Dual-
Luciferase reporter assay (Promega) and luminometer

according to the manufacturer’s specifications.(39) Wnt3a-
containing conditioned medium (CM) was harvested from
L Wnt-3A cells according to the protocol provided by the
American Type Culture Collection (ATCC). The control
CM was collected from control L cells. To examine the
autoregulation of Runx2 gene, we also transiently co-
transfected P1(1.4)-LUC or P2(2.0)-LUC along with either
Runx2-II or Runx2-I full-length cDNA expressing plasmids
into MC3T3-E1 osteoblasts, respectively, and pcDNA3.1
vector alone was used for control as previously de-
scribed.(28)

Statistics

We evaluated differences between groups by one-way
ANOVA. All values are expressed as means ± SD. All
computations were performed using the STAT-
GRAPHICS statistical graphics system (STSC).

RESULTS

Spatial and temporal expression of P1- and
P2-dependent Runx2-II and Runx2-I
expression in bone

First, we performed in situ hybridization with either
Runx2-I or Runx2-II isoform-specific antisense probes on
embryonic tibias of wildtype mice to examine the effects
of P1 and P2 promoters to regulate the spatial distribu-
tions of Runx2 isoforms. In E17.5 tibias from wildtype
mice, we found the P2 promoter results in expression of
Runx2-I predominantly in the perichondrium and perios-
teum, as well as proliferating and resting chondrocytes,
but minimal expression in hypertrophic chondrocytes. In
contrast, P1 promoter-mediated expression of Runx2-II
occurs in the terminal hypertrophic zone, trabecular bone
in the metaphysis, and periosteum, but not in the peri-
chondrium, and the hypertrophic zone of growth plate was
confirmed by using type X collagen riboprobe (Fig. 1A).
Microdissection of mRNAs from these various regions
followed by conventional RT-PCR using Runx2-II and
Runx2-I as well as type X collagen–specific primers cor-
roborated the in situ findings. This analysis showed that
Runx2-II is not expressed in the perichondrium, whereas
Runx2-I is not expressed in the hypertrophic zone (Fig.
1B). In contrast, type X collagen expression was only ex-
pressed in the hypertrophic zone (Fig. 1B). We also found
that both Runx2-I and Runx2-II isoforms are highly ex-
pressed in calvarial bone and in MC3T3-E1 osteoblasts
(Fig. 1B).

Next, to explore the temporal expression of Runx2 iso-
forms during embryogenesis, we performed real-time RT-
PCR analysis using mouse embryos RNAs from E11.5 to
E17.5. We found that P2-dependent Runx2-I expression is
upregulated between E11.5 and E13.5 and decreases be-
tween E13.5 and E17.5 (Fig. 1C). In contrast, P1-depen-
dent Runx2-II expression is progressively upregulated
throughout embryonic development, attaining a maximal
5-fold increase between E13.5 and E17.5 (Fig. 1D).
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Compound selective Runx2-II– and nonselective
Runx2–deficient mice show gene dose–dependent
effects of p2Runx2-I and p1Runx2-II on bone
development

To study the role of Runx2-II and Runx2-I on bone de-

velopment, we created compound selective Runx2-II–
and nonselective Runx2–deficient mice by intercrossing

selective Runx2-II heterozygous mice with the nonselective
Runx2 heterozygous mice. This breeding strategy resulted

in six separate genotypes with different number of Runx2

alleles (Table 1). These include group 1 (wildtype), group 2

(Runx2-II+/2, selective heterozygous Runx2-II+/2 mice
with loss of one copy of Runx2-II but retaining both copies

of Runx2-I), group 3 (Runx2-II+/2/Runx2-I+/2, nonselec-

tive Runx2 heterozygous mice that have loss of one copy
each of the type I and II isoforms), group 4 (Runx2-II2/2,

lacks both copies of Runx2-II but retain both copies of
Runx2-I), group 5 (Runx2-II2/2/Runx2-I+/2, double het-
erozygous selective Runx2-II and nonselective Runx2

mice, which lack one copy of the type I and two copies of
type II isoforms), and group 6 (Runx2-II2/2/Runx2-I2/2,
nonselective Runx2 homozygous mice, which lack all four
alleles encoding both Runx2-I and II isoforms).

Mice were born at the expected Mendelian frequency.
The gross survival of group 2 (single selective Runx2-II+/2

mice) and group 3 (single nonselective Runx2-II+/2/Runx2-
I+/2 mice) newborn mice was not different from wildtype
littermates (group 1). In contrast, mice in groups 4–6 had
perinatal lethality.

We observed a direct correlation between the genotype
and amount of Runx2 protein expression (Fig. 2). Both
immunostaining and Western blot analysis showed a pro-
gressive reduction in the total amount of Runx2 protein

FIG. 1. Spatial and temporal expression of Runx2 isoforms in embryonic bone. (A) In situ hybridization with respective Runx2-I– and
Runx2-II–specific antisense riboprobes (indicated by red staining) showed predominant Runx2-I expression in the perchondrium and
bone collar (left first panel) and Runx2-II in terminal hypertrophic zone and trabecular bone in the metaphysis (left third panel). Type X
collagen (COLX) antisense riboprobe (indicated by black staining) showed COLX expression only in the hypertrophic zone of growth
plate (left second panel). In contrast, the sense probes produced no labeling (right first, second, and third panels). (B) RT-PCR of
microdissected RNA from different bone sites using laser capture showed that Runx2-I is highly expressed in the trabecular bone (TB)
and bone collar (BC), but weakly expressed in cartilage, including the hypertrophic zone (HZ) (first panel). In contrast, Runx2-II
expression is also widely distributed but is absent in the perichondrium (second panel). Again, type X collagen expression was only
expressed in the hypertrophic zone (third panel). In addition, both Runx2 isoforms but not COLX is expressed in calvarial bone (C) and
MC3T3-E1 osteoblasts (MC). Cyclophilin A (CYC A) was used an internal control (bottom panel). HZ, hypertrophic zone; TB,
trabecular bone; PZ, proliferation zone; BC, bone collar; PC, perichondrium; MC, MC3T3-E1; C, calvaria. (C and D) Temporal
expression of Runx2 isoforms in wildtype whole embryos by real-time RT-PCR analysis. Runx2-I (C) is transiently upregulated between
E11.5 and E13.5 (;1.5-fold), and remains constant between E13.5 and E17.5. In contrast, Runx2-II (D) is progressively upregulated
throughout embryonic development, reaching a maximum of 5-fold elevation between E13.5 and E 17.5. Data are expressed as the fold
changes relative to the housekeeping gene Cyclophilin A and represent the mean ± SD from three to four individual samples at the
indicated days of mouse gestation from E11.5 to E17.5. Values sharing the same superscript are not significantly different at p < 0.05.
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expression in accordance with the graded deficiency of
Runx2-I and Runx2-II alleles in groups 1–6 (Figs. 2B and
2C). Because the nonselective Runx2 mutant mice still
generate nonfunctional Runx2 mRNAs and have intact P1
and P2 promoter function, the levels of total Runx2 mes-
sage expression did not correlate with the Runx2 protein
levels in the various genotypes (data not shown).

There was a direct relationship between the amount of
Runx2 expressed and observed skeletal abnormalities (Fig.
2A). In addition, the body weight of Runx2-deficient mice,
which likely is an indirect marker of the underlying changes
in skeletal development, decreased progressively from
group 1 to group 6 mice (Fig. 2A). Specific abnormalities in
the various groups are as follows.

Group 2 (Runx2-II+/2) mice, representing the loss of one
Runx2-II allele, had no apparent skeletal abnormalities by
Alizarin red/Alcian blue skeletal staining (Fig. 3). Exami-
nation of E17.5 embryos from group 2 mice with the more
sensitive mCT and bone histological analysis, however,
showed a significant reduction in the length of mineralized

tibia and trabecular bone volume in the metaphyseal re-
gion (Figs. 4 and 5), indicating that loss of a single copy of
the Runx2-II isoform is sufficient to reduce endochondral
bone formation.

Group 3 mice (loss of one copy each of Runx2-I and
Runx2-II allele) had a more severe phenotype than group 2
mice. Group 3 mice (Runx2-II+/2/Runx2-I+/2) exhibited
delayed ossification of cranial, nasal, clavicular, hyoid
bone, pubic, and ischial bones (Fig. 3), similar to previous
reports.(3) mCT analysis showed an ;10% and 44% re-
duction in the length of mineralized tibia and trabecular
bone volume in the metaphyseal region in group 3 mice
(Fig. 4), respectively. Bone histological analysis showed an
increase in hypertrophic zone, decrease in length of entire
tibia and bone marrow cavity formation, and trabecular
bone formation and thinning of the cortex, reflecting ab-
normalities in both endochondral and intramembranous
bone formation.

Group 4 (loss both copies of Runx2-II but retain both
copies of Runx2-I) mice showed more severe abnormalities

FIG. 2. Gross appearance, body weight, and Runx2 protein levels in compound Runx2-I and -II isoform-deficient mice. (A) Gross
appearance and body weight in newborn wildtype and compound Runx2 isoform-deficient mice. Body weight (expressed in mg) rep-
resents mean ± SD from five to six mice. Values sharing the same superscript are not significantly different at p < 0.05. (B) Im-
munodetection of Runx2 expression in tibias from E17.5 mice. Immunostaining with anti-Runx2 antibody shows that Runx2 protein is
differentially expressed in hypertrophic chondrocytes and osteoblasts in the metaphyseal region (white arrow) and in the perichondrium
(yellow arrow) as a function of geneotype. Overall, the density of the nuclear staining was progressively decreased as a function of gene
dose. Magnification (3100). (C) Western blot analysis of total Runx2 protein expression in calvarial osteoblasts. The top panel shows the
64- and 60-kDa bands, respectively, representing the full-length and alternatively spliced Runx2 protein.(85) The bottom panel shows the
70-kDa lamin A/C protein, which was used as a control for protein expression. The amount of Runx2 protein corresponds to the gene
dose in the various genotypes.
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of endochondral bone than intramembranous bone (Figs.
3–5), reflected by absent occipital bones, which are formed
by endochondral bone formation, and posterior zygomatic
arches, as well as impaired formation of nasal bones and
abnormalities of the hyoid bone, distal clavicles, and distal
ribs, shorter long bones, absent ossification centers in
phalangeal bones with absent ossification centers, and
delayed endochondral ossification of the caudal spine,
similar to previous reports.(27) Cranial and cortical bones,
which are derived from mesenchymal precursors, were
present in group 4 (Runx2-II2/2) mice. mCT analysis
confirmed that the selective Runx2-II2/2–null mice had a
further reduction in length of mineralized tibia and ex-
hibited predominant defects of endochondral bone but

with relative preserved formation of intramembranous and
cortical bone (Fig. 4). Histologically, the tibias from
Runx2-II2/2/Runx2-I+/+ mice had a wider zone of hyper-
trophic chondrocytes, and the length of entire tibia, for-
mation of bone marrow cavity, and the primary trabeculae
in the metaphyseal region were markedly diminished
compared with group 3 (Fig. 5).

Group 5 mice (the compound selective Runx2-II and
nonselective Runx2 heterozygous mice), which reflect the
presence of one p2-Runx2-I allele (Runx2-II2/2/Runx2-I+/2),
had a more severe phenotype than group 4 (Runx2-II2/2)
selective homozygous Runx2-II2/2 mice. Group 5 mice
formed partial axial and appendicular bone and proximal
ribs and mandibles, but lacked calvaria and clavicles in

FIG. 3. Defective skeletogenesis in compound Runx2-I and -II isoform-deficient newborn mice. Alizarin red/Alcian blue staining of
group 1 to group 6 newborn mice. Calcified tissues are stained red, and cartilage is stained blue. (A–F) Whole skeleton, a superior view of
the skull, clavicles, hyoid bone, sternum and ribs, scapula, and forelimb (left image) and caudal vertebrae (right image), respectively.
Arrows indicated delayed ossification of specific bones. Compared with the wildtype, there was a gene dose–dependent effect on
skeletogenesis that included defects of both endochondral and intramembranous bone formation. Defects in skull and appendicular and
axial skeleton were proportionate to the reduced gene dose in the various Runx2 genotypes. There is a progressive gene dose–dependent
reduction of occipital bone, posterior zygomatic arches, and nasal bone of the skull (B). In addition, there was a gene dose–dependent
defect in the distal clavicles in groups 2–4 and a total absence of the clavicle in groups 5 and 6 (C). Mineralization of the hyoid bone was
absent in groups 4–6 (D). The distal ribs and sternum (E), as well as phalangeal bones and the caudal spine (F), showed a progressive
delay in ossification that was proportionate to the reduction in gene dose.
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newborn mice (Fig. 3). mCT analysis confirmed a more
severe reduction in length of mineralized tibia and ex-
hibited tremendous defects in endochondral, intramem-
branous, and cortical bone formation (Fig. 4). Histological

analysis confirmed the marked delay in endochondral os-
sification in tibias, which only had a narrow bone collar,
delay in vascular invasion, and absence of a bone marrow
cavity (Fig. 5).

FIG. 4. mCT analysis of compound Runx2-I and -II isoform-deficient newborn mice. Representative 3D images of mCT analysis for the
whole skeleton (A), full-length mineralized tibias (B), metaphyseal region (C), and cortical bone (D) of tibias from newborn mice.
Compared with the wildtype, there was a gene dose–dependent progression of the severity of the skeletal defects in both endochondral
and intramembranous bone (A), decrease in the length of mineralized portion of tibias (B), diminished bone volume (BV/TV%) in
metaphyseal bone structures (C), and thinning cortical thickness (Ct.Th) in the cortical bone (D). Data below B, C, and D, respectively,
represent the mean ± SD of mineralized tibia length, bone volume, and cortical thickness from four to five mice. Values sharing the same
superscript are not significantly different at p < 0.05.

1896 ZHANG ET AL.



Group 6, representing a global deletion of Runx2, had
the most severe skeletal phenotype, showing the near ab-
sence of mineralized bone (Figs. 3–5). However, we did
observe rudimentary mineralization in long bones by
Alizarin red/Alcian blue skeletal preparations of Runx2-
II2/2/Runx2-I2/2 mice, similar to the reported minerali-
zation of cartilage in these mice.(2,3) mCT analysis also
identified some mineralization of the long bone, indicating
a small amount of Runx2-independent bone formation.
Histological analysis of Runx2-II2/2/Runx2-I2/2 mice
showed the presence of a narrow bone collar but the ab-
sence of vascular invasion and bone marrow cavity. In

group 6 mice, there was complete absence of the marrow
cavity, indicating that the complete loss of Runx2 leads to
defects in vascular invasion.(48,49)

Compound selective Runx2-II– and nonselective
Runx2–deficient mice show gene dose–dependent
effects of Runx2 isoforms on osteoblastic gene
expression profiles and osteoblast differentiation.

To study the impact of different amounts of Runx2 on
the expression of Runx2-responsive genes in vivo, we next
examined the level of osteopontin expression in bone in the

FIG. 5. Histological and in situ analysis of tibial bone in compound Runx2-I and -II isoform-deficient E17.5 embryos. (A and B) H&E
staining of decalcified tibias. (A) Low magnification (320) showing epiphyseal and diaphyseal regions. The values below the micrograph
represent the bone length (B.L.) and the length of the bone marrow cavity (BMC.L). There was a gene dose–dependent reduction in the
length of tibia, formation of bone marrow cavity, and diminished metaphyseal bone formation in the various genotypes. (B) High-power
magnification of growth plate (3100). The width of the hypertrophic cartilage zone (HZ) is shown below the micrograph. There is a
Runx2 dose-dependent increase in length of hypertrophic zone. E, epiphysis; D, diaphysis; M, metaphysis; B.L, length of tibial bone;
BMC.L, length of bone marrow cavity; GP, growth plate; RZ, resting zone; PZ, proliferation zone; HZ, hypertrophic chondrocytes zone;
HZ.L, the length of hypertrophic zone. Data are expressed as the mean ± SD from four to five E17.5 embryos, and values sharing the
same superscript are not significantly different at p < 0.05. (C) Expression of osteopontin by in situ hybridization. Hybridization with
osteopontin antisense riboprobe was performed. We observed a gene dose–dependent reduction of osteopontin (Opn) expression
(indicated by red staining) in the epiphyseal and diaphyseal regions of tibias from the compound Runx2 isoform-deficient mice.
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different groups by in situ hybridization. Osteopontin, a
Runx2- regulated gene, is mainly expressed in the hyper-
trophic zone and trabecular bone in the metaphysis in
wildtype mice. In addition, osteopontin expression in bone
was proportionate to the level of Runx2 expression across
the various genotypes (Fig. 5D).

To more widely examine the effect of progressive Runx2
isoform deficiency on gene expression profiles in bone
development, we examined by real-time RT-PCR the ex-
pression levels of a panel of osteoblast-, osteoclast-, and
chondrocyte-related genes, as well as other transcriptional
factors in E17.5 embryos in the various groups (Table 2).
We observed a gene dose–dependent reduction of ex-
pressed genes in response to the progressive reduction in
Runx2 across the various genotypes, including osteoblast/
osteocyte-related genes, Osx, Bsp, Alk2, Oc, Op, RankL,
Mmp13, Mepe, Dmp1, and Phex; osteoclast-related genes,
Trap and Mmp9; chondrocyte-related genes, Ihh and Col
X; and PPARg (an adipocyte transcription factor). Other
genes, including VegfA, PTHrp, Col II, and Col I, as well as

the transcription factors Msx2, Dlx5, Runx1, and Runx3,
were increased in the presence of Runx2 deficiency, con-
sistent with the presence of compensatory responses to
offset the loss of Runx2 and/or sets of genes that are sup-
pressed by Runx2. In contrast, progressive Runx2 defi-
ciency across the different genotypes had minimal or no
effect on Cbfb, Opg, and Sox 9 expression.

Assessment of Runx2 gene dose–dependent effects
on osteoblast development ex vivo

To further examine the effect of Runx2 gene dose on
osteoblast development, we characterized the differentia-
tion potential of osteoblast cell lines obtained from the
various Runx2 isoform genotypes. For these ex vivo studies
in calvarial-derived osteoblasts, we measured alkaline
phosphatase activity, for which the corresponding Akp2
message showed a Runx2 dose-dependent decrease in
whole bone (Table 2) and mineralization of extracellular
matrix, a marker of fully differentiated osteoblast function.

TABLE 2. Gene Expression Profiles in E17.5 Embryos

Gene
Group

2
Group

3
Group

4
Group

5
Group

6 p

Other transcriptional factors

Runx1 1.25 ± 0.28* 1.69 ± 0.27* 1.47 ± 0.26* 1.56 ± 0.26* 2.85 ± 0.28† 0.0039

Runx3 1.11 ± 0.17* 1.03 ± 0.16* 1.36 ± 0.17* 1.58 ± 0.15†,‡ 1.81 ± 0.16‡ 0.0246

Cbfb 0.90 ± 0.10* 0.89 ± 0.09* 0.90 ± 0.09* 0.98 ± 0.10* 0.92 ± 0.09* 0.9125

Msx2 1.04 ± 0.22* 1.59 ± 0.25*,† 1.90 ± 0.28† 2.06 ± 0.29† 3.03 ± 0.29‡ <0.001

Dlx5 1.20 ± 0.24* 1.26 ± 0.23* 1.47 ± 0.24* 1.50 ± 0.24* 2.82 ± 0.25† <0.001

PPARg 0.94 ± 0.11* 1.07 ± 0.10* 1.08 ± 0.10* 0.98 ± 0.09* 0.45 ± 0.09† 0.0027

Osteoblast

Osx 1.05 ± 0.08* 0.63 ± 0.07† 0.66 ± 0.06† 0.33 ± 0.05‡ 0.18 ± 0.05‡ <0.001

Bsp 0.62 ± 0.07† 0.35 ± 0.06‡ 0.24 ± 0.05‡ 0.08 ± 0.02x 0.05 ± 0.01x <0.001

Akp2 0.97 ± 0.07* 0.69 ± 0.06† 0.51 ± 0.05‡ 0.43 ± 0.05‡ 0.40 ± 0.04‡ <0.001

Osteocalcin 0.74 ± 0.06* 0.59 ± 0.05† 0.33 ± 0.05‡ 0.24 ± 0.04‡,x 0.10 ± 0.04x <0.001

Osteopontin 0.81 ± 0.08* 0.51 ± 0.07† 0.31 ± 0.06†,‡ 0.13 ± 0.05‡,x 0.06 ± 0.05x <0.001

Collagen I 1.14 ± 0.12* 1.62 ± 0.15† 1.63 ± 0.15† 1.73 ± 0.14† 1.68 ± 0.14† <0.001

Opg 0.87 ± 0.08* 1.06 ± 0.08* 1.02 ± 0.07* 0.94 ± 0.07* 0.61 ± 0.07† 0.0038

RankL 0.56 ± 0.06† 0.32 ± 0.05‡ 0.35 ± 0.05‡ 0.22 ± 0.04‡,x 0.17 ± 0.04x <0.001

Mmp13 0.56 ± 0.07† 0.36 ± 0.06‡ 0.15 ± 0.05x 0.08 ± 0.05x 0.02 ± 0.05x <0.001

Mepe 1.06 ± 0.11* 0.51 ± 0.10† 0.27 ± 0.09†,‡ 0.15 ± 0.08‡ 0.11 ± 0.08‡ <0.001

Osteocyte

Dmp1 0.75 ± 0.09* 0.58 ± 0.08*,† 0.32 ± 0.08†,‡ 0.20 ± 0.07‡ 0.13 ± 0.07‡ <0.001

Phex 0.74 ± 0.08† 0.65 ± 0.08†,‡ 0.44 ± 0.07‡,x 0.31 ± 0.07x 0.34 ± 0.07x <0.001

Osteoclast

Trap 0.97 ± 0.09* 0.93 ± 0.09* 0.61 ± 0.08† 0.45 ± 0.08†,‡ 0.28 ± 0.07‡ <0.001

Mmp9 0.95 ± 0.09* 0.61 ± 0.08† 0.40 ± 0.07†,‡ 0.26 ± 0.07‡,x 0.15 ± 0.06x <0.001

Chondrocyte

VegfA 1.67 ± 0.99* 5.12 ± 1.12† 4.19 ± 0.98† 4.26 ± 0.98† 4.64 ± 0.99† 0.0068

Ihh 1.09 ± 0.09* 1.19 ± 0.08* 0.86 ± 0.08*,† 0.71 ± 0.07†,‡ 0.49 ± 0.06‡ <0.001

PthrP 1.06 ± 0.05* 1.48 ± 0.05* 1.44 ± 0.05* 1.41 ± 0.05* 1.98 ± 0.05† 0.007

Collagen X 0.73 ± 0.06† 0.79 ± 0.06† 0.56 ± 0.05‡ 0.31 ± 0.05x 0.16 ± 0.05x <0.001

Sox9 0.87 ± 0.09* 0.81 ± 0.08* 0.85 ± 0.08* 0.90 ± 0.09* 0.91 ± 0.09* 0.7817

Collagen II 0.97 ± 0.12* 1.24 ± 0.11* 1.00 ± 0.11* 1.06 ± 0.12* 1.87 ± 0.13† 0.004

Data are mean ± SD from four to five of E17.5 individual mice and expressed as the fold changes relative to the housekeeping gene cyclophilin A and

normalized to group 1 wildtype mice.

*, †, ‡, and x indicate a significant difference from group 1 (wildtype), and values sharing the same superscript are not significantly different each other at

p < 0.05.

Osx, Osterix; Bsp, Bone sialoprotein; Akp2, Alkaline phosphatase 2; Opg, osteoprotegerin; Phex, phosphate-regulating gene with homologies to endo-

peptidases on the X chromosome; Mepe, matrix extracellular phosphoglycoprotein; Dmp1, dentin matrix protein 1; VegfA, vascular endothelial growth

factor A; Trap, tartrate resistant acid phosphatase; Mmp, matrix metalloproteinase. Ihh, Indian hedgehog; PthrP, parathyroid hormone-like peptide.
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We found that osteoblastic cultures were very sensitive to
the loss of Runx2. Indeed, there was a significant reduction
in alkaline phosphatase activity and the amount of miner-
alized extracellular matrix even in osteoblasts derived from
group 2 mice that lack only one copy of Runx2-II (Tables 3
and 4). Moreover, ex vivo cultures of calvarial-derived
osteoblasts from group 3 to group 6 mice showed a pro-
gressive reduction in cellular alkaline phosphatase activity
and a decrease in the amount of mineralized extracellular
matrix compared with group 1 wildtype osteoblasts (Tables
3 and 4), indicating that osteoblast differentiation potential
was proportionate to Runx2 isoform gene dose.

qChIP assay of Runx2-binding to chromatin using
an osteocalcin promoter OSE2a site

Finally, we performed quantitative ChIP analyses on
immortalized osteoblasts derived from the various geno-
types depicted in Fig. 2. Using an anti-Runx2 antibody, we
confirmed that Runx2 was specifically recruited to the
OSE2a site of the Osteocalcin promoter in the differenti-
ated osteoblasts (Fig. 6A). In addition, we observed a 6-
fold increase in the ratio of the promoter sequence versus
the coding region sequence in the anti-Runx2 group com-
pared with the IgG control group by quantitative real-time
PCR from wildtype osteoblasts (Fig. 6B). Consistent with
the dose-dependent effects of loss of Runx2 on bone de-
velopment in vivo, we observed a progressive reduction in
Runx2 binding to the Osteocalcin promoter from group
1 to group 4. Interestingly, we observed no significant dif-
ference between group 4 and group 6, despite intact
Runx2-I expression in group 4 and no expression of either
Runx2-I or Runx2-II in group 6. This suggests that there
may be differential binding of Runx2-I to target promoters
or to a threshold effect of Runx2 binding to its target
promoters as measured by qChIP analysis (Fig. 6B).

Differential regulation of P1 and P2 promoter of
the Runx2 gene

The P1 promoter has been studied, with evidence for
Runx2, a vitamin D3–responsive element, Wnt signaling-
responsive TCF (T cell factor)/LEF (lymphoid-enhancer

factor) elements, BMP2-responsive homeodomain motifs,
AP1, NF1, HLH-related factors, HIF2A, ARNT, ETS-like
factors, and SP1 motifs.(39,47,50–52) Little is known about the
regulatory elements in the P2 promoter. To support the
differential regulation of the P1 and P2 promoters, we used
the rVISTA promoter analysis program to determine the
complement of putative cis-acting elements in the respec-
tive promoter regions. We identified 130 shared transcrip-
tion factor binding sites (TFBSs) in the Runx2 P1 and P2
promoters, 32 unique TFBSs in the 5.4-kb P1 promoter, and
44 unique TFBSs in the 12.0-kb P2 promoter (data not
shown). Whereas many of these predicted sites may not
represent functional elements, these findings support the
likelihood that these promoters are differentially regulated.

To directly assess the response of the two promoters, P1
and P2, promoter-luciferase constructs were transfected
into Ros17/2.8 osteoblasts. We found that both Wnt3a and
17b-estradiol (E2) stimulated P1 promoter activity but had
no effect on the P2 promoter. In contrast, TGF-b increased
P2 promoter activity but suppressed P1 activity.
1,25(OH)2D3 inhibited both P1 and P2 promoter activities
in Ros17/2.8 cells (Table 5). We also observed that the
activity of the P1 promoter-luciferase construct was ;15-
fold greater than the P2 promoter-luciferase construct in
both Ros 17/2.8 and MC3T3-E1 osteoblastic cell lines (Fig.
7). In addition, assessment of the transcripts from the P2
and P1 promoters by real-time RT-PCR measurement of
their respective unique 59 UTRs found that the P2-Runx2-I
59-UTR message was upregulated and the P1-Runx2-II 59-
UTR was downregulated in E17.5 Runx2-null mice (Fig.
7B), suggesting different autoregulation of the two pro-
moters by Runx2. Finally, consistent with the autoregula-
tion of the P1 promoter by Runx2 transcripts,(52) we found
that co-transfection of the Runx2-II cDNA stimulates P1
but inhibits P2 promoter activity in MC3T3-E1 osteoblasts
(Figs. 7C and 7D).

DISCUSSION

The necessity for a complex gene structure of Runx2,
with two distinct promoters driving the expression of

TABLE 3. ALP Activity (hmol/min/mg) in Wildtype and Runx2-Deficient Osteoblasts

Genotype Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

4d 11.8 ± 0.75* 7.9 ± 0.67† 7.8 ± 0.72† 5.0 ± 0.72‡ 4.9 ± 0.68‡ 3.3 ± 0.54‡

10d 78 ± 3.2* 39 ± 2.5† 35 ± 2.3† 28 ± 1.6‡ 22 ± 1.5‡ 22 ± 1.8‡

14d 129 ± 5.5* 47 ± 3.6† 43 ± 2.3† 31 ± 2.1‡ 27 ± 1.8‡ 21 ± 1.2‡

Data are mean ± SD from three triplicates experiments. Values sharing the same footnote symbol are not significantly different each other at p < 0.05.

TABLE 4. Calcium Deposition (mmol/well) in Wildtype and Runx2-Deficient Osteoblasts

Genotype Group 1 Group 2 Group 3 Group 4 Greoup 5 Group 6

4d 21.6 ± 2.2* 20.3 ± 2.1* 18.9 ± 1.5* 11.7 ± 1.2† 12.3 ± 1.1† 11.5 ± 1.3†

10d 177 ± 3.7* 148 ± 3.5† 130 ± 3.2‡ 95 ± 2.8x 85 ± 2.5x 32 ± 1.6e

14d 715 ± 13* 395 ± 12† 275 ± 11‡ 128 ± 9x 84 ± 7e 83 ± 6e

Data are mean ± SD from three triplicates experiments. Values sharing the same footnote symbol are not significantly different each other at p < 0.05.
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similar isoforms that differ only in their N termini, remains
uncertain.(27,28,47) In this study, we show that Runx2-I and
Runx2-II isoforms exhibit a critical, dose-dependent effect
on skeletal development and osteoblast differentiation.
Using nonselective Runx2 heterozygous mice and selective
Runx2-II heterozygous mice, we generated mice with
graded reductions (;75%, ;50%, and ;25%) in the nor-
mal complement of Runx2 protein expression. Phenotypic
analysis of mutant mice and isolated osteoblasts showed
that progressive reductions in Runx2 levels resulted in
proportionate abnormalities in embryonic bone develop-
ment, expression of osteoblast- and terminal hypertrophic
chondrocyte-related genes, and osteoblast development ex
vivo. Indeed, Runx2-II+/2 (group 2) mice, which retained
;75% of wildtype Runx2 levels, showed a mild defect in
skeletogenesis and a significant reduction in a subset of
gene transcripts. Interestingly, this reduction is concordant
with the decrease to ;70% of wildtype Runx2 required for
development of a cleidocranial dysplasia phenotype in mice
with a hypomorphic Runx2 mutation.(36)

Runx2-II+/2/Runx2-I+/2 (group 3) and Runx2-II2/2

(group 4) mice, which retained ;50% of the wildtype

Runx2 levels, exhibited more severe abnormalities in both
endochondral and intramembranous bone formation in
association with a greater reduction in a broader range of
genes within the osteoblast and chondrocyte lineages.
These findings raise questions about the potential differ-
ential functions of the Runx2-I and Runx2-II isoforms. In
this regard, group 4, which has the loss of the two copies of
Runx2-II, shows a more severe phenotype than group 3,
which has loss of one copy each Runx2-II and Runx2-I.
Because the bone-related Runx2-II isoform progressively
increases throughout embryonic bone development,
whereas the Runx2-I isoform is only upregulated in the
early skeletal formation(53,54) and both isoforms show
similar effects on gene expression,(1,31,34,35,55–60) the greater
‘‘potency’’ of the P1 promoter driven product is most likely
caused by higher expression during development rather
than by unrecognized differential transactivation potential.
Studies of selective Runx2-I–null mice, however, will be
needed to fully address any potential differential function
imparted by the distinct N termini of the two isoforms.
These mice have been difficult to create because of the
inability to achieve homologous recombination over the
target region (unpublished observations).

Runx2-II2/2/Runx2-I+/2 (group 5) mice, which retained
;25% of the normal Runx2 level exclusively from the
activity of the P2 promoter and expression of Runx2-I,
showed even more severe defects in axial and appendicular
bone formation and a significantly greater degree of sup-
pression of osteoblast-related genes. Analysis of group 5,
which has only one Runx2-I allele, establishes the minimal
requirement of Runx2 for formation of axial and appen-
dicular skeleton, proximal ribs, and mandible. We also
showed that the amount of Runx2 isoforms expression
correlate with reduction in markers of osteoblast differ-
entiation, as well as Runx2 binding to the osteocalcin
promoter by quantitative ChIP analysis in osteoblasts ex
vivo. Whereas it has been recognized for some time that
there are dose-dependent effects of Runx2 by comparing
heterozygous and homozygous Runx2-null mice,(2,3) our
studies are the first to establish the dose-dependent effects
of Runx2 on bone development in vivo and ex vivo using
compound selective Runx2-II– and nonselective Runx2–
deficient mouse models to create a greater range of Runx2
deficiency on the same genetic background.

We also confirmed by in situ hybridization and laser
capture RT-PCR that the P2 promoter regulates drives

FIG. 6. Analysis of Runx2 binding to the Osteocalcin promoter in
immortalized calvarial osteoblasts using qChIP assay. (A) Ethid-
ium bromide gel of real-time PCR products obtained with ChIP-
DNAs using Runx2 antibody and OSE2a site primers in the
Osteocalcin promoter. Nonspecific normal rabbit IgG was used as
a negative control. (B) Bar graph of the qChIP assay from calvarial
osteoblasts. ChIP–DNAs were quantified by real-time PCR using
OSE2a site primers in the Osteocalcin promoter and exon 4
primers of Osteocalcin gene. Values are shown as relative fold of
enrichment of the promoter sequence normalized for coding re-
gion sequence versus that obtained for input samples and repre-
sent the mean ± SD from four independent experiments. Values
sharing the same superscript are not significantly different at p <
0.05.

TABLE 5. Differential Responses to Stimulation in P1 (1.4 kb)
and P2 (2.0 kb) Promoter-Luciferase Reporters in the

ROS17/2.8 Osteoblastic Cell Line

Treatment Concentration P1 (1.4 kb) P2 (2.0 kb)

TGF-b 5 hg/ml 0.71 ± 0.11* 1.75 ± 0.25*

Wnt3A 50% CM 1.51 ± 0.10* 1.03 ± 0.15

17b-estrodal 1027 M 1.50 ± 0.29* 1.04 ± 0.16

1,25(OH)2D3 1027 M 0.71 ± 0.12* 0.73 ± 0.07*

Relative luciferase activity of P1 or P2 promoter is normalized to the

mean ratio of vehicle control, which has been set to and 1. Data are mean ±

SD from at least three triplicates experiments.

* Significant difference from vehicle control at p<0.05.
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Runx2-I expression predominately in the perichondrium
and periosteum, and to a lesser extent in the proliferating
and resting zones of chondrocytes,(61,62) whereas the P1
promoter regulates the expression of Runx2-II more widely
in the hypertrophic zone, trabecular bone in the metaph-
ysis, and periosteum, but not in the perichondrium.(31,34,63)

The site-specific expression of the P1 and P2 promoters
may reflect the actions of different signaling pathways on
the respective promoters. Indeed, P1 and P2 promoter
possess different cis-acting elements and are differentially
regulated by a variety of factors.(39,58,64–67) Moreover, hu-
man SNPs in the RUNX2 P1 promoter are related to hand
bone length,(68,69) whereas human SNPs in the Runx2 P2
promoter are associated with increased BMD, predomi-
nately affecting cortical bone.(55,68,70,71) Thus, dual pro-
moter use may permit integration of Runx2 signaling
with environmental enhancers and inhibitors to finely tune
the amount of Runx2 and the time and place of Runx2-
dependent activities during skeletal development and post-
natal skeletal homeostasis.

In addition, we showed that Runx2-response genes have
different sensitivities to changes in Runx2 transcription
factor levels. For example, analysis of E17.5 embryos from
group 2 to group 4 mice showed that osteoblastic markers
such as Osterix, Bsp, Akp2, Osteocalcin, Osteopontin,
RankL, Mmp13, and Mepe,(72–74) osteocyte markers such
as Dmp1 and Phex,(75) osteoclast markers such as Trap and
Mmp9,(76) and hypertrophic chondrocyte markers such as
Collagen X(77) were sensitive to a reduction in Runx2 gene
dose. Bsp, Osteocalcin, Osteopontin, RankL, Mmp13, Col
X, and Phex were the most sensitive to reductions in
Runx2, whereas the others were affected only by greater
reductions in Runx2. Still other genes were upregulated in
a dose-dependent fashion. For example, the arrest of hy-
pertrophic chondrocyte maturation(37,63) correlated with a
significant decrement in hypertrophic chondrocytes
markers, such as Type X collagen and Ihh, but increments
in Type II collagen and PTHrP, consistent with impaired
terminal chondrogenesis in Runx2-deficient mice.(78,79) In
addition, increments in VegfA in Runx2 deficient mice in-
versely correlated with the size of the marrow cavity and
vascular invasion, suggesting a possible role of Runx2 in
the control of angiogenesis.

The mechanism of dose-dependent effects of transcrip-
tion factors to control gene expression is not well under-
stood. Runx2 dose-dependent effects might be mediated by
different affinities for binding to and recruitment of tran-
scriptional co-activators and co-repressors.(14,18,22) A criti-
cal threshold concentration of Runx2 proteins may allow
co-activators to facilitate activation of osteoblast-specific
gene transcription, whereas excessive amounts of Runx2
might sequester co-factors. In this regard, qChIP assays
showed a dose-dependent effect of Runx2 binding to
Osteocalcin promoter with a threshold effect observed with
very low levels of Runx2 protein in groups 3 and 4. This
latter finding is consistent with the reported decrease in
transactional potential of Runx2-I compared with Runx2-
II.(15,27,30) In addition, the availability of Runx2 may be
influenced by its sequestration. In this regard, sequestra-
tion of Runx2 in the cytoplasm by STAT1 and microtubule
dynamics have been shown to inhibit bone development by
depleting Runx2 from nuclear microenvironments and may
be exacerbated at low levels of Runx2 expression.(20,80)

Runx2 might also exert dose-dependent effects through the
increased occupancy of additional cis-acting binding sites
in the promoter of target genes. Increasing amounts of

FIG. 7. Autoregulation of Runx2 P1 and P2 promoter activity
by Runx2 isoforms. (A) Relative Runx2 P1(1.4 kb)-LUC and
P2(2.0 kb)-LUC promoter-luciferase reporter activity in Ros17/2.8
and MC3T3-E1 osteoblastic cell lines. (B) 59-untranslated region
(59-UTR) mRNA levels of Runx2-II and Runx2-I isoforms in
wildtype and Runx2-II2/2/Runx2-I2/2-null mice were quantified
by real-time RT-PCR. Data are mean ± SD from four to five E17.5
individual mice, expressed as the fold changes relative to the
housekeeping gene cyclophilin A, and normalized to wildtype
mice, and values sharing the same superscript are not significantly
different each other at p < 0.05. (C) Relative Runx2 P1(1.4 kb)-
LUC and P2(2.0 kb)-LUC promoter-luciferase reporter activities
were induced by overexpression of Runx2 using CMV-promoter
driving Runx2-II full-length cDNA plasmid in MC3T3-E1 osteo-
blasts. Values are shown as relative fold changes to control
(pcDNA3.1 vector) and represent the mean ± SD from three in-
dependent experiments. Values sharing the same superscript are
not significantly different at p < 0.05.
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Runx2 might lead to the recruitment of a greater number
of promoters of downstream target genes. In addition,
Runx2 may exhibit a dose-dependent effect on lineage-
specific control of ribosomal biogenesis through forming
complexes with the RNA PolI transcription factors UBF1
and SL1 or through local chromatin histone modification
at rDNA regulatory regions.(81,82) Finally, dose-dependent
effects of Runx2 might involve epigenetic control of access
to cis-elements binding sites through interactions with
histone deacetylases (HDACs).(22,83,84) In this regard,
Runx2 is required for relief of HDAC-mediated repression
and enhancement of Runx2 activation of cis-acting element
promoters in osteoblastic lineages. Further studies will be
needed to explore the mechanisms whereby alterations in
the amount of Runx2 exerts its transcriptional effects on
skeletogenesis.

In conclusion, these studies highlight the importance of
Runx2 gene dose and factors modulating P1 and P2 pro-
moter activity in specific subcompartments of bone and at
critical times in embryonic development, to ensure the
proper skeletal development in mice. A renewed focus on
further understanding of the signaling pathways and
transactivating factors responsible for the differential
control of the P1 and P2 promoters may provide important
new insights into environmental factors regulating bone
embryogenesis through differential effects to control the
time, space, amount, and duration of Runx2 expression
through the activities of the P1 and P2 promoters.
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