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Reconstitution of Runx2/Cbfa1-Null Cells Identifies
a Requirement for BMP2 Signaling Through a Runx2
Functional Domain During Osteoblast Differentiation
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Abstract The Runx2/Cbfa1 transcription factor is a scaffolding protein that promotes osteoblast differentiation;
however, the specific Runx2-functional domains required for induction of the osteogenic lineage remain to be identified.
We approached this question using a TERT-immortalized cell line derived from calvaria of Runx2-null mice by
reconstituting the osteogenic activity with wild-type and deletion mutants of Runx2. The presence or absence of
osteogenic media (b-glycerol phosphate and ascorbic acid) and/or with BMP2 did not stimulate osteoblastic gene
expression in the Runx2-null cells. However, cells infected with wild-type Runx2 adenovirus showed a robust temporal
increase in the expression of osteoblast marker genes and were competent to respond to BMP2. Early markers (i.e.,
collagen type-1, alkaline phosphatase) were induced (four- to eightfold) at Days 4 and 8 of culture. Genes representing
mature osteoblasts (e.g., Runx2, osteopontin, bone sialoprotein, osteocalcin) were temporally expressed and induced
from18- to 36-fold atDays 8 and12. Interestingly, TGFb andVitaminD-mediated transcriptionof osteoblast genes (except
for osteopontin) required the presence of Runx2. Runx2 lacking the C-terminal 96 amino acids (Runx2 D432) showed a
pattern of gene expression similar to wild-type protein, demonstrating the Groucho interaction and part of the activation
domain are dispensable for Runx2 osteogenic activity. Upon further deletion of the Runx2 C-terminus containing
the nuclear matrix targeting signal and Smad-interacting domain (D391), we find none of the osteoblast markers
are expressed. Therefore, the Runx2 391-432 domain is essential for execution of the BMP2 osteogenic signal. J. Cell.
Biochem. 100: 434–449, 2007. � 2006 Wiley-Liss, Inc.
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Musculoskeletal tissues are composed of a
variety of specialized cell types, such as fibro-
blasts, adipocytes, chondrocytes, osteoblasts,
and skeletal myoblasts. In vivo, a common

multipotential mesenchymal stem cell (MSC)
is thought to give rise to these cell types [Baksh
et al., 2004; Kassem, 2004]. One of the defining
characteristics of MSC is their self-renewal
potential over extended time periods [Baksh
et al., 2004]. The multilineage differentiation of
MSCs involves commitment to a specific lineage
followed by terminal differentiation. Recent
genetic studies have identified several essential
regulators that control bi- or uni-potential
differentiation of MSC to specific pathways.
They include PPARg (peroxisome proliferator-
activated receptor g) and the C/EBP (CCAAT/
enhancer-binding protein) family for adipogen-
esis [Wang et al., 1995; Barak et al., 1999],
MyoD andmyf-5 inmyogenesis [Rudnicki et al.,
1993; Braun and Arnold, 1995, 1996], Sox 9 and
family members in chondrogenesis [Bi et al.,
1999; Smits et al., 2001], and Runx2 (runt-
related transcription factor 2) and the zinc
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finger-containing factor osterix in skeletogen-
esis [Komori et al., 1997; Choi et al., 2001;
Nakashima et al., 2002].
Runx2 belongs to the runt-domain gene

family that also includes Runx1 and Runx3.
All three members share a highly conserved
DNA-binding domain that is homologous to the
runt gene in Drosophila [Kania et al., 1990;
Ogawa et al., 1993a,b]. All Runx family mem-
bers can bind the same DNA sequences and can
heterodimerize with Cbfb [Javed et al., 2000,
2001; Kundu et al., 2002]. Deletion of theRunx2
gene results in embryonic or perinatal lethality
with a complete absence ofmineralized skeleton
[Komori et al., 1997; Choi et al., 2001]. Muta-
tions inRunx2 are associatedwith cleidocranial
dysplasia, a dominant skeletal disorder in
humans characterized by supernumerary teeth
and delay in suture closure of the fontanels [Lee
et al., 1997; Mundlos et al., 1997].
Differential transcriptional regulation of a

large number of bone-tissue specific genes by
Runx2 is well documented [Lian et al., 2004].
Selective interaction of Runx2 with various co-
regulatory factors contributes to enhancement
(ATF4,C/EBP,AP1,TAZ) [D’Alonzo et al., 2002;
Gutierrez et al., 2002; Hong et al., 2005; Xiao
et al., 2005] or suppression (Groucho, Hes-1,
YAP, HDAC) of Runx2-transcriptional activity
during osteoblast maturation [Javed et al.,
2000; McLarren et al., 2000; Schroeder et al.,
2004; Zaidi et al., 2004]. Furthermore, both
direct and indirect mechanisms have been
proposed for Runx2 involvement in chromatin
remodeling, promoter organization, and hormo-
nal responsive transcription of target genes
[Javed et al., 1999;McCarthy et al., 2003; Sierra
et al., 2003; Gutierrez et al., 2004; Young et al.,
2005]. Runx2 is responsive to a number of key
signaling pathways to control cell type-specific
gene expression (Notch, BMP/TGFb, Wnt,
MAPK, PKC) [Lee et al., 2002; Kim et al.,
2003; Zaidi et al., 2003; Selvamurugan et al.,
2004a; Gaur et al., 2005; Papachristou et al.,
2005; Shen and Christakos, 2005]. Thus, Runx2
acts at multiple levels to achieve cell fate
determination.
To elucidate further the function of Runx2 in

driving cell fate, we used mouse telomerase
reverse transcriptase (TERT) expression to
establish normal diploid, immortalized cell
lines from the homozygous pups of Runx2-null
[Komori et al., 1997] or Runx2-C-terminal-
deleted knock-in mutation animals [Choi

et al., 2001]. It has been shown that expression
of the catalytic subunit of telomerase, TERT, in
cultured human primary cells reconstitutes
telomerase activity and allows immortal growth
[Bodnar et al., 1998; Kiyono et al., 1998; Jiang
et al., 1999]. Unlike embryonic stem cells, adult
MSCs which lack telomerase activity [Zimmer-
mann et al., 2003] show defined ex vivo
proliferation capability, reaching senescence
and losing multi-lineage differentiation poten-
tial after 30–50populationdoublings in culture.
Thus, it is necessary and critical to develop new
strategies to prolong the replicative capacity of
MSCs without impairing their multi-potential-
ity. Several studies have shown that ectopic
expression of TERT in postnatal MSCs can
extend their life span to more than 260 popula-
tion doublings, while maintaining their multi-
lineage differentiation potential [Simonsen
et al., 2002; Shi et al., 2002]. Importantly, these
TERT-transduced immortalized MSCs have
normal karyotype and do not cause tumor
formation in xenogenic transplants; these char-
acteristics make them an attractive candidate
source of cells for tissue repair and regenera-
tion. For these reasons, we selected TERT-
immortalization of calvarial-derived cells from
Runx2-null mice representing putative osteo-
progenitor cells to address mechanisms of
osteoblastogenesis.

We characterized calvarial tissue-derived
cells from Runx2 knock-out and knock-in mice
to determine their ability to differentiate along
the osteoblast lineage in response to osteogenic
signals (BMP2, TGFb, or 1,25-dihydroxyvita-
min D3) in the presence or absence of Runx2
wild-type and mutant proteins. In long-term
culture, neither osteogenic media nor BMP2
were permissive for Runx2-deficient cells to
acquire the osteoblastic phenotype. Reintroduc-
tion of wild-type Runx2 by adenovirus infection
rescued the osteoblast phenotype, which was
enhanced in the presence of BMP2. TGFb and
Vitamin D-responsive transcription of the
osteoblast marker genes, with the exception of
osteopontin, required the presence of Runx2.
Using a series of Runx2-deletion mutants, we
established that a 41 amino acid domain in
the carboxyl terminus of Runx2 that contains
the nuclear matrix targeting signal and the
Smad-interacting domain is necessary for pro-
gramming these mesenchymal cells to the
osteogenic lineage. Taken together, these data
indicate that our immortalized Runx2-deficient
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calvarial cells represent an immature mesen-
chymal cell pool that can be differentiated to
osteoblasts in a Runx2-dependent manner.
BMP2 signaling alone is insufficient to promote
osteoblastogenesis in the absence of Runx2.

MATERIAL AND METHODS

Cell Culture and Immortalized Cell Lines

Cells were isolated from calvarial tissues of
17.5 dpcmouse embryos of theRunx2-nullmouse
[Komori et al., 1997] andRunx2knock-in animals
[Choi et al., 2001]. Diploid cells from the homo-
zygous pups (Runx2�/� and Runx2DC/DC) were
obtained essentially as described previously
[Pratap et al., 2003]. Briefly, calvaria were
minced and subjected to three sequential diges-
tions (8, 10, and 26 min) with collagenase P
(RocheMolecular Biochemicals, Indiana, IN) at
378C. Cells released from the third digest were
collected and resuspended in a-MEM supple-
mentedwith 10%FBS and plated at a density of
0.5� 106 cells/6-well plate. Cells were trans-
fected with mouse telomerase (mTERT) expres-
sion vector, a kind gift from Dr. Robert
Weinberg, Massachusetts Institute of Technol-
ogy [Lundberg et al., 2002]. Plasmid DNA (2 mg)
was mixed with Fugene 6 reagent at a ratio of
2:6 and the mixture was overlayed on cells for 4
h. Cells were then washed and fed with a-MEM
supplementedwith 10%FBS. After 4 days, cells
were passed and selectedwith 10 mg/ml of G418.
Neomycin resistant cells were cultured to
passage 17 in selection media, at which time
cells were frozen and maintained in media
without G418. Cells were grown to passage 40
for assessment of the phenotypic potential and
reproducibility of the established cell lines.
Most of the experimental data were confirmed
withat least two independentpassagenumbers.
For differentiation assays, cells were cultured
in osteogenic media (a-MEM supplemented
with 10% FBS, 10 mM of b-glycerol phosphate,
and 50 mg/ml of ascorbic acid).

Adenoviral Infections

Adenovirus expressingwild-type andC-term-
inal deletion mutants of Runx2 were generated
via Adenovator system (Q BIOgene, Carlsbad,
CA) and have been reported previously [Afzal
et al., 2005]. Runx2�/� cells were plated at a
density of 1� 105 cells per well of a 6-well plate
or 1� 106 cells per 100-mm plate. Cultures at
70% confluence were infected with the Runx2

adenovirus in a-MEM without serum. After
90 min, cells were washed with serum free
a-MEM and fed with complete a-MEM till
harvest.

Western Blot Analysis

Whole cell lysates from Runx2�/�, Runx2�/�

cells infected with various adenoviruses and
Runx2DC/DC cell lines were resolved by 10%
polyacrylamide gel electrophoresis and protein
transferred to Immobilon (Millipore) mem-
brane. The blots were blocked in PBS-T (0.1%
Tween 20) containing 2.5% nonfat dry milk for
at least 1 h. Mouse monoclonal primary anti-
bodies usedwere anti-Runx2 [Afzal et al., 2005],
anti-tubulin (Sigma-Aldrich, MO), and anti-
laminB (Santa Cruz, CA). Blots were incubated
for 1 h at room temperature with 1:5,000
dilution of the primary antibody in PBS-T
solution containing 1% milk. The blots were
washed three times with the PBS-T solution
and incubated for 1 h at room temperature with
1:5,000 dilution of the horseradish peroxidase-
conjugated goat anti-mouse secondary antibody
(Santa Cruz, CA). After threewasheswith PBS-
T solution, the immunoreactive bands were
detected with ECL (Amersham Pharmacia
Biotech, Inc., Piscataway, NJ) by exposing blots
to XAR-5 film (Kodak, Inc., Rochester, NY).

Alkaline Phosphatase Cytochemistry

Runx2�/� cells infected with various adeno-
viruses or uninfected Runx2DC/DC were cultured
for 12 days in the absence or presence of BMP2.
Cellswerewashed twice in0.1Mcacodylic buffer
and subsequently fixed in 2% formaldehyde in
cacodylic buffer for 10min at room temperature.
After washing with 0.1 M cacodylic buffer, cells
were treatedwithALPhistological stain solution
prepared freshly. Following reagents purchased
from Sigma-Aldrich were added in distilled
water for a 50 ml total volume: 25 mg of Napthol
AS-Mx phosphate disodium salt, 1.4 ml of NN
dimethyl formamide, 25ml of trismaleate buffer
(0.2 M), and 50 mg of fast red salt. The solution
was filter sterilized and immediately added to
the wells. The plates were incubated at 378C for
30 min or until color development was observed.
The wells were then rinsed with distilled water
and stained cells were visualized using an
inverted microscope.

In Situ Immunofluorescence

Runx2�/� andRunx2DC/DC cellswere plated at
a density of 0.6� 105cells/well on gelatin-coated
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coverslips in 6-well plates. Cells were processed
in situ for whole-cell (WC) and digital micro-
scopic analyses were carried out as described
previously [Javed et al., 2000]. Runx2 was
detected by a rabbit polyclonal antibody at a
dilution of 1:400 (Santa Cruz Biotechnology)
and tubulin with a mouse monoclonal antibody
against a-tubulin (Sigma-Aldrich, MO) at a
dilution of 1:400. Secondary antibodies used
were Alexa 488 anti-rabbit or Alexa 568 anti-
mouse (Molecular Probes) at a dilution of 1:800.
Slides were examined on a Zeiss Axioplan 2
microscope fitted with epifluorescence (Carl
Zeiss Jena, Germany) attached to a CCD
camera. Imageswere saved andprocessedusing
Metamorph imaging software, version 6.1 (Uni-
versal Imaging, Downingtown, PA).

Northern Blot Analysis

Total RNAwas isolated fromRunx2-null cells
cultured in various conditions by using TRIzol
reagents (Life Technology, Inc., Gaithersburg,
MD) according to the manufacturer’s specifica-
tions. For each treatment and time point, 20 mg
of total RNA was separated in a 1% agarose-
formaldehyde gel. Integrity of the RNA and
equal loading of samples were assessed by
ethidium bromide staining. RNA was trans-
ferred onto Hybond Plus membranes (Amer-
sham Pharmacia Biotech, Buckinghamshire,
England) in 20� standard saline citrate solu-
tion (SSC) overnight and immobilized by UV
cross linking for 1 min. Blots were hybridized
with cDNA probes specific for histone H4,
alkaline phosphates, collagen type I, osteonec-
tin, osteocalcin, Runx2, andGAPDHessentially
as described previously [Gutierrez et al., 2002].
All hybridization was performed overnight
at 428C in hybridization buffer [5� SSC, 5�
Denhart’s solution, 1% sodiumdodecyl sulphate
(SDS), 10% dextran sulphate, 50% formamide]
and the blots were washed extensively in
buffer containing 0.5� SSC and 0.1% SDS at
558C. Data were analyzed after overnight
exposure using a Storm 840 PhosphorImager
(Molecular Dynamics, Inc., Sunnyvale, CA).

RT-PCR and Quantitative Real Time PCR

Total RNA (1 mg) was reversed transcribed
using advantage RT-for-PCR kit (Clontech,
Palo Alto, CA) following the manufacturer’s
protocol. Briefly, RNA was denatured at 658C

for 5 min and RT reaction was carried out with
200 U of MMLV reverse transcriptase enzyme
in a final reaction of 20 ml. Freshly reverse
transcribed cDNA (1 ml) and the fluorescent
SYBR Green I dye was used to monitor DNA
synthesis (SYBR Green PCR master mix,
Applied Biosystems, Foster City, CA) in a real-
time PCR assay. Specific primers designed to
amplify mouse ALP, type I collagen, OP, BSP,
OC, and Runx2 transcripts are as shown in
Table I.

The PCR was carried out following a cycling
protocol: an initial denaturation step at 958C for
10 min followed by 40 repeat cycles each of a
denaturation at 958C (10 min), annealing 608C
(15 sec), and extension at 608C (60 sec). Detec-
tion of thefluorescent productwas carried out at
the end of the 608C extension period. Gene
expression was normalized to the GAPDH as
housekeeping gene. PCR products were sub-
jected to a melting curve analysis and the data
was analyzed and quantified with the ABI
Prism 7000 SDS analysis software (Applied
Biosystems).

RESULTS

Establishment of Runx2-Null Cell Model
and Requirement of Runx2 for

Osteogenic Differentiation

For understanding molecular mechanisms
that are operative in Runx2-dependent cell
differentiation, we have established calvarial-
tissue-derived cell lines from two mouse models.
The Runx2-null (Runx2�/�) mouse dies shortly
after birth and the Runx2 knock-in (Runx2DC/DC)
mouse that expresses a C-terminally truncated
Runx2 protein from the P1 and P2 promoters
(Fig. 1A) dies in utero after 17.5 dpc. Therefore,

TABLE I. Nucleotide Sequence of Primers
Used for Quantitative RT-PCR Detection

Gene Primer sequence

Runx2 For 50-CGG TTC AGA GTG GAC TC-30

Rev 50-GAC TCT GTA AGC GGG TCT GC-30

Collagen I For 50-GTA TCT GCC ACA ATG GCA CG-30

Rev 50-CTT CAT TGC ATT GCA CGT CAT-30

BSP For 50-GCA CTC CAA CTG CCC AAG A-30

Rev 50-TTT TGG AGC CCT GCT TTC TG-30

Osteocalcin For 50-CTG ACAAAGCCT TCA TGTCCAA-30

Rev 50-GCG CCG GAG TCT GTT CAC TA-30

Alkaline
phosphatase

For 50-TTG TGC GAG AGA AAG GAG A-30

Rev 50-GTT TCA GGG CAT TTT TCA AGG T-30

Osteopontin For 50-TTT GCT TTT GCC TGT TTG C-30

Rev 50-CAG TCA CTT TCA CCG GGA GG-50
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for comparison of age-matched development of
calvarial tissue from the Runx2 mouse models,
cells were isolated by a limited collagenase
digestion from homozygous pups at E17.5 dpc
and transfected with mouse telomerase
(mTERT) expression vector. Cells were selected
for neomycin resistance and considered immor-
talized after passage 17. Both established cell
lines exhibited similar morphologic features as
revealed by immunofluorescence and bright
field microscopy (Fig. 1B,C). The absence
(Runx2�/�) and presence (Runx2DC/DC) of the
Runx2 protein in these cell lines was confirmed
using in situ immunofluorescence and bio-
chemical approaches (Fig. 1D). Thus, we have

successfully generated calvarial-tissue-derived
cell lines that are either deficient or express a
truncated version of Runx2 protein.

For assessment of their phenotypic potential,
both cell lines were cultured for 12 days in
growth medium (a-MEM supplemented with
10%FBS) or in osteo-inductivemedium (growth
media supplemented with 10 mM of b-glycerol
phosphate and 50 mg/ml of ascorbic-acid).
Although cells reach full confluency by Day 7,
nodule formation (multilayered osteoblast
colonies) was not observed during 20 days of
culture (data not shown). Even treatment of
these cultures with BMP2 for 12 days failed
to initiate formation of osteoblast nodules.

Fig. 1. Cell and nuclear morphology of the established Runx2-
null cell line.A: Schematic illustration of the Runx2 genomic locus
showing the origin of the two protein isoforms (top panel). Boxes
denote various exons (clear-untranslated regions, gray-translated
regions, dark-exonencodingDNA-bindingdomain). Star represent
introduced premature stop codon in the Runx2DC/DC knock-in
mice. Amino acid numbers of the Runx2 proteins derived from the
promoter 1 and 2 usage in the Runx2DC/DC cells are indicated.
B: Fetal calvarial tissue (E 17.5) from Runx2�/� and Runx2DC/DC

animals were isolated and digested with collagenase as
described in Method section. Cells were cultured in aMEM
supplemented with 10% FBS and immortalized by transfection
with 5mgofmouse telomeraseexpressionvector.Cells at passage

20 from (B) Runx2�/� and (C) Runx2DC/DC were plated on gelatin
coated glass cover slips and processed for in situ immunofluor-
escence. Cells were fixed in 4% formaldehyde, permeabilized
and stained for Tubulin and Runx2. Nuclei are revealed by DAPI
staining. Tri-merged represent montage of Runx2, Tubulin, and
DAPI signals. Magnifications 63�. Runx2 nuclear signal is
observed only in Runx2DC/DC preparations.D: Whole cell lysates
fromcontrol null and adeno-virus infectedRunx2�/� cells aswell
as Runx2DC/DC cells were resolved on SDS–PAGE for western
blot analysis. Blot was probedwith mouse monoclonal antibody
for Runx2, strip, and re-probed for tubulin antigen as a loading
control.
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Thus, in the complete absence of Runx2 or
in the presence of the Runx2 DC mutant,
the E17.5 cell lines cannot be induced to the
osteoblast lineage under appropriate culture
conditions.
For a mechanistic understanding of a failure

of these cells to differentiate in these conditions,
we isolated RNA from the Runx2-null cells at
different days from parallel cultures. Northern
blot analysis indicates that in all conditions,
untreated and in the presence of BMP2 in either
growth or osteoinductive media, cells withdrew
from the cell cycle as reflected by termination of
histone H4 expression, a cell cycle marker
(Fig. 2). However, we did not observe expression
of any of the key osteogenic differentiation
marker genes in control or BMP2-treated cells.
Thus, osteo-inductive cocktail or BMP2 is not
sufficient to initiate expression of osteoblast-
related genes in Runx2�/� cells.
To establish the osteogenic potential of

Runx2�/� cells, we infected the cells with a
Runx2-expressing adenovirus and isolated
RNA from control andRunx2 reconstituted cells
at Days 4, 8, and 12 for analysis of differentia-
tion towards the osteoblast lineage. Reintroduc-
tion of Runx2 in these cells resulted in a robust
temporal induction of genes considered hall-
marks of mature osteoblast phenotype (Fig. 2).

Peak expression of early markers Alkaline
phosphatase (ALP) and collagen type I (Col I)
was noted at Day 8 followed by late markers
osteopontin (OP) and osteocalcin (OC) at Day
12. Taken together, these findings demonstrate
that we have established a cell model system in
which Runx2 activity is required to initiate a
program of gene expression for osteoblast
differentiation.

Requirement of Runx2 for Vitamin D
and TGFb-Responsive Transcription

of Osteoblast Marker Genes

We and others have reported that integrity of
Runx2 DNA-binding sequences in target gene
promoters is critical for their response to
various physiologic regulators such as 1,25-
dihydroxyvitamin D3 (Vitamin D3), BMP2, and
TGFb [Javed et al., 1999; Chikazu et al., 2002;
Selvamurugan et al., 2004b]. We took advan-
tage of the absence of Runx2 in these cells to
address the physiologic responses of endogen-
ous genes during osteogenic differentiation.
Control and Runx2 virus-infected cells were
cultured in osteo-inductive media for 12 days
and treated with 20 ng of TGFb or 10�8 M
Vitamin D3 for 24 h. Consistent with the
previous observation, control cells (not infected

Fig. 2. Runx2 is required for osteoblastic differentiation of the
null cell line. Commitment of Runx2 null cell to osteoblast
lineageswas tested in either controlmedia (aMEMsupplemented
with 10% FBS) or osteogenic media (aMEM supplemented with
10% FBS, 10 mM of b-glycerol phosphate, and 50 mg/ml of
ascorbic-acid). Runx2-null cells were plated in 100-mm dishes,
treated for 24 hwith 100 ng/ml of BMP2, or infectedwith 50MOI
of Runx2-expressing adenovirus and cultured for 12 days. Total

RNA was isolated from all treatment groups at indicated days
and 10 mg was separated on 1% formaldehyde-agarose
gel. Northern blot analysis for cell cycle and osteogenic markers
was performed as described in Methods. Runx2-null cell
cultured in osteogenic cocktail do not differentiate and induction
of osteoblastic differentiation was noted only in Runx2-
reconstituted cells.
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with Runx2) showed no expression of osteoblast
marker genes (Fig. 3A). Addition of TGFb or
Vitamin D3 failed to activate expression of all
markers at any time point during differentia-
tion, except for osteopontin. When cells were
infected with Runx2 adenovirus and then
treated with TGFb or Vitamin D3, a robust and
differential response was seen (Fig. 3B). While
both treatments resulted in a 2.8- to 3-fold-
enhanced expression of ALP, a 50% reduction in
expression of Col I occurred at Days 4 and 8 in
response to Vitamin D, consistent with known

regulation of Col I byVitaminD3 [Bedalov et al.,
1998]. No significant changes in levels of BSP
expression could be seen throughout the differ-
entiation time course with either treatment.
Vitamin D3 caused a 50% reduction and TGFb
enhanced expression of the OC at later time
points. These findings are consistent with
responses of the endogenous genes in osteo-
blasts that express significant levels of Runx2
[Van Leeuwen et al., 2001].

Surprisingly,weobserveda3–5 fold-enhanced
expression of OP gene expression in control

Fig. 3. Vitamin D responsive transcription of osteopontin is
independent of Runx2. Runx2-null cells were cultured in
osteogenic media in 100-mm dishes for 12 days and treated
with 20 ng of TGFb or 10�8 M Vitamin D for 24 h prior to
harvesting. A: Control Runx2 null cells or (B) cells infected with
50 MOI of Runx2 adenovirus were harvested at indicated days
and total RNA isolated. RT-PCR analyses were carried out for
early and late differentiation markers as described in methods.

Primers used in QPCR to analyze gene expression are shown in
Table I. Data were normalized with GAPDH values and are
representative of two independent determinations of duplicate
samples. In control cells, only osteopontin gene is responsive to
Vitamin D treatment where as cells reconstituted with Runx2
infection a differential and temporal response of all target genes
was seen by TGFb and Vitamin D.
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cultures upon treatment with both TGFb and
Vitamin D (Fig. 3A). Reintroduction of Runx2
also resulted in a 3–5 fold increased basal
expressionwhichwas further enhanced 2–3 fold
in the presence of both TGFb and Vitamin D.
Taken together, these findings demonstrate a
critical role of Runx2 in mediating TGFb or
Vitamin D-responsive transcription of osteo-
blast target genes.

A Specific 41 Amino Acid Fragment in the
Carboxyl Terminus of Runx2 Controls Osteogenic
Differentiation of Reconstituted Runx2-Null Cells

Our cell model system that requires Runx2
activity for osteoblast differentiation provided
us a viable opportunity to identify region(s) of
Runx2 that mediate its osteogenic function in a
biological assay. We generated a series of
adenoviruses expressing deletion mutants of
Runx2 protein (Fig. 4A). All of the mutant
Runx2proteins enter thenucleus andbindDNA

(datanot shown).Runx2-null cellswere infected
with pre-determined multiplicity of infection
(MOI) of wild-type and mutant Runx2 viruses.
Cells were cultured in 6-well dishes for 12 days
in media containing osteo-inductive cocktail
and harvested for protein. We find a sustained
and comparable expression of Runx2 proteins
throughout the differentiation time course
(Fig. 4B). Parallel cultures of Runx2-infected
cells, in the presence or absence of BMP2, were
stained for ALP activity (Fig. 5A). A temporal
increase in ALP activity was noted only in cells
infected with WT and D432-mutant Runx2
viruses. Addition of BMP2 resulted in progres-
sively enhancedALP staining inRunx2WTand
D432-expressing cells. Strikingly, no ALP activ-
ity could be detected at any time point in cells
infected with control or Runx2 D391 viruses
(Fig. 5A). Thus, Runx2 sequences between 391
and 432 are essential for induction of alkaline
phosphatase, an early marker of osteoblast
differentiation.

Fig. 4. Runx2 expression in reconstituted null cells is sustained
throughout differentiation time course. For reconstitution assay,
Runx2-null cells were infected with adenovirus expressing wild-
type or mutant Runx2 protein. A: Schematic illustration of the
wild-type and mutant Runx2 proteins. Runx2 protein domains
include the QA (poly glutamic-acid and alanine stretch, the
conserved domains for all Runx factors: the RHD, runt homology
DNA binding domain; NMTS/SMID, nuclear matrix targeting
signal/Smad-interacting domain; and VWRPY, TLE-interacting
conserved penta-peptide) are indicated. Total number of amino

acids for eachRunx2 protein is indicated underneath.B: Runx2�/�

cells at passage 19 were infected with wild-type (50MOI), D432
(50MOI), andD391 (50MOI), and cultured for 12 days in 6-well
dishes. Cells at indicated days were directly lysed in plate as
described in methods. For comparison of Runx2 expression
levels, equal amount of cell lysates were resolved on 10%
SDS–PAGE for western blot analysis. Blots were probed with
monoclonal Runx2 antibody, stripped and reprobed with
LaminB antigen, used as loading control.
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To better evaluate the osteoblast phenotype,
we performed quantitative expression analysis
formature osteoblastmarker genes. TotalRNA
was isolated from control and Runx2-reconsti-
tuted cells and subjected to real-time RT-PCR
with mouse specific primers (Table I). Con-
sistent with the ALP enzyme activity, we
observed a 3–4 fold-enhanced ALP transcript
in cells infected with theWT and D432 viruses,
but no change inD391 cultures when compared
to control (Fig. 5B). A similar degree and
pattern of induction of Col I mRNA was noted,
with the maximum expression at Day 8.
Osteopontin expression was induced 4–5 fold
by the WT and 4–8 fold by the D432 Runx2
proteins. Again cells expressing the D391
mutant Runx2 protein did not show a change
in the OP levels when compared to control
cultures. When we analyzed late osteoblast
markers BSP and OC, a 2–8 fold-enhanced
expression was observed by the WT and D432-
infected cells with the maximum transcript
levels occurring in Day 12 samples. The failure
of osteoblast marker gene activation in D391
reconstituted cells is not related to the expres-
sion of themutant protein as comparable levels
were sustained throughout the time course
(Fig. 4B).

To further validate the failure ofD391mutant
Runx2 protein to initiate the program of
osteogenic differentiation as related to specific
deletion of the C-terminus, we analyzed expres-
sion of the endogenousRunx2gene (Fig. 5B).We
designed primers in the 30 un-translated region
which is absent in our Runx2 viruses. Strik-
ingly, a robust activation of the endogenous
Runx2 gene was observed in cells reconstituted
with WT (4- to 18-fold) and D432 (4- to 25-fold)
Runx2 proteins. Cells infected with control or
D391 mutant Runx2 adenovirus showed no
expression of the Runx2 gene. This finding
indicates that a 41 amino acid fragment in the
carboxyl terminus of Runx2 supports Runx2
expression in these early osteoprogenitor-
derived cells. As illustrated in Figure 4A, this
fragment contains the unique Runx2 nuclear
matrix targeting signal and the Smad-interact-
ing domain. Taken together, our studies demon-
strate that the 391–432 domain of Runx2 is
essential for the function of this master reg-
ulator in controlling the developmental profile
of gene expression throughout osteoblast differ-
entiation.

Runx2 Is Required for Execution of BMP2
Signal and Osteogenic Differentiation

Bone morphogenetic proteins enhance osteo-
genic differentiation and mediate their signals
through Smad transducer proteins. We and
others have shown a direct physical and func-
tional association between Runx2 and Smads

Fig. 5. A specific domain of 41 amino acid in the carboxyl
terminus of Runx2 drives osteogenic differentiation of recon-
stituted null cells. The osteogenic capacity of the wild-type and
deletion mutant Runx2 proteins were tested in reconstitution
assayofRunx2�/� cell line.Cellswereplated in6-well dishes and
upon confluency infected with Runx2 adenovirus for 4 h. Cells
were then washed and cultured for indicated days in osteogenic
media. A: Cells were fixed and immuno-cytochemistry for early
marker alkaline phosphatase was carried as described in
methods. Images of scanned ALP-stained plates are presented.
B: Control and Runx2-infected cells were harvested for RNA
isolation at indicated days. Real-time RT-PCR analyses were
performed to assess expression of the Runx2 target genes during
osteoblastic differentiation. Data are presented as relative
transcript normalized to GAPDH levels in the same sample. All
experiments were performed in duplicates and representative
image are shown in (A) and mean normalized values with
standard deviation in (B).
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[Lee et al., 2002; Afzal et al., 2005]. We found
that Runx2�/� cells are unresponsive to the
BMP2 osteogenic signal (see Figs. 2 and 5A). To
test if this is related to defects in the BMP
pathway or the absence of Runx2 activity, we
reconstituted Runx2-null cells with adeno-
viruses expressing WT or mutant Runx2 pro-
teins and cultured them for 12 days in the
presence or absence of 100 ng/ml BMP2. Cells
were harvested at Day 4, 8, and 12 and RNA
isolated for real-time RT-PCR analysis to
determine the extent of BMP2-mediated osteo-
genic differentiation (Fig. 6). Expression of
early osteoblast marker genes (ALP and Col I)
in cells infected with Runx2WT and D432 virus
was enhanced 3–7 fold by BMP2 treatment,
while no change could be detected in Runx2
D391 reconstituted cells at any time point. In
the presence of WT Runx2 protein, BMP2-
induced expression of OP from 6–12-fold and
6–7 fold with Runx2 D432. BMP2 stimulat-
ed the transcription of the latemarkerBSPand
OC genes from 5–7 fold by both WT and D432
Runx2 proteins. The integration of the BMP2
signal for maximal BSP and OC expression

occurred at Day 4 and remained elevated for
the 12-day culture period. OP expression is
distinguished from other marker genes as
maximal BMP2-mediated activation of OP
requires Runx2 amino acids 432 to 528. Runx2
is an early target of theBMP2 signal [Lee et al.,
2000; Balint et al., 2003] and we observed a 2–
12-fold-enhanced expression of the endogen-
ous Runx2 gene. It is important to note that
BMP2 treatment at Day 4 resulted in only a
small change of Runx2 mRNA (2-fold compare
to 12-fold at later days). Thus, integration of
the BMP signal by Runx2 for its positive auto-
regulation may involve additional secondary
events.

Taken together, our results support the
conclusion that the 41 amino-acid fragment
(391–432) of Runx2 possesses properties for
both integration of the BMP2 signal and
osteogenic differentiation. Thus, our cell model
that permits Runx2 reconstitution, integration
of osteogenic signals from other pathways, and
phenotypic differentiation is a useful and
unbiased system for examining Runx2-depen-
dent and -independent regulatory mechanisms.

Fig. 5. (Continued)
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DISCUSSION

One goal of the present work was to develop a
model system with which to study the genetic
events underlying the Runx2-controlled osteo-
genic differentiation of mesenchymal cells.
Osteoblasts arederived frommesenchymal cells
and are a crucial component of the skeleton.
Investigations using cultured osteoblastic cells
are instrumental for defining the biology of
bone.However, primary cells in culture not only
have a finite replicative lifespan [Hayflick and
Moorhead, 1961], but their properties change
with passage and therefore, limit the scope of
their experimental manipulation and reprodu-
cibility. This practical limitation has fostered
numerous efforts to develop skeletal-derived

cell lines that possess unlimited replicative
potential and maintain competency for differ-
entiation. We have used expression of mTERT
that allows cells to bypass senescence and
become immortalized in a single step [Bodnar
et al., 1998;Dickson et al., 2000] for establishing
Runx2-null or -mutant cell lines. These cells
represent a novel experimental model to iden-
tify molecular mechanisms critical for develop-
ment of the osteoblast phenotype that either
require Runx2 or are Runx2-independent.

Focusing on the Runx2-null cell line, we
addressed the biological responses to osteogenic
factors in the absence of Runx2. Runx2 is well
established as an early requirement for commit-
ment anddifferentiation of osteoblasts andbone
formation. Recently, immediate early BMP2

Fig. 6. Integration of BMP2 osteogenic signal by Runx2 during differentiation requires Smad-interacting
domain.Runx2�/� cellswere cultured in6-well plates and2days later infectedwith thepre-determinedMOI
Runx2 adenoviruses. Cellswere fed every other daywith regularmedia in the presence or absence of 100 ng/
ml of BMP2. Cells were harvested at indicated days and RNA isolated. Real time-PCR for selective marker
genes were carried out as described earlier. All duplicate values were normalized to internal GAPDH levels
and data are presented as fold induction (uninfected BMP2-treated/infected BMP2-treated).
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response genes, for example homeodomain
transcription factors, Runx2, and Osterix, have
been shown to influence commitment to the
osteoblast phenotype [Lee et al., 2003; Kim
et al., 2004]. Gene ablation of Osterix, like
Runx2, results in failure of bone formation;
however, Osterix is downstream of Runx2
[Nakashima et al., 2002]. Thus, a compelling
question is whether factors which have been
characterized for promoting expression of genes
that reflect themature osteoblast phenotype are
operative in the Runx2-null cell. It is also
necessary to determine if Runx2-null cells can
respond to physiologic regulators (BMP2, glu-
cocorticoid, Vitamin D, TGFb).
The immortalized primary calvarial-derived

cell line we established from the Runx2-null as
well as the Runx2DC/DC knock-in mouse model
(data not shown), has in part features of an
undifferentiated early mesenchymal cell. In
contrast to MSCs, the cells cannot be induced
to osteoblasts either with osteogenic media,
BMP2, TGFb, or 1,25(OH)2D3 because they are
completely lacking in all isoforms of functional
Runx2. Thus, our immortalized cell line
behaves analogously to Runx2-null primary
cultured cells in their failure to differentiate to
the osteoblast lineage [Pratap et al., 2003].
However, these and other Runx2-null cell lines
have many of the pluripotent properties of
mesenchymal progenitors, and under appropri-
atemedia conditions can be differentiated to the
myogenic and adipocytic lineages ([Kobayashi
et al., 2000; Enomoto et al., 2004] and our
unpublished data). Here, we report that
through subsequent introduction of Runx2,
the TERT-immortalized Runx2-null cells can
undergo osteoblast differentiation. Previous
studies of Runx2-null cells isolated from peri-
natal mice showed weak alkaline phosphatase
activity, a marker of the first stage of osteoblast
differentiation in response to reintroduction of
Runx2; but, these cells never proceeded to the
final mineralization stage [Komori et al., 1997].
We also show for the first time that

1,25(OH)2D3, a potent inducer of osteogenic
genes, has a minimal effect in Runx2-null cells.
Reconstitution by Runx2 restores Vitamin D3

responsive transcription of early and late
marker genes in the null cells. This finding is
consistent with studies that have identified
Runx2-VDR protein–protein interactions (e.g.,
in the rat osteocalcin gene) for Vitamin D
enhanced transcription [Paredes et al., 2004].

Of particular note are the effects of Vitamin D
on the mouse osteocalcin gene expression.
Vitamin D is seen to downregulate osteocalcin,
an established finding for the mouse gene in
contrast to the human, rat, and chick osteocal-
cin genes which are highly upregulated [Lian
et al., 1989; Gerstenfeld et al., 1990; Zhang
et al., 1997; Gutierrez et al., 2004]. It is also
interesting to note that the osteopontin gene is
highly responsive to Vitamin D3 even in the
absence of Runx2, but its induction is not
significantly different at Day 4 or 12.

BothBMP2andTGFb are known to stimulate
Runx2 expression but only BMP2 leads to
commitment to the osteogenic phenotype in a
trans-differentiation C2C12 model [Lee et al.,
1999]. Interestingly, TGFb responsiveness
of most of the osteoblast marker genes was
dependent on Runx2. The osteopontin gene
also exhibited a similar Runx2-independent
response to TGFb treatment as observed with
1,25(OH)2D3. Osteopontin is a broadly ex-
pressed gene, for example, bone, kidney, aorta,
pancreas, and cancer cells. Although its expres-
sion in bone is upregulated with bone miner-
alization and by Runx2, our studies show that
physiologic regulation of basal expression of
osteopontin is not dependent on Runx2. It is
striking that TGFb upregulates osteocalcin 1.5-
to 2-fold in the presence of Runx2 indicating its
potent effects in promoting osteoblast differen-
tiation in this cell line. TGFb has been reported
to repress OC expression and not lead to
expression in non-osteogenic cell models [Kang
et al., 2005]. Yet in vivo TGFb can contribute
to bone formation. Thus, this immortalized
mesenchymal Runx2-null cell line is advanta-
geous for identifying Runx2-dependent mechan-
isms that promote osteoblast differentiation.

A key finding of our study of the Runx2DC/DC

knock-in cells, which express Runx2 D376, is
that the C-terminus of Runx2 is the critical
domain for mediating the BMP2 signal, com-
mitment to the osteogenic lineage and subse-
quent differentiation to the mature osteoblast.
This finding is consistent with the failure of
Runx2D391 and D376 deletionmutant proteins
to rescue osteoblast differentiation of the
Runx2-null cells. The molecular mechanism by
which Runx2 mediates BMP2 commitment and
differentiation to osteoblasts was first sug-
gested by the in vivo phenotype of the Runx2
DC/DC mouse which resulted in complete
absence of bone formation, a phenotype similar
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to the null mouse. This knock-in mutation
deleted the C-terminus which contains the
unique nuclear matrix targeting signal char-
acteristic of the Runx gene family. Our studies
show that the Runx2 deletion mutant that still
retains these interaction domains (D432) is
equally competent to activate the endogenous
Runx2 and Runx2 target genes as wild-type
protein. Thus, the activation and repression
domains between 432 and 528, identified by
earlier studies, including the VWRPY domain
that interactswithboth repressorTLE/Groucho
and activator isoform Grg5 [McLarren et al.,
2001; Wang et al., 2004], do not appear to be
necessary when compared to the 391–432
domain. Thus, while Runx2 is a scaffolding
protein that interacts with many factors to
attenuate gene expression for physiologic
levels, the effects of the interacting proteins in
the 432–528 domain appear to be dispensable
for basal activation and physiologic responsive-
ness of the target genes reflecting osteoblast
differentiation. However, the osteopontin gene
is an exception and requires an interacting
protein(s) between 432 and 528 for maximal
induction byBMP2 onDay4.BMP2 stimulation
of osteopontin in the presence of Runx2 D432 is
50% less than that observed for the wild-type
Runx2 at Days 8 and 12. This suggests a
selective requirement of the 432–528 region
for coregulatory protein interactions in the
mature osteoblast, but not in the proliferating
cell, for BMP2 induction of osteopontin. This
finding is further supported by the complete
failure of osteogenic differentiation and BMP2
response in the Runx2DC/DC immortalized cell
line (data not shown). These cells express
physiological levels of theC-terminal-truncated
Runx2 protein from the endogenous Runx2
locus. Although expressed proteins lack the
391–432 domain, they do retain normal DNA
binding and are competent to interact with
CBFb heteromeric partner [Choi et al., 2001;
Javed et al., 2000, 2001].

The C-terminus contains one of the most
important protein–protein interactions with
the coregulatory Smad proteins [Afzal et al.,
2005]. Previous studies have shown that BMP2
induction of osteoblast differentiation in C2C12
cells is dependent on Runx2 [Lee et al., 2000].
Our earlier study established that the Smad-
interacting domain and NMTS overlap and the
domain from 391 to 432 was required for robust
expression of the alkaline phosphatase marker

of early differentiation [Afzal et al., 2005].
Because BMP2 will induce endogenous Runx2
in C2C12 cells, the present study using Runx2-
null cells provides the definitive evidence for the
requirement of Runx2 to transduce the BMP2-
Smad osteogenic signal into expression of
appropriate genes for osteoblast differentiation.
Taken together, our findings strongly suggest
that although Runx2 binding to DNA is impor-
tant, formation of SMID/NMTS dependent
multi-regulatory protein complexes are also
essential for commitment and progression of
the osteoblast phenotype.
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