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The osteogenic Runt-related (Runx2) transcription factor nega-
tively regulates proliferation and ribosomal gene expression in
normal diploid osteoblasts, but is up-regulated in metastatic breast
and prostate cancer cells. Thus, Runx2 may function as a tumor
suppressor or an oncogene depending on the cellular context. Here
we show that Runx2-deficient primary osteoblasts fail to undergo
senescence as indicated by the absence of �-gal activity and
p16INK4a tumor suppressor expression. Primary Runx2-null osteo-
blasts have a growth advantage and exhibit loss of p21WAF1/CIP1

and p19ARF expression. Reintroduction of WT Runx2, but not a
subnuclear targeting-defective mutant, induces both p21WAF/CIP1

and p19ARF mRNA and protein resulting in cell-cycle inhibition.
Accumulation of spontaneous phospho-H2A.X foci, loss of telo-
mere integrity and the Mre11/Rad50/Nbs1 DNA repair complex,
and a delayed DNA repair response all indicate that Runx2 defi-
ciency leads to genomic instability. We propose that Runx2 func-
tions as a tumor suppressor in primary diploid osteoblasts and
that subnuclear targeting contributes to Runx2-mediated tumor
suppression.
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When exposed to inappropriate growth signals, mammalian
cells engage in elaborate mechanisms that provide alter-

native fates to prevent tumorigenesis. These defenses include
apoptosis and senescence, which guard against unrestrained
proliferation. Several tumor suppressors, including the retino-
blastoma protein (pRb), p53, and the products of the INK4b–
ARF–INK4a locus (p15–p19–p16), control telomere integrity,
cellular senescence, and genomic stability (1–4). Tumors arise
when cells override these intrinsic defenses. Cancer cells typically
exhibit independence from extrinsic growth signals, lack of
senescence or apoptosis, compromised telomeric integrity, and
genomic instability, as well as changes in nuclear organization (2,
4–6). However, mice with genetic ablations of tumor suppressors
are prone to tumorigenesis that is often lineage-restricted (7, 8).
These observations suggest that lineage-specific mechanisms
contribute to tumorigenesis.

Runt-related (Runx) transcription factors determine cell fate
and regulate lineage-specific proliferation and differentiation
(9–11). Genetic studies reveal that Runx1 is essential for defin-
itive hematopoiesis, Runx2 is required for osteogenesis, and
Runx3 is involved in gut development as well as neurogenesis
(12–16). Runx proteins support epigenetic regulation at mitosis
and control ribosomal gene expression during the cell cycle
(9–11, 17–19). Runx transcription factors are nuclear-scaffolding
proteins that integrate signaling pathways by organizing macro-
molecular complexes in nuclear microenvironments and facili-
tating chromatin remodeling (20). Mice with gene replacements
expressing subnuclear targeting defective mutants (mSTDs) of
Runx1 or Runx2 from the native loci exhibit phenotypes identical
to mice in which the gene has been ablated (21, 22), suggesting

that the biological activity of Runx proteins requires fidelity of
subnuclear targeting.

Runx proteins are mutated, deleted, silenced, or ectopically
expressed in a variety of solid tumors and leukemias (23–25). The
Runx1 gene is a frequent target of chromosomal translocations
in acute myeloid leukemia (AML) patients (24), whereas Runx3
is often deleted or silenced in gastric cancer cells (15, 25). These
findings strongly suggest that Runx1 and Runx3 function as
tumor suppressors. In contrast, Runx2 up-regulation in breast
and prostate cancer cells, which metastasize to bone, correlates
with their metastatic potential and coincides with higher expres-
sion of metastatic gene markers such as MMP9 (26–28). Fur-
thermore, Runx2 up-regulation does not impede cell-cycle pro-
gression in cancer cells. In contrast, in normal osteoblasts, Runx2
ablation accelerates proliferation and increases ribosomal gene
expression (18, 19, 29, 30). Together these observations indicate
that Runx2 may function as a tumor suppressor in some cell types
and have oncogenic potential in others. In this study, we show
that Runx2 deficiency and defective subnuclear targeting in
primary osteoblasts bypass senescence to promote immortaliza-
tion and tumorigenic phenotype.

Results
Absence of Senescence in Runx2-Deficient Osteoblasts. Cellular
senescence is a physiological defense mechanism against un-
restrained cell proliferation. As Runx2-null osteoblasts hyper-
proliferate, we investigated whether these cells exhibit disrup-
tion of pathways leading to senescence. Primary osteoblasts
derived from calvaria of WT and Runx2-deficient mice at
embryonic day 17.5 (E17.5) were initially examined for com-
petency for senescence. Cells were cultured ex vivo following
the standard 3T3 protocol and were stained for the activity of
senescence-associated �-gal (SA �-gal) at passage 5. WT
osteoblasts showed strong SA �-gal staining, whereas the null
osteoblasts were essentially negative (Fig. 1A). Furthermore,
WT osteoblasts are three to four times larger than null
osteoblasts, another hallmark of senescence (Fig. 1B). We
confirmed the loss of senescence in null osteoblasts by showing
that, although the p16INK4a tumor suppressor is expressed at
comparable levels in both cell types at passage 3, null osteo-
blasts lose the expression of p16 as a function of cell passage
in culture (Fig. 1 C and D). Taken together, our findings show
that disruption of the Runx2 gene in diploid osteoblasts results
in a loss of cellular senescence.
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Defective Subnuclear Targeting of Runx2 Prevents p21WAF1/CIP1-Medi-
ated Cell-Cycle Inhibition in Primary Osteoblasts. We investigated the
mechanism by which loss of Runx2 provides a growth advantage to
primary osteoblasts. Cell-cycle profiles of WT and null osteoblasts
were indistinguishable at passage 3 (data not shown). However, WT
osteoblasts showed a significantly decreased proliferative rate,
compared with the null osteoblasts, when cultured ex vivo through
eight passages (Fig. 2A). Because the cyclin-dependent kinase
(CDK) inhibitor p21 is a direct target of Runx2 and attenuates
cell-cycle progression in immature osteoblast progenitors (31), we
monitored its expression in WT and null osteoblasts. Levels of p21
are significantly decreased in null osteoblasts at passages 2 and 6
(Fig. 2B). These results suggest that loss of p21 expression in the
absence of Runx2 may be mechanistically related to escape from
senescence. We next examined whether the subnuclear targeting
function of Runx2 is required for its senescence-related activity.
Reintroduction of WT Runx2, but not an mSTD that is incapable
of targeting Runx2 to nuclear microenvironments (32), restores
both transcript and protein levels of p21 (Fig. 2 C and D). However,
the p21 gene promoter is occupied in vivo by both the WT and
mSTD proteins (Fig. 2E). These results demonstrate that Runx2
deficiency and defective subnuclear targeting contribute to the ex
vivo growth advantage of null osteoblasts through a p21-dependent
mechanism.

Runx2-Deficient Primary Osteoblasts Show Hallmarks of Genomic
Instability. The loss of cellular senescence and concomitant growth
advantage of Runx2-deficient cells may result in increased genomic
instability to further promote immortalization. Therefore, we in-
vestigated whether null osteoblasts accumulate spontaneous DNA
damage by immunostaining for phosphorylated histone H2A.X
(�H2A.X) (Fig. 3A), a marker of double-strand DNA breaks. The
number of �H2A.X foci per cell and the percentage of positive cells

both increase as a function of cell passage in null osteoblasts (Fig.
3B). In contrast, WT osteoblasts exhibit lesser accumulation of
�H2A.X foci and only at later passages. Telomere repeat factor-2
(TRF2) is a measure of telomeric integrity; loss of TRF2 is a key
indicator of cellular immortalization and tumorigenic potential.
Runx2-null osteoblasts show an absence of the punctate TRF2
staining present in WT cells (Fig. 3C), but cellular TERT-mediated
telomerase activity is unaltered (data not shown). Together these
findings show that genomic stability is compromised and suggest
that DNA repair pathways are impaired in Runx2-deficient diploid
osteoblasts.

To investigate mechanisms contributing to the accumulation of
spontaneous DNA damage in Runx2-null osteoblasts, we compared
the DNA damage response of WT and null osteoblasts after a
sublethal dose (5 Gy) of ionizing irradiation. Cells were immuno-
stained for �H2A.X and counted (n � 50) at various time points
after irradiation. Null osteoblasts display a pronounced delay in
DNA repair (Fig. 4A). A comparison of WT and null osteoblasts for
the expression of components of the Mre11/Rad50/Nbs1 (MRN)
DNA repair complex shows that Rad50 expression is diminished in
null osteoblasts at both the transcript (bar graphs) and protein
(immunofluorescence and Western blots) levels (Fig. 4B). Rein-
troduction of either WT or mSTD Runx2 into null osteoblasts
shows that both Runx proteins occupy the Rad50 promoter in vivo
(Fig. 4C), although only the WT Runx2 restores expression of
Rad50 (Fig. 4D). Accumulation of spontaneous DNA damage,
absence of Rad50, and delayed DNA repair demonstrate that null
osteoblasts exhibit intrinsic genomic instability. We propose that
the enhanced propensity of Runx2-null osteoblasts to acquire
chromosomal abnormalities may increase the potential to develop
an immortalized phenotype ex vivo.

Runx2 Deficiency Results in Loss of the p19ARF Tumor Suppressor.
Senescence and genomic instability are controlled by the p53–
p19ARF pathway. The p19ARF tumor suppressor is a known target

Fig. 1. Absence of senescence in Runx2-deficient osteoblasts. Primary calvarial osteoblasts isolated from WT and Runx2-deficient KO mice were cultured ex
vivo according to the standard 3T3 protocol for cell passage. (A) WT and KO osteoblasts grown at passage 5 were stained for the activity of SA �-gal. WT
osteoblasts showed significantly higher SA �-gal activity (blue), compared with KO osteoblasts. (B) At passage 5, both WT and KO osteoblasts were plated on
gelatin-coated coverslips and immunostained for microtubules (tubulin, green) to assess the size of the cells 24 h after plating. Cells also were counterstained
with DAPI to visualize the nucleus. The size of 20 WT and 20 KO cells was measured by using the image analysis software MetaMorph. The bar graph represents
the average size of 20 WT and 20 KO cells in pixels. (C) WT and KO osteoblasts grown at passage 5 also were immunostained for p16INK4a, a tumor suppressor
and marker for cellular senescence. The expression of p16INK4a was significantly reduced in KO osteoblasts. The results were further supported by Western blot
analysis of cell lysates isolated from WT and KO osteoblasts at various passages. (D) The p16INK4a expression was gradually decreased in higher passage KO
osteoblasts, whereas WT cells showed a high expression of p16INK4a.
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of the hematopoietic factor Runx1 (33). Therefore, we directly
addressed whether p19ARF is regulated by Runx2 in osteoblast
progenitors. Although WT osteoblasts show robust expression,
p19ARF expression is substantially decreased in Runx2-null osteo-
blasts at both the protein and mRNA levels (Fig. 5A). Forced
expression of WT or mSTD Runx2 in Runx2-null osteoblasts shows
that both proteins occupy the genomic p19ARF promoter in vivo as
assessed by ChIP (Fig. 5C). However, only WT Runx2 restored
p19ARF expression at mRNA and protein levels (Fig. 5 D and E).
These data demonstrate that Runx2 directly regulates p19ARF

tumor suppressor in a subnuclear targeting-dependent manner, and
its deficiency may promote acquisition of tumorigenic properties.

Discussion
In this study, we examined the biological function of Runx2 during
osteoblast progenitor proliferation. Our results show that Runx2
directly controls the expression of key cell-cycle attenuators and
checkpoint regulators, including p16INK4a, p21CIP1/WAF1, and
p19ARF, whereas a subnuclear targeting-defective mutant of Runx2
does not. The combined loss of these principal factors upon ablation
of Runx2 function sensitizes osteoprogenitors to mitogenic growth
factor signaling, decreases options for cell-cycle arrest in response

to genomic instability, and impairs activation of the proapoptotic
p53 pathway. Concomitant with these molecular aberrations,
Runx2 deficiency bypasses senescence, increases proliferative po-
tential and immortalization, and causes impaired DNA damage
responses and genomic instability. Taken together, our results
provide converging evidence that Runx2 functions as a tumor
suppressor in osteoblast progenitors.

Our findings that Runx2 has tumor suppressor properties in the
osteogenic lineage are consistent with results reported for the other
two Runx-related transcription factors, Runx1 and Runx3. Runx1/
AML1 is frequently mutated or translocated in proliferative dis-
orders of the hematopoietic lineage, including AML and myelo-
dysplastic syndrome (24). Runx3 is deleted or silenced in cancers of
the gastrointestinal tract, including gastric,colorectal, and pancre-
atic carcinomas (25). Thus, our data support the emerging concept
that all three Runx proteins share inherent growth-suppressive and
cancer-linked properties.

Notwithstanding the evident roles of Runx proteins in limiting
cell proliferation, Runx2 also has been identified as an oncogene
that cooperates with Myc in the etiology of T cell lymphomas
(Til-1) (34). Furthermore, Runx2 is elevated and deregulated in
osteosarcomas and is ectopically expressed in metastatic breast

Fig. 2. Runx2-deficient osteoblasts exhibit growth advantage ex vivo owing to the loss of p21WAF1/CIP1. (A) Primary diploid WT and KO osteoblasts were cultured ex
vivo according to the standard 3T3 protocol. Cells were counted at each passage and replated at the initial plating density (i.e., 3 � 105). The line graph represents the
number of cells at the time of each passage. WT osteoblasts showed a considerable decrease in their rate of proliferation as a function of increasing passage. (B) Total
cellularRNAwas isolatedfromWTandKOosteoblastsgrownatthe indicatedpassagesandwassubjectedtoquantitativeRT-PCRtoassess theexpressionofp21WAF1/CIP1,
a CDK2 inhibitor. KO osteoblasts showed a significant decrease in the expression of the p21WAF1/CIP1 transcript. KO osteoblasts grown on passage 3 were infected with
retroviruses carrying the empty vector (EV) or cDNAs for the WT or an mSTD of Runx2. Cells were harvested 48 h after infection for total cellular RNA isolation, ChIP,
or immunostaining for p21WAF1/CIP1. (C) As shown, the WT Runx2 restored the expression of p21WAF1/CIP1 in KO osteoblasts, whereas the mSTD Runx2 failed to enhance
the p21WAF1/CIP1 expression. (D) Immunostaining revealed that the p21WAF1/CIP1 protein levels also were restored by the WT protein but not the mSTD Runx2 protein.
(E) Both the WT and mSTD Runx2 proteins occupied the p21WAF1/CIP1 promoter in vivo as assessed by ChIP assay.
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and prostate tumor cells (26–28). Although activation of Runx2
in cancer cells does not impede growth, it may reflect a gain of
function that contributes to stages of tumorigenesis. We suggest
that Runx2 biologically acts as a tumor suppressor or oncopro-
tein depending on cellular context, developmental stage, and/or
tissue microenvironment.

The ability of Runx2 to influence major parameters of cell cycle
and growth control may directly reflect its molecular activity as a
scaffolding regulator that supports subnuclear integration of mul-
tiple proliferation-related signaling pathways (35, 36). Our findings
demonstrate that subnuclear targeting of Runx2 is important for the
expression of both p21CIP1/WAF1 and p19ARF, which mediate anti-
proliferative mechanisms in osteoblasts where Runx2 is endoge-
nously expressed.

As we have observed for Runx2, loss of classical tumor suppres-
sors (e.g., p53 and pRb) leads to increased proliferation, genomic
instability, and acquisition of chromosomal abnormalities (7, 8).
Runx2, p53, and pRb all control cell proliferation by regulating
cell-cycle progression and mediating cell growth through effects on
ribosomal biogenesis (18, 19, 30, 37, 38). Abrogation of tumor
suppressor pathways controlled by p53 and pRb, which are ubiq-
uitously expressed, results in the development of diverse tumors
that are confined to specific tissues (7, 8), indicating that lineage-
specific mechanisms are involved. Our results suggest that Runx2
belongs to an expanding class of proliferation regulators that are
lineage-restricted and together may account for tissue-specificity of
tumor formation.

Fig. 3. Runx2-deficient osteoblasts exhibit hallmarks of genomic instability. (A) WT and KO osteoblasts grown at the indicated passages were subjected to
immunofluorescence. Spontaneous DNA damage was assessed by staining cells with an antibody against the phosphorylated form of histone variant H2A.X
(�H2A.X). (B) The increased incidence of spontaneous DNA damage in KO osteoblasts is quantitatively represented in a bubble graph. One hundred cells were
counted for each of WT and KO osteoblasts. Cells that showed �H2A.X staining were scored as positive and are represented in the graph as percentage of positive
cells (the y axis). In each positive cell, the number of �H2A.X foci also was counted and is represented on the x axis. Thus, the size of each bubble reflects the number
of positive cells at each passage, as well as the number of �H2A.X foci in each positive cell. (C) WT and KO osteoblasts grown on gelatin-coated coverslips at
passage 5 were immunostained for TRF2, a regulatory protein required for the maintenance and integrity of telomeric ends. WT osteoblasts exhibited the
expected punctate staining of TRF2, whereas KO cells showed diffused TRF2 localization, indicating a loss of telomeric integrity. TRF2 is a known regulator of
ribosomal gene expression and also is localized to nucleoli (demarcated here by dotted line circles).

Fig. 4. Runx2-deficient osteoblasts lack components of the MRN DNA repair complex and exhibit delayed DNA repair response. (A) WT and KO osteoblasts
grown on coverslips at passage 3 were irradiated with 5 Gy ionizing radiation (IR). Cells were then subjected to immunofluorescence at the indicated time points
after the IR. The appearance of �H2A.X foci was used as an assessment of DNA damage. The �H2A.X foci were counted in 50 WT and 50 KO osteoblasts. (B)
Expression of Rad50, an integral component of the MRN complex involved in DNA damage response, was assessed in the WT and KO osteoblasts by
immunofluorescence (Left) and qualitative RT-PCR (Right). KO osteoblasts grown at passage 3 were infected with retroviruses carrying the EV or cDNAs for the
WT or a mSTD of Runx2. Cells were harvested 48 h after infection for total cellular RNA isolation and ChIP. (C) ChIP assay revealed that both WT and mSTD Runx2
proteins occupied Rad50 promoter in vivo. (D) However, only the WT protein was able to restore Rad50 transcript levels.
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Materials and Methods
Cell Culture. Primary calvarial osteoblasts were isolated from mouse
embryos (17.5 days postcoitum) of WT or Runx2-null mice. Cells
were frozen at passage 2 in BamBanker freezing medium (Wako
Chemical) for subsequent experiments. For experiments, cells were
maintained in �-MEM containing 10% FCS (HyClon), penicillin,
streptomycin, and L-glutamine.

Adenoviral Transduction of Cells. Adenovirus expressing WT and
mSTDs were generated by Adenovator system (BIOgene) and have
been reported previously (39). Runx2-null cells were plated at a
density of 1 � 105 cells per well of a six-well plate or 1 � 106 cells
per 100-mm plate. Cultures at 70% confluence were infected with
the Runx2 adenovirus in �-MEM without serum. After 90 min, cells
were washed with serum-free �-MEM and fed with complete
�-MEM until harvest.

SA �-Gal Staining. SA �-gal staining was performed to detect the
extent of senescent cells in the culture (40). Briefly, cells at 70%
confluence were fixed in 2% formaldehyde/0.2% glutaraldehyde
and incubated with staining solution [1 mg/ml X-gal, 5 mM
K3[Fe(CN)6], 5 mM K4[Fe(CN)6]�3H2O, 2 mM MgCl2, 150 mM
NaCl in 40 mM citric acid/sodium phosphate (pH 6.0)] for 4–6 h at
37°C. Cells were then observed under microscope and
photographed.

In Situ Immunofluorescence. WT and Runx2-null cells were plated
at a density of 0.6 � 105 cells per well on gelatin-coated coverslips
in six-well plates. Cells were processed in situ for whole cell, and
digital microscopic analyses were carried out as described previ-
ously (41). Runx2, p21, p16, p19, and Rad50 were detected by rabbit
polyclonal antibodies at a dilution of 1:200 (Santa Cruz Biotech-
nology) and tubulin with a mouse monoclonal antibody against
�-tubulin (Sigma–Aldrich) at a dilution of 1:2,000. Secondary
antibodies used were Alexa Fluor 488 anti-rabbit or Alexa Fluor 568
anti-mouse (Molecular Probes) at a dilution of 1:1,000. Slides were

examined on a Zeiss Axioplan 2 microscope fitted with epifluo-
rescence attached to a CCD camera. Images were saved and
processed by using MetaMorph imaging software, version 6.1
(Universal Imaging).

Western Blot Analysis. Whole-cell lysates from WT and Runx2-null
cells infected with various adenoviruses were resolved by gradient
gel electrophoresis, and proteins were transferred to an Immobilon
(Millipore) membrane. The blots were blocked in PBS containing
5% nonfat dry milk for 1 h. Blots were incubated for 1 h at room
temperature with 1:1,000 dilution of the primary antibody in PBS
solution containing 1% milk. The blots were washed four times with
the PBS-T solution and incubated for 1 h at room temperature with
1:5,000 dilution of appropriate horseradish peroxidase-conjugated
goat secondary antibodies (Santa Cruz Biotechnology). After four
washes with PBS-T solution, the immunoreactive bands were
detected with ECL (Amersham Pharmacia Biotech) by exposing
blots to XAR-5 film (Kodak).

RT-PCR and Quantitative Real-Time PCR. First, 1 �g of total RNA was
reverse-transcribed by using SuperScript first strand synthesis kit
(Invitrogen) according to the manufacturer’s protocol. Then, 1 �l
of freshly reverse-transcribed cDNA and the fluorescent SYBR
Green I dye was used to monitor DNA synthesis (SYBR Green
PCR master mix; Applied Biosystems) in a real-time PCR assay.

ChIP Assay. ChIP assays were performed as previously described
(42). Briefly, formaldehyde cross-linking was performed for 10 min,
and samples were sonicated to obtain DNA fragments with an
average size of 400–500 bp. Protein–DNA complexes were immu-
noprecipitated by using Runx2 antibody (M-70; Santa Cruz Bio-
technology). DNAs were purified and subjected to quantitative
real-time PCR amplification. Graphs were represented as
percentage of input.

This work was supported by National Institutes of Health Grants
CA082834 and AR048818.

Fig. 5. Expression of p19ARF tumor suppressor is severely compromised in Runx2-null osteoblasts. (A) Total cellular RNA was isolated from WT and KO osteoblasts
grown at the indicated passages and was subjected to quantitative RT-PCR to assess the expression of p19ARF, an effector of the p53 tumor suppressor pathway.
KO osteoblasts showed a significant decrease in the expression of the p19ARF transcript. (B) Total cell lysates were resolved by gradient gel electrophoresis.
Consistent with the p19ARF transcript levels, KO osteoblasts showed substantial down-regulation of p19ARF protein. KO osteoblasts grown on passage 3 were
infected with adenoviruses carrying the EV or cDNAs for the WT or an mSTD of Runx2. (C–E) Cells were harvested 48 h after infection for ChIP (C), total cellular
RNA isolation (D), or immunostaining (E) for p19ARF. (C) As shown, both the WT and mSTD Runx2 proteins occupied the p19ARF promoter in vivo as assessed by
ChIP assay. (D) However, only WT Runx2 restored the expression of p19ARF in KO osteoblasts, whereas the mSTD Runx2 failed to enhance the p21WAF1/CIP1

expression. (E) In addition, immunostaining revealed that the p19ARF protein levels also were restored by the WT protein but not the mSTD Runx2 protein.
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