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ABSTRACT

The Runx2 (CBFAL/AML3/PEBP2aA) transcription factor promotes
lineage commitment and differentiation by activating bone phenotypic
genes in postproliferative osteoblasts. However, the presence of Runx2 in
actively dividing osteoprogenitor cells suggests that the protein may also
participate in control of osteoblast growth. Here, we show that Runx2 is
stringently regulated with respect to cell cycle entry and exit in osteo-
blasts. We addressed directly the contribution of Runx2 to bone cell
proliferation using calvarial osteoblasts from wild-type and Runx2-defi-
cient mice (i.e., Runx2~/~ and Runx22%/A€), Runx22¢/A€ mice express a
protein lacking the Runx2 COOH ter minus, which integrates several cell
proliferation-related signaling pathways (e.g., Smad, Yes/Src, mitogen-
activated protein kinase, and retinoblastoma protein). Calvarial cells but
not embryonic fibroblasts from Runx2~/~ or Runx22“/A€ mutant mice
exhibit increased cell growth rates as reflected by elevations of DNA
synthesis and G,-S phase markers (e.g., cyclin E). Reintroduction of
Runx2 into Runx2~'~ calvarial cells by adenoviral delivery restores strin-
gent cell growth control. Thus, Runx2 regulates normal osteoblast prolif-
eration, and the COOH-terminal region is required for this biological
function. We propose that Runx2 promotes osteoblast maturation at a key
developmental transition by supporting exit from the cell cycle and acti-
vating genes that facilitate bone cell phenotype development.

INTRODUCTION

Stringent positive and negative control of the proliferative expan-
sion of mesenchymal cells, osteoprogenitor cells, and immature os-
teoblasts is critical for normal skeletal development and bone forma-
tion. Osteoprogenitors represent mesenchymal cells that are
committed to the bone lineage and can differentiate into osteoblasts,
which are the principal cells that contribute to skeletogenesis by
mediating extracellular matrix mineralization. Osteoprogenitors pro-
liferate in response to mitotic growth factors and must expand into the
appropriate number of osteoblasts to support normal formation of
distinct skeletal elements. Osteoprogenitor expansion reflects the bal-
ance of cell growth and surviva. This balance is controlled by both
circulating factors (e.g., growth factors, cytokines, and steroid hormones)
and tissue architecture-related signals (e.g., cell-cell contact and cell
adhesion) that have either growth-stimulatory or inhibitory effects.

Cell growth control is mediated in part at the transcriptiona level,
and there are cell cycle stage-specific demands for de novo synthesis
of proteins (e.g., histones and cyclins; Ref. 1). Yet, there is a paucity
of data on transcription factors known to control cell growth of
osteoblasts. The Runt-related transcription factor Runx2 has a well-
defined role in mediating the final stages of osteoblast maturation and
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is required for normal osteogenesis. Runx2 deficiency or mutations
affecting the function of Runx2 protein cause severe bone abnormal-
ities in mouse and human (2-5). Deletion of the COOH terminus of
Runx2, which interacts with a series of cell signaling responsive
cofactors, generates bone defects that are comparable with the Runx2
null mouse (5). Runx2 is up-regulated during osteoblast differentia-
tion to support the activation of bone-specific genes. However, Runx2
is aready expressed at early stages of chondrogenesis (6-9), in
actively proliferating immature osteoblasts (10, 11), and in C2C12
myoblast cells before BMP-2-dependent osteogenic differentiation
(10-12). The expression of Runx2 in distinct proliferating mesenchy-
mal cell types does not necessarily result in activation of mature bone
phenotypic markers. These observations raise the question of whether
Runx2 has a regulatory function in proliferating osteoblasts before
osteoblast maturation.

In this study, we provide evidence that Runx2 is tightly regulated
during entry into and exit from the cell cycle, and that Runx2 supports
stringent control of osteoblast cell growth. Hence, our resultsindicate that
Runx2 has a dua hiological role in the osteogenic lineage by attenuating
osteoblast growth and promoting bone phenotype maturation.

MATERIALS AND METHODS

Cell Growth Analysis. The osteoblastic cell line MC3T3-E1 was main-
tained in a-MEM supplemented with 10% FBS.* Cells were seeded in either
six-well or 100-mm plates a 0.08 X 10° cellswell or 0.4 X 10° cellgplate,
respectively. The growth medium was changed every 2 days and cultured until
confluent (at 8 days). For serum deprivation experiments, cells were grown for
3 days, then washed three timesin PBS, and refed with « MEM plus 10, 5, 2.5,
1, or 0% FBS. Cells were maintained in culture for 2 days before harvesting.
Growth rates were assessed by cell counting and FACS analysis.

MC3T3 cells were synchronized in the Gy/G, phase of the cell cycle by
serum starvation. Briefly, exponentially growing cells in a-MEM plus 10%
FBS were washed three times in PBS on day 3 and cultured in serum-free
medium for 48 h. Then, the cells were stimulated to progress through the cell
cycle by removing medium and adding a-MEM plus 10% FBS. After serum
stimulation, cells were harvested at selected time points for Western blot
analysis and FACS analysis.

The distribution of cells at specific cell cycle stages was evaluated by flow
cytometry. Cellswere trypsinized, washed with PBS, and fixed in 70% ethanol
at —20°C overnight. Cells were stained with propidium iodide and subjected
to FACS analysis based on DNA content (13). The samples (1 X 10° cells)
were analyzed for cell cycle distribution using the FACStar cell sorter and
Consort 30 software (Becton Dickinson, Mountain View, CA).

Calvarial osteoblasts were isolated from wild-type and homozygous mouse
embryos at 17.5 dpc. Runx2-deficient mice were identified by soft X-ray
analysis and genotyped by using PCR analysis as described previously (5).
Normal diploid osteoblasts are obtained from the central bone area (i.e.

4 The abbreviations used are: FBS, fetal bovine serum; FACS, fluorescence-activated
cell sorter; TCA, trichloroacetic acid; RT-PCR, reverse transcription-PCR; dpc, days
postcoitum; GFP, green fluorescent protein; FGF, fibroblast growth factor; FGFR, fibro-
blast growth factor receptor; TGF, transforming growth factor; CDK, cyclin-dependent
kinase; CBFA, core binding factor alpha; PEBP, polyoma enhancer binding protein;
AML, acute myelogenous leukemia; BMP, bone morphogenetic protein.
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removing suture tissue) of calvariafrom 17.5 dpc embryos. Cells were isolated
and maintained as described previously (14). Briefly, calvariawere minced and
subjected to three sequential digestions (8, 10, and 26 min) with collagenase P
(Roche Molecular Biochemicals, Indiana, IN) at 37°C. Osteoblasts in the third
digest were collected and resuspended in a-MEM supplemented with 10%
FBS. Cells were plated at a density of 1 X 10° cells/six-well plate.

Measurement of DNA synthesis in cavarial cells was performed by
[®H]thymidine incorporation (15). Briefly, calvarial cells isolated from wild-
type or homozygotes were plated in 12-well platesat 5 x 10 cell/well. After
24 h, [®H]thymidine was added to culture medium to a final concentration of
5 uCi/ml and incubated at 37°C for 30 min. Medium was removed by
aspiration, and cells were washed twice with ice-cold serum-free a-MEM.
Cells were extracted twice with 10% TCA on ice for 5 min. TCA precipitates
were solubilized by adding 10% SDS for 2 min at room temperature. Cells
were harvested, and the amount of radioactivity was measured by liquid
scintillation counting (Beckman Instruments, Inc., Fullerton, CA).

Western Blot Analysis. Cell cycle and cell growth markers of MC3T3-E1
cells and primary calvarial cells were analyzed by western blot analysis as
described previously (16, 17). Briefly, total cellular protein or nuclear extracts
were resolved in 10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Immobilon-P; Millipore Corp., Bedford, MA). Blots were incu-
bated with a 1:2000 dilution of each primary antibody for 1 h. Rabbit poly-
clonal antibodies (CDK2, cyclin A, cyclin B1, E2F-1, and cyclin E), mouse
monoclonal antibody (cyclin D1), and goat polyclonal antibodies (actin) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse
monoclona antibodies specific for lamin B (Zymed Laboratories, Inc., San
Francisco, CA) and Runx2 (18) were also used in these studies. Membranes
were then incubated with horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology, Inc.) for 1 h. Immunoreactive protein bands
were visualized by chemiluminescent detection (ECL kit; Amersham Pharma-
cia Biotech Inc., Piscataway, NJ), and signa intensities were quantitated by
densitometry. Each experiment was repeated at least three times.

Adenoviral Infection of Calvarial Osteoblasts. Calvaria cellswere trans-
duced with an adenovirus vectors expressing human RUNX2 under control of
the CMV promoter or the corresponding empty vector (pQBI-Ad-CMV5 GFP,
Q.BlOgene, Carlsbad, CA). Virus particles were administered at 50 plague-
forming unit/cell in «-MEM with 1% FBS and incubated for 1 h at 37°C.
Dishes were rotated every 5 min for the first 15 min to ensure that al of the
cells were exposed to the virus. After 1 h, medium was aspirated, and cultures
were rinsed twice with serum-free medium, and then fresh medium supple-
mented with 10% FBS was added to the dishes. Growth rates were monitored
by counting cells at regular intervals.

Northern Blot Analyses and RT-PCR. Tota RNA was isolated sepa-
rately from the head and lower body of eviscerated embryos at 17.5 dpc or
from MC3T3 cells by using TRIzol reagents (Life Technologies, Inc., Rock-
ville, MD). Standard procedures were used for northern blot analyses and for
hybridization with a probe specific for akaline phosphatase, collagen type 1,
osteopontin, and glyceraldehyde-3-phosphate dehydrogenase, and RT-PCR
was carried out by using primers specific for mouse osteocalcin sequence:
forward primer 5’-TCT GAC AAA CCT TCA TGT CC-3' and reverse primer:
5-AAA TAG TGA TAC CGT AGA TGC G-3'.

RESULTS

Runx2 Expression |s Stringently Regulated with respect to Cell
Growth. To understand the relationship between osteoblast prolifer-
ation and Runx2 expression, we analyzed Runx2 levels during the
proliferative expansion of mouse MC3T3 cells and subsequent ces-
sation of growth. The cell growth was monitored by cell counting at
each day of the culturing period. The data show that cells reach
confluence after 6—7 days and that proliferation has ceased because of
contact inhibition (Fig. 1A). This growth inhibition is reflected by a
decrease in the levels of the cell cycle markers cyclin E (G;-S related)
and cyclin A (S/G,-related) and the proliferation-related kinase
CDKZ2, as determined by western blot analysis (Fig. 1B). Strikingly,
whereas Runx2 protein is maintained at low but detectable levels in
actively proliferating MC3T3 cells, the levels are dramatically in-
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Fig. 1. Runx2 expression isinversely correlated with proliferation in mouse osteoblas-
tic MC3T3 cells. A, the graph shows the growth profile of mouse osteoblastic MC3T3
cells, which were cultured until confluence. Proliferation was monitored by determining
cell number (X axis) at daily intervals (Y axis). B, western blot analysis shows the levels
of Runx2 and cell cycle regulatory proteins during proliferation and cessation of cell
growth of MC3T3 cells. Protein levels of actin were measured as an interna standard.
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creased as cell division ceases (Fig. 1B). Hence, these data indicate
that the level of Runx2 is inversely correlated with the rate of
osteoblast proliferation.

To examine directly the correlation between Runx2 and cell
growth, we assessed Runx2 levels during inhibition of MC3T3 pro-
liferation by serum deprivation (Fig. 2). Cells were cultured in com-
plete medium for 3 days until the onset of exponential growth (see
Fig. 1A) and were then maintained for 2 additional days in either
normal or reduced serum concentrations ranging from 10% to 0%.
Reduced serum concentrations diminished MC3T3 cell growth as
established by cell counting (Fig. 2A). Decreased growth is reflected
by a strongly decreased number of S phase cells and increased
representation of cells arrested in the G,/G, phase as revealed by
FACS analysis (Fig. 2B). Western blot analysis demonstrates that
growth arrest by serum deprivation increases the levels of Runx2
5-fold (Fig. 2, D and E). We note that cells exit the cell cycle because
of serum deprivation and, thus, remain in a subconfluent state (Fig.
2A). In addition, bone phenotypic markers, which are normally up-
regulated in differentiated osteoblasts, are not elevated in serum-
deprived cells (Fig. 2C). Taken together, these data establish that
Runx2 is induced as a consequence of cell proliferation arrest rather
than contact inhibition or onset of differentiation.

Runx2 Levels Are Down-Regulated on Cell Cycle Entry. Be-
cause Runx2 levels are increased when cells are arrested in Gy/G,, we
experimentally addressed whether this elevation is reversible and
whether Runx2 levels are regulated when cells are allowed to re-enter
cell cycle. Cells arrested in G,/G, for 48 h were stimulated by the
addition of serum, and cell cycle progression was monitored by flow
cytometric analysis (Fig. 3A). The percentage of cellsin S phase is
dramatically increased within the first 24 h of cell cycle traverse from
quiescence (0 h, 3.6% cellsin S phase; 24 h, 17.6% cellsin S phase).
The resumption of cell proliferation is reflected by increased levels of
the cell cycle regulatory proteins, cyclins A and E, as well as the
growth factor-dependent increase in CDK2. Our key finding is that
Runx2 levels decline after cell cycle entry (4—8 h) and are lowest
when cells exhibit active proliferation at 24 h (Fig. 3B). Thus, the
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Fig. 2. Runx2 protein is increased in MC3T3 cells arrested in Gy/G, by serum
deprivation. A and B, cell growth rates (A) and cell cycle distribution (B) were determined
for MC3T3 cells, which were grown in the presence of reduced serum concentrations
(from 10% to 1%) or in the absence of serum (0%) for 48 h after modulation. C, northern
blot analysis of cells harvested 48 h after serum reduction or deprivation were analyzed
for expression of bone phenotypic markers. D, western blot analysis was performed to
assess Runx2 protein levels relative to a panel of cell cycle markers and lamin B. E,
graphic presentation of Runx2 levels during serum deprivation shows a gradual increase
up to 5-fold on decreasing serum concentrations.

elevation of Runx2 in quiescent cells is reversed when cells progress
from Gy/G; to S phasein MC3T3 cells. We conclude that the increase
in Runx2 levels that is evident when cells become contact inhibited
(Fig. 1B) or serum deprived (Fig. 2D) and the decrease in Runx2
levels when cells re-enter the cell cycle (Fig. 3B) all clearly indi-
cate that Runx2 is regulated stringently with respect to the Gy/G,
transition.

Runx2 Deficiency Causes Loss of Stringent Cell Growth Con-
trol. The increased levels of Runx2 in growth-arrested cells suggest
that this protein may actively support the nondividing state and
participate in cell growth-inhibitory mechanisms. To study the regu-
latory role of Runx2 in proliferation in vivo, we examined the growth

properties of primary calvarial cells isolated from the Runx2 /'~
(knockout) and Runx22<"A€ (knock-in) mouse models, Runx24</A¢
mice exhibit a skeletal phenotype comparable with the Runx2~/~
mice and express a COOH-terminally truncated Runx2 protein that is
incapable of supporting osteoblast maturation (5). During ex vivo
growth, we observed that osteogenic cells from the calvaria regions
of Runx22<'A€ mice exhibit increased cell density as compared with
wild-type cells (Fig. 4A). As expected, the mutant cells express lower
levels of bone phenotypic markers (Fig. 4B). We directly compared
the rate of proliferation of calvaria cells isolated from wild-type,
Runx22<'€ and Runx2~/~ embryos at 17.5 dpc (Fig. 4, C and D).
Equal numbers of cells were plated in MEM supplemented with 10%
FBS, and growth profiles were monitored for up to 4 weeks by cell
counting at regular intervals. Cells from Runx22</2€ and Runx2 '~
mutant mice show significantly enhanced proliferation compared with
wild-type cells (Fig. 4, C and D). The differences in cell growth
appear to be restricted to the osteogenic lineage, because no differ-
ences in proliferation were observed for wild-type and AC/AC mutant
embryonic fibroblasts (Fig. 4E); fibroblasts do not express endoge-
nous Runx2 (data not shown; Ref. 19). The increased proliferative
potential of calvarial cells from Runx22<’A< and null mice compared
with wild-type cells is reflected by increased DNA synthesis rates
measured by [*H]thymidine incorporation (Fig. 4F) and elevated
levelsof cell cycle markers (e.g., cyclin E) determined by western blot
analysis (Fig. 4G). Taken together, our data indicate that Runx2-
deficient calvarial cells exhibit increased growth potential and suggest
that wild-type Runx2 may normally function as acell growth inhibitor
in immature osteoblasts.

Reintroduction of Runx2 into Runx2-deficient Cells Restores
Cell Growth Control. Because Runx2 deficiency increases the rate
of cell proliferation in osteoblasts, we examined whether reintroduc-
tion of Runx2 can restore stringent cell growth control. Runx2 null
calvarial cells were transduced with an adenoviral vector expressing
wild-type Runx2 (Fig. 5). Under our experimental conditions, >90%
of the cells express exogenous proteins as established by microscopic
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Fig. 3. Release from Gy/G, to S phase decreases Runx2 protein levels in mouse
osteoblastic MC3T3 cells. A, cell cycle stages were monitored by flow cytometric analysis
in cells arrested in Gy/G, phase by serum deprivation and then allowed to proceed to S
phase after serum stimulation. Cells were harvested at multiple time points (i.e., 0, 4, 8,12,
18, and 24 h) after serum stimulation. B, levels of Runx2, cell cycle regulatory proteins,
and actin were examined at the same time points by western blot analysis.
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Fig. 4. Calvarial osteoblasts, but not fibroblasts from Runx2*<€ knock-in embryos
exhibit enhanced proliferation compared with wild-type cells. A, micrographs of calvarial
cell cultures (days 1 and 15) from wild-type (W) and Runx2*“/A€ embryos. Cells were
initially plated at equal cell densities (i.e., 5 X 10* cellswell of a 24-well plate). B,
expression levels of bone phenotypic markers [akaline phosphatase (Alk.Phos.), os-
teopontin (OP), collagen type | (Col Type I), and osteocalcin (OC)] were examined by
northern blotting or RT-PCR analysis. Glyceraldehyde-3-phosphate dehydrogenase was
used for normalization. C and D, growth profiles of calvaria cells from wild-type or
Runx22/A€ (C) and Runx2~/~ mice (D) were established by counting cell number at
regular intervals. E, growth profiles of embryonic fibroblasts from wild-type or
Runx22“/A€ mice were determined by cell counts at indicated days. F, the graph shows
thymidine incorporation of calvarial osteoblasts from wild-type, Runx2*A¢, and
Runx2 /", which were plated at equal densities and incubated for 24 h with [*H]thymi-
dine. Cellsisolated from Runx2 '~ or Runx2*“A€ mice exhibit increased [*H]thymidine
incorporation compared with wild-type cells. G, western blot analysis shows increased
levels of cyclin E but no appreciable changesin the levels of cyclin D1, cyclin A, and E2F.
Tubulin levels were measured as an interna standard.

analysis of GFP, which is expressed from the same adenoviral vector
that carries the recombinant Runx2 (Fig. 5A). Calvaria cells trans-
duced with Runx2 adenovirus show significantly decreased prolifer-
ation throughout the 3-week period of ex vivo cell culture (Fig. 5B). In
contrast, cells transduced by the control adenovirus vector do not
exhibit appreciable aterations in growth relative to untreated cells

(Fig. 5B). These data establish that Runx2 is functionally linked to
stringent cell growth control in osteogenic calvarial cells. On the
basis of the results presented in this study, we propose that Runx2
protein levels and osteoblast proliferation are functionally interrelated

(Fig. 6).

DISCUSSION

In this study, we provide evidence that the bone-related gene
regulatory factor Runx2 contributes to cell growth control of osteo-
genic cells. Our results support the emerging concept that the biolog-
ical activity of Runx2 is not restricted to activation of bone tissue-
specific genes on differentiation into the osteoblast lineage. We find
that calvarial cellsisolated from Runx2~/~ or Runx2*<'2< mice have
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Fig. 5. Reintroduction of Runx2 decreases proliferation of Runx2-deficient calvaria
osteoblasts. A, microscopic anaysis of GFP expression shows efficient transduction (up to
90%) of primary mouse calvarial cells; the GFP protein is expressed from the same viral
vector as the Runx2 protein. B, the graph shows cell growth profiles of calvaria
osteoblasts from Runx2 '~ that were transduced with an adenovirus vector expressing
Runx2 or the corresponding control vector. Untreated cultures subject to mock transfec-
tion are shown for comparison. After transduction, cell growth was monitored at the
indicated days. Cells transduced with the Runx2 containing adenovirus vector (Adv:
Runx2) show a decreased proliferation rate compared with cells treated with the empty
vector (Adv:Vector) or untreated cells. The Adv:Vector contains the GFP cassette in the
forward orientation (+) and the Runx2 cDNA in reverse orientation (—), Adv:Runx2
contains both the GFP cassette and the Runx2 cDNA in forward orientation (+).
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Fig. 6. Functional relationships between Runx2 protein level, and osteoblast cell
growth and differentiation. The diagram shows the cell cycle stages in actively prolifer-
ating osteoblasts (G;, S, G,, and M), as well as nonproliferative quiescent (Gy) and
differentiated stages relative to changes in Runx2 levels (wide arrows). Runx2 levels are
up-regulated (upward arrow) in response to growth factor deprivation (-Growth Factors)
when cells exit the cell cycle and arrest in quiescence (Gy/G,). Runx2 levels are
additionally elevated during osteoblast differentiation, whereas Runx2 levels are down-
regulated (downward arrow) on cell cycle entry during active proliferation in response to
growth factors (+Growth Factors).
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enhanced proliferative potential compared with their wild-type coun-
terparts, based on enhanced cell growth rates, as well as elevated
levels of DNA synthesis and cell cycle markers in Runx2 deficient
cells. Most importantly, reintroduction of Runx2 into calvarial cells
restores stringent growth control, establishing the functional require-
ment of Runx2 in normal cell growth and differentiation in osteo-
blasts. On the basis of our findings, we propose that Runx2 is a cell
growth inhibitor that contributes to control of the Gy/G, transition in
osteogenic cells.

Onekey issue that remains to be addressed is how the up-regulation
of Runx2, which is observed during the onset of quiescence in
immature MC3T3 cells in response to withdrawal of serum growth
factors, relates to the signaling pathways that control normal osteo-
blast growth and differentiation. Osteoblast-related expression or ac-
tivity of Runx2 is tightly regulated by a broad spectrum of physio-
logical agents including (1, 25)-dihydroxyvitamin D3, ascorbic acid,
BMP-2, dexamethasone, TGF-3, tumor necrosis factor-«, FGF-2, and
parathyroid hormone (10, 20—29). Quiescence induced by serum
deprivation of subconfluent MC3T3 cellsislikely to result in intricate
regulatory cross-talk between several principa signaling pathways
that are either inactivated or derepressed after removal of ligands (e.g.,
peptide growth factors or hormones, and steroids). Increased cell/cell
contact that occurs during osteoblast differentiation may additionally
influence the integration of the multiple signaling pathways that
control progression of bone-phenotypic maturation. Furthermore, en-
dogenous production of growth factors may increase the biological
complexity of osteoblast-related signaling cascades.

FGF-2 is of particular interest because it stimulates bone cell
proliferation and suppresses expression of bone-related markers [e.g.,
a2(l) type | collagen]. FGF-2 promotes expression of TWIST and
Egr-1 in undifferentiated MC3T3-E1 cells, and both transcription
factors can repress collagen type | gene expression (22). FGF-2/FGFR
signaling also stimulates the DNA binding activity, activation poten-
tial, and expression of Runx2 at both transcriptional and post-trans-
lational levels, and requires the activity of the protein kinase C
pathway (i.e., protein kinase C §; Ref. 21). Consistent with these data,
Yousfi et al. (23) have shown that TWIST is a positive physiological
regulator of RUNX2 in osteoblasts. Thus, FGF-2/FGFR/TWIST-
dependent modulation of Runx2 binding activity may preferentially
affect expression of distinct genes (e.g., collagen type | and osteocal-
cin) depending on the relative affinities of Runx2 binding sites. In
proliferating cells, FGF-2/FGFR/TWIST signaling potentially gener-
ates a dual effect in which mature phenotypic markers are repressed,
whereas Runx2 levels are elevated (21-23). In our study, we find that
Runx?2 is elevated in the absence of exogenous serum growth factors
in quiescent MC3T3 cells. This elevation of Runx2 on serum with-
drawal neither induces nor modulates expression of mature bone
phenotypic target genes. Thus, compensatory gene regulatory events
may negate the increased activity of Runx2 in a promoter-context-
dependent manner. The proliferation suppression function of Runx2
indicates that Runx2 may remain active in control of cell growth
regulatory genes.

Whereas Runx2 has a definite function in osteoblast maturation (10,
11, 30-33), the characterization of Runx2 as a regulator of osteoblast
growth is consistent with data obtained in other biological contexts.
For example, Runx2 protein has been characterized independently as
the DNA binding component of a cellular heteromeric regulator of a
DNA tumor virus (PEBP2aA; Ref. 19), a nuclear matrix protein from
osteosarcoma cells (34, 35), aswell afactor encoded by aT-cell tumor
integration locus (36). Runx2 cooperates with the c-myc gene in
promoting formation of T-cell lymphomas (36, 37). Furthermore,
Runx2 is highly expressed in Haras transformed, but not normal
NIH3T3 fibroblasts (19). When activated by retroviral integration in

T cells, Runx2 acts as an oncoprotein that stimulates cell growth (36,
37). For example, forced expression of Runx2 in transgenic mice
under the CD2 promoter was found to interfere with early T-cell
development and to predispose mice to lymphomas (38). The obser-
vation that Runx2 can act as an inhibitor or stimulator of cell growth
indicates that the physiological microenvironment dictates the biolog-
ical activity of Runx2 in osseous and nonosseous cells. Consistent
with this concept, it has been shown that the tumor suppressor protein
retinoblastoma and the TGF-B/BMP-2 responsive Smads interact di-
rectly with the COOH terminus of Runx2 (39), which may modify the
cell growth and transcriptional properties of Runx2.

The bone tissue-specific role of Runx2 in cell growth and differ-
entiation is evident in Runx2-deficient mice (2-5) and from the data
presented here. In addition, gene knockouts of the two other Runt-
related transcription factors, Runx1 (AML1) and Runx3 (PEBP2aC),
result in severe tissue-specific defects (40—42). Strikingly, Runx3
deficiency causes hyperplasia in the gastric mucosa of null mice
because of promotion of proliferation and suppression of apoptosisin
stomach epithelia cells (42). Furthermore, mutations and deletions in
the Runx1 and Runx3 genes have been linked to acute myelogenous
leukemia (40) or gastric cancer (42), respectively. Our finding that
Runx2 is required for stringent cell growth control in osteoblasts
establishes that all three of the Runt domain-containing transcription
factors have tissue-specific roles in control of cell proliferation.

The mechanism by which Runx factors control cell growth must
ultimately be reflected by the activation and/or repression of Runx
target genes capable of affecting kinetic components of the cell cycle.
For example, Runx1 (AML1) is capable of affecting cell cycle pro-
gression through G; in part by directly or indirectly controlling the
genes for cyclins D2 and D3 (43), the CDK inhibitor p21 in hema-
topoietic cells (44), the apoptosis-related gene Bcl-2 (45), as well as
hematopoietic growth factors and/or their receptors (46). It has been
shown recently that Runx2 is capable of controlling transcription of
the gene encoding the p21 protein in mesenchymal cells (47), and the
Centrella laboratory demonstrated that Runx2 regulates the TGF-8
type | receptor promoter (48). In addition, we observed here elevated
levels of cyclin E in Runx2-deficient cells. Runx-dependent control of
cyclins, CDK inhibitors, growth factors, and growth factor receptors
is particularly relevant, because together they function as components
of cell signaling pathways that control cell cycle entry and/or the
subsequent transitions between different cell cycle stages.

The key findings presented in our study that support a cell growth-
suppressive function for Runx2 in mesenchymal bone cell progenitors
and the known cell cycle-related target genes of Runx proteins to-
gether suggest that Runx2-dependent transcriptional control in imma-
ture osteoblasts may directly or indirectly regulate proliferation by
(de)sensitizing cellsto bone-related external stimuli. The bone-related
cell growth function for Runx2 that has been revealed by our data
provides a new conceptual dimension to understand the previously
established role for Runx2 in osteoblast maturation (31, 33). We
propose that Runx2 is biologically important, because the factor
controls osteoblast maturation at a key developmental transition by
functionally supporting exit from the cell cycle and by activating
genes that support bone cell phenotype development.
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