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During cell division, cessation of transcription is coupled with
mitotic chromosome condensation. A fundamental biological ques-
tion is how gene expression patterns are retained during mitosis to
ensure the phenotype of progeny cells. We suggest that cell
fate-determining transcription factors provide an epigenetic mech-
anism for the retention of gene expression patterns during cell
division. Runx proteins are lineage-specific transcription factors
that are essential for hematopoietic, neuronal, gastrointestinal,
and osteogenic cell fates. Here we show that Runx2 protein is
stable during cell division and remains associated with chromo-
somes during mitosis through sequence-specific DNA binding.
Using siRNA-mediated silencing, mitotic cell synchronization, and
expression profiling, we identify Runx2-regulated genes that are
modulated postmitotically. Novel target genes involved in cell
growth and differentiation were validated by chromatin immuno-
precipitation. Importantly, we find that during mitosis, when
transcription is shut down, Runx2 selectively occupies target gene
promoters, and Runx2 deficiency alters mitotic histone modifica-
tions. We conclude that Runx proteins have an active role in
retaining phenotype during cell division to support lineage-specific
control of gene expression in progeny cells.

chromatin � epigenetic control � mitosis � cell division

L ineage commitment and cell proliferation are critical for normal
tissue development. Preservation of phenotype during clonal

expansion of committed cells necessitates the faithful segregation of
chromosomes and the conveyance of lineage-specific gene regula-
tory machinery to progeny cells. Mitosis involves nuclear reorga-
nization, global chromosome condensation, and transcription si-
lencing and occurs concomitant with protein degradation and/or
displacement of many regulatory factors from chromosomes (1–4).
One fundamental question is how cells are programmed to sustain
phenotypic gene expression patterns after cell division when tran-
scriptional competency is restored in progeny cells.

Cell fate is determined in response to extracellular cues by
lineage-specific master regulators that include the Runx family of
transcription factors. In mammals, these proteins are required for
development of hematopoietic (Runx1), osteogenic (Runx2), and
gastrointestinal and neuronal (Runx3) cell lineages (5–11). Runx
factors integrate cell signaling pathways (e.g., TGF-�/bone mor-
phogenetic protein and Yes/Src) and recruit chromatin-modifying
enzymes (e.g., histone deacetylases, histone acetyltransferases,
SWI/SNF, SuVar139) to modulate promoter accessibility within a
nucleosomal context (10, 12–17). Runx proteins function as pro-
moter-bound scaffolds that organize the regulatory machinery for
gene expression within punctate subnuclear domains during inter-
phase (18, 19). Pathological perturbations in the organization of
these domains are linked with altered development and tumori-
genesis (10, 20–29). Temporal and spatial changes of these archi-
tecturally organized Runx domains occur during mitosis (13).

Osteogenic cell fate decisions and subsequent proliferation of
osteoprogenitor cells are controlled by Runx2 (10, 30–33). A

mechanism must be operative that ensures Runx2-dependent reg-
ulation of this osteogenic identity through multiple mitotic cell
divisions. Here we have combined mitotic cell synchronization,
expression profiling, chromatin immunoprecipitation (ChIP), and
RNA interference to investigate this mechanism. During mitosis,
Runx2 interacts directly with a novel set of cell fate- and cell
cycle-related target genes that exhibit distinct Runx2-dependent
modifications in histone acetylation and methylation. Our results
indicate that Runx transcription factors reinforce cell fate through
an epigenetic mechanism that retains phenotypic gene expression
patterns after cell division.

Results/Discussion
Runx2 Protein Is Stable During Mitosis and Associated with Mitotic
Chromosomes. Runx2, a tissue-specific transcription factor that
confers cell fate and lineage commitment, is organized in multiple
distinct subnuclear foci during interphase (12). Here we show that
Runx2 is localized to chromosomes at all stages of mitosis, including
metaphase, as determined by three-dimensional deconvolution
immunofluorescence microscopy (Fig. 1A). Subcellular fraction-
ation validates the association of Runx2 with mitotic chromatin
(Fig. 1B). We also observe mitotic association of endogenous
Runx2 with chromosomes in multiple cell lines, including normal
calvarial osteoblasts and osteosarcomas (data not shown). Al-
though Runx2 is localized with mitotic chromosomes, a fraction of
Runx2 is extrachromosomal, perhaps in association with microtu-
bules (ref. 34 and our unpublished observations). Our conclusion
that Runx2 associates with mitotic chromosomes is based on both
microscopic evidence (Fig. 1) and biochemical data obtained by
ChIP (see below).

To assess whether Runx2 is metabolically stable during mitosis,
we examined protein levels in synchronized cells. Mitotic cells were
released into G1 in the presence or absence of the protein trans-
lation inhibitor cycloheximide. Progression into G1 was monitored
by microscopy and FACS analysis, and inhibition of translation was
verified in parallel by metabolic labeling with [35S]methionine. As
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cells exit mitosis and enter G1, levels of Runx2 or lamin B1 protein
are unaffected by inhibition of translation (Fig. 1C). Thus, Runx2
protein synthesized before division is not turned over and is
retained at the onset of the next G1 phase. The stability of Runx2
during mitosis and its association with mitotic chromosomes indi-
cate a potentially novel regulatory function for this cell fate
determinant.

Mitotic Chromosome Association of Runx2 Is Abrogated by a Specific
Point Mutation. Loss-of-function mutations that abrogate the se-
quence-specific DNA binding of Runx proteins alter cell phenotype
and result in cancer (e.g., acute myelogenous leukemia) and other
human disorders [e.g., cleidocranial dysplasia (CCD) and familial
platelet disorder] (35, 36). We hypothesized that the chromosome
association of Runx2 in mitosis involves protein–DNA interactions
through its conserved Runt homology domain. To test this concept,
we used site-directed mutagenesis to generate a CCD-related point
mutation in the Runt homology domain, R182Q, that abrogates
DNA binding (35, 36). Runt homology domain mutations do not
affect nuclear localization during interphase. Electrophoretic mo-
bility shift assays confirmed that the R182Q mutation renders
Runx2 defective in DNA binding, as expected (data not shown).
Colocalization studies using indirect immunofluorescence micros-
copy reveal that the Runx2 DNA-binding mutant is excluded from
chromosomes during mitosis (Fig. 1 D and E). Thus, association of
Runx2 protein with mitotic chromosomes requires an intact Runt
homology DNA-binding domain and provides evidence that Runx2
remains bound to its cognate regulatory elements within target
genes.

Identification of Mitotically Regulated Runx2 Target Genes Related to
Cell Cycle Control and Osteogenesis. We applied a focused functional
genomics strategy to identify mitotic targets of Runx2 related to

proliferation and phenotype commitment. Genes were selected that
are sensitive to Runx2 siRNA, are mitotically controlled, and have
Runx consensus motifs in their promoters. Using cDNA arrays
comprising a total of 192 osteogenic and/or cell cycle regulatory
genes, we discovered 31 genes that satisfy these three biological
criteria (Fig. 2 A–E). Efficacy of siRNA oligonucleotides at multiple
doses was established (Fig. 2B). Using ChIP assays, we confirmed
that at least 14 of these genes are direct Runx2 targets (Fig. 3B).
Two of these genes have previously been established as Runx2-
responsive (e.g., p21 and VEGF) and thus validate our approach
(37, 38). Independent siRNA experiments, in which the knockdown
of Runx2 was shown by Western blotting, were analyzed by RT-
PCR and directly confirmed that Runx2 controls expression of
selected genes (Fig. 3A). Analysis of the target genes identified in
our candidate screen [supporting information (SI) Table 1] indi-
cates that Runx2 exerts phenotype control at the transcriptional
level to mediate cell cycle progression and signaling pathways that
establish competence for lineage commitment.

Because our immunofluorescence microscopy studies indicate
that Runx2 binds sequence-specifically to mitotic chromosomes, we
tested whether Runx2 associates with target genes at mitosis. ChIP
assays were performed on prometaphase cells. Analysis by quan-
titative PCR (qPCR) and radiolabeled PCR of ChIP products from
multiple independent experiments reveals that Runx2 retains as-
sociation with the promoters of nearly all target genes examined
within the condensed mitotic chromosomes (Fig. 3C and SI Fig. 7).
Furthermore, we have established that Runx2 protein binds to the
Runx2 promoter during mitosis, suggesting a mitotic autoregulatory
function (Fig. 3D). Interestingly, association of Runx2 with the
promoter of the cyclin B2 gene, which is involved in control of
mitotic progression, is reduced in mitosis. Our findings suggest that

Fig. 1. Runx2 is stable and associated with chromo-
somes during mitosis. (A) Asynchronously growing
Saos-2 cells were fixed and stained for DNA by using
DAPI and for Runx2 by using a rabbit polyclonal anti-
body. Mitotic cells were identified by chromosome
morphology. High-resolution images obtained by
three-dimensional deconvolution algorithms reveal
that Runx2 (green) is localized in mitotic chromo-
somes. A subset of Runx2 colocalizes with the micro-
tubules, labeled by �-tubulin staining (red). (B) Local-
ization of Runx2 by biochemical fractionation using
standard techniques to generate soluble, chromatin-
associated, and insoluble protein fractions compared
with whole-cell protein levels. Each fraction was ana-
lyzed by Western blotting using antibodies against
Runx2, as well as lamin B1 and histone H4 as controls.
(C) Stability of Runx2 protein in mitosis. Saos cells were
arrested at the G2/M boundary by nocodazole treat-
ment and released through mitosis into G1 in the
presence or absence of the protein translation inhibi-
tor cycloheximide (50 �g/ml). At the indicated times,
protein synthesis was assayed by pulse labeling with
[35S]methionine. In parallel, protein samples were iso-
lated for Western blot analysis. (D and E) Colocaliza-
tion studies of wild-type Runx2 and a DNA-binding
mutant Runx2. HeLa cells were cotransfected with
wild-type Runx2 and the R182Q mutant Runx2 (Gen-
Bank accession no. D14637), which were N-terminally
tagged with HA and Xpress epitopes, respectively. In
situ immunofluorescence microscopy was performed
with DNA staining by DAPI and indirect immunolabel-
ing with antibodies directed against HA and Xpress
epitopes with appropriate secondary antibodies. Mi-
totic cells were identified by DNA morphology. Con-
trol colocalization experiments were performed by
using HA- and Xpress-tagged wild-type proteins.
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Runx2 provides a critical regulatory function in progeny cells for
postmitotic gene expression in G1.

Runx2 Target Genes Exhibit Mitotic-Specific Histone Modifications.
Recent work indicates that specific histone modifications may mark
active genes in mitosis (39). We investigated whether promoters of

Runx2 target genes exhibit mitotic-specific epigenetic changes that
could be indicative of postmitotic transcriptional state. Acetylation
of histone H4 and dimethylation of histone H3 on lysine 4 (K4),
which are both linked with active gene expression, were examined
in both asynchronous and mitotically synchronized cells (Fig. 4).
The majority of Runx2-responsive genes exhibit substantially de-
creased H4 acetylation in mitosis (Fig. 4A). In contrast, we observe
a retention or selective increase in mitotic histone H3–K4 dimethy-
lation compared with asynchronous cells (Fig. 4B). Our data show
that in general, histone H4 acetylation is positively correlated with
histone H3–K4 dimethylation in asynchronous cells, as would be
expected for actively transcribed genes. However, in mitosis we
observe a basal level of H4 acetylation that is no longer tightly
linked with H3–K4 methylation (Fig. 4C). The reduction of histone
H4 acetylation may be coupled with the general shutdown of
transcription in mitosis. We propose that the persistence of basal
levels of H4 acetylation and constitutive histone H3–K4 dimethy-
lation at Runx target gene promoters during mitosis reflects a
transcriptionally poised chromatin structure.

Runx2 Controls Posttranslational Histone Modifications at Target
Gene Promoters During Mitosis. Runx2 mediates activation and
repression of gene transcription through interactions with a diverse
set of chromatin-modifying enzymes. Because Runx2 associates
during mitosis with target gene promoters that exhibit distinct
histone modifications, we mechanistically addressed whether
Runx2 mediates these epigenetic alterations. We generated Runx2-
deficient mitotic cells by using RNA interference and confirmed
reduction in Runx2 levels by Western blot analysis (Fig. 5A). The
effect on H3–K4 dimethylation and H4 acetylation at Runx2-
regulated promoters was then determined. Quantitative ChIP
analyses for the 14 target genes revealed that depletion of Runx2
protein alters promoter histone modifications (P � 0.0005) and that
these effects are gene-specific (P � 0.0001). In asynchronous cells,
we find an overall reduction in levels of H4 acetylation but not
H3–K4 dimethylation at Runx2 target gene promoters (Fig. 5B). In
contrast, during mitosis we find that loss of Runx2 significantly
diminishes both H3–K4 dimethylation and H4 acetylation at target
gene promoters (Fig. 5C). We observe the greatest effect on histone
modifications at the SMAD4 gene, which in response to Runx2
knockdown exhibits decreased H3–K4 dimethylation and H4 acet-
ylation during mitosis (P � 0.0001) but not in asynchronous cells
(Fig. 5 D and E). These observations are consistent with high levels

Fig. 3. Target gene validation. (A) Fourteen putative Runx2 target genes
identified in a primary screen (see Fig. 2) were tested for responsiveness to
depletion of Runx2 by RNA interference. Independent siRNA experiments
were analyzed in duplicate by RT-qPCR with primer sets for each of the target
genes (SI Data Set 1). Expression data are normalized and displayed as the log2

difference between Runx2 and nonspecific siRNAs. Error bars reflect SEM. (B)
Runx2 target genes were validated by ChIP in two independent experiments
(SI Data Set 1). Samples were quantified by qPCR relative to input and normal-
ized to nonspecific immunoprecipitation of the PHOX gene promoter. Values
represent the log2 difference between Runx2-specific and control IgG signals.
(C) Interaction of Runx2 with its novel target genes during mitosis was assessed
by ChIP assays. Mitotic cells were isolated by nocodazole synchronization and
mitotic shakeoff in two independent experiments, and samples were assayed
in duplicate by qPCR. Data analysis is described in B. (D) Interaction of Runx2
with its promoter was assessed by ChIP on asynchronous and mitotic cells.
Asterisks indicate statistical significance at the 0.05 level based on a t test.

Fig. 2. Runx2 target gene identification. To identify
mitotic target genes of Runx2, we applied a functional
genomics strategy. Genes were selected that exhibit al-
terations in steady-state mRNA during progress from
mitosis into G1, that are sensitive to Runx2 siRNA, and
that have promoters with Runx consensus motifs. The
first twocriteriawereassessedbycDNAarray-basedgene
profiling (SuperArray Bioscience Corporation), and the
final criterion was assessed through a bioinformatics
analysis by using TFSEARCH (48). (A) Mitotic cells were
released into G1, and RNA was taken at 0, 1.5, 3, and 6 h
for analysis. (B) siRNA knockdown of Runx2 was moni-
tored by Western blot analysis at concentrations of 50,
100, and 200 nM. Fluorophore-conjugated siRNA oligo-
nucleotides were transfected in parallel to determine
transfection efficiency. Micrographs show localization of
siRNA oligonucleotides in cells with �95% efficiency at
100 nM. (C) Venn diagram indicates the number of genes
in each of the three functional groups. Thirty-one target
genes satisfying all three criteria were analyzed by hier-
archical clustering based on cell cycle expression data (D)
and expression in the Runx2-knockdown experiment (E)
(see SI Data Set 1 for primer information). Color maps are
applied to standardized gene expression data: pure blue,
�3; pure white, 0; and pure red, 3.
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of Runx2 interaction with the SMAD4 promoter in mitosis and
sensitivity of SMAD4 expression to Runx2 siRNA (Fig. 3 A and B).
For comparison, we do not detect Runx2-dependent histone mod-

ifications at the cyclin B2 promoter, which does not bind Runx2
during mitosis (Fig. 5 D and E). Consistent with these molecular
observations, we find that Runx2 binding at multiple sites across the

Fig. 4. Runx2 is associated with epigenetically modified target genes in mitosis. Histone modifications at the 14 target genes were assayed by ChIP analyses
of asynchronous (dark gray bars) and pure mitotic cells (light gray bars) synchronized as described in Fig. 3. Duplicate samples were analyzed by qPCR, quantified
as a percentage of input, and normalized for comparison with subsequent functional experiments in Fig. 5. (A) Histone H4 acetylation and (B) histone H3–K4
dimethylation of gene promoters. (C) Scatterplot of H4 acetylation (ordinate) versus H3–K4 dimethylation (abscissa) for all 14 genes in asynchronous cells (black
triangles) and mitotic cells (gray squares) is depicted. A least-squares regression line is shown for each population.

Fig. 5. Runx2 affects mitotic histone modifications at target gene promoters. The effects of Runx2 on promoter histone modifications were assessed by combining
siRNA gene knockdown with mitotic cell synchronization. (A) Experimental strategy to obtain Runx2-depleted mitotic cells. Histone modification levels at target gene
promoters inmitoticandasynchronouscellswereassayedbyChIPandanalyzedbyqPCR.Proteinwasextractedfromparallelplates tovalidateRunx2knockdown.Cyclin
B1 levels and histone H3 (S10) phosphorylation status serve as markers of mitosis and lamin B1 as a loading control. Efficiency of siRNA transfection (�90%) was
determined in parallel (data not shown). (B and C) Levels of hyperacetylated histone H4 and dimethylated histone H3 (K4) in control and Runx2 siRNA-treated cells were
determined in two ChIP assays, each analyzed in duplicate by qPCR. Scatterplot of H4 acetylation versus H3 K4-dimethylation is shown for all 14 target genes in
asynchronous (B) and mitotic cells (C) treated with control (black symbols) or Runx2 siRNA (open symbols). A least-squares regression line is shown for each population:
control (solid line) or Runx2 siRNA (broken line). (D and E) A mixed-model ANOVA was used to assess significance of Runx2 siRNA effects for all target genes. Multiple
pairwise comparisons (Tukey’s HSD) were evaluated to determine which effects differ at a 0.05 level and to establish P values; error bars are SE (n � 4). Plots show ChIP
results for SMAD4 and CYCLINB2 in Runx2 and control siRNA-treated asynchronous (D) and mitotic cells (E). (F) Binding of Runx2 across the SMAD4 promoter was
compared with dimethyl-K4 histone H3 modifications. Primer sets encompassed positions in the proximal and distal SMAD4 promoter, as well as the transcription start
site (see SI Data Set 1). Within-group (Runx2 or K4–H3 dimethylated) ratios as calculated in D and E are plotted.
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SMAD4 locus mechanistically correlates with dimethylation at K4
of histone H3 (Fig. 5F). Taken together, our findings indicate that
Runx2 contributes to epigenetic regulation by supporting histone
modification at target gene promoters during mitosis.

Runx2 Is a Lineage-Specific Regulator for Mitotic Retention of Gene
Expression Patterns. Because the lineage-specific Runx2 protein
controls cell fate, binds to mitotic chromosomes, and modifies
chromatin of its target genes, we sought to determine on a genome-
wide scale the breadth of gene classes modulated by Runx2 during
and immediately after mitosis. We performed genome-wide ex-
pression profiling of mitotically synchronized cells (Fig. 6A and SI
Data Sets 2 and 3). Runx2 siRNA or nonsilencing control siRNA-
treated cells were blocked in mitosis and allowed to release syn-
chronously into G1. Depletion of Runx2 protein was confirmed by
Western blot analysis, and cyclin B1 protein levels were monitored
to confirm egress from mitotic arrest (Fig. 6B). RNA samples from
both treatment groups were analyzed by using Affymetrix microar-
rays (Hu-U133Plus2 chips) at four different time points after
release of cells into G1 (Fig. 6 C and D). The microarray data show
that SMAD4, GADD5A, and p21, which are Runx2 target genes
identified in our focused screens and ChIP analyses (see Figs. 2 and
3), exhibit the expected modulations in mRNA levels upon Runx2
siRNA treatment (Fig. 6C). Down-regulation of Runx2 RNA levels
further confirms efficacy of Runx2 siRNA.

To identify genes within our microarray data set that are regu-
lated differentially between Runx2 and nonspecific siRNA-treated
cells progressing through the M to G1 transition, we used an
empirical Bayes linear modeling approach (40). Our analysis of the
time course data revealed a large set of genes that are significantly
altered in the mitosis to G1 transition by depletion of Runx2 protein.

Hierarchical cluster analysis of the top 500 genes defined groups of
genes that are either down-regulated (Cluster 1) or up-regulated
(Cluster 2) by treatment with Runx2 siRNA when cells progress
from mitosis into G1 (Fig. 6D). Cluster 1, which represents genes
activated by Runx2, contains a preponderance of genes that encode
proteins involved in cell signaling and distinct nonnuclear functions
including cytoskeletal proteins (Fig. 6E). Cluster 2, which encom-
passes proteins whose expression is normally suppressed by Runx2,
contains prominent subsets involved in cell signaling, growth, and
cell size, as well as factors involved in transcriptional regulation. Our
results define a mitosis/early G1 Runx2-dependent gene expression
signature and indicate that Runx2 mediates continuity of expression
between parental and progeny cells.

Conclusions
We have investigated the Runx2 transcription factor as a paradigm
for understanding mechanisms by which phenotypic control of gene
expression is sustained during mitotic division. Our results show
that Runx2 interacts sequence-specifically with mitotic chromo-
somes at target gene promoters and controls histone H4 acetylation
and histone H3–K4 dimethylation during mitosis. Runx2 is thought
to function as a promoter-bound scaffold for the temporal recruit-
ment of coactivators or repressors and associated chromatin-
modifying factors that are capable of establishing histone modifi-
cation patterns in mitosis. Loss-of-function DNA-binding
mutations in Runx proteins eliminate mitotic chromosome associ-
ation and are linked with alterations in cell phenotype in multiple
human disorders. We propose that chromosomal association of
Runx2 in mitosis supports epigenetic retention of phenotype during
cell division to maintain lineage identity of progeny cells.

Fig. 6. Genome-wide identification of Runx2-sensitive gene expression patterns during the mitosis to G1 transition. (A) Runx2 and control siRNA-treated cells
were synchronized by nocodazole and mitotic shakeoff. Mitotic cells were isolated at shakeoff (0 h), and remaining cells were replated and released for
progression into G1 (1.25, 2.5, and 5 h). (B) Total cellular protein was isolated for Western blot analysis to confirm Runx2 knockdown by siRNA. Cyclin B1 levels
confirm release from mitosis. (C) Time-averaged expression of Runx2 and target genes detected on Affymetrix microarrays. Asterisks indicate significance at the
0.05 level. (D) Using an empirical Bayes linear modeling approach, we identified 500 genes significantly altered by siRNA treatment. A heat map illustrating
hierarchical cluster analysis is shown. Two main clusters reflect genes that are repressed (Cluster 1) and activated (Cluster 2) by Runx2 knockdown. (E) Gene
annotation enrichment analysis was performed to elucidate the biological processes and pathways associated with each gene cluster. The top annotation clusters
are shown in bar plots; the value of the abscissa reflects the annotation enrichment score. Group names on the ordinate were based on interpretation of the
underlying annotations.
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Materials and Methods
Cell Culture and Cell Synchronization. Cell synchronization was
accomplished by nocodazole block and mitotic shakeoff. Protocols
are provided in SI Materials and Methods.

Gene Expression Analysis. Constructs and methods for EMSA have
been reported previously (12). Western blot analysis was performed
by using commercially available or reported antibodies (41). Total
RNA was subjected to real-time PCR using SYBR chemistry
(Applied Biosystems, Inc., Foster City, CA). Primers for gene
validation studies span exons that are contained in the transcripts.
For siRNA-knockdown experiments, Saos-2 cells were transfected
by using Oligofectamine (Invitrogen, Carlsbad, CA) with siRNA
duplexes specific for human Runx2 (Qiagen, Inc., Valencia, CA).
Gene profiling and histone modification studies used oligonucleo-
tides at 50 and 25 nM, respectively. Focused expression profiling
was performed by using the osteogenic and cell cycle cDNA arrays
according to the manufacturer’s GEArray instructions (SuperArray
Bioscience Corporation, Frederick, MD). Gene expression patterns
were identified by using hierarchical cluster analysis of row-wise
standardized data with dCHIP software (42). Affymetrix microar-
rays (Hu-U133Plus2 chips) and ChIP assays were performed as
described (43–45).

In Situ Immunofluorescence Microscopy. Cells were grown on gelatin-
coated coverslips and processed for in situ immunofluorescence by

using standard techniques. Immunostaining of cell preparations
was recorded by using an CCD camera attached to a epifluores-
cence Zeiss Axioplan 2 (Zeiss, Inc., Thorwood, NY) microscope.

Statistical Analysis. t tests were performed to assess the significance
of observed changes in gene expression associated with siRNA
knockdown of Runx2 protein and to determine the significance of
observed Runx2 binding to target gene promoters. ANOVA was
carried out to assess the significance of Runx2 knockdown on
histone modifications at target genes. A mixed-model analysis was
performed on log-transformed ChIP data by using SAS/Analyst
(Sas Institute, Inc., Cary, NC) with genes (14), antibodies (2), and
cell cycle stage (2) incorporated as fixed effects and qPCR well
position as a random effect. The complete microarray data analysis
approach is detailed in SI Materials and Methods. Runx2-responsive
genes identified in the microarray analysis were subjected to
functional annotation clustering by using DAVID 2006 found at
http://david.abcc.ncifcrf.gov (46, 47).
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