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ABSTRACT
The runt-related protein-2 (RUNX2) is a DNA-binding transcription factor that regulates bone formation, tumor cell metastasis, endothelial

cell (EC) proliferation, and angiogenesis. RUNX2 DNA binding is glucose and cell cycle regulated. We propose that glucose may activate

RUNX2 through changes in post-translational phosphorylation that are cell cycle-specific and will regulate EC function. Glucose increased

cell cycle progression in EC through both G2/M and G1 phases with entry into S-phase occurring only in subconfluent cells. In the absence of

nutrients and growth factors (starvation), subconfluent EC were delayed in G1 when RUNX2 expression was reduced. RUNX2 phosphoryla-

tion, activation of DNA binding, and pRb phosphorylation were stimulated by glucose and were necessary to promote cell cycle progression.

Glucose increased RUNX2 localization at focal subnuclear sites, which co-incided with RUNX2 occupancy of the cyclin-dependent kinase

(cdk) inhibitor p21Cip1 promoter, a gene normally repressed by RUNX2. Mutation of the RUNX2 cdk phosphorylation site in the C-terminal

domain (S451A.RUNX2) reduced RUNX2 phosphorylation and DNA binding. Expression of this cdk site mutant in EC inhibited glucose-

stimulated differentiation (in vitro tube formation), monolayer wound healing, and proliferation. These results define a novel relationship

between glucose-activated RUNX2 phosphorylation, cell cycle progression, and EC differentiation. These data suggest that inhibition of

RUNX2 expression or DNA bindingmay be a useful strategy to inhibit EC proliferation in tumor angiogenesis. J. Cell. Biochem. 113: 282–292,

2012. � 2011 Wiley Periodicals, Inc.
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C ancer cells acquire properties that promote tumor progression

and metastasis, including the ability to recruit stromal cells

and blood vessels (angiogenesis) [Kerbel, 2008]. Angiogenic factors

produced by tumors induce quiescent vascular endothelial cells (EC)

lining the blood vessels to proliferate and invade the tumor stroma

(angiogenic switch), thus initiating the angiogenic response.

Inhibitors of EC proliferation inhibit angiogenesis and the growth

of tumors while pharmacological interventions that inhibit
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angiogenesis also inhibit EC proliferation [Folkman, 2007]. One

mechanism controlling the shift in the balance of angiogenesis

inhibitors and stimulators is activation of specific transcription

factors that alter the expression of genes required for EC migration,

proliferation, and differentiation thereby regulating angiogenesis

[Semenza, 2003].

Runt-related (Runx) genes regulate a variety of developmental

events including stem cell self-renewal and bone formation

[Karsenty, 2001; Nimmo et al., 2005]. RUNX2 also regulates

angiogenesis during development to activate the expression of

vascular endothelial growth factor (VEGF) in hypertrophic

chondrocytes and mesenchymal cells to promote local angiogenesis

essential for bone formation [Zelzer et al., 2001; Kwon et al., 2011].

Targeted knockout (KO) of Runx2 results in dilated placental vessels,

failure to vascularize the cartilaginous shaft, and smaller mice

[Zelzer et al., 2001]. Wound healing responses in older Runx2

heterozygote KO mice are also severely compromised, reflective of

angiogenic deficits [Tsuji et al., 2004]. Observations from Runx2

transgenic mice [Blyth et al., 2005] and our results that RUNX2

promotes cell transformation in cooperation with the Yap

transcriptional coactivator (a c-yes associating protein) [Vitolo

et al., 2007], indicate that RUNX2 is involved in regulating cell

proliferation and oncogenesis. Dominant negative (DN) inhibition of

RUNX2 inhibits angiogenesis [Namba et al., 2000; Sun et al., 2001]

and breast cancer metastasis [Barnes et al., 2004], while over-

expression of RUNX2 in EC [Sun et al., 2004] and breast tumor cells

[Pratap et al., 2006] regulates cell proliferation, thereby enhancing

blood vessel formation and tumor growth. Several RUNX2 target

genes, including themetalloproteinases MMP7, MMP9, andMMP13,

and the matrix protein osteopontin [Inman and Shore, 2003;

Pratap et al., 2005], are involved in mediating its tumorigenic

and angiogenic activity. Anti-angiogenic agents also inhibit the

expression of RUNX2 and some of its target genes (VEGF, MMP9),

consistent with the role of RUNX2 as an angiogenic regulator

[Fu et al., 2011].

We and others showed that RUNX2 is an enzymatic target of the

G1 and the G2/M cyclin-dependent kinases, cdk4 and cdk1,

respectively, which phosphorylate RUNX2 to increase DNA binding

[Qiao et al., 2006; Shen et al., 2006; Rajgopal et al., 2007]. During G2

cell cycle progression, RUNX2 associated with cyclin B1 complexes

and was phosphorylated by cdk1 at a specific site in the C-terminal

domain [Qiao et al., 2006]. EC utilize glucose as an energy source

during proliferative angiogenesis [Vander Heiden et al., 2009] and

RUNX2 DNA-binding and transcriptional activity are sensitive to

glucose treatment [D’Souza et al., 2009]. Euglycemic, but not

hyperglycemic (HG), levels of glucose-activated RUNX2 DNA-

binding through endogenous production of IGF1 and the PI3K/ERK

pathways. RUNX2 activity was essential for EC wound healing

in response to glucose. Therefore, we hypothesized that glucose

might promote specific RUNX2 phosphorylation events to regulate

cell cycle progression. We now find that expression of a

phosphorylation site-specific mutant of RUNX2 (S451A.RUNX2)

results in inhibition of EC proliferation, wound healing, and EC

differentiation (in vitro tube formation) in response to glucose,

supporting a role for glucose-mediated RUNX2 phosphorylation in

angiogenesis.

MATERIALS AND METHODS

REAGENTS, CELL CULTURE, AND EC BIOLOGICAL ASSAYS

Human bone marrow ECs are RUNX2-positive cells obtained from

Dr. Ken Pienta and cultured in DMEM supplemented with 10% FBS.

EC monolayer wound-healing assays were performed in defined

serum-free medium with or without 5mM D-glucose or Cdk4-

selective inhibitor II (NSC625987) from EMD Biosciences

(Darmstadt, GE), as described [Qiao et al., 2006]. EC tube formation

(a measure of angiogenic activity) was determined by culturing

5� 104 ECs in 96-well tissue culture plates coated with 50ml of

matrigel per well. Tube formation was expressed as the mean

number of nodes per well, with nodes defined as the intersection of

at least three tubular structures. EC proliferation assays were

performed in 96-well tissue culture plates with EC expressing WT or

mutant (S451A).RUNX2 at a density of 10,000 cells per well and

measuring cell growth after staining with crystal violet [D’Souza

et al., 2009].

CELL CYCLE ANALYSIS

Cell cycle progression through G2/M and G1 phases was analyzed

after double thymidine blockade and release, as described [Qiao

et al., 2006]. Briefly, for synchronization at the G1/S boundary, cells

were incubated in 2mM thymidine for 16 h followed by an 8 h

recovery and a second 16 h incubation in 2mM thymidine. Cells

were washed with phosphate-buffered saline (PBS), harvested by

trypsinization, fixed in cold 70% ethanol, and stored at �208C.
Before analysis, ethanol was removed by centrifugation of the cell

suspension. Cells were resuspended in 1ml of phosphate-buffered

saline containing 50mg/ml propidium iodide, 0.1% Triton-X 100,

and 20mg/ml RNase A and incubated for 30min at 378C prior to

FACS analysis (Greenebaum Cancer Center Core Facility). In some

cases, cells were starved in the absence of serum and glucose for 16 h

and released in 5mM glucose for 12 h. Cell cyle distribution of cells

in different phases of the cell cycle (subconfluent proliferative;

starved growth arrested; confluent growth arrested; confluent,

replated at 50% subconfluence) was also determined by FACS

analysis using the FlowJo8.8.6 software.

IMMUNOPRECIPITATION (IP) AND WESTERN BLOT (WB)

ANALYSIS

Nuclear proteins were isolated using NucBuster (EMD Biosciences,

Darmstadt, GE). Protein concentration was determined with the

Bio-Rad Protein Assay. Cell lysates (100mg) were incubated at 48C
for 16 h with 2mg antibody diluted in IP buffer (20mM Tris, pH 7.5,

2mM CaCl2, 1% Triton X-100, and protease inhibitors). Complexes

were precipitated with PureProteome Protein G magnetic beads

(Millipore) according to the manufacturer’s protocol. Protein was

eluted from the beads with Glycine buffer, pH 3.0, resolved on

4–12% NU–PAGE gels (Invitrogen), and transferred to nitrocellulose

membranes (Invitrogen). Phospho-Ser-CDK (Cell Signaling, Dan-

vers, MA), RUNX2 (MBL, Woburn, MA) and Flag-tag or HA-tag

(Convance, Inc., Princeton, NJ) antibodies were used. Blots were

incubated with primary antibody followed by horseradish peroxi-

dase-conjugated goat anti-mouse IgG (KPL, Gaithersburg, MD) and
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developed with enhanced chemiluminescence (ECL, Amersham

Pharmacia Biotech, Buckinghamshire, England). Antibodies recog-

nizing p21Cip1, p27Kip1, or cyclin D1 were obtained from Cell

Signaling (Danvers, MA).

IMMUNOFLUORESCENCE (IF) AND SUBCELLULAR

FRACTIONATION

EC were cultured on glass cover slips for 24 h prior to thymidine

blockade and release with glucose. To detect endogenous RUNX2,

cells were fixed with 3.7% formaldehyde, permeabilized with 0.25%

Triton X-100 for 10min, and blocked with 5% BSA/0.5% IGEPAL

CA-630 (Sigma–Aldrich) in PBS for 1 h at room temperature. Slides

were reacted with 1:50 diluted primary polyclonal anti-RUNX2 (M-

70) antibody (Santa Cruz Biotechnology Inc, Santa Cruz, CA) for

16 h at 48C. Secondary anti-rabbit AlexaFluor-488-conjugated

antibody (2mg/ml in PBS) was applied for 1 h and epifluorescence

microscopy was performed. Hoechst stain (300 ng/ml) was used to

visualize DNA. For subcellular fractionation of RUNX2, cells were

lysed with hypotonic low salt buffer containing 0.5% Nonidet P-40.

After centrifugation, the cytosolic (supernatant) fraction was saved

and the pellet (nuclei) was extracted with high salt buffer (0.4M KCl)

and centrifuged to obtain the DNA-associated proteins (superna-

tant). The remaining pellet was extracted with 2% SDS-sample

buffer to isolate RUNX2 associated with the chromatin fraction.

CHROMATIN IP ASSAYS

Chromatin IP (ChIP) assays utilized PCR primers targeting the

p21Cip1 promoter RUNX2 site-A (�2.2 kb). Non-specific IgG and

antibody (nucleolin) were used for control IP. FACS analysis was

used to confirm cell cycle blockade prior to ChIP. Cells were fixed

with 1% formaldehyde, extracted with lysis buffer, sonicated, and

clarified by centrifugation. IP of the supernatant with RUNX2-

specific (Santa Cruz; M70) antibody was followed by PCR with

primers specific for the distal RUNX site in the proximal promoter.

p21Cip1 promoter site A primers were: 50-GGGCAGAAGTCCTCCCT-
TAGAGTG-30 (UP) 30-CTCCCCGAAGTTCCGTCACCCTC-50 (DOWN)

for an anticipated product of 337 bp.

RNAi DESIGN AND RUNX2 GENE KNOCKDOWN

For transient, specific RUNX2 targeting, the Imgenex shRNA vectors

subcloned into the pSupNeo vector were utilized, as described [Qiao

et al., 2006]. Sequences targeted were: ggacgaggcaagagtttca(Rx3);

ccataaccgtcttcacaaa(Rx2); ccacaaggacagagtcaga(Rx1); ggatgaat-

ctgtttggcga(Rx4). Control GFP Target Site: tctgtgtgtttgactctga. For

specific p21Cip1 knockdown, shRNA targeting the p21cDNA from the

CDKN1A gene (p21Cip1), NM078467: (ttagtctcagtttgtgtgtcttaattatt)

were constructed as described for RUNX2. EC were transfected with

the Qiagen Trans-Messenger reagents and mRNA expression was

measured by qRT-PCR using RUNX2-specific (forward: 50-GCA-
CAGACAGAAGCTTGAT-30; reverse: 50-CCCAGTTCTGAAGCACCT-
30), p21Cip1-specific (forward: 50-CCGAAGTCAGTTCCTTGTGG-30;
reverse: 50CCGCCATTAGCGCATCACAG-30), or GAPDH-specific

primers (forward: 50CCGTCTAGAAAAACCTGCCAA-30; reverse:

50TGTAGCCAAATTCGTTGTCATACC-30) and SYBR green detection.

For stable RUNX2 knockdown, the Mission Lentiviral system

(Sigma–Aldrich) was used to target five different sites within the

RUNX2 coding sequence: gctacctatcacagagcaatt (TRC653); ctcagt-

gatttagggcgcattc (TRC 654); gtggtcctatgaccagtctta (TRC 656);

tgcactatccagccacctttact (TRC 657); cagcactccatatctctact (TRC 655).

RUNX2 EXPRESSION VECTORS

The full-length RUNX2 cDNA (a gift from Dr. Y. Ito) was subcloned

into the pCMV-tag2a vector (Stratagene) as described [Sun et al.,

2004]. The Flag-tag S451A.RUNX2 mutant was prepared by site-

directed mutagenesis as described [Qiao et al., 2006]. Flag-tag

RUNX2 or Flag-tag DN-RUNX2 (missing exon8) was subcloned into

the pShuttle vector (Clontech) before restriction enzyme cloning

into the adenoviral (Ad) Adeno-X vector (BD Biosciences, Palo Alto,

CA). The dominant negative activity of RUNX2D8 was quantified

using p21CIP1 promoter-luciferase assays [Sun et al., 2004]. Ad

vectors were prepared in HEK293 packaging cells by sequential

transfection/infection and viral titers of HEK293 supernatants were

determined by cell lysis.

ELECTROPHORETIC MOBILITY SHIFT ASSAYS (EMSA)

A traditional EMSA was used for RUNX2 DNA binding as described

[D’Souza et al., 2009]. Nuclear extracts were isolated using a low

salt/high salt method and incubated at room temperature with a

(32P)-labeled osteocalcin promoter oligonucleotide (�141 to�165):

50-CGTATTAACCACAATACTCG-30.

DNA-BINDING ENZYME-LINKED IMMUNOSORBENT ASSAY

(D-ELISA) PROTOCOL

DNA binding was quantified with a specific ELISA format method

[Renard et al., 2001] as modified for RUNX2-specific detection

(Underwood et al., 2011; unpublished data). Avidin-coated 96-well

plates (Greiner Bio-One, Basel, Switzerland) were fixed with sodium

carbonate for 2 h at 248C. After rinsing 3� with wash buffer, a

30-biotin labeled oligonucleotide, containing three osteocalcin

RUNX2-binding sites, was added for 2 h. Nuclear extracts contain-

ing RUNX2 protein were exposed to the plate with rocking for 16 h

at 48C. Primary mouse antibody against RUNX2 (D130-3; MBL, Inc.)

was added for 1 h at 248C and secondary anti-mouse antibody-HRP

for 30min at 248C. TMB substrate (50ml) was allowed to react with

the HRP in the dark. Once color development was confirmed, 50ml

of stop solution was added to each well and absorbance (A450nm)

was measured with a BioTrack II plate reader spectrophotometer

(Amersham Biosciences/GE Healthcare, Piscataway, NJ).

STATISTICAL ANALYSIS

Results are expressed as the mean (�SD) of at least three replicate

samples per data point. Experiments were repeated at least twice.

For comparison of measurements relative to control samples,

the Student’s t-test was used to determine statistical significance.

P-values <0.01 were considered significant. For comparison of

multiple measurements, data were analyzed using Tukey’s post hoc

adjustment for 2-by-2 comparisons following ANOVA. P-values

<0.05 were considered significant.
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RESULTS

REGULATION OF CELL CYCLE PROGRESSION BY

GLUCOSE-ACTIVATED RUNX2

We have found that cell cycle progression through the G2 phase is

mediated by cdk1-dependent phosphorylation of RUNX2 [Qiao

et al., 2006] and that glucose activates IGF1/IGFR signaling to

increase RUNX2 DNA binding [D’Souza et al., 2009]. To determine

whether ECs require glucose to enter and exit the G2 phase of the cell

cycle, cell cycle arrest in G1/S was initiated with a double thymidine

blockade followed by glucose treatment after removal of thymidine.

Glucose addition (5 or 25mM) promoted cell cycle progression out

of S-phase, into G2/M and into G1 over a period of 12 h (Fig. 1A).

In the absence of glucose or treatment with an inhibitor of glucose

metabolism, 2-deoxyglucose (2-DG), cell cycle progression was

delayed and exit from G1/S, entry into G2, and exit from G2 was

incomplete. RUNX2 DNA-binding activity was stimulated by

glucose with peak activity at 4 h (Supplementary Fig. S1). On the

other hand, under nutrient and serum starved conditions, EC were

blocked in G1/S, but 20% of the EC were in G2 (Supplementary

Fig. S2A,B). In response to glucose, these confluent EC progressed

through G2/M and entered G1 but did not progress beyond G1,

consistent with contact inhibition [Qiao et al., 2006]. RUNX2 DNA-

binding increased in response to glucose (Supplementary Fig. S3A)

in the absence of changes in protein levels. Cell cycle-specific

proteins did not indicate progression through G1 over the first

8h (Supplementary Fig. S3B). Expression of p27Kip1, p21Cip1, and

cyclin D after 8h was consistent with cell cycle arrest at confluence.

RUNX2 DNA-binding at later times (10–11 h) is consistent

with the small number of cells delayed in G2 by starvation

Fig. 1. Glucose-activated Runx2 DNA-binding and cell cycle progression through G2/M and G1 phases of the cell cycle. A: EC were synchronized at the G1/S transition after

thymidine blockade (confluence) and released with 0, 5mM, or 25mM glucose or 5mM 2-deoxyglucose. Propidium iodide-stained EC were detected by FACS analysis and the

percentage of cells in each phase of the cycle was plotted. B: Cell cycle (G1, G2, S) profiles of subconfluent cells starved for 16 h and released in 5mM glucose or full media (10%

FBS, 25mM glucose) for 8 h are shown from an experiment performed in triplicate. Subconfluent and starved cells infected with RUNX2-targeting shRNA lentivirus (gray bars)

or control virus (black bars) were released from cell cycle blockade in the presence of nocodazole (0.2mg/ml) to prevent mitotic exit and block re-entry into G1. Inset:

Subconfluent cells were infected with RUNX2-targeting shRNA lentivirus or control virus and RUNX2 protein levels were confirmed by WB analysis (�differences for control vs.
shRNA were significant (P< 0.05). [Color figure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcb]
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(Supplementary Fig. S2A,B), which progressed into G1. Confluence

prevented cell cycle progression of starved ECs while replating at

subconfluence allowed progression (Supplementary Fig. S2C).

To determine whether RUNX2 might regulate cell cycle

progression in response to glucose, subconfluent-starved cells in

which RUNX2 was reduced with lentiviral shRNA were treated with

glucose or complete media containing serum and growth factors.

To focus on G1/S progression, cells in G2 were prevented from

advancing through M-phase and into G1 with nocodazole.

Starvation of cells in which RUNX2 was silenced resulted in

increased G1 arrest and a decrease in G2/M, consistent with a

reduced ability to progress into G2 (Fig. 1B; starved). After glucose

treatment, RUNX2-positive or -knockdown cells progressed into G2/

M. In complete medium (glucose and growth factors), entry into G2

was inhibited in RUNX2-knockdown cells, consistent with a delay in

S-phase (Fig. 1B; full media ), suggesting a requirement for RUNX2

in growth factor-stimulated cell cycle progression.

RUNX2 PHOSPHORYLATION IN RESPONSE TO GLUCOSE

RUNX2 DNA-binding and transcriptional activity is regulated by

cdk1 [Qiao et al., 2006; Rajgopal et al., 2007], cdk4 [Shen et al.,

2006], and ERK-mediated [Ge et al., 2009] phosphorylation, but the

direct modifications to RUNX2 in response to glucose are unknown.

IP of nuclear extracts from EC with a phospho-Ser-CDK site

antibody and WB for RUNX2 showed that endogenous RUNX2

protein in EC was phosphorylated in response to glucose (Fig. 2A,ii).

Reciprocal IP of RUNX2 followed byWBwith phospho-Ser-CDK site

antibody showed a similar response, which was ablated by

l-phosphatase treatment, consistent with a phosphorylation event

(Fig. 2A,iii). RUNX2 containing a mutant cdk phosphorylation site,

RUNX2 (S451A), exhibited reduced phosphorylation relative to

WT-RUNX2 when expressed in HEK293 cells (Fig. 2B). In these cells,

total phospho-Ser CDK substrates were unaffected by RUNX2

overexpression (Fig. 2B; Input, IP P-Ser). Mutation of the RUNX2

cdk phosphorylation site also reduced DNA binding (Fig. 3A). In

contrast, wild-type RUNX2 from EC bound DNA, but phosphatase

treatment-reduced DNA binding. Glucose activates Cdk4 by

upregulating expression of Cyclin D [Ryu et al., 2010]. RUNX2

activity in response to glucose was reduced by pretreatment with a

selective Cdk4 inhibitor (Fig. 3B,i). Further, transfection of ECs with

a dominant-negative CDK4 expression vector (DN-CDK4) dose-

dependently inhibited RUNX2 activity (Fig. 3B,ii). To establish

whether cdk4 was glucose responsive, a Cdk phosphorylation site

(Ser795) on retinoblastoma, pRb, was monitored [Kitagawa et al.,

1996]. WB detected phospho-Ser795 pRb within 3-4h after glucose

treatment (Fig. 3B,iii). These results are consistent with cdk4

operating as an upstream kinase in the glucose-mediated signal

transduction cascade activating RUNX2.

GLUCOSE-ACTIVATED RUNX2 PHOSPHORYLATION AND

SUBNUCLEAR LOCALIZATION

Sites of focal RUNX2 subnuclear staining coincide with active

transcriptional complexes [Harrington et al., 2002]. To determine if

glucose alters RUNX2 subnuclear localization, EC were blocked in

Fig. 2. Glucose regulates phosphorylation of a RUNX2 cdk target site. A: Endogenous RUNX2 protein was isolated from asynchronous (Async) or confluent EC or from cells

starved and treated with glucose as indicated (i). RUNX2 was detected after IP with phosphoserine-CDK-substrate (P-Ser) antibody (ii) or P-Ser was detected after IP with

RUNX2-specific antibody (iii). B: Detection of phospho-serine CDK sites in transfected HEK293 cells (i). Cells were untransfected (lanes 1,4) or transfected with cDNA vector

expressing WT-RUNX2 (lanes 2,5) or a mutant CDK phosphorylation site RUNX2, Runx2.S451A (lanes 3,6). Total nuclear extracts were probed with a phospho-Ser CDK site

antibody before (Input; lanes 1, 2, 3) or after immunoprecipitation with phospho-Ser antibody (IP P-Ser; lanes 4, 5, 6). Levels of phospho-Ser sites were similar in untransfected,

WT-RUNX2 transfected, or S451A-Runx2 transfected cells. Molecular weight (MW) markers indicate kDa. Phosphorylation of WT-RUNX2 or RUNX2(S451A) mutant after

P-Ser IP was measured in nuclear extracts from transfected HEK293 cells (ii). Non-specific IgG was used as negative control for IP of Wt-RUNX2 sample.
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G1/S by serum, glucose, and growth factor starvation and released

into G2 with glucose. By IF, focal staining of RUNX2 protein was

observed within 4 h after treatment, with reduced staining after 8 h

(Fig. 4A,B). Biochemical fractionation and WB analysis confirmed

that RUNX2 protein and activity were localized to the nucleus even

in the absence of glucose treatment (Fig. 4C), thus supporting a

subnuclear relocalization in response to glucose.

Focal localization of nuclear RUNX2 in response to glucose may

indicate regulation of specific RUNX2 target genes. The cdk

inhibitor, p21Cip1, which regulated EC proliferation (Supplementary

Fig. S4) is repressed at the promoter level by RUNX2 [Westendorf

et al., 2002; Sun et al., 2004]. RUNX2 knockdown resulted in

elevated p21Cip1 mRNA levels as measured by Q-RTPCR (Supple-

metary Fig. S5). TGFb1 induces p21
Cip1 but RUNX2 inhibited p21Cip1

expression in response to TGFb1 while a DN-RUNX2 did not

(Supplementary Fig. S6). The p21Cip1 promoter contains three

consensus RUNX2 interaction sites: A, B, and C (Fig. 5A). To

determine which site was the preferred functional-binding site,

oligonucleotides corresponding to each site were synthesized and

examined as competitors for RUNX2 DNA binding. RUNX2 binding

sites A and C exhibited significant interaction with RUNX2 relative

to the osteocalcin promoter site using traditional EMSA (Fig. 5B) or a

new DNA-binding ELISA, D-ELISA, (Fig. 5C). Consistent with these

results, glucose treatment after thymidine block and release resulted

in recruitment of RUNX2 protein to p21Cip1 site A in vivo as

determined by ChIP assay (Fig. 5D).

FUNCTIONAL CONSEQUENCES OF GLUCOSE-REGULATED

RUNX2 ACTIVITY

A conserved RUNX2 cdk-consensus site Serine-451(472) found in

the C-terminal region (GDRSPSRM; cdk site in bold; underlined

phospho-Ser) regulates DNA-binding[Qiao et al., 2006; Shen et al.,

2006; Rajgopal et al., 2007]. To explore the functional consequences

of this specific phosphorylation site, a mutant RUNX2(S451A)

protein that cannot be phosphorylated was ectopically expressed in

EC that express endogenous WT-RUNX2. Ectopic WT-RUNX2 was

expressed in control cells. Proliferating, but not growth arrested,

EC differentiate on extracellular matrix (matrigel), a model of

angiogenesis, if they express RUNX2 and are actively cycling

(subconfluent) prior to transfer to matrigel [Sun et al., 2004]. EC

were harvested while subconfluent and their ability to differentiate

into tube-like structures was measured. EC expressing WT-RUNX2

formed differentiated tubular networks when cultured on matrigel

while expression of mutant RUNX2 (S451A) was very effective at

inhibiting tube formation in cells in which glucose metabolism was

blocked (Fig. 6A). EC tube formation depends on active migration.

We showed that RUNX2 is required for EC migration in a wounded

monolayer assay [D’Souza et al., 2009]. To determine whether cdk4

phosphorylation, which activates RUNX2 DNA binding (Fig. 2C),

regulates EC migration, EC were treated with a cdk4-selective

inhibitor. After 18 h, untreated cells had closed almost 70% of the

wounded monolayer, whereas inhibition of cdk4 inhibited wound

closure by about one-half (35% wound closure) in response to

glucose (Fig. 6B). Mutation of the RUNX2 cdk site also affected EC

migration and wound healing since EC expressing RUNX2(S451A)

exhibited decreased wound closure in response to glucose relative to

cells expressing WT-RUNX2 (Fig. 6C). Inhibition of wound closure

may be partially due to effects on cell proliferation. Therefore,

cells expressing the RUNX2(S451A) mutant were tested for their

proliferative capacity, which was also reduced after 3–5 days

relative to WT-RUNX2 transfected cells (Fig. 6D).

DISCUSSION

Results from this study provide evidence for the glucose-dependent

regulation of RUNX2 DNA-binding activity through cell cycle-

specific post-translational modifications. Previous findings had

established that euglycemic levels of glucose increased, whereas

hyperglycemic levels repressed, RUNX2 DNA-binding and tran-

scriptional activity in microvascular EC [D’Souza et al., 2009].

RUNX2 can also regulate cell cycle progression [Galindo et al., 2005;

Qiao et al., 2006]. We now report that glucose promotes RUNX2 DNA

Fig. 3. Phosphorylation of RUNX2 in response to glucose is dependent on

cdk4. A: Nuclear extracts from starved or glucose-treated cells were treated

with l-phosphatase prior to RUNX2 DNA-binding EMSA. DNA-binding activ-

ity from cells expressing WT-RUNX2 or RUNX2(S451A) was confirmed by

EMSA. RUNX2 protein levels were confirmed by WB. B: CDK4 phosphorylates

RUNX2 in response to glucose in the G1 phase of the cell cycle. EC were starved

and treated with 0 or 5mM glucose or with 5mM glucose and a selective CDK4

inhibitor (1, 10, and 100mM) (i). In some cases, cells were transfected with a

DN-CDK4 pMSCV plasmid (2.5, 5, and 10mg) prior to isolation of nuclear

extracts (ii). RUNX2 DNA-binding activity was determined by EMSA. Phos-

phorylated-Retinoblastoma (pRb) protein (a substrate of active Cdk4 complex)

was used to confirm cdk4 activity (iii). pRb was detected by WB with antibody

specific for phospho-Rb(Ser795).

JOURNAL OF CELLULAR BIOCHEMISTRY GLUCOSE-REGULATED RUNX2 ACTIVITY 287



binding and cell cycle progression in vascular EC through

phosphorylation of a specific cdk-consensus site on RUNX2. This

phosphorylation site has been shown to be a substrate of both G2/M

(cdk1) and G1 (cdk4) protein kinases. In addition, glucose treatment

promoted changes in RUNX2 subnuclear localization, which were

associated with activation of the cell cycle-regulated RUNX2 target

gene p21Cip1. Further support of a role for RUNX2 phosphorylation

in EC function was obtained with a RUNX2 cdk-phosphorylation site

mutant, which inhibited EC tube formation (differentiation), wound

healing, and proliferation.

GLUCOSE-DEPENDENT REGULATION OF RUNX2

PHOSPHORYLATION AND CELL CYCLE PROGRESSION

The RUNX2 DNA-binding protein is glucose-responsive and

regulates cell cycle progression and expression of a variety of

target genes in osteoblasts, tumor cells, and EC [Pratap et al., 2005;

Qiao et al., 2006]. We find that glucose treatment activates RUNX2

DNA-binding and EC cycle progression, but targeted knockdown of

RUNX2 delays progression in G2/M and G1 phases of the cell cycle

(Fig. 1). RUNX2 was critical for G1 exit under starvation conditions

and for growth factor-dependent entry into G2, but glucose

promoted exit out of G1 and entry into G2 regardless of RUNX2

expression. These results are consistent with previous reports that

IGF1 activates RUNX2 in EC to increase proliferation and DNA

synthesis while the G2/M-specific cyclinB/Cdk1 complex phos-

phorylates RUNX2 in response to IGF1 to promote cell cycle

progression [Sun et al., 2004; Qiao et al., 2006; Rajgopal et al., 2007].

RNA interference reagents targeting RUNX2 delayed entry into and

exit out of the G(2)/M phases of the cell cycle [Qiao et al., 2006] and

RUNX2 was associated with cyclin B1 in mitotic EC. RUNX2 was

phosphorylated at Ser(451) by cdk1 in these cells since cdk

inhibition reduced RUNX2 DNA-binding in mitosis. The RUNX2

mutant S451A exhibited lower DNA-binding activity and reduced

stimulation of anchorage-independent growth relative to wild-type

RUNX2 [Qiao et al., 2006]. These published results and the current

findings suggest that phosphorylation of RUNX2 by cdk1 facilitates

cell cycle progression and promotes EC proliferation.

Cdk1-dependent phosphorylation events are also important in

regulating mitotic RUNX2 activity in osteoblasts [Rajgopal et al.,

2007]. When cells were blocked in mitosis and released to enter the

Fig. 4. RUNX2 activation and subnuclear localization in response to glucose. A: Cells were thymidine blocked prior to release with 5mM glucose as in Figure 1. Subnuclear

localization of RUNX2 was detected by IF using a RUNX2-specific antibody. Hoechst stain (300 ng/ml) was used to confirm nuclear localization. B: The number of nuclear foci

was counted from three separate fields. �P< 0.03 at 4 h; ��P< 0.37 at 8 h relative to untreated control (0 h). C: Subcellular localization of RUNX2 protein and DNA-binding

activity in response to glucose. WB analysis was used to monitor RUNX2 protein in the nuclear, cytoplasmic, and chromatin extracts of glucose-treated (0, 5mM) cells. Extracts

were harvested as previously described. EMSA was performed to confirm Runx2 DNA-binding activity in each isolated fraction. Smad4 was used as a marker for isolated nuclei.

Actin was detectable in all fractions and used as a loading control.
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cell cycle, RUNX2 phosphorylation, which was phosphatase

sensitive, also increased. Phosphorylated RUNX2 levels declined,

however, when cells exited mitosis. It was suggested that the protein

phosphatases PP1 and PP2A might be responsible for dephosphor-

ylation events associated with cell cycle progression. Glucose

treatment increased RUNX2 phosphorylation at a consensus cdk site

(Figure 2), which was cdk4 regulated and is consistent with glucose

activation of RUNX2 DNA-binding activity and pRb phosphoryla-

tion in the G1 phase of the cell cycle (Fig. 3). RUNX2 has been shown

to interact with pRb itself and to promote cell differentiation

[Berman et al., 2008; Calo et al., 2010]. In addition, cdk4 catalyzes

RUNX2 phosphorylation at the same C-terminal site as cdk1, leading

to RUNX2 activation, deacetylation, ubiquitination, and protein

turnover [Shen et al., 2006]. Mutagenesis of the RUNX2 S472 site

(equivalent to S451) increased the half-life of RUNX2 protein and

reduced cyclin D1-induced RUNX2 degradation through the

proteasome. The demonstration of cyclin D1-dependent RUNX2

turnover shows that RUNX2 activity may be closely tied to cell cycle

events in osteoblasts and osteosarcoma cells.

It has been shown that Runx2 levels and function regulate G1

transition in MC3T3 preosteoblastic cells [Galindo et al., 2005] and

that cell cycle control of Runx2 gene expression is impaired in

osteosarcomas [San Martin et al., 2009]. Runx2 levels were cell

cycle-regulated in MC3T3 preosteoblast cells. High expression was

observed early in G(1) with low expression in early S phase and

mitosis. Proteasome inhibition stabilized Runx2 protein levels in

late G1 and S in MC3T3 cells, but not in osteosarcoma cells, which

already expressed RUNX2 at high levels throughout the cell cycle.

Thus, proteasomal degradation of RUNX2 was deregulated in

osteosarcoma cells. Based on our current results in immortalized EC,

RUNX2 regulation appears to be similar in transformed cells where

protein levels do not change with growth arrest. Because DNA-

binding activity is low and RUNX2 protein levels are stable in

growth arrested EC, we focused on the post-translational (phos-

phorylation) aspects of RUNX2 activity. By examining glucose-

dependent cell cycle progression in cells arrested in G1/S (with

thymidine blockade or starvation), we found that cdk4-mediated

RUNX2 phosphorylation is important in exit of EC from G1. Use of

immortal EC may also model the activated EC found in the tumor

microenvironment, which exhibit a dedifferentiated, mesenchymal

phenotype [Potenta et al., 2008; Dudley and Klagsbrun, 2009].

FUNCTIONAL CONSEQUENCES OF GLUCOSE-ACTIVATED RUNX2

PHOSPHORYLATION

Glucose increased RUNX2 phosphorylation and promoted changes

in subnuclear localization (Fig. 4), coincident with DNA binding and

RUNX2 p21Cip1 promoter occupancy (Fig. 5). The focal distribution

of RUNX2 in these cells may indicate an association with

transcriptional complexes [Harrington et al., 2002]. RUNX2

interacts with the transcriptional corepressor HDAC6 to inhibit

p21Cip1 promoter activity [Westendorf et al., 2002]. Similarly, recent

reports have shown that RUNX2 colocalizes with active phospho-

ERK on the promoters of RUNX2 target genes in differentiating

osteoblasts [Li et al., 2010]. We observed that p21Cip1 regulates EC

proliferation (Supplementary Fig. S4) and that RUNX2 inhibits

TGFb-stimulated p21Cip1 expression (Supplementary Fig. S6).

Tumor cells lacking p21Cip1 also proliferate in response to TGFb,

which induces a mesenchymal phenotype [Bachman et al., 2004].

These results suggest that p21Cip1 and RUNX2 might act as key

regulators of the cellular response to TGFb in EC and tumor cells.

We have shown that RUNX2-dependent vascular remodeling in

an EC wounded monolayer assay is reversed by specific inhibition of

Fig. 5. Identification of a glucose-responsive RUNX2-binding site on the

promoter of the RUNX2 target gene, p21Cip1. A: p21Cip1 promoter site map.

The p21Cip1 promoter contains two p53/p73 consensus interaction sites

( ) and three Runx2 consensus-binding sites ( ) (ACACCAA)

close to the distal p53/p73 sites. The proximal promoter contains consensus

Smad-binding sites. B: RUNX2 DNA-binding EMSA: DNA oligonucleotides

corresponding to p21Cip1 promoter sites A, B, and C were used as competitors

(100�, 50�, 10�, indicated by triangles) of radiolabeled osteocalcin (OC)

promoter oligonucleotide recognizing RUNX2. C: RUNX2 DNA-binding ELISA:

biotin-labeled OC promoter oligonucleotides were incubated with competing

p21Cip1 promoter site A, B, and C oligos at the indicated fold higher amounts

(100�, 50�, 10�) relative to biotin-labeled oligos. Significant differences

from untreated control were observed (�P< 0.05). D: Chromatin IP (ChIP)

assays used RUNX2-specific antibody and PCR primers specific for siteA of the

p21Cip1 promoter, which were validated with genomic DNA (lane 1) or input

sheared DNA (lane 2). RUNX2 associated with p21Cip1 promoter after glucose

treatment (lane 4), but not in thymidine-blocked cells (lane 3). Negative

controls include nucleolin antibody pull-down (lane 5) and non-specific IgG

for pull-down (lane 6).
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aldose reductase in hyperglycemia [D’Souza et al., 2009].

Euglycemia increases RUNX2 activity and promotes normal

microvascular EC migration and wound healing, although the

exact mechanism is not known. We now show that targeted

knockdown of RUNX2 levels reduced cell cycle progression and that

expression of the RUNX2(S451A) mutant inhibited EC tube

formation (differentiation), wound healing, and proliferation

(Fig. 6). These results reveal, for the first time, the functional

importance of the RUNX2 cdk phosphorylation site in response to

glucose. Other cdk substrates engineered with mutated phosphory-

lation sites can also act as antagonists and exhibit growth

suppressing activity when ectopically expressed in cells [Antelman

et al., 1997; Nair et al., 2010]. Mutation of cdk4 substrate sites in pRb

resulted in cellular growth arrest in G1 [Antelman et al., 1997]. Cells

stably expressing a PELP1mutant with no CDK sites showed reduced

response to estradiol and defects in cell cycle progression [Nair et al.,

Fig. 6. RUNX2 phosphorylation regulates EC differentiation, wound healing, and proliferation in response to glucose. A: WT or mutant (S451A) RUNX2 was expressed in EC

treated with or without 2-DG to induce partial chemical starvation. Tube formation was allowed to proceed for 4 h after plating on matrigel. Shown are representative photos.

Each photographic field was separated into quadrants and the number of nodes per quadrant was counted: a node was defined as the intersection of at least 3 tubular

projections. The mean (�SD) for each treatment is shown (�P< 0.006 for S451Aþ 2DG vs. WT-RUNX2þ 2DG). B: Inhibition of CDK4 reduces EC wound healing. EC wound

healing was examined in confluent cells either untreated (a,b) or treated (c,d) with a selective cdk4 inhibitor over an 18-h period. Dotted lines indicate extent of wound closure.

Wound closure was defined relative to t¼ 0 (% wound closure). Quantitative wound closure was determined from at least three measurements per treatment (�P< 0.015;
��P< 0.004 relative to untreated control). C: EC wound healing was measured in untransfected cells, cells transfected with WT-RUNX2 or cells transfected with mutant

S451A-Runx2 vectors. Quantitative wound closure was determined from at least three independent measurements per treatment. �P< 0.028 relative to untransfected control.

D: Proliferation of EC expressing ectopic WT-RUNX2 or S451A.RUNX2 mutant was monitored over 5 days (�P< 0.05 relative to wild-type RUNX2).
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2010]. These ‘‘decoy’’ substrate sites also inhibited phosphorylation

of endogenous pRb and cell proliferation. Like PELP1, RUNX2 may

mediate proliferative signals and promote cross talk with the cell

cycle machinery. Phosphorylation of RUNX2 Ser-451 is a signal for

protein ubiquitination, which leads to proteasomal degradation

[Shen et al., 2006]. Therefore, the RUNX2(S451A) mutant could

exert its anti-proliferative and anti-differentiation effects on EC

because of reduced protein turnover and interaction with other

cellular components. Although glucose activation at this specific

cdk site can increase cell competence for tube formation, other

RUNX2 phosphorylation sites may also be involved in regulating

cell proliferation [Ge et al., 2009].

SUMMARY

Glucose promotes cell cycle progression in EC through both G2/M

and G1 phases of the cell cycle, but entry into S-phase occurs only in

subconfluent cells that can activate RUNX2 phosphorylation and

nuclear relocalization, consistent with specific promoter occupancy.

These studies define a relationship between glucose-activated

RUNX2 phosphorylation, cell cycle progression, and EC differenti-

ation. This relationship may have important implications for

uncovering the mechanisms by which EC proliferation and angio-

genesis regulate tumor growth in the tumor microenvironment.
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