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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
phosphorylation, 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 Cterminal domain (S451A.RUNX2) reduced RUNX2 phosphorylation and DNA binding.
Expression of this cdk site mutant in EC inhibited glucose-stimulated differentiation,
monolayer wound healing, and proliferation. We also found that the methionine and
cysteine residues of RUNX2 were sensitive to reactive oxygen species (ROS) that
directly regulated RUNX2 DNA-binding activity in ECs. Functional screening of
RUNX2-specific inhibitors identified the vitamin D3 prohormone to have a novel role in
EC proliferation mediated through the regulation of RUNX2 activity. These results
define a novel relationship between glucose-activated RUNX2 phosphorylation, cell
cycle progression, and EC differentiation. These data also suggest that regulation of
RUNX2 DNA-binding activity by vitamin D3 or ROS may be useful to inhibit EC
proliferation in tumor angiogenesis.
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Chapter I: Introduction
Blood vessels form the network that delivers essential nutrients and oxygen to tissues and
organs throughout the human body. Blood vessel formation, i.e. angiogenesis, is
necessary not only during development but to respond to pathological insults caused by
wounding or disease. Dysregulation of angiogenesis contributes to a wide range of
diseases including stroke, myocardial infarction, ulcerative disorders, neurodegeneration,
and cancer. Therefore, understanding the mechanisms responsible for its regulation may
lead to better therapeutic targeting of these pathologies.

Endothelial cells (EC) form the innermost cell layer of the blood vessel. ECs directly
contact the lumen of the blood vessel and thus, are the first vascular cells to respond to
nutrients and angiogenic signals in the blood. Whereas vascular smooth muscle cells
(VSMC) make up the outermost layer of the blood vessel and are responsible for the
diameter of the blood vessel; i.e. constriction or dilation. Pericytes (including fibroblasts)
and extracellular matrix (ECM) provide the structural support of the blood vessel.
Pericytes are supporting cells that facilitate the reorganization of the vasculature in
response to angiogenic signals. ECM is the connective tissue surrounding the entire
blood vessel and at the interface between ECs and VSMCs (Figure 1).
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Figure 1: Blood vessel
organization. Endothelial
cells make up the innermost
layer of cells surrounded by
smooth muscle cells. Elastin
and collagen form the
interface between cell layers
and make up the outermost
sheath of the blood vessel.
Adapted from Encyclopedia
Britannica, 2007.

Collagen/elastin

ECs respond to changing environmental needs by altering their transcriptional profiles to
expand the number of ECs, promote their migration, increase the expression of target
genes that degrade ECM, and attract accessory cells to stabilize the neovessels. This
angiogenic switch, which addresses an increased need for oxygen and nutrients, is
responsible for the activation or repression of specific genetic programs in the angiogenic
microenvironment. For angiogenesis to initiate, ECs must be activated by pro-angiogenic
signals and insensitive to anti-angiogenic signals. Following activation, ECs reorganize
and migrate to the site of angiogenesis. Once at the site of angiogenesis, ECs undergo
proliferation and differentiation to form a new blood vessel.

Endothelial Cell Activation
EC activation depends on a pro-angiogenic balance of stimuli in the microenvironment.
These factors are the upstream effectors of angiogenic signaling pathways that regulate
specific transcription factors, and ultimately, respective target genes to influence the
2

angiogenic phenotype. As the field of angiogenesis has progressed, the significant
factors regulating endothelial cell activation have been identified.

Vascular endothelial growth factor (VEGF) was discovered in the 1980s as a vascular
permeability factor [1]. Since its discovery, evidence of its significant role in
angiogenesis has continued to grow. The VEGF pathway is still considered the standard
when comparing other angiogenic factors and their signaling pathways. This is
especially apparent from the established clinical applications of VEGF-directed therapies
[2].

VEGF can be secreted in a paracrine or autocrine manner to induce angiogenesis [3, 4].
Secreted VEGF binds to a receptor tyrosine kinase, VEGF receptor (VEGFR). Following
ligand binding to VEGFR, receptor dimerization and autophosphorylation occurs to
regulate association with various signaling proteins that affect angiogenesis, including
p38 mitogen-activated kinase (MAPK), extracellular signal-regulated kinase (ERK), and
Akt pathways. While p38 MAPK pathway is dependent on cytoplasmic-anchored
VEGFR activation [5], activation of the ERK and Akt pathways can only occur after
VEGFR internalization [6, 7].

Hypoxic conditions caused by an inadequate vasculature will upregulate VEGF
expression through the hypoxia-inducible factor 1 (HIF1). HIF1 is a heterodimeric
transcription factor made up of an alpha and beta subunit. In contrast to a constitutively
active beta subunit, primary regulation of HIF alpha subunit occurs as an oxygen sensor.
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Under normoxic conditions, hydroxylation of HIF1 by prolyl hydroxylase domain
(PHD) proteins leads to its recognition by von-Hippel Lindau factor (VHL), a component
of the E3 ubiquitin ligase complex, and subsequent proteasome-mediated degradation.
Thus, lower oxygen tension leads to increased levels of HIF1 and induction of
angiogenesis genes, including the VEGF gene.

Recent studies of the transforming growth factor- (TGFfamily of cytokines have
identified a role in angiogenic signaling. Knockout models of family members resulted
in embryonic lethality due to vascular defects [8]. In canonical TGF signaling, soluble
TGF ligand binding to a heterotetrameric receptor complex begins the signaling
cascade. The receptor complex is made up of TGF type I and type II receptor dimers.
After ligand binding, the TGF type II receptor phosphorylates the type I receptor. The
type I receptor then recruits and phosphorylates Smad proteins resulting in a
transcriptionally active Smad dimer that regulates angiogenesis gene expression.
Alternatively, a non-Smad signaling pathway of the TGF activation has been identified.
It is initiated identically to the canonical pathway but after receptor phosphorylation,
direct activation of downstream kinase cascades (p38 MAPK, ERK, Akt) can occur
independently of Smad activity [9].

Mice lacking the fibroblast growth factor-2 (FGF) gene exhibited a diminished
vasculature [10]; indicating a sufficient role for FGF in vascular development. FGF
binds the extracellular region of its receptor tyrosine kinase, FGF receptor (FGFR). FGFFGFR binding is dependent on heparan sulphate glycosaminoglycan. After ligand
4

binding, FGFRs will dimerize and autophosphorylate their activating tyrosines on the
cytoplasmic domain of the receptor. Autophosphorylation of FGFR will cause FGFR
substrates to associate and activate MAPK and Akt pathways.

Knockout studies have determined insulin-like growth factor-1 (IGF1) signaling to be
critical for neovascularization [11]. In EC, various conditions and growth factors will
activate IGF1 signaling, including hypoxia, subconfluence, and VEGF. IGF1 can be
sequestered from the serum or autocrine uptake can occur [12]. IGF1 ligand binds a
tetrameric tyrosine kinase receptor; IGF1 receptor (IGF-1R). The IGF1/IGF1R complex
results in autophosphorylation that triggers tyrosine phosphorylation of receptorassociated insulin receptor substrates (IRS). IRSs serve as docking proteins to facilitate
downstream activation of MAPK, PI3K, and Akt signaling pathways to regulate
angiogenesis.

In order for pro-angiogenic signaling to be effective, tissues must downregulate the
expression of anti-angiogenic factors that normally restrain angiogenesis. One of these
factors is thrombospondin-1 (TSP1). TSP1 is a non-structural extracellular protein that
mediates complex angiogenic signals as an intact multi-domain protein or multiple TSP
fragments resulting from proteolysis [13]. TSP1 can directly regulate angiogenesis by
interacting with specific pro-angiogenic signaling receptors including CD36, LRP,
HSPG, and integrins. Indirectly, TSP1 can interfere with the availability of angiogenic
factors such as NO, FGF, PDGF, and VEGF.
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Endothelial Cell Migration
Upon activation, EC release matrix metallo-proteinases (MMPs) to breakdown the
extracellular matrix (ECM), and begin to loosen EC intercellular junctions with adjacent
non-migrating cells. Specifically, VE-cadherin expression is lowered between adjacent
nonsprouting EC and elevated at the forefront or sprouting EC tip cells [14]. Elevated
cell attachment of tip cells permits new cell-to-cell junctions with stromal cells. Also,
paracrine IGF1 secretion will direct migration and invasion [15]. Completed EC
migration into the stroma now allows subsequent EC proliferation and differentiation into
a new blood vessel.

Endothelial Cell Proliferation and Differentiation
Growth factors, including VEGF and FGF are released from the MMP-mediated
breakdown of ECM and enhance the existing pro-angiogenic signals in the
microenvironment. This release of growth factors then recruits endothelial progenitor
cells (EPC) from the bone marrow to sites of neoangiogenesis and subsequent
incorporation into the lumen of blood vessels to stimulate angiogenesis. EC proliferation
is further stimulated by EPCs recruited in response to IGF1 ligand binding [16]. After
migration to the site of neoangiogenesis, ECs must proliferate to gain the necessary cell
to form new blood vessels. HIFmediated VEGF expression is a proliferative signal to
ECs under hypoxic conditions, but once normoxia is restored (by perfused blood from
new vasculature), HIF1 is degraded and HIF1-mediated proliferative signals are reduced.
FGF has been shown to induce EC proliferation [17] and inhibit apoptosis of ECs [18].
6

After ECs proliferate and fuse, differentiation to a quiescent phenotype occurs to form
stable vascular tubes.

Pericytes are recruited by secreted factors from ECs in response to Tie2 receptor
activation [19]. These pericytes form around the neovessel to facilitate vessel
stabilization and EC quiescence. Exogenous factors, including ephrin-B2 and TGF,
signal pericyte recruitment. During vascular development, Ephrin-B2 is expressed in
differentiated ECs to maintain the vascular borders of neovessels [20]. Studies
overexpressing the TGF receptor, ALK1, in ECs reduced sprouting and impaired
proliferation [21, 22], suggesting that TGFsignaling is involved in vessel stabilization
and maturation. To sustain neovessel structure, tissue inhibitors of metalloproteinases,
TIMPs, and plasminogen activator inhibitor-1, PAI-1, are expressed to inhibit further
matrix degradation that occurred during EC activation and migration, and promote new
ECM formation around the new vasculature. Further vessel stabilization takes place as
ECM proteins are secreted by pericytes and ECs, including the basement membrane
proteins laminin and collagen, as well as the TSP1 protein.

Tumor Angiogenesis
The vascularization of solid tumors is a vital step in tumor progression which predicts
poor patient prognosis [23]. Solid tumors will escape dormancy and induce blood vessel
formation as pro-angiogenic factors overcome endogenous inhibitors of angiogenesis
(Figure 2). This conversion from a dormant to fast-growing angiogenic phenotype is
dependent on a transcriptional switch, called the angiogenic switch [24, 25], resulting in a
7

pro-angiogenic expression of specific target genes. Metastatic tumor cells detach from
the primary tumor mass and (if apoptosis is successfully avoided) enter the bloodstream
to form micrometastases in distal organs. The angiogenic switch model explains the
progression of non-angiogenic dormant tumors to angiogenic lesions that are capable of
growing and spreading from the primary site [26].

Figure 2: Tumor Angiogenesis. Small localized tumors secrete angiogenic
factors to recruit blood vessels to the tumor microenvironment. Vascularized
tumors are more likely to grow and metastasize. Adapted from the National
Cancer Institute.

The establishment of neovasculature is required for tumor growth beyond 2 mm because
of the inability of oxygen to diffuse through thicker tissue [27]. Thus, a hypoxic
microenvironment will exist within a large (>2 mm) tumor and activate HIF1-mediated
angiogenesis. Tumors have also been shown to produce specific growth factors,
including VEGF, TGF, FGF, and IGF1 that directly activate angiogenic pathways [28].
Indirect activation of these pathways can take place when tumors dysregulate oncogenes
to produce pro-angiogenic factors [29, 30]. Furthermore, these dysregulated oncogenes
8

can promote an angiogenic phenotype by downregulating endogenous inhibitors of
angiogenesis [31, 32].

During tumor vessel branching, EPCs are recruited from the bone to the site of tumor
angiogenesis to incorporate within the vessel lining [33]. The presence of these cells
correlates with diagnosis for a variety of cancers but, their functional contribution to
these pathologies remains controversial [34]. Circulating endothelial cells (CECs) are
another low abundance EC population that are indicative of vascular turnover and
consistently elevated during angiogenic stress, including abnormal vessel formation
within tumors [35]. CECs are used to monitor systemic changes in angiogenic signaling
while EPCs appear to be the active mediators at the sites of neoangiogenesis.

There is a growing interest in the potential benefits of targeting angiogenic factors to
limit tumor angiogenesis and prevent metastasis. For the last several years, clinical
management of cancer has included anti-angiogenic therapies, which rely on regimens
that reduce new blood vessel formation and limit tumor progression by “starving” the
tumor of nutrients. Using established chemotherapies such as cyclophosphamides, oral
fluoropyrimidines, vinblastines or taxanes combined with anti-angiogenic agents
including sorafenib, semaxinib, bevacizumab would reduce primary tumor growth and
inhibit metastasis by reducing invasion of surrounding tissues. This contrasts with
current chemotherapy regimens, which consist of schedules involving maximum tolerated
dosing (MTD). Multiple cycles of drug administration punctuated by rest periods for the
patient; metronomic therapy (MT) is an experimental approach that employs a low dose
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of drug over a long contiguous schedule. MT is a less toxic alternative to MTD treatment
regimens and its use with a low-dose, extended-exposure protocol has yielded respectable
results when chemo- (irinotecan) and anti-angiogenic (semaxinib) therapies were
combined [36]. Another therapeutic approach to inhibiting angiogenesis involves
stabilizing the inherently abnormal vessels in tumors. Blood vessels within tumors
exhibit leakiness and inadequate blood flow [37-39]. These leaky blood vessels
contribute to chronic inflammatory signaling and interstitial hypertension [40]. Antiangiogenic therapies may, therefore, reduce leakiness and increase blood flow by
normalizing vessels and preventing metastatic progression of the tumor. Therapeutic
approaches using agents such as Bevacizumab (anti-VEGF antibody) have had clinical
success in exploiting these concepts [41-43]. Since CEC/EPCs have proven to be
effective in evaluating drug-induced angiogenic responses in tumors [44-46], these
populations of cells are now being employed to personalize treatment schedules and
reduce drug resistance [47].

Recently, phase III clinical trials of anti-angiogenic agents have resulted in modest
benefits with no overall survival benefit [48]. These disappointing results in the efficacy
of anti-angiogenic agents call for a re-evaluation of their current role in anti-tumor
treatment regimens. A few possibilities explaining the lack of efficacy: 1) Angiogenesis
may not be a major activator of tumor progression in certain cancers. 2) Angiogenesis
pathways are known to have multiple redundancies and crosstalks that would reduce
efficacy of pathway-specific anti-angiogenic agents. 3) Characterization of individual
tumors based on specific angiogenic protein expression profiles could help personalize
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anti-angiogenic treatments. 4) Effective dosages, combinations, and time parameters
remain to be identified to increase overall survival benefit.

RUNX2 Is A Transcriptional Activator of Angiogenesis
Runt-related (Runx) genes are DNA-binding transcription factors that regulate a variety
of developmental events including stem cell self-renewal and bone formation [49, 50]
(Figure 3). Of the Runx family members, in vivo studies have shown RUNX2 to regulate
angiogenesis. Specifically, RUNX2 activated VEGF expression in bone cells promotes
vascularization [51]. Targeted knockout (KO) of RUNX2 resulted in smaller mice with
failed vascularization of the cartilaginous shaft [52]. Wound healing responses in
RUNX2 heterozygote KO mice are also severely compromised, indicative of angiogenic
deficits [53]. Observations from RUNX2 transgenic mice [54] and transformation studies
of RUNX2 cooperation with the c-yes associating protein (YAP) coactivator [55],
indicate that RUNX2 is involved in regulating cell proliferation and oncogenesis.
Dominant negative (DN) inhibition of RUNX2 inhibits angiogenesis [56, 57] and breast
cancer metastasis [58], while overexpression of RUNX2 in EC [59] and breast tumor
cells [60] regulates cell proliferation, thereby enhancing blood vessel formation and
tumor growth. Several RUNX2 target genes, including the metalloproteinases MMP7,
MMP9, and MMP13, and the matrix protein osteopontin [61, 62], are involved in
mediating its tumorigenic and angiogenic activity. Fibroblast growth factor (FGF) and
vascular endothelial growth factor (VEGF) activate RUNX expression in mouse EC and
upregulate angiopoietin-1 expression, a regulator of vasculogenesis and angiogenesis
[56]. Anti-angiogenic agents also inhibit the expression of RUNX2 and some of its target
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genes (VEGF, MMP9), consistent with the role of RUNX2 as an angiogenic regulator
[63].
RUNX2 protein levels and activity have been found to be distinctly regulated by a series
of posttranslational modifications. Bone Morphogenetic Protein-2 (BMP) was found to
stimulate p300-mediated acetylation of RUNX2 in osteoblasts [64]. RUNX2 acetylation
increases protein stability to allow for regulation of target genes involved in osteoblast
differentiation. De-acetylation of RUNX2 is by histone de-acetylases 4 and 5
(HDAC4/5) to promote Smurf-mediated ubiquitination followed by degradation .
Parathyroid Hormone (PTH) has been shown to also promote RUNX2 acetylation and
stability for regulation of downstream genes including MMP13 [65]. RUNX2 activity is
primarily regulated by phosphorylation events. RUNX2 phosphorylation at the S104 and
S451 sites was found to negatively regulate RUNX2 DNA-binding and activity [66]. The
S301 site of RUNX2 was found to be phosphorylated by ERK in response to FGF-2
treatment of osteoblasts [67].
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Figure 3: RUNX2 functions as a scaffolding protein to bind target genes.
The runt homology domain (RHD) is the runt homology domain for DNAbinding. RUNX2 is localized to the nucleus by the nuclear localization signal
(NLS). The Nuclear Matrix Targeting Signal (NMTS) directs RUNX2 to
subnuclear compartments. Stein and Pardee, 2004.

p53 Is A Transcriptional Inhibitor of Angiogenesis
Originally found to be deleted in tumors [68], the p53 protein is now extensively
described as a cell cycle checkpoint marker mutated or deleted in cancers. In response to
DNA damage, a tetrameric p53 protein is phosphorylated by multiple kinases [69]. Once
phosphorylated, p53 then regulates cell cycle inhibitor genes such as the p21 cdk
inhibitor. Ultimately, activated p53 will induce cell cycle arrest and mediate subsequent
apoptotic events.
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Recent studies have shown that the angiogenic switch is prevented by p53-induced
degradation of the HIF1 angiogenic transcription factor [70]. Some studies have
identified p53 as a marker of tumor angiogenesis [71, 72]. On the other hand, loss of p53
was found to enhance HIF1 and VEGF levels during a hypoxic response. The p53
protein appears to reduce angiogenesis by at least two other mechanisms, which include
inhibiting the production of angiogenic factors, such as VEGF, bFGF, and COX-2 and
increasing the synthesis of anti-angiogenesis factors, such as TSP1, EphrinA2, and
collagen [73].

Endothelial Cell Metabolism
There are many examples of transcription factors that are regulated by nutrients, and in
turn, regulate genes responsible for nutrient metabolism in both yeast [74, 75] and
mammalian cells [76]. In some cases, pathways activated in hyperglycemic
environments have been shown to negatively regulate angiogenesis [77]. This type of
negative regulation may depend on increased polyol pathway flux, which increases
oxidative stress and inhibits transcriptional activation [78] or increased utilization of the
glutamine pathway, which alters glycosylation of transcription factors and affects their
activity [79, 80]. Therefore, it is logical to conclude that metabolism regulates
angiogenic transcription factors while angiogenic transcription factors regulate EC
metabolic genes to provide more oxygen and nutrients (glucose) to the vascular EC.
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Increased HIF1 expression results in a general acceleration of metabolic rates through
pAkt/mTOR activation. HIF1 has direct effects on glucose utilization by activating
glucose transporter expression, increasing glycolysis by elevating the levels of glycolytic
enzymes (HK2, G3PD, PDK1), promoting lactate production (increased LDH-A
expression), and inhibiting oxidative phosphorylation (increased PDK-1 expression
blocks pyruvate dehydrogenase), thus promoting the Warburg effect [81]. In contrast,
Retinoblastoma protein (pRb) appears to repress pyruvate dehydrogenase kinase (PDK4),
whose expression is often elevated in obesity and diabetes [82]. However, HIF1 is also
regulated by non-hypoxic mechanisms, which involve the inactivation of PHD proteins
by citric acid cycle intermediates succinate and fumarate [83] or the product of
glycolysis, pyruvate [84-86].

Growing evidence has implicated growth factor signaling in the transcriptional regulation
of EC metabolism. Glucose and amino acid uptake was significantly increased (2-4 fold)
in ECs treated with IGF1, TGF, or FGF [87]. Insulin signaling in ECs appears to be
mediated primarily through the IGF1 pathway [88]. Because TGF signaling and
glucose responses in ECs appear to be intertwined [89], a novel role for TGF in
metabolic regulation may exist. Recent studies have shown that FGF signaling exerts an
endocrine-like function on energy homestasis [90]. Consequently, the crosstalk between
angiogenic and metabolic pathways seems to be authentic.
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Tumor Angiogenesis and Metabolism
Angiogenesis has long been considered one of the hallmarks of cancer [91] and more
recently has received increased attention because of its role in alleviating hypoxic and
metabolic stress within tumors [75]. ECs within tumor blood vessels appear to exhibit
several functions: they are responsible for delivery of nutrients and oxygen to the tumor,
they respond to intravascular levels of glucose and other nutrients, and they undergo
rapid remodeling to meet the needs of the growing tumor. Unlike normal cells, which
derive most of their energy needs from mitochondrial oxidative phosphorylation, tumor
cells generate ATP through glycolysis, even in the presence of oxygen (the Warburg
effect), and produce high levels of lactic acid, which may provide a survival and/or
metastatic advantage [75]. Like tumor cells, ECs have adapted to the nutrient and oxygen
stresses in the microenvironment and are able to quickly respond to angiogenic factors by
generating sufficient energy for cell migration, proliferation, and vessel stabilization. In
fact, ECs have adapted to the extreme tissue environment of normal vessels (quiescence)
and the proliferative environment of a tumor (hypoxia) by utilizing glucose as their major
source of ATP [76]. The result is an increase in glycolysis and the ability to utilize most
of the glucose anaerobically [92, 93]. Glucose is an essential energy source for ECs
because it promotes cell cycle progression and proliferation [94]. Most studies have
shown that euglycemic levels of glucose (90mg/dl) can regulate normal EC function,
while hypoglycemic (<45mg/dl) or hyperglycemic (>180mg/dl) levels lead to increased
p21Cip1 and p27 expression and reduced DNA synthesis and cell cycle progression [95].
These effects may be mediated through the upregulation of TGFß and p38 MAPK in
hyperglycemia, which is anti-proliferative [96].
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Therefore, the tumor microenvironment and the neovasculature within tumors are
subjected to the same stress-inducing pathways. These include metabolic stresses
resulting from glucose utilization, such as increased ATP and lactic acid, which are the
result of the hypoxic conditions within tumors. Additionally, generation of reactive
oxygen species (ROS) within glycolytic tumors is higher than in normal cells, and can
lead to increased DNA damage and altered metabolic profiles through regulation of
angiogenic transcription factors such as HIF1.

17

Chapter II: Hypotheses and Aims
RUNX2 expression is tightly regulated during cell cycle progression (Figure 4). During
progression through the G1 phase, the CyclinD1-Cdk4 complex was shown to increase
RUNX2 activity by phosphorylating a Serine 451 residue [97]. After RUNX2
phosphorylation, ubiquitin-mediated degradation occurred prior to S phase entry. During
G2 cell cycle progression, RUNX2 associated with cyclin B1 complexes and was
phosphorylated by Cdk1 (Cdc2) at the same Serine 451 site in the C-terminal domain [98,
99]. Therefore, the S451 phosphorylation site appears to be necessary and sufficient for
RUNX2 activity throughout the cell cycle. However, the identification of a specific
RUNX2 phosphorylation event in response to glucose remains elusive.

Figure 4: RUNX2 protein levels are cell cycle regulated. RUNX2 protein
levels are maximal in the G2 phase and maintained through mitosis into G1
phase. In late G1 phase, RUNX2 protein is rapidly phosphorylated and then
targeted for degradation by ubiquitination. Cdks mediate RUNX2
phosphorylation in their respective cell cycle phases.
18

1. EC utilize glucose as an energy source during the proliferative phase of angiogenesis
[75] and RUNX2 DNA-binding and transcriptional activities are sensitive to glucose
treatment [100]. Euglycemic, but not hyperglycemic, levels of glucose activated RUNX2
DNA-binding through endogenous production of IGF1 and the PI3K/ERK pathways.
After glucose addition, RUNX2 activity was essential for EC wound healing. Therefore,
RUNX2 may function as a transcriptional mediator of angiogenic-metabolic pathway
crosstalk. Given the role of RUNX2 in EC proliferation and metabolism, anti-angiogenic
strategies targeting RUNX2 may prove useful in preventing tumor metastasis.

Hypothesis 1: Glucose will activate RUNX2 by regulating Cdk4 phosphorylation of
the Serine 451 site. Glucose-activated RUNX2 will promote EC proliferation and an
angiogenic phenotype (Figure 5).

2. In the tumor, a hyperglycemic environment persists to elevate oxidative stress and
promote vascular dysfunction. Hyperglycemia generates oxidative stress through the
aldose reductase (AR) alternative glucose utilization pathway to inhibit RUNX2 activity
in ECs [100]. In vitro studies have shown that oxidized cysteine and methionine residues
of RUNX2 will decrease its association with DNA and DNA-binding cofactor, Cbfß,
respectively [101, 102]. RUNX2 association with Cbfß enhances DNA-binding by
approximately 10-fold [103]. Studies elucidating the direct oxidation of RUNX2, via
hyperglycemia, in ECs have remained elusive.
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Hypothesis 2: Glucose regulates RUNX2 activity through direct oxidation of critical
cysteine and methionine residues (Figure 5).

3. Vitamin D3 is an important hormone and essential nutrient that promotes bone
formation through its ability to increase calcium mobilization in the intestine. The
Vitamin D Receptor (VDR) is expressed in a variety of tissues and cell types including:
breast, prostate, macrophages, keratinocytes and ECs. VDR mediates growth arrest,
differentiation, and genomic stability by transcriptionally regulating the expression of a
variety of target genes [104]. In cancer cells, VDR signaling has appeared to be crucial
for growth [105]. Unfortunately, vitamin D3 has adverse effects on calcium metabolism
but, future studies into vitamin D3 analogs have been promising [106]. Crosstalk
between VDR and RUNX2 appears to coordinate regulation of target genes [107].
Characterization of vitamin D analogs, as RUNX2-specific inhibitors of EC proliferation,
may help focus more successful anti-angiogenic strategies and prevent adverse effects on
bone metabolism.

Hypothesis 3: Functional screening of vitamin D3 analogs will identify specific
inhibitors of RUNX2 DNA-binding and EC proliferation (Figure 5).
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Figure 5: Model of Glucose-regulated RUNX2 activity. Euglycemia
activates IGF1 secretion and signaling. IGF1/IGFR activation upregulates
Cdc25c activity to increase Cdk4-directed RUNX2 phosphorylation at the
S451 residue. Phospho-RUNX2 occupies target genes including p21cip.
Hyperglycemia generates reactive oxygen species (ROS) that inhibit RUNX2
activity indirectly through Cdc25c degradation and directly through
methionine and cysteine residues. Vitamin D3 promotes RUNX2-DNA
binding activity.
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Chapter III: Materials and Methods
Reagents, cell culture, and EC biological assays. Human bone marrow ECs are RUNX2positive 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 5 mM D-glucose or Cdk4-selective inhibitor II (NSC625987)
from EMD Biosciences (Darmstadt, GE), as described [98].

EC tube formation (a

measure of angiogenic activity) was determined by culturing 5x104 ECs in 96-well tissue
culture plates coated with 50 l 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 3
tubular structures. EC proliferation assays were performed in 96-well tissue culture plates
with EC expressing wild type or mutant (S451A).RUNX2 at a density of 5000 cells per
well and measuring cell growth after staining with crystal violet [100].

Cells

synchronized in mitosis were treated with nocodazole (200 ng/ml) for 16 hours and
nuclear protein was isolated.

Cell cycle analysis. Cell cycle progression through G2/M and G1 phases was analyzed
after double thymidine blockade and release, as described [98].

Briefly, for

synchronization at the G1/S boundary, cells were incubated in 2 mM thymidine for 16h
followed by an 8 hour recovery and a second 16 hour incubation in 2 mM thymidine.
Cells were washed with phosphate-buffered saline (PBS), harvested by trypsinization,
fixed in cold 70% ethanol, and stored at -20°C. Before analysis, ethanol was removed by
centrifugation of the cell suspension. Cells were resuspended in 1 ml of phosphatebuffered saline containing 50 g/ml propidium iodide, 0.1% Triton-X 100, and 20 g/ml
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RNase A and incubated for 30 min at 37°C prior to Fluorescence Activated Cell Sorting
(FACS) analysis (Greenebaum Cancer Center Core Facility). In some cases, cells were
starved in the absence of serum and glucose for 16 hours and released in 5 mM glucose
for 12 hours.

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
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 (100g) were incubated at 4ºC
for 16 hours with 2 g antibody diluted in IP buffer (20 mM Tris, pH 7.5, 2 mM 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 412% NU-PAGE gels (Invitrogen), and transferred to PVDF membranes (Millipore).
Phospho-Ser-CDK (Cell Signaling, Danvers, MA), RUNX2 (MBL, Woburn, MA) and
Flag-tag or HA-tag (Sigma-Aldrich, St. Louis, MO) antibodies were used. Blots were
incubated with primary antibody followed by horseradish peroxidase-conjugated goat
anti-mouse

IgG

(KPL,

Gaithersburg,

MD)

and

developed

with

enhanced

chemiluminescence (ECL, Amersham Pharmacia Biotech, Buckinghamshire, England).
Antibodies recognizing p21Cip1, p27Kip1, or cyclin D1 were obtained from Cell Signaling
(Danvers, MA).
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Immunofluorescence (IF). EC were cultured on glass cover slips for 24 hours 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, St. Louis, MO) in PBS for
1 hour at room temperature. Slides were incubated with 1:50 diluted primary polyclonal
anti-RUNX2 (M-70) antibody (Santa Cruz Biotechnology Inc; Santa Cruz, CA) for 16
hours at 4ºC. Secondary anti-rabbit AlexaFluor-488 conjugated antibody (2 g/ml in
PBS) was applied for 1 hour and epifluorescence microscopy was performed. Hoechst
stain (300ng/ml) was used to visualize DNA.

Chromatin IP assays. Chromatin IP (ChIP) assays utilized PCR primers targeting the
p21Cip1 promoter RUNX2 site-A (-2.2kb). 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 antibody (Santa
Cruz; M70) was followed by PCR with primers specific for the distal RUNX site in the
proximal

promoter.

p21Cip1

promoter

GGGCAGAAGTCCTCCCTTAGAGTG-3’

site

A

primers
(UP)

were:

5’3’-

CTCCCCGAAGTTCCGTCACCCTC-5’ (DOWN) for an anticipated product of 337bp.

RNAi design and RUNX2 gene knockdown. For transient, specific RUNX2 targeting, the
Imgenex shRNA vectors subcloned into the pSupNeo vector were utilized, as described
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[98].

Sequences

targeted

were:

CCATAACCGTCTTCACAAA(Rx2);

GGACGAGGCAAGAGTTTCA(Rx3);
CCACAAGGACAGAGTCAGA(Rx1);

GGATGAATCTGTTTGGCGA(Rx4).

Control

GFP

Target

Site:

TCTGTGTGTTTGACTCTGA. For specific p21Cip1 knockdown, shRNA targeting the
p21cDNA

from

the

CDKN1A

(p21Cip1),

gene

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: 5’GCACAGACAGAAGCTTGAT-3’;
p21Cip1–specific

(Forward:

Reverse:

5’-CCCAGTTCTGAAGCACCT-3’),

5’-CCGAAGTCAGTTCCTTGTGG-3’;

Reverse:

5’-

CCGCCATTAGCGCATCACAG-3’), or GAPDH-specific primers (Forward: 5’Reverse:

CCGTCTAGAAAAACCTGCCAA-3’;

5’-

TGTAGCCAAATTCGTTGTCATACC-3’) and SYBR green detection. For stable
RUNX2 knockdown, the Mission Lentiviral system (Sigma/Aldrich, St. Louis, MO) was
used to target five different sites within the RUNX2 coding sequence: 5’GCTACCTATCACAGAGCAATT-3’

5’-

(TRC653);

CTCAGTGATTTAGGGCGCATTC-3’

(TRC

GTGGTCCTATGACCAGTCTTA-3’

(TRC

TGCACTATCCAGCCACCTTTACT-3’

(TRC

654);

5’-

656);

5’-

657);

5’-

CAGCACTCCATATCTCTACT-3’ (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 [108]. The Flag-tag
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S451A.RUNX2 mutant was prepared by site-directed mutagenesis as described [98].
Flag-tag RUNX2 or Flag-tag DN-RUNX2 (missing exon 8) 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
RUNX28 was quantified using p21CIP1 promoter-luciferase assays [108]. Ad vectors
were prepared in HEK293 packaging cells by sequential transfection/infection and viral
titers of HEK293 supernatants were determined by cell lysis.

Nuclear Protein Isolation and subcellular fractionation—For electrophoretic mobility
shift assay (EMSA), cells were washed with chilled phosphate-buffered saline and
centrifuged at 800 × g for 5 min at 4 °C and then treated with hypotonic lysis buffer (10
mM Tris, 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40) for 30 min at 4 °C. Nuclei
were centrifuged at 14,000 rpm for 30 min at 4 °C, and nuclear proteins were extracted
with buffer containing 10 mM HEPES, 20% glycerol, 800 mM KCl, 1.5 mM MgCl2, and
0.2 mM EDTA and diluted with hypotonic buffer (1:1, v:v) prior to use. Protein
concentrations were determined by the Bradford assay using the Bio-Rad reagent. All of
the buffers contained a mixture of protease and phosphatase inhibitors consisting of 2
mM phenylmethylsulfonyl fluoride, 5 g/ml aprotonin, 1 mM EGTA, 10 mM NaF, 1 mM
sodium pyrophosphate, and 1 mM sodium orthovanadate. For subcellular fractionation of
RUNX2, hypotonic low salt buffer containing 0.5% Nonidet P-40 was used to solubilize
RUNX2 from the cytosolic and nucleoplasmic compartments, high salt buffer (0.8 M
KCl) was used to remove RUNX2 bound to nucleic acid. To extract RUNX2 associated
with the chromatin fraction, resuspension of the salt-insoluble nuclear pellet in TE buffer
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was sonicated at 70% power for 5 x 3 second pulses. After centrifugation at 10,000g for
5 minutes, the chromatin proteins in the supernatant were resuspended in 2× SDS sample
buffer for Western blot analysis.

Electrophoretic mobility shift assays (EMSA). Nuclear extract protein (1μg) was
incubated for 30 min at room temperature with a
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P-labeled oligonucleotide derived

from the human osteocalcin promoter (from –141 to –165) and containing the human
Runx2 consensus sequence (shown in boldface): 5′-CGTATTAACCACAATACTCG-3′
and 3′-AATTGGTGTTATGAGCATGC-5′. The double-stranded RUNX2 probe was
end-labeled using [α-32P]-dATP, a dNTP mixture, and Klenow enzyme (New England
Biolabs) and purified according to standard protocols from Amersham Biosciences.
DNA-protein complexes were resolved on 6% Tris-borate-EDTA polyacrylamide gels
(Invitrogen). Gels were dried and exposed to x-ray film at –80 °C with an intensifying
screen.

DNA-binding enzyme-linked immunosorbent assay (D-ELISA) protocol. DNA binding
was quantified with a specific ELISA format method [109] as modified for RUNX2specific detection. Avidin-coated 96-well plates (Greiner Bio-One, Basel, Switzerland)
were fixed with sodium carbonate for 2 hours at 24ºC. After rinsing 3X with wash buffer,
a 3’-biotin labeled oligonucleotide, containing three osteocalcin RUNX2-binding sites,
was added for 2 hours. Nuclear extracts containing RUNX2 protein were exposed to the
plate with rocking for 16 hours at 4ºC. Primary mouse antibody against RUNX2 (D1303; MBL, Inc., Woburn, MA) was added for 1 hour at 24ºC and secondary anti-mouse
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antibody-HRP for 30 min at 24ºC. TMB substrate (50 l) was allowed to react with the
HRP in the dark. Once color development was confirmed, 50 l 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-by2 comparisons following ANOVA. p values < 0.05 were considered significant.
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Chapter IV: Glucose-activated RUNX2 phosphorylation promotes
endothelial cell proliferation and an angiogenic phenotype
Cancer cells acquire properties that promote tumor progression and metastasis, including
the ability to recruit stromal cells and blood vessels (angiogenesis) [110]. 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 angiogenesis also
inhibit EC proliferation [111]. 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 [112].

The RUNX2 transcription factor is a key regulator of osteoblast differentitation [49, 50].
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 [51, 52].
Targeted knockout (KO) of RUNX2 results in dilated placental vessels, failure to
vascularize the cartilaginous shaft, and smaller mice [52]. Indicative of an angiogenic
deficit, RUNX2-deficient mice also show impaired wound healing responses [53].
Observations from RUNX2 transgenic mice [54] and our previous results that RUNX2
cooperates with YAP [55], indicate that RUNX2 is involved in regulating cell
proliferation and oncogenesis. Dominant negative (DN) inhibition of RUNX2 protein
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impaired migration and invasion of ECs [56, 57]. Perturbation of RUNX2 activity in
breast cancer cells interrupted breast cancer cell to bone interactions to prevent breast
cancer metastasis [58]. Oppositely, overexpression of RUNX2 in ECs and breast tumor
cells promotes cell proliferation to enhance angiogenesis and tumor growth [60, 108].
Several RUNX2 target genes (MMP7, MMP9, MMP13, osteopontin) are responsible for
mediating its tumorigenic and angiogenic activity [62, 113]. Recent analysis of RUNX2
activity and expression of its target genes (VEGF, MMP9) after anti-angiogenic treatment
has shown inhibition of RUNX2 and downstream genes; consistent with a RUNX2 role
in angiogenesis [63].

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 [97-99]. During G2 cell cycle progression, RUNX2 associated
with cyclin B1 complexes and was phosphorylated by Cdk1 at a specific site in the Cterminal domain [98]. EC utilize glucose as an energy source during proliferative
angiogenesis [75] and RUNX2 DNA-binding and transcriptional activity are sensitive to
glucose treatment [100]. 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
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formation) in response to glucose, supporting a role for glucose-mediated RUNX2
phosphorylation in angiogenesis.

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 [98] and that glucose activates IGF1/IGFR signaling to
increase RUNX2 DNA binding [100]. 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 mM or 25 mM) promoted cell cycle progression out of S-phase, into
G2/M and into G1 over a period of 12 hours (Figure 6A). 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.
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Figure 6A: 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 mM, 5 mM, or 25 mM glucose or 5 mM 2-deoxyglucose.
Propidium iodide-stained EC were detected by FACS analysis and the
percentage of cells in each phase of the cycle was plotted.
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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 (Figure 6B; 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 (Figure 6B; full media), suggesting a requirement for RUNX2 in growth
factor-stimulated cell cycle progression.
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Figure 6B: Glucose-activated RUNX2 DNA-binding and cell cycle
progression through G2/M and G1 phases of the cell cycle. Cell cycle (G1,
G2, S) profiles of subconfluent cells starved for 16 hours and released in 5 mM
glucose or full media (10% FBS, 25 mM glucose) for 8 hours 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 (0.2 g/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 analyzed by WB. (*Differences for control vs shRNA were
significant (p< 0.05).
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While cell cycle progression appeared to be equal in 5 mM or 25 mM glucose treatment,
differences in RUNX2 DNA-binding activity may exist to differentially regulate
downstream gene expression as was previously described [100]. RUNX2 DNA-binding
activity was stimulated equally well in any glucose (5 mM/25 mM) treatment with peak
activity at 4 hours after release from thymidine blockade (Figure 7). Westen blot analysis
of RUNX2 detected stable RUNX2 protein levels; indicating that this increase in RUNX2
activity was not due to new protein synthesis.

Figure 7: Glucose activates RUNX2 DNA binding. EC were
synchronized at the G1/S transition after a double thymidine
blockade and released in 5 mM glucose (A) or 25 mM glucose (B).
DNA binding (EMSA) was used as a measure of RUNX2 activity
induced by glucose. WB analysis detected RUNX2 protein levels.

35

On the other hand, under nutrient and serum starved conditions, EC were blocked in
G1/S, but 20% of the EC were in G2 (Figure 8A, B). Confluence prevented cell cycle
progression of starved ECs while replating at subconfluence allowed progression (Figure
8C). In response to glucose, these confluent ECs progressed through G2/M and entered
G1 but did not progress beyond G1, consistent with contact inhibition [98]. RUNX2
DNA-binding increased in response to glucose (Figure 9A) in the absence of changes in
protein levels. Cell cycle-specific proteins did not indicate progression through G1 over
the first 8 hours (Figure 9B). Expression of p27Kip1, p21Cip1, and cyclin D after 8 hours
was consistent with cell cycle arrest at confluence. RUNX2 DNA-binding at later times
(10-11 hours) is consistent with the small number of cells delayed in G2 by starvation
(Figure 8), which progressed into G1.
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A

B

Figure 8: Glucose does not promote cell cycle progression in starved cells at
conflucence. (A) FACS analysis of DNA was performed on cells that were glucose
starved for 16hr and released in the presence of 5mM glucose for 12hr. (B) Quantitation of
cell cycle profiles in panel A. (C) ECs were cultured under indicated growth conditions:
subconfluent proliferative, subconfluent starved growth arrested, confluent growth
arrested, confluent and replated at subconfluence.
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Figure 9: Glucose activates RUNX2 DNA-binding. (A) EC were
synchronized at the G1/S transition after starvation for 16 hours and
released in the 5 mM glucose for the indicated times. EMSA was used to
detect RUNX2 DNA-binding activity and WB with specific RUNX2
antibody was used to detect RUNX2 protein. (B) Cell cycle markers
were detected by WB analysis using p21Cip1, p27kip1, and CyclinD1specific antibodies.
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RUNX2 phosphorylation in response to glucose. RUNX2 DNA-binding and
transcriptional activity is regulated by Cdk1 [98, 99], Cdk4 [97], and ERK [114]mediated phosphorylation, but the direct modifications to RUNX2 in response to glucose
are unknown. Since no phosphorylated RUNX2 antibody is commercially available, we
used an immunoprecipitation (IP) approach to purify phosphorylated phosphorylated cdk
substrates followed by Western blot analysis of RUNX2 protein. The Serine 451
phosphorylation site of RUNX2 is the only consensus cdk phosphorylation site of
RUNX2. The IP antibody used specifically detects a phosphorylated cdk substrate. IP of
nuclear extracts from ECs with a phospho-Ser-CDK site antibody and WB for RUNX2
showed that endogenous RUNX2 protein in ECs was phosphorylated in response to
glucose (Figure 10A, ii). Reciprocal IP of RUNX2 followed by WB with phospho-SerCDK site antibody showed a similar response, which was ablated by -phosphatase
treatment, consistent with a phosphorylation event (Figure 10A, iii). RUNX2 containing
a mutant cdk phosphorylation site, RUNX2(S451A), exhibited reduced phosphorylation
relative to WT-RUNX2 when expressed in HEK293 cells (Figure 10B). In these cells,
total phospho-Ser CDK substrates were unaffected by RUNX2 overexpression (Figure
10B; Input, IP P-Ser). These studies directly show phosphorylation of RUNX2 protein at
the S451 site in response to glucose.
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Figure 10: 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 phosphoSer 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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Indicating a need for phosphorylated RUNX2 in RUNX2-DNA interactions, wild type
RUNX2 from EC bound DNA, but phosphatase treatment reduced DNA binding..
Mutation of the RUNX2 cdk phosphorylation site also reduced DNA binding (Figure
11A). Glucose activates Cdk4 by upregulating expression of Cyclin D[115]. RUNX2
activity in response to glucose was reduced by pretreatment with a selective Cdk4
inhibitor (Figure 11B, i). Further, transfection of ECs with a dominant-negative CDK4
expression vector (DN-CDK4) dose-dependently inhibited RUNX2 activity (Figure 11B,
ii). To establish whether Cdk4 was glucose responsive, a Cdk4 phosphorylation site
(Ser795) on retinoblastoma, pRb, was monitored [116]. WB detected phospho-Ser795
pRb within 3-4 hours after glucose treatment (Figure 11B, iii). These results are
consistent with Cdk4 operating as an upstream kinase in a glucose-mediated signal
transduction cascade activating RUNX2.
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Figure 11: Phosphorylation of RUNX2 in response to glucose is
dependent on Cdk4. (A) Nuclear extracts from starved or glucose-treated
cells were treated with -phosphatase prior to RUNX2 DNA-binding
EMSA. DNA-binding activity 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 5
mM glucose or with 5 mM glucose and a selective Cdk4 inhibitor (1,
10, 100) (i). In some cases, cells were transfected with a DN-CDK4
pMSCV plasmid (2.5 g, 5 g, 10 g) prior to isolation of nuclear extracts
(ii). RUNX2 DNA-binding activity was determined by EMSA.
Phosphorylated-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).
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Glucose-activated RUNX2 phosphorylation and subnuclear localization. Sites of focal
RUNX2 subnuclear staining coincide with active transcriptional complexes [117]. A
Nuclear Matrix Targeting Signal (NMTS) spanning the residues 397-433 of the RUNX2
protein was found to regulate its subnuclear targeting[118]. Mutations within the NMTS
prevented RUNX2 subnuclear staining and also impaired transcriptional activity of the
p21 promoter; a known target gene of RUNX2. Also, photobleaching assays showed that
RUNX2 rapidly associates with these active punctuate foci within a live cell [117]. To
determine if glucose alters RUNX2 subnuclear localization, EC were blocked in G1/S by
serum, glucose, and growth factor starvation and released into G2 with glucose. Using
immunofluorescence, focal staining of RUNX2 protein was observed within 4 hours after
treatment, with reduced staining after 8 hours (Figure 12A, B). WB and EMSA analysis
confirmed that RUNX2 protein and activity were predominantly in the nuclear
compartment even in the absence of glucose treatment (Figure 12C), therefore, no
protein shuttling within major cellular fractions occurred. This data does not eliminate
any RUNX2 localization changes that could potentially occur within the nucleus.
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Figure 12: 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 was used to confirm nuclear localization. (B) The number of
nuclear foci was counted from 3 separate fields. *p < 0.03 at 4 hours relative to
untreated control (0h). (C) Subcellular localization of RUNX2 protein and DNAbinding activity in response to glucose. WB analysis was used to monitor RUNX2
protein in the nuclear, cytoplasmic, and chromatin extracts of glucose-treated (0 mM,
5 mM) 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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Focal localization of nuclear RUNX2 in response to glucose may indicate regulation of
specific RUNX2 target genes. The cdk inhibitor, p21Cip1, is a known RUNX2 target gene
repressed at the promoter level [108, 119]. In most cell types, p21Cip1normally restrains
proliferation but, it is not known whether this is true for our model ECs as well. In our
EC model, shRNA knockdown of p21Cip1 was found to promote EC proliferation when
compared to control transfected ECs (Figure 13).

Figure 13: p21Cip1 expression regulates EC proliferation. A region close to
the 5’-end of the p21Cip1 mRNA was targeted by a short hairpin loop RNA
encoded by the Imgenex pSup expression plasmid. Control plasmid expressed
short hairpin RNA targeting GFP. Western blot of p21Cip1 expression (inset):
untransfected (lane 1), control sh.GFP (lane 2), or sh.p21Cip1 (lane 3). HBME
cells expressing shRNA.p21Cip1 (open circle) or shRNA.GFP (closed circle)
were replated in media containing 0.6 mg/ml G418. Antibiotic resistant cell
growth was quantified as cells per (4X) field as a function of time (Days). *p <
0.004 at 6 days for shRNA relative to GFP controls.
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We have previously shown that RUNX2 promotes proliferation in these ECs [98].
However, this inverse relationship between RUNX2 and p21Cip1 has not been described
before in ECs. RUNX2 knockdown resulted in elevated p21Cip1 mRNA levels as
measured by Q-RT-PCR (Figure 14). Therefore, knockdown of RUNX2 expression must
alleviate RUNX2-mediated repression of the p21Cip1 promoter.

Figure 14: Regulation of p21Cip1 expression by RUNX2. Cells were transfected
with RUNX2 siRNA or GFP targeting duplexes (1g each) and treated with
TGFß (0.1ng/ml) for 12 hrs. Expression of p21Cip1 or RUNX2 mRNA was
quantified using qRT-PCR. Expression is shown relative to (normalized to
GAPDH) GFP-transfected cells. Specific siRNA sequences included: si.RUNX2:
(5’-CCATAACCGTCTTCACAAA-3’) + (5’-ACGAGGCAAGAGTTTCA-3’)
or siGFP (5’-TCTGTGTGTTTGACTCTGA-3’).

While we show that RUNX2 expression regulates the p21Cip1 promoter affect mRNA
levels, it is not known if p21Cip1 protein levels are affected by RUNX2 expression as well.
Previous studies have shown that p21Cip1-mediated growth inhibition of ECs was induced
by the TGF signaling pathway [59]. TGF induces p21Cip1 but overexpressed RUNX2
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inhibited p21Cip1 protein levels in response to TGF treatment while a DN-RUNX2 did
not (Figure 15). These data show, for the first time, repression of p21Cip1 protein levels
by RUNX2 in ECs.
A

B

Figure 15: RUNX2 represses p21Cip1 protein expression. (A) Adenoviral (Ad)
vectors expressing GFP (control) or equivalent amounts of wild type RUNX2 or
the dominant negative truncated RUNX28 were prepared. Confluent cells were
infected with control Ad.GFP or Ad.RUNX2 adenoviral vectors for 48 hours prior
to analysis of p21Cip1 expression. (B) Cells were infected for 24hr and treated with
TGF for 24 hours (right panel). p21Cip1 expression was analyzed by Western
blotting, normalized to actin expression and graphed with blue bars.
47

The p21Cip1 promoter contains 3 consensus RUNX2 interaction sites: A, B, and C (Figure
16A). 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 (Figure 16B) or a new DNA-binding ELISA, D-ELISA, (Figure 16C).
Previous studies using subnuclear targeting-deficient RUNX2 mutants resulted in
impaired transcriptional activity of the p21Cip1 promoter [118]. Since glucose was found
to modulate RUNX2 DNA-binding and its subnuclear localization, we wished to detect a
direct RUNX2 association with the p21Cip1 promoter in vivo. Glucose treatment after
thymidine block and release resulted in recruitment of RUNX2 protein to p21Cip1 site A in
vivo as determined by ChIP assay (Figure 16D). These results identify a novel RUNX2
activation and recruitment to the p21Cip1 promoter in response to glucose.
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Figure 16: Identification of a glucose-responsive RUNX2 binding site on the
promoter of the RUNX2 target gene, p21Cip1. (A) The p21Cip1 promoter
contains two p53/p73 consensus interaction sites (circles) and three RUNX2
consensus binding sites (ACACCAA)(boxes) (B) RUNX2 DNA-binding EMSA:
DNA oligonucleotides corresponding to p21Cip1 promoter sites A, B, and C were
used as competitors (100X, 50X, 10X, 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 (100X, 50X, 10X) relative to biotin-labeled oligos.
Significant differences from untreated control were observed (*p < 0.05). (D)
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 primers after RUNX2 antibody pull-down (lane 5) and
non-specific IgG (lane 6).
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Functional consequences of glucose-regulated RUNX2 activity. A conserved RUNX2
cdk-consensus site Serine-451 found in the C-terminal region (GDRSPSRM; cdk site in
bold; underlined phospho-Ser) regulates DNA-binding [97-99]. 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
[108]. EC were harvested while subconfluent and their ability to differentiate into tubelike 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 with 2-deoxy-glucose (Figure 17). After equal transfection of wildtype or
mutant RUNX2 constructs, elevated levels of mutant RUNX2 protein were observed after
Western blot analysis. Elevated S451A-RUNX2 protein was observed by others [97] and
shown to promote RUNX2 stability by preventing ubiquitin-mediated degradation that
normally follows RUNX2 phosphorylation.
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Figure 17: RUNX2 regulates EC differentiation in response to glucose. Wild
type (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 8 hours 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 S451A +
2DG vs WT-RUNX2 + 2DG).
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EC tube formation depends on active migration. Previously, we showed that RUNX2 is
required for EC migration in a wounded monolayer assay [100]. To determine whether
Cdk4 phosphorylation, which activates RUNX2 DNA binding (Figure 11), regulates EC
migration, EC were treated with a Cdk4-selective inhibitor. After 18 hours, 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
(Figure 18A). Therefore, Cdk4 must be a critical component of the signaling events
needed for activated ECs to migrate and proliferate into a wound.

Our lab has previously described a necessary role for RUNX2 in the wound healing
events of ECs [100]. Since Cdk4 and RUNX2 are involved in EC wound healing, the
role of the S451 cdk phosphorylation site of RUNX2 remains to be seen. Using our cdksite mutant of the RUNX2 protein, we transfected ECs and observed their wound healing
ability when compared with wild type-RUNX2 transfected ECs. Mutation of the RUNX2
cdk site 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 (Figure 18B).
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Figure 18: RUNX2 phosphorylation regulates EC wound healing in
response to glucose. (A) 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 (NSC625987) over an 18 hours period.
Dotted lines indicate extent of wound closure. Wound closure was defined
relative to t = 0 (% wound closure). Quantitative wound closure was
determined from at least 3 measurements per treatment (*p < 0.015; **p <
0.004 relative to untreated control). (B) 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 3 independent measurements per treatment. *p < 0.028 relative to
untransfected control.
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After ECs migrate into a wound, proliferation must take place to reform the EC
monolayer. To elucidate the role of the S451 site of RUNX2 on EC proliferation, cells
expressing the RUNX2 (S451A) mutant were tested for their proliferative capacity. After
3-5 days of EC proliferation, RUNX2 mutant-transfected ECs were found to be deficient
in proliferation when compared to control WT-RUNX2 transfected cells (Figure 19).

Figure 19: RUNX2 phosphorylation regulates EC proliferation in
response to glucose. Proliferation of EC expressing ectopic WTRUNX2 or S451A-RUNX2 mutant was monitored over 5 days (*p <
0.05 relative to wild type RUNX2).

Discussion
These results represent the first demonstration of a glucose-dependent regulation of
RUNX2 DNA-binding activity through cell cycle-specific post-translational
modifications. Previous findings had established that euglycemic levels of glucose
promote optimal RUNX2 DNA-binding and transcriptional activity in microvascular EC
[100]. We now report that glucose promotes RUNX2 DNA binding and cell cycle
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progression in vascular ECs through phosphorylation of a specific cdk-consensus site
(S451) on RUNX2. This phosphorylation site has been shown to be a substrate of both
G1 (Cdk4) and G2/M (Cdk1) protein kinases. In addition, glucose treatment promoted
changes in RUNX2 subnuclear localization that coincided 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 ECs [62, 98]. Glucose
treatment activated RUNX2 DNA-binding and EC cycle progression, but targeted
knockdown of RUNX2 delayed progression in G2/M and G1 phases of the cell cycle
(Figure 6). RUNX2 was critical for G1 exit under starvation conditions and for growth
factor-dependent entry into G2, but glucose treatment promoted exit out of G1 and entry
into G2 irrespective of RUNX2 expression. These results are consistent with a previous
report that IGF1 activates RUNX2 in ECs to increase proliferation and DNA synthesis
[51], while the G2/M-specific cyclinB/Cdk1 complex phosphorylates RUNX2 in
response to IGF1 to promote cell cycle progression [98, 99, 108]. RNA interference
targeting RUNX2 delayed entry into and exit out of the G2/M phases of the cell cycle.
RUNX2 was associated with cyclin B1 in mitotic ECs [98]. Cdk inhibition of G2/M
synchronized cells reduced DNA-binding activity of mitotic RUNX2, indicating that
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Cdk1 phosphorylated at Ser451 to promote DNA-binding activity. Furthermore, the
RUNX2 mutant S451A exhibited lower DNA-binding activity and reduced anchorageindependent growth relative to wild type RUNX2 [98]. These published results and the
current findings suggest that phosphorylation of RUNX2 by Cdk1 facilitates cell cycle
progression and promotes EC proliferation.

Our data show that glucose treatment increased RUNX2 phosphorylation at a consensus
Cdk site (Figure 10), which was Cdk4 regulated and is consistent with glucose activation
of RUNX2 DNA-binding activity and pRb phosphorylation in the G1 phase of the cell
cycle (Figure 11). Cdk4 is a regulator of glucose-activated RUNX2 phosphorylation,
which is consistent with previous reports showing that IGF-1 activated Cdk4 [120] and
glucose treatment of ECs promoted autocrine IGF-1 signaling[100]. RUNX2 has been
shown to interact with pRb to promote cell differentiation [121, 122]. pRb (a known
Cdk4 substrate) may be a cofactor for Cdk4-regulated RUNX2 phosphorylation in
response to glucose. In addition, Cdk4 catalyzes RUNX2 phosphorylation at the same Cterminal site as Cdk1, leading to RUNX2 activation. Consistent with these results,
mutagenesis of the murine RUNX2 S472 site (S451 human equivalent) increased the
half-life of RUNX2 protein and reduced cyclin D1-induced RUNX2 degradation through
the proteasome [97].

RUNX2 levels regulate the G1 transition in preosteoblastic cells [123] and cell cycle
control of RUNX2 gene expression is impaired in osteosarcomas [124]. In
preosteoblasts, high RUNX2 expression was observed early in G1 with low expression in

56

early S phase and mitosis. Proteasome inhibition stabilized RUNX2 protein levels in late
G1 and S in preosteoblastic 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 ECs, RUNX2 regulation appears to be similar in transformed cells where
protein levels do not change with growth arrest. Because DNA binding activity is
relatively low and RUNX2 protein levels are stable in growth arrested ECs, we focused
on the post-translational (phosphorylation) 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 the exit of ECs from G1. Use of immortal ECs may also model the activated
ECs found in the tumor microenvironment, which exhibit a dedifferentiated,
mesenchymal phenotype [125, 126].

Functional consequences of glucose-activated RUNX2 phosphorylation. Glucose
increased RUNX2 phosphorylation and promoted changes in subnuclear localization
(Figure 12), consistent with increased DNA binding and p21Cip1 promoter occupancy by
RUNX2 (Figure 16). The focal distribution of RUNX2 in these cells may indicate an
association with transcriptional complexes [117]. RUNX2 interacts with the
transcriptional corepressor HDAC6 to inhibit p21Cip1 promoter activity [119]. Similarly,
recent reports have shown that RUNX2 colocalizes with active phospho-ERK on the
promoters of RUNX2 target genes in differentiating osteoblasts [127]. We observed that
p21Cip1 regulates EC proliferation (Figure 13) and that RUNX2 inhibits TGFß-stimulated
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p21Cip1 expression (Figure 14B). Similarly, tumor cells lacking p21Cip1 also proliferate in
response to TGFß [128]. These results suggest that p21Cip1 and RUNX2 might act as key
regulators of the cellular response to TGFß in ECs and tumor cells.

We have shown that RUNX2-dependent vascular remodeling in an EC wounded
monolayer assay is reversed by specific inhibition of aldose reductase in hyperglycemia
[100]. Euglycemia increases RUNX2 activity and promotes normal microvascular EC
migration and wound healing, although the exact mechanism is not known. We now
show that knockdown of RUNX2 levels reduced cell cycle progression and that
expression of a phosphorylation site-specific RUNX2 mutant (S451A) inhibited EC tube
formation (differentiation), wound healing, and proliferation. These results reveal, for
the first time, the functional importance of RUNX2, as a cdk substrate, in response to
glucose. Other cdk substrates engineered with mutated phosphorylation sites can also act
as antagonists and exhibit growth suppressing activity when ectopically expressed in cells
[129, 130]. Mutation of cdk4 substrate sites in pRb resulted in cellular growth arrest in
G1 [130]. Cells stably expressing a PELP1 mutant with no cdk sites showed a reduced
response to estradiol and defects in cell cycle progression [129]. These “decoy” substrate
sites also inhibited phosphorylation of endogenous pRb and cell proliferation. Like
PELP1, RUNX2 may mediate proliferative signals and promote crosstalk with the cell
cycle machinery. Phosphorylation of RUNX2 at Ser451 is a signal for protein
ubiquitination, and then proteasomal degradation [97]. Therefore, the RUNX2 (S451A)
mutant could exert its anti-proliferative and anti-differentiation effects on ECs because of
reduced protein turnover and/or interaction with other cellular components. Reduced
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turnover of the mutant RUNX2 protein may result in abnormally elevated levels of
RUNX2 protein that perturb cell cycle regulation at specific cell cycle points where
RUNX2 is normally degraded [123]. Mutant RUNX2 protein may sequester the RUNX2
enhancer subunit (CBF) from endogenous RUNX2 protein and therefore prevent
maximal RUNX2 DNA-binding of RUNX2-regulated genes. The RUNX2 mutant may
also bind other endogenous RUNX2 cofactors that are necessary for RUNX2
transcriptional activity. Yes-Associated Protein 65 (YAP65) and Histone Deacetylase 6
are known RUNX2 cofactors during RUNX2-mediated repression of the p21 promoter.
ECs may growth arrest when transfected with S451A-RUNX2 protein due to interference
of the endogenous RUNX2-YAP65 or RUNX2-HDAC6 complex needed to repress p21
expression. As a result, p21 expression is allowed and subsequent cell cycle arrest occurs
in RUNX2 mutant transfected ECs.

Although we have shown that glucose activation at this specific cdk site can increase cell
competence for tube formation, cell proliferation may be regulated by other RUNX2
phosphorylation sites [114]. Extracellular signal-Regulated Kinase (ERK) has be shown
to regulate RUNX2 activity through phosphorylation of specific sites [114]. These
studies show that several ERK-phosphorylated sites of RUNX2 were needed for
transcriptional activity. This is consistent with our data showing that RUNX2 activity
and EC functions were not ablated with mutation of the Serine 451 site to an alanine. We
expect future studies of RUNX2 phosphorylation to identify other glucose-responsive
phosphorylation sites that synergistically cooperate with the Serine 451 site to regulate
RUNX2 activity and EC function.
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Summary. Glucose promotes cell cycle progression in ECs through both G1 and G2/M
phases of the cell cycle, but entry into S phase occurs only in subconfluent cells that can
activate RUNX2 phosphorylation and subnuclear relocalization, consistent with specific
promoter occupancy. These studies define a relationship between glucose-activated
RUNX2 phosphorylation, cell cycle progression, and EC differentiation. This
relationship may have important implications for uncovering the mechanisms by which
EC proliferation and angiogenesis regulate tumor growth in the tumor microenvironment.

Figure 20: Summary of Glucose-regulated RUNX2 activity. Extracellular
glucose activates IGF1 secretion and signaling. IGF1/IGFR activation
upregulates Cdc25c activity to increase Cdk4-directed RUNX2 phosphorylation
at the S451 residue. Phospho-RUNX2 occupies target genes including p21cip to
promote the endothelial cell proliferation and differentiation components of
angiogenesis.
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Chapter V: Redox Regulation of RUNX2 Transcription Factor Activity:
A Role in Endothelial Cell Function and Angiogenesis
Angiogenesis provides nutrients and energy to the growing tumor and serves as a
mediator of tumor dissemination, i.e. metastasis. We and others have shown that aged
rodents exhibit deficits in angiogenesis that account for the reduced growth of tumors in
older animals [131, 132]. One of the hypotheses proposed to explain these reduced
angiogenic responses with aging is the elevation of reactive oxygen species (ROS) as a
consequence of impaired antioxidant defenses [133]. The overall oxidative stress in
mammalian cells reflects a balance between the production of ROS and the activation of
antioxidant pathways [134]. ROS contribute to the function of immune responses, act as
essential physiological signaling molecules that regulate basic cell biology [135], and
contribute to the oxidative damage that promotes normal aging [136]. Sources of ROS
are numerous and include ligand/receptor activation [137] and enzymatic generation
[138] while ROS targets include all components of the cell including proteins, lipids, and
nucleic acids [139, 140]. Cysteine and methionine residues in proteins are especially
sensitive to oxidative stress [141, 142].

Previous reports had shown that diamide treatment of the RUNX2 DNA-binding domain
(Runt homology domain), which is conserved in all three Runx proteins, could inhibit
DNA binding activity by oxidizing the cysteine residues [143, 144]. The DNA-binding
Runt domain of RUNX2 contains two cysteine residues that mediate proper folding for
Arg+/DNA interactions. Also, a critical methionine residue within the Runt domain
mediates association with its essential cofactor, Cbfß, which increases DNA binding 1061

fold relative to Runt alone [102]. The methionine (Met106) in RUNX1 that is essential
for Cbfß binding is exposed on a planar, hydrophobic surface [102] and addition of an
oxygen may convert the normally flexible nonpolar side chain to a more rigid and polar
species with a hydrophobicity index similar to lysine. This critical methionine residue in
RUNX1 is equivalent to the methionine-143 residue of RUNX2. Taken together, ROS
generated in response to nutrient conditions could negatively regulate RUNX2 DNA
binding through direct oxidation of the RUNX2 cysteine and methionine residues.

Mutation of the cysteine 118 residue of RUNX2 decreases RUNX2 DNA-binding activity.
To quantitatively assess DNA binding differences, a DNA-binding assay with increased
specificity for RUNX2 was used [145]. In this assay, a RUNX2-specific DNA
oligonucleotide and a RUNX2-specific antibody are incubated with nuclear extracts and
RUNX2:DNA binding is measured in a 96-well colorimetric format. Nuclear extracts
isolated from HEK-293T cells transfected with wild type RUNX2 showed high DNAbinding activity, whereas activity was abrogated in nuclear extracts of cells transfected
with a RUNX2 mutant vector (C118S). Mutation of the cysteine to a serine mimics an
oxidized state of the residue. RUNX2 DNA-binding activity of C118S mutant extracts
was comparable to a negative control (IgG) and wild type nuclear extracts that had been
oxidized by H2O2 treatment (Figure 21A). To elucidate the role of redox regulation on
the Met-143 residue and RUNX2-DNA interactions, we transfected cells with a GFPtagged Runt vector that contained a methionine (143) mutated to a valine. The M143V
Runt mutant protein cannot interact with the Cbfß cofactor for optimal DNA-binding
activity. Using EMSA DNA-binding assays, the Runt M143V mutant extracts exhibited
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decreased DNA-binding activity when compared to wild type Runt extracts. Similar to
C118S mutant extracts, the Runt M143V mutant extracts displayed DNA-binding activity
that was equivalent to oxidized (H2O2 treatment) wild type Runt extracts (Figure 21B).
A
B

Figure 21: RUNX2 DNA binding is dependent on redox regulation of
cysteine and methionine residues. (A) Comparison of wild type and RUNX2
C118S mutant DNA binding. Nuclear extracts from HEK293 cells transiently
expressing wt.RUNX2 or RUNX2.C118S were compared by D-ELISA. IgG
control antibody and wt.RUNX2 treated with H2O2 (100) are shown for
comparison. p < 0.0006 for C118S, IgG, or WT+H2O2 versus WT. (B)
Comparison of wt.RUNX2 DNA binding domain Runt.GFP and mutant
Runt.M143V.GFP by DNA binding EMSA.

Discussion
We found that RUNX2 contains oxidation-sensitive cysteine and methionine residues,
which mediate transcription factor association with DNA and its essential cofactor Cbfß,
respectively. We showed previously that the RUNX2 binding partner, Cbfß, is present in
the DNA binding complex as measured by D-ELISA [145]. Therefore, a complex
containing DNA, RUNX2, and its cofactor Cbfß, is consistent with a redox-regulated
physiological DNA-binding complex. We have identified a specific cysteine (C118) that
may be targeted by oxidation to regulate RUNX2-DNA binding. An oxidization “mimic”
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RUNX2 mutant was unable to bind a consensus RUNX2 DNA-binding sequence,
suggesting that in vivo oxidative stress may regulate RUNX2 activity by oxidizing the
C118 residue. Furthermore, other D-ELISA data from our lab confirmed a direct and
reversible cysteine-specific oxidation of endogenous RUNX2 in diamide-treated ECs.

Our data also suggest that the redox status of the Met-143 residue on RUNX2 may
regulate RUNX2 DNA-binding activity as well. A Runt mutant (M143V) that cannot
associate with Cbfß was deficient in DNA-binding activity when compared to wild type
Runt. Consistent with these results, our unpublished data have shown that the redox
status of ECs regulates Cbfß association with RUNX2 in immunoprecipitated complexes.
Our recent observations in the laboratory have found that H2O2-mediated oxidation of
nuclear extracts abolished RUNX2 DNA-binding activity that was not restored with DTT
treatment. Since H2O2 oxidizes cysteines and methionines and we have previously
shown that the oxidation of cysteines was reversible, the methionine oxidation may not
be reversible and thus is responsible for the decrease in activity that we see in H2O2treated extracts. Since methionine oxidation was not reversible by DTT alone, this
suggests that (1) oxidative stress may indirectly lead to RUNX2 inhibition by altering the
enzymatic activity and/or stability of upstream activators or (2) reversal of methionine
oxidation may require cellular antioxidant enzymes specific for oxidized methionine.

While our studies characterize the direct redox regulation of RUNX2, they do not address
the indirect redox regulation of RUNX2 activity that might occur. Our lab has shown
that hyperglycemia elevated oxidative stress through activation of the aldose reductase
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(AR) alternative glucose utilization pathway, which inhibited RUNX2 activity in bone
marrow ECs [100]. Hyperglycemia can also activate cellular oxidant sensors and
antioxidant defenses that include superoxide dismutase and catalase, Keap1/Nrf1-induced
activation of antioxidant genes [139], the thioredoxin/thioredoxin reductase complex, and
the family of Cdc25 phosphatases [146].

There are many examples of other transcription factors whose DNA interaction and
transcriptional activities are redox regulated (e.g. p53, HIF1) [141, 147]. The need for
nuclear regulation of redox status may arise from changes in oxidative conditions,
maintenance of active transcriptional complexes, or may reflect rapid modulation of
normal signaling events to control transcriptional activity [135]. The results from
previous studies combined with ours provide new data to support the hypothesis that
RUNX2 activity is regulated by oxidative stress in hyperglycemia and will encourage
new approaches that modulate the redox status of ECs to stabilize blood vessels and
inhibit tumor angiogenesis.
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Chapter VI: Regulation of RUNX2 transcription factor/DNA
interactions by Vitamin D3 (cholecalciferol) prohormone activity
Vitamin D3 is an important hormone and essential nutrient that promotes bone formation
through its ability to increase calcium mobilization in the intestine. It also regulates
epithelial cell differentiation and acts as an immune modulator in various organs [148,
149]. The inactive precursor, cholecalciferol, is produced in the skin upon exposure to
UV where it can be converted to the active compound 1,25-OH Vitamin D3 [150].
Cholecalciferol is available from the diet and conversion to the bioavailable (circulating)
25-OH form occurs in the liver, with further conversion to the biologically active 1,25OH form occurring in the kidney. Normal physiological concentrations of 1,25-OH
Vitamin D3 in the serum of adults are maintained throughout a wide range (27-100 nM)
[151]. The biological actions of 1,25-OH Vitamin D3 depend on the Vitamin D
Receptor (VDR), which is expressed in a variety of differentiated tissues, including
breast, prostate, macrophages, endothelial cells (EC), and keratinocytes. VDR mediates
growth arrest, differentiation, and genomic stability by transcriptionally regulating the
expression of a variety of target genes [104]. Increasing evidence suggests a negative
correlation between Vitamin D3 levels and the risk of colorectal and possibly breast
cancer [148, 152, 153]. However, the precise relationship between epidemiological risk
assessments and Vitamin D3 activity at the cellular level is still unclear [154]. Therefore,
there is a need for a better understanding of how the biological actions, bioavailability,
the local tissue microenvironment, and possibly other cellular targets of Vitamin D3 may
alter Vitamin D3 metabolism and utilization.
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We showed recently that RUNX2 phosphorylation and transcriptional activation is
dependent on glucose availability in ECs through an autocrine IGF1/IGFR activation
loop [100, 155]. Vitamin D analogs have been shown to inhibit IGF1 signaling by
through upregulation of IGF binding proteins that neutralize secreted IGF and attenuate
IGFR tyrosine phosphorylation [156, 157]. Previous studies have also shown a
requirement for RUNX2 in vitamin D3 regulated gene expression. Therefore, Vitamin
D3 analogs may participate in our recently defined model of glucose-activated RUNX2.
Unexpectedly, we discovered a novel function for the Vitamin D3 prohormone
(cholecalciferol). Cholecalciferol modulated RUNX2 DNA binding and inhibited breast
cancer, endothelial, and bone cell proliferation selectively in cells expressing RUNX2,
effects that appeared to be independent of the vitamin D receptor (VDR) from our
unpublished observations.

To quantify RUNX2 DNA binding and provide a platform for future high-throughput
detection of both activators and inhibitors of RUNX2, we developed a quantitative assay
for RUNX2 DNA binding. This assay is based on a previously described 96-well format
employing avidin-coated plates incubated with biotin-labeled oligonucleotides [109]. We
modified this assay by using RUNX2-specific, double-stranded oligonucleotides with
RUNX2-binding sites to trap RUNX2 protein from nuclear extracts of target cells.
Primary antibody recognizing RUNX2 was introduced and detected with secondary,
affinity-purified antibody coupled to horseradish peroxidase (HRP). Addition of an HRP
substrate resulted in formation of a product that was spectrophotometrically detected.
Commercial kits for similar assays are available, but the current assay allows for
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variations in DNA-binding oligonucleotides, the flexibility to use alternative antibodies
to detect associating cofactors, and the ability to test competitive and non-competitive
inhibitors of DNA binding. Using this assay (D-ELISA) and computer-assisted drug
design (CADD), several candidate compounds were screened for their ability to modulate
RUNX2 DNA binding activity [136].

Nuclear proteins isolated from a bone marrow derived EC line (HBME) express high
levels of RUNX2, which are further amplified when cells are blocked in the G2/M phases
of the cell cycle with the mitotic inhibitor nocodazole [98, 100]. These HBME extracts
are optimal for RUNX2 detection using the D-ELISA. Using the D-ELISA and EMSA
techniques, our lab has shown that vitamin D3 enhances RUNX2 DNA-binding activity
at nanomolar concentrations [136] but, the functional relevance of this effect is unknown.
Previous studies have described nutrient-modulated regulation of RUNX2 activity that
altered EC wound healing [100]. Since ECs must proliferate during the wound healing
response and angiogenesis, measuring EC proliferation is useful in assessing the
functional effects of RUNX2-specific modulators. Therefore, Vitamin D3 may modulate
RUNX2 activity to regulate cell proliferation of ECs.

Subconfluent growing ECs (HBME) were plated into 24-well cell culture plates for
subsequent measurement of cell proliferation using the crystal violet assay. Upon
addition of Vitamin D3 (0.1-10) 24 hours after plating, cells were grown for 5 days
and then harvested for measurement of proliferation. Vitamin D3 dose-dependently
inhibited cell proliferation when compared to untreated cells (Fig. 22, top panel).
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Vitamin D3 inhibited cell proliferation by approximately 40% after 5 days. Previous data
from our lab using a tetracycline-repressed promoter of RUNX2 expression has found
that vitamin D3 inhibition of cell proliferation only occurred when RUNX2 was
expressed [136]. As a control cell line for a vitamin D3’s RUNX2-dependent inhibitory
effects on cell proliferation, we treated HEK293T cells that do not express RUNX2 with
varying concentrations (0.1-10) of Vitamin D3. As expected, we found that Vitamin
D3 addition exerted no anti-proliferative effects in HEK293T cells over 5 days (Fig. 22,
bottom panel).

Figure 22: Vitamin D3 inhibition of proliferation in cells expressing
RUNX2. RUNX2 positive (top panel) and RUNX2 negative (bottom panel)
cells were treated with varying concentrations of Vitamin D3. Cell
proliferation was measured in triplicate after 5 days using a crystal violet assay.
p < 0.05 for CON versus 5M or 10M or 25M cholecalciferol (top panel). p
> 0.05 (not significant) for CON versus cholecalciferol (bottom panel).
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Discussion
Previous literature has identified a significant anti-proliferative role for vitamin D
signaling in carcinogenesis [148]. While most of the focus has been on the role of the
1,25-OH Vitamin D3/VDR interaction in Vitamin D signaling, Vitamin D analogs have
received attention only recently as alternatives to mitigate adverse effects of 1,25-OH
Vitamin D3. Here we establish a new role in Vitamin D signaling for the biologically
inactive prohormone of Vitamin D3, cholecalciferol.

When combining our previous data with the proliferation assays provided here, we have
shown that vitamin D3 enhances RUNX2 DNA-binding activity in ECs to inhibit their
proliferation. Expression of RUNX2 was found to be necessary to “translate” the
functional effects of vitamin D3. This is consistent with previous work from our lab
showing that vitamin D3 altered RUNX2 DNA binding and preferentially inhibited the
proliferation of RUNX2 positive breast cancer cells. While the micromolar
concentrations of vitamin D3 used in our studies contrast the nanomolar concentrations of
vitamin D3 detected in the serum, our unpublished EMSA data has shown vitamin D3 to
regulate RUNX2 DNA-binding activity at physiologically relevant nanomolar
concentrations (1nM). Albeit at high doses, our vitamin D3 studies on endothelial cell
proliferation warrant further investigation into the therapeutic potential of elevated
cholecalciferol levels in the serum.
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Increased interest in cholecalciferol supplementation may have significance for cancer
prevention, cancer treatment, and reducing cancer-associated pathologies. RUNX2
expression is associated with increased angiogenesis [56, 57] and metastatic potential
[58]. Therefore, the unexpected and novel RUNX2 targeting activity of vitamin D
prohormones and their ability to inhibit EC proliferation reported here suggests that they
may have utility in preventing or inhibiting tumor angiogenesis and/or metastasis.
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Chapter VII: Summary and Future Directions
Glucose-activated RUNX2 phosphorylation promotes endothelial cell proliferation and
an angiogenic phenotype
The cyclinB/Cdk complex is a major regulator of progression through G2 [158]. When
analyzing cell cycle progression through G2 (Figure 16A), cells progressed equally well
after treatment with 5 or 25mM glucose. This suggests that the cyclinB/Cdk1 complex in
ECs is equally activated in response to euglycemic or hyperglycemic conditions.
Monitoring levels of cyclin B in response to glucose (5 or 25mM) should reveal an
increase in protein if cyclinB/Cdk1 signaling is responsible for glucose-activated RUNX2
and progression through G2. This would be consistent with previous literature showing
that cyclinB/Cdk1 phosphorylation of RUNX2 regulated EC progression through G2 [98]
and our model of RUNX2 activation.

Similar to G2 progression, G1 progression is predominantly regulated by a cyclin/cdk
complex (cyclinD/Cdk4) in ECs [159]. Glycemic conditions are known to differentially
regulate the cyclinD/Cdk4 complex [94]. We show that Cdk4-mediated RUNX2
phosphorylation is optimal at euglycemic (5mM) conditions while hypoglycemia
(starved) and hyperglycemia (25mM) result in reduced RUNX2 phosphorylation.
Hyperglycemia upregulates cyclin D protein levels to increase Cdk4 activity.
Hypoglycemia fails to activate sufficient autocrine IGF1 signaling that leads to the
suboptimal phosphorylation of RUNX2 [100]. On the other hand, one would expect
hyperglycemia to result in a hyperphosphorylated RUNX2 because of upregulated Cdk4
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activity but, inhibitory pathways concomitantly activated in hyperglycemia may be
preventing the hyperphosphorylation of RUNX2. One such pathway that our lab has
described is the AR pathway that is activated by hyperglycemia to inhibit RUNX2
activity [100]. Future studies could be focused on elucidating the mechanism responsible
for AR pathway downregulation and increased RUNX2 phosphorylation and activity in
euglycemia or AR pathway upregulation and decreased RUNX2 phosphorylation in
hyperglycemia. One possibility is that AR pathway activation inhibits Cdk4 activity
[160, 161], and thus downregulates phosphorylation of RUNX2. Identification of the
mechanism(s) of RUNX2 phosphorylation under hyperglycemic conditions may provide
future therapeutic targets of vascular dysfunction, i.e. diabetic retinopathy, neuropathy,
and tumor angiogenesis.

Our knockdown studies showed that RUNX2-positive ECs progressed through G1 when
supplemented with glucose and growth factors whereas RUNX2-knockdown ECs failed
to progress. Since glucose is known to stimulate autocrine IGF1 secretion in ECs and
glucose-induced progression was not found to be dependent on RUNX2, the growth
factors must contain factors other than IGF1 to promote cell cycle progression. This is
not surprising since other growth factor signaling networks are known to be mediated by
RUNX2 [162-164]. Using defined serum components would allow future experiments to
isolate specific RUNX2-mediated activators of cell cycle progression.

In our point mutation studies, the serine-451 mutation to an alanine was used to mimic a
dephosphorylated site. We were still able to detect a phosphorylated S451A RUNX2
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mutant in our IP assays. The IP antibody used was directed against the cdk-specific
(K/R)SPX(K/R) motif. This is similar to the proline-directed extracellular-related kinase
(ERK) phosphorylation sites. Therefore, it may be possible that our IP antibody nonspecifically precipitated ERK-phosphorylated substrates as well as Cdk-phosphorylated
substrates. Another approach to confirm the glucose-activated phosphorylation of the
S451 site would include mass spectrometric analysis of purified endogenous RUNX2
under various growth conditions to compare relative differences in phosphorylated
RUNX2. The development of ERK site-specific or Cdk phosphorylation site-specific
RUNX2 antibodies would definitively identify the role of these distinct sites in glucosestimulated RUNX2 activation.

Our point mutant assays resulted in several observed defects including reduced RUNX2
DNA-binding activity, RUNX2 phosphorylation, EC proliferation and differentiation.
Instead of mimicking a dephosphorylated serine, mutating the residue to a glutamate is a
strategy to mimic a constitutively phosphorylated serine. We have previously shown, by
EMSA, that the S451E RUNX2 mutant had increased RUNX2 DNA-binding activity
when compared with wild type RUNX2 activity [98]. The effect of this mutation on EC
proliferation and differentiation is not known. While the S451E RUNX2 mutant
displayed increased DNA-binding that contrasts with the S451A RUNX2 mutant,
whether an increase in EC proliferation and differentiation will occur has not been
elucidated. Similar to camptothecin:DNA interactions [165], an increase in the affinity of
RUNX2 for DNA may prove to be deleterious to an EC phenotype. In fact, recent
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literature has suggested that RUNX2 activation may exhibit a proapoptotic role in cells
[166, 167].

Our analysis of the S451 site does not exclude the possibility that other sites might be
equally important in the regulation of RUNX2 activity. Several ERK phosphorylation
sites on RUNX2 were recently found to collectively regulate activity by altering the
stability of the protein [67, 114]. The contribution of these RUNX2 sites to EC function
remains to be described. Since previous studies of ERK phosphorylation were performed
on osteoblasts, it is possible that RUNX2 phosphorylation may be coordinated differently
in ECs to regulate the angiogenic phenotype.

Since tumors have been found to recruit an abnormal vasculature to their
microenvironment [2], analyzing the phosphorylation status of RUNX2 at the sites of
vascular dysfunction may be a useful technique for assessing the metastatic potential of a
diagnosed tumor. Specifically, development of a RUNX2 antibody exclusively targeting
phosphorylation at the S451 site would enhance current techniques for detection of
phosphorylated RUNX2. Tissue samples from metastatic tumors could be stained with a
phospho-specific RUNX2 antibody to identify a direct relationship between RUNX2
phosphorylation and the ECs in the tumor microenvironment. Our lab has already
identified a correlation between RUNX2 expression levels and the stratification of patient
tumor grades in breast cancer.
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We described for the first time RUNX2 occupancy of the p21 promoter in response to
glucose (Figure 16D). Combined with our FACS analyses, we concluded that RUNX2
associates with the p21 promoter as ECs progress through G2. In response to glucose,
RUNX2 occupancy of the p21 promoter during G1 progression is not known. Because
p21 is known to regulate distinctly different events in G1 and G2 [168], RUNX2 may
also have functionally different roles in terms of p21 promoter association in G1 and G2.

In addition to the p21 promoter, it is likely that glucose directs RUNX2 to other known
target genes. Previous studies and our recent data have detected RUNX2 at the VEGF
and HIF1 promoters [52]. Given the novel role of glucose-activated RUNX2 and the role
of HIF1 and VEGF in the regulation of glycolysis, RUNX2 may be an important
regulator of these genes. Observations from our lab have revealed increased glucose
uptake in RUNX2-positive MCF7 cells when compared to control RUNX2-repressed
cells. Analysis of glucose uptake in S451A-RUNX2 mutant-transfected cells may
highlight a significant role for the S451 residue in the regulation of EC metabolism and
further support our model.

Redox Regulation of RUNX2 Transcription Factor Activity: A Role in Endothelial Cell
Function and Angiogenesis
Antioxidant defenses of the cell include superoxide dismutase and catalase, Keap1/Nrf1induced activation of antioxidant genes [139], the thioredoxin/thioredoxin reductase
complex, and the protein repair enzymes methionine sulfoxide reductases (MsrA; MsrB)
[169, 170]. The Msr enzymes not only act directly on oxidized methionine residues to
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restore transcriptional activity of proteins such as p53 [141, 171] but can also reduce
overall cellular ROS by neutralizing H2O2 in the presence of sulfoxide antioxidant
scavenger substrates [172]. These enzymes play important roles in delaying aging and
neurodegenerative disease [173, 174], controlling transcriptional activation [175], and
targeting proteins for proteolytic degradation [176].

Ongoing studies in our lab have found endogenous MsrA to be associated with RUNX2
in the presence of DNA using D-ELISA or in the absence of DNA using coimmunoprecipitation. We showed previously that the RUNX2 binding partner, Cbfß, is
present in the DNA binding complex as measured by D-ELISA [145]. Therefore, MsrA
most likely is associated with a RUNX2: Cbfß: DNA, consistent with a redox-regulated
physiological DNA-binding complex. RUNX2 may be a novel MsrA target protein with
a redox-regulatable and functional methionine residue. However, MsrA could also
regulate RUNX2 activity indirectly because it can globally alter ROS balance and reverse
cysteine residue oxidation, which also affects DNA binding. Future studies
characterizing the MsrA:RUNX2 relationship may identify novel therapeutic strategies
targeting ROS-induced vascular dysfunction.

Our lab has shown that hyperglycemia elevated oxidative stress through activation of the
aldose reductase (AR) alternative glucose utilization pathway, which inhibited RUNX2
activity in bone marrow ECs [100]. ROS generated from the activated AR pathway may
negatively regulate the upstream (i.e. Cdk4) signaling events of RUNX2 phosphorylation
to inhibit RUNX2 DNA-binding and impair EC function.
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Work from our laboratory [98] and others [97, 99] has shown that cdk1 and cdk4
phosphorylate RUNX2 at a specific, conserved cdk site to increase RUNX2 DNA
binding. Cdks are activated by a family of Cdc25 dual function tyrosine phosphatases,
one of which (Cdc25c) is inactivated by oxidative stress or phosphatase inhibitors [146].
Several oxidants are well-known inhibitors of protein tyrosine phosphatases through
inactivation of a Cys residue in the enzyme active site. Our unpublished observations
have found that these oxidants (orthovanadate and phenyl-arsine oxide) were as effective
as H2O2 and curcumin at inhibiting RUNX2 activation in 5mM glucose. A cdc25cselective inhibitor and cdc25c-targeted siRNA both inhibited RUNX2 DNA-binding
activity. Taken together, Cdc25c phosphatase, as an intracellular ROS sensor, may
regulate Cdk4 activity and thus, upstream activation of glucose-activated RUNX2. In
future studies, it will be important to determine whether Cdc25c mediates RUNX2
phosphorylation in response to glucose and whether oxidation of Cdc25c reduces
RUNX2 phosphoryation. This could be tested using Cdc25c-targeted knockdown or
inhibition and monitoring RUNX2 phosphorylation.

Regulation of RUNX2 transcription factor/DNA interactions by Vitamin D3
(cholecalciferol) prohormone activity
We observed that RUNX2 protein is stabilized in the nucleus and actively binds DNA in
G2/M arrested cells [98, 100]. VDR protein, on the other hand, is targeted for
proteasomal degradation in G2/M by CDK11 [177]. The levels of VDR protein are also
sensitive to microtubule-disrupting agents [178]. We found previously that treatment
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with nocodazole to disrupt microtubules and to arrest cells in the G2/M phase of the cell
cycle had the added advantage of reducing VDR levels while stabilizing RUNX2 nuclear
protein and increasing DNA binding [96]. Treatment of breast cancer cells indicated that
the anti-proliferative effect of the VDR-inactive prohormone, cholecalciferol, is selective
and dependent on the expression of RUNX2 in these cells. This may be mediated by
direct interaction of cholecalciferol with RUNX2 or could be the result of indirect
modulation of cofactors that regulate RUNX2 activity. Nevertheless, the ability of
vitamin D3 (cholecalciferol) to increase RUNX2-DNA binding in cell-free nuclear
extracts is unlikely to be mediated by the VDR because VDR has a very low affinity for
cholecalciferol and there are low levels of VDR in the nocodazole blocked nuclear
extracts used in the study.

Direct interaction of vitamin D3 with RUNX2 is not unlike the mechanism of other
natural compounds [165]. Crystallization of a RUNX2: vitamin D3 complex would
reveal conformational changes that could be responsible for an increase in DNA-binding
affinity. As a potential interfacial activator of RUNX2:DNA interaction as determined
by EMSA, vitamin D3 may affect other cellular functions of RUNX2-positive cells.
Vitamin D3 would likely inhibit wound healing and EC differentiation, and migration
and invasion of cancer cells. The effects of vitamin D3 on RUNX2 target genes
controlling EC and tumor metabolism remain to be seen.

Similar to other vitamin D3 analogs, the observed effects of vitamin D3 may be mediated
through non-genomic signaling events [179]. Independent of VDR, vitamin D3 is known
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to activate calcium signaling pathways upstream of MAPK-ERK activation [180].
Activation of the ERK pathway in response to vitamin D3 could modulate the association
of RUNX2 with cofactors or RUNX2 phosphorylation involved in RUNX2 DNA-binding
activity [181, 182]. Therefore, use of a RUNX2-targeting agent like vitamin D3 could
prove useful in defining the mechanisms regulating RUNX2 phosphorylation in response
to glucose. These future approaches would provide further support for the hypothesis
that glucose regulates RUNX2 DNA-binding activity and EC function through specific
post-translational phosphorylation events.
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