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Hyperglycemia Regulates RUNX2 Activation and Cellular
Wound Healing through the Aldose Reductase Polyol Pathway*
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Diabetes mellitus accelerates cardiovascular microangiopa-
thies and atherosclerosis, which are a consequence of hypergly-
cemia. The aldose reductase (AR) polyol pathway contributes to
these microvascular complications, but how it mediates vascular
damage in response to hyperglycemia is less understood. The
RUNX2 transcription factor, which is repressed in diabetic ani-
mals, promotes vascular endothelial cell (EC) migration, prolif-
eration, and angiogenesis. Here we show that physiological lev-
els of glucose (euglycemia) increase RUNX2 DNA binding and
transcriptional activity, whereas hyperglycemia does not. How-
ever, inhibition of AR reverses hyperglycemic suppression of
RUNX2. IGF-1 secretion and IGF receptor phosphorylation by
autocrine IGF-1 occur equally in euglycemic or hyperglycemic
conditions, suggesting that reduced RUNX2 activity in response
to hyperglycemia is not because of altered IGF-1/IGF receptor acti-
vation. AR also negatively regulates RUNX2-dependent vascular
remodeling in an EC wounded monolayer assay, which is reversed
by specific AR inhibition in hyperglycemia. Thus, euglycemia sup-
ports RUNX2 activity and promotes normal microvascular EC
migration and wound healing, which are repressed under hypergly-
cemic conditions through the AR polyol pathway.

A major consequence of type 1 and type 2 diabetes is hyper-
glycemia, which contributes to a gradual increase in vascular
dysfunction and disease, including retinopathy, nephropathy,
neuropathy, cardiovascular disease, and stroke (1). Hyperglyce-
mia promotes endothelial dysfunction, vascular leakage, and
impaired angiogenesis leading to development of these pathol-
ogies (2). Several factors contribute to hyperglycemia-induced
vascular dysfunction, including advanced glycation end prod-
ucts (AGEs),? protein kinase C (PKC), increased utilization of
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glucosamine, and increased glucose flux through the aldose
reductase (AR)-regulated polyol pathway (3). AR activity
increases under hyperglycemic conditions and in response to
oxidative stress and is believed to contribute to diabetic micro-
vascular complications (4). AR converts glucose to sorbitol in
the presence of NADPH (5). Lower levels of NADPH and
NAD™, which result from AR activation, may contribute to the
oxidative damage observed in diabetics, although the higher
levels of sorbitol may promote the formation of AGEs, release
of proinflammatory cytokines, increase in osmotic stress,
increase in reactive oxygen species (ROS), and cell damage (6).
Hyperglycemia can also lead to activation of an inflammatory
response and NF«kB expression, which is attenuated upon inhi-
bition of AR (7). Paradoxically, up-regulation of AR may be an
adaptive response to hyperglycemia (8) and may protect the
heart from the toxic effects of lipid peroxidation (9). Specific
inhibitors of AR have been used to treat the microvascular com-
plications of diabetes, but without significant clinical benefit
(10). Therefore, there is an urgent need to identify mechanistic
pathways responsible for increased vascular complications in
response to hyperglycemia to design new therapeutic agents to
target these pathways.

The IGF-1 growth factor signaling pathway is particularly
implicated in the hyperglycemic tissue microenvironment. Ele-
vated IGF-1 activates a proangiogenic signaling cascade (11)
and exhibits insulin-like effects, which reduce blood glucose
levels and may be useful in the treatment of diabetes (12). Stud-
ies of glucose metabolism have revealed interactions between
components of the glucose response and utilization machinery
and signal transduction pathways, including the IGF-1/phos-
phatidylinositol 3-kinase and Akt signal transduction pathways
that mediate cell survival and increased glucose uptake (13, 14).
Pro-angiogenic cytokines such as IGF-1 activate specific tran-
scription factors. We and others have shown that IGF-1/IGFR
signaling activates the RUNX2 transcription factor through the
phosphatidylinositol 3-kinase and MAPK/ERK signaling path-
ways, which regulates EC migration, proliferation, cell cycle
progression, and angiogenesis (15-20). Recently, reduced
RUNX2 expression and down-regulation of RUNX2 target

kinase-C; ROS, reactive oxygen species; EMSA, electrophoretic mobility
shift assay; ELISA, enzyme-linked immunosorbent assay; FBS, fetal bovine
serum; siRNA, small interfering RNA; JNK, c-Jun N-terminal kinase; GFP,
green fluorescent protein; 2-DG, 2-deoxyglucose.
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genes were observed in insulin-deficient, hyperglycemic dia-
betic mice (21, 22). Insulin therapy partially restored expression
of these genes implicating their responsiveness to glycemic sta-
tus. Intriguingly, delayed wound healing has been observed in
Runx2 heterozygous knock-out mice (23, 24). However, it is not
known whether glucose regulates RUNX2 DNA binding and/or
transcription and vascular EC wound healing.

We now report that glucose increases RUNX2 activity in ECs
through increased DNA binding and transcriptional activation.
Secretion of autocrine IGF-1 in response to glucose activates
IGFR phosphorylation, RUNX2 DNA binding, and transcrip-
tion of a RUNX2 reporter gene. However, under hyperglycemic
conditions, changes in RUNX2 activity are not dependent on
changes in IGF-1 secretion or IGFR phosphorylation. It appears
that a negative regulatory pathway involving AR utilization of
glucose is responsible for repression of RUNX2 activity. The
results support the hypothesis that one of the functions of
RUNX2 in ECs is to promote migration and repair and that,
under hyperglycemic conditions, this function is impaired
through AR-mediated reduction in RUNX2 activation.

EXPERIMENTAL PROCEDURES

Cells, Cell Culture, Transfection, and Inhibitors—HBME cells
(19) were routinely cultured in Dulbecco’s modified Eagle’s
medium + 10% FBS (complete medium), except for specific
experiments when they were cultured in glucose and serum-
free, phenol red-free Dulbecco’s modified Eagle’s medium
supplemented with pyruvate, H,CO;, or glucose (defined
medium). Transfection of siRNAs was performed as suggested
by the manufacturer (Dharmacon, Inc.). Briefly, HBME cells
(400,000/10-cm plate) were cultured for 24 h in complete
medium and then transfected with Trans-Messenger transfec-
tion reagent (Qiagen, Inc., Valencia, CA) and siRNA oligonu-
cleotides (25 nm) for 3 h in serum-free medium. Cells were
harvested and replated for 24—48 h in defined medium con-
taining 5 or 25 mm glucose prior to preparation of nuclear
extracts (for RUNX2) or total protein (for AR) for use in West-
ern blots. For DNA binding assays (see below), cells were cul-
tured for 24 h in complete medium containing 5 mm glucose,
transfected for 3 h in serum-free medium, harvested, replated
for 24 h, and starved for 16 h prior to glucose treatment and
isolation of nuclear extracts. The AR inhibitor alrestatin (Tocris
Cookson, Inc., Ellisville, MO) was used at the indicated doses.
The MEK inhibitor U0126 was obtained from Calbiochem, and
the ERK substrate binding inhibitors 76, 99, and 101 were
obtained from Dr. Shapiro (25). The general PKC inhibitor
calphostin C and the PKCp-specific inhibitor (3-(1-(3-imida-
zol)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione) were from
Calbiochem. N-Acetylcysteine was obtained from Sigma.

Antibodies and siRNA—Specific RUNX2 (M70) and AR
(N20, sc17732) antibodies were obtained from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Actin, phospho-IGFR, and
secondary antibodies were from Cell Signaling, Inc. (Danvers,
MA). RUNX2 siRNA was designed using the Dharmacon
siRNA target site software available on line (Thermo Fisher
Scientific, Inc., Waltham, MA). The sequences used corre-
spond to the Homo sapiens runt-related transcription factor 2
(RUNX2) mRNA (GenBank™ accession number NM_00434s8;
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version NM_004348.1; GI, 10863884). Four duplexes were syn-
thesized based on the following locations within the RUNX2
coding sequence: Rx3 (532-550 Runt domain, 5'-GGACGAG-
GCAAGAGTTTCA-3'; Rx2 (557-575 Runt domain, 5'-CCA-
TAACCGTCTTCACAAA-3'); Rxl (793-811 C-terminal
5'-CCACAAGGACAGAGTCAGA-3'); Rx4 (1497-1515 C-ter-
minal 5-GGATGAATCTGTTTGGCGA-3'"). Duplexes corre-
sponding to a control GFP target site were also synthesized as
follows: si.GFP (9-27, 5'-TCTGTGTGTTTGACTCTGA-3).
RUNX2 siRNA duplexes were used at a final concentration of
50-100 nm. AR siRNA was obtained from Dharmacon based on
the published target sequence for AR used to knock down endog-
enous AR in human lens epithelial cells (7) as follows: si.AR (5'-
AACGCATTGCTGAGAACTTTA-3’) or scrambled siRNA (5’-
AACACGGCTTGAATGACTATA-3'). AR siRNA duplexes
were used at a final concentration of 25 nm.

Immunoblotting—Western blot protocols were as described
previously (26). Protein concentration was determined with the
protein assay from Bio-Rad. Specific proteins were detected by
enhanced chemiluminescence (ECL, Amersham Biosciences).

Semiquantitative Reverse Transcription-PCR—HBME cells
were starved overnight and treated with glucose for 8 or 24 h.
Total RNA was prepared using the Aurum Total RNA mini kit
(catalog number 732-6820, Bio-Rad). RNA was reverse-tran-
scribed using Moloney murine leukemia virus reverse tran-
scriptase (catalog number MO0253S, New England Biolabs).
Amplification of cDNA was performed using GE Illustra Hot
Start Mix RTG (catalog number ASM-28-9006-53). Products
were visualized on a 1.5% agarose gel. The following primer sets
were used: MMP13 (292 bp), forward 5'-CCTCCTGGGCCA-
AATTATGGAG-3' and reverse 5'-CAGCTCCGCATCAAC-
CTGCTG-3; RUNX2 (350 and 416 bp), forward 5'-GCACAG-
ACAGAAGCTTGAT-3' and reverse 5'-CCCAGTTCTGAA-
GCACCT-3’; cyclophilin (276 bp), forward 5'-CATCCTGAA-
GCATACAGGTC and reverse 5'-CAGAAGGAATGGTTTG-
ATGG. PCR conditions were as follows: MMP13, 94 °C, 2
min; 94 °C, 30's; 55 °C, 30 s; 68 °C, 1 min; 27 cycles; 68 °C, 7 min;
RUNX2, 94 °C, 2 min; 94 °C, 1 min; 55 °C, 1 min; 72 °C, 1 min;
30 cycles; 72 °C, 10 min; and cyclophilin, 94 °C, 2 min; 94 °C, 1
min; 55 °C, 1 min; 72 °C, 1 min; 35 cycles; 72 °C, 10 min.

DNA Binding Assay and Transcriptional Assay—Electro-
phoretic mobility shift assays (EMSA) were used to measure
RUNX2 DNA binding activity as described previously (19).
Nuclear proteins were incubated with a **P-labeled oligonu-
cleotide derived from the human osteocalcin promoter (—141
to —165) and containing the human RUNX2 consensus-bind-
ing sequence (shown in boldface), 5'-CGTATTAACCACAA-
TACTCG-3'. Specific RUNX2 transcriptional activation was
performed with a luciferase reporter plasmid consisting of six
copies of the osteoblast-specific element, Ose2, upstream of a
minimal cytomegalovirus promoter in a pGL2 expression vector
as described before (16, 27). For all luciferase assays, the
pGL2.6XOSE2 plasmid was used at a concentration of 1 ug per
well, and the pTK-renilla was used at a concentration of 50 ng per
well. Lysates were analyzed using the dual luciferase kit (Promega)
and a Turner Design TD 20/20 dual-wavelength luminometer.

Wounded Monolayer Assays—ECs were cultured in 6-well
plates for 24 h in complete Dulbecco’s modified Eagle’s medium
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containing 10% FBS. A scratch site was created using a 200-ul
pipette tip, and scraped cells were removed with one wash in
complete medium (¢ = 0). Cells were cultured in defined
serum-free medium containing various concentrations of glu-
cose or control sugars (mannitol, 2-DG) and inhibitors at the
indicated doses. Wounded monolayers were photographed after
24 or 48 h, and the width of the wounded areas was measured from
photographic prints. Several regions (n = 5—6) for each treatment
were recorded, and the means * S.D. of each treatment were cal-
culated after normalizing for width of wounded area at £ = 0 and
expressed as percentage of wound healing.

Enzyme-linked Immunosorbent Assay—The Quantikine
Human IGF-I Immunoassay from R & D Systems, Minneapolis,
MN (catalog number DG100), was used to determine IGF-1
secretion in HBME cells. HBME cells were grown as described
and starved overnight in 0.1% bovine serum albumin (for time
course) or 0.01% bovine serum albumin (for glucose dosing).
After a 16-h serum and glucose starvation, glucose was added.
Supernatants were pooled from four plates for each time point
or two plates each for glucose dose experiments. Protein was
precipitated from supernatants using 100% saturated
(NH,),SO,. Precipitated protein was collected by centrifuga-
tion and resuspended in phosphate-buffered saline. Protein was
desalted using 5-kDa Amicon spin filters and phosphate-buff-
ered saline washes. 100 ug of total protein were used for time or
dose determination in the ELISA. Absorbance readings at 540
nm were subtracted from readings at 450 nm to correct for
optical imperfections in the plate. All data were normalized to
total protein for each sample.

Image Acquisition and Analysis—Cell images were acquired
with a Nikon TMS microscope using the E10 Ph1DL objective
(0.25 160/ —) at room temperature and a Nikon CoolPix 4500
camera (NikonView5 CoolPix Int., version 5.1.3 software). Gel
images were acquired with a Kodak DC120 Zoom digital cam-
era (Digital Science 1DLE software). Images were processed
using Adobe Image Reader or Microsoft Office Picture Man-
ager, and layouts were compiled with Microsoft Office Excel
and Microsoft Office Power Point software.

Statistical Analyses—All data represent the mean * S.D. of
representative individual experiments that were repeated three
times. The number of replicates for data points was =3. To
compare multiple measurements, data were subjected to
Tukey’s post-hoc adjustment for 2-by-2 comparisons following
analysis of variance with p values <0.05 considered significant
as indicated in the figure legends.

RESULTS

Glucose Regulates RUNX2 Activity—Based on mouse models
of diabetes (21, 22) and our own published data (18), we hypoth-
esize that glucose metabolism may regulate RUNX2 activity. To
examine RUNX2 activation in response to glucose, ECs were
depleted of nutrients and then treated with 5 mMm glucose
(equivalent to physiological levels of resting glucose = 90
mg/dl). Western blots showed that RUNX2 protein was present
in a high salt-extractable nuclear (DNA-bound) fraction within
2 h of treatment with peak protein levels evident by 4 h (Fig. 14,
WB). If glucose activates RUNX2, one would expect increased
DNA binding to conserved promoter elements of target genes
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FIGURE 1. Glucose-activated RUNX2 DNA binding activity in EC. A, conflu-
ent ECs were starved overnight and treated with 5 mm glucose for the indi-
cated time. RUNX2 protein was measured by Western blotting (WB RUNX2),
and RUNX2 DNA binding activity was determined by EMSA (EMSA RUNX2)
using a specific radiolabeled nucleotide from the osteocalcin promoter,
which contains a RUNX2 consensus-binding site. Excess (100-fold) cold, unla-
beled oligonucleotide (lane 6) was used to verify specific RUNX2 binding, and
a RUNX2-specific antibody (0.2 ug) was used to induce a super-shifted band
and confirm the presence of RUNX2 in the DNA-binding complex (lane 7).
Single arrow indicates RUNX2 shift; double arrows indicate RUNX2 supershift.
Relative RUNX2 band density (single arrow) is indicated below each lane. B, ECs
were treated with the indicated concentrations (mm) of glucose for 4 h, and
DNA binding activity was measured by EMSA. Relative RUNX2 band density at
each glucose concentration is indicated. C, glucose (1, 5, and 10 mm), manni-
tol (5 and 25 mm), or 2-DG (1 and 5 mm) were used to treat starved HBME cells
for 4 h. DNA binding was measured by EMSA. Arrow indicates RUNX2-shifted
band. D, actinomycin D (10 and 20 ug/ml) or cycloheximide (10 wg/ml) was
used to inhibit gene transcription or protein synthesis, respectively. Arrow
indicates the specific RUNX2-shifted band on the EMSA gel.
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FIGURE 2. RUNX2 transcriptional activity in response to glucose. A and
B, HBME cells were transfected with the reporter 6XOSE2.luciferase vector
and TK.renilla vector (to normalize for transfection efficiency) prior to starva-
tion and subsequent treatment with 5 mm glucose for the indicated time (A)
or glucose dose (B) for 6 h. Firefly luciferase activity was determined in cell
lysates and expressed relative to Renilla luciferase. Asterisk indicates the fol-
lowing p values: A, comparing transcriptional activationat8h versust =0 (p <
0.05); B, at 5 mm versus 25 mm glucose (p < 0.01).

containing the ACACCAA motif (27). DNA binding assays
using a radiolabeled oligonucleotide containing a RUNX2 con-
sensus-binding site showed that peak RUNX2 activity was evi-
dent within 4 h of glucose addition (Fig. 14, EMSA). This com-
plex contained RUNX2 protein as indicated by supershifting
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after incubation with RUNX2 antibody (Fig. 14, lane 7) and was  high glucose, including the AR polyol pathway (3). Therefore,
not detectable upon incubation with 100-fold excess cold oli- ECs were treated with the AR inhibitor alrestatin, and RUNX2
gonucleotide (Fig. 1A, lane 6). RUNX2 protein was also DNA binding activity was measured by EMSA (Fig. 34). Alres-
detected in cytosolic and nuclear matrix fractions, which, how-  tatin did not appear to affect RUNX2 activation in cells exposed

ever, were not active in DNA bind-
ing assays (data not shown). Inter-
estingly, a glucose dose response
showed that 5 mm glucose was opti-
mal in stimulating RUNX2 DNA
binding (Fig. 1B, lane 3), with
reduced stimulation observed
under hyperglycemic (12.5 and 25
mMm) conditions (Fig. 1B, lanes 4 and
5). The osmotic control sugar, man-
nitol, or the nonmetabolizable glu-
cose analog, 2-DG did not activate
RUNX2 DNA binding (Fig. 1C). De
novo mRNA and protein synthesis
were not required because actino-
mycin D or cycloheximide did not
inhibit RUNX2 activation in re-
sponse to glucose (Fig. 1D). In
agreement with actinomycin D
results, the levels of RUNX2 mRNA
did not change in response to glu-
cose (data not shown).

DNA binding is a prerequisite for
specific transcriptional activation of
RUNX2 target promoters and/or
specific expression of endogenous
target genes. To determine whether
glucose could activate RUNX2 tar-
get genes, ECs were transfected with
a RUNX2 promoter-luciferase plas-
mid (6XOSE2.Luc). Glucose (5 mm)
increased RUNX2-specific lucifer-
ase activity within 6 h, with sus-
tained activation for up to 10 h (Fig.
2A). As observed for DNA binding,
glucose-activated RUNX2 tran-
scriptional activity was optimal at 5
mM glucose with reduced activation
observed at 12.5 and 25 mm glucose
(Fig. 2B). Glucose treatment also
resulted in activation of the endog-
enous RUNX2 target gene MMP13.
However, both semiquantitative
and quantitative reverse transcrip-
tion-PCR did not reveal any differ-
ences in expression in response to
different glucose concentrations
(data not shown).

Hyperglycemic Repression of
RUNX?2 Activity Is Regulated by AR—
Several negative regulatory path-
ways may be operative in vascular
cells that might attenuate RUNX2
activity when cells are exposed to
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to euglycemia (5 mm). In contrast, RUNX2 activity was
increased 4-fold with AR inhibition in cells exposed to hyper-
glycemia (25 mMm), consistent with an AR-mediated negative
effect on RUNX2 activity at this glucose dose. Because AR
inhibitors may also reduce the activity of other members of the
aldo-keto reductase superfamily (5), siRNA oligonucleotides
specific for AR were synthesized to knock down AR expression
and test for the activation of RUNX2. ECs were cultured in
either euglycemic (5 mm) or hyperglycemic (25 mm) conditions,
and the levels of AR protein were measured by Western blot-
ting. Hyperglycemic conditions increased the levels of AR pro-
tein relative to euglycemia almost 2-fold (Fig. 3B). Transfection
with AR-targeted siRNA oligonucleotide sequences blocked
the hyperglycemia-induced increases in AR. The effect of AR
knockdown on RUNX2 activation under these conditions was
then measured with EMSA. Specific AR-targeted siRNA trans-
fection did not alter RUNX2 activity of cells incubated in 5 mm
glucose, but it did increase the RUNX2 activity of cells incubated in
25 mM glucose by almost 5-fold relative to untransfected cells (Fig.
3C). These results are consistent with an inverse relationship
between RUNX2 activity and AR expression, which is induced by
hyperglycemia and supports a role for AR in the suppression of
RUNX2 activity under hyperglycemic conditions.

Hyperglycemic Inhibition of RUNX2 Is Not Dependent on
IGF1/IGFR or ERK Activation—Because our previous work
showed that IGF-1 increases RUNX2 DNA binding activity
through the IGFR and MAPK pathways (18), we also examined
whether changes in IGF-1/IGFR or ERK signaling could
account for glucose-dependent RUNX2 activation. Neutraliz-
ing IGFR (Fig. 4A, lanes 1-4) or IGF-1 (Fig. 44, lanes 6—10)
antibodies inhibited glucose-stimulated RUNX2 DNA binding,
as did the addition of an IGFR-specific kinase inhibitor (Fig. 44,
lanes 11-14). Similarly, inhibition of the ERK1/2 activator MEK
with U0126 or direct inhibition of ERK2/substrate interactions
with two specific ATP-independent ERK2 inhibitors (76 and
101) selected via computer-assisted drug design (25) also
reduced RUNX2 DNA binding in response to glucose (Fig. 4B,
lanes 4 and 5 and 8-12). Another selected compound (com-
pound 99) was ineffective at any dose. Hyperglycemia may pro-
mote negative growth effects by activation of the PKC pathway.
In these cells, inhibition of PKC with either a PKCp-specific
inhibitor or the general PKC inhibitor calphostin C did not
restore RUNX2 activity in 25 mm glucose (Fig. 4C, lanes 5, 7,
and 9). However, the PKC-specific inhibitor reduced RUNX2
activation in response to 5 mm glucose (Fig. 4C, lane 4) as did 10
nMm calphostin C (Fig. 4C, lane 6).

To determine whether ECs produced autocrine IGF-1 in
response to glucose, cell-free and serum-free supernatants were
evaluated using an IGF-1-specific ELISA. Secreted IGF-1 levels
increased within 10 min and were maximal 30 min after glucose
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FIGURE 4. IGF-1/IGFR requirement for glucose-activated RUNX2 activity.
A, lanes 1-4, glucose- and serum-starved HBME were treated with 5 mm glu-
cose for4 hinthe presence or absence of neutralizing antibody to IGFR (0, 0.5,
and 1.0 pg/ml) or epidermal growth factor receptor (1 wg/ml). Nuclear
extracts were examined for RUNX2 DNA binding activity by EMSA. Lanes
6-10, cells were exposed to neutralizing IGF-1 (0.5, 5,and 15 png/ml) antibody
and analyzed for RUNX2 DNA binding activity. Lanes 11-14, cells were treated
with the IGFR kinase inhibitor NVP-ADW742 (150 and 300 nm), and RUNX2
DNA binding was determined by EMSA. B, cells were treated with the MEK
inhibitor U0126 (lanes 4 and 5) or the ERK inhibitors 76 (lanes 6, 9, and 10), 99
(lane 7),or 101 (lanes 8, 11, and 12) for 4 h, and nuclear extracts were resolved
on EMSA gels. G, cells were treated with the indicated PKCB-specific (lanes 4
and 5) or general calphostin C (lanes 6 -9) PKC inhibitors for 4 h prior to extrac-
tion of nuclear proteins and analysis of RUNX2 DNA binding by EMSA.

addition (Fig. 5A4), although IGF-1 secretion was not significantly
different in cells cultured under euglycemic or hyperglycemic con-
ditions (Fig. 5B) nor was phosphorylation of IGF-1R reduced by 25
mM glucose (Fig. 5C). Analysis of ERK expression in response to 5
mM glucose showed that ERK activation also occurred within 10
min and reached maximal levels by 30 min before declining (Fig.
5D). However, activation in hyperglycemia was not appreciably
different, nor did treatment with the AR inhibitor alrestatin alter
ERK activation in response to 25 mm glucose.

RUNX2 and AR Regulate Glucose-activated EC Wound Heal-
ing, Role of Oxidative Stress—Hyperglycemia inhibits EC
migration in in vitro models of wound healing (28) and angio-
genesis in vivo (29, 30). We showed previously that RUNX2, a
nuclear factor, promotes migration and the formation of capil-
lary-like networks by EC in a process requiring IGF-1 and IGFR

FIGURE 3. Aldose reductase inhibits RUNX2 activity in response to hyperglycemia. A, HBME cells were serum- and glucose-starved before incubation with
glucose (5 or 25 mm) and the AR inhibitor (ARi) alrestatin. Triangles indicate increasing doses of alrestatin as follows: 0.1, 1.0, 10, and 20 um. After 4 h, nuclear
extracts were analyzed for RUNX2 DNA binding using EMSA. Bars below each lane indicate the relative band density of the specific RUNX2-shifted band.
B, specific siRNA targeting AR or scrambled siRNA oligonucleotides (25 nm) were transfected into HBME cells grown in the presence of 5 or 25 mm glucose. Cells
were harvested and replated for 24 h prior to extraction of total protein for AR immunoblotting. C, cells grown in 5 mm glucose were transfected with siRNA
(scrambled) or siRNA (AR) and replated in complete medium for 24 h prior to overnight starvation and treatment with the indicated doses of glucose (0, 5, and
25 mw) for 4 h. RUNX2 DNA binding activity was determined by EMSA as before. Relative densities of the RUNX2-shifted bands are indicated. Representative
results from a single EMSA gel are marked with dashed lines for clarity of analysis. Similar results were obtained from three separate determinations.
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FIGURE 5. Hyperglycemic inhibition of RUNX2 activity is not dependent on IGF1 expression, IGFR activ-
ity, or ERK activation. A, starved HBME cells in serum-free media were treated with 5 mm glucose for the
indicated times, and cell supernatants were isolated, concentrated, and analyzed for IGF-1 expression using a
specific IGF-1 ELISA. Asterisk indicates p < 0.05 for glucose treatment at 30 min versus t = 0. B, HBME cells were
treated with the indicated doses of glucose for 30 min, and the levels of IGF-1 in the cell supernatants were
determined by specific ELISA. p values for glucose treatment at 5 mm versus 25 mm glucose indicate no signif-
icant difference. Results (A and B) are representative of three separate experiments and are plotted as the
mean * S.D. from triplicate measurements. C, total cellular extracts from glucose-treated HBME cells (for the
indicated times and glucose doses) were isolated and analyzed by Western blotting using phospho-specific
IGFR antibody as described under “Experimental Procedures.” Actin expression was used as a loading control.
D, total cellular extracts from glucose-treated (5 versus 25 mm) HBME cells were isolated after the indicated
times and analyzed for phospho-ERK (P.ERK) and total ERK (T.ERK) expression. Alrestatin (20 um) was used to
inhibit AR where indicated. Actin expression was used as a loading control.

activation (16, 18). To determine the role of glucose in RUNX2

knockdown of RUNX2 (Fig. 6C)
reduced wound closure to <10% in
5 mm glucose (Fig. 6, D and E).

The role of AR in suppressing the
migration of wounded ECs exposed
to hyperglycemia was tested. ECs
were cultured as before, and
wounded monolayers were treated
with 25 mMm glucose in the presence
or absence of the AR inhibitor alres-
tatin (Fig. 7A). Cells were observed
24 and 48 h after treatment. At each
time point, AR inhibitor-treated
cells exhibited improved wound
healing relative to untreated cells
(Fig. 7B, 50% versus 10% at 24 h; 80%
versus 30% at 48 h). Similarly, spe-
cific AR siRNA treatment of the ECs
(Fig. 7C) also improved wound heal-
ing under hyperglycemic conditions
(from 2 to 50%), similar to the
wound closure observed with 5 mm
glucose (57%), whereas scrambled
siRNA only marginally improved
wound healing (5%) (Fig. 7D).

It is well known that activation of
the polyol pathway by hyperglyce-
mia results in increased sorbitol
production and elevated oxidative
stress. To determine whether
hyperglycemic  repression  of
RUNX2 activity was mediated by
reactive oxygen species, cells were
cultured in 25 mMm glucose in the
presence or absence of the antioxi-
dant NAC. NAC treatment reduced
RUNX2 inhibition by hyperglyce-
mia (Fig. 84) and enhanced vascular
EC wound healing in 25 mm glucose
(Fig. 8, B and C). These results are
therefore consistent with a negative
regulatory role for AR in wounded
monolayer healing, which is medi-
ated by oxidative stress under
hyperglycemic conditions.

DISCUSSION

We examined the response of

activation and EC migration, we measured the EC migratory
response to wounding (Fig. 64). Treatment with 5 mm glucose
was as effective as 10% FBS in achieving almost 80% wound
closure (Fig. 6B), whereas increasing glucose to 25 mm inhibited
closure by about 2.5-fold (30% wound closure). Neither the iso-
osmotic control mannitol nor the nonmetabolizable glucose
analog 2-DG stimulated wound closure (Fig. 6, A and B). Fur-
thermore, glucose-induced wound closure was mediated
through RUNX2 expression because prior siRNA-induced
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ECs to glucose and found that RUNX2 DNA binding and tran-
scriptional activity in these cells is glucose-activated through an
autocrine IGF-1/IGFR metabolic signal transduction loop.
Exposure of these ECs to hyperglycemic conditions, however,
reduced RUNX2 activity, which was reversed by inhibition of
the AR polyol pathway. Using specific pharmacologic and
genetic RUNX2 and AR inhibitors, we showed that RUNX2 is
necessary for EC migration and vascular cell remodeling,
whereas AR is responsible for their counter-regulation under
hyperglycemic conditions.
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6 7 (32). In contrast, AR inhibitors have
been shown to reduce the levels of
vascular endothelial growth factor
(33). Hyperglycemia increases p38/
JNK (stress response; increased
osmolarity) at the expense of ERK
(proliferative) MAPK pathways
(34). Hyperglycemia promotes
transforming  growth  factor-$
secretion and pSmad activation,
which may negatively regulate
RUNX2 expression (35). In addition
to increased polyol pathway flux,
other mechanisms may support glu-
cose-mediated vascular damage as
follows: increased formation of
intracellular AGEs, PKC activation,
or hexosamine pathway flux. One
common mechanism linking these
different pathways is formation of
* ROS (3). Generation of ROS and cel-
lular oxidative stress could inhibit
wound healing and contribute to
microvascular and macrovascular
complications, such as diabetic reti-
nopathy and atherosclerosis, respec-
tively (36). Our data (Fig. 8) are con-
sistent with a role for an oxidative
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o
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FIGURE 6. Glucose-regulated EC wound healing is dependent on RUNX2 expression. A, HBME cells were
cultured until confluent, and the monolayer was scraped to initiate wounding (panel 1, t = 0). Monolayers were
treated with 10% fetal bovine serum (FBS) (panel 2), no glucose (panel 3), 5 mm glucose (panel 4), 25 mm glucose
(panel 5), 5 mm mannitol (panel 6), or 5 mm 2-DG for 24 h (panel 7). Dotted lines mark the wound margins.
B, quantitation of results from A expressed as means *+ S.D.from n = 5-6 measurements. Asterisk indicates p <
0.01 for 5 mm versus 25 mm glucose-treated cells. C, HBME cells were transfected with siRNA targeting RUNX2 or
GFP and RUNX2 DNA binding was determined by EMSA performed on nuclear extracts from untreated (lane 1),
GFP siRNA-treated (lane 2), or RUNX2 siRNA-treated cells (lane 3). Arrow indicates RUNX2-shifted band. D, for
RUNX2 siRNA knockdown, cells were transfected with RUNX2 or GFP-specific siRNA duplexes 24 h before
wounding and then treated with 5 or 25 mm glucose for 24 h. Representative images show that reduction of
RUNX2 inhibits wounded monolayer recovery in response to glucose. E, quantitative % wound healing is
representative of n = 5-6 measurements per point. Asterisk indicates p < 0.01 for si.GFP- versus si. RUNX2-

treated cells at 5 mm glucose.

Regulation of RUNX2 Activity by Hyperglycemia and AR—EC
RUNX2 DNA binding and transcriptional activity in response
to glucose was independent of new protein or mRNA synthesis
and was not increased by 2-DG or mannitol. RUNX2 mRNA
levels in response to glucose did not change, which is consistent
with data showing that RUNX2 protein exists in a preformed
pool prior to activation by glucose. This activation could be the
result of import into the nucleus, changes in post-translational
modification such as phosphorylation, and/or RUNX2 associa-
tion with essential cofactors that increase DNA binding, such as
Cbfp (31). How these pathways contribute to glucose-mediated
RUNX2 activation is currently being investigated.

The data support the hypothesis that AR negatively regulates
RUNX2 activity in hyperglycemic conditions. Production of
sorbitol in ECs exposed to hyperglycemia (activation of AR) has
been shown to increase apoptosis and expression of the angio-
genic factor vascular endothelial growth factor in these cells
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stress-induced negative regulatory
pathway in the attenuation of RUNX2
activity in response to hyperglycemia.
In our culture model, the PKC path-
way does not appear to contribute
greatly to inhibition of RUNX2 in
hyperglycemia because treatment
with two PKC inhibitors did not
restore RUNX2 activity to levels
observed in euglycemia. However, it
has been shown that PKCf3 regulates
the action of angiogenic factors in ECs
and activates ERK signaling and
tumorigenesis (37, 38). In the presence of 5 mm glucose, inhibition
of PKCB reduced RUNX2 activation, consistent with a role for
PKCp activation of ERK signaling and RUNX2 activity in response
to glucose.

IGF-1/IGFR and ERK Activation in Glycemic Regulation of
RUNX2—We showed previously that IGFR activity promotes
RUNX2 expression and DNA binding through phosphatidyl-
inositol 3-kinase and ERK signaling (18). The current results
show that inhibition of the IGF-1/IGFR signaling pathway
reduced glucose-mediated RUNX2 activity. There were no dif-
ferences in IGF-1 secretion or IGFR activation in euglycemic or
hyperglycemic conditions. This suggests that glucose activates
RUNX2 through an autocrine IGF-1 mechanism, but that
changes in IGF1/IGFR activity do not account for reduced
RUNX2 activity under hyperglycemic conditions. Similarly,
inhibition of the ERK pathway using indirect and direct specific
inhibitors completely abrogated RUNX2 activation in 5 mm
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FIGURE 8. Hyperglycemia-induced oxidative stress inhibits RUNX2 activ-
ity and wound healing. A EC were serum-and glucose-starved prior to incu-
bation with glucose and the antioxidant NAC (10 mm) for 4 h. Nuclear extracts
were analyzed for RUNX2 DNA binding using EMSA. B, EC wound healing
assays were performed as described with cells treated for 24 h with 25 mm
glucose in the presence or absence of 10 mm NAC. C, percent wound healing
was calculated as described previously and is representative of n = 5 meas-
urements per treatment condition. *, p < 0.01 for 25 mm versus 25 mm + NAC.
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FIGURE 7. Aldose reductase represses RUNX2-mediated EC wound healing. A and B, HBME wound healing
assays in response to 25 mm glucose were performed as in Fig. 6 using the AR inhibitor alrestatin (10 um). The degree
of wound healing was monitored at 24 h (panels T and 2) and 48 h (panels 3 and 4) and quantitated as described
under “Experimental Procedures.” All photos are from representative results of three separate experiments. Dotted
lines mark the wound margins. Bar graphs quantifying the degree of wound healing were calculated fromn = 5-6
locations per treatment and plotted as mean = S.D. * indicates p < 0.01 for alrestatin versus untreated cells in 25 mm
glucose (24 h); **indicates p < 0.01 at 48 h. Cand D, HBME wound healing assays using siRNA targeting AR or control
scrambled siRNA were performed in cells treated with 25 mm glucose for 24 h. Quantitation reflects the mean = S.D.
from n = 5-6 measurements. * indicates p < 0.01 for si.AR- versus si.scrambled-treated cells in 25 mm glucose.

3 4 glucose. However, there was no
inhibition of ERK activation in
response to 25 mm glucose.
Although IGF-1/IGFR and ERK
activities were similar in response to
euglycemic or hyperglycemic con-
ditions, other factors may contrib-
ute to reduced RUNX2 activation
under hyperglycemic conditions,
including the up-regulation of IGF-
1-binding proteins (39), the activa-
tion of p38/JNK (34), or the accu-
mulation of sorbitol through the AR
polyol pathway (32).

Diabetes and Regulation of
Wound Healing by RUNX2 and AR—
Glucose-stimulated healing of a
wounded EC monolayer was dose-
dependent with optimal wound clo-
sure and RUNX2 activity observed
under physiological (5 mm) condi-
tions. Exposure to hyperglycemia
inhibited both RUNX2 activity and
wound healing. It appears that defi-
cits in EC migration and wound
healing are commonly observed
under hyperglycemic conditions and may contribute to vascu-
lar dysfunction in diabetics (28). In fact, it has been suggested
that hyperglycemia itself may inhibit angiogenesis (2). Inhibi-
tion may be mediated by the AR polyol or the glucosamine
pathways (6, 10, 40). We (16) and others (15) have reported that
RUNX2 DNA binding activity serves an essential function in
EC migration and invasion, which is, in part, mediated through
the transcriptional control of metalloproteinases. However, we
also have shown that RUNX2 promotes EC proliferation (17,
19) and survival (17). The effects observed in the current glu-
cose-responsive model of wound healing could be mediated by
the ability of glucose to activate RUNX2 activity through the
IGF1/IGFR and ERK signaling pathways. In contrast, hypergly-
cemic attenuation of RUNX2 activity may be mediated through
increased AR expression and generation of oxidative stress. The
ability of RUNX2 to promote EC migration, proliferation,
and/or survival has specific relevance to understanding the vas-
cular response to diabetes because perturbations in gene tran-
scription may contribute to diabetic vasculopathy (41). Itis pos-
sible that the endothelial (vascular) response to hyperglycemia
is part of a general sensor mechanism that responds to levels of
glucose through regulation of transcription factor activity in a
variety of tissues (42).

Significance and Therapeutic Relevance—Expression of
Runx2 is diminished in mice made diabetic by streptozotocin
treatment (21). The converse is also true; the Runx2-regulated
bone matrix factor, osteocalcin, which is produced by the skel-
eton, acts like a hormone to regulate glucose metabolism and
insulin secretion in the pancreas (43). Hyperglycemic condi-
tions, which activate AR and the polyol pathway, may suppress
RUNX2 activity and reduce normal endothelial repair. Because
RUNX2 promotes EC wound healing, it may be important in

24h
25mM
+siScr

25mM
+siAR

Gluco25si.Ser Gluco25si.AR
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maintaining normal vascular function, whereas down-regula-
tion of RUNX2 under hyperglycemic conditions may be asso-
ciated with vascular dysfunction.

The increased incidence of obesity that contributes to type 2
diabetes has also been implicated in colorectal cancer and in the
promotion of a more invasive and aggressive breast cancer phe-
notype (44). Cancer cells are known to rely on glucose for
energy in a process of aerobic glycolysis that is believed to con-
tribute to tumor growth, survival, and metastasis (45). There-
fore, our results also have broader implications for cancer, espe-
cially the role that glucose metabolism might play in tumor
angiogenesis. AR inhibition may be a possible strategy to “nor-
malize” dysfunctional vessels and promote vascular remodeling
and/or angiogenesis, thus reducing the microvascular compli-
cations of diabetes or improving chemotherapeutic delivery to
tumors (46).
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