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Carbon Monoxide Promotes VEGF Expression by Increasing
HIF-1« Protein Level via Two Distinct Mechanisms,
Translational Activation and Stabilization of HIF-1« Protein™

Received for publication, April 7, 2010, and in revised form, August 11, 2010 Published, JBC Papers in Press, August 19, 2010, DOI 10.1074/jbcM110.131284

Yoon Kyung Choi*, Chun-Ki Kim*, Hansoo Lee®, Dooil Jeoung®, Kwon-Soo Ha*, Young-Guen Kwon*, Kyu-Won Kim!,

and Young-Myeong Kim*'

From the *Vascular System Research Center and Department of Molecular and Cellular Biochemistry, School of Medicine, and the
SDivision of Biological Sciences, College of Natural Sciences, Kangwon National University, Chuncheon, Kangwon-do 200-701,

Republic of Korea, the '"Department of Biochemistry, College of Sciences, Yonsei University, Seoul 120-749, Republic of Korea, and
the INeuroVascular Coordination Research Center, College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul

National University, Seoul 151-742, Republic of Korea

Carbon monoxide (CO) plays a significant role in vascular
functions. We here examined the molecular mechanism by
which CO regulates HIF-1 (hypoxia-inducible transcription
factor-1)-dependent expression of vascular endothelial growth
factor (VEGF), which is an important angiogenic factor. We
found that astrocytes stimulated with CORM-2 (CO-releasing
molecule) promoted angiogenesis by increasing VEGF expres-
sion and secretion. CORM-2 also induced HO-1 (hemeoxygen-
ase-1) expression and increased nuclear HIF-1« protein level,
without altering its promoter activity and mRNA level. VEGF
expression was inhibited by treatment with HIF-1a siRNA and a
hemeoxygenase inhibitor, indicating that CO stimulates VEGF
expression via up-regulation of HIF-1a protein level, which is
partially associated with HO-1 induction. CORM-2 activated
the translational regulatory proteins p705°* and eIF-4E as well
as phosphorylating their upstream signal mediators Akt and
ERK. These translational signal events and HIF-1« protein level
were suppressed by inhibitors of phosphatidylinositol 3-kinase
(PI3K), MEK, and mTOR, suggesting that the PI3K/Akt/mTOR
and MEK/ERK pathways are involved in a translational increase
in HIF-1a. In addition, CORM-2 also increased stability of the
HIF-1a protein by suppressing its ubiquitination, without alter-
ing the proline hydroxylase-dependent HIF-1a degradation
pathway. CORM-2 increased HIF-1a/HSP90« interaction,
which is responsible for HIF-1e stabilization, and HSP90-spe-
cific inhibitors decreased this interaction, HIF-1« protein level,
and VEGF expression. Furthermore, HSP90a knockdown sup-
pressed CORM-2-induced increases in HIF-1a and VEGF pro-
tein levels. These results suggest that CO stimulates VEGF pro-
duction by increasing HIF-1a protein level via two distinct
mechanisms, translational stimulation and protein stabilization
of HIF-1a.
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Carbon monoxide (CO) is a diffusible gas that has recently
been found to play an important role in several biological pro-
cesses, including angiogenesis and cytoprotection (1-4). CO is
the product of the breakdown of heme by heme oxygenase
(HO)? enzymes (5). There are two heme oxygenase functional
isoforms: an inducible form, HO-1, and a constitutive form,
HO-2. CO produced from heme by the catalytic reaction of HO
induces the synthesis of angiogenic mediators, such as vascular
endothelial growth factor (VEGEF), IL-8, and stromal cell-de-
rived factor-1, as well as decreasing the anti-angiogenic factors,
namely soluble VEGF receptor-1 and soluble endoglin, result-
ing in the promotion of endothelial cell proliferation, migra-
tion, and anti-apoptotic responses (6-9). In addition, gluta-
mate-induced CO in astrocytes can act as a signal or regulatory
molecule that contributes to the homeostatic regulation of vas-
cular functions such as vasodilation (10, 11).

HIF-1 (hypoxia-inducible factor) is a transcriptional com-
plex involved in the regulation of crucial aspects of cellular
functions, such as cell proliferation, survival, invasion, and glu-
cose metabolism (12, 13). HIF-1 is composed of two subunits,
an oxygen-sensitive subunit, HIF-1a, and an oxygen-insensi-
tive subunit, HIF-18 (14). Although HIF-1a protein level is
mainly regulated by an oxygen-dependent mechanism, its pro-
tein level can also be controlled in an oxygen-independent fash-
ion. A major oxygen-dependent regulatory mechanism is the
proline hydroxylation of HIF-1a by proline hydroxylase (PHD)
(15). Under normoxic conditions, two proline residues (Pro-
402 and Pro-564) within the oxygen-dependent degradation
domain (ODD) of HIF-1« are hydroxylated by PHD, which trig-
gers binding of the von Hippel-Lindau tumor suppressor pro-
tein (pVHL) and ubiquitin-mediated protein degradation (16 —
18). Under hypoxic conditions, however, PHD is inactivated,
resulting in HIF-1« stabilization. The oxygen-independent reg-
ulation of HIF-1« level is based on the stimulation of HIF-1«

2 The abbreviations used are: HO, heme oxygenase; HUVEC, human umbilical
vein endothelial cell; ODD, oxygen-dependent degradation domain; pVHL,
von Hippel-Lindau tumor suppressor protein; PHD, proline hydroxylase;
CM, conditioned media; HSP90, heat shock protein 90; mTOR, mammalian
target of rapamycin; ActD, actinomycin D; CHx, cycloheximide; SnPP, Sn(IV)
protoporphyrin IX dichloride; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; 17-AAG, 17-demethoxygeldanamycin; ROS, reac-
tive oxygen species; DEPC, diethylpyrocarbonate.
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protein synthesis through activation of the phosphatidylinosi-
tol 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) and MEK/ERK pathways (19). HIF-1a protein stability
is also regulated in an oxygen-independent manner by the com-
petitive binding of heat shock protein 90 (HSP90), an ATPase-
dependent molecular chaperone that controls folding, activa-
tion, and stabilization of several substrate proteins, including
HIF-1a (20, 21). Stabilized HIF-1 translocates to the nucleus
and binds to hypoxia response elements of several target genes,
such as VEGF, metabolic enzymes, and erythropoietin, which
are involved in the modulation of angiogenesis, ATP synthesis,
oxygen supply, and cell survival (22-25).

Recent studies show that CO promotes angiogenesis via sev-
eral mechanisms, including VEGF expression and IL-8 produc-
tion (6, 9); however, the regulatory mechanism by which CO
promotes HIF-1a activation has not been clearly elucidated at
the molecular level. In this study, we investigated the effect of
CO on HIF-1a protein level and VEGF expression as well as its
molecular mechanism in astrocytes. We found that CO in-
creases HIF-1a level by two distinct mechanisms, up-regula-
tion of protein synthesis by activating the translational regula-
tory proteins p70 S6 kinase and elF-4E through PI3K/Akt and
MEK/ERK pathways and inhibition of HIF-1a degradation by
promoting the interaction of HIF-1a with HSP90«. Thus, the
CO-induced increase in HIF-1a protein level in astrocytes pro-
moted the secretion of VEGF and the subsequent activation of
adjacent and surrounding endothelial cells to promote angio-
genesis. These results suggest that CO stimulates angiogenesis
in a paracrine mode of action by increasing HIF-1a-mediated
VEGF production in astrocytes via protein synthesis and stabi-
lization of HIF-1ca.

EXPERIMENTAL PROCEDURES

Materials—MG132, rapamycin, PD98059, LY294002, 17-de-
methoxygeldanamycin (17-AAG), and proteinase inhibitor
mixture were purchased from Calbiochem (EMD Chemicals).
RuCl;, CORM-2 (CO-releasing molecule-2; (Ru(CO);Cl,),),
hemin, actinomycin D (ActD), cycloheximide (CHx), deguelin,
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
were purchased from Sigma. Sn(IV) protoporphyrin IX dichloride
(SnPP) was purchased from Frontier Scientific.

Cell Culture—Human umbilical vein endothelial cells
(HUVECsS) were isolated from human umbilical cord veins by
collagenase treatment as described previously (26) and used in
passages 3—8. HUVECs were grown in M199 supplemented
with 20% fetal bovine serum (FBS), 3 ng/ml basic fibroblast
growth factor (Millipore), and 10 units/ml heparin (Sigma). Pri-
mary human brain astrocytes dissociated from normal human
brain cortex tissue were purchased from the Applied Cell Biol-
ogy Research Institute (Kirkland, WA). Primary astrocytes were
cultured in DMEM supplemented with 10% FBS (HyClone) and
used in passages 5—9. For hypoxia experiments, cells were incu-
bated in a hypoxic chamber (Coy Laboratory Products, Grass
Lake, MI) that maintained the cells under low oxygen tension
(5% CO, with 1% O,, balanced with N,).

Promoter Vector Construction and Luciferase Assay—The
human HIF-1a (NM_001530) promoter (1202 bases) was pro-
duced by genomic PCR from human astrocyte cells. Primers
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used were 5'-CGGGGTACCTAGCTTGCAAAGTTGCCAA-
AGGCC-3’ (forward includes enzyme digestion sites for Kpnl)
and 5'-CCCAAGCTTGGTGAATCGGTCCCCGCGATG-3’
(reverse; for HindIII). The product was inserted into pGL3-
basic vector (Promega, Madison, WI). Astrocytes were trans-
fected with a plasmid for pHIF-1a. Luciferase activity was
assayed using the luciferase assay system (Promega). The
relative luciferase units were normalized to B-galactosidase
activity.

HO Activity Assay—HO enzyme activity in astrocyte micro-
somes was measured by bilirubin generation as described pre-
viously (27). Human astrocytes were pretreated with or without
50 uM SnPP for 15 min, followed by treatment with DMSO or
100 um CORM-2 for 8 h. The cells were detached using trypsin/
EDTA and centrifuged at 1,200 X g for 10 min at 4 °C. The cell
pellet was suspended in MgCl, (2 mm) phosphate (100 mm)
buffer (pH 7.4), lysed by three cycles of freezing and thawing,
and centrifuged at 12,000 X g for 15 min at 4 °C. The superna-
tant was added to a reaction mixture containing NADPH (0.8
mM), mouse liver cytosol (2 mg) as a source of biliverdin reduc-
tase, the substrate hemin (10 um), glucose 6-phosphate (2 mm),
and glucose-6-phosphate dehydrogenase (0.2 units) in a final
volume of 400 ul. The reaction was performed in the dark for
1 h at 37 °C, and the formed bilirubin was extracted with chlo-
roform (400 pl) and calculated by the difference in absorbance
between 464 and 530 nm using the extinction coefficient of 40
mm ' cm ! for bilirubin. HO activity is expressed as pmol of
bilirubin formed/mg of protein/h.

Transient Transfection and Conditioned Medium Prepara-
tion—Astrocytes were transiently transfected with HO-1 vec-
tor (provided by Dr. Jozef Dulak, Jagiellonian University) or
with pcDNA3.1/HIF-1a vector or pcDNA3.1/HIF-1a DM vec-
tor (provided by Dr. Gregg L. Semenza, The Johns Hopkins
University) using Lipofectamine and Plus reagent (Invitrogen).
All transfections were performed according to the manufactur-
er’s instructions. After a 48-h transfection, cells were collected.
For preparation of conditioned medium (CM), cells were cul-
tured with serum-free DMEM for different time periods, and
CM was collected and concentrated through a centrifugal filter
device (Millipore, Beverly, MA). Protein levels of CM were
determined by Western blot analysis. For preparation of CM
for endothelial cell migration, cells were cultured with M199
containing 5% FBS, and CM was collected and concentrated
(3X) through a centrifugal filter device (3 kDa cut-off;
Millipore).

Immunofluorescence Staining—Human astrocytes were fixed
in 3.7% formaldehyde for 10 min at room temperature,
washed gently, blocked, and incubated with the HIF-1« pri-
mary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) overnight at 4 °C, followed by incubation with Alexa Fluor
antibody (Invitrogen). Nuclei were stained using DAPI (Molec-
ular Probes). Images were obtained with a confocal microscope
(Olympus FV300).

Extraction of Nuclear Proteins—Nuclear proteins were ex-
tracted as follows. Human astrocytes were incubated with
RuCl; or CORM-2 for 8 h and then washed twice with phos-
phate-buffered saline. The cells were scraped into buffer A (10
mmMm HEPES, pH 7.9, 0.1 mm EDTA, 10 mMm KCI, 0.1 mm EGTA)
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and centrifuged briefly. The cell pellets were resuspended in
buffer A plus 0.1% Nonidet P-40. After centrifugation at
12,000 X g for 10 min, the nuclear pellet was resuspended in 20
mwm HEPES (pH 7.9) containing 0.4 M NaCl, 1 mm EDTA, and 1
mM EGTA and lysed by three cycles of freezing and thawing.
After incubation on ice for 30 min, the nuclear lysates were
centrifuged at 12,000 X g for 10 min. The supernatant was
obtained, and the protein concentrations were measured using
a Coomassie Protein Assay kit (Pierce).

Western Blot Analysis—Cellular proteins from transfected
astrocytes and secreted proteins in conditioned medium were
analyzed by Western blot. Western blot analysis was performed
as described previously (28). We used antibodies specific for
HIF-1a (BD Biosciences), poly(ADP-ribose) polymerase (EMD
Chemicals, NJ), HO-1 (Stressgen, Ann Arbor, MI), phospho-
p70S6K, p70S6K, phospho-ERK, ERK, phospho-AKT, AKT,
phospho-elF-4E, eIF-4E (Cell Signaling, Danvers, MA), HSP90
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), VEGF
(Thermo Scientific or Santa Cruz Biotechnology, Inc.), ubiq-
uitin (Invitrogen), or actin (Sigma).

Immunoprecipitation—Cellular proteins from astrocytes
were incubated with an antibody for HIF-1a (Novus Biologi-
cals) or HSP90 (Stressgen or Santa Cruz Biotechnology, Inc.) in
TEG buffer (20 mm Tris-Cl, pH 7.4, 1 mm EDTA, 10% glycerol,
1 mm dithiothreitol, containing 150 mm NaCl and 0.1% Triton
X-100) with constant rotation overnight at 4 °C. Immune com-
plexes were collected by centrifugation following incubation
with protein G-Sepharose and washed three times with TEG
buffer. Immunoprecipitates were analyzed by SDS-PAGE, fol-
lowed by Western blot using the indicated antibodies.

RNA Interference—Oligonucleotides of human HIF-1a-spe-
cific siRNAs and the control non-silencing RNA were designed
by Dharmacon Inc. The sequence of human HIF-1a siRNA
was 5'-CTGGACACAGTGTGTTTGA-3". The human HO-1
siRNA was purchased from Sigma (sc-44306), and the human
HSP90« siRNA was purchased from Dharmacon (siGENOME
SMART pool M-005186-02). Astrocytes were grown to 70%
confluence, and siRNA was transfected into the cells using
Lipofectamine and Plus reagent according to the manufactur-
er’s instructions.

PHD Activity Assay—Human astrocytes were lysed in HEB
buffer (20 mm Tris-HCl, pH 7.4, 5 mm KCl, 1.5 mm MgCl,)
containing protease inhibitor mixtures. [*>S]Methionine-la-
beled VHL protein was synthesized by in vitro transcription and
translation using pcDNA3.1/hygro-VHL plasmid, according to
the instruction manual (Promega). GST-ODD (amino acids
401-603 of human HIF-1a) was purified from cell lysate of
Escherichia coli transfected with pGEX-4T-1/HIF-1a-ODD
plasmid. Resin-bound GST-ODD (200 ug of protein/~80 ul of
resin volume) was incubated in the presence of 2 mm ascorbic
acid, 100 um FeCl,, and 5 mm a-ketoglutarate with the indi-
cated amounts of enzyme in 200 ul of NETN buffer (20 mm
Tris, pH 8.0, 100 mm NaCl, 1 mm EDTA, 0.5% Nonidet P-40,
and 1 mm phenylmethylsulfonyl fluoride) with mild agitation
for 90 min at 30 °C. The reaction mixture was centrifuged and
washed three times with 10 volumes of NETN buffer. Resin-
bound GST-ODD was mixed with 10 ul of >*S-labeled VHL in
500 wl of EBC buffer (50 mm Tris-HCI, pH 8.0, 120 mm NaCl,
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and 0.5% Nonidet P-40). After mild agitation at 4 °C for 2 h, the
resin was washed three times with 1 ml of NETN buffer, and
proteins were eluted in SDS sample buffer, fractionated by 12%
SDS-PAGE, and detected by autoradiography. The amount of
each sample loaded was monitored by staining the GST-ODD
with Coomassie Blue.

RT-PCR—Total RNAs were isolated from the indicated cells
using TRIzol reagent (Invitrogen). RT-PCR analysis was
performed as described previously (29). The following sets of
primers were used: 5'-AGTCGGACAGCCTCAC-3' (for-
ward) and 5'-TGCTGCCTTGTATAGGA-3" (reverse) for
human HIF-1e; 5'-CAGGCAGAGAATGCTGAG-3" (for-
ward) and 5'-GCTTCACATAGCGCTGCA-3' (reverse) for
human HO-1; 5'-GAGAATTCGGCCTCCGAAACCATGAA-
CTTTCTGT-3' (forward) and 5'-GAGCATGCCCTCCTGC-
CCGGCTCACCGC-3' (reverse) for VEGF; 5'-CAGGGC-
TGCTTTTAACTCTG-3’ (forward) and 5'-TAGAGGCAGG-
GATGATGTTC-3’ (reverse) for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). PCR products were analyzed on
1.2% agarose gels, and the gels were digitally imaged (Biolmag-
ing System).

Polysome Assay—Polysome analysis was performed as de-
scribed previously (30). Human astrocytes were lysed in 400 ul
of lysis buffer (0.3 m NaCl, 15 mm MgCl,, 15 mm Tris-HCI (pH
7.4), 0.1 mg/ml cycloheximide, 200 units of Superase-In
(Ambion, Foster City, CA)). After centrifugation at 2,000 X g
for 5 min, heparin (a broad range RNase inhibitor) was added to
the supernatant and made up to a final concentration of 200
pg/ml. After debris was removed by centrifugation at 10,000 X
g for 5 min, the cytoxolic supernatants were laid on a 20-50%
sucrose gradient (total volume, 5 ml) and centrifuged at 39,000
rpm for 120 min in a Beckman SW-55Ti rotor at 4 °C. Fractions
(0.2 ml) were collected and monitored for absorbance at the
254-nm wavelength. Each absorbance was calculated by sub-
tracting the absorbance from blank-containing lysis buffer laid
on a sucrose gradient. For RNA isolation from fractions (1.2
ml), samples were precipitated with an equal volume of isopro-
pyl alcohol at —80 °C overnight and centrifuged at 10,000 X g
for 20 min. After precipitants were washed with 85% ethanol,
pellets were resuspended in 40 ul of Tris-EDTA (pH 8.0) and
precipitated by adding 4 ul of 3 M sodium acetate (pH 5.3) and
100 wl of 100% ethanol. Pellets were resuspended in 100 ul of
diethylpyrocarbonate (DEPC) water, added to 100 ul of Tris-
buffered phenol/chloroform, and mixed well. Samples were
incubated for 15 min at room temperature and centrifuged at
12,000 X g for 15 min, and the aqueous (upper) phase was
transferred to a new tube. Then, lithium chloride (LiCIl) was
added to a final concentration of 2 M to remove heparin, a
potent RT-PCR inhibitor. After incubation at —20 °C overnight
and centrifugation at 12,000 X g for 20 min, pellets were washed
with 75% ethanol. Precipitants were resuspended in 20 ul of
DEPC water and precipitated by adding 2 ul of 3 M sodium
acetate (pH 5.3) and 60 ul of 100% ethanol. Samples were cen-
trifuged at 12,000 X g for 20 min and washed with 75% ethanol.
After all ethanol was removed, samples were resuspended in 10
wl of DEPC water and analyzed by RT-PCR using HIF-1« and
GAPDH primers.
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Cell Migration Assay—For a migration assay using the co-
culture system, astrocytes were seeded on 24-well plates and
cultured until reaching 90% confluence. Cells were pretreated
with several chemical inhibitors for 30 min and incubated with
100 um CORM-2 for 8 h. Media were removed and replaced
with M199 containing 5% FBS for 20 h. The chemotactic motil-
ity of HUVECs was measured using Transwell plates (6.5-mm
diameter, 8.0-um pore size). The lower surface of the Transwell
plates was coated with 10 ug of gelatin. HUVECs (1 X 10° cells)
were loaded on the upper well. After a 4-h incubation, migrated
cells were fixed and stained with hematoxylin and eosin. Non-
migrating cells on the upper surface of the well were removed
by wiping with a cotton swab, and migratory cells were ob-
served by using an inverted phase-contrast microscope.

Data Analysis and Statistics—Quantification of protein band
intensity obtained by Western blot was analyzed using Image]J
(National Institutes of Health) and normalized to the density of the
actin or Coomassie staining band. All data are presented as the
mean * S.D. Statistical comparisons between groups were done
using Student’s test. p < 0.05 was considered statistically
significant.

RESULTS

CO Induces VEGF Production by Increasing HIF-1a Protein
Level—To evaluate whether human astrocytes exposed to CO
affect angiogenesis of endothelial cells through a paracrine
mechanism, in vitro angiogenesis assays were performed. CM
from astrocytes treated with the CO-releasing molecule-2
(CORM-2) for 8 h significantly increased HUVEC proliferation,
migration, and tube formation (supplemental Fig. S1). Because
VEGEF is one of the most potent angiogenic factors known (24),
the potential role of VEGF in CO-induced angiogenesis was
explored. CM-induced increases in endothelial cell prolifera-
tion, migration, and tube formation were significantly inhibited
by treatment with a VEGF-neutralizing antibody but not by the
addition of human IgG as a control (supplemental Fig. S1).
These results suggest that paracrine-mediated angiogenic
effects of CO-treated cells are derived from VEGF production.
HIF-1a is necessary and sufficient for the hypoxia-induced
expression of multiple angiogenic growth factors, including
VEGF (13). We next examined the effect of CO on HIF-1«
expression in human astrocytes. CORM-2 treatment signifi-
cantly increased HIF-la protein level in a time-dependent
manner in comparison with the noncarbonyl inert control
RuCl,, and maximal HIF-1« protein level was detected after 8 h
of CORM-2 treatment (Fig. 1A). Exposure of astrocytes to con-
centrations of CORM-2 between 5 and 100 um for 8 h resulted
in a concentration-dependent increase in HIF-1a expression
(Fig. 1B). We further examined whether ActD, a transcription
inhibitor, had an effect on HIF-1a and VEGF mRNA levels. The
HIF-la. mRNA level was not altered by treatment with
CORM-2 alone or in combination with ActD. However, VEGF
mRNA level was significantly increased in CORM-2-treated
astrocytes, and this increase was blocked by co-treatment with
ActD (Fig. 1C). We next examined whether CO regulates
HIF-1a promoter activity. CORM-2 treatment did not affect
HIF-1a promoter activity, compared with the solvent DMSO or
negative control RuCl, (Fig. 1D). These results indicate that CO

OCTOBER 15, 2010+VOLUME 285+NUMBER 42

A RuCl, CORM-2 B RuCl,  CORM-2
Time(h) 02 4 812 0 2 4 812 Dose (uM) 200 05 _10_50 100
HlF-1m|..__._l‘ ~Q...| HF-10. | 4o e 0 0 @
Actin| g ——— | Actn [ @D @ ® ® @

Cro, + - + - D, E

CORM-2 - + - + i Cytosol  Nucleus
ActD - - 4+ &+ RuCl, + - + -
CORM-2 - + - +

'3 =
N-- & S

HIF-1e.

Actin PARP
DMSO RuCl, CORM
F G RuCl, + + - =
CORM-2 - - + +
HIF-1o DAPI Merge HIF-1¢. SIRNA — + = e
HIF-1o

& W
VEGF | % ““

Actin [ G ..

Cell lysates

A
¢
"
il
M

ce|m=a w8 B b

FIGURE 1. CORM-2 up-regulates VEGF production via the augment of
HIF-1a protein level. Aand B, astrocytes were exposed to the indicated concen-
trations of RuCl; and CORM-2 for various time periods (A) and for 8 h (B). HIF-1«
and actin in cell lysates were analyzed by Western blotting. C, cells were pre-
treated with or without 1 ug/ml ActD for 30 min and exposed to RuCl; (200 um) or
CORM-2 (100 um) for 6 h. Cells were harvested, and total mRNAs were isolated.
HIF-1a:and VEGF mRNA levels were analyzed by RT-PCR. D, cells were transfected
with pGL3-basic-pHIF-1a (0.4 g) and pCMV-B-gal (0.4 g) in 6-well plates. Trans-
fected cells were incubated in fresh medium for 24 h and incubated with DMSO,
RuCl; (200 um), and CORM-2 (100 um) for 8 h. Cell lysates were obtained, and
relative luciferase activity (RLA) was determined using a luminometer. E, cells
were treated with RuCl; (200 um) or CORM-2 (100 um) for 8 h. The cytosolic and
nuclear fractions were isolated, and HIF-1a levels were detected by Western blot-
ting. Actin and poly(ADP-ribose) polymerase (PARP) were used for internal con-
trols. F, cells were treated with RuCl; (200 um) or CORM-2 (100 um) for 8 h and
fixed in 3.7% formaldehyde for 10 min. Cells were immunostained with an anti-
body against HIF-1« (green) and DAPI (blue). Fluorescent images were obtained
using a confocal microscope. G, astrocytes were transfected with control or
HIF-1a siRNA (100 nm), cultured in fresh medium for 40 h, and then treated with
200 uMm RuCl; or 100 um CORM-2 for 8 h. Cells were harvested, and cell lysates
were prepared. The cellular levels of HIF-1« and VEGF were analyzed by Western
blotting. For CM preparation, cells were transfected with control or HIF-1a siRNA
(100 nm) and cultured in fresh medium for 16 h, followed by treatment with 100
M CORM-2 for 8 h. The media were replaced with FBS-free M199 and cultured for
24 h. CM were collected and concentrated through a centrifugal filter device.
VEGF protein level in CM was determined by Western blotting. CB, a Coomassie
Blue-stained protein band as an internal control. Error bars, S.D.

promotes HIF-1a protein level without affecting transcrip-
tional induction of HIF-1a and stimulates VEGF expression at
the transcriptional step. HIF-1a is a well known transcription
factor that easily translocates into the nucleus, where it regu-
lates the transcription of various genes, including VEGF (22).
Therefore, we examined the effect of CO on the translocation of
HIF-1« into the nucleus. Western blot (Fig. 1E) and immuno-
cytochemical analysis (Fig. 1F) showed that HIF-1a accumu-
lated in the nuclear fraction and nuclei in CORM-2-treated
cells, indicating that CO causes an increase in HIF-1a protein
level in astrocytes, particularly in the nuclei. Furthermore, we
examined the role of HIF-1« in VEGF expression in astrocytes
treated with CORM-2. CORM-2 increases the protein levels of
HIF-1a and VEGF, and these effects were blocked by specific
knockdown of HIF-la using siRNA (Fig. 1G). In addition,
CORM-2 treatment enhanced the secretion of VEGF into cul-
ture medium, and this enhancement was reduced by transfec-
tion with HIF-1a siRNA (Fig. 1G). These results demonstrate
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FIGURE 2. CORM-2-induced HIF-1« and VEGF expressions are regulated
by HO-1 activity. A, astrocytes were treated with DMSO, RuCl; (200 um),
CORM-2 (100 um), and hemin (10 um) for 8 h. B, astrocytes were transfected
with mock or HO-1 expression vector and cultured in fresh medium for 48 h.
HO activity was assayed as described under “Experimental Procedures.” Data
shown are the mean = S.D. (n = 3).*,p < 0.05; **, p < 0.01. C, astrocytes were
treated with RuCl; (200 um) or CORM-2 (100 wm) for 8 h in the presence or
absence of SnPP (50 um). The protein and mRNA levels of HIF-1«, VEGF, and
HO-1 were analyzed by Western blotting and RT-PCR. D, cells treated with
RuCl; (200 wm), CORM-2 (100 um), or CORM-2 plus SnPP (50 um) for 8 h were
immunostained with an antibody against HIF-1a (green) and DAPI (blue).
Fluorescent images were obtained by a confocal microscope. E, astrocytes
were transfected with mock or HO-1 expression vector and cultured in fresh
medium for 48 h. F, astrocytes were transfected with control or HO-1 siRNA
(50 nm), cultured in fresh medium for 40 h, and then treated with 200 um RuCl,
or 100 um CORM-2 for 8 h. E and F, the protein and mRNA levels of HIF-1¢,
VEGF, and HO-1 were analyzed by Western blotting and RT-PCR. Error bars,
S.D. WB, Western blot.

that CORM-2 induces VEGF production by up-regulating
HIF-1a protein level without affecting transcriptional induc-
tion of HIF-1cx.

CO-induced Increases in HIF-1oe and VEGF Expression Are
Partially Mediated by HO-1 Induction—Because CO, produced
by exogenous sources or catabolism of heme by HO-1, induces
HO-1 expression in hepatoma cells (31), we examined a role of
HO-1 in CORM-2-induced increases in HIF-1a protein and
VEGF expression. Treatment of human astrocytes with CORM-
2 or the HO inducer hemin resulted in an increase in the protein
levels of HIF-1«, VEGF, and HO-1 (Fig. 2A). Treatment with
CORM-2 or hemin increased mRNA levels of VEGF and HO-1
but not HIF-1« (Fig. 24). Furthermore, HO enzyme activity was
significantly increased in CORM-2-treated cell lysates, as
determined by in vitro bilirubin production, and this increase
was blocked by co-treatment with the HO inhibitor, SnPP (Fig.
2B). The CO-induced enhancement of VEGF mRNA and pro-
tein levels was blocked by co-treatment with SnPP (Fig. 2C).
This inhibitor also inhibited CORM-2-induced increases in
protein levels of HIF-1« (Fig. 2, C and D). These data suggest
that up-regulation of HIF-1« protein level and VEGF induction
by CORM-2 partially results from endogenous CO production
via the induction of HO-1. We next examined the effect of
endogenous CO on the regulation of HIF-1a and VEGF expres-
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sion in astrocytes following transfection with an HO-1 expres-
sion vector and HO-1 siRNA. HO-1 overexpression increased
the protein levels of HIF-1a and VEGE, as well as elevating the
mRNA level of VEGF but not HIF-1« (Fig. 2E). In addition,
CO-induced HIF-1a and VEGF protein levels were down-reg-
ulated by transfection with HO-1 siRNA (Fig. 2F). These results
indicate that CO endogenously generated by HO-1 induction
plays a role in the induction of HIF-1a and VEGF similar to
CORM-2 and hemin treatment.

CO Increases HIF-1a Protein Level by Activating the Trans-
lational Pathway—Because Fig. 1 showed that CORM-2 treat-
ment caused a significant increase in the protein level of HIF-1«
without altering HIF-1a mRNA level, we examined whether
CO affects HIF-1a translation or protein stability. Fig. 34
shows that CORM-2 induced a progressive accumulation of
HIF-1a protein in astrocytes exposed to a nontoxic level of the
26 S proteasome inhibitor MG132 for up to 4 h compared with
control cells, suggesting that CO enhances translation activity
of HIF-1a. Indeed, treatment with the translation inhibitor
CHx reduced the CORM-2-induced increase in HIF-1a protein
level (Fig. 3B), suggesting that CO promotes HIF-1a transla-
tion. The PI3K/Akt and MEK/ERK pathways have been shown
to be involved in HIF-1«a protein synthesis via functional acti-
vation of the translational regulatory proteins p70°°® and
elF-4E in various cells (13, 19, 32). We therefore examined
whether CO stimulates HIF-1a synthesis through activation of
these two pathways. CORM-2-induced increase in HIF-1«a pro-
tein level was significantly reduced by co-treatment with the
PI3K inhibitor LY294002 and the MEK inhibitor PD98059,
whereas these inhibitors did not affect HIF-1&« mRNA levels
(Fig. 3C). Treatment of astrocytes with CORM-2 for 20 min
effectively increased the phosphorylation of Akt and ERK, com-
pared with control cells treated with RuCl;, which were inhib-
ited by LY294002 and PD98059, respectively (Fig. 3D). Similar
inhibitory effects of these inhibitors were also observed in cells
treated with CORM-2 for 8 h (data not shown). CORM-2 treat-
ment promoted the phosphorylation of both p70°¢* (Thr-389
and Thr-421/Ser-424) and elF-4E (Ser-206), and the phosphor-
ylation of both proteins was effectively blocked by LY294002
and partially inhibited by PD98059 (Fig. 3E). Akt has been
shown to activate mTOR, which plays an important role in
protein synthesis (33). We next examined a role of mTOR in
CO-induced phosphorylation of p705°* and eIF-4E. Treatment
with rapamycin, an mTOR kinase inhibitor, significantly
reduced the CORM-2-induced protein level of HIF-1a and
phosphorylation of p705° and eIF-4E (Fig. 3F), confirming that
the Akt/mTOR pathway is involved in HIF-1« protein synthe-
sis. We next examined the effect of CO on translation efficiency
using sucrose gradient to isolate polysome fractions and RT-
PCR to detect complex formation of HIF-1ae mRNA with poly-
somes. In CORM-2-treated cells, high molecular weight poly-
somes were found deep in the sucrose gradient compared with
RuCl;-treated control cells (Fig. 3G), indicating that CORM-2
enhanced protein synthesis. The polysome profile in fraction 17
showed that the increased translation in CORM-2-treated cells
was inhibited when cells were pretreated with the MEK inhib-
itor (PD98059), PI3K inhibitor (LY294002), or mTOR inhibitor
(rapamycin) (Fig. 3H). HIF-1a mRNA levels in two high molec-
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FIGURE 3. CORM-2 regulates HIF-1« translation via the PI3K- and MEK-dependent pathways. A, astrocytes
were treated with RuCl; (200 um) or CORM-2 (100 um) in the presence of MG132 (2.5 um) for the indicated time
periods, and cellular levels of HIF-1a and actin were determined by Western blotting. B, astrocytes were
pretreated with or without 0.5 ng/ml CHx for 15 min and then incubated with RuCl; (200 um) or CORM-2 (100
um) for 8 h. The cellular levels of HIF-1a were determined by Western blotting. C, cells were pretreated with 25
M PD98059 (PD) or 10 um LY294002 (LY) for 15 min and then treated with RuCl; (200 wm) or CORM-2 (100 pum)
for 8 h. HIF-1« protein and mRNA levels were analyzed by Western blotting and RT-PCR, respectively. D, cells
were treated with RuCl; (200 um) or 100 um CORM-2 in the presence or absence of 25 um PD98059 or 10 um
LY294002 for 20 min. The cellular levels of phospho-Akt (p-Akt) and phospho-ERK (p-ERK) were determined by
Western bIottmg Eand F, cells pretreated with 25 um PD98059, 10 um LY294002, or rapamycin (RapM; 100 and
200 nm) for 15 min and incubated with RuCIi (200 um) or 100 um CORM-2 for 8 h. The levels of phospho-p70°°<
(p-p70°%%), phospho-elF-4B (p-elF-4B), p70°°%, elF-4B, and HIF-1a were determined by Western blot analyses.
G-, cells pretreated with 25 um PD98059 10 um LY294002, or 100 nm rapamycin for 15 min and incubated with
RuCl; (200 pm) or 100 um CORM-2 for 8 h. G, 20-50% sucrose gradients were separated in 24 fractions (0.2 ml),
which were collected and monitored for absorbance at a 254-nm wavelength. Each absorbance was calculated
by subtracting the absorbance from blank-containing lysis buffer without cell extract. The average absorbance
from three independent experiments is shown. H, the average absorbance of fraction 17 (arrowhead in G) was
monitored from three independent experiments. #, p < 0.005 versus untreated control; *, p < 0.05 versus
CORM-2 alone. I, RNA was extracted from fractions (a, fractions 13-18; b, fractions 19-24) indicated in G, and
HIF-1 and GAPDH mRNAs were detected by RT-PCR. Shown are representative data from three independent
experiments.

ular weight polysome fractions (fractions 13—18 and fractions

CORMS-2 for 8 h to induce HIF-1«
expression and subsequent incuba-
tion with the translation inhibitor
CHx with or without CORM-2.
CHx treatment rapidly decreased
pretreated CORM-2-induced HIF-
la protein level with a half-life of
12.5 min, and the increased pro-
tein level slowly disappeared with a
half-life of 21.0 min by additional
treatment with CORM-2 (Fig. 4A).
These results suggest that the
HIF-1« degradation pathway can be
inhibited by CO. Because HIF-1« is
degraded mainly through the ubig-
uitin-proteasome pathway follow-
ing PHD-dependent hydroxylation
at proline residues 402 and 564
within ODD of HIF-1a (16 -18), we
next examined whether CO regu-
lates ubiquitination of HIF-1a.
Treatment of astrocytes with
CORM-2 resulted in a decrease in
HIF-1ae ubiquitination, as deter-
mined by an immunoprecipitation
assay (Fig. 4B), suggesting that CO
can prevent HIF-1a degradation by
inhibiting ubiquitination of HIF-1a.
We next examined whether CO reg-
ulates HIF-1a degradation through
the hydroxylation at proline resi-
dues 402 and 564. Cells were trans-
fected with wild-type HIF-1« or the
double mutated HIF-la vector
(P402A/P564G), which introduces
mutations at oxygen-dependent
proline hydroxylation sites of HIF-
la, and HIF-1« protein levels were
then measured following exposure
of cells to CORM-2. Treatment of
wild-type HIF-1la-transfected cells
with CORM-2 caused an increase in
protein levels of HIF-1a, which was
not different from that of mutant
HIF-1a-transfected cells (Fig. 4C),
suggesting that the protein level of
HIF-1a elevated by CO is not asso-
ciated with hydroxylation at the
proline residues within its ODD.

19 -24) in CORM-2-treated cells was increased, compared with
control, and this increase was blocked by co-treatment with
PD98059 (PD), LY294002 (LY), or RapM (Fig. 3]). These results
suggest that the CO-induced up-regulation of HIF-1a protein
level results from the activation of translational machinery
through the PI3K/Akt/mTOR and MEK/ERK pathways.

CO Increases HIF-1a Stability through the PHD-independent
Pathway—W e next determined whether CO regulates the sta-
bility of HIF-1a protein following treatment of astrocytes with
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We further examined whether CO regulates PHD activity by
measuring interaction of *°S-labeled pVHL to GST-ODD
(amino acids 401-603) as a substrate of hydroxylation.
CORM-2 treatment did not affect the interaction between *>S-
labeled pVHL and GST-ODD compared with control, whereas
the interaction was completely blocked by low oxygen levels
(hypoxia) compared with normoxia (Fig. 4D), indicating that
CO does not regulate PHD activity. In addition, the interaction
of HIF-1a with PHD2 and pVHL was not changed by CORM-2
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FIGURE 4. CORM-2 increases HIF-1a protein stability. A, astrocytes were
pretreated with CORM-2 (100 um) for 8 h to increase HIF-1« protein level and
further treated with RuCl; (200 um) or CORM-2 (100 um) followed by CHx (0.5
ng/ml) treatment for the indicated time periods. The cellular levels of HIF-Ta
protein were determined by Western blot analysis. The relative protein levels
of HIF-1a were calculated from the intensities of protein bands. B, astrocytes
were treated with the indicated concentrations of CORM-2 combined with
MG132 (10 um) for 4 h, and cell extracts were subjected to immunoprecipita-
tion (IP) using antibodies against ubiquitin and HIF-1a. Ubiquitinated HIF-1«
was detected by immunoblotting (WB) these immunoprecipitates with anti-
bodies against HIF-1« and ubiquitin. C, cells were transfected with wild-type
(WT) HIF-1 or double-mutated (DM) (P402A/P564G) HIF-1a vector, cultured
in fresh medium for 40 h, and then treated with or without CORM-2 (100 um)
for 8 h. HIF-1« protein level was assessed by Western blotting (n = 6). *, p <
0.05. D, cells were treated with or without CORM-2 (100 um) for 4 h in the
presence of MG132 (10 um). Cell extracts were prepared and used for the PHD
activity assay described under “Experimental Procedures.” Extracts prepared
from cells cultured under normoxic and hypoxic conditions were used as
controls. E, cells were treated with or without CORM-2 (100 uMm) in the pres-
ence of MG132 (10 um) for 4 h. Cell extracts were subjected to immunopre-
cipitation using an anti-HIF-1« antibody. Immunoprecipitates were sepa-
rated by electrophoresis, and the protein levels of PHD2, pVHL, and HIF-1«
were determined by Western blotting.

compared with control (Fig. 4E). These results suggest that CO
promotes HIF-1« stability by inhibiting HIF-1a ubiquitination
through the PHD-independent pathway.

CO Increases HIF-1« Stability by Increasing Interaction be-
tween HIF-1o and HSP90a—Because HSP90« physically inter-
acts with HIF-1« and inhibits HIF-1« ubiquitination, leading to
the protection of HIF-1a from oxygen-independent degrada-
tion (12, 20, 21), we next investigated the effect of CORM-2 on
the interaction between HSP90«a and HIF-la. Treatment of
astrocytes with CORM-2 enhanced the interaction between
HIF-1a and HSP90« in a dose-dependent manner (Fig. 54).
Treatment of astrocytes with deguelin, a specific HSP90 inhib-
itor (21), caused a significant decrease in CO-induced increases
in HIF-1a and VEGF protein levels, whereas this inhibitor did
not affect Akt and ERK phosphorylation responsible for HIF-1«
translation (Fig. 5B). The interaction between HIF-la and
HSP90« enhanced by CORM-2 was significantly reduced by
co-treatment with deguelin (Fig. 5C). In addition, treatment
with another HSP90 inhibitor, 17-AAG, reduced CORM-2-in-
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FIGURE 5. CORM-2 increases HIF-1« protein stability by promoting its
interaction with HSP90a. A, astrocytes were treated with or without
CORM-2 in the presence of MG132 (10 um) for 4 h, and cell extracts were
subjected to immunoprecipitation (/P) using antibodies against HSP90« and
HIF-1a. Immunoprecipitates were separated by electrophoresis, and protein
levels of HIF-1a and HSP90 were determined by Western blotting. B, astro-
cytes were pretreated with 100 nm deguelin for 15 min and incubated with or
without CORM-2 (100 um) for 8 h. The levels of HIF-1a, VEGF, phospho-Akt
(p-Akt), and phospho-ERK (p-ERK) were determined by Western blot analyses.
C, astrocytes pretreated with 100 nm deguelin for 15 min were incubated with
or without CORM-2 (100 uMm) in the presence of MG132 (10 um) for 4 h. Cell
extracts were subjected to immunoprecipitation using antibodies against
HSP90a and HIF-1a. Immunoprecipitates were separated by electrophoresis,
and the levels of HIF-1a or HSP90 were determined by Western blotting.
D, cells pretreated with or without 10 um 17-AAG for 15 min were incubated
with or without CORM-2 (100 um) for 8 h, and the levels of HIF-1a or HSP90
were determined by Western blotting. E, cells pretreated with 10 um 17-AAG
for 15 min and incubated with or without CORM-2 (100 uM) in the presence of
MG132 (10 um) for 4 h. Cell extracts were subjected to immunoprecipitation
using an antibody against HSP90« or HIF-1a. Immunoprecipitates were ana-
lyzed by Western blotting with antibodies against HIF-1a and HSP90. F, cells
were transfected with control or HSP90 siRNA (75 nm), cultured in fresh
medium for 40 h, and then treated with or without CORM-2 (100 um) for 8 h.
HSP90« and GAPDH mRNA levels were determined by RT-PCR, and protein
levels of HIF-1« and VEGF were detected by Western blot analyses.

duced HIF-la protein levels (Fig. 5D) and decreased the
CORM-2-enhanced interaction between HIF-1ae and HSP90«
(Fig. 5E). We further examined the effect of HSP90w-specific
knockdown on the CO-induced increase in HIF-1la protein
using an siRNA approach. When cells were transfected with
HSP90« siRNA, CORM-2-induced increases in HIF-1a and
VEGF protein levels were suppressed (Fig. 5F). These results
suggest that CO can stabilize HIF-1a by promoting interaction
between HIF-1a and HSP90«, which results in the inhibition of
HIF-1a ubiquitination.

Inhibitors Regulating HIF-1a Protein Level Affect CO-medi-
ated Angiogenic Activity—We next examined whether treat-
ment of astrocytes with CO affects endothelial cell migration as
an in vitro angiogenic indicator by VEGF expression via the
regulation of translation and stability of HIF-1a protein. Astro-
cytes were pretreated with CORM-2 in the absence or presence
of inhibitors of PI3K, MEK, HO, and HSP90 for 8 h, followed by
replacement with fresh medium and co-culture with HUVECs
in Transwell plates. Astrocytes treated with CORM-2 caused a
significant increase in endothelial cell migration compared
with control cells, and this effect was significantly reduced in
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FIGURE 6. CORM-2-treated astrocytes promote EC migration. A, astrocytes
were pretreated with 25 um PD98059 (PD), 10 um LY294002 (LY), 50 um SnPP
(Sn), 10 um 17-AAG (AA), or 100 nm deguelin (DG) in the lower chamber of
Transwell plates for 15 min and treated with CORM-2 (COR; 100 um) for 8 h.
Cells were further cultured in fresh M199 containing 5% FBS for 20 h. HUVECs
(1 X 10° cells) were seeded on the upper chamber of Transwell plates. After a
4-h incubation, endothelial cell migration was detected by counting
migrated endothelial cells after staining with hematoxylin and eosin using an
optical microscope. Upper panel, microscopic image; lower panel, statistical
data with the mean = S.D. (n = 4). #, p < 0.001 versus untreated control; **,
p < 0.01 versus CORM-2 alone. B, astrocytes pretreated with indicated inhib-
itors for 15 min and treated with CORM-2 for 8 h. Cells were further incubated
with FBS-free DMEM for 24 h. Culture media were used for analyzing the levels
of VEGF by Western blotting. CB, a Coomassie Blue-stained protein band as an
internal control. Top, a representative immunoblot; bottom, statistical data
with the mean = S.D. (n = 3).#, p < 0.001 versus untreated control; *, p < 0.05;
** p < 0.01 versus CORM-2 alone.

astrocytes co-treated with LY294002, PD98059, SnPP, 17-
AAG, or deguelin (Fig. 64). Western blot analysis showed that
CORM-2 caused a marked increase in VEGF secretion in astro-
cytes, which was significantly suppressed by co-treatment with
those inhibitors (Fig. 6B). These results indicate that astrocytes
exposed to CO elicit angiogenesis in a paracrine manner via
HIF-1a-dependent VEGF expression and secretion by increas-
ing both translation activity and protein stability of HIF-1a.

DISCUSSION

The present study was undertaken to elucidate the potential
effect and molecular mechanism of CO on HIF-1a-dependent
VEGF expression and angiogenesis. We found that astrocytes
exposed to the CO donor CORM-2 elicited angiogenic activity
by increasing VEGF production and secretion through the aug-
mentation of HIF-1a protein level. These phenomena were
correlated with stimulation of Akt- and ERK-dependent signal-
ing pathways responsible for increasing translational activity of
HIF-1ae and elevation of HSP90 function associated with
HIF-1a stability. The results demonstrate, for the first time,
that CO increases HIF-la-dependent VEGF expression in
astrocytes by dual mechanisms: the de novo protein synthesis of
HIF-1a through activation of the PI3K/Akt/mTOR and MEK/
ERK pathways responsible for activation of translational
machinery and the stabilization of HIF-1a protein through the
functional activation of HSP90, which inhibits proteasomal
degradation of its interacting proteins, including HIF-1c.

CO is endogenously generated from heme by the catalytic
reaction of HO-1 and HO-2. HO-1 is strongly induced in

OCTOBER 15, 2010+VOLUME 285+NUMBER 42

almost all cell types by cellular stressors, such as heat shock,
heavy metals, UV, natural products, and oxidative stress (6).
HO-2 is constitutively expressed and concentrated in the brain.
Like the well known neuronal signal molecule nitric oxide (NO)
synthesized by neuronal nitric-oxide synthase, CO produced by
HO-2 acts as a neurotransmitter and vasodilator in the ner-
vous system by activation of heme-containing soluble guanylyl
cyclase to generate the second cellular messenger cGMP (34).
HO-2 is selectively localized to neurons of the myenteric plexus
in the gut and is highly co-localized with neuronal nitric-oxide
synthase in these neurons (35, 36). NO and CO share similar
functions in the neuronal system and blood vessels, such as
neurotransmission, vasorelaxation, and angiogenesis. Like NO
(37), CO can induce HO-1 expression and subsequent increase
in CO production, which diffuses to adjacent endothelial cells
and elicits phosphorylation-dependent activation of endothe-
lial nitric-oxide synthase, resulting in increased production of
NO in the vasculature (38). These observations indicate that
there is cross-talk between endothelial nitric-oxide syn-
thase/NO and HO-1/CO pathways in regulating the function of
neurons and vasculature. This evidence demonstrates the
notion that CO is a biologically active signaling molecule for
vascular functions, such as vascular remodeling and angiogen-
esis (39).

Astrocytes perform many significant functions by acting as
sensors of neuronal activity and providing a link between neu-
rons and vessels (40). We found that human astrocytes consti-
tutively express HO-2 (data not shown) and induce HO-1
expression following exposure to CORM-2. This indicates that
CO can modulate HO-1 expression by a positive feedback
mechanism (supplemental Fig. S2). Therefore, we hypothesized
that neural and autocrine sources of CO can continuously stim-
ulate astrocytes, which in turn stimulate the production of CO-
induced angiogenic factors, including VEGF, the most potent
angiogenic factor (24). In this study, we found that astrocytes
exposed to CORM-2 promoted VEGF expression and that
their angiogenic activity was completely blocked by a VEGE-
neutralizing antibody, indicating that CO-mediated angio-
genic activity is directly associated with production of VEGF.
VEGEF is a major target gene of the transcription factor HIF-1
and is considered a pivotal factor for vascular remodeling
and angiogenesis (13, 22, 41). Our results showed that
knockdown of HIF-1a by siRNA suppressed the enhance-
ment of VEGF expression and secretion in astrocytes treated
with CORM-2. This finding indicates that CO-induced
angiogenesis is due to HIF-1a-dependent up-regulation of
VEGF expression. Although the endogenous level of CO pro-
duced by HO-1 induction has not been reported in physio-
logical and pathological conditions, the formation of blood
vessels during wound healing is impaired in HO-1 knock-out
mice (42), indicating that endogenously produced CO plays
an important role in pathophysiological angiogenesis. Con-
sidering our finding that the gain-of-function and loss-of-
function of HO-1 by transfection with the HO-1 gene and its
siRNA oppositely regulate expression of HIF-1a and VEGF,
endogenous concentration of CO generated by HO-1 would
be sufficient to give the feed-forward effect on in vivo
angiogenesis.
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It has been demonstrated that the protein level of HIF-1a can
be regulated by three different steps, such as transcription,
translation, and protein stability (12). We tested whether
CORM-2 up-regulates HIF-1a« mRNA and HIF-1a promoter
activity in human astrocytes cells because Chin et al (43)
showed that CO exposure to macrophage cells rapidly induced
HIF-1« protein via up-regulation of its promoter activity. Our
data revealed that CORM-2 increased VEGF mRNA and pro-
tein levels without changes in the steady-state level of HIF-1a
mRNA and its promoter activity, indicating that CO did not
affect transcription and stability of HIF-1aw mRNA. This differ-
ence between our data and the result of Chin et al. (43) may be
ascribed to the type or origin of cells used in these studies.

The rate of HIF-1« protein synthesis can be increased by the
PI3K/Akt/mTOR and MEK/ERK pathways (19, 44). These
pathways phosphorylate and activate the translational regula-
tory proteins 4E-BP1 (eIF-4E-binding protein 1), p70°°%, and
elF-4E. Phosphorylation of 4E-BP1 disrupts its inhibitory inter-
action with eIF-4E, whereas activated p70°° phosphorylates
the 40 S ribosomal protein S6, leading to an increase in HIF-1«
protein synthesis (13). Our data showed that CORM-2 in-
creased phosphorylation-dependent activation of p705° and
elF-4E, which were suppressed by inhibitors of PI3K, mTOR,
and MEK. In addition, these inhibitors also effectively blocked
CORM-2-induced increase in HIF-1ae mRNA translational effi-
ciency assessed by a polysome assay. These results suggest that
CO elevates HIF-1a protein synthesis via the activation of
translational machinery.

A critical regulatory mechanism for HIF-1e stability is its
rapid proteasomal degradation. In the presence of oxygen, pro-
line hydroxylation of HIF-1a by PHD activity is a critical step
for regulating its protein level. PHD belongs to an a-ketoglut-
arate (2-oxoglutarate)-dependent dioxygenase superfamily
(45), which uses O, as a co-substrate to add a hydroxyl group to
specific proline residues within HIF-1a ODD (46). This enzyme
requires ferrous iron (Fe>") to assemble into its active confor-
mation, and the oxidation of Fe>" to Fe** loses the catalytic
activity of PHD (47). Therefore, the oxidizing agents, including
reactive oxygen species (ROS), inhibit PHD activity via the oxi-
dation of iron, whereas reductants or antioxidants, such as
ascorbate and cysteine, reduce the Fe** back to Fe*" in order
for the enzyme to be recycled (48, 49). Therefore, cellular redox
potential can affect PHD activity and HIF-1a-dependent VEGF
expression. Macrophages exposed to CO increase HIF-1a pro-
tein level through transient bursts of ROS arising from the
mitochondria, and this increase is abrogated in the presence of
catalase and superoxide dismutase (43, 50). This evidence sug-
gests that the effect of CO on HIF-1a accumulation is attribut-
able to the inhibition of PHD activity via generation of ROS
from mitochondria. In this study, however, CORM-2-induced
HIF-1a and VEGF protein expression in human astrocytes was
not reduced by treatment with N-acetylcysteine, a ROS scav-
enger (data not shown). Our data showed that CORM-2 did not
affect PHD activity and the interaction of HIF-1a with PHD2 or
pVHL. These data indicate that CO increases HIF-1a protein
level without altering PHD-dependent hydroxylation at proline
residues within HIF-1a« ODD. Recent studies demonstrated
that HSP90« directly interacts with HIF-1a and protects it
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from oxygen- and PHD-independent ubiquitination and
degradation (20, 21, 51, 52), resulting in the elevation of HIF-1«
protein level and VEGF expression. In this study, CORM-2
increased HIF-1a stability by enhancing its interaction with
HSP90«, consequently inhibiting HIF-1a ubiquitination. How-
ever, mechanisms by which CO regulates the interaction
between HIF-1a and HSP90« should be further investigated.

VEGEF secreted from astrocytes diffuses to adjacent or sur-
rounding cells, including endothelial cells, and activates its cog-
nate receptor(s), which is responsible for angiogenic processes
(24, 53). We found that astrocytes exposed to CORM-2 accu-
mulated significantly high levels of VEGF in conditioned
medium, which increased the angiogenic process of endothelial
cell migration. These events were significantly diminished by
inhibitors of PI3K, MEK, and HSP90. We also found that CO-
mediated increases in VEGF production were reduced by the
transfection of HO-1 siRNA, indicating that CO-induced
VEGF expression is in part mediated by HO-1 expression. It has
also been demonstrated that VEGF stimulates HO-1 induction,
which is required for VEGF-dependent angiogenesis because
HO inhibitors abrogate the formation of blood (54). Therefore,
our results suggest that there is a positive feedback circuit in the
HO-1/CO/HIF-1a/VEGEF signaling axis.

In conclusion, our present data demonstrate that CORM-2
increases HIF-1a protein level in astrocytes through the collab-
orative action of two mechanisms: activation of the PI3K/Akt/
mTOR and MEK/ERK pathways responsible for the transla-
tional activation of HIF-1« protein and functional activation of
HSP90, which leads to an increase in protein stability and inter-
action of HIF-1a.
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