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Recent reports have shown that Ca®>*/calmodulin (Ca®*/

CaM) signaling plays a crucial role in angiogenesis. We previ-
ously developed a new Ca®*/CaM antagonist, HBC (4-{3,5-bis-
[2-(4-hydroxy-3-methoxyphenyl)ethyl]-4,5-dihydropyrazol-1-
vl}benzoic acid), from a curcumin-based synthetic chemical
library. Here, we investigated its anti-angiogenic activity and
mode of action. HBC potently inhibited the proliferation of
human umbilical vascular endothelial cells with no cytotoxicity.
Furthermore, HBC blocked in vitro characteristics of angiogen-
esis such as tube formation and chemoinvasion, as well as neo-
vascularization of the chorioallantoic membrane of growing
chick embryos in vivo. Notably, HBC markedly inhibited expres-
sion of hypoxia-inducible factor-le (HIF-1a) at the transla-
tional level during hypoxia, thereby reducing HIF-1 transcrip-
tional activity and expression of its major target gene, vascular
endothelial growth factor. In addition, combination treatment
with HBC and various HIF-1 inhibitors, including suberoylani-
lide hydroxamic acid, rapamycin, and terpestacin, had greater
anti-angiogenic activity than treatment with each single agent.
Collectively, our findings indicate that HBC is a new anti-angio-
genic agent targeting HIF that can be used to explore the biolog-
ical role of Ca®>*/CaM in angiogenesis.

Efficient inhibition of angiogenesis is considered a promising
strategy for the treatment of angiogenesis-related diseases,
including cancer, diabetic retinopathy, macular degeneration,
rheumatoid arthritis, psoriasis, and hemangioma (1, 2). In par-
ticular, angiogenesis is essential for the growth, progression,
and metastasis of solid tumors and is thus considered a potent
pharmacological target for anticancer therapy (3, 4). Hypoxia-
inducible factor-1 (HIF-1)? plays a key role in tumor angiogen-
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esis by regulating the expression of angiogenic factors, includ-
ing VEGF (5, 6). HIF-1 is a heterodimeric protein composed of
a constitutively expressed B subunit (HIF-13) and a hypoxia-
inducible a subunit (HIF-1a) (7). Under hypoxic conditions,
HIF-1a« protein is stabilized by inhibition of the proline hydrox-
ylase/Von Hippel-Lindau degradation pathway and dimerizes
with HIF-1p to transactivate target genes (8). HIF-1a overex-
pression has been implicated in many human cancers and is
associated with increased vascularization, drug resistance, and
poor diagnosis (9, 10). A growing number of HIF-1« inhibitors
have shown potent inhibitory effects on tumor growth and
angiogenesis (11).

Calmodulin (CaM) is a ubiquitous Ca>" -binding protein that
mediates Ca®" -dependent signaling in eukaryotic cells (12, 13).
It has no intrinsic enzymatic activity but regulates diverse
cellular processes, including cell proliferation, development,
motility, and secretion, by modulating the activity of a consid-
erable number of target enzymes in a Ca®>" -dependent manner
(14, 15). Accumulating evidence suggests that Ca**/CaM plays
a pivotal role in tumor development (16, 17). Overexpression of
Ca®"/CaM is often observed in certain tumors and many Ca**/
CaM-dependent enzymes, such as CaM kinases, protein phos-
phatases, phosphodiesterases, and nitric oxide synthases, are
involved in tumor progression via regulation of a variety of cel-
lular signaling pathways (18, 19). Accordingly, specific Ca**/
CaM antagonists exhibit potent anti-cancer activity (20, 21).

Recent studies have also shown that Ca*>*/CaM plays a cru-
cial role in angiogenesis (22). Ca®>*/CaM activates HIF-1 and
consequently induces the expression of pro-angiogenic factors
such as VEGF (23, 24). Hypoxia-induced increase in intracellu-
lar Ca®>* concentration promotes both the expression and tran-
scriptional activity of HIF-1a by modulating the activity of
Ca®"/CaM-dependent enzymes, including CaM kinase and
calcineurin (25, 26). Furthermore, inhibition of Ca*>*/CaM by
a CaM-dominant negative mutant, Ca>*/CaM antagonist, or
Ca®" chelator down-regulates HIF-1 transcriptional activity
and thus suppresses angiogenesis (22, 27). Therefore, Ca*"*/
CaM might be a potent therapeutic target for the treatment of
angiogenesis-related diseases, including cancer.

We previously developed a new curcumin derivative, 4-{3,5-
bis-[2-(4-hydroxy-3-methoxyphenyl)ethyl]-4,5-dihydropyra-
zol-1-yljbenzoic acid (HBC), with potent anti-proliferative
activity against tumor cells by inducing G,/G; cell cycle arrest
(Fig. 1A) (28). A chemical proteomics approach revealed that
HBC directly binds to the C-terminal hydrophobic pocket of
Ca’"/CaM in a Ca®"-dependent manner, similar to other
known Ca*"/CaM antagonists such as trifluoperazine (TFP)

JOURNAL OF BIOLOGICAL CHEMISTRY 25867



Anti-angiogenic Activity of HBC

and W7, and thus negatively modulates Ca*"/CaM-dependent
proliferative signaling (29). In this study, we explored the anti-
angiogenic activity of this new Ca®**/CaM antagonist. Our
results identify HBC as a novel anti-angiogenic agent that
down-regulates HIF-1 transcriptional activity via suppression
of HIF-1a expression at the translational level. In addition, we
show that HBC enhances the anti-angiogenic activity of known
HIF-1 inhibitors suberoylanilide hydroxamic acid (SAHA),
rapamycin, and terpestacin, suggesting that HBC might be
applied in combination therapy with known inhibitors target-
ing HIE.

EXPERIMENTAL PROCEDURES

Materials—VEGF was obtained from Upstate Biotechnol-
ogy. Endothelial growth medium-2 was purchased from Lonza,
and RPMI 1640 medium and FBS were obtained from Invitro-
gen. Matrigel and Transwell plates were from Collaborative
Biomedical Products and Corning Costar, respectively. TFP,
RA, and ionomycin were purchased from Sigma and MG132
from A. G. Scientific. HBC was synthesized and characterized
in our laboratory as described previously (28). Anti-HIF-1c
antibody was purchased from BD Biosciences, and anti-HIF-2«
and HIF-18 antibodies were from Novus Biologicals. Anti-
phospho-p70S6K, -p70S6K, -phospho-mTOR, and -mTOR
antibodies were obtained from Cell Signaling, and anti-tubulin
antibody was from Upstate Biotechnology.

Cell Culture and Hypoxic Conditions—Early passages
(4 -8 passages) of human umbilical vascular endothelial cells
(HUVECsS) were grown in endothelial growth medium-2 sup-
plemented with 10% FBS. HepG2 (human hepatocellular carci-
noma) cells were grown in RPMI 1640 medium containing 10%
FBS. All cells were maintained at 37 °C in a humidified 5% CO,
incubator. For hypoxic conditions, cells were incubated at a
CO, level of 5% with 1% O, balanced with N, in a hypoxic
chamber (Forma).

Cell Growth and Viability Assay—Cell growth was measured
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) colorimetric assay and cell viability was assessed
using trypan blue staining as described previously (30).

Chemoinvasion Assay—The invasiveness of endothelial cells
was determined in vitro using a Transwell chamber system with
polycarbonate filter inserts with a pore size of 8.0 um as
described previously (30). Briefly, the lower side of the filter was
coated with 10 ul of gelatin (1 mg/ml), and the upper side was
coated with 10 ul of Matrigel (3 mg/ml). HUVECs (1 X 10°
cells) were placed in the upper chamber of the filter, and HBC
or TFP was added to the lower chamber in the presence of
VEGF (30 ng/ml). The chamber was incubated at 37 °C for 18 h,
and then the cells were fixed with methanol and stained with
hematoxylin and eosin. The total number of cells that invaded
the lower chamber of the filter was counted using an optical
microscope (Olympus) at 100X magnification.

Capillary Tube Formation Assay—Capillary tube formation
of endothelial cells in vitro was assessed as described previously
(30). Briefly, HUVECs (1 X 10° cells) were inoculated on the
surface of the Matrigel, and HBC or TFP was added for 6-18 h
in the presence or absence of VEGF. Morphological changes of
the cells and tube formation were observed under a microscope
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and photographed at 100X magnification using a JVC digital
camera (Victor). Tube formation was quantified by counting
the number of connected cells in randomly selected fields at
100X magnification and dividing that number by the total
number of cells in the same field.

Chorioallantoic Membrane (CAM) Assay—Fertilized chick
eggs were maintained in a humidified incubator at 37 °C for 3
days. Approximately 2 ml of egg albumin was removed with a
hypodermic needle allowing the CAM and yolk sac to drop
away from the shell membrane. On day 3.5 the shell was
punched out and removed, and the shell membrane was peeled
away. When the chick embryos were 4.5 days old, HBC-loaded
Thermanox coverslips were air-dried and then applied to the
CAM surface. Two days later, 2 ml of 10% fat emulsion was
injected into the chorioallantois, and the CAM was observed
under a microscope. Because RA is a known anti-angiogenic
compound, RA was used as a positive control for anti-angio-
genic responses. The response was scored as positive when
CAM treated with the sample showed an avascular zone similar
to that of RA-treated CAM with very few vessels compared with
a control coverslip, and was calculated as the percentage of
positive eggs relative to the total number of eggs tested.

Western Blot Analysis—Cell lysates were separated by 10%
SDS-PAGE and transferred to polyvinylidene fluoride mem-
branes (Millipore) using standard electroblotting procedures.
Blots were blocked and immunolabeled overnight at 4 °C with
primary antibodies against HIF-1«, HIF-2a, HIF-13, phospho-
p70S6K, p70S6K, phospho-mTOR, mTOR, and tubulin. Immu-
nolabeling was detected by an enhanced chemiluminescence
(ECL) kit (Amersham Biosciences) according to the manufac-
turer’s instructions.

Transient Transfection and HRE-luciferase Reporter Assay—
To assay the transcriptional activity of HIF-1, HepG2 cells
were transiently cotransfected with hypoxia-response element
(HRE) luciferase reporter vector (pGL3-SV40-6HRE) and an
internal control reporter vector (pRL-SV40, Promega) using
Lipofectamine LTX reagent (Invitrogen). Luciferase activity
was analyzed using the Dual-Luciferase Reporter Assay System
(Promega) in a luminometer (Tecan).

Measurement of VEGF by ELISA—The VEGF concentration
in media from treated cells was determined using an ELISA kit
for VEGF protein (R&D Systems) according to the manufactur-
er’s instructions. The results were expressed as concentration
of VEGF relative to the total amount of protein from each well.

RT-PCR—Total cellular RNA was isolated using TRIzol rea-
gent (Invitrogen) and then reverse transcribed by Moloney
murine leukemia virus reverse transcriptase (Invitrogen) using
Oligo-d(T), 5 primers. To determine the expression of HIF-1«
mRNA, standard PCR was performed using 5 -GCTGGC-
CCCAGCCGCTGGAG-3" and 5-GAGTGCAGGGTCAG-
CACTAC-3' as primers. The PCR products were resolved by
1% agarose gel electrophoresis and visualized by ethidium bro-
mide staining. The mRNA level of B-actin was used as an inter-
nal control.

Statistical Analysis—Results are expressed as the means *
S.E. Student’s ¢ test was used to determine statistical signifi-
cance between control and test groups. A p value of <0.05 was
considered statistically significant.
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FIGURE 1. Effect of HBC on in vitro angiogenesis. A, chemical structure of HBC. B, effect of HBC on the growth
of HUVECs. Cells were treated with various concentrations of HBC for 48 h, and cell growth was measured using
an MTT colorimetric assay. G, effect of HBC on the viability of HUVECs. Cells were treated with HBC (0-20 um)
and incubated for 72 h. Cell viability was measured by trypan blue assay. D, effect of HBC on the invasion and
tube-forming abilities of HUVECs. Serum-starved HUVECs were stimulated with VEGF (30 ng/ml) in the pres-
ence or absence of HBC or TFP. Arrows indicate inhibition of tube formation by the compounds. The basal levels
of invasiveness (upper panel) and capillary tube formation (lower panel) of HUVECs that were incubated in
serum-free media were normalized to 100%. *, p < 0.01 versus VEGF control. Each value represents mean =+ S.E.
from three independent experiments.

Inhibited egg Inhibition ratio

Drug /live egg (%)
Empty 5/24 21
Retinoic acid 115 73
(1 nglegg)
HBC
(1 nglegg) 13/23 57
(2 pglegg) 16/21 76

FIGURE 2. Effect of HBC on in vivo angiogenesis of CAM. Fertilized chick eggs were maintained in a humid-
ified incubator at 37 °C. At the stage of a 4.5-day embryo, HBC- or RA-loaded Thermanox coverslips were
applied to the CAM surface. Two days later, the chorioallantois was observed under a microscope. When CAM
that received treatment showed an avascular zone (arrows), the response was scored as positive. Calculations
were based on the proportion of positive eggs relative to the total number of eggs tested.

RESULTS

that HBC may exhibit anti-angio-
genic activity through inhibition of
endothelial cell proliferation. To
further evaluate whether the sup-
pressed proliferation by HBC is due
to cytotoxic or cytostatic activity,
viability assay was performed using
trypan blue exclusion method. As
shown in Fig. 1C, the viability of
HUVECs was >95% even at 20 uM
HBC treatment for 72 h. These
results demonstrate that the anti-
proliferative activity of HBC results
from the cytostatic effect by induc-
ing cell cycle arrest, but not cyto-
toxic effect.

We next investigated the effect of
HBC on angiogenic phenotypes of
endothelial cells, such as cell inva-
sion and tube formation. Based on
the above viability assay, in vitro
angiogenesis assays were performed
with optimal HBC doses that
exhibited no cytotoxicity. TFP was
used as a positive control for anti-
angiogenic responses and VEGF
was used as a chemoattractant or an
angiogenic factor. Serum-starved
HUVECs were stimulated by VEGF
with or without HBC or TFP, and in
vitro angiogenesis assays were per-
formed. As shown in Fig. 1D, HBC
and TFP potently inhibited VEGE-
induced invasion and tube forma-
tion of HUVECs. Trypan blue stain-
ing was performed in parallel with
in vitro angiogenesis assays, and
cytotoxicity was not observed at
concentrations used in this study.

The anti-angiogenic activity of
HBC was validated in vivo using
CAM from growing chick embryos.
HBC-loaded Thermanox coverslips
were placed on the CAM surface,
and neovascularized zones were
observed under the microscope. RA
was used as a positive control for
anti-angiogenic responses. The in-
hibition of angiogenesis by RA was

HBC Inhibits Angiogenesis Both in Vitro and in Vivo—Recent
studies have shown that Ca®>*/CaM is crucially involved in
angiogenesis and that several Ca>"/CaM antagonists, including
TEP and W-7, suppress angiogenesis (22). To explore the anti-
angiogenic activity of HBC, we first investigated the effect of
HBC on the growth of HUVECs using the MTT colorimetric
assay. As shown in Fig. 1B, HBC potently inhibited the prolif-
eration of HUVECs with an IC,, of 20 um. These data indicate

AV N

AUGUST 13, 2010°VOLUME 285+NUMBER 33

73% (n = 15), and the inhibition of control coverslips was 21%
(n = 24). HBC inhibited the neovascularization of CAM from
chick embryos in a dose-dependent manner (57% at 1 ug/egg,
n = 23;76% at 2 ug/egg, n = 21) without showing any rupture
or toxicity of pre-existing vessels (Fig. 2). These results demon-
strate that HBC potently inhibited angiogenesis without affect-
ing endothelial cell viability both in vitro and in vivo and suggest
that the inhibitory effect of HBC on Ca*>"/CaM activity may be
crucial for its anti-angiogenic activity.
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FIGURE 3. Regulation of HIF-1 activity by HBC. A, effect of HBC on HIF-1 protein accumulation. HepG2 cells
were pretreated with HBC for 30 min at the indicated concentrations and then exposed to 1% O, for 4 h. HIF-1¢,
HIF-2e, HIF-13, and tubulin protein levels were measured by Western blot analysis. B, effect of HBC on HIF-1
transcriptional activity. HepG2 cells transiently co-transfected with pGL3-SV40 -
treated with HBC for 30 min at the indicated concentrations and then exposed to 1% O, for 16 h. The ratio of
firefly:Renilla luciferase activity was determined, and the result from cells incubated in normoxic conditions in
the absence of HBC was normalized to 1. **, p < 0.005 versus hypoxic control. C, effect of HBC on VEGF
expression. HepG2 cells were pretreated with HBC for 30 min at the indicated concentrations and then exposed
to 1% O, for 16 h. The concentration of VEGF protein in the culture supernatant was determined by ELISA
specific for VEGF. ***, p < 0.05 versus hypoxic control. Each value represents mean = S.E. from three indepen-
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FIGURE 4. Effect of HBC on ionomycin-induced transcriptional activity of
HIF-1. HepG2 cells transiently co-transfected with pGL3-SV40-6HRE and
pRL-SV40 were pretreated with ionomycin (0.1 and 0.5 um) for 3 h. The cells
were then exposed to 1% O, for 16 h in the presence of HBC and analyzed for
luciferase activity. ***, p < 0.05 versus ionomycin control. Each value repre-
sents mean * S.E. from three independent experiments.

HBC Suppresses Hypoxia-induced Activation of HIF-1—
Ca®"/CaM signaling is closely associated with the activation of
HIF-1, a pro-angiogenic transcription factor (25, 26). We thus
investigated whether regulation of HIF-1 activity contrib-
utes to the anti-angiogenic activity of HBC. Because human
hepatocellular carcinoma represents a hypervascularized
tumor, and its progression requires angiogenesis (31, 32), we
first examined the effect of HBC on HIF-1« stabilization in the
human hepatocellular carcinoma cell line HepG2. As shown in
Fig. 3A, HBC treatment of HepG2 cells reduced the hypoxia-
induced accumulation of HIF-1a protein in a dose-dependent
manner. HBC also inhibited HIF-2a, which has been reported
to be regulated similarly to HIF-1« and to be responsible for
comparable prominent angiogenic phenotypes (33). In con-
trast, HBC treatment did not affect the protein level of HIF-1p,
indicating that HBC specifically down-regulates the « subunit
of HIF-1 and HIF-2, but not HIF-18.

HIF-1 is a central transcription factor that binds to a number
of genes via HREs and activates their transcription (9). We thus
tested the effect of HBC on HIF-1 transcriptional activity using
areporter gene assay. HepG2 cells were transiently transfected
with a construct containing the luciferase gene under control of
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secreted by HepG2 cells. VEGF is a
major target gene of HIF-1 and plays
a critical role in hypoxia-induced
angiogenesis (9). As expected, HBC
significantly decreased VEGF pro-
duction induced by hypoxia (Fig.
3C). Collectively, these results sug-
gest that the anti-angiogenic activ-
ity of HBC may be related to the reg-
ulation of HIF-1 activity.

HBC Down-regulates Ca’"-dependent Activation of HIF-1—
Hypoxia induces a significant increase in intracellular Ca>* lev-
els in both tumor and endothelial cells, and this elevation
of Ca®>* concentration subsequently leads to up-regulation of
HIF-1 (34, 35). To determine whether down-regulation of
HIF-1 activity by HBC involves calcium signaling, we examined
the effect of HBC on ionomycin-induced transcriptional activ-
ity of HIF-1 using the HIF-1-dependent luciferase reporter
gene assay. lonomycin is a calcium ionophore that is capable
of bringing extracellular calcium ions into the cytosol. The in-
crease in the intracellular calcium concentration can activate
calmodulin via binding to EF-hand motifs and inducing the con-
formational change of calmodulin (36, 37). Once activated,
Ca®"/CaM can activate a number of its client proteins, includ-
ing calmodulin-dependent kinases and other enzymes that lead
to up-regulation of HIF-1 (22, 25, 26). Consequently, similar to
hypoxia, ionomycin increases intracellular calcium level and in
turn up-regulates HIF-1 protein level and its transcription fac-
tor activity (27). However, the activation of HIF-1 by increasing
intracellular calcium level can be completely abrogated by the
treatment with calmodulin antagonist (W7), calmodulin-de-
pendent kinase inhibitor (KN93), or intracellular calcium che-
lator (1,2-bis(2-aminophenoxy)ethane-N,N,N',N’-tetraacetic
acid tetrakis (acetoxymethyl ester)) (25, 27). These results
strongly suggest that inhibition of calmodulin is sufficient to
block HIF-1 activity. As shown in Fig. 4, ionomycin increased
HIF-1 transcriptional activity in a dose-dependent manner
under both normoxic and hypoxic conditions. However, HBC
markedly blocked the ionomycin-induced transcriptional ac-
tivity of HIF-1, demonstrating that HBC suppresses HIF-1 acti-
vation by antagonizing Ca®>*/CaM functions.

HBC Inhibits HIF-1a Expression at the Translational Level—
To further evaluate the mechanism by which HBC treatment
decreases HIF-1a protein level and its transcriptional activity,
we investigated whether HBC affects HIF-1a accumulation
when the HIF-la protein degradation pathway is blocked.
HepG2 cells were treated with HBC in the presence or absence
of MG132, aspecific proteasome inhibitor that blocks ubiquitin-
dependent HIF-1a degradation. As expected, treatment with

6HRE and pRL-SV40 were pre-
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FIGURE 5. Inhibition of HIF-1« protein synthesis by HBC. A, effect of HBC on HIF-1« protein degradation.
HepG2 cells were exposed to 1% O, for 4 h in the presence of MG132 (20 um) or HBC (5, 10, and 20 um) as
indicated, and HIF-1a and tubulin protein levels were analyzed by Western blot. B, effect of HBC on
phosphorylation of mMTOR and p70S6K. HepG2 cells were pretreated with HBC for 30 min at the indicated
concentrations and then exposed to 1% O, for 30 min. Protein levels were detected by Western blot
analysis using specific antibodies. Ratios of phosphorylated to unphosphorylated mTOR or p70S6K were
determined by densitometry. The phosphorylation ratio for the normoxic control was normalized to 1.
Each value represents mean = S.E. from three independent experiments. C, HepG2 cells were pretreated
with HBC (5, 10, and 20 um) for 30 min and then exposed to 1% O, for 4 h. HIF-1a mRNA levels were

determined by RT-PCR.

MG@G132 resulted in an increase of HIF-1« protein levels, includ-
ing its ubiquitinated species, in hypoxic conditions (Fig. 54).
However, MG132 did not prevent the HBC-mediated reduc-
tion in HIF-1a protein levels, suggesting that HBC may affect a
step upstream of the HIF-1a protein degradation pathway such
as HIF-1a transcription or translation.

The PI3K/Akt/mTOR/p70S6K pathway is implicated in the
regulation of HIF-la expression at the translational level
(38, 39). Moreover, several evidences demonstrated that the
increase of intracellular calcium level by hypoxia or ionomycin
is sufficient for activation of the kinases (40, 41) To address the
role of this pathway in the HBC-induced decrease in HIF-1«a
protein levels, we investigated the effect of HBC on phosphor-
ylation of mTOR and its downstream effector, p70S6K. HBC
treatment of HepG2 cells markedly suppressed the hypoxia-
induced phosphorylation of both proteins (Fig. 5B). However,
HBC had no effect on HIF-la« mRNA expression (Fig. 5C),
suggesting that HBC inhibits HIF-1a expression at the level of
translation via blocking of Ca®>'/CaM function, but not
transcription.

HBC Enhances the Anti-angiogenic Effect of HIF-1 Inhibitors—
Inhibition of HIF-1 is an attractive therapeutic strategy to target
tumor angiogenesis (9). Although a number of anti-cancer
agents inhibit HIF-1 through diverse molecular mechanisms,
single treatment with these inhibitors may have limited activity
on drug-resistant solid tumors and consequently combination
therapies might be required (11). We therefore evaluated
whether HBC increased the anti-angiogenic activity of various
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HBC to each of the inhibitors signif-
icantly increased their anti-angio-
genic activities (1.9-fold for SAHA,
2.9-fold for rapamycin, and 3.5-fold
for terpestacin, relative to single
agent treatment).

To elucidate whether the en-
hanced anti-angiogenic effect of the
HBC combination treatment was
caused by the corresponding down-regulation of HIF-la
expression, we analyzed the effect of the inhibitors alone or in
combination with HBC on HIF-1« protein accumulation and
subsequent VEGF expression. Western blot analysis showed
that co-treatment with the inhibitors and HBC caused a
remarkable increase in HIF-la suppression in HepG2 cells
compared with single agent treatment (Fig. 6B). We also found
that the protein levels of HIF-2a were significantly reduced by
combined treatment with HBC and the HIF-1 inhibitors. In
accordance with these data, the combined treatment also
resulted in a greater inhibition of VEGF expression induced by
hypoxia (Fig. 6C). Taken together, these results suggest that
HBC can be applied to combination therapy targeting HIF and
may contribute to overcoming the chemoresistance of solid
tumors (Fig. 7).

DISCUSSION

Targeting angiogenesis has become an attractive strategy
to treat cancer growth and metastasis, as well as other dis-
ease states associated with angiogenesis. In the current
study, we demonstrated that the new Ca*>"/CaM antagonist
HBC is a potent anti-angiogenic agent that exerts its activity
by inhibiting the pro-angiogenic transcription factor HIF-1.
Our results show that HBC inhibits angiogenesis without
affecting endothelial viability both in vitro and in vivo and
down-regulates HIF-1 transcriptional activity via suppres-
sion of HIF-1a expression at the translational level. We also
found that HBC markedly reduces protein levels of HIF-2«
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FIGURE 6. Enhanced anti-angiogenic effect of combined treatment with HBC and HIF-1 inhibitors.
A, effect of a combination of HBC and various HIF-1 inhibitors on the invasiveness of HUVECs. Serum-
starved HUVECs were exposed to 1% O, in the presence or absence of HBC (0.5 um), SAHA (2.5 um),
rapamycin (5 um), and terpestacin (6 um) as indicated. The basal level of invasiveness for normoxic con-
trols was normalized to 100%. B, effect of combined treatment of HBC and HIF-1 inhibitors on the accu-
mulation of HIF-« proteins. HepG2 cells were exposed to 1% O, for 16 h in the presence or absence of HBC
(5 um), SAHA (5 um), rapamycin (10 um), and terpestacin (25 um) as indicated. HIF-1¢, HIF-2«, and tubulin
protein levels were analyzed by Western blot. HIF-1a protein levels were further determined by densi-
tometry. C, effect of combined treatment with HBC and HIF-1 inhibitors on VEGF expression. HepG2 cells
were exposed to 1% O, for 16 h in the presence or absence of HBC (5 um), SAHA (5 um), rapamycin (10 um),
and terpestacin (25 uMm) as indicated. The concentration of VEGF protein in culture supernatant was
determined using a VEGF-specific ELISA. **, p < 0.005 versus single agent treatment. Each value represents
mean * S.E. from three independent experiments.
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in HepG2 cells (Fig. 3A4). Similar to
HIF-1a, HIF-2« is stabilized dur-
ing hypoxia and forms a het-
erodimer with HIF-18 that trans-
activates angiogenic factors such
as VEGF, Tie-2, and KDR/Flk-1
(33). Recent studies have shown
that HIF-2a overexpression in
human cancer cells increases tumor
growth, angiogenesis, and metasta-
sis (45). Interestingly, combined
inhibition of both HIF-la and
HIF-2a enhances the decrease in
tumor angiogenesis compared with
inhibition by either factor alone
through the regulation of multiple
angiogenic pathways (46). Based on
these findings, we propose that
HBC is a novel angiogenesis inhibi-
tor that targets both HIF-1 and
HIF-2.

The level of HIF-1« protein dur-
ing hypoxia depends on the relative
rates of protein degradation and
synthesis. We found that HBC
inhibits HIF-1a accumulation in
HepG2 cells, but affected neither
HIF-1a protein degradation path-
way nor HIF-1a transcription (Fig.
5, A and C). The key serine/threo-
nine protein kinase mTOR regu-
lates HIF-1a protein translation
by phosphorylation of downstream
effectors, such as p70S6K and
4E-BP1 (9, 39). We showed that
HBC blocked the hypoxia-induced
phosphorylation of mTOR and
p70S6K, suggesting that the com-
pound inhibits HIF-1a expression
at the level of translation (Fig. 5B).
In addition, a recent study has
shown that calcium signaling stim-
ulates translation of HIF-a proteins,
including HIF-laa and HIF-2q,
through the mTOR pathway in
hypoxic conditions (40). Nonethe-
less, additional signaling pathways
besides mTOR signaling may be
involved in the inhibitory effect of
HBC on HIF-1a expression. We
thus investigated whether HBC
affects activity of ERK, another ser-
ine/threonine kinase that is known
to control HIF-1« protein synthesis
(9). However, HBC does not cause a
significant down-regulation of ERK
phosphorylation during hypoxia
but instead induces prolonged
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phosphorylation of ERK, as shown in our previous study (29).
These results suggest that HBC suppresses the synthesis of
HIF-« proteins by blocking mTOR signaling, but not the ERK
pathway.

HIF-1« is frequently overexpressed in response to intratu-
moral hypoxia and genetic alterations in oncogenes or tumor-
suppressor genes, and this overexpression is associated with
increased resistance to chemotherapy and treatment failure of
widespread tumors (9, 10). Therefore, inhibition of HIF-1«
activity is a promising strategy for the treatment of solid tumors
through an anti-angiogenic effect. HDAC and mTOR inhibi-
tors are known to inhibit tumor angiogenesis through post-
transcriptional modulation of HIF-1« (11, 42, 43). Despite their
antitumor activity, these inhibitors show limited effectiveness
for cancer treatment as single agents; however, combination
treatment with mTOR and HDAC inhibitors significantly
decreases in vivo tumor growth and angiogenesis compared
with single agent treatment by enhancing the reduction in
HIF-1« protein expression (47). Likewise, recent studies have
proved that blocking the HIF-1a pathway by different mecha-
nisms can improve antitumor and antiangiogenic activities
of targeted therapies (47—49). Thus, we hypothesized that
combination treatment of the Ca®>"/CaM antagonist HBC and
HIF-1 inhibitors, including the HDAC inhibitor SAHA, the
mTOR inhibitor rapamycin, and the mitochondria Complex III
UQCRB inhibitor terpestacin, would have greater anti-angio-
genic activity than treatment with each as a single agent. Our
results showed that HBC potentiates the anti-angiogenic activ-
ity of the HIF-1 inhibitors and demonstrated that this effect is
associated with increased reduction of the expression of
HIF-1a and its target gene VEGF (Fig. 6). In particular, among
the HIF-1 inhibitors tested, terpestacin exhibited the greatest
anti-angiogenic activity in combination with HBC. Terpestacin
blocks hypoxia-induced ROS generation by targeting UQCRB
of mitochondrial Complex III, thereby resulting in suppression
of HIF-1 activation (44, 50). It is conceivable that combined
treatment of terpestacin and HBC may inhibit HIF-1« activity
at multiple levels, including synthesis, stability, translocation,
and transcriptional activity, by blocking both ROS and calcium
signaling in hypoxic conditions. Furthermore, addition of HBC
to the HIF-1 inhibitors led to a significant inhibition of protein
expression of HIF-2q, further suggesting that HBC might be a
powerful anti-angiogenic agent for combination strategy tar-
geting HIF (Fig. 7).

Although HIF inhibition by HBC is associated with modula-
tion of Ca®>*/CaM function (Fig. 4), we have not yet identified
the signaling event linking Ca>*/CaM and HIF. Recent studies
have revealed that several target proteins of Ca*>* /CaM, includ-
ing CaM kinase II, calcineurin, and actin, activate the expres-
sion and transcriptional activity of HIF-1« (22, 25, 26). Further
studies to elucidate the role of HBC in regulation of the Ca**/
CaM signaling pathway will help to define the mechanism
underlying the HIF inhibitory activity of HBC.

In addition, we observed that HBC reduces calcium concen-
tration in the cells through the previous study (29). A literature
demonstrated that calmodulin antagonists such as TFP and W7
can reduce intracellular calcium concentration via inhibition of
calmodulin function. This effect seems to be a feedback effect
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between calcium concentration and calmodulin activity (51).
Therefore, the reduction of calcium concentration by HBC is
presumably attributable to inhibition of calmodulin function,
as observed with TFP and W7. Consequently, this effect of HBC
may contribute to a down-regulation of HIF-1.

In conclusion, we show that HBC is a promising anti-angio-
genic agent that targets both HIF-1 and HIF-2 and might be
used to explore the biological role of Ca®>"/CaM in angiogene-
sis. Our study also reveals a potential application of HBC in
combination therapies for cancer treatment. In addition to
HIF-1 inhibitors, combined treatment of HBC with anticancer
drugs targeting VEGF or its receptor, such as bevacizumab and
sunitinib, may improve therapeutic efficacy by blocking the
activation of compensatory pro-angiogenic pathways in re-
sponse to treatment with a single agent.
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