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Abstract

Background Miconazole is an imidazole antifungal agent that
has amply been used in the treatment of superficial mycosis.
Preliminary data indicate that miconazole may also induce
anticancer effects. As yet, however, little is known about the
therapeutic efficacy of miconazole on cancer and the putative
mechanism(s) involved. Here, we show that miconazole sup-
presses hypoxia inducible factor-1oc (HIF-1c) protein transla-
tion in different cancer-derived cells.

Methods The effect of miconazole on HIF-1x expression was
examined by Western blotting and reverse transcriptase poly-
merase chain reaction assays in human U87MG and MCF-7
glioma and breast cancer-derived cell lines, respectively. The
transcriptional activity of the HIF-1 complex was confirmed
using a luciferase assay. To assess whether angiogenic factors
are increased under hypoxic conditions in these cells, vascular
endothelial growth factor (VEGF) levels were measured by
ELISA. Metabolic labeling was performed to examine HIF-
l o protein translation and global protein synthesis. The role of
the mammalian target of rapamycin (mTOR) signaling path-
way was examined to determine translation regulation of HIF-
1 o after miconazole treatment.

Results Miconazole was found to suppress HIF-1x protein
expression through post-transcriptional regulation in US7MG
and MCF-7 cells. The suppressive effect of HIF-1x protein
synthesis was found to be due to inhibition of mTOR.
Miconazole significantly inhibited the transcriptional activity
of the HIF-1 complex and the expression of its target VEGF.
Moreover, miconazole was found to suppress global protein
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synthesis by inducing phosphorylation of the translation initi-
ation factor 2« (elF2x).

Conclusion Our data indicate that miconazole plays a role in
translational suppression of HIF-1x. We suggest that micon-
azole may represent a novel therapeutic option for the treat-
ment of cancer.
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1 Introduction

Hypoxia inducible factor-1 (HIF-1), a critical modulator of the
transcriptional response to changes in tissue oxygenation, is a
heterodimeric molecule consisting of HIF-1 and HIF-1f3.
HIF-1 is over-expressed under many pathophysiological con-
ditions, including myocardial infarction, inflammation, and
brain, lung, prostate, breast and gynecological cancers [1, 2].
HIF-1, a transcription factor, is known to regulate various
genes involved in metastasis and angiogenesis [3]. Under
normoxic conditions, HIF-1« is hydroxylated and subse-
quently bound to the von Hippel-Lindau (VHL) tumor sup-
pressor protein, leading to its degradation via the ubiquitin-
proteasome pathway. Under hypoxic conditions, HIF-1x ac-
cumulates and moves to the nucleus where it dimerizes with
HIF-1p3 and activates target genes [4, 5]. HIF-1 activates the
expression of several known hypoxia-responsive genes, in-
cluding VEGF, which encodes vascular endothelial growth
factor, a key regulator of angiogenesis [6], GLUTI, which
encodes glucose transporter 1 [7], BNIP3, which encodes
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3,
the expression of which has been shown to be increased in
hypoxic regions of human tumors [8], and PFKFB3, which
encodes 6-Phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3, a master regulator of glycolysis [9].
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Miconazole represents an important antifungal agent of the
imidazole derivatives. It has been used worldwide in the
treatment of superficial skin fungal infections. The effect of
miconazole was previously shown to be attributed to inhibi-
tion of the fungal cytochrome P-450 complex, including the
14«-lanosterol demethylase enzyme, which regulates ergos-
terol biosynthesis essential for fungal cell membrane forma-
tion [10]. In addition to ergosterol biosynthesis inhibition in
fungal cells, miconazole has also been reported to reduce
human osteosarcoma cell viability through Ca*" mobilization,
suppression of steroidogenesis and blocking of Ca*" activated
K" channels [11].

Recent investigations have shown that miconazole may
induce anticancer effects in various human solid tumors,
including bone, brain, and colon tumors in animal models
[11-13], and that miconazole may dose dependently arrest
the cell cycle of tumor cells at the GO/G1 phase [13]. In human
osteosarcoma cells, miconazole may increase Ca”" levels via
induction of Ca*" release from the endoplasmic reticulum,
thereby inhibiting the proliferation of these tumor cells. In
addition, it has been reported that miconazole is able to induce
a reduction in angiogenesis and tumor size in glial tumors in
xenograft animal models [12, 13]. To gain further insight into
the putative therapeutic efficacy of miconazole on cancer
cells, we examined its effects on HIF-1x and the mTOR
signaling pathway in US7MG glioma cells and MCF-7 breast
cancer cells.

2 Materials and methods
2.1 Cell culture and reagents

U87MG and MCF-7 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium, supplemented with 10 % v/v fetal bovine
serum (Hyclone), 100 U/ml penicillin and 100 pg/ml strepto-
mycin, at 37 °C in a humidified atmosphere containing 5 %
CO,. Hypoxic conditions were induced by incubating cells in a
chamber containing 1 % oxygen, 5 % CO, and 94 % nitrogen
at 37 °C. Miconazole, cycloheximide (CHX) and trichloroace-
tic acid (TCA) were purchased from Sigma. MG132 was
purchased from Calbiochem. N-(methoxyoxoacetyl)-glycin
methyl ester (DMOG), an inhibitor of prolyl hydroxylase,
was obtained from Cayman Chemical. The luciferase assay
kit was obtained from Promega, Madison, WI. Lipofectamine
2000 reagent was purchased from Invitrogen. Antibodies
against HIF-1 were obtained from BD Bioscience and anti-
bodies against HIF-13 were obtained from Santa Cruz
Biotechnology. Antibodies against 4EBP1, p70S6K, RPS6,
elF2a, phospho-p70S6K (Thr421/Ser424), phospho-RPS6,
phospho-4EBP1 (Thr37/46), and phospho-elF2 were pur-
chased from Cell Signaling Technology. Anti-3-actin antibod-
ies were purchased from Sigma.
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2.2 Immunoblotting

Cells, resuspended in RIPA lysis buffer (50 mM Tris—HCI,
pH 7.4, 150 mM NaCl, 0.1 % SDS, 0.25 % sodium
deoxycholate, | mM EDTA, 1 mM EGTA, 0.1 % NP-40, plus
proteinase inhibitors), were incubated in ice for 10 min, after
which non-soluble material was eliminated by centrifugation.
Total protein concentrations were determined using the
Bradford assay. The samples were then subjected to SDS-
PAGE and the proteins were transferred to nitrocellulose
membranes as described previously [14]. Non-specific bind-
ing was blocked with 5 % skimmed milk for 1 h, after which
the membranes were incubated with primary antibodies
(1:2000) overnight at 4 °C. Next, the membranes were incu-
bated with secondary antibodies (1:2000) for 90 min at room
temperature, and protein bands were visualized using a chemi-
luminescent reagent (Amersham Bioscience) and exposure to
X-ray films or analyzed with LAS 3000 (Fujifilm Co.) using
MultiGauge software.

2.3 Reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted from cells using Trizol reagent
(Invitrogen). RT-PCR reactions were performed as described
previously [15]. The primers used in this study were as fol-
lows: (forward primer) 5'-CTCAAAGTCGGACAGCCTCA-
3" and (reverse primer) 5'-CCCTGCAGTAGGTTTCTGCT-3’
for HIF-1«, and (forward primer) 5-CGTCTTCACCACCA
TGGAGA-3' and (reverse primer) 5'-CGGCCATCACGCCA
CAGTTT-3' for GAPDH. The PCR products were examined
using agarose gel electrophoresis containing ethidium bro-
mide under ultraviolet transillumination.

2.4 Transient transfection and luciferase assays

The hypoxia response element (HRE)-driving firefly lucifer-
ase reporter plasmid pGL2-TK-HRE (kindly provided by Dr.
Giovanni Melillo) [16] was used to assess luciferase activity.
One day before transfection, U§7MG and MCF-7 cells were
seeded (5%10% and 8x10%, respectively) on 35-mm culture
dishes. pGL2-TK-HRE and a renilla luciferase expression
plasmid pRL-TK (Promega) were mixed together with
Lipofectamine 2000 and transiently co-transfected into cells
according to the manufacturer’s instructions. The transfections
were allowed to proceed for 16 h, followed by incubation with
miconazole for another 4 h. Firefly luciferase and renilla
luciferase activities in cell lysates were determined using the
Dual-Glo luciferase assay system (Promega), according to the
manufacturer’s instructions. The relative luciferase activity
was calculated as the ratio of firefly/renilla luciferase activity.
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2.5 Quantification of VEGF production

U87MG and MCF-7 cells were cultured in 6-well culture
plates at a density of 2x 10°/well. Media were collected after
overnight culture and centrifuged at 800 rpm for 4 min at 4 °C
to remove cell debris. Culture supernatants were assayed for
VEGEF using the Quantikine human VEGF ELISA kit from
R&D Systems according to the manufacturer’s instructions.

2.6 Metabolic labeling, immunoprecipitation and TCA
precipitation

Before metabolic labeling, U87MG and MCF-7 cells were
cultured in 60 mm culture dishes at a density of 4.5x 10° and
1x10° cells/dish, respectively. Cells were washed with PBS,
starved for methionine/cysteine for 3 h, and treated with
miconazole in methionine/cysteine-free DMEM for 21 h.
DMOG at a final concentration of 5 mM was then added
and cells were incubated for another 30 min. Subsequent
labeling was carried out with *>S-methionine/cysteine (GE
Healthcare life Science) at a final concentration of 100 puCi/
ml in culture medium and cells were incubated for 2 h, washed
once with PBS and lysed in RIPA lysis buffer containing
protease inhibitors. The resulting lysates were then centri-
fuged at 13,000 rpm for 15 min at 4 °C. Equal concentrations
of *3S-labeled proteins were immunoprecipitated with anti-
HIF-1« antibody. The immunoprecipitated proteins were
washed and resolved on SDS-PAGE, after which the gels
were dried and exposed to X-ray films. Overall protein syn-
thesis was assessed after treatment of cells with indicated
concentrations of miconazole, followed by labeling with
35S-methionine/cysteine for 1 h. Next, cell lysates were
washed once with PBS and precipitated with 10 % trichloro-
acetic acid (TCA) for 30 min at 4 °C, after which radioactivity
in the cell lysates was examined using a liquid scintillation
analyzer (Packard instrument Co). Alternatively, cell lysates
were resolved by SDS-PAGE and exposed to X-ray film.

2.7 Statistical analyses
All values were expressed as mean + SD from three indepen-
dent experiments. Comparison of results between different

groups was performed by student #-test. A P-value<0.05
was considered to be statistically significant.

3 Results
3.1 Miconazole decreases HIF-1x expression

Previously, it has been found that HIF-1« is over-expressed in
different cancers, including glioblastoma and breast cancer

[17-19]. Based on this information, we selected the glioblas-
toma and breast cancer cell lines U§7MG and MCF-7, respec-
tively, to examine the expression of HIF-1c after miconazole
treatment. To assess the effect of miconazole on HIF-1«x
protein expression, U87MG and MCF-7 cells were treated
with various concentrations of miconazole under normoxic
and hypoxic conditions. As shown in Fig. la, miconazole
induced a dose-dependent inhibition of HIF-1o expression,
both under normoxic and hypoxic conditions in U§7MG cells.
A similar effect was observed in MCF-7 cells. The effect of
miconazole on HIF-1« appears to be specific, because HIF-
13 protein levels did not change after miconazole treatment.
Since miconazole at 20 pM concentration resulted in a signif-
icant decrease in HIF-1x expression, we treated the cells with
20 uM miconazole and assessed the effect on HIF-1«x at
different time points. As shown in Fig. 1b, a significant
inhibition of HIF-1o expression in both cell lines was ob-
served after 2 h of treatment, and this effect was more pro-
nounced after longer periods of miconazole treatment. This
HIF-1o inhibition was observed under both normoxic and
hypoxic conditions. Together, these results indicate that
miconazole reduces HIF-lx protein expression in a
dose- and time-dependent manner. To ascertain whether
the observed reductions in HIF-1o protein levels could
result from transcriptional inhibition, we performed RT-
PCR. This analysis did not reveal any significant chang-
es in HIF-1x mRNA levels in miconazole treated
U87MG and MCF-7 cells under both hypoxic and
normoxic conditions (Fig. 1c). These latter results sug-
gest that miconazole suppresses HIF-1x protein expres-
sion through posttranscriptional regulation.

3.2 Miconazole inhibits HIF-1 transcriptional activity

In order to address the question whether the observed
suppressed expression of HIF-1x reduces the transcrip-
tional activity of the HIF-1 complex, we next performed
a HIF-1 reporter assay. To this end, we treated cells
with miconazole under normoxic and hypoxic conditions
and, subsequently, assessed the transcriptional activity of
HIF-1. As shown in Fig. 2a, miconazole treatment sig-
nificantly inhibited basal and hypoxia-induced promoter
activities in a dose-dependent manner. This effect was
seen in both cancer cell lines. Next, we investigated the
expression level of VEGF, a target of HIF-1, in US7MG
and MCF-7 cells. We found that VEGF protein levels in
the culture media were increased under hypoxic condi-
tions, but that these levels were decreased after treat-
ment of the cells with miconazole (Fig. 2b). These
results suggest that miconazole can suppress the tran-
scription of HIF-1 downstream genes, such as the an-
giogenic factor VEGF, through the reduction of HIF-1x
protein expression.
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Fig. 1 Miconazole reduces HIF-1« protein expression. a U§7MG and
MCF-7 cells were cultured in DMEM for 24 h before treatment with
indicated concentrations of miconazole for 8 h under normoxic and
hypoxic conditions. Protein lysates were assayed by Western blotting
and (3-actin was used as a loading control. b U87MG and MCF-7 cells

3.3 Miconazole reduces HIF-1«x protein translation

Since we found that miconazole causes inhibition of HIF-1«x
protein expression, we hypothesized that this effect might be
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were treated with 20 uM miconazole for indicated time points. The cell
lysates were subjected to Western blot analysis. ¢ U§7MG and MCF-7
cells were treated with miconazole for 20 h under hypoxic conditions.
Total RNA was isolated and the mRNA expression level of HIF-1 was
determined by RT-PCR

due to reduced HIF-1o protein translation. To test this hy-
pothesis, we assessed the accumulation rate of HIF-1 protein
in the presence of miconazole. To this end, U87MG and MCF-
7 cells were pretreated with miconazole for 24 h followed by
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Fig. 2 Miconazole inhibits the transcriptional activity of HIF-1 and the
expression of VEGF. a U87MG and MCF-7 cells were transiently
transfected with pGL2-TK-HRE and pRL-TK plasmids, and treated with
vehicle or indicated concentrations of miconazole under normoxic and
hypoxic conditions. Luciferase activity was assessed 20 h after transfec-
tion using Dual-Glo luciferase assay systems. Relative luciferase activity
of the HIF-1 target promoter was determined by the ratio of firefly/renilla
luciferase activity and normalized to the activity of the control vector. *
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indicates a significant difference from the vehicle-treated group under
normoxic conditions (p<0.05). # indicates a significant difference from
the vehicle-treated group under hypoxic conditions (p<0.05). b U§7MG
and MCF-7 cells were treated with miconazole for 8 h under hypoxic
conditions. VEGF levels in culture medium were assessed by ELISA. #
indicates a significant difference from the vehicle-treated group under
hypoxic conditions (p<0.05)
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incubation with MG132, a proteasome inhibitor, to block HIF-
l o protein degradation. By doing so, we found that micona-
zole treatment significantly reduces the accumulation rate of
HIF-1x in both cell lines (Fig. 3a). As a control, cells only
treated with MG132 showed an accumulation of HIF-1«x
protein in a time-dependent manner. These results suggest that
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miconazole inhibits HIF-1«x protein translation. We next car-
ried out a metabolic labeling assay to substantiate the effect of
miconazole on the translation of HIF-1 protein. To this end,
U87MG and MCF-7 cells were pretreated with vehicle
(control) or 20 uM miconazole and labeled with *>S-methio-
nine/cysteine for 2 h. The metabolic labeling assay was
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<« Fig. 3 Miconazole inhibits HIF-1« protein translation. a U§7MG and
MCE-7 cells were pretreated with 20 tM miconazole followed by treat-
ment with proteasomal inhibitor MG132 for 30, 60, 90, and 120 min.
Cells were lysed and Western blotting was performed for HIF-1«. Blots
were probed with anti-{3-actin antibody for equal loading. Lower panels
show the quantification of HIF-1« signal intensities by LAS 3000 image
analyzer following normalization to (3-actin. HIF-1« levels from micon-
azole untreated cells are considered as 100 %, and the effect of micona-
zole co-treated with MG132 is represented as relative change. The linear
trend from the vehicle treated group is indicated by a solid line. The linear
trend from the miconazole treated group is indicated by a dotted line. b
Cells were treated with 20 pM miconazole for 24 h under normoxic
conditions before the addition of **S-labeled methionine/cysteine.
MG132 was applied simultaneously with **S-methionine/cysteine to the
indicated samples. The lower panel shows the quantification of signal
intensities in each lane. ¢ Cells were pretreated with miconazole or
vehicle for 24 h, and cycloheximide (CHX) was added for the indicated
time periods. Protein extracts were analyzed for the expression of HIF-1 ¢
by immunoblot assay. The lower panel shows the quantification of the
HIF-1o signal intensities using the same method as under Fig. 3a

performed in the presence of MG132 to block the degradation
of newly synthesized HIF-1a protein. The results show that
miconazole significantly inhibits the accumulation of newly
synthesized HIF-1« protein (Fig. 3b). Together with the data
presented in Fig. 3a, these results suggest that the reduction of
HIF-1a expression induced by miconazole is associated with
the inhibition of HIF-1«x protein translation.

It has been reported that HIF-1 protein expression levels
are largely determined by a balance between protein synthesis
and degradation [20]. We, therefore, tested whether micona-
zole may affect HIF-1o protein stability in addition to protein
synthesis. To this end, U§87MG and MCF-7 cells were
treated with protein translation inhibitor cycloheximide
(CHX) alone or in combination with miconazole. CHX
was used to block protein synthesis and, thus, to enable
the assessment the half-life of the HIF-1x protein. As
shown in Fig. 3c, treatment of miconazole did not induce
any significant changes in the half-life of the HIF-1x
protein. These results suggest that miconazole inhibits
HIF-1a protein expression in U87MG and MCF-7 cells
through the inhibition of HIF-1o protein synthesis rather
than through the enhancement of its degradation.

3.4 Miconazole inhibits global protein translation

Next, we hypothesized that the inhibitory effect of miconazole
on HIF-1o protein translation could be associated with an
overall reduction in protein translation. To test this hypothesis,
we assessed the effect of miconazole on overall protein syn-
thesis. First, we examined this effect using a TCA precipita-
tion assay. After treatment of miconazole, *>S-methionine/
cysteine labeled cell lysates were prepared and the incorpo-
rated radioactivity was measured after TCA precipitation. By
doing so, a decrease in **S-methionine/cysteine incorporation

was observed in miconazole treated cells (Fig. 4a). Next, > S-
methionine/cysteine incorporated whole cell lysates were sub-
jected to SDS-PAGE. The resulting data again showed that
miconazole was able to inhibit overall protein synthesis
(Fig. 4b). Taken together, these data suggest that the observed
miconazole-mediated decrease in HIF-1x protein translation
is associated with an inhibitory effect of miconazole on overall
protein translation.

The mammalian target of rapamycin (mTOR) is a central
regulator of protein translation, cell growth, angiogenesis and
metabolism [21]. Activation of mMTOR complex 1 (mTORC1)
results in phosphorylation of its substrates, such as p70S6
kinase 1 (p70S6K1) and eukaryotic initiation factor 4E-
binding protein 1 (4EBP1) [22]. We, therefore, set out to
investigate the effect of miconazole treatment on these down-
stream mTOR signaling targets. By doing so, we found that
miconazole treatment causes a dose-dependent decrease in
phosphorylation of p70S6K and 4EBP1 (Fig. 4c), which
parallels the reduction of HIF-1« protein levels (Fig. 1a).
Upon immunoblotting, 4EBP1 is detected as three distinct
bands, commonly designated as o (lower), 3 (middle) and y
(upper). o and 3 represent the hypophosphorylated forms,
whereas y represents the hyperphosphorylated form [23]. We
also found that the downstream target of p70S6K, ribosomal
protein S6 (RPS6), was dephosphorylated. These data suggest
that miconazole-induced reduction of protein synthesis occurs
at the level of translation initiation, and is related to the
inhibition of mTOR signaling. A well-known mechanism
underlying the inhibition of protein synthesis is the phosphor-
ylation of elF2«, i.e., phosphorylated elF2«x leads to a global
inhibition of mRNA translation initiation [24]. We, therefore,
examined whether miconazole may induce the phosphoryla-
tion of el[F2x. We indeed found that treatment of miconazole
causes an increase in elF2a phosphorylation in a dose-
dependent manner (Fig. 4c), suggesting that miconazole in-
hibits general protein translation through elF2« phosphoryla-
tion in addition to mTOR inhibition. Collectively, these data
suggest that miconazole inhibits global protein translation by
modulating the mTOR and elF2« signaling pathways.

4 Discussion

Miconazole has been shown to affect tumorigenesis through
an inhibitory effect on the GO/G1 phase of the cell cycle in
various human cancer cells [13, 25]. Although miconazole has
been extensively studied as an antifungal agent in cancer
patients [26-28], its exact role in the treatment of cancer is
largely unknown. Recent reports have increasingly provided
evidence for an anticancer effect of miconazole. Miconazole
has e.g. been found to cause a dose-dependent increase in
tumor latency, a decrease in final tumor incidence and a
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Fig. 4 Miconazole suppresses global protein synthesis and inhibits the
mTOR signaling pathway. a Cells were pretreated with the indicated
concentrations of miconazole for 24 h. Next, *>°S-methionine/cysteine
was added and the cells were incubated for 1 h. Cells were harvested
and proteins from the lysates were precipitated by 10 % trichloroacetic
acid (TCA). The level of protein synthesis is shown as a percentage of the
value obtained in the absence of miconazole. * indicates a significant
difference from the vehicle-treated group. b >*S-labeled methionine/
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cysteine cells were pretreated with miconazole and harvested. Next, cell
lysates were electrophoresed in SDS-PAGE and radioactivity-
incorporated material was detected by autoradiography. The right panel
shows the quantification of signal intensities in each lane. ¢ Cells were
treated with indicated concentrations of miconazole for 20 h under
normoxic and hypoxic conditions and, subsequently, cell lysates were
subjected to SDS-PAGE and blotted. Membranes were incubated with
different antibodies as indicated
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decrease in tumor multiplicity in animal models [29]. Also, in
glial tumors miconazole has been found to significantly inhibit
capillary tube formation and tumor size [12]. Here, we show
for the first time that miconazole inhibits HIF-1 protein
translation and, thereby, inhibits the angiogenic factor VEGF
in U87MG and MCF-7 cancer cells.

HIF-1« has been found to be up-regulated in various types
of cancer, and to mediate downstream hypoxic and non-
hypoxic signaling pathways. Over-expression of HIF-1« is an
indicator of poor prognosis in a variety of cancers [30-33]. Our
study has uncovered a distinct role of miconazole in the inhi-
bition of HIF-1x and the regulation of signaling pathways
involved in the transcription of pro-angiogenic genes. In vari-
ous cancers, HIF-1 has been found to be expressed at early
stages of tumorigenesis and to correlate with the vascular
densities of the lesions. Thus, HIF-1 activity may contribute
to the angiogenic switch that is associated with the production
of pro-angiogenic factors such as VEGF in tumors, leading to
high aggressiveness [34]. When HIF-1« synthesis is inhibited,
it may hamper angiogenesis and tumor growth. Here, we found
that miconazole can inhibit HIF-1« protein translation. Thus, it
is reasonable to assume that angiogenesis and tumor growth
may be reduced by miconazole-mediated HIF-1c inhibition.

Angiogenesis supports tumor cell proliferation, and inhibi-
tion of angiogenesis is considered to be a potent strategy to treat
cancer [35]. Several proteins have been identified as angiogenic
activators, including VEGF, angiogenin, transforming growth
factor (TGF)-« and -3, hepatocyte growth factor (HGF) and
epidermal growth factor (EGF) [36]. Among these, VEGF is
considered to be the most potent angiogenic factor in cancerous
tissues. VEGF activates endothelial cells that produce matrix
metalloproteinases (MMPs). These MMPs break down the
extracellular matrix and promote the migration of endothelial
cells into the surrounding tissues to initiate angiogenesis [37].
Our data indicate that miconazole suppresses VEGF levels and,
thus, indicate that miconazole may serve as a novel treatment
option for cancer. As of yet, however, the involvement of other
angiogenic factors cannot be ignored. This latter notion is in
agreement with a report by Rundhang et al. [38] showing that
miconazole as an inhibitor of epoxygenase may inhibit angio-
genesis under hypoxic conditions. P450 2C11 epoxygenase
(CYP epoxygenase) catalyzes epoxyeicosatrienoic acids
(EETs) from arachidonic acids. Miconazole has been found to
block the formation of EETs by inhibiting epoxygenase and to
decrease endothelial tube formation in co-cultures of astrocytes
and capillary endothelial cells [12, 39, 40].

HIF-1« levels may be disturbed when its rates of synthesis
and/or degradation are altered. The observed increase in the
accumulation of HIF-1o after application of the proteasome
inhibitor (MG132) indicates that HIF-1«x proteins are contin-
uously degraded by the proteasomal system. However, the
reduced accumulation of HIF-1o after miconazole treatment
supports the notion that miconazole may inhibit the level of

HIF-1a by reducing protein translation rather than by increas-
ing HIF-1« protein degradation. HIF-1 translation inhibition
may affect the mTOR signaling pathway which, in turn,
controls tumor cell growth [41]. Previous work by others has
shown that protein synthesis may be inhibited by hypoxia-
induced changes in mRNA translation, and that this process is
mediated by the mTOR signaling pathway [42, 43]. mTOR is
known to act through two different complexes, mTORC1 and
mTORC2. The mTORC1 complex regulates protein synthesis
through its downstream targets 4EBP1 and S6K. The mTOR
effector molecules 4EBP1 and p70S6K are required for tumor
growth and angiogenesis through HIF-1 mediated activation
and, ultimately, VEGF expression up-regulation [44, 45].
These data are in conformity with our observation that micon-
azole may inhibit protein translation through dephosphoryla-
tion of p70S6K, 4EBP1 and RPS6. Translation inhibition by
miconazole may be the major factor in inhibiting HIF-1
protein synthesis. Our findings are in agreement with a previ-
ous study showing that mTOR inhibition may lead to a pro-
found attenuation of HIF-1x [46].

It is well-known that elF2« controls the regulation of
eukaryotic protein synthesis at the level of translation initia-
tion. HIF-1 translation regulation is mediated by phosphor-
ylation of eIF2 [47], which forms a ternary complex with GTP
and the initiator (Met)-tRNA. During protein synthesis, a
transition of e[F2x-GDP to elF2x-GTP is required for the
reformation of ternary translation initiation complexes [48].
Phosphorylation of elF2c causes a global inhibition of protein
synthesis. Our work shows that miconazole inhibits protein
synthesis through elF2a phosphorylation. This observation
indicates that under hypoxic conditions miconazole affects
gene expression at the level of translation through the elF2x
phosphorylation pathway [14]. We conclude that our results
suggest that miconazole initiates translational suppression of
HIF-1o through the inhibition of mTOR phosphorylation and
the induction of elF2« phosphorylation.
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