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Although cryptotanshinone (CT) was known to exert antitumor activity in several cancers, its molecular mechanism under
hypoxia still remains unclear. Here, the roles of AEG-1 and HIF-1α in CT-induced antitumor activity were investigated in hypoxic
PC-3 cells. CT exerted cytotoxicity against prostate cancer cells and suppressed HIF-1α accumulation and AEG-1 expression in
hypoxic PC-3 cells. Also, AEG-1 was overexpressed in prostate cancer cells. Interestingly, HIF-1α siRNA transfection enhanced
the cleavages of caspase-9,3, and PAPR and decreased expression of Bcl-2 and AEG1 induced by CT in hypoxic PC-3 cells. Of
note, DMOG enhanced the stability of AEG-1 and HIF-1α during hypoxia. Additionally, CT significantly reduced cellular level of
VEGF in PC-3 cells and disturbed tube formation of HUVECs. Consistently, ChIP assay revealed that CT inhibited the binding of
HIF-1α to VEGF promoter. Furthermore, CT at 10 mg/kg suppressed the growth of PC-3 cells in BALB/c athymic nude mice by
46.4% compared to untreated control. Consistently, immunohistochemistry revealed decreased expression of Ki-67, CD34, VEGF,
carbonic anhydrase IX, and AEG-1 indices in CT-treated group compared to untreated control. Overall, our findings suggest that
CT exerts antitumor activity via inhibition of HIF-1α, AEG1, and VEGF as a potent chemotherapeutic agent.

1. Introduction

Prostate cancer is one of the most common causes of cancer
in men [1, 2]. Androgen ablation therapy and radical prosta-
tectomy are the most common methods at the initial stages
of this cancer. However, at the final stage, it develops into
androgen-independent prostate cancer with aggravating and
metastatic properties [3–5]. Most androgen-independent
prostate cancers are easily hypoxic to show resistance to
radiotherapy and chemotherapy [6]. Hypoxia inducible
factor 1 alpha (HIF-1α) is involved in cancer angiogenesis,
proliferation, erythropoiesis, and androgen resistance in
prostate cancers [7–10]. Also, HIF-1α regulates prostate
specific agent (PSA) expression via crosstalk with androgen
receptor (AR) [11, 12], activates the transcription of the

promoter of vascular endothelial growth factor (VEGF) as its
downstream gene [13, 14], and promotes hypoxia-mediated
expression of multidrug resistance 1 (MDR1) by binding to
the hypoxia response element in the MDR1 promoter [15].

Astrocyte-elevated gene-1 (AEG-1) overexpressed in
human brain and prostate cancers [16–18] promotes angio-
genesis and metastasis [17, 18]. Recent studies show that
AEG-1 is induced by hypoxia and glucose deprivation in
glioblastoma [19], activates angiopoietin-1 (Ang1), matrix
metalloproteinase (MMP)-2, and HIF-1 [20, 21], and plays
a critical role in hepatocellular carcinoma progression as
a target of microRNA-375 [22]. In addition, AEG-1 which
is a downstream target of Ha-Ras enhances proliferation
through downregulation of FOXO1 and inhibits apoptosis
via activation of PI3K-Akt signaling [23, 24].
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Recently, natural compounds are on the spotlight with
low toxicity and chemotherapeutic properties [25–27]. Cryp-
totanshinone (CT), an abietane-diterpene derivative isolated
from Salvia miltiorrhiza Bunge [28, 29], was known to have
anti-proliferative [30, 31] and apoptotic [32, 33] activities in
various cancer cells. Nevertheless, the antitumor mechanism
of CT in association with HIF-1α and AEG-1 signaling in
prostate cancers under hypoxia still remains unclear. Thus,
in the present study, the molecular mechanism that CT
suppresses hypoxia-induced AEG-1 and HIF-1α activation
was investigated in androgen-independent prostate cancer
PC-3 cells under hypoxia.

2. Materials and Methods

2.1. Compound. Cryptotanshinone IIA (Figure 1(a)) pur-
chased from Sigma was dissolved in dimethyl sulfoxide
(DMSO) as a 10 mM stock solution for next experimental
use.

2.2. Cell Culture and Hypoxia Treatment. PC-3 cells,
DU145 (human androgen-independent prostate cancer),
LNCaP (androgen-dependent prostate cancer), and RWPE-
1 (noncancerous human prostatic epithelial cell line)
cells were purchased from American Type Culture Col-
lection (ATCC, Rockville, MD, USA). PC-3 and DU145
cells were maintained in RPMI 1640 (Welgene, Daegu,
Korea) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic-antimycotic solution (Welgene, Daegu,
Korea). LNCaP cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS),
0.45% D-glucose, 10 mM N-(2-hydoxy-ethyl) piperazine-
N′-ethanesulfonic acid (HEPES) (Invitrogen, Carlsbad, CA,
USA), and 1 mM sodium pyruvate (Invitrogen). RWPE-1
cells were grown in K-SFM containing 50 μg/mL bovine
pituitary extract, 5 ng/mL epidermal growth factor, and
1% antibiotic/antimycotic solution (Life Technologies, Inc.,
Grand Island, NY, USA). Human umbilical vein endothelial
cells (HUVECs) were isolated from fresh human umbilical
cord vein by collagenase treatment as previously described
[34], which was approved by Kyung Hee hospital IRM
committee (IRB No: KMC IRB0910-02). The cells were
cultured in M199 supplemented with 20% heat-inactivated
FBS, 3 ng/mL basic fibroblast growth factor (bFGF) (R&D
Systems, Minneapolis, MN, USA), 5 units/mL heparin, and
100 units/mL antibiotic-antimycotic solution (Invitrogen)
in 0.1% gelatin-coated flasks. HUVECs were used within
passage three to seven. For hypoxia induction, cultures were
incubated in a hypoxia chamber (Forma Anaerobic system,
Asheville, NC, USA) with a gas mixture of 94% N2/5%
CO2/1%O2.

2.3. Proliferation Assay. Proliferation assay was performed
by using a bromodeoxyuridine (BrdU) assay kit (Roche
Molecular Biochemicals, Mannheim, Germany) according to
the manufacturer’s instructions. PC-3 cells were transfected
with control siRNA vector, siRNA HIF-1α, and siRNA
AEG-1 (Santacruz biotechnology, Santacruz, CA, USA) at

50 nM by using INTERFERin siRNA transfection reagent
(Polyplus-transfection Inc., New York, NY, USA). After 24 h
transfection, PC-3 cells were incubated in hypoxia for an
additional 24. Then BrdU was added to each well and
incubated for 4 h to incorporate the pyrimidine analogue
BrdU into the DNA of the cells. The cells were fixed by Fix
dent solution and incubated with anti-BrdU antibody for
90 min. The immune complexes were detected by adding the
substrate reaction to each well for 15 min. The reaction was
stopped by adding 1 M H2SO4 and immediately quantified
using a microplate reader (Tecan Group Ltd, Grödig, Austria)
at 450 nm with a reference of 690 nm.

2.4. HIF-1 Alpha Transcription Activity Assay. HIF-1alpha
transcription activity was analyzed by using TransAM HIF-
1 transcription factor assay kit (Active Motif, Carlsbad, CA,
USA) according to the instructions. Briefly, nuclear extracts
were added onto 96-well microplate coated with oligonu-
cleotides containing hypoxia response element (HRE) (5′-
TACGTGCT-3′) from the erythropoietin (EPO) gene. HIF
dimmers present in nuclear extracts bind with high speci-
ficity to response element and are subsequently detected
with an antibody directed against HIF-1alpha. Addition of
a secondary antibody conjugated to horseradish peroxidase
(HRP) provides a sensitive colorimetric readout that is easily
quantified by spectrophotometry. Values were expressed as
optical density at 450 nm with a reference wavelength of
655 nm.

2.5. Tube Formation Assay. Ice-cold Matrigel (BD Bio-
science) was added to coat each well of 24-well plates and
then polymerized by incubating for 1 h at 37◦C. HUVECs
(4× 105 cells/well) were treated with 500 μl of culture super-
natants from PC-3 cells treated either with or without CT
(10 μM) under hypoxia in the absence or presence of VEGF
(20 ng/mL) (company). After 8 h incubation, the cells were
fixed with 4% formaldehyde and randomly chosen fields
were photographed under an Axiovert S 100 light microscope
(Carl Zeiss, Weimar, Germany) at 100X magnification. Tube
networks were quantified using NIH Scion image program.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) for VEGF.
PC-3 cells were plated onto 60 mm dish at a density of
1 × 106 cells/plate and incubated in the absence or presence
of CT under normoxia or hypoxia for 24 h. VEGF level in
the supernatant was measured by using human VEGF ELISA
kit according to the manufacturer’s protocol (Biosource
International Inc., Camarillo, TX, USA).

2.7. Chromatin Immunoprecipitation (ChIP) Assay. PC-3
cells were plated onto 100 mm dishes at a density of 1.5 ×
106 cells/dish and exposed to CT for 4 h under normoxia
or hypoxia. For ChIP, the EZ-zyme chromatin prep kit
(Millipore, Billerica, MA, USA) was used following the
manufacture’s protocol. Briefly, PC-3 cells were plated onto
100 mm dishes at a density of 1.5×106 cells/dish and exposed
to CT for 4 h under normoxia or hypoxia. After incubation,
the cells were fixed with 1% formaldehyde and incubated
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Figure 1: Effect of cryptotanshinone (CT) on hypoxia-induced HIF-1α activation in PC-3 cells. (a) Chemical structure of CT. (b) Effect
of CT on the viability of prostate cancer cells under normoxia and hypoxia. (c) Effect of HIF-1α accumulation in hypoxic PC-3 cells. Cells
were treated with CT (10 μM) for 0.5, 2, 4, 6, and 24 h under hypoxia and Western blotting was performed. (d) Effect of CT on HIF-1α
transcriptional activity in hypoxic PC-3 cells by ELISA. Cells were treated with or without CT (5 or 10 μM) under normoxia or hypoxia
for 6 h and HIF-1α transcriptional activity was evaluated by TransAM HIF-1 transcriptional factor assay kit. Data represent means ± S.D.
##P < 0.01 versus normoxia control. ∗P < 0.05 or ∗∗P < 0, 01 versus hypoxia control. (e) Effect of CT on HIF-1α nuclear translocation in
hypoxic PC-3 cells. Cells treated with or without CT (10 μM) under hypoxia for 6 h were fixed with 10% formalin for immunocytochemistry
fluorescence staining. Green color was detected for HIF-1α in PC-3 cells, while nuclei were counterstained with blue color using DAPI.
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at room temperature for 10 minutes. After incubation, 10X
glycine was added to dish and incubated for 5 minutes.
Ez-zyme enzymatic cocktail was used to cleave the DNA
(by following instruction manual). Protein-DNA complexes
were immunoprecipitated with anti-HIF-1alpha antibody.
The DNA-protein immunocomplexes were collected with
protein A/G agarose beads, washed, and eluted with freshly
prepared elution buffer (1%SDS, 0.1 M NaHCO3) with
rotation at room temperature. The mixture was further
incubated with 5 M sodium chloride at 65◦C for 4 h to reverse
crosslink DNA-protein complexes. Protein K (10 mg/mL)
was added to the samples and incubated for 1 h at 45◦C. DNA
samples were then purified with phenol/chloroform, pre-
cipitated with ethanol, and resuspended in TE buffer. PCR
reaction was performed to amplify VEGF promoter using
ChIP primers (sense 5′-AGACTCCACAGTGCATACGTG-3′

and antisense 5′-AGTGTGTCCCTCTGACAATG-3′) and the
effect of CT on the binding of HIF-1alpha to VEGF promoter
was evaluated.

2.8. siRNA Transfection. PC-3 cells were transiently trans-
fected with scramble, AEG-1 or HIF-1alpha siRNA (San-
tacruz biotechnology, Santacruz, CA, USA) at 50 nM by
using INTERFERin siRNA transfection reagent (Polyplus-
transfection Inc., New York, NY, USA). After incubation for
24 h, the cells were maintained for 24 h under hypoxia.

2.9. Western Blotting. Cells were lysed in radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris, 300 mM
NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), and
0.5% Triton X-100) containing protease inhibitors (10 μg/mL
aprotinin, 10 μg/mL leupeptin, 10 mM iodoacetamide, 1%
phenylmethylsulfonyl fluoride (PMSF), and 10 μg/mL pep-
stain A) and phosphatase inhibitors (1 mM NaF and 1 mM
Na3VO4). The protein samples were quantified by using
RC DC protein assay kit II (Bio-rad, Hercules, CA, USA),
separated on 6 to 10% SDS-polyacrylamide gels, and trans-
ferred to nitrocellulose membranes. The membranes were
blocked with 5% nonfat milk and incubated with primary
antibodies for HIF-1α (Becton Dickinson, Bedford, MA,
USA), VEGF (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), AEG-1 (AbChem, USA), phosphorylated AKT, AKT
(Cell signaling, USA), PARP (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), cleaved casepase-3 (Cell signaling,
USA), cleaved caspase-9 (Cell signaling, USA), Bcl-2 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and β-actin
(Sigma-Aldrich, St.Louis, MO, USA), followed by incu-
bation with a horseradish peroxidase (HRP-) conjugated
secondary antibodies. Protein expression was visualized by
using enhanced chemiluminescence (ECL) Western blotting
detection reagent (GE Health Care Bio-Sciences, Piscataway,
NJ, USA).

2.10. Immunofluorescence Assay. Cells treated with HIF-1
siRNA or 500 μM dimethyloxalylglycine (DMOG) (Enzo
Life Sciences Plymouth Meeting, PA, USA) were fixed with
4% paraformaldehyde (PFA) and blocked in 0.1% Triton
X-100/5% BSA in PBS for 25 min at 4◦C and incubated

with anti-AEG-1 (Ab Chem) or anti-HIF-1α (Santa Cruz
Biotechnology, Santa Cruz, CA) for overnight at 4◦C. Then,
antirabbit IgG (1 : 1000) fluorescein isothiocyanate (FITC)-
conjugate or antimouse IgG (1 : 1000) texas red-conjugate
(Abcam, Cambridge, UK) was used as a secondary antibody
for 1 hour at room temperature. The immunostained
cells were mounted with mounting medium containing
DAPI (1.5 μg/mL) (Vectashield, Vector Labs, Burliname, CA,
USA) and visualized by using Olympus FLUOVIEW FV10i
confocal microscope.

2.11. PC-3 Xenograft Model. The animal study was con-
ducted under guidelines approved by Institutional Ani-
mal Care and Use Committee, Kyung Hee University
(KHUASP(SE)-09029). One million PC-3 cells were mixed
with Matrigel (50%, in 100 μl; Becton Dickinson, Bedford,
MA, USA) and subcutaneously injected into the right flank
6-week-old male BALB/c athymic nude mice (Central Lab.
Animal, Inc. Seoul, Korea). Two groups are control and CT
treated groups in all. Each group consists of five mice. Three
days after PC-3 cell inoculation, water contained 2% Tween
80 was i.p. injected into the mice of control group every other
day, whereas CT (10 mg/kg) dissolved in 2% Tween 80 was
i.p. injected into the mice in CT-treated group. Tumors were
measured twice a week with a caliper, and tumor volume
was calculated as described [26]. At the end of study, tumors
were dissected, weighed, and photographed. Each tumor was
fixed in 10% phosphate-buffered formalin for histology and
immunohistochemistry (IHC).

2.12. Immunohistochemistry. Immunohistochemistry was
carried out as previously described [35]. Antibodies for
IHC in this study were Ki-67 (Lab vision Corporation,
Fremont, CA, USA), VEGF (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), CD34 (Abcam, Boston, MA, USA), CAIX
(Abcam, Boston, MA, USA) and AEG-1 (Abcam, Boston,
MA, USA). For semiquantitation, 10 representative ×200
power photomicrographs were taken with a camera, avoiding
gross necrotic areas. The positively stained cells within
each photomicrograph were counted. The counting of total
stained cells was aided with the ImagePro+ image-processing
program.

2.13. Statistical Analyses. All data were expressed as means ±
SD. The statistically significant differences between control
and CT-treated groups were calculated by ANOVA test
followed by a post hoc analysis (Tukey t or Dunnettes
multiple comparison test) using Prism software 5 (GraphPad
Software, Inc., San Diego, CA, USA).

3. Results

3.1. CT Exerts Significant Cytotoxicity in Prostate Cancer
Cells under Hypoxia and Inhibits Hypoxia-Induced HIF-1α
and AEG-1 Expression in Hypoxic PC-3 Cells. CT showed
significant cytotoxicity against prostate cancer cells such
as DU145, PC-3, and LNCaP cells under hypoxia more
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than under normoxia, which implies the potential of cryp-
totanshinone in resistant cancer cells, given that HIF-1α
promotes the resistance to cancer cells [36] as shown in
Figure 2(b). HIF-1α is an important factor that plays a role
in cancer progression [37]. In the current study, CT exerted
cytotoxicity against prostate cancer cells such as LNCaP,
PC-3, and DU-145 cells under hypoxia (Figure 1(b)) and
HIF-1α was dramatically induced under hypoxia, which was
peaked at 6 h in PC-3 cells (Figure 1(c)). To investigate
the effect of CT on hypoxia-induced HIF-1α accumulation,
the cells were treated with CT under hypoxia and Western
blotting was performed. CT significantly attenuated the
protein expression of HIF-1α in a time- and concentration-
dependent manners (Figure 1(c)). HIF-1α transcriptional
activity assay was conducted at the time point (6 h) when
HIF-1α expression was at the peak under hypoxia. CT
effectively inhibited the HIF-1α transcriptional activity in
a concentration-dependent manner (Figure 1(d)) by ELISA.
Furthermore, immunocytochemical fluorescence staining
revealed that CT attenuated nuclear translocation of HIF-
1α in hypoxic PC-3 cells compared to untreated control
(Figure 1(e)).

3.2. Hypoxia Activates the Expression of AEG-1 in PC-3
Cells. AEG-1 was expressed in prostate cancer cells includ-
ing DU145, LNCaP, and PC-3 cells. AEG-1 expression is
significantly lower in RWPE-1 cells than in cancer cells
(Figure 2(a)). To examine whether hypoxia affected the
expression of HIF-1α and AEG-1 in PC-3 cells, Western
blotting was carried out. Cells were cultured under normoxia
or hypoxia for 16 h or 24 h. As shown in Figure 2(b) (left
panel), HIF-1α and AEG-1 expressions were dramatically
activated under hypoxia. Interestingly, treatment with 5 and
10 μM of CT in hypoxia reduced the HIF-1α and AEG-1
expressions (Figure 2(b) right panel).

3.3. HIF-1α Regulates AEG-1 and PI3K Mediates Activation of
HIF-1α and AEG-1 under Hypoxia. HIF-1α, a heterodimeric
transcription factor responding to hypoxia, is closely asso-
ciated with numerous genes such as AEG-1 and PI3K [10].
Thus, the relationship between AEG-1 and HIF-1α was
analyzed after transient transfection with HIF-1α, AEG-
1, and control siRNA vector in hypoxic PC-3 cells. Here
we found that HIF-1α was required for AEG-1 induction
under hypoxia, since HIF-1α siRNA transfection suppressed
the expression of AEG-1under hypoxia (Figure 2(c) left
panel), while AEG-1 siRNA transfection did not block HIF-
1α transcription activity in hypoxic PC-3 cells (Figure 2(c)
right panel). Furthermore, to further confirm that HIF-
1α regulated AEG-1 induction, DMOG as prolyl hydrox-
ylase inhibitor was used in Western blotting. As shown
in Figure 2(d), DMOG activated the expression of HIF-1α
and AEG-1 in PC-3 cells under normoxia and hypoxia.
Consistently, as shown in Figure 3(a), immunocytochemical
fluorescence staining showed that HIF-1α siRNA transfec-
tion suppressed HIF-1α stabilization and AEG-1 induction,
while DMOG enhanced them in hypoxic PC-3 cells.

There are some pieces of evidence that PI3K-Akt signal-
ing is closely associated with AEG-1 under normoxia [23,
38]. Thus, the role of the PI3K pathway was comparatively
investigated in AEG-1 induction during normoxia and
hypoxia. PI3K inhibitor wortmannin (20 μM) suppressed
AEG-1and HIF-1α induction in PC-3 cells under hypoxia,
while it did not affect AEG-1 or HIF-1α during normoxia
(Figure 2(e)), indicating that AEG-1 is induced in either
HIF-1α or PI3K-dependent pathway in hypoxic PC-3 cells.

3.4. CT Induces Apoptosis via Inhibition of HIF-1α under
Hypoxia. To confirm whether absence of HIF-1α in hypoxic
cancer cells can affect cell proliferation, the cells were
transfected with HIF-1α siRNA. As expected, we found
that HIF-1α siRNA transfection inhibited cell proliferation
following hypoxia (Figure 3(b)). Other group’s data were
already reported that absence of HIF-1α inhibited cell pro-
liferation and induced apoptosis in cancer cells. To confirm
whether CT-induced apoptotic cell death by inhibition of
HIF-1α, the effect of HIF-1α siRNA transfection on the CT
induced apoptosis was elucidated in hypoxic PC-3 cells. As
shown in Figure 3(c), CT induced the cleavages of caspase-
9,3 and PAPR as well as attenuated the expression of Bcl-2 in
hypoxic PC-3 cells. Furthermore, HIF-1α siRNA transfection
enhanced the apoptosis induced by CT in hypoxic PC-3 cells
as shown in Figure 3(d).

3.5. CT Exerts Antiangiogenic Activity via Inhibition of HIF-1α
under Hypoxia. Since hypoxia is one of angiogenesis induc-
ers [39], the antiangiogenic effect of CT was evaluated under
hypoxia. VEGF, a downstream gene of HIF-1α, was evaluated
at the cellular and protein levels by ELISA and Western blot-
ting. VEGF was more secreted and expressed in PC-3 cells
under hypoxia compared to normoxia control. In contrast,
CT attenuated hypoxia-induced VEGF protein expression
(Figure 4(a)) and reduced VEGF secretion (Figure 4(b)) in
hypoxic PC-3 cells. To further confirm antiangiogenic effect
of CT, in vitro tube-formation assay was performed in
HUVECs. HUVECs were cultured with conditioned medium
collected from PC-3 cells in the absence or presence of
CT under hypoxia. Consistent with the effect of CT on
VEGF, tube formation under hypoxia was disturbed by CT
treatment in PC-3 cells compared to untreated hypoxia
control (Figure 4(c)). To find out whether HIF-1α directly
binds to VEGF promoter, chromatin immunoprecipitation
(ChIP) assay was conducted. As shown in Figure 4(d), the
binding activity of HIF-1α to the VEGF promoter was
detected under hypoxia compared to normoxia control.
Notably, CT treatment effectively suppressed the binding of
HIF-1α to VEGF promoter in hypoxic PC-3 cells.

3.6. CT Inhibits Tumor Growth in PC-3 Xenograft Model. To
confirm the in vivo antitumor efficacy of CT, tumor growth
was monitored twice a week and immunohistochemistry
was performed in PC-3 xenograft model. From 3 days after
PC-3 cell inoculation, CT (10 mg/kg) was injected into the
abdomen of BALB/c athymic nude mice every other day. As
shown in Figures 5(a) and 5(c), CT treatment significantly
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Figure 2: CT attenuates the expression of AEG-1 and HIF-1α in hypoxic PC-3 cells. (a) Expression of AEG-1 in various prostate cancer cells
and normal prostate cells under hypoxia. Cell lysates were prepared and subjected to Western blotting. (b) Effect of hypoxia (left panel) or
CT (right panel) on the expression of AEG-1 and HIF-1α in hypoxic PC-3 cells. (c) Effect of AEG-1 or HIF-1α siRNA transfection on AEG-1
expression by Western blotting (left panel) or HIF-1α activity by ELISA (right panel). (d) Effect of DMOG on the expression of AEG-1
and HIF-1α in hypoxic PC-3 cells. (e) Effect of PI3K inhibitor wortmannin (20 μM) on AEG-1 or HIF-1α expression under normoxia and
hypoxia by Western blotting.

retarded the growth of PC-3 cells in mice and decreased the
final tumor weight by 46.4% without any side effects or body
weight loss (Figure 5(d)). Also, immunohistochemistry for
tumor sections revealed significant decreased expression of

Ki-67 for proliferation, CD34 for microvessel density in the
vascularized area of each tumor, and VEGF for angiogenesis
(Figure 6). Carbonic anhydrase IX (CAIX) is frequently over-
expressed in most human tumors as a biomarker for hypoxia
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Figure 4: CT exerts antiangiogenic activity via inhibition of HIF-1α under hypoxia. (a) Effect of CT on the protein expression of VEGF
in hypoxic PC-3 cells. Cell lysates were prepared and subjected to Western blotting to determine VEGF expression. (b) Effect of CT on
the secreted production of VEGF in hypoxic PC-3 cells. VEGF levels in the culture supernatants were measured by using a Quantikine
VEGF ELISA kit. Data represent means ± S.D. ###P < 0.001 versus normoxia control. ∗∗P < 0, 01 versus hypoxia control. (c) Effect of
CT on tube formation in HUVECs treated with supernatant of PC-3 culture media. HUVECs were treated with VEGF (20 ng/mL) or the
supernatant from PC-3 culture media with or without CT under hypoxia for 24 h. Tube formation assay was performed using growth
factor-reduced matrigel. Cells were fixed with Diff-Quick solution, photographed randomly under an Axiovert S 100 light microscope at
×100 magnification. (d) Effect of CT on the binding of HIF-1α to VEGF promoter. Cells were treated with or without CT (5 or 10 μM)
under hypoxia for 6 h. The immunoprecipitated DNA with HIF-1α antibody was amplified by PCR analysis for VEGF promoter using ChIP
primers.

[40, 41]. Given that AEG-1 correlated with hypoxia, AEG-
1 was over-expressed in tumor sections similar to CAIX. In
contrast, CT treatment suppressed the expression of AEG-1
and CAIX in tumor sections (Figure 6).

4. Discussion

The aim of this study was to elucidate the antitumor
mechanism of CT isolated from Danshen Salvia miltiorrhiza
in association with HIF-1α and AEG-1 signaling in PC-3

cells under hypoxia. HIF-1α is recognized as one of the most
important microenvironmental factors that enable tumors to
acquire an aggressive phenotype. HIF-1α becomes resistant
to both chemotherapy and radiotherapy in cancers under
hypoxia [42, 43]. CT exerted cytotoxicity against prostate
cancer cells such as LNCaP, PC-3, and DU145 cells in
a concentration-dependent manner and activated caspase
9/3 and PARP cleavage, implying mitochondrial-dependent
apoptosis in PC-3 cells under normoxia or hypoxia. CT
suppressed HIF-1α accumulation and transcriptional activity
in PC-3 cells under hypoxia. This result implies that CT
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Figure 5: CT inhibits tumor growth in PC-3 xenograft model. (a) Effect of CT on the growth of PC-3 cells in BALB/c athymic nude mice.
From 3 days after inoculation, CT (10 mg/kg body wt) was given by i.p. injection with 2% Tween-80 as vehicle every other days. Tumor
growth was monitored twice a week. (b) Effect of CT on final tumor weight after sacrifice. Values represent means ± SD. n = 5. ∗P < 0.05
compared with untreated control. (c) Photographs of dissected tumors. (d) Effect of CT on body weights of mice at various time points.
Values represent means ± SD. n = 5.

might attenuate hypoxia-mediated HIF-1α stability and
transcription activity in hypoxic PC-3 cells.

AEG-1, since cloned in 2002, was known to have multi-
biological activities by regulating several signaling cascades
such as NF-kappa B, PI3K/Akt, Wnt/ß catenin, H-Ras, c-
Myc, and HIF1 alpha-related pathways in various cancer
cells [23, 35, 44–46]. In the current study, AEG-1 was
constitutively overexpressed in LNCaP, PC-3, and DU145
cells in normoxia. It was also upregulated along with HIF-
1α in hypoxic PC-3 cells. In siRNA transfection assay to
elucidate the relationship between HIF-1α and AEG-1, HIF-
1α siRNA transfection blocked AEG-1 expression, while
AEG-1 siRNA transfection did not affect HIF-1α activity in

hypoxic PC-3 cells. This result strongly indicates that HIF-1α
might regulate AEG-1 as an upstream gene under hypoxia.

Prolyl hydroxylase (PHD) plays an important role in the
degradation of HIF-1α through the ubiquitin-proteasome
system by hydroxylation in the presence of molecular oxygen
[43, 46]. Consistently, PHD inhibitor, DMOG, enhanced the
stability of HIF-1α and AEG-1 expression in hypoxic PC-3
cells under hypoxia by Western blotting and immunofluores-
cence assay, implying the critical role of PHD in regulation of
HIF-1α and AEG-1 under hypoxia.

PI3K pathway is involved in AEG-1-mediated survival
pathway and the transformed phenotype [23] and also linked
to HIF-1α stabilization [47]. In the current study, PI3K
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inhibitor wortmannin (20 μM) suppressed AEG-1and HIF-
1α induction in PC-3 cells under hypoxia, while it did
not affect AEG-1 or HIF-1α during normoxia (Figure 2(e)).
These results suggest that PI3K pathway can regulate AEG-
1 signaling in PC-3 cells under hypoxia. Similarly, Lee and
his colleagues documented that PI3K signaling pathway
augments binding of c-Myc to key E-box elements in the
AEG-1 promoter, thereby regulating AEG-1 transcription,
suggesting PI3K regulates AEG-1 as an upstream gene [23].

Hypoxia promotes decreased PHD enzymatic activity to
induce HIF-1α accumulation and nuclear translocation by
activating survival genes such as glycolysis (Glut1), VEGF,
iron metabolism (transferrin), hypoxia pH control (CAIX),
and hemoglobin synthesis (erythropoietin) [46]. Here CT
significantly reduced cellular levels of VEGF, a downstream
of HIF-1α. It also disturbed tube formation in human
umbilical vein endothelial cells (HUVECs) maintained in
conditioned medium of hypoxic PC-3 cells, suggesting
the antiangiogenic activity of CT in hypoxic PC-3 cells.
Furthermore, ChIP assay revealed that CT inhibited the
binding of HIF-1α to VEGF promoter, demonstrating that
CT inhibits HIF-1α-mediated angiogenesis by suppressing its
binding to VEGF.

In addition, CT at 10 mg/kg suppressed the growth
of PC-3 cells in BALB/c athymic nude mice by 46.4%
compared to untreated control without weight loss or side
effects. Furthermore, consistent with its in vitro efficacy,
CT effectively decreased the expression of Ki-67 for pro-
liferation biomarker, CD34 for microvessel density, VEGF
for angiogenic biomarker, CAIX for hypoxia biomarker, and
AEG-1 indices in PC-3 bearing nude mice compared to
untreated control, indicating the antitumor effect of CT
was exerted by inhibition of proliferation, angiogenesis, and
hypoxia-related genes. Although CT was known to have
antiproliferative [30], apoptotic [32, 33], and antiangiogenic
activities in cancers in normoxia [48, 49], the antitumor
activity of CT in hypoxic PC-3 cells was associated with
PI3K, HIF-1α and AEG-1, signaling pathways in the current
study.

In summary, CT suppressed HIF-1α accumulation and
transcriptional activity and AEG-1 expression in hypoxic
PC-3 cells. However, HIF-1α siRNA transfection blocked
AEG-1 expression, while AEG-1 siRNA transfection did not
affect HIF-1α activity in hypoxic PC-3 cells. Also, HIF PHD
inhibitor, DMOG, enhanced the stability of HIF-1α and
AEG-1 during hypoxia. In addition, CT also significantly
reduced cellular levels of VEGF and disturbed tube for-
mation in HUVECs maintained in conditioned medium of
hypoxic PC-3 cells by inhibition of the binding of HIF-1α to
VEGF promoter. Furthermore, CT at 10 mg/kg suppressed
the growth of PC-3 cells in BALB/c athymic nude mice
by 46.4% and effectively decreased the expression of Ki-67,
CD34, VEGF, CAIX, and AEG-1 indices by immunohisto-
chemistry compared to untreated control. Taken together,
our findings suggest that CT exerts antitumor activity via
inhibition of HIF-1α, AEG1, and VEGF as a potent chem-
otherapeutic agent.

Conflict of Interests

The authors declare that no conflict of interests was dis-
closed.

Acknowledgment

This work was supported by MRC Grant no. 2011-0006220
from the Korean Ministry of Education.

References

[1] A. Jemal, R. Siegel, E. Ward, Y. Hao, J. Xu, and M. J. Thun,
“Cancer statistics, 2009,” CA Cancer Journal for Clinicians, vol.
59, no. 4, pp. 225–249, 2009.

[2] J. Ferlay, D. M. Parkin, and E. Steliarova-Foucher, “Estimates
of cancer incidence and mortality in Europe in 2008,”
European Journal of Cancer, vol. 46, no. 4, pp. 765–781, 2010.

[3] A. Jemal, A. Thomas, T. Murray, and M. Thun, “Cancer
statistics, 2002,” Ca-A Cancer Journal for Clinicians, vol. 52,
no. 1, pp. 23–47, 2002.

[4] J. A. Kish, R. Bukkapatnam, and F. Palazzo, “The treatment
challenge of hormone-refractory prostate cancer,” Cancer
Control, vol. 8, no. 6, pp. 487–495, 2001.

[5] O. W. Brawley, S. Barnes, and H. Parnes, “The future of
prostate cancer prevention,” Annals of the New York Academy
of Sciences, vol. 952, pp. 145–152, 2001.

[6] Y. Huang, J. Yu, C. Yan et al., “Effect of small interfering RNA
targeting hypoxia-inducible factor-1alpha on radiosensitivity
of PC3 cell line,” Urology, vol. 79, no. 3, pp. 744.e17–744.e24,
2011.

[7] W. R. Wilson and M. P. Hay, “Targeting hypoxia in cancer
therapy,” Nature Reviews Cancer, vol. 11, no. 6, pp. 393–410,
2011.

[8] R. Wang, S. Zhou, and S. Li, “Cancer therapeutic agents target-
ing hypoxia-inducible factor-1,” Current Medicinal Chemistry,
vol. 18, no. 21, pp. 3168–3189, 2011.

[9] M. Yamakawa, L. X. Liu, T. Date et al., “Hypoxia-inducible
factor-1 mediates activation of cultured vascular endothelial
cells by inducing multiple angiogenic factors,” Circulation
Research, vol. 93, no. 7, pp. 664–673, 2003.

[10] O. Rosmorduc and C. Housset, “Hypoxia: a link between
fibrogenesis, angiogenesis, and carcinogenesis in liver disease,”
Seminars in Liver Disease, vol. 30, no. 3, pp. 258–270, 2010.

[11] P. Sooriakumaran and R. Kaba, “Angiogenesis and the tumour
hypoxia response in prostate cancer: a review,” International
Journal of Surgery, vol. 3, no. 1, pp. 61–67, 2005.

[12] L. Marignol, M. Coffey, M. Lawler, and D. Hollywood,
“Hypoxia in prostate cancer: a powerful shield against tumour
destruction?” Cancer Treatment Reviews, vol. 34, no. 4, pp.
313–327, 2008.

[13] G. L. Semenza, “Regulation of cancer cell metabolism by
hypoxia-inducible factor 1,” Seminars in Cancer Biology, vol.
19, no. 1, pp. 12–16, 2009.

[14] G. Pagès and J. Pouysségur, “Transcriptional regulation of
the Vascular Endothelial Growth Factor gene—a concert of
activating factors,” Cardiovascular Research, vol. 65, no. 3, pp.
564–573, 2005.

[15] M. Liu, D. Li, R. Aneja et al., “PO2-dependent differential
regulation of multidrug resistance 1 gene expression by the
c-Jun NH2-terminal kinase pathway,” Journal of Biological
Chemistry, vol. 282, no. 24, pp. 17581–17586, 2007.



12 Evidence-Based Complementary and Alternative Medicine

[16] L. Emdad, D. Sarkar, Z. Z. Su et al., “Astrocyte elevated gene-1:
recent insights into a novel gene involved in tumor progres-
sion, metastasis and neurodegeneration,” Pharmacology and
Therapeutics, vol. 114, no. 2, pp. 155–170, 2007.

[17] G. Hu, Y. Wei, and Y. Kang, “The multifaceted role
of MTDH/AEG-1 in cancer progression,” Clinical Cancer
Research, vol. 15, no. 18, pp. 5615–5620, 2009.

[18] L. Song, W. Li, H. Zhang et al., “Over-expression of AEG-1
significantly associates with tumour aggressiveness and poor
prognosis in human non-small cell lung cancer,” Journal of
Pathology, vol. 219, no. 3, pp. 317–326, 2009.

[19] E. Noch, M. Bookland, and K. Khalili, “Astrocyte-elevated
gene-1 (AEG-1) induction by hypoxia and glucose deprivation
in glioblastoma,” Cancer Biology and Therapy, vol. 11, no. 1,
pp. 32–39, 2011.

[20] L. Emdad, S. G. Lee, Z. Z. Su et al., “Astrocyte elevated
gene-1 (AEG-1) functions as an oncogene and regulates
angiogenesis,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 106, no. 50, pp. 21300–
21305, 2009.

[21] L. Liu, J. Wu, Z. Ying et al., “Astrocyte elevated gene-1
upregulates matrix metalloproteinase-9 and induces human
glioma invasion,” Cancer Research, vol. 70, no. 9, pp. 3750–
3759, 2010.

[22] X. X. He, Y. Chang, F. Y. Meng et al., “MicroRNA-375
targets AEG-1 in hepatocellular carcinoma and suppresses
liver cancer cell growth in vitro and in vivo,” Oncogene, vol.
31, no. 28, pp. 3357–3369, 2012.

[23] S. G. Lee, Z. Z. Su, L. Emdad, D. Sarkar, and P. B.
Fisher, “Astrocyte elevated gene-1 (AEG-1) is a target gene
of oncogenic Ha-ras requiring-phosphatidylinositol 3-kinase
and c-Myc,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 46, pp. 17390–17395,
2006.

[24] J. Li, L. Yang, L. Song et al., “Astrocyte elevated gene-1 is
a proliferation promoter in breast cancer via suppressing
transcriptional factor FOXO1,” Oncogene, vol. 28, no. 36, pp.
3188–3196, 2009.

[25] D. B. Jung, H. J. Lee, S. J. Jeong et al., “Rhapontigenin
inhibited hypoxia inducible factor 1 alpha accumulation and
angiogenesis in hypoxic PC-3 prostate cancer cells,” Biological
and Pharmaceutical Bulletin, vol. 34, no. 6, pp. 850–855, 2011.

[26] H. J. Lee, N. J. Seo, S. J. Jeong et al., “Oral administration of
penta-O-galloyl-β-d-glucose suppresses triple-negative breast
cancer xenograft growth and metastasis in strong association
with JAK1-STAT3 inhibition,” Carcinogenesis, vol. 32, no. 6,
pp. 804–811, 2011.

[27] K. Y. Park, H. J. Lee, S. J. Jeong et al., “1,2,3,4,6-penta-o-
galloly-beta-D-glucose suppresses hypoxia-induced accumu-
lation of hypoxia-inducible factor-1α and signaling in LNCaP
prostate cancer cells,” Biological and Pharmaceutical Bulletin,
vol. 33, no. 11, pp. 1835–1840, 2010.

[28] B. S. Feng and S. R. Li, “Studies on the chemical components of
Dan-shen (Salvia miltiorrhiza Bunge) (author’s transl),” Acta
Pharmaceutica Sinica, vol. 15, no. 8, pp. 489–494, 1980.

[29] Z. T. Li, B. J. Yang, and G. E. Ma, “Chemical studies of Salvia
miltiorrhiza f. Alba,” Acta Pharmaceutica Sinica, vol. 26, no. 3,
pp. 209–213, 1991.

[30] W. Chen, Y. Luo, L. Liu et al., “Cryptotanshinone inhibits
cancer cell proliferation by suppressing mammalian target of
rapamycin -mediated cyclin D1 expression and Rb phospho-
rylation,” Cancer Prevention Research, vol. 3, no. 8, pp. 1015–
1025, 2010.

[31] D. Xu, T.H. Lin, S. Li et al., “Cryptotanshinone suppresses
androgen receptor-mediated growth in androgen dependent
and castration resistant prostate cancer cells,” Cancer Letters,
vol. 316, no. 1, pp. 11–22, 2011.

[32] J. H. Kim, S. J. Jeong, T. R. Kwon et al., “Cryptotanshinone
enhances TNF-alpha-induced in chronic myeloid leukemia
KBM-5 cells,” Apoptosis, vol. 16, no. 7, pp. 696–707, 2011.

[33] I. J. Park, M. J. Kim, O. J. Park et al., “Cryptotanshinone
sensitizes DU145 prostate cancer cells to Fas(APO1/CD95)-
mediated apoptosis through Bcl-2 and MAPK regulation,”
Cancer Letters, vol. 298, no. 1, pp. 88–98, 2010.

[34] E. A. Jaffe, R. L. Nachman, C. G. Becker, and C. R. Minick,
“Culture of human endothelial cells derived from umbilical
veins. Identification by morphologic and immunologic crite-
ria,” Journal of Clinical Investigation, vol. 52, no. 11, pp. 2745–
2756, 1973.

[35] B. K. Yoo, L. Emdad, S. G. Lee et al., “Astrocyte elevated gene-1
(AEG-1): a multifunctional regulator of normal and abnormal
physiology,” Pharmacology and Therapeutics, vol. 130, no. 1,
pp. 1–8, 2011.

[36] S. Doublier, D. C. Belisario, M. Polimeni et al., “HIF-
1 activation induces doxorubicin resistance in MCF7 3-D
spheroids via P-glycoprotein expression: a potential model of
the chemo-resistance of invasive micropapillary carcinoma of
the breast,” BMC Cancer, vol. 12, article 4, 2012.

[37] H. Zhong, A. M. De Marzo, E. Laughner et al., “Overex-
pression of hypoxia-inducible factor 1α in common human
cancers and their metastases,” Cancer Research, vol. 59, no. 22,
pp. 5830–5835, 1999.

[38] S. G. Lee, Z. Z. Su, L. Emdad, D. Sarkar, T. F. Franke, and
P. B. Fisher, “Astrocyte elevated gene-1 activates cell survival
pathways through PI3K-Akt signaling,” Oncogene, vol. 27, no.
8, pp. 1114–1121, 2008.

[39] M. Calvani, A. Rapisarda, B. Uranchimeg, R. H. Shoemaker,
and G. Melillo, “Hypoxic induction of an HIF-1α-dependent
bFGF autocrine loop drives angiogenesis in human endothe-
lial cells,” Blood, vol. 107, no. 7, pp. 2705–2712, 2006.

[40] C. P. S. Potter and A. L. Harris, “Diagnostic, prognostic and
therapeutic implications of carbonic anhydrases in cancer,”
British Journal of Cancer, vol. 89, no. 1, pp. 2–7, 2003.

[41] M. Choschzick, L. Woelber, S. Hess et al., “Overexpression of
carbonic anhydrase IX (CAIX) in vulvar cancer is associated
with tumor progression and development of locoregional
lymph node metastases,” Virchows Archiv, vol. 456, no. 5, pp.
483–490, 2010.

[42] A. J. Majmundar, W. J. Wong, and M. C. Simon, “Hypoxia-
inducible factors and the response to hypoxic stress,” Molecu-
lar Cell, vol. 40, no. 2, pp. 294–309, 2010.

[43] A. L. Harris, “Hypoxia—a key regulatory factor in tumour
growth,” Nature Reviews Cancer, vol. 2, no. 1, pp. 38–47, 2002.

[44] B. K. Yoo, L. Emdad, S. G. Lee et al., “Astrocyte elevated gene-1
(AEG-1): a multifunctional regulator of normal and abnormal
physiology,” Pharmacology and Therapeutics, vol. 130, no. 1,
pp. 1–8, 2011.

[45] Z. Ying, J. Li, and M. Li, “Astrocyte elevated gene 1: biological
functions and molecular mechanism in cancer and beyond,”
Cell & Bioscience, vol. 1, no. 1, p. 36, 2011.

[46] P. Jaakkola, D. R. Mole, Y. M. Tian et al., “Targeting of HIF-
α to the von Hippel-Lindau ubiquitylation complex by O2-
regulated prolyl hydroxylation,” Science, vol. 292, no. 5516, pp.
468–472, 2001.

[47] D. Mottet, V. Dumont, Y. Deccache et al., “Regulation of
hypoxia-inducible factor-1α protein level during hypoxic



Evidence-Based Complementary and Alternative Medicine 13

conditions by the phosphatidylinositol 3-kinase/Akt/glycogen
synthase kinase 3β pathway in HepG2 cells,” Journal of
Biological Chemistry, vol. 278, no. 33, pp. 31277–31285, 2003.

[48] J. M. Hur, J. S. Shim, H. J. Jung, and H. J. Kwon, “Cryptotan-
shinone but not tanshinone IIA inhibits angiogenesis in vitro,”
Experimental and Molecular Medicine, vol. 37, no. 2, pp. 133–
137, 2005.

[49] D. S. Shin, H. N. Kim, D. S. Ki et al., “Cryptotanshinone
inhibits constitutive signal transducer and activator of tran-
scription 3 function through blocking the dimerization in
DU145 prostate cancer cells,” Cancer Research, vol. 69, no. 1,
pp. 193–202, 2009.


	Introduction
	Materials and Methods
	Compound
	Cell Culture and Hypoxia Treatment
	Proliferation Assay
	HIF-1 Alpha Transcription Activity Assay
	Tube Formation Assay
	Enzyme-Linked Immunosorbent Assay (ELISA) for VEGF
	Chromatin Immunoprecipitation (ChIP) Assay
	siRNA Transfection
	Western Blotting
	Immunofluorescence Assay
	PC-3 Xenograft Model
	Immunohistochemistry
	Statistical Analyses

	Results
	CT Exerts Significant Cytotoxicity in Prostate Cancer Cells under Hypoxia and Inhibits Hypoxia-Induced HIF-1 and AEG-1 Expression in Hypoxic PC-3 Cells
	Hypoxia Activates the Expression of AEG-1 in PC-3 Cells
	HIF-1 Regulates AEG-1 and PI3K Mediates Activation of HIF-1 and AEG-1 under Hypoxia
	CT Induces Apoptosis via Inhibition of HIF-1 under Hypoxia
	CT Exerts Antiangiogenic Activity via Inhibition of HIF-1 under Hypoxia
	CT Inhibits Tumor Growth in PC-3 Xenograft Model

	Discussion
	Conflict of Interests
	Acknowledgment
	References

