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Abstract: Epithelial-mesenchymal transition (EMT) is considered as the most important mechanism that under-
lies the initiation of cancer metastasis. Here we report that the naturally existing flavonoid, hispidulin is capable
of preventing human colorectal cancer cells from hypoxia-induced EMT. The treatment of the cells with hispidu-
lin reversed the EMT-related phenotype that has the morphological changes, down-regulation of E-cadherin, and
hypoxia-induced cell migration and invasion. The effect was mediated at least in part by inhibiting the mRNA and
protein expressions of HIF-1a via modulation of PTEN/PI3K/Akt pathway. In addition, we found that hispidulin-
mediated prevention of the E-cadherin down-regulation and cell motility involved blockade of the hypoxia-induced
up-regulation of Snail, Slug and Twist. Hispidulin was also effective in increasing expression of E-cadherin mRNA in
HT29 colorectal cancer xenografts implanted in the nude mice. In summary, this study showed that hispidulin can
prevent EMT induced by hypoxia, the environment that commonly exists in the center of a solid tumor. Given the low
toxicity of hispidulin to the healthy tissues, our study suggests that hispidulin can serve as a safe therapeutic agent

for suppressing cancer metastasis.
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Introduction

Colon cancer, ranking as the third most com-
mon malignancy worldwide, accounts for nearly
1 million newly diagnosed cases and half a mil-
lion deaths each year [1]. Clinical studies
showed that in a vast majority of the patients
colorectal cancer is metastasized and there-
fore it becomes incurable [2, 3]. Cancer metas-
tasis encompasses a series of highly coordi-
nated cellular events that promote detaching of
a tumor cell from the primary site. The escaped
cell invades the surrounding blood or lymphatic
vessels, survives in the blood and extravasates
into a distant tissue, engages a blood supply
and starts to grow as secondary tumor [4].
Epithelial cells constituting the surface and
cavities of the body and organs are immobile
and firmly glued together. However, for metas-
tasis to occur, epithelial cells are known to tran-
sition to mesenchymal cells. As a normal pro-
cess of embryonic development, EMT involves
transformation of the epithelial cells to mesen-

chymal cells which are highly mobile. Cancer
cells have been found to utilize this mechanism
of converting immobile epithelial cells into mov-
able mesenchymal cells for their spread [5].
Thus, as a consequence of EMT, specific mor-
phological changes leading to loss of cell-cell
tight contact occur in the epithelial cells. The
transformed cells acquire characteristics of
mesenchymal cells which facilitates their mobil-
ity and hence promotes invasiveness into the
surrounding tissue and/or distant organs [6].
The epithelial protein E-cadherin is down regu-
lated and mesenchymal proteins, such as
vimentin and N-cadherin are up-regulated.
Moreover, the cells that have undergone EMT
are found to express matrix metalloproteases,
the major enzymes that participate in the migra-
tion, spreading, tissue invasion and metastasis
of the tumor cell [7].

Mounting evidence exists to suggest that
hypoxic environment of the solid tumors includ-
ing colorectal cancer is responsible for their
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poor response to treatment [8, 9]. The hypoxic
environment in most of the rapidly growing
solid tumors results from the poor development
of angiogenic vessels which leads to insuffi-
cient supply of oxygen [10, 11]. Weinmann et al
[12] have shown that hypoxic microenviron-
ment plays a key role in the progression of
metastasis. Moreover, accumulating data sug-
gest that hypoxia inducible factors (HIFs), espe-
cially HIF-1, promote EMT by regulating the
expression and activity of major transcription
factors including TWIST, Snail, Slug, SIP1 and
ZEB1 [13-16]. Given the fact that hypoxia-
induced EMT plays a key role in metastasis, it
appears that EMT can be used as a promising
target for developing new and effective anti-
cancer therapy.

In the recent years, the use of natural products
in cancer prevention and control has attracted
an increasing amount of attention. Epidemio-
logical studies have shown that high consump-
tion of flavonoids decreased the risk of several
types of cancer, suggesting the cancer control-
ling potential of these compounds [17].
Hispidulin (4’,5,7-trihydroxy-6-methoxyflavone),
an active flavonoid isolated from a number of
traditional Chinese medicinal herbs e.g., S.
Involucrata [18] has been shown to possess a
variety of pharmacological activities including
antifungal, anti-inflammatory, antioxidant, anti-
thrombosis, antiepileptic, neuroprotective and
anti-osteoporotic [19-27]. Hispidulin has also
been found to inhibit the in vitro growth of
human cancer cells including pancreatic, gas-
tric, and ovarian and glioblastoma [28-31].
Previously, we evidenced the apoptotic effect
of hispidulin in hepatocellular carcinoma cells
[32]. In the present study, we attempted to
investigate the effect of hispidulin on hypoxia-
induced EMT in colorectal cancer cells which
has not been studied before.

Materials and methods
Cell line and culture conditions

The human colon cancer cell line HT-29 was
obtained from Centre for Cell Resources of
Shanghai Institutes for Life Sciences, Chinese
Academy of Sciences (Shanghai, China). The
cells were cultured and maintained in RPMI-
1640 medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, 200 mg/ml
streptomycin, and 25 mg/ml amphotericin B.
Cells were incubated at 37°C in a humidified
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incubator with 5% CO, and 95% air, and regu-
larly examined under an inverted microscope.

For treatments, cells were seeded in 6-well
plate at a density of 5 x 10 cells/cm? and cul-
tured in normoxic conditions for 24 hours to
allow them to adhere to the substratum. The
medium was then replaced with new medium
supplemented with Hispidulin at indicated con-
centrations. In experiments designed to evalu-
ate the role of hypoxia, cells were seeded in
normoxic conditions and grown to 65-70% con-
fluency and then they were incubated in strictly
controlled hypoxic conditions (1% O,) for the
indicated period of time.

Viability assay

For cell viability assay, the HT-29 cells (1.2 x
10° cells/ml) were cultured in 96-well plates
and after 24 hours of plating, they were treated
with the drugs. Antineoplastic effects of the
drugs were examined after treatment for the
indicated time by the nonradioactive cell prolif-
eration assay using a commercial kit (Promega
Corporation, Madison, WI). The MTT-based
method was conducted following the manufac-
turer’s instructions and metabolic conversion
of tetrazolium salt to formazan was measured
by reading the absorbance at 570 nm.

Wound scratch assay

Each well of 24-well tissue culture plate was
seeded with the cells to a final density of
100,000 cells and the plated were incubated at
37°C in 5% CO, for 24 hours to permit their
adhesion formation of a confluent monolayer.
Then a scratch of approximately 0.4-0.5 mm in
width was made on these cells with a sterile
pipette tip. Cell surface was then washed with
serum-free culture medium for three times to
remove dislodged cells. Wound closure was
monitored by capturing digitized images with
an inverted microscope (MOTIC CHINA GROUP
CO., Xiamen, China) and digital camera (Nikon,
Tokyo, Japan) at O, 12 and 24 hours of the
scratching. The images were then analyzed
using Image-J software.

Cell invasion assay

The 24-well plates with Transwell filters coated
with Matrigel (8-um pore size; BD Biosciences,
San Jose, California) were used for the cell inva-
sion assays [33]. Equal numbers (1 x 10°) of
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cells, untransfected or stably transfected with
PEGFP-N1-SOX2 or pEGFP-N1 were plated and
starved overnight in serum-free medium. Then
they were trypsinized and washed three times
in DMEM containing 1% FBS. A total of 1 x 10°
cells were then resuspended in 500 yl DMEM
containing 1% FBS and added to the upper
chamber of the well, while MEM with 10% FBS
was added to the lower chamber as a chemoat-
tractant. For controls, medium containing 1%
FBS was added to the lower chamber. After 24
hours of incubation, Matrigel and the cells
remaining in the upper chamber were removed
by cotton swabs. The cells on the lower surface
of the membrane were fixed in formaldehyde
and stained with hematoxylin. The cells were
photographed and counted in at least five ran-
domly selected microscopic fields (magnifica-
tion, x200).

Quantitative real-time PCR

Total RNA was extract from the cells using a
simple Total RNA Kit (TIANGEN Co., Beijing,
China) and 3 pg of RNA was converted into
cDNA using the High Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA, USA).
Real-time PCR was carried out in MX3000p
PCR system (Stratagene, Europe). Reaction
was performed using KAPASYBR Green fast
PCR master mix PCR kit (It contains all the PCR
components along with SYBR Green dye). The
synthesis of the primers used for SYBRGreen
reverse transcription-PCR (qRT-PCR) was based
on the published sequence [34]. Data were
analyzed with comparative ACt method
(ABPrism software, Applied Biosystems, Foster
City, CA) using GAPDH as an internal normaliza-
tion control.

Western blotting

Western blot analysis was performed using a
standard protocol. The cell lysate samples (30-
50 pg) were mixed with sample buffer, boiled
for 5 minutes, electrophoresed in 10% sodium
dodecyl sulfate polyacrylamide gel and then
transferred to PVDF membranes. The mem-
brane was then blocked in PBS containing 5%
bovine serum albumin (BSA) for 1 hour at room
temperature. Then incubated at 4°C overnight
with primary antibodies against, N-cadherin,
E-cadherin, vimentin, fibronectin, a-SMA, HIF-
1a, PTEN, PI3K, Akt, Snail, Slug and Twist
(1:2000 dilution) and p-Akt (1:1000 dilution)
(Cell Signaling Technology, Danvers, Massa-
chusetts) in Tris-buffered saline. After washing,
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the membranes were incubated with HRP-
conjugated secondary antibodies (Beyotime
Institute of Biotechnology, Shanghai, China).
ECL reagent (7Sea Biotech., Shanghai, China)
was used for detection of the signals according
to manufacturer’s instructions.

Immunofluorescence staining and confocal
microscope imaging

HT-29 cells were cultured in chambered slides
(Thermo Scientific Nunc Lab-Tek Chamber
Slides, USA) and after adherence, they were
treated with DMEM containing the drugs or
vehicle (0.01% DMSO) for 24 hours. Following
the treatment, the cells were fixed and permea-
bilized with methanol/acetone (1:1). Cells were
then incubated with monoclonal antibodies of
E-cadherin (Cell Signaling Technology, Inc.,
Beverly, MA, USA, 1:100) or B-catenin (Cell
Signaling Technology, Inc., Beverly, MA, USA,
1:100). Next, the cells were incubated with
Cy3-labeled secondary antibody (Beyotime
Institute of Biotechnology, Shanghai, China,
1:100) at room temperature for 1 hour in the
dark, followed by incubation with DAPI (Biosharp
Biotech., Hefei, China, 1:1000) for 5 minutes.
After washing three times with PBS to remove
excessive staining solution, the cells were
examined under a laser scanning confocal
microscope (Olympus FV1000S-SIM/IX81,
Tokyo, Japan).

Luciferase reporter assay

Luciferase reporter assay was performed as
described previously [35]. Briefly, the HT-29
cells were seeded into 96-well plates and cul-
tured to 80% confluence. Cells were then trans-
fected with plasmid containing HIF-responsive
elements (HRE) and renilla luciferase-pGL3 as
internal control for transfection efficiency using
Lipofectamine 2000 reagent (Invitrogen, CA)
following manufacturer’s instructions. After
transfection, the luciferase activity was mea-
sured using a commercial kit (Promega Corp.,
Madison, MI) according to manufacturer’s
manual.

Silencing HIF-1a with shRNA and overexpres-
sion HIF-1a

For silencing HIF-1a, the HIF-la-targeting
shRNA was obtained from Origene (Rockuville,
MD). Scrambled shRNA was used as a negative
control. Transfection of the cells with shRNA
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was performed following the standard protocol.
Briefly, the cells were plated at a density of 5 x
103 cells/well in a 6-well culture plate and incu-
bated to allow 70-80% confluence (about 24 h).
The cells were then starved in serum-free cul-
ture for 1 hour. The transfection mixture con-
taining HIF-1a-targeting shRNA and Lipofec-
tamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA) was incubated for 20 minutes at room
temperature. The cells were then incubated
with the above mixture for 5 hours at 37°C in a
humidified atmosphere containing 5% CO,.
Subsequently, the cells were washed with PBS
and maintained in DMEM containing 10% FBS
for 48 hours. The expression of HIF-1la was
detected by western blot analysis.

For HIF-1a overexpression, the HT29 cells were
grown to sub-confluent densities and transfect-
ed with pcDNA3-EGFP empty or pcDNA3-HA-
HIF-1a vector constructs using the transfection
reagent TransIT-LT-1 and following manufactur-
er's instructions (Mirus Bio Corp., Madison, WI).
Overexpression of HIF-1a was confirmed by
Western blotting and real-time PCR analysis.

The in vivo experiments to measure anti-metas-
tasis activity of hispidulin

Animal experiments were approved by the
Animal Care and Use Committee of Qingdao
University. The HT-29 cells were injected into
the nude mice. Tumor appearance was inspect-
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Figure 1. Hispidulin inhibits the proliferation of HT-19
cells dose- and time-dependently. HT-29 cells grown
under normoxia or hypoxia were challenged with dif-
ferent doses of hispidulin at the indicated time points.
Cell proliferation was evaluated by MTT assay. Data are
presented as mean * SD of three independent experi-
ments. *P < 0.05 vs. control, **P < 0.01 vs. control.

ed twice per week. Once the tumor masses
became established and palpable, animals
were randomly allocated to 4 groups (n = 15
per group) to receive intraperitoneal (IP) injec-
tions of hispidulin dissolved in 0.9% sodium
chloride in 1% DMSO. Group (A) received vehi-
cle whereas groups (B), (C) and (D) were admin-
istered with 10 mg/kg, 20 mg/kg or 40 mg/kg
of hispidulin respectively per day. Tumor vol-
ume was calculated as = (length x width?)/2,
where length and width were measured as the
longest and the shortest orthogonal axes
respectively. At the end of the experiment, the
animals were sacrificed and tumors were har-
vested to prepare the RNA and measure the
expression of E-cadherin using qRT-PCR.

Statistical analysis

Data are expressed as means + SD. Analysis of
variance (ANOVA) followed by Dunnett’s t test
were performed to determine if the difference
between groups was significant. Values of P <
0.05 were considered statistically significant.

Results

Hispidulin was more effective in inhibiting
the viability of the cells grown in hypoxia than
those in normoxic conditions

Before investigating the effect of hispidulin on
cells grown under hypoxia, we determined the

Am J Cancer Res 2015;5(3):1047-1061



Hispidulin prevents hypoxia-induced EMT in cancer cells

24 hour

0 hour

12 hour

Vehicle

Hypoxia

Hypoxia+His

’ et
i P AT

L ]
s T

Vehicle Hypoxia+His

Hypoxia

Invasion
cell number per field

Distance between
Wound and_ Edges (pm)

] Vehicle
¥ Hypoxia
800- 3 Hypoxia+His
*
600+
* A
T
12 hour 24 hour
] Vehicle
® Hypoxia
3 Hypoxa+His
250+
%*
e -
150 "
= pe
100 =
50 n
0 F

Figure 2. Hispidulin suppresses hypoxia-induced migration (A) and invasion (B) in HT-29 cells. HT-29 cells growing
in hypoxia were treated with hispidulin (25 pM) for 24 hours. Cell migration and invasion were assessed by wound
scratch and Transwell assays, respectively. The results represent mean + SD from three independent experiments.

*P < 0.05 vs. control, *P < 0.05 vs. hypoxia.

sensitivity of the cells to hispidulin under nor-
moxic conditions. As shown in Figure 1A, his-
pidulin exhibited a dose- and time-dependent
anti-proliferative effect as evaluated by MTT
assay. Treatment with different doses of
Hispidulin (0, 12.5 and 50 uM) for 12 hours
reduced the cell proliferation by 8.3 £ 3.2, 14.5
+ 5.2 and 27.2 + 6.7%, respectively.

After 24-hour of incubation with hispidulin at O,
12.5 and 50 yM concentrations, cell viability
was decreased by 13.3 + 6.2, 27.2 + 7.3 and
42.3 + 9.6%, respectively. When incubation
was prolonged to 72 hours, further decrease in
cell viability was observed as shown in Figure
1A. Then we determined the hispidulin sensitiv-
ity of the cells grown in hypoxia. The viability of
HT-29 cells exposed to 1% O2 for 12, 24 or 48
hours, was determined by the MTT-based Cell
Titer Promega assay. As shown in Figure 1B,
the cell viability was not significantly affected
with an exposure to hypoxia for 24 hours, how-
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ever, after 48 hours the viability was reduced
by 32.3 + 5.4%. Therefore, in the subsequent
experiments, the cells were exposed to hypoxia
for 24 hours. The cells were cultured under nor-
moxia or hypoxia and treated with hispidulin for
24 hours to determine its antineoplastic effect.
As shown in Figure 1C, the inhibitory effect of
hispidulin on viability was significantly higher
on the cells grown under hypoxia than those
cultured under normoxia.

Hispidulin prevented the hypoxia-induced
migration and invasion of HT-29 cells

Next, we examined the effect of hispidulin on
hypoxia-induced cell migration and invasion.
The cell migration was determined by using the
wound healing assay. As shown in Figure 2A,
hypoxia caused a 2.65-fold increase in the cell
migration which was significantly suppressed
with hispidulin treatment. Furthermore, the
hypoxia-induced invasiveness of HT-29 cells
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" Figure 3. Hispidulin prevents hypoxia-induced EMT. HT-29 cells growing
| in hypoxia were treated with hispidulin (25 pM) for 24 hours. A. Effect of
hispidulin on cell morphology. The images represent three independent
| experiments. B. The effect of hispidulin on the expression of E-cadherin
examined by florescence staining, western blotting and qRT-PCR. The
images and blot are representative of three independent experiments.
12 C. The effect of hispidulin on the expressions of N-cadherin, vimentin,

=4 fibronectin and o-SMA determined by western blotting and gqRT-PCR.
The immunoblot represents three independent experiments. Data are
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Figure 4. Effect of hispidulin on the expressions of mMRNA (A) and protein (B) of Snail, Slug and Twist. HT-29 cells
were treated with hispidulin (25 pM) for 24 hours. The mRNA and protein expressions were determined by qRT-PCR
and western blotting respectively. The immunoblot represents three independent experiments. Data are presented
as mean + SD from three independent experiments. *P < 0.05 vs. control, P < 0.05 vs. hypoxia.

detected with transwell assay was substantially
abolished with hispidulin (Figure 2B).

Hispidulin affected the early changes in
hypoxia-induced EMT markers in HT-29 cells

Next we sought to determine if hispidulin medi-
ated the aforementioned effects through mod-
ulation of hypoxia-induced EMT. Thus, we exam-
ined for the changes in cell morphology and
molecular markers 24 hours after exposure to
hypoxia. Epithelial cells normally exhibit an api-
cal-basal polarity, express high levels of
E-cadherin, and form adhesive junctions with
adjacent cells. By contrast, mesenchymal cells
lack cell polarity, exhibit a spindle-like morphol-
ogy and overexpress mesenchymal markers,
such as N-cadherin and vimentin [36]. As
shown in Figure 3A, exposure to hypoxia result-
ed in a change in the morphology and detach-
ment of the cells. The expression of epithelial
marker E-cadherin examined by immunoflores-
cence, was found to be decreased with expo-
sure to hypoxia while hispidulin treatment
reversed this effect (Figure 3B). Similarly, west-
ern blot and gRT-PCR analyses demonstrated
that suppression of E-cadherin expression
caused by hypoxia was restored with hispidulin
treatment. In order to further confirm the effect
of hispidulin on hypoxia-induced EMT, the
expressions of mesenchymal markers, N-cad-
herin, vimentin, fibronectin and a-SMA were
also examined by western blotting. As shown in
Figure 3C, hypoxia led to a marked up-regula-
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tion of N-cadherin, vimentin, fibronectin and
o-SMA and the effect was suppressed with his-
pidulin. Taken together, these results clearly
indicate that hispidulin inhibited the hypoxia-
induced cellular transition from epithelial to
mesenchymal phenotype.

Hispidulin blocked the hypoxia-induced up-
regulation of Snail, Slug and Twist

Transcriptional repressors Snail, Slug and Twist
are known to regulate the expression of mesen-
chymal and epithelial markers and hence play a
crucial role in EMT [37]. Therefore, in order to
completely understand the mechanism of his-
pidulin’s action, we investigated the effect of
hispidulin on these regulatory molecules. As
shown in Figure 4, exposure to hypoxia caused
a significant increase in the protein and mRNA
expressions of Snail, Slug and Twist. Upon
treatment with hispidulin, the hypoxia-caused
up-regulation of these transcription repressors
was inhibited at both protein and mRNA levels.
The results indicate that hispidulin exerted its
inhibitory effect on mesenchymal markers by
modulating the expression of these transcrip-
tional repressors.

Inhibition of HIF-1« is involved in the preven-
tion of hypoxia-induced EMT by hispidulin

Accumulating evidence suggests the involve-
ment of HIF, especially HIF-1a, as a major
upstream regulator of Snail, Slug and Twist
expressions in the process of EMT [38, 39].
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Figure 5. HIF-1a inhibition is involved in the prevention of hypoxia-induced EMT by hispidulin. HT-29 cells were incubated under hypoxic conditions in the presence
or absence of hispidulin (25 pM). A. Hispidulin suppressed the hypoxia-induced expression of HIF-1a. B. Silencing of HIF-1a with shRNA restored hypoxia-induced
reduction in E-cadherin expression. C. Overexpression of HIF-1a partially blocked the inhibitory effect of hispidulin on hypoxia-induced E-cadherin expression. The
immunoblots represent three independent experiments. Data are presented as mean + SD from three independent experiments. *P < 0.05 vs. control, *P < 0.05
vs. hypoxia, **P < 0.05 vs. hypoxia + His.
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Figure 6. Western blot analysis to show the effect of hispidulin on: A. hypoxia-induced phosphorylated/total Akt and PI3K expressions. HT-29 cells were grown under
hypoxic conditions in the presence or absence of hispidulin (25 pM). B. IGF-1-up-regulated expression of phosphorylated Akt and PI3K. HT-29 cells were incubated
under hypoxia in the presence or absence of hispidulin then treated with IGF-I (10 ng/ml) for 2 hours. C. Effect of LY294002 on the expressions of phosphorylated/
total PI3k and Akt in the presence and absence of IGF-1. B. HT-29 cells were incubated under hypoxia in the presence or absence of hispidulin then treated with
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IGF-I (10 ng/ml) for 2 hours. D. E-cadherin expression in response to hispidulin, IGF-1 and LY294002. C & D. HT-29
cells were grown under hypoxia in the presence or absence of LY294002 then treatment with IGF-I (10 ng/ml) for
2 hours. E. Effect of hispidulin on hypoxia-inhibited expression of PTEN. The immunoblots represent three indepen-
dent experiments. Data are presented as mean + SD from three independent experiments. *P < 0.05 vs. control,

P < 0.05 vs. hypoxia, **P < 0.05 vs. hypoxia + IGF-I.
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Figure 7. In vivo effect of hispidulin on E-cadherin expression. A. Tumors representing each of the experimental
groups (n = 15 per group). Relative tumor volumes are expressed as mean + SD. B. Effect of hispidulin on gene
transcription of E-cadherin measured by gRT-PCR in the extracts of tumors. Data are presented as mean * SD of

three independent experiments. *P < 0.05 vs. vehicle.

Hence, we attempted to explore whether the
preventing effect of hispidulin against hypoxia-
induced EMT involves modulation of the HIF-1a
expression. As shown in Figure 5A, hispidulin
treatment of the cells attenuated the hypoxia-
triggered accumulation of HIF-1a. To further
verify the role of HIF-1a in hypoxia-mediated
EMT, we silenced HIF-1a with shRNA. As it was
expected, blocking of HIF-1a mimicked the
action of hispidulin and inhibited the suppres-
sion of hypoxia-caused E-cadherin (Figure 5B).
Furthermore, the inhibitory effect of hispidulin
on EMT was not complete in the cells overex-
pressing HIF-1«, as shown in Figure 5C. Taken
together, our results suggest that hispidulin
prevented the hypoxia-induced EMT by inhibit-
ing HIF-1a.

Hispidulin-mediated blockade of HIF-1x and
EMT involved PI3K/Akt pathway

The crucial role of PI3K/Akt signaling in stabiliz-
ing HIF-1a in hypoxia has been evidenced [40].
It has also been reported that activation of
PI3K/Akt signaling increased the expression of
HIF-1oo by promoting the translation without
altering the mRNA transcription [41, 42].
Therefore, we attempted to investigate the
effect of hispidulin on PI3k/Akt signaling to
tease out the involvement of this signaling in
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modulating the HIF-1a expression and function.
As shown in Figure 6A, exposure of HT29 cells
to hypoxia for 24 hours induced a substantial
increase in the expression of phosphorylated
Akt and PI3K but that of total Akt remained
unchanged suggesting the effect to be post-
translational. When treated with hispidulin for
24 hours, the increase in levels of phosphory-
lated Akt and PI3K was reversed whereas total
Akt levels remained unaffected. Next, we aimed
to further elucidate the mechanism of hispidu-
lin-mediated modulation of PI3k/Akt signaling
and treated the cells with IGF-1, the activator of
PI3k/Akt in the presence and absence of his-
pidulin. As shown in Figure 6B, treatment of the
cells with 10 ng/ml of IGF-I for 2 hours, signifi-
cantly augmented the hypoxia-stimulated
expression of Phosphorylated PI3K and Akt but
not of total PIBK/Akt. In the presence of hispid-
ulin, the effect was blocked. Then we utilized a
pharmacological  inhibitor of  PI3K/Akt,
LY294002, to further verify the involvement of
this signaling pathway. We found that under
hypoxic conditions, treatment with 20 yM of
LY294002 for 24 hours produced the same
results as hispidulin, that is, it decreased the
expression of HIF-1a (Figure 6C). Also, when
HT29 cells pretreated with LY294002 for 24
hours were incubated with a combination of
LY294002 and IGF-I for 2 hours the IGF-I-

Am J Cancer Res 2015;5(3):1047-1061



Hispidulin prevents hypoxia-induced EMT in cancer cells

induced up-regulation of HIF-1a0 was inhibited.
In parallel, LY294002 also inhibited the expres-
sions of phosphorylated PI3K/Akt and blocked
their up-regulation by hypoxia. Taken together,
these results suggest that hispidulin-caused
suppression of HIF-1a was most probably medi-
ated via post-translational down regulation of
PI3K/Akt signaling.

Next, we explored the link of PI3K/Akt signaling
pathway with hypoxia-induced EMT and effect
of hispidulin on it. As shown in Figure 6D, IGF-1
significantly augmented the hypoxia-induced
inhibition of E-cadherin expression which was
significantly blocked with hispidulin pretreat-
ment. Similarly, IGF-1 suppressed the E-ca-
dherin expression whereas pretreatment of the
cells with LY294002E for 24 hours blocked this
effect suggesting the implication of PI3k/Akt in
EMT. This observation also proposes that
LY294002 mimicked the action of hispidulin.
Furthermore, these results clearly suggest that
hispidulin prevented the hypoxia-induced EMT
by modulating the HIF-1la expression/activity
via inhibition of PI3K/Akt signaling.

Hispidulin inhibited PI3K/Akt signaling by
regulating PTEN

Phosphatase and tensin homolog (PTEN), one
of the most common suppressors of malignan-
cy, antagonizes the PI3K signaling by removing
the phosphate group from the D3 position of
phosphatidylinositol trisphosphate and phos-
phatidylinositol bisphosphate [43]. Recently, a
growing body of evidence has indicated that
PTEN plays a role of hypoxia-responsive factor
[44]. Hence, we examined the effect of hispidu-
lin on PTEN expression. As shown in Figure 6E,
the hypoxia-induced significant decrease in the
expression of PTEN was reversed with hispidu-
lin. Combining these observations with afore-
mentioned results, we suggest that hispidulin
attenuated hypoxia-induced EMT by modulat-
ing the PTEN/PI3k/Akt/HIF-1a pathway.

Hispidulin increased the in vivo expression of
E-cadherin mRNA

After obtaining the encouraging results from in
vitro experiments, we sought to investigate the
in vivo effect of hispidulin. The nude mice were
grafted with HT29 colorectal cancer cells and
the tumors were allowed to grow to 100 mm?.
Then the mice were treated with different doses
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of hispidulin, 40 mg, 20 mg, and 10 mg/kg/
day. The effectiveness of the treatment was
evaluated by measuring the tumor volume. As
shown in Figure 7A, hispidulin inhibited the
growth of tumor dose-dependently and the
anti-tumor effect was significant at the dose of
20 mg/kg/day (P < 0.05 vs. vehicle). Moreover,
the PCR results showed that hispidulin caused
a marked and significant increase in the tran-
scription of E-cadherin mRNA (P < 0.05), sug-
gesting the in vivo effectiveness of this com-
pound in controlling EMT (Figure 7B).

Discussion

Hispidulin, an active constituent of traditional
Chinese medicine, has been used for treating
fungal infection and inflammation for thou-
sands of years in Asia [19]. The compound has
also been reported to display anti-cancer effect
in vivo and in vitro [45]. However, the effect of
hispidulin on EMT, a phenomenon that plays a
vital role in cancer progression and metastasis,
has not been studied before. The hypoxic
microenvironment in the central region of solid
tumors is known to induce EMT and promote
invasiveness of cancer cells [46]. One of the
characteristics of EMT is that instead of epithe-
lial cell marker, E-cadherin, the cells express
mesenchymal markers (vimentin and N-cad-
herin) [37]. In the context of colorectal cancer,
hypoxia has also been known to affect the stro-
mal cells, a factor associated with poor progno-
sis [47]. The main finding of the present study is
that hispidulin can effectively block the hypox-
ia-promoted EMT in colorectal cancer cells by
inhibiting the PTEN/PI3k/Akt/HIF-1a signaling
pathway, at least in part.

The adaptive mechanism triggered in response
to hypoxia is known to involve the recruitment/
stabilization of HIF-1a [16]. HIF-1x in turn,
dimerizes with HIF-13, translocates to the
nuclei and binds with hypoxia-responsive ele-
ment in the promoter of several hypoxia-depen-
dent target genes. As a result, transcription of
the genes required for sustaining the cells in
hypoxic conditions is activated [48]. Thus, an
up-regulation of HIF-1a has been suggested to
occur in many solid tumors. Moreover, the
increased HIF-1a expression has been corre-
lated with angiogenesis, cell invasiveness
metastasis and a poor prognosis of the disease
[49, 50]. In particular, HIF-1a has been shown
to play an essential role in executing EMT in an
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earlier study by Cannito et al [46]. Accordingly,
HIF-1a appears to be a suitable target for sup-
pressing metastasis and developing anti-can-
cer therapy. In this study, we found that hispidu-
lin significantly attenuated the hypoxia-induced
increase in HIF-1« level, thus suppressing the
adaptive mechanism of cancer cells for survival
under hypoxic conditions. Furthermore, with
experimental manipulations, such as silencing
and overexpression of HIF-1a, we found that
hispidulin effectively blocked metastasis of
HT29 cells mainly by inhibiting HIF-1a
expression.

Under hypoxia, accumulation of HIF-1a results
from shutdown of the proteasomal degradation
system due to the lack of oxygen. However, HIF-
1a expression has also been found to be modu-
lated by a number of signaling pathways, includ-
ing AMPK, PI3k/Akt, and extracellular signal-
regulated kinase (ERK) [51]. Previously, we sh-
owed that hispidulin-induced apoptosis in
hepatocellular carcinoma cells was mediated
at least in part by inhibiting PI3k/Akt signaling
pathway [32]. Therefore, we postulated that in
HT29 cells also, hispidulin might be involved in
the regulation of HIF-1a expression via inhibit-
ing PI3k/Akt signaling. In fact, utilizing the acti-
vator and inhibitor of PI3k/Akt signaling, we
confirmed that hispidulin exerted inhibition of
HIF-1a expression involved this pathway in cells
grown under hypoxia. Previously, Cannito et al
[46] showed that hypoxia-triggered ROS release
from mitochondria was mainly responsible for
phosphorylating and activating Akt. On the
other hand, we observed that in normoxic con-
ditions, hispidulin treatment resulted in ROS
release and mitochondrial dysfunction indicat-
ing that mechanism of Akt inhibition by hispidu-
lin varies according to the prevailing conditions
[32]. In any case, further work is needed to find
out if role of ROS generation is involved in his-
pidulin-mediated anti-cancer effect of hispi-
dulin.

The role of tumor suppressor gene PTEN in reg-
ulating HIF-1a through PTEN-PI3K axis has
recently been emphasized in cancer models
[52-54]. Moreover, flavonoids have been report-
ed to enhance the expression of PTEN. For
instance, Xie et al [55] have evidenced genis-
tein-mediated decrease of DNA methylation in
the promoter region of multiple tumor suppres-
sor genes (TSGs), such as, ataxia telangiecta-
sia mutated (ATM), adenomatous polyposis coli
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(APC), and PTEN. Similarly, Park et al [56] dem-
onstrated that pharmacological inhibition of
AMPK attenuated the PTEN expression and
genistein upregulated PTEN by activating
AMPK. Since hispidulin has been shown to
reverse the hypoxia-triggered inactivation of
AMPK signaling in a number of cancer cell lines
by us and other groups [57], it is highly possible
that stimulation of PTEN expression is also
AMPK-dependent.

In conclusion, hispidulin prevented hypoxia-
induced EMT in colorectal cancer cells in vitro
and in vivo mainly by inhibiting HIF-1ax expres-
sion via modulation of PTEN/PI3k/Akt signaling
pathway. This finding provides with a novel
insight into the mechanism of hispidulin-medi-
ated inhibition of EMT and cancer metastasis.
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