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The novel Aryl hydrocarbon receptor inhibitor biseugenol
inhibits gastric tumor growth and peritoneal dissemination
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ABSTRACT
Biseugenol (Eug) is known to antiproliferative of cancer cells; however, to date,
the antiperitoneal dissemination effects have not been studied in any mouse cancer
model. In this study, Aryl hydrocarbon receptor (AhR) expression was associated with
lymph node and distant metastasis in patients with gastric cancer and was correlated
with clinicolpathological pattern. We evaluated the antiperitoneal dissemination
potential of knockdown AhR and Biseugenol in cancer mouse model and assessed
mesenchymal characteristics. Our results demonstrate that tumor growth, peritoneal
dissemination and peritoneum or organ metastasis implanted MKN45 cells were
significantly decreased in shAhR and Biseugenol-treated mice and that endoplasmic
reticulum (ER) stress was caused. Biseugenol-exposure tumors showed acquired
epithelial features such as phosphorylation of E-cadherin, cytokeratin-18 and loss
mesenchymal signature Snail, but not vimentin regulation. Snail expression, through
AhR activation, is an epithelial-to-mesenchymal transition (EMT) determinant.
Moreover, Biseugenol enhanced Calpain-10 (Calp-10) and AhR interaction resulted
in Snail downregulation. The effect of shCalpain-10 in cancer cells was associated
with inactivation of AhR/Snail promoter binding activity. Inhibition of Calpain-10 in
gastric cancer cells by short hairpin RNA or pharmacological inhibitor was found to
effectively reduced growth ability and vessel density in vivo. Importantly, knockdown
of AhR completed abrogated peritoneal dissemination. Herein, Biseugenol targeting
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ER stress provokes Calpain-10 activity, sequentially induces reversal of EMT and apoptosis
via AhR may involve the paralleling processes. Taken together, these data suggest that
Calpain-10 activation and AhR inhibition by Biseugenol impedes both gastric tumor growth
and peritoneal dissemination by inducing ER stress and inhibiting EMT.

INTRODUCTION

stress dampening peritoneal dissemination and inhibiting
of angiogenesis [2;5;21]. However, the role of AhR
on EMT and cellular and molecular mechanisms of the
development, progression, and peritoneal dissemination in
gastric cancer still remain to be clarified.
Biseugenol (4-allyl-2-methoxyphenol; Eug), one of
phenolic phytochemicals, is a biologically active phenolic
component of Syzigium aromaticum (cloves), which has
been shown to be a potential anticancer agent in multiple
facets of signal transduction and possess various biological
properties such as antiviral, antioxidant, anti-inflammatory,
etc [22;23]. World Health Organization (WHO) Food
and Agriculture Organization (FAO) have admitted an
acceptable daily intake of Biseugenol of 2.5 mg/kg body
weight for humans [24]. Biseugenol has been considered
non-carcinogenic and non-mutagenic and announced as
safe by the U.S. Food and Drug Administration (FDA).
Ghosh R et al. have shown that Biseugenol causes
melanoma growth suppression through inhibition of
E2F1 transcriptional activity [25]. Nangia-Makker P
and colleagues demonstrated that inhibits tumor growth
and angiogenesis in MDA-MB-231 cells [26]. Inhibitory
effects of Biseugenol on the activity and expression of
MMP-9 activity related to metastasis has also been found
by Nam H [27]. In addition, Biseugenol acts as a potent
inhibitor of NF-κB, prevention of lipopolysaccharidestimulated macrophages activation and inflammatory
cytokine expression [28]. We previous reported that
activating ER stress thwarts gastric tumor growth,
peritoneal dissemination through inducing apoptosis and
reversal EMT process [2;5;21;29]. The unfolded protein
response (UPR) is a cellular stress response related to
the endoplasmic reticulum stress, was shown to require
in nu/nu mice microvasculature for treating breast tumor
with ER stress- activator tunicamycin by Aditi Banerjee et
al. demonstrated [3]. However, the effects of Biseugenol
on ER stress correlated tumor growth and peritoneal
dissemination are still unclear. Herein, we hypothesize that
Biseugenol inhibits the EMT progression of gastric cancer
cells through a Calpain-10- interaction with AhR and
regulated Snail pathway. Taken together, these findings
suggest that the therapeutic activation of Calpain-10 by
Biseugenol-treated and further interaction with AhR
suppresses both gastric tumor growth and peritoneal
dissemination by inducing ER.

Epithelial-to-mesenchymal transition (EMT) is
a pivotal mechanism in embryonic development and
peritoneal dissemination [1;2]. Recently studies have
shown that endoplasmic reticulum (ER) stress can
directly exert an effect on cancer cells themselves, or
on endothelial cells, reducing tumor growth, metastasis,
and inducing cell cycle arrest, senescence, apoptosis [26]. Peritoneal dissemination is the most common cause
of metastasis from malignancies, such as gastric, colon,
ovarian, pancreatic cancer, and patients with this condition
are generally refractory to conventional therapeutic
approaches [7-10]. Yet, no effective therapy has been
established so far to alleviate this devastating and often
fatal end-stage condition. Therefore, there is an urgent
need to seek for novel therapy for suppresses cancer
peritoneal dissemination and mitigate suffering advanced
cancer patients.
Aryl hydrocarbon receptor (AhR) functions as a
ligand-activated basic helix-loop-helix transcription factor
regulating transcription encoding xenobiotic metabolizing
enzymes, which has been shown constitutively active AhR
induces stomach tumors [11;12]. Importantly, previous
studies have demonstrated that AhR participate in tumor
initiation, promotion and progression [13]. AhR exposure
to 7,12-dimethylbenz[a]anthracene (DMBA), has recently
been shown to activate transcription of Slug, another
repressor of E-cadherin gene transcription, suggesting a
signaling mechanism may contribute to EMT in mammary
epithelial cell and MDCK cells [13-17]. Overexpressing
AhR in human mammary epithelial cells (HMEC)
exhibited enhanced motility, migration and invasion [18].
Paradoxically, there is substantial evidence that it may act
as a converse role. Staršíchová A et al. have shown that
tumorigenesis inducer transforming growth factor β-1
(TGF-β1), suppresses the AhR-mediated gene expression
through multiple mechanisms, involving inhibition of
AhR expression and down-regulation of nuclear AhR,
via a SMAD4-dependent pathway in prostate epithelial
cells [19]. Rico-Leo EM et al. demonstrated AhR(-/-)
keratinocytes and sh-AhR NMuMG cells derived from
normal mouse mammary epithelial cells had increased
migration, reduced levels of epithelial markers, and
increased expression of mesenchymal markers [20]. In
addition, basal or TGFβ-induced AhR down-modulation
could be relevant in the acquisition of a motile EMT
phenotype in both normal and transformed epithelial cells
[20]. Recently, our reports have shown that inducing ER
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RESULTS
Aryl hydrocarbon receptor (AhR) is upregulated
in gastric cancer tissues and gastric cancer cell
lines
To investigate a possible role for AhR in gastric
cancer progression, we performed immunohistochemical
analysis of 40 patient’s human gastric cancer specimens
and demonstrated increase in AhR expression, as
compared with benign tissue adjacent to the tumor (Figure
1A). After surveying benign tissue, typical moderately
differentiated adenocarcinoma (Figure 1B) and poorly
differentiated signet-ring cell carcinoma (Figure 1C)
make up the majority of tumors shown in gastric cancer
specimen. In the diffused-type gastric cancer tissues
(Figure.1D), adenocarcinoma with omentum metastasis
(Figure 1E), adenocarcinoma with lymph node and distant
metastasis (Figure 1F). The percentage of positive tumor
cells and the staining intensity for each sample were
recorded. The clinicopathological characteristics of the
gastric cancer patients are summarized in Table 1. The
high expression rate of the AhR was 67.5% (27/40) in

Figure 1: AhR is up-regulated in gastric cancer. Representative immunostaining of AhR expressions in human normal gastric

mucosa (A), moderately differentiated intestinal type adenocarcinoma (B), poorly differentiated intestinal type adenocarcinoma (C),
diffused type adenocarcinoma in mucosa (D), diffuse type adenocarcinoma in serosa (E), and diffuse type adenocarcinoma in muscularis
propria (F) were shown. Scale bar= 10 µm.
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Figure 2: Effects of Biseugenol on gastric tumor growth, peritoneal dissemination, organ metastasis, and ER stress
activity. (A) [18F]-FDG-PET presented as a surrogate measure of therapeutic utility. Tumors in nude mice were established for 7 days after

the intraperitoneal inoculation of MKN45 gastric cancer cells (5×105/mice). Mice were then injected intraperitoneally with Biseugenol
(Eug, 10 mg/kg/twice per week). Thirty days after Biseugenol treatment, the images of [18F]-FDG-PET-PET/CT in mice were captured,
and then mice were sacrificed for macroscopic examination of the distribution of disseminated metastasis. Transfections of siRNA-AhR
and scramble into MKN45 were performed by Lipofectin. Representative images of [18F]-FDG-PET-PET/CT in mice inoculated with
MKN45 gastric cancer cells with or without Biseugenol treatment were shown. (B) Quantifications of estimated radioactivity intensity.
Note different maximum values on top and bottom PET color scale bars. The maximum intensity projection of typical representative
nude mice (a, scramble, b. siRNA-AhR, c, control, d, Biseugenol treatment was shown. (C) A representative images showing peritoneal
dissemination of control and Biseugenol-treated animals were presented. The occurrence of distant metastases was found in the organs of
liver, lung, and spleen as indicated. In contrast, peritoneal metastasis was observed sporadically in Biseugenol-treated mice. Quantifications
of number of nodules (index/HFP) were estimated by H&E staining (Right panel). (D) Body weight (Left panel) and tumor weight (right
panel) per mice were assessed as indicated. Data are presented as mean±SEM (n =12). (E) ER stress activity by ERSE reporter detection.
ERSE reporter is designed to measure activity of endoplasmic reticulum (ER) stress signaling. AGS cells were transfected with ERSE
reporter, negative control and positive control. After 20 hours of transfection, cells were treated with either 0.1 µg/ml of tunicamycin or 10
nM thapsigargin for 16 hours. Dual Luciferase assay was performed 36 hours after transfection, and promoter activity values are expressed
as arbitrary units using a Renilla reporter for internal normalization. Experiments were done in triplicates, and the standard deviation is
indicated. Data shown are representative of at least three independent experiments.
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Biseugenol suppresses gastric tumor growth,
peritoneal dissemination and organ metastasis
involving in ER stress

gastric cancer case and low expression rate 32.5% (13/40)
in neoplastic tissues. A significant statistical difference
was found between the two groups. The level of AhR
expression closely correlated with increased clinical stage
as well as with lymph node and distant metastasis of
tumor-node-metastasis (TNM) classification, respectively.
Furthermore, protein level AhR expression different in
human stomach cancer epithelial cell line (AGS, MKN45,
N-87, SCM-1), human colon cancer epithelial cell line
(HCT116) and normal cells (AMJ2, MMC, SVECs,
HUVECs). Highly metastasis cells MKN45 and HCT116
expressed higher AhR, and normal cells expressed lower
AhR (Supplementary Fig.1).

In this study, we examined whether Biseugenol
could suppress gastric tumor growth, peritoneal
dissemination of gastric cancer along with major organ
metastasis. Actually, Monoeugenol treatment did
not induce the cell morphological changes and other
functional effect (Supplementary Figure 2). We silenced
AhR as a positive control [12]. To evaluate the effect of
Biseugenol in vivo activity in terms of primary tumor
growth, peritoneal dissemination and distant organ
metastasis of, mice were implanted with MKN45 cells and
SCM-1 (data not shown) into the abdominal cavity of nude
mice. We found that Biseugenol -treated tumor (10 mg/kg/

Figure 3: Biseugenol induces ER stress in gastric cancer cells. (A) Gastric cancer cells were treated with or without Biseugenol
(Eug, 80 μM) for 20 h. MKN45 cells were collected and visualized by electron microscopy as described in ‘‘Materials and methods’’. The
images shown are representative of two independent experiments. a, Control cells; b, Biseugenol-treated cells displays ER swelling and ER
organelles dilation. Arrows indicate dilated ER. Original magnifications: ×800 K. (B) Treatment with Biseugenol for 24 h in gastric cancer
cells induces ER stress-related molecules in a dose-dependent manner. (C) Treatment with Biseugenol in gastric cancer cells induces ER
stress-related molecules in a time-dependent manner.
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twice/weekly) decreased primary tumor growth, peritoneal
extension, and liver, lung and spleen macro-metastasis by
85-90 % compared with that of the control tumor group
by PET/CT imaging and quantification the tumor burden
(Figure 2A-2B). Importantly, Biseugenol treatment
inhibited intestinal mesentery nodules and various organs
effects are superior than silencing AhR mice (Figure
2C). Quantification of Biseugenol-inhibited peritoneal
metastasis of gastric tumor cells is shown in right panel.
Biseugenol had no toxic effects and in fact induced modest
weight gains. Quantification of body weight (left panel)
and tumor weights (right panel) is shown in (Figure 2D).

A recent novel finding is that induction ER stress
can inhibit peritoneal dissemination [2-6]. Because of
the emerging role of ER stress induction as a therapeutic
modality, we investigated whether Biseugenol induced ER
stress using the Cignal ERSE Reporter Assay. As shown in
Figure 2E, exposure of gastric cancer cells to Biseugenol,
led to a 3-5.2 fold induction, as compared with control
cells, proving a critical clue that Biseugenol induces ER
stress in gastric cancer. Similar results were observed
with known inducers of ER stress tunicamycin and
thapsigargin. Combination Biseugenol and tunicamycin
did not have markedly synergistic effect in ERSE Reporter

Figure 4: Calpain-10 regulates AhR expression in Biseugenol-treated gastric cancer cells. (A). Calpain activity was measured
with the fluorescent calpain substrate Suc-LLVY-AMC in N87, AGS, MKN45, and SCM-1 cells. (A) Time course responses to Biseugenol
(Eug) (40 μM in N87 and AGS,; 80 μM in MKN45 and SCM-1) treatment. Data are expressed in terms of fold of control conditions. (B)
Transfection with shCalpain-10 but not shcalpain-1, shcalpain-2 or scramble reduces the increased calpain activity in AGS cells treated
with Eug for 8 h. Calpain inhibitor Z-Leu-Leu-CHO; 25 μM) significantly inhibited Eug-increased calpain activity. Data are presented as
mean±SEM (n = 5). (C) AGS and SCM-1 cancer cells were treated with Eug either in a dose- or time-dependent manner, and then AhR and
Arnt expressions were evaluated by Western blotting. (D) The expressions of AhR or Calpain-10 in gastric cancer cells (AGS and SCM-1)
with or without Biseugenol (AGS, 40 μM or SCM-1 80 μM) treatment for 24 h in the presence or absence of a Calpain inhibitors Z-LeuLeu-CHO or Calpain-10 siRNA transfection were detected. The results shown are representative of at least four independent experiments.
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Assay and viability effect (Figure 2E and Supplementary
Figure 3A). In addition, the activity was observed in
knockdown AhR compared with control groups (Figure
2E).

not scramble siRNA (data not shown), caused reversion
of AhR down-regulation (Figure 4D). These results also
demonstrated that Biseugenol-mediated Calpain-10
regulated AhR expression.

Calpain-10 regulates
Biseugenol treatment

Biseugenol enhances Calpain-10 /AhR interaction

AhR

expression

by

We further examined whether Biseugenol enhances
the interaction of Calpain-10 with AhR. As shown in
Figure 5A, the interaction of Calpain-10 with AhR
determined by immunoprecipitation assay was modest
in the control cells, yet their interaction was significantly
enhanced and lasted 4-8 h in the presence of Biseugenol.
A comparison of 10% input displayed for protein
visualization was used as a positive control. In addition,
confocal microscopy detection revealed that exposure in
8 h efficiently enhances the co-localization of Calpain-10
with AhR in Biseugenol-treated SCM-1 cells (Figure
5B). In order to determine whether Calpain-10 cleaved
AhR, we digested concentrated AhR with recombinant
Calpain-10 under various conditions in vitro (Figure 5C).
Incubation of AhR with recombinant Calpain-10 for 1 h
at 30 °C led to the complete digestion of full-length AhR
as determined by in vitro cleavage assay. The cleaved
fragments depended on the presence of recombinant
Calpain-10. We also assessed transfected Calpain-10
siRNA knocks down the co-localization of endogenous
Calpain-10/AhR in Biseugenol-treated gastric cancer cells
(data not shown). These results indicated that Biseugenol
enhances Calpain-10/AhR interaction, leading to cleavage
of AhR.

To more directly assess the effect of Biseugenol
on organelle morphology, we utilized TEM proved ER
stress, straightforwardly. In Figure 3A, we demonstrated
there was ER dilation and swelling in Biseugenol-treated
cells, suggestive of ER stress. Next, we investigated the
correlation with molecular ER stress marker. We found
that Biseugenol induces the canonical ER stress markers
IRE1α, GADD153, p-elf2α in dose-dependent manner
and time-dependent effect. Noticeably, we observed a
significant increase in Calpain-10 expression, but not
calpain-1 or calpain-2 expression (Figure 3B-3C). Thus,
we evaluated the effect of Biseugenol on calpain activity.
As shown in Figure. 4A, Biseugenol increased calpain
activity in a time-dependent manner, which started to
increase at 30 min, and peaked at 60 min, and then was
sustained to 12 h, followed by a decrease at 24 h. Cells
remained adherent over the time course, with no loss of
viability.
To confirm Calpain-10 specific functions, we
further tested whether knockdown specific Calpain-10
activity could compromise the ability of Biseugenol on
activation function induction. As shown in Figure. 4B,
Biseugenol induced calpain activity in gastric cancer cells,
which could be reversed by calpain inhibitor (ALLN).
Importantly, using a siRNA to Calpain-10 activity led to
a significant abatement of Biseugenol-induced activity in
human gastric cancer cells after 1 h treatment. SiRNAcalpain-1 or calpain-2 did not affect Biseugenol-induced
activity. Therefore, Biseugenol is specific in its ability
to induce ER stress via atypical ER stress-Calpain-10
mechanism.
An important role of the AhR has been reported
consistent with gastric tumorigenesis and thus also in the
control of growth and proliferation of gastric epithelial
cells [12]. We previously demonstrated that in Figure2
that using a siRNA to knockdown AhR led to a markedly
inhibits metastasis in vivo. Next, we hypothesis that
Biseugenol-induces Calpain-10 activity regulates AhR
expression, resulting in inhibiting metastasis proceed
and peritoneal dissemination. As shown in Figure
4C, Biseugenol specifically decreased AhR in a dosedependent effect and time-dependent manner, but not
ARNT (aryl hydrocarbon receptor nuclear translocator
protein), that forms a complex with ligand-bound
AhR. Consistent with our hypothesis, pretreatment
calpain inhibitor significantly reversed AhR production.
Transfection cancer cells with siRNA-Calpain-10, but
www.impactjournals.com/oncotarget

Biseugenol inhibits EMT marker in vitro via AhR
down-regulation
Established as a tumor and metastasis suppressor,
E-cadherin expression is frequently down-regulated or
extinguished in malignancy which strongly correlates
with poor prognosis. Herein, the increasing of E-cadherin
is frequently considered to be a reducing the hallmark of
EMT and of a blocking migratory, invasive carcinoma.
However, the mechanisms underlying AhR on EMT
and peritoneal dissemination remained unknown. We
then examined whether AhR regulated mesenchymal
(metastatic) properties controlled by Biseugenol.
In addition, whether Biseugenol induced epithelial
cell signature and transcriptional regulation was also
determined. As shown in Figure 5D-5E, in confocal
microscope image, Biseugenol significantly downregulated
AhR, and phosphorylation of E-cadherin upregulated
and cytokeratin-18 expression (data not shown) but not
constitutive form of E-cadherin. Biseugenol-reduced
EMT-related marker and transcriptional repressor Snail
(Figure 6A) but not vimentin regulation was also found.
Biseugenol induced cancer cells AGS and SCM-1
7794
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Figure 5: Biseugenol enhances Calpain-10 /AhR interaction and phosphorylation of Ecadherin in gastric cancer
cells. (A). AGS were treated with or without Biseugenol (Eug, 40 μM) for 4, 8 or 10 h. Calpain-10 was immunoprecipitated by antiCalpain-10 antibody from cell lysates and the immunoblot was probed with the antibodies for AhR and Calpain-10. The results shown
are representative of three independent experiments. (B) Laser confocal microscopy for Calpain-10 and AhR interaction in SCM-1. Cells
were exposed to Biseugenol (40 μg/ml) for 8 h and then fixed and incubated with monoclonal antibodies against specific Calpain-10 and
AhR. (C) Proteolysis of AhR in the presence of Calpain-10. Purified AhR were digested by the indicated concentrations of recombinant
Calpain-10 at 37◦C for 4 h in the presence of 0.5 mM CaCl2. Samples were analyzed by 8% SDS-PAGE and stained with Coomassie
blue. Data shown are from one experiment representative of at least three performed. Lane1, Purified AhR protein; Lane2, recombinant
Calpain-10, 0.1 U/ml; Lane3, 0.5 U/ml; Lane4, 1 U/ml; Lane5, 5 U/ml; Lane6, 10 U/ml. (D) Laser confocal microscopy for AhR or (E)
phosphorylation of Ecadherin in SCM-1. Cells were exposed to Biseugenol (40 μM) for 4, 6 and 12 h and then fixed and incubated with
monoclonal antibodies against specific AhR and p-Ecadherin. Confocal images for AhR and p-Ecadherin were examined and quantified
as described in the Materials and methods section. The images are representative of at least five independent experiments. The average
intensity per cell is presented as mean ± SEM.
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epithelial signature and characteristic of a mesenchymal
phenotype in a dose- and time-dependent manner.
Accordingly, promoter regulation in the Snail
promoter-flanking region (−89~−67) containing the
cis-acting elements AhR DNA binding activity in silico

was also be prospected (Figure 6B). Simultaneously,
E-cadherin promoter-flanking region (−87~−68)
containing the transcription repression Snail DNA binding
site in silico was predicted in the laboratory (Figure 6C).
In order to demonstrate AhR that directly regulate Snail

Figure 6: Biseugenol inhibits EMT in vitro via AhR down-regulation. (A) AGS and SCM-1 cancer cells were treated with

Biseugenol (Eug) either in a dose- or time-dependent manner. EMT markers (p-Ecadherin, cytokeratin-18, Snail, vimentin, and p-cadherin)
were evaluated by Western blotting. The sequences of Snail and Ecadherin promoter are presented (B-C), indicating the sub-fragments that
have been used in this study (arrowheads), and the Snail minimal promoter (underlined). Promoter regulation in the Snail promoter-flanking
region (−89~−67) contains the cis-acting elements AhR DNA binding site. E-cadherin promoter-flanking region (−87~−68) contains the
transcription repression Snail DNA binding site. (D) Cancer cells were treated with or without Biseugenol (40 μg/ml) for 6 h, and then
nuclear AhR DNA binding activity was analyzed by electrophoretic mobility shift assay. (E) Cancer cells were pretreated with transfected
with shRNA-Calpain-10 or scramble RNA followed by stimulation with Biseugenol for 6 h. The results shown are representative of at
least four independent experiments. Arrow indicates shifted DNA binding complex. The AhR DNA binding labeled probe as indicated. All
experiments were repeated at least five times. (F) Interfere direct binding of AhR to the Snail promoter as demonstrated by ChIP assay.
Cancer cells AGS (upper panel) or SCM-1 (lower panel) were treated with Biseugenol and then cross-linked by formaldehyde. Chromatin
was immunoprecipitated with the indicated antibodies. Purified precipitates or input DNA was analyzed by PCR using primers specific for
Snail (-101/-124) promoters. PCR products were subjected to gel electrophoresis and visualized by ethidium bromide staining. 10% aliquot
of the pre-cleared chromatin was taken as input. All experiments were repeated at least five times.
www.impactjournals.com/oncotarget
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expression, DNA binding activity of the Snail promoter
was executed. As shown in Figure 6D, EMSA assay
demonstrated that Biseugenol suppresses AhR binding
activity on Snail promoter binding site in dose-dependent
and time course. Furthermore, we investigated whether
inhibition of Calpain-10 suppresses AhR cleavage and
located in Snail binding site. Our results shown that
treatment with calpain inhibitor or transfection with
shRNA-Calpain-10 significantly was consistent with the
finding that Calpain-10 induction by Biseugenol-treated
regulated AhR expression result in control Snail function
(Figure 6D-6E). We further to investigate the function
relationship between AhR and Snail, chromatin immunoprecipitation assays were been carried out. As shown
in Figure 6F, similarly, we found that Biseugenol could
thwart AhR bind to the promoter of Snail and repress
transcription expression. Therefore, Biseugenol is unique
in its ability to induce epithelial cell signature via a AhR–

Snail–E-cadherin constraint axis mechanism.

In vivo biomakers of Biseugenol activity
In order to verify in vivo hypothesis and the
mechanistic findings in Biseugenol promising therapy
effects, animal tissues analyses were performed.
As has been shown above, the growth or peritoneal
dissemination of cancer cells can be reduced by exposure
with Biseugenol and by Calpain-10-induced inhibition
of AhR–Snail–E-cadherin repression axis. The profile
for animal tissues was similar. Our data demonstrated
that suppression of AhR by shRNA-AhR or exposure
Biseugenol-induced Calpain-10-activity could reduce
tumor growth or peritoneal dissemination in tumor
tissues (Figure 7A). The works provide a valuable
biomarker that could be used in future clinical trials and

Figure 7: Regulation of tumor growth/dissemination-related signal molecules in vivo by Biseugenol or shRNA-AhR
transfection. (A) MKN45 cells with or without shRNA-AhR transfection were implanted by peritoneal administration to nu/nu mice

in the presence or absence of Biseugenol (Eug, 10 mg/kg) treatment. Thirty days after implantation, the animals were euthanized and
tumors were dissected. Targeting protein markers AhR, COX-2, Snail, p-elf2α, and Calpain-10 were evaluated by Western blotting. (B)
Illustrating the working hypothesis that Biseugenol–induced ER stress was involved in the inhibition of EMT and peritoneal dissemination
of gastric cancer tumors. Increased Snail signaling by AhR activation down-regulates phosphorylation of E-cadherin production. Increased
Calpain-10 expression induced by Biseugenol triggers the cleavage of AhR, which subsequently inhibits Snail expression, leading to
phosphorylation of E-cadherin up-regulation.
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to evaluate pharmacokinetics and toxicology of analogs
of Biseugenol. These data aid with the hypothesis that
peritoneal dissemination mediated by EMT via the AhR–
Snail–E-cadherin repression axis plays a pivotal role in
the progression of gastric cancer cells in vivo. A model of
working hypothesis is presented as Figure 7B.

Hydrocarbon Receptor-Interacting Protein; p23), protein
kinases and phosphatases, casein kinase-2, PKC, and
coactivators [35;36]. Indeed, a constitutively active AhR
expressed has been found by Andersson et al. in transgenic
mice reduced the life span of the mice and induced
tumors in the glandular part of the stomach, manifesting
the oncogenic potential of the AhR and suggesting the
receptor in regulation of cell proliferation [12]. In addition,
AhR activation has been associated with an increase in
cyclooxygenase-2 and chronic inflammation leading to
increased cancer risk [37-41]. Increasing expression of
AhR has been found in breast cancer, gastric cancer, colon
adenocarcinoma and lung cancer [12;39-41]. Activation
of AhR regulates the activation of the mitogen-activated
protein kinase or JunD, which is critically involved
in contact inhibitor, inflammation, oncogenic events
and tumor progression [13]. The higher AhR activity is
partially attributed to a variety of signals, including Tolllike receptor ligands, proinflammatory cytokine, and
toxicant stimulates, and AhR is also able to transducer
additional downstream transcription factor resulting
in signaling cascade [13;16;33;35]. Environmental
xenobiotics, such as polycyclic aromatic hydrocarbons,
congener TCDD and PCBs, a specific activator of AhR,
which also stimulated protein kinase phosphorylation and
furthermore induced tumor promotion, have been shown
to have strong associations with formation of cancer
[13;15;16;32-36]. Halogenated biphenyls, known as PCBs,
are industrial toxicants associated with the activation of
AhR and downstream adverse effects, including cancer.
Of interest, Biseugenol is also a biphenyl, but unlike
PCBs, have electron donating hydroxyl and allyl groups
in comparison to the electron withdrawing halogens of
PCBs. Otherwise, there is strong evidence that it may
act as a paradoxically effect in tumor suppressor. Lossof-function studies for AhR indicate that AhR might
have physiologic functions. The AhR-null phenotype
included increased F-actin stress fibers, depolarized
focal adhesions, and enhanced spreading and adhesion
[42]. Importantly, AhR knockout mice exhibit decreased
tumorigenicity and migration in a xenograft model due
to downregulation of the proto-oncogene Vav3 leading
to diminish in Rac1 activity in AhR-/- mouse embryonic
fibroblasts. Ahr-/- dermal fibroblasts secreted higher levels
of active TGFβ that increased keratinocyte migration
in culture and that could account for over-activation of
the TGFβ pathway and for faster wound healing in the
AhR-null neo-epithelium, indicating that loss of dioxinreceptor expression accelerates wound healing in vivo
by a mechanism involving TGFβ [43;44]. However, the
mechanism underlying Ahr on EMT and cancer peritoneal
dissemination remained unknown. Although previous
studies suggest that AhR possesses different functions, the
role of AhR in cancer cells and in regulating peritoneal
dissemination remains poorly understood. In clinical, the
present study shows that AhR expression is correlated

DISCUSSION
In the present study, we investigated the role
of Biseugenol in gastric tumor growth and peritoneal
dissemination in vivo and in vitro. Our results revealed
that Biseugenol-induced ER stress significantly suppressed
peritoneal dissemination and organ metastasis in nude
mice through specific Calpain-10 activation and AhR
down-regulation. Furthermore, Biseugenol extremely
impeded the development of mesenchymal feature and
enhanced the expression of epithelial signature markers
in vivo and in vitro, manifesting that Biseugenol targets
EMT to thwart peritoneal dissemination of gastric tumors
growth. In this study, we also established that Biseugenol
targets AhR signaling and controls transcription repression
Snail expression leading to the induction of E-cadherin
phosphorylation, which accordingly represses peritoneal
dissemination.
EMT refers to a biological process in which cells
undergo a series of biochemical changes that induce a
morphological transformation from an epithelial, polarized,
adhesive state to an irregular, elongated, mesenchymal
phenotype that enables migratory capacity that results
in the up-regulation of transcriptional modulators such
as Snail, Twist, β-catenin and Smad, Slug, C/EBPβ, NFκB, AP-1, as well as the loss of adherence molecules, and
the acquirement of new moieties essential for cell growth
and progression [1;30;31]. However, although factors
impart available transcription factors to cancer cells, none
of them specify the concrete targeting of AhR. AhR is a
member of the bHLH (basic Helix–Loop–Helix)-PAS
(Per-ARNT-Sim) family of transcriptional regulators that
controls the expression of a diverse set of genes. AhR, also
known as the Dioxin receptor, is identified as the criminal
for most toxic responses discovered after exposure to
PAH (Polycyclic Aromatic Hydrocarbons), Dioxins
(e.g. TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin)), and
Polychlorinated Biphenyls (PCBs) [32-34]. AhR that plays
an important role in the interact with signaling pathways
that are mediated by NF-κB, hypoxia, estrogen receptor,
other hormone receptors and retinoblastoma protein in
a variety of cell types, and promotes cell proliferation
[13]. AhR exists in a dormant state within the cytoplasm
in association with a complex of Heat Shock Protein-90
(HSP90), HSP90 Co-chaperone p23, XAP2 and AIP, that
is required for the physiological activation and interactions
with various regulatory and signaling proteins, including
PAS heterodimerization partners ARNT, chaperone
and immunophilin-like proteins (e.g. HSP90, AIP (Aryl
www.impactjournals.com/oncotarget
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with malignant progression in patient’s clinicopathological
data. Increased AhR staining score in the primary gastric
tumor highly associated with the presence of distant
metastasis. Biseugenol inhibits AhR expression that
markedly diminishes tumor peritoneal dissemination and
reduces tumor growth in a mouse model. Other evidence
demonstrates that knockdown AhR activity causes tumor
burden changes and inhibits tumor growth within 2-4
weeks. These changes are in agreement with the results
of PET/CT imaging studies and nodule counts in the
present study. Therefore, constitutively high levels of AhR
activity may agitate cell regulation and lead to abnormal
functioning in cells.
ER stress triggers UPR, a signaling pathway for
adaptive response. UPR initially exerts a protective effect
by lowering protein synthesis, upregulation of specific
ER stress-regulated genes and inhibition of general
protein translation via transient adaptation or longer-term
adaptation. However, severe or prolonged ER stress results
in cell death via apoptotic signaling, is triggered, which
could be taken as a therapeutic stratagem in cancer therapy
or used in conjunction with existing therapies. Recently
evidence indicates that targeting ER stress correlation
with inhibition of angiogenesis in vivo [2;3;5;6;21]. Our
previous study has demonstrated that ER stress-induced
by Honokiol consequence human gastric cancer cell
apoptosis and suppresses tumorigenesis via a Calpain-IImediated, glucose-regulated protein-94 cleavage [29]. In
addition, our group also shown direct evidence that the
ER were swelled and fragmented in organelles structure
in Honokiol-exposure gastric cancer cells and HUVECs
[5]. Furthermore, we demonstrated for the first time that
Honokiol-induced STAT-3 dephosphorylation, which
via calpain-II/SHP-1 interaction has a direct regulation
[5]. Lastly, therapeutic inhibition of Tpl2 by Honokiol
thwarts both gastric tumor growth and peritoneal
dissemination by inducing ER stress and inhibiting
EMT [2]. These evidences revealed that Honokiol may
be beneficial in inducing ER stress and may employ
its effect comparison with antiangiogenesis in gastric
cancer therapy. This finding is agreement with the results
reported by Banerjee A et al. which exhibited that UPR
is required in nu/nu mice microvasculature for treating
breast tumor with tunicamycin, further then reducing
angiogenesis in vivo [3]. In the present work, we found
that both Tunicamycin (3 and 5 μg/ml) and Eug (40 μM)
induced the increase in subG0/G1 population after cell
starvation for 6 hours. Both Tunicamycin (3-5 μg/ml)
and Eug (40 μM) could also enhance the expressions of
Grp78, p-elf2α, and DR5 and reduce the expression of
AhR in gastric cancer cells. Moreover, both Tunicamycin
and Eug could also enhance the ERSE activity in gastric
cancer cells. However, Tunicamycin and Eug seem to be
no synergic effects on these assays. Nevertheless, these
results suggest that Eugenol probably have similarity
with tunicamycin in inducing ER stress. Li Y and
www.impactjournals.com/oncotarget

colleagues proved that downregulation of heparanase
could suppress ER stress-induced invasion and migration
of breast cancer cells [45]. Chiu et al. have also found
that the combined treatment with inhibitor of histone
deacetylase such as Suberoylanilide hydroxamic acid,
enhances radiosensitivity and suppresses lung metastasis
in breast cancer in vitro and in vivo via an ER stressrelated mechanism [46]. Hence, these results indicate
that targeting ER stress to induce a reversal of EMT and
invasion or migration might provide a strong rationale
for the development of anticancer therapeutics for the
prevention of metastasis.
Calpains are calcium-dependent intracellular nonlysosomal proteases. Calpain-10 is the atypical calpains
in tissues along with m- and µ-calpains, and its certain
domains have been replaced or deleted. Interesting, domain
IV (calmodulin-like calcium binding sites) of Calpain-10
was replaced with a divergent T domain containing no
calcium-binding EF-hand structures [47]. Previous study
have reported that genetic variation in the Calpain-10 gene
was associated with an increased risk for type 2 diabetes
mellitus in certain human population groups has been
reported by Horikawa groups [48]. Hong et al have shown
that Calpain-10 protein is ubiquitously expressed in tissues
from insects’ cells to human, in which it could potentially
affect a number of tissue processes ranging from lens
differentiation [47]. Moreover, it has been demonstrated
in vitro that nonspecific calpain inhibitors ALLM (100
mM) and E-64-d (200 mM) induce alterations of glucoseinduced insulin secretion in mouse islets [49]. These
findings imply that Calpain-10 in pathologic conditions.
However, to our knowledge, nothing is known about the
protein expression or cellular function of calpain 10 or the
cellular and molecular mechanisms related to ER stress
in the development, progression, and metastasis of cancer
still remain to be clarified. In the present work, we found
that Biseugenol activates Calpain-10 activity and protein
expression, but not traditional m- or µ-calpains. Transient
transfection siRNA-Calpain-10 effectively reversed
Biseugenol-induced ER stress, calpain activity and AhR
down-regulation. In addition, in vitro cleavage assay in
cancer cells is response to AhR cleavage fragment in a
dose-dependent manner. These results provide evidence
that Calpain-10 activation dampen EMT program is
induced in cancer cells under ER stress induction, which
can be provoked by Biseugenol-treated condition. Hence,
Calpain-10 activation may be taken as another one of
atypical ER stress marker.
In conclusion, our studies revealed that Biseugenol
suppressed the EMT program through ER stress and
the Calpain-10/AhR/Snail axis pathway. In addition,
knockdown AhR activity also dramatically reduced
peritoneal dissemination, which helps uncover mysteries
function of cancer cells and repertory. Consistently, it has
recently been shown that AhR exhibits abundant amounts,
and disruption of AhR suppresses the tumor growth.
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Additionally, AhR may be a useful prognostic marker for
gastric cancer and novel therapeutic targets for gastric
cancer invasion intervention.Taken together, targeting
Calpain-10 may help eliminate AhR, thereby preventing
cancer progression. We suppose that future clinical trials
designed to evaluate the efficacy of Calpain-10 on the
prevention of peritoneal dissemination, and recurrence
will be of importance.

with uranyl acetate and lead citrate in aLKBUltrostainer,
and examined in a JEM 1200 EX transmission electron
microscope (JEOL, Peabody, MA) at an accelerating
voltage of 80 kV.

Immunoblotting and immunoprecipitation
Immunoblotting was performed as described
previously.[5;50;51] Antibodies used in the present study
were listed in Table 2. Detection was performed by ECL
(Amersham) and by chemiluminescence using Kodak
X-Omat film.

MATERIALS AND METHODS
Many of the methods listed here have been
published previously but are repeated here for clarity.

Calpain activity assays

Synthesis of Biseugenol

Calpain activity assay was performed as described
previously [5;50]. Assay was done using fluorogenic
peptide substrate (Suc-Leu-Tyr- AMC) analyzed on a
fluorescence plate reading system (HTS-7000 Plus Series
BioAssay, Perkin Elmer) with filter settings of 380 ± 20
nm for excitation and 460 ± 20 nm for emission.

Biseugenol purity was determined by Gas
Chromatograph-Mass Spectrometer (GC/MS/MS). Details
could be found in the Supplementary methods.

Cell culture

Electrophoretic mobility shift assay (EMSA)

Cell culture systems were used as described
previously.[2;7;21;29] Human gastric cancer cell lines,
AGS (moderately differentiated gastric adenocarcinoma)
and MKN 45 or SCM-1 cells (poorly differentiated gastric
adenocarcinoma) were supplied by the cell bank of Taipei
Veterans General Hospital (Taiwan).

The electrophoretic mobility shift assay
was performed as described previously [5;50;52].
The oligonucleotide with the AhR consensus
binding sequence used were AhR/Snail-62~-85 (5’
GGGGCGTGGCAGATAAGGCCCCG3’).
DNA–
protein complexes were resolved on 6% nondenaturing
polyacrylamide gels and visualized by exposure to
autoradiographic films.

Animal Xenograft tumor mouse model and
Positron
emission
tomography–computed
tomography (PET/CT)

Immunofluorescence and laser scanning confocal
microscopy

Cell culture systems were used as described
previously.[2;7;21;29] Details could be found in the
Supplementary methods.

Cells were prepared and the immunofluorescence
was determined by laser scanning confocal microscopy
(LSCM, TCS SL, Leica, Wetzlar, Germany) as previously
described.[5;50;52] Images were background-subtracted
and merged using the Confocal Assistant MetaMorph
software program, and processed with Adobe Photoshop
software.[51;52]

ERSE
Cignal ERSE Reporter Assay Kit was performed as
described manufacturer (QIAGEN). Dilute transfectionready reporter, negative control, positive control
formulations and relevant test nucleic acids. Posttransfection overnight, treat the transfected cells with
Biseugenol and ER stress activator. Further then, assay the
activities of the signaling pathways under study, utilizing
the dual luciferase assay.

In vitro cleavage assay
In vitro proteolysis of AhR by Calpain-10 was
analyzed by a modified procedure as described previously.
[52] Purified protein was incubated with recombinant
Calpain-10 (Calbiochem) in a reaction buffer at 30◦C for
4 h. The reaction mixtures were then loaded on a 10%
SDS-PAGE gel. The cleavage of AhR by Calpain-10
was analyzed by Coomassie blue staining of the gel and

Transmission electron microscopy (TEM)
TEM was performed as described previously.
[5;50] Cells were treated with or without Biseugenol
for 18 h, and were then harvested. Sections were stained
www.impactjournals.com/oncotarget
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immunoblotting.

tumor with tunicamycin. J Biol Chem. 2011;286:2912729138.

Chromatin immunoprecipitation assay (ChIP)

4.

Delom F, Emadali A, Cocolakis E, Lebrun JJ, Nantel A,
Chevet E. Calnexin-dependent regulation of tunicamycininduced apoptosis in breast carcinoma MCF-7 cells. Cell
Death Differ. 2007;14:586-596.

5.

Liu SH, Wang KB, Lan KH, Lee WJ, Pan HC, Wu SM,
Peng YC, Chen YC, Shen CC, Cheng HC, Liao KK, Sheu
ML. Calpain/SHP-1 interaction by honokiol dampening
peritoneal dissemination of gastric cancer in nu/nu mice.
PLoS One. 2012;7:e43711.

Statistical analyses

6.

The values were presented as mean ± SEM.
Analysis of variance, followed by Fisher’s least significant
difference test, was performed for all data. Statistical
significance was set at p<0.05.

Kim KW, Moretti L, Mitchell LR, Jung DK, Lu B.
Endoplasmic reticulum stress mediates radiation-induced
autophagy by perk-eIF2alpha in caspase-3/7-deficient cells.
Oncogene. 2010;29:3241-3251.

7.

Lee WJ, Lan KH, Chou CT, Yi YC, Chen WC, Pan HC,
Peng YC, Wang KB, Chen YC, Chao TH, Tien HR, Sheu
WH, Sheu ML. Tpl2 inhibitors thwart endothelial cell
function in angiogenesis and peritoneal dissemination.
Neoplasia. 2013;15:1036-1048.

8.

Roy N, Bommi PV, Bhat UG, Bhattacharjee S, Elangovan
I, Li J, Patra KC, Kopanja D, Blunier A, Benya R,
Bagchi S, Raychaudhuri P. DDB2 suppresses epithelialto-mesenchymal transition in colon cancer. Cancer Res.
2013;73:3771-3782.

9.

Tomioka D, Maehara N, Kuba K, Mizumoto K, Tanaka M,
Matsumoto K, Nakamura T. Inhibition of growth, invasion,
and metastasis of human pancreatic carcinoma cells by NK4
in an orthotopic mouse model. Cancer Res. 2001;61:75187524.

The ChIP assay protocol was modified from
the description by Latasa et al.[53] A fragment of the
(220 b.p.) Snail promoter containing putative AhR-binding
sites. The primers used, -101~-124, 5’ C GGC GGA GAC
GAG CCT CCG ATT G 3’; +75~+96, 5’ GGA AAG AGC
GCG GCA TAG TGG 3’.

FUNDING
National Science Council of Taiwan (NSC1022628-005-001-MY3); National Chung Hsing University
(NCHU102-5037); Taichung Veterans General Hospital
in Taiwan (TCVGH-1027314C, TCVGH-1037307C,
TCVGH-1017317D, TCVGH-1027316D, TCVGH1037316D, TCVGH-1027307C).

ACKNOWLEDGEMENTS
Contributions: Study concept and design by J.L.A.
and M.L.S.; Biseugenol pure compound from J.L.A.;
acquisition of data by D.W.L., S.H.L., C.C.S., S.M.W.,
C.Y.L., and H. R.T., H.C.P., W.J.L., T.H.C, Y.C.P.; PET/
CT analysis and interpretation of data by K.B.W., Y.C.C.;
statistical analysis by M.L.S.; drafting of the manuscript
by J.L.A. and M.L.S.

10. Shao M, Cao L, Shen C, Satpathy M, Chelladurai B, Bigsby
RM, Nakshatri H, Matei D. Epithelial-to-mesenchymal
transition and ovarian tumor progression induced by tissue
transglutaminase. Cancer Res. 2009;69:9192-9201.
11. Nebert DW, Dalton TP. The role of cytochrome P450
enzymes in endogenous signalling pathways and
environmental carcinogenesis. Nat Rev Cancer. 2006;6:947960.

Conflict of interest

12. Andersson P, McGuire J, Rubio C, Gradin K, Whitelaw
ML, Pettersson S, Hanberg A, Poellinger L. A constitutively
active dioxin/aryl hydrocarbon receptor induces stomach
tumors. Proc Natl Acad Sci U S A. 2002;99:9990-9995.

none declared.

REFERENCES
1.

De CB, Berx G. Regulatory networks defining EMT
during cancer initiation and progression. Nat Rev Cancer.
2013;13:97-110.

2.

Pan HC, Lai DW, Lan KH, Shen CC, Wu SM, Chiu CS,
Wang KB, Sheu ML. Honokiol thwarts gastric tumor
growth and peritoneal dissemination by inhibiting Tpl2 in
an orthotopic model. Carcinogenesis 2013;34:2568-2579.

3.

Banerjee A, Lang JY, Hung MC, Sengupta K, Banerjee
SK, Baksi K, Banerjee DK. Unfolded protein response is
required in nu/nu mice microvasculature for treating breast

www.impactjournals.com/oncotarget

13. Dietrich C, Kaina B. The aryl hydrocarbon receptor (AhR)
in the regulation of cell-cell contact and tumor growth.
Carcinogenesis 2010;31:1319-1328.
14. Belguise K, Guo S, Yang S, Rogers AE, Seldin DC,
Sherr DH, Sonenshein GE. Green tea polyphenols reverse
cooperation between c-Rel and CK2 that induces the aryl
hydrocarbon receptor, slug, and an invasive phenotype.
Cancer Res. 2007;67:11742-11750.
15. Nesaretnam K, Hales E, Sohail M, Krausz T, Darbre P.
3,3’,4,4’-tetrachlorobiphenyl (TCB) can enhance DMBAinduced mammary carcinogenesis in the rat. Eur J Cancer.
1998;34:389-393.
7802

Oncotarget

16. Ikuta T, Kawajiri K. Zinc finger transcription factor Slug is
a novel target gene of aryl hydrocarbon receptor. Exp Cell
Res. 2006;312:3585-3594.

mediated glucose-regulated protein-94 cleavage and
apoptosis in human gastric cancer cells and reduces tumor
growth. PLoS One. 2007;2:e1096.

17. Bolos V, Peinado H, Perez-Moreno MA, Fraga MF,
Esteller M, Cano A. The transcription factor Slug
represses E-cadherin expression and induces epithelial to
mesenchymal transitions: a comparison with Snail and E47
repressors. J Cell Sci. 2003;116:499-511.

30. Brabletz T. To differentiate or not--routes towards
metastasis. Nat Rev Cancer. 2012;12:425-436.

18. Brooks J, Eltom SE. Malignant transformation of
mammary epithelial cells by ectopic overexpression of
the aryl hydrocarbon receptor. Curr Cancer Drug Targets.
2011;11:654-669.

32. Neal RA. Mechanisms of the biological effects of PCBs,
polychlorinated dibenzo-p-dioxins and polychlorinated
dibenzofurans in experimental animals. Environ Health
Perspect. 1985;60:41-46.

19. Staršíchová A, Hruba E, Slabakova E, Pernicova Z,
Prochazkova J, Pencikova K, Seda V, Kabatkova M,
Vondracek J, Kozubik A, Machala M, Soucek K. TGF-beta1
signaling plays a dominant role in the crosstalk between
TGF-beta1 and the aryl hydrocarbon receptor ligand in
prostate epithelial cells. Cell Signal. 2012;24:1665-1676.

33. Van den Berg M, Birnbaum LS, Denison M, De VM,
Farland W, Feeley M, Fiedler H, Hakansson H, Hanberg A,
Haws L, Rose M, Safe S, Schrenk D, Tohyama C, Tritscher
A, Tuomisto J, Tysklind M, Walker N, Peterson RE. The
2005 World Health Organization reevaluation of human
and Mammalian toxic equivalency factors for dioxins and
dioxin-like compounds. Toxicol Sci. 2006;93:223-241.

31. Peinado H, Olmeda D, Cano A: Snail, Zeb and bHLH
factors in tumour progression: an alliance against the
epithelial phenotype? Nat Rev Cancer 2007;7:415-428.

20. Rico-Leo EM, Alvarez-Barrientos A, Fernandez-Salguero
PM. Dioxin receptor expression inhibits basal and
transforming growth factor beta-induced epithelial-tomesenchymal transition. J Biol Chem. 2013;288:78417856.

34. Gonzalez FJ, Fernandez-Salguero P. The aryl hydrocarbon
receptor: studies using the AHR-null mice. Drug Metab
Dispos. 1998;26:1194-1198.
35. Bock KW, Kohle C. Ah receptor: dioxin-mediated toxic
responses as hints to deregulated physiologic functions.
Biochem Pharmacol. 2006;72:393-404.

21. Liu SH, Shen CC, Yi YC, Tsai JJ, Wang CC, Chueh JT,
Lin KL, Lee TC, Pan HC, Sheu ML. Honokiol inhibits
gastric tumourigenesis by activation of 15-lipoxygenase-1
and consequent inhibition of peroxisome proliferatoractivated receptor-gamma and COX-2-dependent signals.
Br J Pharmacol. 2010;160:1963-1972.

36. Hestermann EV, Brown M. Agonist and chemopreventative
ligands induce differential transcriptional cofactor
recruitment by aryl hydrocarbon receptor. Mol Cell Biol.
2003;23:7920-7925.

22. Fujisawa S, Atsumi T, Kadoma Y, Sakagami H. Antioxidant
and prooxidant action of eugenol-related compounds and
their cytotoxicity. Toxicology. 2002;177:39-54.

37. Baglole CJ, Maggirwar SB, Gasiewicz TA, Thatcher
TH, Phipps RP, Sime PJ. The aryl hydrocarbon receptor
attenuates tobacco smoke-induced cyclooxygenase-2
and prostaglandin production in lung fibroblasts through
regulation of the NF-kappaB family member RelB. J Biol
Chem. 2008;283:28944-28957.

23. Jaganathan SK, Supriyanto E. Antiproliferative and
molecular mechanism of eugenol-induced apoptosis in
cancer cells. Molecules. 2012;17:6290-6304.
24. Evaluation of certain food additives and contaminants:
World Health Organ Tech Rep Ser. 1982;683:7-51.

38. Vogel CF, Li W, Sciullo E, Newman J, Hammock B,
Reader JR, Tuscano J, Matsumura F. Pathogenesis of aryl
hydrocarbon receptor-mediated development of lymphoma
is associated with increased cyclooxygenase-2 expression.
Am J Pathol. 2007;171:1538-1548.

25. Ghosh R, Nadiminty N, Fitzpatrick JE, Alworth WL,
Slaga TJ, Kumar AP. Eugenol causes melanoma growth
suppression through inhibition of E2F1 transcriptional
activity. J Biol Chem. 2005;280:5812-5819.

39. Chang KY, Shen MR, Lee MY, Wang WL, Su WC, Chang
WC, Chen BK. Epidermal growth factor-activated aryl
hydrocarbon receptor nuclear translocator/HIF-1{beta}
signal pathway up-regulates cyclooxygenase-2 gene
expression associated with squamous cell carcinoma. J Biol
Chem. 2009;284:9908-9916.

26. Nangia-Makker P, Tait L, Shekhar MP, Palomino E,
Hogan V, Piechocki MP, Funasaka T, Raz A. Inhibition of
breast tumor growth and angiogenesis by a medicinal herb:
Ocimum gratissimum. Int J Cancer. 2007;121:884-894.
27. Nam H, Kim MM. Eugenol with antioxidant activity inhibits
MMP-9 related to metastasis in human fibrosarcoma cells.
Food Chem Toxicol. 2013;55:106-112.

40. Han EH, Kim HG, Hwang YP, Song GY, Jeong HG.
Prostaglandin E2 induces CYP1B1 expression via ligandindependent activation of the ERalpha pathway in human
breast cancer cells. Toxicol Sci. 2010;114:204-216.

28. Murakami Y, Shoji M, Hanazawa S, Tanaka S, Fujisawa
S. Preventive effect of bis-eugenol, a eugenol ortho dimer,
on lipopolysaccharide-stimulated nuclear factor kappa
B activation and inflammatory cytokine expression in
macrophages. Biochem Pharmacol. 2003;66:1061-1066.

41. Youns M, Efferth T, Hoheisel JD. Transcript profiling
identifies novel key players mediating the growth inhibitory
effect of NS-398 on human pancreatic cancer cells. Eur J
Pharmacol. 2011;650:170-177.

29. Sheu ML, Liu SH, Lan KH. Honokiol induces calpainwww.impactjournals.com/oncotarget

7803

Oncotarget

42. Carvajal-Gonzalez JM, Mulero-Navarro S, Roman AC,
Sauzeau V, Merino JM, Bustelo XR, Fernandez-Salguero
PM. The dioxin receptor regulates the constitutive
expression of the vav3 proto-oncogene and modulates cell
shape and adhesion. Mol Biol Cell. 2009;20:1715-1727.

52. Pan HC, Yang CN, Hung YW, Lee WJ, Tien HR, Shen
CC, Sheehan J, Chou CT, Sheu ML. Reciprocal modulation
of C/EBP-alpha and C/EBP-beta by IL-13 in activated
microglia prevents neuronal death. Eur J Immunol.
2013;43:2854-2865.

43. Carvajal-Gonzalez JM, Roman AC, Cerezo-Guisado MI,
Rico-Leo EM, Martin-Partido G, Fernandez-Salguero
PM. Loss of dioxin-receptor expression accelerates wound
healing in vivo by a mechanism involving TGFbeta. J Cell
Sci. 2009;122:1823-1833.

53. Latasa MJ, Griffin MJ, Moon YS, Kang C, Sul HS.
Occupancy and function of the -150 sterol regulatory
element and -65 E-box in nutritional regulation of the
fatty acid synthase gene in living animals. Mol Cell Biol.
2003;23:5896-5907.

44. Contador-Troca M, Alvarez-Barrientos A, Barrasa E, RicoLeo EM, Catalina-Fernandez I, Menacho-Marquez M,
Bustelo XR, Garcia-Borron JC, Gomez-Duran A, SaenzSantamaria J, Fernandez-Salguero PM. The dioxin receptor
has tumor suppressor activity in melanoma growth and
metastasis. Carcinogenesis. 2013;34:2683-2693.
45. Li Y, Liu H, Huang YY, Pu LJ, Zhang XD, Jiang CC,
Jiang ZW. Suppression of endoplasmic reticulum stressinduced invasion and migration of breast cancer cells
through the downregulation of heparanase. Int J Mol Med.
2013;31:1234-1242.
46. Chiu HW, Yeh YL, Wang YC, Huang WJ, Chen YA, Chiou
YS, Ho SY, Lin P, Wang YJ. Suberoylanilide hydroxamic
acid, an inhibitor of histone deacetylase, enhances
radiosensitivity and suppresses lung metastasis in breast
cancer in vitro and in vivo. PLoS One. 2013;8:e76340.
47. Ma H, Fukiage C, Kim YH, Duncan MK, Reed NA, Shih
M, Azuma M, Shearer TR. Characterization and expression
of calpain 10. A novel ubiquitous calpain with nuclear
localization. J Biol Chem 2001;276:28525-28531.
48. Horikawa Y, Oda N, Cox NJ, Li X, Orho-Melander M, Hara
M, Hinokio Y, Lindner TH, Mashima H, Schwarz PE, del
Bosque-Plata L, Horikawa Y, Oda Y, Yoshiuchi I, Colilla
S, Polonsky KS, Wei S, Concannon P, Iwasaki N, Schulze
J, Baier LJ, Bogardus C, Groop L, Boerwinkle E, Hanis CL,
Bell GI. Genetic variation in the gene encoding calpain-10
is associated with type 2 diabetes mellitus. Nat Genet.
2000;26:163-175.
49. Zhou YP, Sreenan S, Pan CY, Currie KPM, Bindokas
VP, Horikawa Y, Lee JP, Ostrega D, Ahmed N, Baldwin
AC, Cox NJ, Fox AP, Miller RJ, Bell GI, Polonsky KS. A
48-hour exposure of pancreatic islets to calpain inhibitors
impairs mitochondrial fuel metabolism and the exocytosis
of insulin. Metabolism 2003;52:528-534.
50. Liu SH, Yang CN, Pan HC, Sung YJ, Liao KK, Chen
WB, Lin WZ, Sheu ML. IL-13 downregulates PPARgamma/heme oxygenase-1 via ER stress-stimulated calpain
activation: aggravation of activated microglia death. Cell
Mol Life Sci. 2010;67:1465-1476.
51. Liu SH, Sheu WH, Lee MR, Lee WJ, Yi YC, Yang
TJ, Jen JF, Pan HC, Shen CC, Chen WB, Tien HR,
Sheu ML. Advanced glycation end product Nepsiloncarboxymethyllysine induces endothelial cell injury:
the involvement of SHP-1-regulated VEGFR-2
dephosphorylation. J Pathol 2013;230:215-227.
www.impactjournals.com/oncotarget

7804

Oncotarget

