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Abstract: Researches have revealed several stressors, which could activate unfolded protein response (UPR) in 
cells. However, the survival or death pathway was determined by the duration of UPR exposure. Based on the UPR 
mediated death pathway, our study was aimed to investigate role of UPR on c-Jun N-terminal kinase (JNK)/activator 
protein-1 (Ap-1) signal transduction in diindolylmethane (DIM) treated ovarian cancer cell lines. Activation of UPR 
proteins, UPR mediated apoptotic signaling proteins and expression level of EpCAM, JNK, Ap-1, Caspase-3 and 
Bcl-2 were measured. Protein and gene expression, transcription factor activity, and protein phosphorylation were 
measured using standard molecular biology techniques. Our results demonstrated DIM treatment had significantly 
increased the expression of Endoplasmic reticulum (ER) stress regulators such as Bip, IRE1, CHOP and activation 
of UPR related apoptotic proteins in ovarian cancer cells. Decreased expression of EpCAM and activity of AP-1 
transcription factor were observed in DIM treated cells. The pharmacologic inhibitors of the JNK signal transduction 
pathway, suggest that the impact of EpCAM expression on AP-1 transcription factor activity is mediated through the 
JNK pathway. Taken together, these results suggest that UPR mediated JNK/Ap-1 signal transduction has a signifi-
cant role in the regulation of apoptosis in human ovarian cancer cells, and is a potential molecular target to enhance 
sensitivity of ovarian cancer to chemotherapy.
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Introduction

The endoplasmic reticulum (ER) has an impor-
tant role in the cellular response to stressors 
such as nutrient deprivation, hypoxia, DNA 
damage and disruption of ER Ca2+ homeostasis 
[1]. These stressors lead to accumulation and 
aggregation of unfolded proteins in the ER 
lumen, inducing the phenomenon of ER stress, 
and ultimately lead to apoptosis [2, 3]. The 
unfolded protein response (UPR) is a pro-sur-
vival response to reduce the accumulation of 
unfolded proteins and restore normal ER func-
tioning [4] through transcriptional induction of 
genes that enhance the protein folding capacity 
of the ER such as Glucose-Regulated Protein 
78 (GRP78) or Bip, and promotion of 
ER-associated protein degradation to remove 
misfolded proteins. However, when the stress 
is beyond the capacity of the compensatory 
machinery, stressed cells will eventually acti-
vate an evolutionary conserved death program, 
ER stress-mediated apoptosis [5].

Activation of JNK occurs following recruitment 
of TRAF2 by the cytosolic kinase of IRE1 in 
response to ER stress [6]. Moreover, an 
apoptosis signal-regulating kinase (ASK1) is 
required for TRAF2-dependent JNK activation 
during TNF-induced apoptosis [7]. ASK1-
deficient cells are resistant to ER stress-induced 
apoptosis, as well as JNK activation, indicating 
that ASK1 acts upstream of the site of JNK acti-
vation, and that the IRE1/TRAF2/ASK1-
signaling pathway is important for ER stress-
induced apoptosis [8]. Importantly, it is likely 
JNK is responsible for PS-341-induced apopto-
sis through activation of JNK/AP-1/Gadd153-
signaling via inhibition of NF-κB and Bcl-2, which 
are regulated by Akt/CREB-signaling as part of 
the UPR to DNA damage [9].

AP-1 is a dimer of Fos and Jun proteins impli-
cated in the regulation of cell proliferation, 
transformation and apoptosis [10]. AP-1 target 
genes involved in both cell cycle progression 
(e.g. cyclin D1), and tumour cell invasion (e.g. 
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collagenase/MMP-1) have been identified. 
However, we are far from understanding the 
entire AP-1-regulated transcriptional pro-
gramme that is important in cell transformation 
and cancer progression. It has been shown that 
epithelial cell adhesion molecule (EpCAM) 
expression can influence the JNK/AP-1 signal 
transduction pathway, and suggest that modu-
lation of AP-1 transcription factor activity con-
tributes to EpCAM dependent breast cancer 
invasion [11]. EpCAM is a type I transmembran 
protein that is localized to the basolateral mem-
brane in the majority of normal epithelial tis-
sues [12]. EpCAM is perhaps best known for 
the fact that it is over expressed in the majority 
of human epithelial cancers including colorec-
tal, breast, gastric, prostate, ovarian, and lung 
cancers [13, 14].

Ovarian cancer is one of the leading gyneco-
logical cancers in well-developed countries 
with high mortality rates, which is usually 
detected in malignant stages with poor predic-
tion. In the present study, we have demonstrat-
ed the importance of UPR mediated JNK/Ap-1 
signal transduction in various ovarian cancer 
cell lines.

Materials and methods

Cell lines, culture conditions and reagents

Human ovarian cancer cell lines SKOV3 
(American Type Culture Collection, Manassas, 
VA), A2780 (Sigma-Aldrich Corp.) and COLO-
316 (Georgia Chenevix-Trench, QIMR, Australia) 
were maintained in RPMI-1640 media (10% 
fetal calf serum, 2 mM L-glutamine, 10 mM 
HEPES) purchased from Life Technologies 
(Mulgrave, VIC, Australia). Cell lines were rou-
tinely shown to be negative for mycoplasma. 
During experiments, cells were plated with a 
density of 0.3 × 106 cells per well in a six-well 
plate and allowed to attach overnight. Cells 
were then treated with or without 75 μM diin-
dolylmethane (DIM; Sigma-Aldrich Co.) for 24 h, 
where DIM act as the activator of ER stress or 
UPR.

Western blot analysis

Rabbit polyclonal antibodies to Bip, IRE1, CHOP 
and goat polyclonal AP-1 were from Santa Cruz 
(Santa Cruz, CA, USA). Polyclonal antibodies 
against JNK and ATF4, cleaved caspase-3 and 

monoclonal antibodies against P-c-Jun, c-Jun, 
EpCAM and Bcl2 were from Cell Signalling 
Technology Inc. (Danvers, MA, USA). A monoclo-
nal antibody to β-actin was used as a loading 
control (Sigma-Aldrich Co.). After incubation 
with primary antibodies and washes, blots were 
incubated with horseradish peroxidase-conju-
gated donkey anti-mouse or anti-rabbit or anti-
goat secondary antibodies (1:5000). Blots were 
visualized with a chemiluminescent detection 
system (ECL; GE Healthcare Australia, 
Rydalmere, NSW, Australia) according to the 
manufacturer’s protocol.

Flow cytometry

EpCAM expression levels were measured by 
flow cytometry using phycoerythrin labeled 
EpCAM antibody with a FACScan flow cytometer 
(BD Biosciences, San Jose, CA, USA; #347211). 
EpCAM expression was quantified as mean flu-
orescence intensity (MFI).

Acridine orange assay

Ovarian cancer cell lines were plated at a den-
sity of 0.3 × 106 cells per well in a six-well plate 
and allowed to attach overnight. Cells were 
then treated with or without DIM. After 24 h, 
cells were washed, suspended in binding buffer 
and incubated for 15 minutes with 0.1 μg/ml 
acridine orange. Fluorescence was measured 
using FACS can flow cytometer to determine 
the level of autophagy. 

Transmission electron microscopy

SKOV-3 cells treated with or without DIM were 
harvested by trypsinization and fixed in ice cold 
3% glutaraldehyde overnight. After washing in 
PBS, cells were post fixed in Oso4 and embed-
ded in EPON resin. Embedded samples were 
further processed for ultra-structural analysis 
as described previously [15].

Statistical analyses

Statistical analyses were conducted using 
SigmaPlot software, and values are presented 
as mean ± SD. Significant differences between 
groups were determined using an unpaired 
Student’s t-test. A value of *P < 0.05 was 
accepted as an indication of statistical 
significance.
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Results

DIM induced UPR dependent autophagy or cell 
death

Treatment of ovarian cancer cells (SKOV-3, 
A2780 and COLO-316) with various concentra-
tions (25, 50 and 75 μM) of DIM for 24 h result-
ed in a concentration dependent increase in 
percentage of autophagy detected by measur-
ing acridine orange fluorescence (Figure 1A). 
Our results showed that DIM-induced autopha-
gy was nearly 4 to 6 fold in SKOV-3 (30%), 2 to 
4 fold in A2780 (23%) and 2 to 4 fold in COLO-

316 cells (18%), when compared with their 
respective controls (Figure 1A). DIM induced 
protein aggregation was further confirmed by 
electron microscopy. The intercellular protein 
aggregation, an indicator of UPR was clearly 
represented in the transmission electron micro-
scopic images taken from the DIM exposed 
SKOV3 cells (Figure 1B).

Activation of UPR in ovarian cancer cells

Initially, we demonstrated the DIM-induced 
activation of UPR in various ovarian cancer 
cells (SKOV3, A2780 and COLO-316). The cells 

Figure 1. DIM induces changes in ovarian cancer cells. A. The ovarian cancer cells (SKOV-3, A2780 and COLO-316) 
were exposed to various concentrations of DIM for 24 hours. The fluorescence intensity of acridine orange from the 
cells were measured and graphically represented. B. Electron microscopy images of control and DIM treated SKOV-3 
cells. The scale bar denotes 50 mm. 
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were harvested at 6, 12 and 24 h time points 
were subjected to the analysis. The UPR related 
proteins (Bip, IRE1 and ATF4) and apoptotic 
UPR proteins (CHOP, JNK, Ap-1, caspase-3 and 
Bcl-2) were detected and quantified in western 
blot analysis. The early increase in the level of 
UPR proteins was observed in SKOV3 cells at 6 
h and significantly (P < 0.001) increased there-
after. In A2780 and COLO-316 cells, the UPR 
proteins were elevated from 12 h exposure to 
DIM (Figure 2). Similarly, the UPR mediated 
apoptotic proteins were elevated depending on 
the cell type and the duration of DIM exposure 
(at least minimum 12 h). Our results showed, a 
significant (P < 0.001) increase in the apoptotic 
proteins CHOP, JNK, Ap-1, caspase-3 and 
decreased level of Bcl-2 at 12 h DIM exposure 
in SKOV3 cells. However, these effects were 
observed at 24 h exposure of DIM in A2780 
and COLO-316 cells (Figure 3). These data sug-
gest that prolonged UPR activation triggers the 
JNK/Ap-1 mediated apoptotic pathway.

EpCAM expression in ovarian cancer cells

To better understand the involvement of EpCAM 
in JNK/Ap-1 signal transduction, we have mea-
sured the EpCAM expression in DIM exposed 
ovarian cancer cells for 24 h in qualitatively 
(western blot), and the metabolic activity of 
EpCAM for 6, 12 & 24 h in quantitatively (FACS). 
Increased level of EpCAM was observed in 
SKOV3 than that of A2780 and COLO-316 cells 
(Figure 4A). These results were mimicked in 
quantitative analysis (Figure 4B). Taken togeth-
er this data provide evidence that EpCAM 
expression can modulate the JNK signal trans-
duction pathway, and Ap-1 transcription factor 
activity.

Pharmacological inhibition of JNK

To confirm the JNK signal transduction-mediat-
ed apoptosis, we performed the inhibitor study 
using the SP600125, a pharmacological inhibi-
tor of JNK. To confirm that SP600125 inhibited 

Figure 2. Represent the western blot analysis of UPR related proteins Bip (A), IRE1 (B), ATF6 (C) and PERK (D) in 
DIM exposed ovarian cancer cells (SKOV-3, A2780 and COLO-316) for 24 hours. The represented blot pictures are 
correspondent to SKOV-3 cells. The graphical representation shows the quantifications of band intensity from the 
blots correspondent to all three ovarian cancer cell types.
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JNK activity, western blot analysis was conduct-
ed using p-c-Jun antibodies in SKOV3 cells. 
Treatment with 20 µM SP600125 almost com-
pletely abolished c-Jun phosphorylation after 
12 h, but total c-Jun protein levels had no influ-
ence on the expression status (Figure 5). These 
results indicate that SP600125 causes anti-
proliferative effects with enlarged cell morphol-
ogy in SKOV3 cells through suppression of JNK 
mediated pro-survival signaling.

Discussion

A pilot study previously demonstrated that 
oncogenic ER stress induces activation PERK, 
ATF4 and CHOP protects human tumour cells 

during hypoxia through autophagy [16]. 
However, further studies are needed to eluci-
date the complex crosstalk between these pro-
cesses and reveal their requirement in all stag-
es of cancer development and progression. In 
the present, we had demonstrated the UPR 
mediated JNK/AP-1 signal transduction as a 
target for the treatment of ovarian cancer, 
based on the previous studies on DIM induces 
cellular stress in ovarian cancer cells [17]. 
Previous report states that DIM induces cellu-
lar stress leading to DNA damage in ovarian 
cancer cells [17]. Hence, initially, we evaluated 
the level of DIM induced UPR mediated autoph-
agy or apoptosis in ovarian cancer cells (SKOV-

Figure 3. Represent the western blot analysis of UPR mediated apoptotic related proteins JNK (A), Ap-1 (B), CHOP 
(C), Caspase-3 (D) and Bcl-2 (E) in DIM exposed ovarian cancer cells (SKOV-3, A2780 and COLO-316) for 24 hours. 
The represented blot pictures are correspondent to SKOV-3 cells. The graphical representation shows the quantifi-
cations of band intensity from the blots correspondent to all three ovarian cancer cell types.

Figure 4. Represent the quantification of the metabolic activity of EpCAM (A) and the western blot analysis of EpCAM 
protein (B) with corresponding band quantification from DIM exposed ovarian cancer cells for 24 hours.
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3, A2780 or COLO-316). Similar to the previous 
report [17], our present results showed DIM 
induces autophagy in human ovarian cancer 
cells in a concentration dependent manner as 
analyzed by flowcytometry and electron 
microscopy.

Next we demonstrated the DIM induced UPR 
activation. These processes are carried out by 
three transmembrane ER stress sensors, RNA 
activated protein kinase like ER kinase (PERK), 
the basic leucine-zipper activating transcription 
factor ATF6, and the kinase endoribonuclease 
IRE1 [18]. Activation of ER stress in our model 
was associated with an increase in the expres-
sion of Bip, IRE1, PERK and ATF6. Both Bip and 
IRE1 were significantly up regulated by DIM 
treatment in all the three ovarian cancer cells. 
Bip is a chaperone that folds protein into its 
proper confirmation. Bip acts as a sensor in ER 
and it binds to IRE1 under normal conditions 
[18]. However, during ER stress, it releases 
IRE1, which further leads to expression of a 
transcriptional factor GADD 153 that continues 
the response of unfolded proteins [18, 19]. In 
evidence to the previous report, our results 
showed increased the level of UPR-mediated 
apoptotic proteins such as CHOP, JNK, Ap-1 
and caspase-3. Moreover, DIM exposure also 
decreased the level of Bcl-2, suggesting the 
importance of JNK/Ap-1 signal transduction.

Recent study had demonstrated that EpCAM 
expression modulates the JNK signal transduc-

tion pathway, and AP-1 transcription factor 
activity in breast cancer cells. Functional stud-
ies confirm that AP-1 is a key downstream 
mediator of EpCAM biology, contributing to 
EpCAM-dependent breast cancer invasion [11]. 
In support of this report, our results showed the 
elevated level of EpCAM activity as well as pro-
tein level. AP-1 induction appears to pass exclu-
sively via the JNK kinase pathway and inhibition 
of JNK leads to apoptosis of infected B cells, 
where as interfering with AP-1 transcriptional 
activity reduces tumour invasiveness [20, 21]. 
AP-1 is a dimer of Fos and Jun proteins impli-
cated in the regulation of cell proliferation, 
transformation and apoptosis [10]. AP-1 is a 
major target of the JNK signal transduction 
pathway, and activated JNK can bind and phos-
phorylate c-Jun [22]. Further we demonstrated 
the JNK-inhibitor study to examine the involve-
ment of the JNK pathway. Our present results 
showed time dependent increase in P-c-Jun 
protein in SP600125 treated SKOV-3 cells 
exposed to DIM for 24 h. Our results are consis-
tent with the previous report increase in AP-1 
transcription factor binding activity as well as 
the increase in the phosphorylation of c-Jun. 
Addition of SP600125, an anthrapyrazolone 
inhibitor of JNK [22], abrogates the increase in 
AP-1 transcription factor activity induced by 
rEpCAM, suggesting a role for the JNK signal 
transduction pathway [11].

In conclusion, chronic UPR activation is ass- 
ociated with increased risk of UPR mediated 
death pathway in which JNK/Ap-1 signal trans-
duction plays a major role. In our present study, 
we demonstrate that DIM exposure in human 
ovarian cancer cell lines enhanced UPR related 
proteins, pro-apoptotic or autophagy, increased 
EpCAM expression thereby modulating JNK/
Ap-1 signal transduction pathway. JNK inhibitor 
study further supports the involvement of JNK/
Ap-1 signal transduction. Further study on this 
signaling pathway in in-vivo model is necessary 
to facilitate the rational design and application 
of molecular therapies for ovarian cancer tar-
geting JNK/Ap-1 signal transduction.
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Figure 5. Represent the western blot analysis of JNK 
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SP600125 added to SKOV-3 cells exposed to DIM for 
6, 12 and 24 hours. The corresponding band inten-
sity was quantified and plotted as bar graph. 
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