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Abstract
The aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor mediates many
biological processes. Herein, we investigated if 2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic
acid methyl ester (ITE, an endogenous AhR ligand) regulated proliferation and migration of
human ovarian cancer cells via AhR. We found that AhR was widely present in many histotypes
of ovarian cancer tissues. ITE suppressed OVCAR-3 cell proliferation and SKOV-3 cell migration
in vitro, which were blocked by AhR knockdown. ITE also suppressed OVCAR-3 cell growth in
mice. These data suggest that the ITE might potentially be used for therapeutic intervention for at
least a subset of human ovarian cancer.
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1. Introduction
To date, ovarian cancer is still the most lethal female genital cancer, largely because cancer
cells acquire a chemoresistant phenotype after initial cytoreductive surgery and
chemotherapy in the majority of cases [1,2]. Another major challenge of current cancer
therapies is severe side effects and toxicity of chemotherapy drugs used. Thus, since human
ovarian cancer is characterized by its high degree of heterogeneity at the cellular and
molecular levels, understanding individual type of ovarian cancer is critical to develop an
efficacious, but low side-effect cancer therapy [1,2].
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The aryl hydrocarbon receptor (AhR) is a ligand-activated transcriptional factor [3]. A
classic AhR ligand is 2,3,7,8-tetrachlo-rodibenzo-p-dioxin (TCDD), which is a potent
environmental toxicant and carcinogen [3]. The AhR mediated biological action is well
known to involve a multi-step signal transduction process. Specifically, upon binding to its
ligand and dissociation from its associated proteins, AhR translocates from the cytoplasm
into the nucleus and dimerizes with AhR nuclear translocator (ARNT), activating a series of
downstream genes (e.g., enzyme cytochrome P450 [CYP], family 1, member A1 and B1
[CYP1A1 and CYP1B1]), ultimately initiating the xenobiotic metabolizing process [3].
Once the metabolizing process is initiated, AhR in the nucleus transports back to the
cytoplasm, in which AhR is degraded by the 26S proteasome system [4]. To date, it is well
established that besides its participations in metabolizing xenobiotics, AhR also mediates a
variety of other biological processes such as normal ovarian growth and function as
evidenced by the fact that either AhR knockdown in mice or exposure to TCDD in rats
could decrease the number of pre-antral and antral follicles and reduce or block ovulation
[5-7].

The AhR ligand also can adversely impact estrogen receptor (ER) signaling directly via
binding to ER target gene promoters [8] or indirectly via regulating the CYP family (e.g.,
CYP1A1 and CYP1B1) [9], which is also the key enzyme for estrogen metabolism. Thus,
the AhR signaling could potentially affect behaviors of those estrogen-sensitive cells such as
ovarian cancer cells [9], even though estrogen may differently regulate ovarian cancer cell
growth, plausibly depending on individual subtypes of ovarian cancer, concentrations of
estrogen, and patients’ ages (e.g., pre- vs. post-menopause) [1,10].

The reports on potential roles of AhR in human cancer are controversial. Epidemiological
studies have suggested that occupational exposures to high levels of TCDD did not increase
risk of human ovarian cancer and endometriosis [11]; however, such exposures could be
associated with a decreased risk in breast and endometrial cancers [12,13] and with an
increased mortality from other cancer sites (e.g., lung cancer in men) [11-15]. Paradoxically,
levels of AhR expression may not be positively correlated with the incidences of these
cancers as the increased AhR expression has been reported in human breast and lung cancers
[15,16]. Moreover, AhR gene polymorphisms are also closely associated with an increased
risk of lung and breast cancers [16,17]. Nonetheless, AhR activation has been reported to
suppress growth of breast, pancreatic, and liver cancers [15,18-20]. To date, little is known
regarding the role of AhR in human ovarian cancer [20,21], although TCDD has been shown
to stimulate proliferation of CAOV-3 cells, a human ovarian cancer cell line [21], suggesting
that AhR could be used as a therapeutic target for treating ovarian cancer.

Many endogenous AhR ligands have been discovered [22], including 2-(1′H-indole-3′-
carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE), which was first isolated from
porcine lungs [23]. Based on its activity on the dioxin responsive element, the biological
potency of ITE was ~ 100-fold lower than that of TCDD [23]. Moreover, the estimated Kd
value for ITE in mouse hepatoma cells was ~5-6-fold greater than that of TCDD [23].
However, given its naturally producing feature and specific binding to AhR [23], ITE could
potentially be used for interfering ovarian cancer growth, particularly because of its lack of
toxicity (e.g., cleft palate and hydronephrosis, which typically associated with perinatal
TCDD exposure in the mouse fetus) [24,25].

To date, the roles of AhR in human ovarian cancer are poorly understood, and it is also
unknown if activation of AhR by its endogenous ligand can affect ovarian cancer growth.
Thus, given that the AhR signaling has been shown to suppress growth of breast, pancreatic,
and liver cancers[12,15-17], in this study, we tested the hypothesis that the AhR activation
by its endogenous ligand inhibited human ovarian cancer progress via attenuating growth
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and/or migration of human ovarian cancer cells. We first determined AhR expression in
human ovarian tissues and then examined if ITE regulated ovarian cancer cell proliferation
and migration via AhR using in vitro and/or in vivo models.

2. Materials and methods
2.1. Immunohistochemistry

Immunolocalization of AhR was performed using the human ovarian cancer tissue
microarray (US Biomax, Rockville, MD) as described [26,27]. This microarray contained
192 cases of ovarian cancer, 8 adjacent normal ovarian tissues, and 8 normal ovarian tissues.
Major cancer histotypes include adult granular cell tumor (AGCT; n = 4), disgerminoma
(DISG; n = 5), adenocarcinoma (ADEN; n = 8), teratoma malignant change (TMC; n = 5),
yolk sac tumor (YST; n = 6), mucinous adenocarcinoma (Mu-ADEN; n = 20), and serous
adenocarcinoma (Se-ADEN; n = 136), in which 21 were classified as the low grade (L-Se-
ADEN) and 115 as the high grade (H-Se-ADEN) as described [28]. The pathologists widely
used this morphology-based classification to classify ovarian cancer into major subgroups
based on type of differentiation (e.g., serous, mucinous or endometrioid) and degree (tumor
grade) [29,30]. Two microarrays were run in parallel: one was probed with a rabbit AhR
antibody (2 μg/mL; Biomol International, Plymouth, PA)[27], and another was probed with
preimmune rabbit IgG (2 μg/mL; as the control). The AhR immunoreactivity was visualized
using the avidin–biotin complex kit with amino ethyl carbazol as a chromogen (Vector
Laboratories, Burlingame, CA). Since no epithelial cells were detected on the surface of any
normal ovarian tissue sections pre-sent in the tissue microarray, presumably due to the tissue
collection and/or section procedure, we also performed immunohistochemical staining on
tissue sections from one human normal ovary (kindly provided by Dr. Sana Salih,
Department. of Ob/Gyn, University of Wisconsin–Madison) which contained epithelial cells
on the surface of the ovary to determine presence of AhR in these cells.

To semi-quantitatively analyze the AhR levels, images from each histotype of tissue with n
≥ 4 were taken as described [26,27]. The optical density (OD) values determined by using
the NIH Image J analysis software were corrected from the preimmune rabbit IgG control
for each corresponding tissue section. Since no difference in the OD values was observed
between adjacent normal ovarian tissues and normal ovarian tissues, data from these two
tissues were pooled.

2.2. Cell lines
Two human ovarian adenocarcinoma cell lines (SKOV-3 and OVCAR-3 from American
Type Culture Collection, Manassas, VA) and a human immortalized ovarian surface
epithelial (IOSE-385) cell line was kindly provided by Dr. Nelly Auersperg of the Canadian
Ovarian Tissue Bank (University of British Columbia, Vancouver, Canada). Both cancer
cell lines were isolated from ascites fluid and were classified as cisplatin-resistant [31].
However, these cancer cells differ in many other aspects. For example, while both
OVCAR-3 and SKOV-3 cells are p53 defected [31], OVCAR-3, but not SKOV-3 cells
express CA125 (a major ovarian cancer biomarker) [1] and respond to estrogen even though
both express estrogen receptor (ER) and [2,32]. Thus, these cancer cell lines may represent
cisplatin-resistant cohorts of patients with ovarian cancer cells which are different in the
expression of CA125, and in the response to estrogen. SKOV-3 and IOSE-385 cells were
cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) containing 10% FBS, penicillin/
streptomycin (designed as the complete growth media). OVCAR-3 cells were cultured in the
complete media supplemented with 10 μg/mL insulin (Sigma–Aldrich, St. Louis, MO).
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2.3. Cell proliferation and migration assays
Cell proliferation was assayed as described [33,34]. After 16 h (Day 0) of seeding in 96-well
plates (1000, 5000, and 5000 cells/well for SKOV-3, OVCAR-3, and IOSE-385,
respectively; 6 wells/dose), cells were treated with different concentration of ITE (0.1–5000
nM, Tocris Bioscience, San Diego, CA) or DMSO (0.1% v/v) in the complete growth media
up to 6 days with daily change of media containing dimethyl sulfoxide (DMSO, the vehicle
control) or ITE. At the end of treatment, the number of cells per well was determined using a
crystal violet method as described [33,34]. Briefly, after treatment, cells were rinsed with
PBS (5 mM phosphate, 145 mM NaCl, 5 mM KCl, pH 7.5), fixed in methanol for 15 min,
air-dried for 5 min and stained with 0.1% (w/v) crystal violet for 5 min. After staining, wells
were rinsed with distilled water, and air dried again. Once dry, cells were solubilized with
2% (w/v) sodium deoxycholate solution for 30 min with gentle agitation. Absorbance was
measured at 570 nm on a microplate reader. Wells containing known cell numbers (0, 2500,
5000, 10,000 and 20,000 cells/well; n = 6/cell density) were treated in the similar fashion to
establish standard curves for each individual cell line.

Cell migration was evaluated using a FluoroBlok Insert System (8.0 μm pores; BD
Biosciences, San Jose, CA) as described [26]. Since OVCAR-3 cells do not migrate in this
system as we reported recently [26], OVCAR-3 cells were not assayed. After reaching 70–
80% confluence, cells grown on 60 mm culture dishes were treated with 1 μM of ITE in the
complete growth media for 6, 4, 2 or 0 days with a daily change of media containing DMSO
or ITE. Cells were lifted on the same day using trypsin and were seeded into the insert
(30,000 cells/insert). Cells were cultured in the same media containing DMSO or ITE (the
exact same media in the upper and bottom wells). After 16 h, cells migrated were stained
with 0.2 g/mL of calcein AM (Invitrogen) and counted using the MetaMorph image analysis
software.

2.4. Western blot analysis
Western blot analysis was conducted as described [26,27]. Subconfluent cells were treated
with a single dose of ITE (1 μM) in the complete growth media for 48, 24, 8, 2, 1, or 0 h.
Proteins (20 μg for AhR and 40 μg for the CYP1A1) were subjected to Western blotting.
The membranes were probed with the rabbit anti-AhR (1: 2000; Biomol International) [27]
or a mouse monoclonal anti-CYP1A1 antibody (1:1000; Oxford Biomedical Research,
Oxford, MI) [35], followed by reprobing with a rabbit GAPDH (Glyceraldehyde 3-
phosphate dehydrogenase) antibody (1:10,000; Research Diagnostics, Concord, MA).
Proteins were visualized using the enhanced chemiluminescence reagent (Amersham,
Piscataway, NJ).

2.5. RNA isolation and real-time PCR
Subconfluent cells were treated with a single dose of ITE (1 μM) in the complete growth
media for 24, 8, 2, 1, or 0 h. Total RNA were extracted using Trizol and RNA simple Total
RNA Kit (Tiangen Biotech, Beijing, China) and quantified by using a spectrophotometer.
Samples of total RNA from each treatment (1 μg) were reverse transcribed to cDNA. The
reverse transcription (RT) was carried out using PrimeScript RT reagent Kit (TaKaRa,
Dalian, China) for 15 min at 37 °C, 5s at 85 °C in a 20 μl reaction volume. Real-time PCR
was performed using SYBR Premix Ex Taq (TaKaRa) according to the manufacturer’s
instruction. Primers for GAPDH (Sense: 5′-GCACCGTCAAGGCTGAGAAC-3′;
Antisense: 5′-TGGTGAAGACGC-CAGTGGA-3′) and CYP1A1 (Sense: 5′-
CACAGCACAACAAGAGAC-ACAA-3′; Antisense: 5′-
TAGCCAGGAAGAGAAAGACCTC-3′) were synthesized (Sangon Biotechnology,
Shanghai, China). The realtime PCR reaction was carried out at 30 s at 95 °C for incubation,
and then 15 s at 95 °C and 20 s at 56 °C for 40 cycles. To confirm the amplification
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specificity, the PCR products were subjected to a melting curve analysis. Levels of mRNA
were analyzed using 2-ΔΔCT method.

2.6. siRNA transfection
Transfection of siRNA was performed as described [33,34]. The AhR siRNA target human
AhR was purchased (Dharmacon, Chicago, IL; Cat # L-004990-00-0020). Two scrambled
siRNA (siRNA controls) with 5′- Cy3 were synthesized (IDT, Coralville, IW): one (Sense:
5′-AGUUUGACCUGCUCUCCAUTT-3′; Antisense: 3′-
TTUCAAACUGGACGAGAGGUA-5′) was used for SKOV-3 cells, and the other (Sense:
5′-GAGAGGUCCCUCCCAUCUUTT-3′; Antisense: 5′-
AAGAUGGGAGGGACCUCUCTT-3′) for OVCAR-3 cells. Subconfluent cells were
transfected with the AhR siRNA or scrambled siRNA in the Lipofectamine RNAiMAX
transfection reagent (Invitrogen) or treated with the Lipofectamine RNAiMAX transfection
reagent alone (the vehicle control) up to 6 days. After an optimal dose and time point were
identified, additional cells were transfected for determining their proliferative or migrative
responses to ITE.

2.7. Mouse xenograft models
To confirm anti-cancer action of ITE in vivo, female BALB/c nude mice (6–8 weeks of age
and weighed 18–22 grams) were used as described [36]. The animal studies were approved
and performed by Crown Bioscience, Inc. (Santa Clara, CA), following guidelines approved
by the Institutional Animal Care and Use Committee of Crown Bioscience, based on the
guidance of the Association for Assessment and Accreditation of Laboratory Animal Care.

OVCAR-3 cells at 70–80% confluence were harvested. Each mouse was inoculated
subcutaneously at the right flank with 5 × 106 of OVCAR-3 cells. When the tumor volume
reached approximately 110 mm3, the mice were divided into homogeneous blocks based on
their tumor volumes followed by randomly assigning each block into the vehicle control and
ITE treatment groups (n = 8/group). The vehicle (DMSO) or ITE (80 mg/mL in DMSO,
KNC Laboratories Co., Ltd., Tokyo, Japan) was administered to the mice by i.p. injection
once daily for 28 days at a volume of 1 mL/kg body weight. After the final injection, mice
were given an additional 5 days to further monitor tumor volume, body weight, and other
clinical signs [36].

A gross body weight and tumor volume were determined twice weekly, the latter of which
was measured using a caliper expressed in mm3 as described [36]. Tumor weights were
converted from tumor volumes by assuming a tumor density of 1 mm3= 1 mg. A net body
weight was obtained by subtracting a tumor weight from a gross body weight.

2.8. Statistics
Data were analyzed using one-way ANOVA using the SigmaStat software (Jandel Co., San
Rafael, CA). When an F-test was significant, data were compared with their respective
control by the Bonferroni’s multiple comparison test or Student t-test. p ≤ 0.05 was
considered statistically significant. The IC50 value for ITE-inhibited OVCAR-3 cell
proliferation was estimated using an Origin data analysis and graphing software (Version
8.1) (OriginLab Corporation Northampton, MA).

3. Results
3.1. AhR immunolocalization

In the ovarian cancer tissue microarray, the AhR immunoreactivity was present in DISG,
ADEN, TMC, YST, Mu-ADEN, and L- and H-Se-ADEN, but not in NORM (Note: no
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epithelial cells were seen on the surface of all 16 NORM cases in this tissue microarray) and
AGCT (Fig. 1A). In Mu-ADEN and Se-ADEN, the AhR staining was localized primarily in
epithelial cells, but not other cell types. No positive staining was observed in the preimmune
rabbit IgG (data not shown). The positive AhR staining was clearly present in surface
epithelia of a human normal ovary which was locally obtained (Fig. 1A-j). Thus, the positive
AhR expression in IOSE-385, derived from human ovarian surface epithelial cells, was not
surprising. The semi-quantification analysis revealed that the OD value in NORM was
similar to that in DISG and ADEN, but was much lower (p ≤ 0.05) than that in TMC, YST,
Mu-ADEN, and L- and H-Se-ADEN (Fig. 1B). No difference was detected between the
grades, stages, and TNM classifications in each histotype of ovarian cancer tissues studied
(data not shown).

3.2. ITE inhibits ovarian cancer cell proliferation and migration
As compared to the vehicle control, ITE dose- and time-dependently inhibited (p ≤ 0.05)
OVCAR-3 (Fig. 2), but not SKOV-3 and IOSE-385 cell proliferation (not shown). The
maximal inhibitory effect of ITE on OVCAR-3 cell proliferation was observed at doses from
10 nM to 5000 nM on Day 6 (Fig. 2). The estimated IC50 of ITE for OVCAR-3 cell
proliferation on Day 6 was 0.21 nM. Moreover, treatment with ITE for 6, 4, and 2 days
similarly inhibited (p ≤ 0.05) SKOV-3 by ~54% (Fig. 3B), but not IOSE-385 cell migration
(Fig. 3B).

3.3. ITE decreases AhR and increases CYP1A1 level
The AhR protein was detected in all three cell lines at ~95 kD (Fig. 4A) as reported [27,37].
A single dose of ITE (1 μM) significantly decreased (p ≤ 0.05) AhR protein levels in
SKOV-3, OVCAR-3, and IOSE-385 cells (Fig. 4A), indicating AhR activation [4].
However, the patterns of changes in AhR protein levels were quite different among these
three cell cells (Fig. 4A). For example, the ITE-induced decrease in AhR began at 2 h, lasted
up to 8 h and then increased in SKOV-3 cells, whereas such a decrease started at 1 h and
maintained up to 48 h in OVCAR-3 and IOSE-385 cells (Fig. 4A). A single dose of ITE also
time-dependently increased (p ≤ 0.05) CYP1A1 protein levels in SKOV-3 (~5-fold) and
OVCAR-3 (~3-fold), but not in IOSE-385 cells, beginning at 24 h and maintaining at this
relatively high level up to 48 h (Fig. 4A).

To confirm ITE-increased CYP1A1 expression in SKOV-3 and OVCAR-3 cells, real time
PCR was performed (Fig. 4B). Consistently with Western blot analysis, real time PCR
revealed that ITE increased (p ≤ 0.05) CYP1A1 mRNA levels in both SKOV-3 (~3.1 and
3.7-fold at 2 and 8 h, respectively) and OVCAR-3 (~3-fold at 8 h) cells (Fig. 4B), indicating
that ITE indeed induced CYP1A1 expression.

3.4. AhR knockdown blocks ite-suppressed ovarian cancer cell proliferation and migration
As compared with the transfection reagent (the vehicle control) and the scrambled siRNA
(the siRNA control), the AhR siRNA at 20 and 40 nM similarly decreased (p ≤ 0.05) AhR
protein levels in SKOV-3 by ~95%, 88%, and 76% on Days 2, 4, and 6, respectively (Fig.
5A). The AhR siRNA at 20 nM reduced (p ≤ 0.05) AhR protein levels in OVCAR-3 by
~97%, 96%, and 86% on Days 2, 4, and 6,respectively (Fig. 5A). Importantly, AhR
knockdown blocked (p ≤ 0.05) ITE-suppressed OVCAR-3 cell proliferation and SKOV-3
cell migration (Fig. 5B), indicating the AhR-dependent suppression. In addition, AhR
knockdown did not affect OVCAR-3 cell proliferation and SKOV-3 cell migration in the
absence of ITE (Fig. 5B).
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3.5. ITE attenuates ovcar-3 xenograft growth
As compared to the vehicle (DMSO) control, ITE inhibited (p ≤ 0.05) the growth of
OVCAR-3 xenografts in mice, starting at Day 15 of treatment (39% deduction) and
continuing up to Day 28 (48%) (Fig. 6A). This inhibitory effect maintained for at least
another 5 days after ITE administration was terminated (50% on Days 29 and 33; Fig. 6A).
As compared to the vehicle control, ITE treatment caused (p ≤ 0.05) a net body weight loss
on Day 4; however, the net body weight was rapidly regained after Day 8 and maintained at
the similar level afterward (Fig. 6B), suggesting that the current regimen was well tolerated
by mice. During the course of ITE and DMSO treatments, all animals survived without any
visible side effects (not shown).

4. Discussion
Herein we have shown that (1) AhR is widely expressed in human cancer tissues; (2) ITE
inhibits OVCAR-3 cell proliferation and SKOV-3 cell migration in vitro via AhR; and (3)
ITE suppresses OVCAR-3 cell growth in mice without significant side effect. Thus, these
data are the first as far as we are aware, to demonstrate that activation of the ITE/AhR
suppresses ovarian cancer cell proliferation and/or migration, suggesting that ITE might
potentially be used as a therapeutic drug for treating at least a subset of human ovarian
cancer.

Our observations that AhR is expressed in a variety of histotypes of ovarian cancers
regardless of cancer grades, stages, and TNM grading are consistent with the previous
reports in human ovarian cancer [25] and in lung and breast cancers [13-16]. These data
indicate broad expression of AhR in human epithelial cancer tissues, implying overall
importance of AhR in all of these histotypes of ovarian cancer, even though that AhR may
not be suitable to be used for predicting the severity of ovarian cancer. In addition, since the
AhR staining is positive in surface epithelial cells, but negative inside the normal ovary,
relatively high levels of AhR expression inside the ovary indicate the invagination of surface
epithelial cells into the ovary in ovarian cancer, which could be used as one tissue marker
for ovarian cancers as suggested previously [25].

It has been reported that in the absence of a ligand, AhR actually acts as a tumor suppressor
in liver [19]. Similarly, an increase in invasiveness of breast cancer cells was also observed
after the AhR knockdown [20]. In the current study, the AhR knockdown, however, does not
alter SKOV-3 and OVCAR-3 cell proliferation and migration in the absence of ITE (Fig. 5),
implying that AhR alone is unlikely to have significant impacts on ovarian cancer cell
proliferation and migration. It, however, cannot be excluded that AhR might mediate
cellular processes other than cell proliferation and migration in these ovarian cancer cells.
For example, it would be interesting to investigate if AhR mediates chemoresistance of
ovarian cancer cells as such mediation has been reported in human colorectal cancers [4].

In the current study, we demonstrate that ITE differentially mediates OVCAR-3, SKOV-3,
and IOSE-385 cell proliferation and migration in vitro. For example, ITE inhibits
OVCAR-3, but not SKOV-3 and IOSE-385 cell proliferation, while ITE suppresses
SKOV-3, but not IOSE cell migration. The failure of IOSE-358 cells to respond to ITE
implies that ITE may specifically target ovarian cancer cells, but not normal ovarian
epithelial cells. Importantly, we further confirmed that ITE time-dependently suppressed
growth of OVCAR-3 cell xenografts without a significant side effect on mice, which is in
line with the previous reports showing that ITE has no significant fetotoxicity [24,25].

The mechanisms underlying differential mediations of AhR among these three cell lines
studied require further investigation. However, it is noteworthy that the lack of the cell
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proliferative and/or migrative response to ITE in these three cell lines obviously does not
result from uncoupling ITE to AhR since ITE rapidly (≤8 h) decreased AhR protein levels (a
hallmark of the AhR activation) in all three cell lines studied. Instead, the lack of these cell
responses is possibly due to uncoupling activated AhR to its downstream signaling
molecules such as CYP1A1 in IOSE-385 cells. In contrast, uncoupling AhR to CYP1A1
cannot explain such different mediations between OVCAR-3 and SKOV-3 cells. Thus, other
yet to be identified signaling cascades must be involved in such different mediations of ITE
between OVCAR-3 and SKOV-3 cells. These downstream signaling molecules could
include other members of CYP family [2,3], although the direct link between CYP and these
cell response remains to be established. These downstream signaling molecules could also
include protein kinases such as the MAPK, AKT1, and FAK [38-40] as all of which are
known to be critical for regulating cancer cell function. Alternatively, such differential
mediations could due to the different expression and/or defect of steroid receptors such as
ER in these two ovarian cancer cell lines [32], since ER has intricate interactions with AhR
[41]. For instance, although both OVCAR-3 and SKOV-3 cells are ER-positive, a mutation
in ER transcripts in SKOV-3 cells renders these cells insensitive to estrogen [2,32]. Thus,
although it is possible that the ITE-inhibited OVCAR-3 cell proliferation could be mediated
partially via interfering the ER signaling as ER could be activated by estrogen possibly
present in serum used or phenol red (a weak estrogen analog) in the media used; however,
such interference is unlikely to participate in the ITE-attenuated SKOV-3 cell migration.

It is noted that restoration of AhR levels after ITE treatment is much faster in SKOV-3 than
OVCAR-3 cells (Fig. 4). Currently, it is unclear what cause these different restorations;
however, it is possibly due to the different transcription and/or translation rates of AhR
between SKOV-3 and OVCAR-3 cells upon AhR activation and degradation.

In summary, our current data from both in vitro and in vivo studies clearly demonstrate that
ITE possesses potent anti-ovarian cancer activity dependent on AhR. Further dissecting out
signaling pathways which mediate ITE-induced different cell responses between different
ovarian cancer cells might assist us to design more optimal strategies for therapeutic
intervention of human ovarian cancer, a highly heterogeneous disease.
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Fig. 1.
Immunohistochemical analysis for AhR in human ovarian cancer tissues and normal ovarian
tissues. Reddish color indicates positive AhR staining. (A) Representative images from
NORM (a), AGCT (b), DISG (c), ADEN (d), TMC (e), YST (f), Mu-SDEN (g), L-Se-
ADEN (h), and H-Se-ADEN (i) are shown. (j) A human normal ovary obtained locally.
Arrows: epithelial cells on the surface of an ovary. Bar, 100 μm. (B) Semi-quantitative
analysis for AhR staining intensities for NORM (n = 16), AGCT (n = 4), DISG (n = 5),
ADEN (n = 8), TMC (n = 5), YST (n = 6), Mu-ADEN (n = 19), L-Se-ADEN (n = 21) and
H-Se-ADEN (n = 115). Semi-quantitative data are expressed as Means ± SEM fold of the
OD value from NORM. *Differ from NORM (p ≤ 0.05). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2.
Effects of ITE on OVCAR-3 cell proliferation. Cells were treated without or with different
doses of ITE up to 6 days. Cell proliferation is expressed as Means ± SEM% of the control
(n = 3–4). *Differ from the control at each corresponding day (p ≤ 0.05).
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Fig. 3.
Effects of ITE on SKOV-3 and IOSE-358 cell migration. Cells were treated with ITE (1
μM) up to 6 days, followed by the migration assay. Cell numbers are expressed as Means ±
SEM% of the Day 0 control (n = 3). *Differ from the Day 0 control (p ≤ 0.01). Bars, 200
μm.
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Fig. 4.
Effects of ITE on AhR and CYP1A1 expression in SKOV-3, OVCAR-3, and/or IOSE-385
cells. (A) Western blot analysis for AhR and CYP1A1 in SKOV-3, OVCAR-3, and
IOSE-385 cells: Cells were treated with a single dose of ITE (1 μM) up to 48 h. Proteins
were subjected to Western blotting. (B) Real time PCR analysis for CYP1A1 mRNA in
SKOV-3 and OVCAR-3 cells: Cells were treated with a single dose of ITE (1 μM) up to 24
h. Samples of total mRNA were subjected to real time PCR. Protein and mRNA data
normalized to GAPDH are expressed as Means ± SEM fold of the time 0 control (n = 3–
5).*Differ from the time 0 control (p ≤ 0.05).
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Fig. 5.
Effects of AhR knockdown on OVCAR-3 cell proliferation and SKOV-3 cell migration. (A)
Cells were treated with the vehicle control, the scrambled siRNA (ssiRNA) or AhR siRNA
(siRNA) up to 6 days. Proteins were subjected to Western blotting. Data from 20 nM siRNA
treatments are present and expressed as Means ± SEM fold of the vehicle control (n = 3). (B
and C) After siRNA transfection for 2 days, cells were treated with ITE (1 μM) for
additional 4 days (for cell proliferation) or 2 days (for cell migration). Data are expressed as
Means ± SEM% of the vehicle control (n = 5–6). *Differ from the vehicle control (p ≤ 0.05).

Wang et al. Page 15

Cancer Lett. Author manuscript; available in PMC 2014 October 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effects of ITE on growth of OVCAR-3 cell xenografts in mice. OVCAR-3 cells were
inoculated into mice. After formation of the tumor, the mice were injected with DMSO or
ITE dissolved in DMSO daily for 28 days. Tumor volume and net mouse body weight were
determined. Data are expressed as Means ± SEM (n = 8/group). *Differ from the DMSO
control at each corresponding time point (p ≤ 0.05).
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