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Cadmium (Cd) as a human carcinogen and one of the most toxic industrial and environmental pollutant mimics
the estrogenic effects in cell proliferation. So, it might have a role in the incidence and etiology of hormone-
related cancers such as ovarian cancer as the most lethal gynecologic malignancy. This study aimed to evaluate
the estrogenic effect and underlying mechanism of Cd in ovarian cancer cell line proliferation. OVCAR3 and
SKOV3 cell lines were treated with different concentrations of CdCl, (0- 50 uM). Cell proliferation was analyzed
using MTT and BrdU assay. To evaluate the estrogenic effect of Cd, the cells were pre-incubated with estrogen
receptor (ER) antagonist ICI 182,780. The expression of ER was determined using western blotting method. Real-
time RT-PCR method was used to assess c-fos, c-jun and FOXO3a mRNA level. The results showed that Cd has an
estrogenic proliferative effect at nM concentration range and ICI 182,780 significantly reversed the CdCly-in-
duced cell proliferation. Cd also increased the expression of ERs. Cd exposure induced activation of p-ERK1/2 in
these cells. Cd also intensified c-jun, c-fos, and FOXO3a mRNA expression. Taken together, the current work
suggests that Cd induces ovarian cancer cell proliferation in an ER-dependent mechanism induced ERK1/2 ac-
tivation pathway. Understanding of downstream targets by which Cd deregulates cell proliferation can be no-
teworthy to define its underlying carcinogenesis mechanism.

1. Introduction

Cadmium (Cd), a heavy metal and one of the most toxic transition
metals, has been classified as an important human carcinogen by the
International Agency for Research on Cancer (IARC) and the United
States National Toxicology Program (NTP) (Aquino et al., 2012; Brama
et al., 2007; Nagata et al., 2013). Following the expansion of urbani-
zation and industrialization, the amount of environmental Cd has in-
creased (Nampoothiri and Gupta, 2006). Different investigations have
shown that many countries and regions in the world are threatened to
varying degrees of Cd contamination (Byrne et al., 2013; Chan et al.,
2006). One of Cd chemical forms, Cadmium Chloride (CdCl,), is used
extensively in chemical engineering, electroplating, and nuclear in-
dustries and it can easily release into the environment and contaminate
water, air, foods, and plants. The presence of this toxic metal in ci-
garettes and environmental air pollution is well documented and sug-
gests its role in the increased incidence of several human cancers. It
accumulates and persists 15-20 years in the human soft tissues and
leads irreversible damage to many organ systems including the female
reproductive systems (Satarug et al., 2011). It can promote the

proliferation of cancer cells and induce cancer by multiple mechanisms
such as oxidative stress, aberrant gene expression, inhibition of DNA
repair and apoptosis (Julin et al., 2011; Jin et al., 2003). Moreover,
some studies have demonstrated that Cd as a metalloestrogen can bind
to estrogen receptor (ER) and mimics the estrogen activity (Aquino
et al., 2012; Johnson et al., 2003; Siewit et al., 2010). Exposure to
environmental endocrine disruptors and the ability of these pollutants
to bind ER were drawn the hypothesis of their role in the carcinogen-
esis, incidence, and etiology of hormone-related cancers such as breast,
uterine, prostate and ovarian cancers (Brama et al., 2007; Byrne et al.,
2013). Ovarian cancer as the most lethal gynecologic malignancy
causes over 140,000 deaths annually worldwide (Sieh et al., 2013) and
the survival rate of this disease is poor with 50% case fatality rate be-
cause of the diagnosis in the advanced stages (Jemal et al., 2008;
Vargas, 2014). Epidemiological data have demonstrated that en-
dogenous and exogenous estrogens can be effective in ovarian cancer
pathogenesis (Lau et al., 1999).

Two isoforms of intracellular ER, ERa, and ERp, after binding to
estrogens and translocate to the nucleus, activate some transcription
factors and signaling pathways. The deregulation of estrogenic
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pathways can elevate transcriptional activity contributed to the devel-
opment of cancer. Expression of ER is associated with a degree of dif-
ferentiation and cell proliferation speed of tumor (Guo and Sonenshein,
2004; Oh et al., 2001).

Several investigations indicated that Cd as a metaloesterogen can
bind and activate ER and induce not only expression of specific ER
target genes but also other estrogen-like effects such as increasing the
growth of breast cancer cells (Brama et al., 2007), ovarian cancer cells
(Nampoothiri and Gupta, 2006) and increased cell proliferation in rat
uterine cells (Aquino et al., 2012). Some reports show that Cd stimu-
lates transcription of several estrogen-inducible genes like progesterone
receptor, some proto-oncogenes and transcription factors such as c-fos,
c-jun, and FOXO3a. Moreover, Cd up-regulates some signaling pathway
kinases and increases phosphorylation of extracellular signal-regulated
kinases involved in regulation of cell growth/proliferation, metastasis,
and apoptosis (Brama et al., 2007). The deregulation of ERK/MAPK
pathway plays a critical role in carcinogenesis and provides estrogen-
dependent signaling in tumor growth (Filardo et al., 2002). Recent
studies have shown that ERK cascade activity increases almost in one-
third of all human cancers. Moreover, the inhibition of components of
this cascade can be consider as an important anti-tumor strategy
(Roskoski, 2012). Although some studies have demonstrated that Cd
accumulates and concentrates in ovarian tissue, there are still no studies
on the association between Cd exposure and the etiology of ovarian
cancer. Furthermore, the mechanism whereby Cd causes the cell pro-
liferation remains poorly understood and no uniform outcome has been
pulled out with respect to the cellular signaling pathways suggested in
proliferation induced by Cd. So this study aims to evaluate the estro-
genic effect of Cd on the cell proliferation of ovarian cancer and de-
termine the underlying mechanism.

2. Material and methods
2.1. Chemicals and antibodies

Culture media and growth supplements were purchased from Gibco,
Germany. CdCl,, Estradiol (E2) and PD 98059 were obtained from
Sigma-Aldrich Company. BrdU kit, cDNA synthesis kit and RNX-Plus
were purchased from Roche (Mannheim, Germany), Takara Bio INC
and Sinaclon (RN7713C) respectively. ICI 182,780, glyceraldehyde-3
phosphate dehydrogenase (GAPDH) human antibody (G-9: sc-365,062),
goat anti-mouse IgG1-HRP (sc-2005), mouse monoclonal IgG1 ERa (sc-
73,479) were purchased from Santa cruse and mouse anti-human
monoclonal IgG1 ERP and phosphorylated-ERK1/2 (p-ERK1/2) mouse
monoclonal anti-human from Biorad and Cell signaling respectively.

2.2. Cell cultures

Human ovarian cancer cell lines, OVCAR3 and SKOV3, were ob-
tained from National Cell Bank of Iran (NCBI. Pasture Institute of Iran)
and were cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin G and 100 pg/ml streptomycin in a
humidified atmosphere of 5% CO2, 95% air at 37 °C. The experiments
were done in RPMI medium supplemented with cFBS (charcoal-treated
FBS) 1%. For the preparation of stock solutions, CdCl, was dissolved in
deionized water; E2 and ICI 182,780 were dissolved in ethanol. The
stock solutions were sterilized by filtration and diluted by RPMI
medium.

2.3. MTT viability assay

The viability of treated cell lines was determined by MTT assay.
5 x 10° cells/well were seeded in 96-well plates in RPMI medium
containing 10% FBS and incubated for 24h to reach 60-80% con-
fluence. To evaluate Cd effect on cell viability, fresh medium containing
1% FBS was added and the cells were treated by CdCl,
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(0.00001-50 uM) for 48h. Afterward, 20yl MTT tetrazolium salt
(2 mg/ml) was added to wells and the cells were incubated for 4 h. MTT
tetrazolium salt was converted to color-dense formazan crystals by
mitochondrial dehydrogenases of viable cells. After incubation, the
medium was removed and DMSO was added to the wells. It dissolved
the insoluble formazan crystals and made a violet color. Each point
represents four repeats, each triplicate. To determine the percentage of
viable cells, absorbance values at 570 nm was measured and the cell
viability was calculated by the formula (mean OD of treated cells/mean
OD of control cells) x 100.

2.4. BrdU cell proliferation assay

Cell proliferation was measured by BrdU kit, a colorimetric im-
munoassay based on bromodeoxyuridine incorporation. The method
was performed according to the manufacturer's protocol. 5 X 103 cells/
well was seeded in 96-well plates. After 24 h, the cells were treated by
CdcCl, (0.001, 0.01, 0.1 uM) and E2 (1 uM) in the presence and absence
of ICI 182,780 (10 uM) for 48 h. Then 10 pl of BrdU labeling solution
was added to each well and the cells were incubated again for 4 h.
During the labeling period, BrdU as a pyrimidine analogue of thymidine
is incorporated into DNA during S-phase of the cell cycle. After the
removal of BrdU labeling solution, cells were fixed and denatured by
the kit's FixDenta solution for 30 min at room temperature. FixDenta
solution denaturized DNA. To the incorporated, BrdU was accessible for
detection by the peroxidase-conjugated anti-BrdU antibody. So cells
were incubated for 90 min by peroxidase-conjugated anti-BrdU anti-
body (anti-BrdU-POD). Anti-BrdU-POD bound to BrdU incorporated
into newly synthesized cellular DNA. After washing the unbound anti-
BrdU-POD, the color reaction was developed for 3-5min with the
substrate solution, and stopped by adding 25 pl of sulfuric acid (1 M),
and optical density of the samples were determined using a spectro-
photometric micro plate reader at 370 nm. Each point represents 3 re-
peats, each triplicate.

2.5. Real time RT-PCR

mRNA was isolated from the cells using Trizol reagent (Invitrogen,
USA) and reversely transcribed using the first-strand cDNA synthesis kit
according to the manufacturer's protocol. Quantitative real-time PCR
assay of cDNA (1 ul) was carried out using the SYBR Green kit (Qiagen)
in an ABI step one plus system. 40 cycles of PCR were performed under
the condition of denaturation at 95 °C for 15s, annealing at 60 °C for
25s, and elongation at 72°C for 20s. Amplification specificity was
confirmed by a melting point curve generated at the end of each PCR
reaction. The relative expression level of mRNA genes was normalized
by the endogenous housekeeping gene GAPDH and determined using
the 2"24¢t analysis method. Each point represents 2 repeats, each du-
plicate. The used primers for Real-time PCR are shown in Table 1.

2.6. Western blot analysis
ERa, ERB, and p-ERK1/2 protein contents were detected by western

Table 1
Sequences of the primer pairs genes used for Real-time-PCR.

Oligo Name Oligo Sequence 5'— > 3'
GAPDH forward CTCCCGCTTCGCTCTCTG
GAPDH reverse TCCGTTGACTCCGACCTTC

CCC AGC CTA ACC AGG GAA GT
AGC GCC CTG GGT TTG G
GGATAGCCTCTCTTACTACCAC
TCCTGTCATGGTCTTCACAACG
AAGGAAGCTGGAGAGAATCG
CTGTTTAAGCTGTGCCACCT

FOXO3a forward
FOXO3a reverse
c-fos forward
c-fos reverse
c-jun forward
c-jun reverse
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blotting method. The cells were incubated with various concentrations
of CdCl, and E2 for 24 h. The cells were suspended in an ice-cold RIPA
lysis buffer (20 mM Tris—-HCl pH 7.5, 0.5% Nonidet P-40, 0.5 mM PMSF,
100 mM b-glycerol 3-phosphate and 0.5% protease inhibitor cocktail)
and were vortexed every 15 min for 2 h. The extracts were centrifuged
(14,000 rpm, 10 min, 4°C). The protein concentration of each lysate
was determined by Bradford Protein Assay (Bio-Rad Laboratories, Inc.,
USA). An Equal amount of protein in each sample was subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred onto polyvinylidene fluoride membranes (Amersham Pharmacia
Biotech.). Membranes were incubated with blocking buffer containing
5% non-fat dry milk in PBST (PBS + 0.1% Tween 20) for 2h at room
temperature. Membranes were incubated overnight with mouse
monoclonal antibody as a primary antibody against ERa, ER, p-ERK1/
2 at 4°C and washed three times with PBST. Then Membranes were
incubated with goat anti-mouse IgG1-HRP (sc-2005) as a secondary
antibody for 2h at room temperature. After washing with PBST, the
proteins were detected by ECL detection reagent from Bio-Rad. The
expression of GAPDH was used as an internal reference. Quantitative
analysis of relative level of ERs expression was performed by image j
software.

2.7. Statistical analysis

Mean of replicate wells and then, mean of independent repeats from
measurements was calculated. Data were presented as means *
standard deviation (S.D.). The statistical analysis was performed using
SPSS18.0 for a nonparametric test of variance between groups
(ANOVA) followed by Dunnett's test and independent sample t-test. The
significant difference was statistically considered as p < .05.

3. Results

3.1. Cadmium had a biphasic effect on cell proliferation of ovarian cancer
cell lines

Some studies have shown that Cd can stimulate cell proliferation
(Byrne et al., 2013; Nagata et al., 2013), so this study evaluates the
stimulation of ovarian cancer cell lines proliferation by CdCl,. OVCAR3
and SKOV3 cell lines were seeded in RPMI medium containing 1% FBS
and 5% charcoal and exposed to CdCl, (0.01 nM- 50 uM) for 48 h. Cell
growth was analyzed using MTT assay. As shown in Fig. 1A and B. nM
concentrations of CdCl, significantly enhanced the cell growth com-
pared to control (Cd OuM). The maximum viability was observed at
1nM (0.001uM) of CdCl, (133 = 9 in OVCAR3; p < .05 and
132 + 3.4 in SKOV3; p < .05). However, higher doses of CdCl, (UM
range) revealed the cytotoxic effect on OVCAR3 and SKOV3 cell lines
and displayed a significant reduction in cell growth compared to con-
trol (72 = 7.7-28% in OVCAR3 and 79 =+ 8.2-21% in SKOV3 cells at
50 uM CdClp; p < .05). A significant difference was observed between
the proliferation of cells at highest (50 uM) and lowest (0.001 pM)
CdCl, concentrations (p < .05). Therefore Cd via biphasic dose-re-
sponse phenomenon induced cell proliferation at nM concentrations,
but considerably inhibited cell growth at higher concentrations.

3.2. Cadmium increased proliferation in ovarian cancer cell lines through
ERs

Since Cd significantly increased ovarian cancer cell proliferation at
nM concentrations, this range was selected for the subsequent experi-
ments. BrdU incorporation assay also determined cell proliferation. The
results showed (Fig. 2A and B) that CdCl, significantly stimulated cell
proliferation at lower concentrations (0.001-0.1 uM) in comparison
with control in OVCAR3 (143 = 15 for 0.1uM, 154 + 8.9 for
0.01 uM, 166 = 9.3 for 0.001 uM and 177.6 = 6.6 for E2) and SKOV3
(105 = 2.8 for 0.1uM, 112.7 = 4.8 for 0.01 uM, 132 * 11.7 for
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Fig. 1. CdCl, showed a biphasic effect on cell viability of ovarian cancer cell
lines. OVCAR3 (A) and SKOV3 (B) cells were treated with CdCl, (0.00001 -
50 uM) and cell viability was analyzed by MTT assay. Results are represented as
mean * S.D. * shows significant difference vs. Cd [0] (p < .05).

0.001 uM and 117 * 6.6 for E2). The maximum proliferative response
was observed at 0.001 uM CdCl,. We also used E2 as a natural agonist of
ER to compare with proliferative effects of CdCl, in ovarian cancer cell
lines.

Moreover, it has been reported that Cd could mimic some functions
of estrogen via ER in the hormone-dependent cancers (Geffroy et al.,
2005), so we also assessed the estrogenic activity of Cd in ovarian
cancer cell lines. To evaluate an ER-dependent mechanism in the Cd-
induced ovarian cell proliferation, the cells were pre-incubated with ICI
182,780 (10 uM) as an ER antagonist for 1 h. ICI 182,780 significantly
inhibited CdCl,-induced proliferation when compared to CdCl,-treated
cells without ICI 182,780. As illustrated in Fig. 2A following exposure
to ICI 182,780, the growth effects of CdCl, on OVCAR3 cell lines sig-
nificantly reduced (% 68 for 0.1uM, %65 for 0.01 uM, %88 for
0.001 pM and %100 for E2). ICI 182,780 also inhibited cell prolifera-
tion in SKOV3 cell (%30 for 0.001 uM, %14 for 0.01 uM, %6.5 for
0.1 uM and %18.5 for E2; Fig. 2B). The inhibitory effect of ICI 182,780
on CdCly-induced proliferation as well as E2 suggests that CdCl, in-
creases cell proliferation by an ER-dependent mechanism.

3.3. Cadmium induced ERa and ERp protein expression in ovarian cancer
cell lines

Since our data showed that Cd mimicked E2 action in OVCAR3 and
SKOV3 cells and ICI182, 780 blocked the Cd-stimulated effects; we
determined whether this metal can modulate ERs expression. With this
aim, cell lines were incubated for 24 h with different concentrations of



N. Ataei et al.

A OVCAR3
RICI[0] = ICI[10]
_ 200 e *s
g * e
T 150
5 # 4
2 100 - T #i T T #i#
ks z T
3 50
®
0
Cd[o] Cd[0.1]  Cd[0.01] Cd[0.001]  E2[1]
[LM]
B SKOV3
mICI[0] =ICI[10]
é %
E ®=
S #
: - B B
iG]
A
8
€d[o) Cd[0.1]  Cd[0.01] Cd[0.001]  E2[1]
[LM]

Fig. 2. CdCl, enhanced the cell proliferation of ovarian cancer cell lines in an
ER-dependent manner. The cells were treated with CdCl, (0.1, 0.01, 0.001 uM)
and Estradiol (1 uM) alone or in the presence of ICI (10 uM). Cell proliferation
was evaluated by BrdU assay in OVCAR3 (A) and SKOV3 (B) cell lines. Data are
presented as mean *= SD. * and ** show significant difference vs. Cd [0]
(p < .05 and p < .01, respectively). #, ## and ### show significant dif-
ference between the cells treated with ICI and corresponding cells without ICI
(p < .05, p < .01 and p < .001; respectively). Cd=CdCl,, E2 = Estradiol,
ICI=ICI 182,780.

CdCl, and the expression of ERa (Fig. 3A and C) and ERP (Fig. 3B and
D) were measured by western blot analysis. Quantitative analysis of the
relative level of ERa expression by “image j” software demonstrated
that Cd significantly increased ERa expression in both OVCAR3 and
SKOV3 cell lines compared to control.

The simulative effects of CdCl, on the expression of ERa increased
in a dose-dependent manner (4 folds at 0.1 uM, 7 folds at 0.01 uM, 6
folds at 0.001 uM in OVCAR3 and 2 folds at 0.1 uM, 3.7 folds at
0.01 uM, and 5.3 folds at 0.001 uM in SKOV3 vs. control). The ex-
pression of ERP was also increased (1.98 folds at 0.1 uM, 3.47 folds at
0.01 uM, 3.54 folds at 0.001 uM in OVCAR3 and 0.9 folds at 0.1 uM, 2
folds at 0.01 uM, and 3 folds at 0.001 uM in SKOV3 vs. control).

Modulation of ERs expression by estrogen-like effects of Cd was
confirmed in the presence and absence of ICI182,780. The results de-
monstrated that ICI182,780 significantly reduced the expression of ERa
in OVCARS3 cells (%75 for 0.1 uM, %69 for 0.01 uM, %33 for 0.001 uM
and %63.3 for E2) and in SKOV3 cells (%33 for 0.1 uM, %59 for
0.01 uM, %66 for 0.001 uM and %66.6 for E2). ICI182,780 also sig-
nificantly decreased ER[p expression in both OVCAR3 (%59.5 for
0.1 uM, %57 for 0.01 uM, %46 for 0.001 uM and %50 for E2) and
SKOV3 cells (%33.7 for 0.1 pM, %51 for 0.01 uM, %66.6 for 0.001 uM
and %68 for E2).

3.4. Cadmium stimulated ERK1/2/MAPK activation in ER-dependent
manner

To characterize the mechanism by which Cd-induced the
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proliferation of ovarian cancer cell line, we evaluated the ER-dependent
activation of ERK1/2 as a key player in cell signaling proliferation via
ERs (Geffroy et al., 2005). OVCAR3 and SKOV3 cells were treated with
various concentrations of CdCl, (0.001-0.1 uM) and after 10 min, the
level of p-ERK1/2 was determined by western blot analysis using p-
ERK1/2 monoclonal antibody. “Image j” software quantitatively ana-
lyzed the relative level of p-ERK1/2. As depicted in Fig. 4A and 4B,
0.001 uM of Cd significantly induced activation of p-ERK1/2 in
OVCAR3 cells (2.64 fold, p < .01) and in SKOV3 cells (2.2 fold,
p < .001). Furthermore, ICI 182,780 as ER antagonist partially blocked
the Cd-induced activation of p-ERK1/2 (%54.5 in OVCAR3 and %61.3
in SKOV3) suggesting that an ER-dependent mechanism is involved in
this signaling.

3.5. ERK1/2 inhibitor (PD 98059) inhibited Cd-induced ovarian cancer
cell proliferation

To more assessment whether the increased level of p-ERK1/2 could
involve in Cd-induced cell proliferation, OVCAR3 and SKOV3 cells were
incubated with CdCl, (0.001-0.1 pM) alone or in the presence of ERK1/
2 inhibitors PD 98059 (0.5uM) for 48 h. As shown in Fig. 5A and
Fig. 5B, BrdU assay showed that PD 98059 significantly decreased the
CdCl,-induced cell proliferation in OVCAR3 (%18 for 0.1 pM, %22.7 for
0.01 uM, %25 for 0.001 uM and %26 for E2) and in SKOV3 cells (%28
for 0.1 uM, %26.6 for 0.01 uM, %33 for 0.001 uM and %63.3 for E2).
Also, the level of p-ERK1/2 was evaluated by western blot in Cd-treated
cells in the presence and absence of PD 98059 (Fig. 6A and B). The
results demonstrated that PD 98059 (in Cd-treated cells in the presence
of PD 98059 relative to Cd-treated cells without PD 98059 incubation)
significantly decreased the level of p-ERK1/2 in OVCAR3 (%5 for
0.1 uM, %51.6 for 0.01 uM, %39 for 0.001 uM and %37 for E2) and
SKOV3 (%52 for 0.1 uM, %55.5 for 0.01 uM, %42.5 for 0.001 uM and
%40.5 for E2). Therefore, since PD 98059 reduced both increased level
of p-ERK1/2 and subsequently, it inhibited cell proliferation in Cd-
treated cells, it can be suggested that ERK1/2 could involve in Cd-
triggered proliferation.

3.6. Cadmium induced the transcription of c-jun, c-fos and FOXO3a by ER

Recent studies have suggested that Cd increases proliferation of
some cancer cells by stimulation of c-fos and c-jun as proto-oncogene
(Aquino et al., 2012; Roskoski, 2012). Moreover, FOXO3a was known
as a transcription factor that regulates ER and cellular proliferation. It
has been identified as a key regulator of ER and E2- induced cell
growth. The deregulation of FOXO3a activity is often seen in cancers
and is associated with MAPK/ERK pathway (Johnson et al., 2003;
Spillman et al., 2010). To evaluate whether CdCl, can stimulate cell
proliferation by induction of c-fos, c-jun and FOXO3a expression,
OVCAR3 and SKOV3 cells were treated with CdCl, (0.001-0.1 uM) for
1, 4, 6, 8, 10, 12 and 24 h and modulation of c-fos, c-jun and FOXO3a
mRNA was determined by Real-time PCR. The results demonstrated
that CdCl, significantly intensified the expression of these genes in
comparison with control. The highest expression of c-jun was observed
after 4h, c-fos after 8h and FOXO3a after 6h treatment (data not
shown). As shown in Fig. 7A, C and E, maximum response was also seen
at 0.001 uM CdCl, in OVCARS cells 3.6 folds for c-jun, 4.5 folds for c-fos
and 2.85 folds for FOXO3a and in SKOV3 cells 4.5 folds for c-jun, 8
folds for c-fos and 4.54 folds for FOXO3a (Fig. 7B,D and F, respec-
tively). E2 increased c-fos and c-jun and FOXO3a transcription similarly
to CdCl,. The involvement of ERs in the induction of these genes was
confirmed using ICI 182,780. The cells were exposed to 0.001-0.1 uM
of CdCl, and E2 (1 uM) alone or in the presence of ICI 182,780, and
mRNA expression was determined. As shown in Fig. 7, the antagonist
significantly inhibited mRNA level of c-jun, c-fos and FOXO3a. The
mRNA expression decrease in ICI 182,780 treated cells was calculated
in OVCARS3 (%30 for 0.1 uM, %83 for 0.01 uM, %44 for 0.001 uM and
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%47.6 for E2) and in SKOV3 (%22.6 for 0.1 uM, %62.5 for 0.01 uM,
%64.5 for 0.001 pM and %67.8 for E2) for c-jun. ICI 182,780 decreased
c-fos mRNA in OVCAR3 (%60 for 0.1 uM, %60 for 0.01 uM, %48.8 for
0.001 uM and %57 for E2) and in SKOV3 (%52.6 for 0.1 uM, %69.5 for
0.01 uM, %56 for 0.001 uM and %54 for E2). Additionally, mRNA ex-
pression of FOXO3a was reduced in OVCAR3 (%23.5 for 0.1 uM, %25
for 0.01 pM, %33 for 0.001 uM and %34.4 for E2) and in SKOV3 (%39
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for 0.1 pM, %36 for 0.01 uM, %46.7 for 0.001 uM and %38 for E2).

4. Discussion

Cd was introduced as a xenoestrogen which mimics estrogen effects,
disrupts the endocrine system (Joseph, 2009), activates the ER, alters
the expression of various estrogen target genes (Johnson et al., 2003;
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p-ERK1/2 was evaluated by western blot analysis after exposure of OVCAR3 (A)
and SKOV3 (B) cells with CdCl, (0.1, 0.01, 0.001 uM) and E2 (1 uM) in the
presence or absence of ICI (10 pM). Quantitative analysis of relative level of p-
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ferences vs. Cd [0] without ICI (p < .01 and p < .001, respectively). # and
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sponding cells without ICI (p < .05 and p < .01, respectively). Cd=CdCl,,
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E2[1]

Siewit et al., 2010) and also associates with the occurrence and de-
velopment of typical estrogen-related cancers such as breast, en-
dometrial and ovarian cancers (Adams et al., 2014; Hartwig, 2013). Cd
is known as a reproductive toxicant which accumulates in ovary and
uterus and causes some toxicity effects (Nampoothiri and Gupta, 2006).
The function of estrogens in the etiology of ovarian cancer and es-
trogen-mimicking properties of Cd suggest a role of this metal in
ovarian malignancy (Spillman et al., 2010; Syed et al., 2001). In the
present study, we investigated the effect of various concentrations of Cd
on the proliferation of ovarian cancer cell lines. Our results show that
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Fig. 5. ERK1/2 inhibitor (PD 98059) decreased Cd-induced ovarian cancer cell
proliferation. OVCAR3 (A) and SKOV3 (B) cells were treated with CdCl, (0.1,
0.01, 0.001 uM) and E2 (1 uM) alone or in the presence of PD (0.5 uM). Cell
proliferation was measured by BrdU assay. * shows significant difference vs. Cd
[0] (p < .05). # shows significant difference between the cells treated with PD
and corresponding cells without PD (p < .05). Cd=CdCl,, E2 = Estradiol,
PD = PD 98059.

Cd significantly increased cell proliferation at nM concentration but
markedly inhibited cell growth at uM concentration in a biphasic dose-
response manner. Previous studies have shown a biphasic effect of Cd
on cell proliferation in human embryo lung fibroblast cells and human
embryonic kidney cells (Jiang et al., 2008, 2009). The results of Hao
et al. demonstrated that Cd and Hg stimulated cell proliferation at 0.05
and 0.5 pM but inhibited it at 50 and 500 uM in breast cancer cell lines
(Hao et al., 2009). Gao et al. explored that CdCl, stimulated the pro-
liferation of uterine cancer cell line at lower concentrations (0.1 uM and
10uM) and it inhibited proliferation at concentrations =50 uM (Gao
et al., 2015). Khojastehfar et al. concluded that nM concentration of Cd
enhanced MCF7 cell proliferation but uM concentration of this heavy
metal-induced cell apoptosis by elevation of ROS level in a dose-de-
pendent manner (Khojastehfar et al., 2015). More recent studies in
breast, prostate, mesangial and lung epithelial cell lines indicated that
low concentrations of Cd promoted cell growth (Bakshi et al., 2008;
Kundu et al., 2009; Wei et al., 2015). The results of Huff et al. showed
that both CdCl, and NaAsO2 at nM concentrations, environmentally
relevant concentrations, have proliferative effect in some types of lung
cancer cell lines (Huff et al., 2016).

Here, we examined whether Intracellular ER may mediate Cd-in-
duced ovarian cancer proliferation. To determine this relationship, we
used ICI 182,780 as a general inhibitor of ERa and ERp. The results
suggest a metalloestrogenic effect of Cd in ovarian cancer cell lines.
Inconsistency with our results, Stoica et al. and Byrne et al. observed
that Cd functionally acted like E2 in breast cancer cells as a result of its
ability to bind to the ligand-binding domain of ERa with high affinity
(Byrne et al., 2009; Stoica et al., 2000). Brama et al. claimed that CdCI2
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Fig. 6. PD 98059 inhibited Cd-induced phosphorylation of ERK1/2 in ovarian
cancer cell lines. The expression of p-ERK1/2 was evaluated by western blot
analysis after exposure of OVCAR3 (A) and SKOV3 (B) cells with CdCl, (0.1,
0.01, 0.001 uyM) and E2 (1 uM) in the presence or absence of PD (0.5 uM).
Quantitative analysis of relative level of p-ERK1/2 was performed by image j
software. #, ## show significant differences between the cells treated with PD
and corresponding cells without PD (p < .05 and p < .01, respectively).
Cd=CdCl,, E2 = Estradiol, PD = PD 98059.

stimulated an ER-dependent mitogenic signaling in breast cancer cell
line and the ER-antagonist ICI 182,780 blunted it (Brama et al., 2007).
Ronchetti et al. reported that nM concentrations of Cd exerted a po-
tential estrogenic effect on cell proliferation of normal and tumor lac-
totrophs and its effects were blocked by ICI 182,780 (Ronchetti et al.,
2013). In contrast to our study, Ali et al. reported that ICI 182,780
could not inhibit the CdCl2-induced proliferation in HepG2, MCF-7and
ECC-1 cell lines. They suggested that instead of ER, a membrane G
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protein-coupled receptor of estrogen, GPR30, mediated these Cd effects
(Ali et al., 2015). Moreover, Huff et al. observed that both ER antago-
nist ICI 182,780 and GPER antagonist G-15 attenuated CdCl2 and E2
stimulated proliferation in lung cancer cell lines (Huff et al., 2016).
Although recent studies have suggested that GPR30 possibly has a role
in proliferative effects of Cd as a xenoestrogen (Gao et al., 2015; Huff
et al., 2016), the activation of ERs was considered as a critical step in
metal-induced carcinogenesis (Aquino et al., 2012).

More attention has been given to the roles of ER in etiology, in-
cidence, and pathology and survival rate of ovarian tumors as a pro-
minent hormone-related cancer. (Jarvinen et al., 2000). So we also
evaluated the effect of various concentrations of CdCl, on the expres-
sion of ERa and ERfB. We found that Cd similar to E2 significantly in-
creased the expression of ERs (a and [3), but the expression of ERa was
higher than ERP. These results suggested that both subtypes of ER have
possible roles in the Cd-induced proliferation of ovarian cancer cells.
Ronchetti et al. claimed that Cd up-regulated mRNA expression of ERa
in anterior pituitary cells at nM concentration (Ronchetti et al., 2013).
Huff et al. reported that 100 nM CdCl, and E2 increased both ERa and
ERp expression in lung cancer cell lines (Huff et al., 2016). ERa and
ERP can dimerize and associate with DNA and some transcription fac-
tors (Leclercq, 2002). The findings of Dougherty et al. demonstrated
that ER protein was expressed higher than ERa in lung tumors and cell
lines (Dougherty et al., 2006). Lindberg et al. have been suggested that
ERa and ER[} were co-expressed. ERa not only was responsible to in-
ducing cell proliferation but also it could up-regulate ERP (Lindberg
et al., 2003).

The high level of ERf expression in lung tumors and ERa expression
in breast tumors can provide a good rationale that ERa and ERB may
play a critical role in cellular proliferation depending on tissue type
(Brandenberger et al., 1997). ERK/MAPK, one of the most important
intracellular protein kinases play a critical role in cell proliferation by
phosphorylation of transcription factors and stimulation of intracellular
networks of signaling cascades (Waisberg et al., 2003; Geffroy et al.,
2005; Roskoski, 2012). We observed that CdCl, activated ERK1/2 in
OVCAR3 and SKOV3 cells similar to estradiol effects and ICI 182,780
pretreatment reduced ERK1/2 phosphorylation. It suggests that ERK/
MAPK pathway might be involved in Cd-induced proliferation and ER is
required for ERK1/2 activation. In supporting our findings, Huang et al.
reported that 1 uM Cd-induced a sustained activation of ERK1/2 in
mouse epidermal cells (Huang et al., 2001). Jiang et al. showed that low
concentrations of Cd promoted cell proliferation by increasing in p-
ERK1/2 activity whereas, at high Cd concentrations, phospho-p38 ac-
tivity markedly increased and induced apoptosis in human embryo lung
fibroblast cells (Jiang et al., 2009). The results of Hao et al. claimed that
Cd in a biphasic effect, at higher concentrations (50 and 500 uM) in-
duces apoptosis by increasing of JNK and P38 phosphorylation but at
lower concentrations (50 and 500 nM), activated ERK/MAPK pathway
lead to proliferation of HEK293 cell line (Hao et al., 2009). Gao et al.
also reported that ERK1/2 /MAPK pathway is essential for Cd-induced
cell proliferation in uterine cell lines. They explored that CdCl, stimu-
lated the growth of uterine cancer cell lines at lower concentrations
(0.1puM and 10pM) using dose-dependent p-ERK1/2 activation and
inhibited the cell proliferation at concentrations =5 uM by p-ERK1/2
diminution (Gao et al., 2015). Brama et al. showed that ICI 182,780 in
the MCF-7 cells blocked ERK1/2 activation (Brama et al., 2007). Liu
et al. described that treatment of MCF-7 cells with 0.5-10 uM CdCl,
caused rapid activation of ERK1/2 similar to E2 and partially blocked
by specific siRNA of ERa (Liu et al., 2008). In accordance with previous
results, our study demonstrated that low Cd concentrations activated
ERK1/2 and subsequent proliferation in ovarian cancer cell lines. So
ERK1/2 signal pathway might take part in hormesis phenomenon by
phosphorylation of ERK1/2 and activation of dependent genes. Steb-
bing explained that in the lower dose of metals, cells showed an over-
compensation response to protect and adapt against the damage of
metals but higher doses caused severe toxic effects to induce cell death
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Fig. 7. CdCl, intensified the transcription of c-jun, c-fos and FOXO3a genes through ER. The cells were treated with CdCl, (0.1, 0.01, 0.001 uM) and and E2 (1 uM) in
the presence or absent of ICI (10 uM). mRNA transcription of c-jun (A, B), c-fos (C, D) and FOXO3a (E, F) was determined by Real time PCR. Results were represented
as mean * S.D. *, ** and *** show significant differences vs. Cd [0]. #, ## and ### show significant differences between the cells treated with ICI and corre-
sponding cells without ICI (p < .05, p < .01 and p < .001, respectively). E2 = Estradiol, Cd=CdCl,, ICI=ICI 182,780.

(Stebbing, 2002).

Furthermore, the determination of downstream target genes in-
duced by CdCl, is noteworthy and can help to define its underlying
carcinogenesis mechanism. Therefore, we evaluated c-fos and c-jun
expression which are stimulated by estrogen through ERK/MAPK
pathway. These are not only proto-oncogenes which in combination
together act as the transcription factor and regulate cell proliferation
but also are key components which are activated by mitogenic stimuli
and play an important role in many cellular functions to convert ex-
tracellular signals to change of gene expression (Adams et al., 2014).
Estrogen can stimulate c-fos and c-jun through ERK pathway. We de-
monstrated that c-fos and c-jun mRNA expression were up-regulated by
CdCl, similar to E2. Cd effects on c-fos and c-jun expression can be

mediated by ER involvement. Ronchetti showed that 10nM Cd en-
hanced c-fos mRNA expression in an ERa — dependent manner in
anterior pituitary cells (Ronchetti et al., 2013). Some data indicated
that Cd increased cell proliferation by stimulation of ERK1/2 activity
probably through activation of c-fos, c-jun and by an ERa-dependent
mechanism (Brama et al., 2007; Roskoski, 2012). Additionally, our
analysis demonstrated that cells exposed to Cd also expressed higher
levels of FOXO3a compared to control. This gene is a member of FOXO
proteins which regulates cell cycle and modulates progression of cells.
Some studies reported that FOXO3a expression correlated with some
clinical responses of breast cancer such as ER positivity, axillary lymph
node negativity and histologic grade (Esteva et al., 2002; Jiang et al.,
2013). Recent studies suggested a clear link between the expression of
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Fig. 8. Schematic representation of CdCl, mechanism involved in ovarian
cancer cell proliferation. After binding to ER, Cd increased the expression of
ERs, phosphorylation of ERK1/2 and activation of c-fos, c-jun and FOXO3a
transcription factors to induce proliferation of ovarian cancer cells. Cd=CdCl,,
PD = PD 98059, ER = Estrogen Receptor, ICI=ICI 182,780.

FOXO03a and ER+ in breast cancer (Guo and Sonenshein, 2004; Jiang
et al.,, 2013). Guo and Sonenshein postulated that overexpression of
FOXO3a increased expression of ERa in ERa + NF639 and T47D cells.
They identified two strongly binding forkhead sites in ERa promoter
and introduced FOXO3a as a key mediator of expression of ERa in
breast cancer (Guo and Sonenshein, 2004; Madureira et al., 2006).
Furthermore, it is also regulated by the ERK/MAPK pathway (Myatt and
Lam, 2007). These results showed that Cd exposure induced the ex-
pression of FOX03a through ERK1/2 signaling pathway and suggested
that FOXO3a might regulate cell proliferation in Cd-exposed ovarian
cells. Finally, it would be intriguing to design a model of the possible
mechanism by which CdCl, activated intracellular signaling cascade in
ovarian cancer cell proliferation in Fig. 8. CdCl, induced the pro-
liferation of the ovarian cancer cells and expression of ER in an ER-
dependent manner by increasing p-ERK1/2 and following activation of
c-fos, c-jun, and FOXO3a transcription factors.

5. Conclusion

Our findings suggest that biphasic response of Cadmium at low nM
concentrations promotes an estrogenic type of proliferation in ovarian
cancer cell lines. Also activation of signals like ERK1/2 and some
transcription factors such as c-fos, c-jun and FOXO3a might be involved
in Cd-induced proliferation. Perception of downstream targets by which
Cd deregulates cell proliferation can be worthwhile and helpful to de-
fine its underlying carcinogenesis mechanism.

Funding

This work was supported by Isfahan University of Medical Sciences.

192

Toxicology in Vitro 56 (2019) 184-193

Conflict of interest
The authors declare that they have no conflicts of interest.
Acknowledgement

This work was supported by Isfahan University of Medical Sciences,
Iran (Grant number 394160).

References

Adams, S.V., Quraishi, S.M., Shafer, M.M., Passarelli, M.N., Freney, E.P., Chlebowski,
R.T., et al., 2014. Dietary cadmium exposure and risk of breast, endometrial, and
ovarian cancer in the Women's Health Initiative. Environ. Health Perspect. 122,
594-600.

Ali, 1., Damdimopoulou, P., Stenius, U., Halldin, K., 2015. Cadmium at nanomolar con-
centrations activates Raf-MEK-ERK1/2 MAPKs signaling via EGFR in human cancer
cell lines. Chem. Biol. Interact. 231, 44-52.

Aquino, N.B., Sevigny, M.B., Sabangan, J., Louie, M.C., 2012. The role of cadmium and
nickel in estrogen receptor signaling and breast cancer: metalloestrogens or not? J.
Environ. Sci. Health Part C Environ. Carcinog. Ecotoxicol. Rev. 30, 189-224.

Bakshi, S., Zhang, X., Godoy-Tundidor, S., Cheng, R.Y.S., Sartor, M.A., Medvedovic, M.,
Ho, S.-M., 2008. Transcriptome analyses in normal prostate epithelial cells exposed to
low-dose cadmium: oncogenic and immunomodulations involving the action of
tumor necrosis factor. Environ. Health Perspect. 116, 769-776.

Brama, M., Gnessi, L., Basciani, S., Cerulli, N., Politi, L., Spera, G., Mariani, S., Cherubini,
S., d'Abusco, A.S., Scandurra, R., Migliaccio, S., 2007. Cadmium induces mitogenic
signaling in breast cancer cell by an ERa-dependent mechanism. Mol. Cell.
Endocrinol. 264, 102-108.

Brandenberger, A.W., Tee, M.K., Lee, J.Y., Chao, V., Jaffe, R.B., 1997. Tissue distribution
of estrogen receptors alpha (ER-alpha) and beta (ER-beta) mRNA in the midgesta-
tional human fetus. J. Clin. Endocrinol. Metab. 82, 3509-3512.

Byrne, C., Divekar, S.D., Storchan, G.B., Parodi, D.A., Martin, M.B., 2009. Cadmium-a
metallohormone? Toxicol. Appl. Pharmacol. 238, 266-271.

Byrne, C., Divekar, S.D., Storchan, G.B., Parodi, D.A., Martin, M.B., 2013. Metals and
breast cancer. J. Mammary Gland Biol. Neoplasia 18, 63-73.

Chan, J.K., Cheung, M.K., Husain, A., Teng, N.N., West, D., Whittemore, A.S., Berek, J.S.,
Osann, K., 2006. Patterns and progress in ovarian cancer over 14 years. Obstet.
Gynecol. 108, 521-528.

Dougherty, S.M., Mazhawidza, W., Bohn, A.R., Robinson, K.A., Mattingly, K.A.,
Blankenship, K.A., Huff, M.O., McGregor, W.G., Klinge, C.M., 2006. Gender differ-
ence in the activity but not expression of estrogen receptors alpha and beta in human
lung adenocarcinoma cells. Endocr. Relat. Cancer 13, 113-134.

Esteva, F.J., Sahin, A.A., Cristofanilli, M., Arun, B., Hortobagyi, G.N., 2002. Molecular
prognostic factors for breast cancer metastasis and survival. Semin. Radiat. Oncol. 12,
319-328.

Filardo, E.J., Quinn, J.A., Frackelton, A.R., Bland, K.I., 2002. Estrogen action via the G
protein-coupled receptor, GPR30: stimulation of adenylyl cyclase and cAMP-medi-
ated attenuation of the epidermal growth factor receptor-to-MAPK signaling axis.
Mol. Endocrinol. Baltim. Md 16, 70-84.

Gao, X., Yu, L., Moore, A.B., Kissling, G.E., Waalkes, M.P., Dixon, D., 2015. Cadmium and
proliferation in human uterine leiomyoma cells: evidence of a role for EGFR/MAPK
pathways but not classical estrogen receptor pathways. Environ. Health Perspect.
123, 331-336.

Geffroy, N., Guédin, A., Dacquet, C., Lefebvre, P., 2005. Cell cycle regulation of breast
cancer cells through estrogen-induced activities of ERK and Akt protein kinases. Mol.
Cell. Endocrinol. 237, 11-23.

Guo, S., Sonenshein, G.E., 2004. Forkhead box transcription factor FOXO3a regulates
estrogen receptor alpha expression and is repressed by the Her-2/neu/phosphatidy-
linositol 3-kinase/Akt signaling pathway. Mol. Cell. Biol. 24, 8681-8690.

Hao, C., Hao, W., Wei, X,, Xing, L., Jiang, J., Shang, L., 2009. The role of MAPK in the
biphasic dose-response phenomenon induced by cadmium and mercury in HEK293
cells. Toxicol. Vitro Int. J. Publ. Assoc. BIBRA. 23, 660-666.

Hartwig, A., 2013. Cadmium and cancer. Met. Ions Life Sci. 11, 491-507.

Huang, C., Zhang, Q., Li, J., Shi, X., Castranova, V., Ju, G., Costa, M., Dong, Z., 2001.
Involvement of Erks activation in cadmium-induced AP-1 transactivation in vitro and
in vivo. Mol. Cell. Biochem. 222, 141-147.

Huff, M.O., Todd, S.L., Smith, A.L., Elpers, J.T., Smith, A.P., Murphy, R.D., Bleser-
Shartzer, A.S., Hoerter, J.E., Radde, B.N., Klinge, C.M., 2016. Arsenite and cadmium
activate MAPK/ERK via membrane estrogen receptors and G-protein coupled es-
trogen receptor signaling in human lung adenocarcinoma cells. Toxicol. Sci. Off. J.
Soc. Toxicol. 152, 62-71.

Jérvinen, T.A.H., Pelto-Huikko, M., Holli, K., Isola, J., 2000. Estrogen receptor B is co-
expressed with ERa and PR and associated with nodal status, grade, and proliferation
rate in breast cancer. Am. J. Pathol. 156, 29-35.

Jemal, A., Siegel, R., Ward, E., Hao, Y., Xu, J., Murray, T., Thun, M.J., 2008. Cancer
statistics. Cancer J. Clin. 58, 71-96.

Jiang, G., Xu, L., Song, S., Zhu, C., Wu, Q., Zhang, L., Wu, L., 2008. Effects of long-term
low-dose cadmium exposure on genomic DNA methylation in human embryo lung
fibroblast cells. Toxicology 244, 49-55.

Jiang, G., Duan, W., Xu, L., Song, S., Zhu, C., Wu, L., 2009. Biphasic effect of cadmium on
cell proliferation in human embryo lung fibroblast cells and its molecular mechanism.


http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0005
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0005
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0005
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0005
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0010
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0010
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0010
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0015
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0015
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0015
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0020
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0020
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0020
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0020
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0025
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0025
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0025
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0025
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0030
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0030
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0030
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0035
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0035
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0040
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0040
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0045
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0045
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0045
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0050
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0050
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0050
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0050
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0055
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0055
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0055
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0060
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0060
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0060
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0060
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0065
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0065
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0065
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0065
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0070
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0070
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0070
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0075
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0075
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0075
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0080
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0080
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0080
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0090
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0095
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0095
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0095
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0100
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0100
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0100
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0100
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0100
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0105
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0105
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0105
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0110
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0110
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0115
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0115
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0115
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0120
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0120

N. Ataei et al.

Toxicol. in Vitro 23, 973-978.

Jiang, Y., Zou, L., Lu, W.-Q., Zhang, Y., Shen, A.-G., 2013. FOXO3a expression is a
prognostic marker in breast cancer. PloS One 8 €70746.

Jin, Y.H., Clark, A.B., Slebos, R.J.C., Al-Refai, H., Taylor, J.A., Kunkel, T.A., Resnick,
M.A., Gordenin, D.A., 2003. Cadmium is a mutagen that acts by inhibiting mismatch
repair. Nat. Genet. 34, 326-329.

Johnson, M.D., Kenney, N., Stoica, A., Hilakivi-Clarke, L., Singh, B., Chepko, G., et al.,
2003. Cadmium mimics the in vivo effects of estrogen in the uterus and mammary
gland. Nat. Med. 9, 1081-1084.

Joseph, P., 2009. Mechanisms of cadmium carcinogenesis. Toxicol. Appl. Pharmacol. 238,
272-279.

Julin, B., Wolk, A., f\kesson, A., 2011. Dietary cadmium exposure and risk of epithelial
ovarian cancer in a prospective cohort of Swedish women. Br. J. Cancer 105,
441-444.

Khojastehfar, A., Aghaei, M., Gharagozloo, M., Panjehpour, M., 2015. Cadmium induces
reactive oxygen species-dependent apoptosis in MCF-7 human breast cancer cell line.
Toxicol. Mech. Methods 25, 48-55.

Kundu, S., Sengupta, S., Chatterjee, S., Mitra, S., Bhattacharyya, A., 2009. Cadmium in-
duces lung inflammation independent of lung cell proliferation: a molecular ap-
proach. J. Inflamm. Lond. Engl. 6, 19.

Lau, K.M., Mok, S.C., Ho, S.M., 1999. Expression of human estrogen receptor-alpha and
-beta, progesterone receptor, and androgen receptor mRNA in normal and malignant
ovarian epithelial cells. Proc. Natl. Acad. Sci. U. S. A. 96, 5722-5727.

Leclercq, G., 2002. Molecular forms of the estrogen receptor in breast cancer. J. Steroid
Biochem. Mol. Biol. 80, 259-272.

Lindberg, M.K., Movérare, S., Skrtic, S., Gao, H., Dahlman-Wright, K., Gustafsson, J.-A.,
Ohlsson, C., 2003. Estrogen receptor (ER)-beta reduces ERalpha-regulated gene
transcription, supporting a “ying yang” relationship between ERalpha and ERbeta in
mice. Mol. Endocrinol. Baltim. Md. 17, 203-208.

Liu, Z., Yu, X., Shaikh, Z.A., 2008. Rapid activation of ERK1/2 and AKT in human breast
cancer cells by cadmium. Toxicol. Appl. Pharmacol. 228, 286-294.

Madureira, P.A., Varshochi, R., Constantinidou, D., Francis, R.E., Coombes, R.C., Yao, K.-
M., Lam, E.W.-F., 2006. The Forkhead box M1 protein regulates the transcription of
the estrogen receptor alpha in breast cancer cells. J. Biol. Chem. 281, 25167-25176.

Myatt, S.S., Lam, E.W.-F., 2007. The emerging roles of forkhead box (Fox) proteins in
cancer. Nat. Rev. Cancer 7, 847-859.

Nagata, C., Nagao, Y., Nakamura, K., Wada, K., Tamai, Y., Tsuji, M., Yamamoto, S.,

193

Toxicology in Vitro 56 (2019) 184-193

Kashiki, Y., 2013. Cadmium exposure and the risk of breast cancer in Japanese
women. Breast Cancer Res. Treat. 138, 235-239.

Nampoothiri, L.P., Gupta, S., 2006. Simultaneous effect of lead and cadmium on granu-
losa cells: a cellular model for ovarian toxicity. Reprod. Toxicol. 21, 179-185.

Oh, A.S., Lorant, L.A., Holloway, J.N., Miller, D.L., Kern, F.G., El-Ashry, D., 2001.
Hyperactivation of MAPK induces loss of ERalpha expression in breast cancer cells.
Mol. Endocrinol. Baltim. Md. 15, 1344-1359.

Ronchetti, S.A., Miler, E.A., Duvilanski, B.H., Cabilla, J.P., 2013. Cadmium mimics es-
trogen-driven cell proliferation and prolactin secretion from anterior pituitary cells.
PLos One 8.

Roskoski, R., 2012. ERK1/2 MAP kinases: structure, function, and regulation. Pharmacol.
Res. 66, 105-143.

Satarug, S., Garrett, S.H., Sens, M.A., Sens, D.A., 2011. Cadmium, environmental ex-
posure, and health outcomes. Ciénc. Amp Satide Coletiva. 16, 2587-2602.

Sieh, W., Kobel, M., Longacre, T.A., Bowtell, D.D., deFazio, A., Goodman, M.T., et al.,
2013. Associations between hormone receptor expression and ovarian cancer sur-
vival: an ovarian tumor tissue analysis consortium study. Lancet Oncol. 14, 853-862.

Siewit, C.L., Gengler, B., Vegas, E., Puckett, R., Louie, M.C., 2010. Cadmium promotes
breast cancer cell proliferation by potentiating the interaction between ERa and c-
Jun. Mol. Endocrinol. 24, 981-992.

Spillman, M.A., Manning, N.G., Dye, W.W., Sartorius, C.A., Post, M.D., Harrell, J.C.,
Jacobsen, B.M., Horwitz, K.B., 2010. Tissue-specific pathways for estrogen regulation
of ovarian cancer growth and metastasis. Cancer Res. 70, 8927-8936.

Stebbing, A.R.D., 2002. Tolerance and hormesis—increased resistance to copper in hy-
droids linked to hormesis. Mar. Environ. Res. 54, 805-809.

Stoica, A., Katzenellenbogen, B.S., Martin, M.B., 2000. Activation of estrogen receptor-
alpha by the heavy metal cadmium. Mol. Endocrinol. Baltim. Md. 14, 545-553.

Syed, V., Ulinski, G., Mok, S.C., Yiu, G.K., Ho, S.M., 2001. Expression of gonadotropin
receptor and growth responses to key reproductive hormones in normal and malig-
nant human ovarian surface epithelial cells. Cancer Res. 61, 6768-6776.

Vargas, A.N., 2014. Natural history of ovarian cancer. Ecance. 8, 465-475.

Waisberg, M., Joseph, P., Hale, B., Beyersmann, D., 2003. Molecular and cellular me-
chanisms of cadmium carcinogenesis. Toxicology 192, 95-117.

Wei, Z., Song, X., Shaikh, Z.A., 2015. Cadmium promotes the proliferation of triple-ne-
gative breast cancer cells through EGFR-mediated cell cycle regulation. Toxicol. Appl.
Pharmacol. 289, 98-108.


http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0120
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0125
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0125
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0130
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0130
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0130
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0135
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0135
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0135
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0140
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0140
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0145
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0145
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0145
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0150
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0150
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0150
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0155
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0155
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0155
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0160
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0160
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0160
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0165
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0165
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0170
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0170
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0170
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0170
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0175
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0175
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0180
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0180
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0180
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0190
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0190
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0195
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0195
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0195
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0200
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0200
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0205
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0205
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0205
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0210
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0210
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0210
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0215
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0215
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0220
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0220
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0230
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0230
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0230
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0235
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0235
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0235
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0240
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0240
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0240
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0245
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0245
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0250
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0250
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0255
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0255
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0255
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0265
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0270
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0270
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0275
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0275
http://refhub.elsevier.com/S0887-2333(18)30724-0/rf0275

	Evidences for involvement of estrogen receptor induced ERK1/2 activation in ovarian cancer cell proliferation by Cadmium Chloride
	Introduction
	Material and methods
	Chemicals and antibodies
	Cell cultures
	MTT viability assay
	BrdU cell proliferation assay
	Real time RT-PCR
	Western blot analysis
	Statistical analysis

	Results
	Cadmium had a biphasic effect on cell proliferation of ovarian cancer cell lines
	Cadmium increased proliferation in ovarian cancer cell lines through ERs
	Cadmium induced ERα and ERβ protein expression in ovarian cancer cell lines
	Cadmium stimulated ERK1/2/MAPK activation in ER-dependent manner
	ERK1/2 inhibitor (PD 98059) inhibited Cd-induced ovarian cancer cell proliferation
	Cadmium induced the transcription of c-jun, c-fos and FOXO3a by ER

	Discussion
	Conclusion
	Funding
	Conflict of interest
	Acknowledgement
	References




