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Accordingly, we hypothesized that CPF or its metabolite chlorpyrifos-oxon (CPFO) could induce cell
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Chlorpyrifos

through KIAA1363 overexpression and AhR activation in MCF-7 and MDA-MB-231 cells after acute and

ER long-term treatment. The results obtained in this work provide new information relative to the mech-
2}\;151A1 anisms involved in the CPF toxic effects that could lead to breast cancer disease.

KIAA163

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Chlorpyrifos (CPF) is an insecticide from the organophosphate
(OPs) family, which applications ranging from industrial to home
and agriculture use (Richardson and Chambers, 2005). OPs occu-
pational exposure was related to increased leukemia, all lympho-
hematopoietic, brain, colorectal, lung and breast cancer risk (Engel
et al, 2017; Lee et al., 2004, 2007; Weichenthal et al., 2010).
Particularly, Engel et al. (2017) reported that breast cancer risk was
elevated among women who had ever used the CPF with respect to
women not exposed to it [HR = 1.4 (95% CI: 1.0, 2.0)]. This risk was
increased even more when both the women and their husbands
used this pesticide in relation to when it was only the women who
used it [HR = 1.6 (95% CI: 0.9, 2.9)]. Chlorpyrifos was also related to
the induction of breast cancer in rats chronically treated with small
doses (Nishi and Hundal, 2013; Ventura et al., 2016, 2019). How-
ever, it remains unclear which mechanisms induce these effects.

Different in vitro studies have shown that CPF induces the pro-
motion of cell division in the human estrogen-dependent breast
cancer MCF-7 cell line after 10 days of repeated exposure from
0.05 uM concentration and that it reduces cell proliferation from
50 uM (Ventura et al., 2012, 2015). This effect was described to be
produced either by estrogen receptor alpha (ERa) activation
(Ventura et al.,, 2012, 2015). However, there is some controversy on
whether CPF induces cell proliferation and the role of ER activation
in this action. In this sense, CPF was reported to not produce cell
proliferation and estrogen receptor activation after 9 days repeated
exposure starting at 0.001 pM—10 uM (Vinggaard et al., 1999) or cell
proliferation after single treatment starting at 0.01 pM—10 uM
(Rich etal.,2012) in MCF-7 cells. However, it was reported to induce
cell proliferation after 24 h single CPF treatment starting at
25 pM—50 pM in MCF-7 cells, producing from this concentration
cell death and ERa weak activation (with a 25% response respect to
estradiol) at 50 M concentration (Andersen et al., 2002). Thus, ERa
participation in CPF cell proliferation induction seems limited and
another mechanism could be involved.

Previous works described the aromatic hydrocarbon receptor
(AhR) participation in the induction of breast cancer (Vacher et al.,
2018). MCF-7 and MDA-MB-231 cell proliferation was related to
AhR overexpression and its silencing reduces tumor size increase
and metastasis (Salisbury et al., 2014). Besides, AhR antagonists
have been proposed as possible antitumoral agents since AhR ag-
onists were found to induce tumor promotion and rescue breast
cancer cells from apoptosis after toxic insults (Al-Dhfyan et al.,
2017; Bekki et al., 2015; Chu et al., 2014; Romagnolo et al., 2015,
2017). Recently, AhR was also shown that could participate in the
promotion, invasiveness, and migration of estrogen-dependent
breast tumor cell lines compared to non-estrogen-dependent cell
lines (D’Amato et al, 2015). CPF was shown to present
concentration-dependent AhR agonist effects at concentrations
above 1 M in human and rat hepatoma cell lines (Long et al., 2003;
Takeuchi et al., 2008). Therefore, CPF could mediate this effect
through the AhR receptor in breast tumor cell lines.

Otherwise, after treatment with CPF of the non-hormone-
dependent MDA-MB-231 cell line, no increase in promotion of
cell division was observed after a single exposure at 48 h (Rich et al.,

2012), although its reduction after 10 days of treatment has been
described (Ventura et al., 2012). These studies were carried out only
with CPF, which is extensively transformed aby liver action, mainly
into chlorpyrifos-oxon (CPFO). Said metabolite, alongside with CPF,
induces most of the toxic effects described (Eaton et al., 2008), so
we cannot rule out that the observed effects are different after
exposure to CPFO. In addition, it has been described that the
enzyme KIAA1363, which influences the invasiveness and growth
of tumor cells (Jessani et al., 2002) and participates in the detoxi-
fication of organophosphates (Eaton et al., 2008), shows high ac-
tivity in the MDA-MB-231 cell line. Nevertheless, this enzyme has
less activity in the MCF-7 cell line (Jessani et al., 2002), which
suggests that there could be differences between both cell lines on
cell proliferation susceptibility. In this sense, CPF was described to
produce the proliferation of H508 colorectal adenocarcinoma hu-
man cell line, but not of other human cell lines from colon and liver
(HT-29, CCD841, HepG2, and THLE-3), while CPFO can induce cell
death in all of them (Suriyo et al., 2015). All commented above
indicates that there may be different mechanisms between CPF and
CPFO and between different cell lines or periods of exposure,
leading to different results depending on the compound, cell line or
exposure period used.

Considering the above, we hypothesized that CPF or its metab-
olite CPFO could induce the promotion of cell division in MCF-7 and
MDA-MB-231 cell lines, by mechanisms related to ER and AhR in
MCEF-7 cells and through AhR and KIAA1363 enzyme in the MDA-
MB-231 cells, with differential effect after acute and repeated
exposure. This work is aimed at determining the mechanisms un-
derlying cell proliferation induced in breast cancer cells by CPF,
which could help to explain CPF participation as a factor in breast
cancer induction.

2. Materials and methods
2.1. Chemicals

Chlorpyrifos (99.99%), chlorpyrifos-oxon (99.99%), tamoxifen,
CH-223,191, dimethyl sulfoxide (DMSO), L-glutamine, and 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT)
compounds were purchased to Sigma (Madrid, Spain). The rest of
the reagents were of the highest grade and purity available in
laboratory.

2.2. Culture of MCF-7 and MDA-MB-231 cells

We used the human breast cancer MCF-7 cell line, extensively
used to study ER activation effects on breast cancer cells, and the
human breast cancer MDA-MB-231 cell line, as a non-estrogen-
dependent cell line (Rich et al., 2012), as a standard of estrogen-
dependent and independent breast cancer cells. Both cell lines
express AhR (Salisbury et al., 2014).

The cells were gifted by Dr. Palacios (Ramon y Cajal Hospital,
Spain). Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 at 1:1
strengthened with 2 mM r-glutamine, 10% fetal bovine serum (FBS)
and penicillin/streptomycin with or without 6 ng/mL insulin was
used to maintain MCF-7 and MDA-MB-231 cells, respectively, at
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37 °C and 5% CO,. Cells (passages 7—15) were seeded in 6-wells
(100,000—200000 cells/well) plates or 96-well (2000—4000 cells/
well) plates in a complete medium for 24 h to attach. After that, we
used only a phenol red-free with 2.5% charcoal-treated FBS as
experimental medium for 24 h, and then we added the compounds
that were going to be tested for either 24 h or repeatedly for 14
days, added daily to new media. The co-treatments with different
compounds were performed at the same time and under the
described conditions. Look Out Mycoplasma PCR Detection Kit
(Sigma, Madrid, Spain) showed cells to be mycoplasma-free.

We determined ER and AhR gene expression and activation,
KIAA1363 gene expression and the effects of KIAA1363 gene
silencing and ER and AhR antagonist treatment on cell prolifera-
tion. Cells were incubated with CPF (from 0.01 pM to 100 pM) and
CPFO (from 0.01 uM to 100 uM) concentrations during 24 h and
recurrently during 14 days with or without the ER antagonist
tamoxifen (TMX; 1 uM), with or without the AhR antagonist CH-
223,191 (CH22; 20 nM), added daily to new media. Leastwise
three repetitions wells per treatment were performed. Each
experiment had a control vehicle group (0.1% DMSO) performed at
the same time for comparison purposes.

According to several published works, CPF is transformed by
liver action to CPFO. Systemic administered CPFO seems to be un-
available to tissues (Marty et al., 2012). In this sense, the CPFO
produced is rapidly degraded at hepatic and plasma levels through
the action of esterase, so the main cytotoxic effects induced by CPF
may be the result of specific CPF to CPFO transformation in the
tissues (Khokhar and Tyndale, 2012, 2014). Some of the principal
cytochrome P450 (CYP450) isoforms that metabolize CPF to CPFO
in humans (1A2, 2B6, 2C19, 2D6, 3A5 and 3A4) (Eaton et al., 2008)
were described to be expressed in MCF-7 and MDA-MB-231 cells
(Lo et al., 2010; Mitra et al 2011; Weissenstein et al., 2019), being
able to metabolize CPF to CPFO. Thus, CPF effects in these cell lines
could be similar to that produced after exposure in vivo and, if
proven, may help explain the differences between CPF and CPFO
toxic effects.

The range of 0.001 uM—50 pM concentrations is routinely used
to study chlorpyrifos effect on cell proliferation in breast cancer
cells after single and repeated treatment (Vinggaard et al., 1999;
Rich et al., 2012; Ventura et al., 2012). Besides, animal studies
showed that breast cancer is induced after repeated exposure from
0.01 mg/kg (Ventura et al., 2019), which would translate into
0.03 uM tissue concentration following the studies by Terry et al.
(2003) where doses of 2.5—25.0 mg/kg/day CPF in rats were indi-
cated to be equivalent to 7.0 and 8.0—70.0 and 80.0 uM tissue
concentration. Thus, concentrations chosen for the present study
would be outstanding to research cell proliferation. In addition, we
selected CPF 10 pM and 1 puM concentrations, which were the
highest concentrations observed to induced cell proliferation, ER
and AhR activation after single and repeated exposure, respectively,
to research the mechanisms by which CPF and CPFO induce cell
proliferation. Finally, we chose TMX (1 uM) and CH22 (20 nM)
concentrations since they were the minimum concentrations that
block ER and AhR activation and did not present cytotoxicity.

Table 1
Primers used for quantitative real-time PCR analyses.

2.3. Gene expression analysis

Trizol (Invitrogen, Madrid, Spain) was used to extract total RNA,
following producer guidelines. We determined the final RNA con-
centration and quality with a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Madrid, Spain) and an Experion Lab Chip
(Bio-Rad, Madrid, Spain), respectively. We used an iScript™ cDNA
Synthesis Kit (BIO-RAD, Madrid, Spain), according to the producer
guidelines, to synthesize the first-strand cDNA from 1000 ng of
cRNA. Prevalidated KiCqStart® SYBR® Green Primers sets (Sigma,
Madrid, Spain) for mRNAs encoding ERa, AhR, KIAA1363, cyto-
chrome P450 isoenzyme 1A1 (CYP1A1), and beta-actin (ACTB)
(Table 1) were used to perform qPCR after reverse transcription. We
used housekeeping gene ACTB to normalize results. We ran the
reactions on a CFX96 using Fast Start Universal SYBR Green Master
(Rox) (Sigma, Madrid, Spain). The thermocycler parameters were
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 72 °C for
30 s, following the producer’s guidelines. Ct (cycle threshold)
method was performed to determine gene expression changes, and
results are presented following Livak and Schmittgen (2001)
method. 2722Ct values were calculated by determining AACt
[(Cttarget gene‘CtACFB)treatment - (Cttarget gene‘CtACFB)control]- Cttarget gene
and Ctacrg define the cycle thresholds for each target gene and
ACTB of the different treatment and control groups.

We selected the CYP1A1 gene for the determination of CPF or
CPFO action on AhR activation since CYP1A1 gene expression is
specifically regulated by AhR and is widely used as a marker of AhR
activity (Barouki et al., 2007).

2.4. Gene knockdown

MISSION siRNA Transfection reagent (Sigma, Madrid, Spain) was
utilized to transfect MCF-7 cells with siRNAs in 6-well plates
(1000000 cells/well), following producer guidelines. World-class
siRNA Rosetta design algorithm (Rosetta Inpharmatics, Seattle,
USA) was used to predesign the sequence of two siRNA groups
(Sigma, Barcelona, Spain) homologous to human KIAA1363 (5-
CAAUGAUCGUUAACAAUCA(tt-3 and 5-UGAUUGUUAACGA-
UCAUUGtt-3). MISSION siRNA Universal Negative Control siRNA
(Sigma, Madrid, Spain) was utilized as a transfection control. The
effectiveness of KIAA1363 silencing was analyzed 48 h after
transfection by qPCR with primers encoding human KIAA1363
mRNA (Sigma, Madrid, Spain). We used the MTT test to evaluate
KIAA1363 silencing effects on cell proliferation. PBS was used to
wash cells after they had been incubated with siRNAs for one day.
Afterward, cultures were treated, with CPF or CPFO with or without
CH22 and/or TMX, during either one or 14 consecutive days.

2.5. ER activation assay

Nuclear proteins were obtained from cell homogenates using a
Nuclear Extraction Kit (Abcam, Cambridge, UK; ab113474),
following producer guidelines. Proteins were quantified and stored
in a —80 °C freezer, before performing the rest of the experiments.

Gene Forward primer Reverse primer

AhR 5-ATGGATCAATACTTCCACCTC-3 5-TTTGGCATCACAACCAATAG-3
CYP1A1 5-CATTAACATCGTCTTGGACC-3 5-TCTTGGATCTTTCTCTGTACC-3
ER1 5-GGAGTGTACACATTTCTGTC-3 5-CAAAGTGTCTGTGATCTTGTC-3
KIAA1363 5-GAATACAGGCTAGTTCCAAAG-3 5-TACTTCTGTAAGACTTCTGGC-3
ACTB 5-GACGACATGGAGAAAATCTG-3 5-ATGATCTGGGTCATCTTCTC-3
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ER activity was determined on nuclear extracts by Estrogen Re-
ceptor Transcription Factor Assay Kit (Abcam, Cambridge, UK), ac-
cording to producer guidelines. Optical density was determined
with a Fluoroskan Ascent FL Microplate Fluorometer and Lumin-
ometer (Thermo Fisher Scientific, Madrid, Spain) at 450 nm and
data were normalized with nuclear protein level values.

2.6. Protein analysis

After treatments, we washed cells with cold PBS, gathered them
by scraping, and lysed them with RIPA buffer (Thermo Scientific,
Madrid, Spain) plus a protease inhibitors mixture (Thermo Fisher
Scientific, Madrid, Spain). Cell lysate supernatant was gatherer after
being centrifuged at 10,000 xg during 10 min at 4 °C. Total protein
levels were assayed with a BCA kit (Thermo Fisher Scientific,
Madrid, Spain).

CYP1A1, ERa, AhR, minichromosome maintenance complex
component 2 (MCM2) and KIAA1363 protein concentrations were
determined by commercial ELISA kits (MBS092945, MBS013925,
MBS9500021, MBS2881669, and MBS9368767 MyBioSource, CA,
USA) respectively, following producer guidelines. Interferences of
CPF and CPFO with kits reagents were ruled out by performing a
Negative control. We normalized the protein concentrations of each
target gene with the total protein levels measured by BCA kit, to
prevent possible interferences with the real value of the target
proteins concentrations measured due to the induction of cell
death or cell proliferation. Protein levels were expressed as ng/mg
of protein and values were presented as percentage of control
content.

2.7. Analysis of cell proliferation

MTT test was used to analyze CPF or CPFO action on cell pro-
liferation after 24 h and 14 days incubation as previously described
by Del Pino et al. (2016). Cell proliferation data was confirmed by
the Crystal violet staining test. Cancer cells were incubated in 96-
well plates during 24 h or 14 days. After medium removal,
formalin (4%) and crystal violet (0.5%) were used to fix and stain
cells. After several washes, 10% acetic acid was used to extract the
staining. Finally, data were obtained through spectrophotometri-
cally reading at 540 nm. Control viability values were set as a 100%
response.

Furthermore, we measured MCM2 protein expression, as a
marker of cell proliferation, in order to confirm CPF or CPFO action
on cell division status. MCM2 was described to be a more sensitive
proliferation marker in breast cancer cells (Yousef et al., 2017) and a
more reliable marker of cell proliferation in different cancer cells
(Maiorano et al., 2006).

2.8. Statistical testing

Each experimental condition was performed three separate
times, each one in triplicate. Results are shown as mean =+ standard
error of the mean (SEM). Two-way analysis of variance (ANOVA)
(treatment vs gene manipulation) or one-way ANOVA testing
(analysis of diverse treatments) were used for comparing control
and treatment groups, followed by the Tukey post-hoc analysis.
Results were statistically analyzed with GraphPad software, and the
data were considered statistically different when p < 0.05.

3. Results
3.1. ERa decreased expression in MCF-7 cells

After 24 h treatment with CPF or CPFO in MCF-7 cells, a decrease

in ER expression starting at 100 uM and 10 uM concentrations,
respectively, was observed (Fig. 1A). Nevertheless, ER expression
was reduced from 0.1 M concentration after CPF or CPFO 14 days
treatment, this decrease was higher after CPFO exposure than after
CPF exposure (Fig. 1B).

3.2. AhR induced expression in MCF-7 and MDA-MB-231 cells

AhR expression was not affected after 24 h CPF or CPFO treat-
ment (Data not shown), but its expression was increased, in a
concentration-dependent way, starting at 0.1 uM concentration
after 14 days of treatment in both cell lines. This effect was more
pronounced in MDA-MB-231 cells and after CPF exposure (Fig. 2A
and B).

3.3. Cyp1A1 induced expression in MCF-7 and MDA-MB-231 cells

After 24 h exposure, CPF (0.1 uM-—10 pM) and CPFO
(1 uM—10 pM) induced, in a concentration-dependent way, CYP1A1
expression, in MCF-7 cells (Fig. 3A). Besides, CYP1A1 expression
was induced after 24 h CPF and CPFO (0.1 uM—10 pM) exposure in
MDA-MB-231 cells (Fig. 3B). After 14 days of exposure, CPF and
CPFO (0.1 uM—1 uM) increased the expression of CYP1A1 in both
cell lines (Fig. 3C and D). The effect on CYP1A1 induction was higher
after CPF exposure than after CPFO exposure (Fig. 3). The increase in
CYP1A1 expression observed was less pronounced after CPF and
CPFO exposure in both cell lines, from 100 M concentration after a
single treatment and from 10 uM concentration after 14 days
treatment (Fig. 3). After single and long-term treatment, CPF or
CPFO co-treatment with CH22 reversed completely the induction of
CYP1A1 gene expression in both cell lines (Fig. 3).

3.4. KIAA1363 induced expression in MCF-7 and MDA-MB-231 cells

After CPF (0.1 uM—10 pM) single treatment, KIAA1363 expres-
sion was increased, in a concentration-dependent way, in MCF-7
and MDA-MB-231 cell lines (Fig. 4A and B). After 24 h exposure
to CPFO, KIAA1363 expression was increased in MCF-7
(1 uM—10 puM) and MDA-MB-231 cells (0.1 pM—10 puM) (Fig. 4A
and B). After 14 days exposure to CPF or CPFO, KIAA1363 expression
was induced in MCF-7 cells (0.1 pM—1 pM), and in MDA-MB-
231 cells (0.1 uM—10 uM), but this induction started to fade from
1 uM concentration (Fig. 4C and D). The induction of KIAA1363 was
more pronounced in MDA-MB-231 cells than in MCF-7 cells and
after CPF treatment than after CPFO treatment (Fig. 4). After single
and long-term treatment, CPF or CPFO co-treatment with CH22 did
not show any effect on the induction of KIAA1363 gene expression
observed in both cell lines; neither did TMX co-treatment in MCF-
7 cells (Data not shown). Gene expression data was corroborated by
protein expression analysis (Data not shown).

3.5. MCM2 disrupted expression in MCF-7 and MDA-MB-231 cells

CPF (0.1 pM—10 uM) single treatment induced MCM2 expres-
sion, in a concentration-dependent way, in MCF-7 and MDA-MB-
231 cell lines (Fig. 5A and B). CPFO treatment for 24 h increased
MCM2 in MCF-7 (1 puM-10 pM) and MDA-MB-231 cells
(0.1 uM—10 puM) (Fig. 5A and B). CPF or CPFO treatment for 14 days
increase MCM2 expression in MCF-7 cells (0.1 pM—1 pM), and in
MDA-MB-231 cells (0.1 pM—10 uM), but this effect started to lessen
from 1 pM concentration (Fig. 5C and D). CPF and CPFO treatment
for 24 h or 14 days decreased the MCM2 expression from 1 pM
concentration (Fig. 5). The induction of MCM2 was more pro-
nounced in MDA-MB-231 cells than in MCF-7 cells and after CPF
treatment than after CPFO treatment (Fig. 5).
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3.6. Gene silencing

To research the effect produced by the KIAA1363 silencing on
cell viability, we inserted siRNA against KIAA1363 inside MCF-7 and
MDA-MB-231 cells. Cells transfected with control siRNA presented
no action on cell viability and KIAA1363 gene expression (Fig. 6).
Results from vehicle and control treated cells showed no significant
difference between them. Cultures transfected against KIAA1363
showed a large reduction on its gene expression (Fig. 6C and D), but
without action on the viability of cells (Fig. 6A and B).

3.7. ER activation analysis

CPF (0.1 pM—10 pM) and CPFO (1 puM—10 pM) induced a
concentration-dependent ER activation after a single treatment of
MCEF-7 cells (Fig. 1C). After 14 days of exposure to CPF and CPFO
(0.1 uM—10 puM) a concentration-dependent ER activation was
induced, although, in both compounds, a reduction in ER activation
was observed starting at 100 pM concentration in the hormone-
dependent cell line (Fig. 1D). The effect on ER activation was
lower following CPFO treatment than after CPF treatment and was
reversed completely after tamoxifen treatment except after 100 uM
concentration (Fig. 1C and D).

3.8. Measurement of cell proliferation

MTT results showed, after a single exposure to CPF, an increase
in cell proliferation starting at 0.1 pM—10 uM concentrations and a

decrease in cell viability starting at 100 uM concentration in MCF-7
and MDA-MB-231 cells (Fig. 7A and B). CPFO induced cell prolif-
eration after 24 h exposure in MCF-7 cells (1 uM—10 uM) and in
MDA-MB-231 cells (0.1 ptM—10 pM) and decreased cell proliferation
from 100 pM concentration in both cell lines (Fig. 7A and B). After
CPF and CPFO (0.1 pM—1 puM) 14 days treatment, an increase in cell
proliferation was observed (Fig. 8A and B). However, the increase in
cell proliferation started to fade from 10 pM concentration, pro-
ducing finally a decrease of cell viability from 100 uM concentration
(Fig. 8A and B). The reduction in cell proliferation was less pro-
nounced in MDA-MB-231 cells than in MCF-7 cells after CPF and
CPFO treatment (Fig. 8A and B). The induction of cell proliferation
was more pronounced in MDA-MB231 cells than in MCF-7 cells
with both treatments, and less pronounced after CPFO exposure in
both cell lines after single and long-term treatment (Fig. 7A and B,
8A and B). The MTT results described above were confirmed by
measuring the expression of the proliferation marker MCM2
(Fig. 5).

Single or simultaneous CH22 or tamoxifen exposure of
KIAA1363 knockdown or wild type MCF-7 or MDA-MB-231 cells or
MCEF-7 cells, respectively, did not induce a significant effect on cell
viability (Fig. 7C and D, 8C and D). CPF and CPFO (10 uM) effects on
cell proliferation after 24 h treatment were partially reversed after
co-treatment with tamoxifen or CH22 in wild type MCF-7 cells or
after KIAA1363 silenced MCF-7 cells treatment (Fig. 7C), but was
only partially reverse after single CHH22 co-treatment of wild type
MDA-MB-231 cells or treatment of KIAA1363 silenced MDA-MB-
213 cells (Fig. 7D). CPF or CPFO (10 pM) simultaneous co-treatment
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with tamoxifen and CH22 of KIAA1363 silenced MCF-7 cells or with
CH22 of KIAA1363 silenced MDA-MB-231 cells partially reversed
the action on cell proliferation induced following CPF or CPFO
single exposure, being this effect higher than that produced
following single co-treatment with tamoxifen or CH22, or after CPF
or CPFO treatment of KIAA1363 silenced MDA-MB-231 or MCF-
7 cells (Fig. 7C and D). After 14 days exposure, CPF and CPFO (1 uM)
effects on cell proliferation were only partially reversed after co-
treatment with CH22 or after CPF and CPFO treatment of
KIAA1363 silenced MCF-7 or MDA-MB-231 cells. (Fig. 7C and D, 8C
and D). The reversion in the CPF and CPFO induced cell proliferation
was higher in KIAAA1363 silenced MDA-MB231 cells than in
KIAA1363 silenced MCF-7 cells (Fig. 7C and D, 8C and D). The cell
proliferation induction shown with the MTT test was corroborated
with the crystal violet staining assay.

4. Discussion

Our present results prove that CPF and CPFO induce, after 14
days repeated exposure (from 0.1 pM), a concentration-dependent
AhR expression increase, in MCF-7 and MDA-MB-231 cell lines.
Besides, following single exposure to CPF (starting at 100 uM) and
CPFO (starting at 10 uM) and following 14 days repeated exposure
to both compounds (starting at 0.1 uM), ERa expression was
decreased in MCF-7 cells. CPF was shown to reduce ERa expression
after repeated exposure (150 days) in rats (Ventura et al., 2019).
Different studies showed the bi-directional inhibitory interaction
between ERa and AhR, presenting antagonist effects. In this regard,
AhR agonists have been described to induce ERa proteasome
degradation, and AhR knockdown increased the expression of ERa
(Madak-Erdogan and Katzenellenbogen, 2012; Ahmed et al., 2014).
Nevertheless, AhR agonists were reported to reduce (Spink et al.,

2003; Wormke et al., 2000) or not alter AhR expression in breast
tumor cell lines (Vacher et al., 2018). Besides, the long-term acti-
vation of ERa through E2 exposure induces the overexpression of
AhR in breast cancer cells (Wong et al., 2009). CPF is a strong AhR
agonist and a weak ER agonist, so the activation of AhR could
produce the decrease observed in the expression of ER, although it
could not explain the AhR overexpression. In this regard, the acti-
vation of the ER receptor by CPF could contribute to the AhR
overexpression observed both after single and repeated CPF and
CPFO exposure. However, we cannot discard that CPF and CPFO
could act directly in the expression of both receptors.

CPF and CPFO also induced a weak concentration-dependent ER
activation, following single and 14 days exposure; which is sup-
ported by results of Andersen et al. (2002) showing CPF weak ER
agonist effect in MCF-7 cells. CYP1A1A expression was also
increased, in a concentration-dependent way, following single and
repeated treatment to CPF and CPFO in both cell lines. In this sense,
CPF was reported to induce CYP1A1 overexpression (Rudzok et al.,
2009), supporting our results. Thus, CYP1A1 overexpression, as a
marker of AhR activation (Barouki et al., 2007), indicates the agonist
action of CPF and CPFO on AhR. In this sense, CPF was shown to
present strong, concentration-dependent, AhR agonist effects
in vitro, at concentrations above 1 pM (Long et al., 2003; Takeuchi
et al., 2008), similarly to our results. Besides, our results show
that after co-treatment with the AhR antagonist, the induction of
CYP1A1 expression was completely reversed in both cell lines,
indicating that the CPF and CPFO effect on CYP1A1 expression was
mediated only through AhR activation, which confirms their AhR
agonist action. Finally, CPF and CPFO decreased ER activation,
following single and repeated exposure (from 100 uM) in MCF-
7 cells, and CYP1A1 expression following single (from 100 uM) and
repeated exposure (from 10 pM) in both cell lines. The reduction of
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ER activation and CYP1A1 expression cannot be due to the decrease
in the expression of ER or AhR since results were normalized with
the total protein levels, indicating that other mechanisms could be
involved. In this regard, CPF has been reported to produce reactive
oxygen species (ROS) generation from 50 pM concentration
(Ventura et al, 2012, 2015). ROS generation was reported to
denaturalize proteins, altering their conformation and activity
(Fawcett et al., 2002). Therefore, the ER and AhR activity decrease
observed could respond to the denaturalization of some ER and
AhR proteins from the total pool, induced by reactive oxygen spe-
cies (ROS) generated after CPF and CPFO exposure. Further studies
are necessary to corroborate this point.

Moreover, a concentration-dependent induction of KIAA1363
expression was observed, following single and repeated CPF and
CPFO treatment of MCF-7 and MDA-MB-231 cell lines. After 14 days
CPF or CPFO treatment, the increase observed in KIAA1363
expression was reduced from 1 pM concentration in both cell lines.
The induction of KIAA1363 was less pronounced in MCF-7 than in
MDA-MB-231 cells. This is the first report that describes the effect
of CPF and CPFO on KIAA1363 expression after single and repeated
treatment, being this action independent of ER and AhR receptors.
Previously, KIAA1363 expression was described to be higher in
MDA-MB-231 cells, showing lesser expression in the MCF-7 cell
line (Jessani et al., 2002), which could explain the higher induction
of KIAA1363 expression observed in MDA-MB-231 cells, following
CPF and CPFO treatment.

Otherwise, CPF induced cell proliferation after 24 h exposure
(0.1 uM—10 uM) in both cell lines. CPFO induced cell proliferation
following single treatment in MCF-7 (1 pM—10 uM) and MDA-MB-
231 cells (0.1 uM—10 uM). CPF and CPFO reduced cell proliferation
starting at 100 uM concentrations following single and repeated
treatment in both cell lines. In this sense, previous studies show
that CPF induces cell proliferation in MCF-7 cells (Andersen et al.,
2002), supporting our results. Conversely, CPF (0.01 uM—10 uM)
was described not to induce cell proliferation after single exposure
in MDA-MB-231 and MCF-7 cells (Rich et al., 2012), and induce cell
proliferation after single treatment starting at 25 uM until 50 uM
concentrations (Andersen et al., 2002), which does not agree with
our results. Besides, CPF and CPFO induced cell proliferation after 14
days exposure (0.1 pM—1 pM) and started to reduce the increase of
cell proliferation from 10 uM concentration, producing a decrease
of cell viability from 100 uM concentration. CPF was also described
to induce cell proliferation after 10 days of exposure from 0.05 pM
concentration and reduce cell viability from 50 pM concentration in
MCF-7 cells (Ventura et al., 2012), which is similar to our results.
However, CPF (0.001 pM—10 uM) has also been described not to
induce cell proliferation after 9 days exposure in MCF-7 cells
(Vinggaard et al., 1999), or induce cell death from 0.05 pM con-
centration after 10 days exposure in MDA-MB-231 cells (Ventura
et al, 2012). These differences could be due to the period of
exposure time, the number of repeated treatments and the
methods used to determine cell proliferation. Moreover, CPFO
exposure induced a less pronounced cell proliferation and more cell
viability decrease in both cell lines following single and repeated
treatment. In this sense, CPFO has been reported to be more toxic in
reducing cell viability than CPF (Suriyo et al., 2015), which is
confirmed by our results. CPF was reported to induce cell death
through induction of oxidative stress (Zhang et al., 2019) and the
reduction of cell proliferation observed in our study could be due to
the ROS generation as described previously in MCF-7 and MDA-
MB-231 cells (Ventura et al., 2019). Cell proliferation results and cell
viability decrease observed in our study were correlated with the
increase or downregulation of MCM2 expression, respectively. In
this sense, MCM2 participates in DNA replication initiation on the
G1 phase, being highly expressed during cell division (Yousef et al.,

2017), but downregulated in cell cycle arrest (Zhang et al., 2015),
which supports our results.

CPF and CPFO effect on cell proliferation after 24 h treatment
was partially reversed after treatment of KIAA1363 gene knock-
down cells or after co-treatment with CH22 in both cell lines and
after co-treatment with TMX in MCF-7 cells. After 14 days of
exposure, cell proliferation effects were partially reversed after co-
treatment with CH22 or after treatment of KIAA1363 silenced cells.
These data confirm that the KIAA1363 enzyme and AhR participate
in cell proliferation in both cell lines after a single and repeated
treatment, and ER in MCF-7 cells after single treatment. In this
sense, CPF was shown to produce cell proliferation in the MCF-7 cell
line from 0.05 uM concentration mediated by the activation of the
ERa (Ventura et al., 2012). The ER could induce cell proliferation
through the activation of different signaling pathways including
epidermal growth factor receptor (EGFR), phosphatidyl-inositol-3-
kinase (PI3K)/AKT, G protein-coupled estrogen receptor 1 (GPER) or
mitogen-activated protein kinase (MAPK) pathways, among others
(Renoir et al., 2013). ERa expression was decreased after repeated
CPF and CPFO treatment, which explains the lack of ER effect in the
cell proliferation observed after 14 days of exposure.

AhR overexpression has been described to mediate the induc-
tion of cell division on MDA-MB-231 and MCF-7 cells and its
silencing reduces tumor growth and metastasis (Salisbury et al.,
2014). AhR agonists were also shown to promote cell division in
breast cancer cells and rescue them from induced apoptosis after
toxic insults (Al-Dhfyan et al., 2017; Bekki et al., 2015; Chu et al.,
2014; Romagnolo et al., 2015, 2017), supporting our results. AhR
could mediate cell proliferation through activation of different
signaling pathways such as EGFR, transforming growth factor o
(TGFa) or PI3K/AKT pathways, among others (Bekki et al., 2015).
The activation of said pathways was suggested to be mediated
through CYP1A1 induction, and its downregulation decreases their
activation leading to cell death in breast cancer cells (Rodriguez and
Potter, 2013). Besides, several AhR agonists that do not present
toxicity, were shown to act as partial agonists of AhR, which block
the promotion of cell division induced by AhR toxic agonist in a
similar way as AhR antagonists do (Campbell et al., 2018).
Conversely, multiple studies described that the exogenous AhR
agonists induce dell death in estrogen-dependent and estrogen-
independent breast cancer cells (Kolluri et al., 2017), which con-
tradicts our results. A possible explanation in ERa-positive cells is
that these compounds present antiestrogenic effects (Chen et al.,
1998), but CPF and CPFO are ER agonist, which may be the cause
of such differences due to the cross-talk between both receptors.
Besides, we observed an AhR overexpression after CPF and CPFO
treatment, which was not observed after treatment with AhR ag-
onists that induce cell death. In this sense, AhR presents different
variants in human cells (Celius and Matthews, 2010) and their
differential overexpression could mediate the effect observed.
Furthermore, AhR activation was not the main mechanism through
which these compounds induced the apoptotic cell death and they
continued to induce it after AhR silencing (Yoshioka et al., 2012).
Finally, both antagonist and agonist of AhR were reported to pre-
sent antitumoral actions in human breast cancer cells, suggesting a
very complex regulation of AhR signaling pathway, which may
depend on multiple factors (Narasimhan et al., 2018). According to
all the above, probably the final effect of CPF or CPFO on AhR de-
pends upon specific regulators that may be different from those of
AhR agonists that induce cell death, leading to cell proliferation.

Ultimately, KIAA1363 is overexpressed in breast cancer, as well
as other several cancers, and was related to cell proliferation and
invasiveness mediated through alterations in lipid network (Chiang
et al., 2006). KIAA1363 knockdown decreased tumor growth and
cancer cell migration (Chiang et al., 2006), all these data support
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that the KI11363 upregulation observed mediated the cell prolif-
eration produced after acute and repeated exposure to CPF or CPFO.
Besides, CPF was reported to alter lipid profile in prostate cancer
cells, inducing the metastatic phenotype (Bedia et al., 2015). Thus,
KIAA1363 could induce the observed effect through alteration of
the lipid profile. The specific lipids that could mediate KIAA1363
effect on breast cancer cells’ proliferation are unknown. However,
the alkyl lysophosphatidic acid (LPA), a KIAA1363 metabolite
network compound, was associated with breast cancer promotion
(Panupinthu et al., 2010). LPA was reported to activate related G
protein-coupled receptors (GPCRs) (Mills and Moolenaar, 2003)
and mediate the induction of cell proliferation and migration
through different pathways such as ER, MAPK or PI3K/AKT
(Panupinthu et al., 2010). Otherwise, KIAA1363 was also described
as the most important enzyme to degrade CPFO (Nomura et al.,
2005, 2006). CPF and CPFO inhibit this enzyme, which could diffi-
cult its action on tumor promotion. However, KIAA1363 quickly
spontaneously reactivates following phosphorylation (Nomura
et al., 2005, 2006; Ross et al., 2016), so it could be overexpressed
by these compounds and inhibited for a short period and then
reactivated and mediate the observed effect. The reversion of cell
proliferation induced by CPF and CPFO was higher after treatment
of KIAAA1363 silenced MDA-MB231 cells than in KIAA1363
silenced MCF-7 cells. KIAA1363 was described to be less expressed
in MCF-7 than in MDA-MB-231 cells (Jessani et al., 2002), and we
show that CPF or CPFO induced a higher overexpression of this
enzyme in MDA-MB-231 cells, which could explain the higher ac-
tion in this cell line together with the AhR activation.

CPF or CPFO simultaneous co-treatment with tamoxifen and
CH22 of KIAA1363 silenced MDA-MB-231 or MCF-7 cells lessened,
in part, the effect on cell proliferation produced after CPF or CPFO
single exposure, being this abatement higher than that observed
after single co-treatment with tamoxifen or CH22, or after treat-
ment of KIAA1363 silenced MDA-MB-231 or MCF-7 cells. Our data
suggest another mechanism could be involved. In this sense, par-
aoxonase as well as KIAA1363 contributes to detoxifying CPFO and
also participates in the regulation of lipid metabolism (Harel et al.,
2004; Costa et al., 2006), which may also participate in the
observed action. Heat shock proteins (HSPs) have been related to
the etiology of breast cancer (Dong et al., 2016). HSP overexpression
has been reported to induce cell proliferation (Ciocca et al., 1993;
Lazaris et al., 1997; Vargas-Roig et al., 1998). CPF induces different
HSPs (Reyna et al., 2017; Sachana et al., 2001), so this mechanism
may also participate in the cell proliferation described.

Our present results prove that, CPF and CPFO, following single
and repeated treatment, alter differently the expression of
KIAA1363, AhR, ER and CYP1A1l and induce cell proliferation
through ER activation after a single exposure in MCF-7 cells, and
through an increase of KIAA1363 expression and AhR activation in
MCF-7 and MDA-MB-231 cells following single and 14 days treat-
ment. These results may assist in explaining the possible role of CPF
as a factor in the induction of breast cancer. Further research should
be taken on in order to elucidate the remaining mechanisms
involved with the effect described, the percentage of CPF metabo-
lized to CPFO in breast cancer cells and whether these mechanisms
mediate cell proliferation in vivo. The presented data are valuable as
they supply novel enlightenment on the mechanisms that produce
cytotoxicity and cell proliferation induced following CPF and CPFO
exposure that should be considered in this biocide’s risk
assessment.
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