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Hexachlorobenzene alters cell cycle by regulating p27-cyclin E-CDK2
and c-Src-p27 protein complexes
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H I G H L I G H T S

� HCB is a persistent organochlorine pollutant that acts as endocrine disruptor.
� HCB alters cell cycle progression and cell cycle regulating proteins in estrogen-sensitive MCF-7 breast cancer cell line.
� Cell cycle alterations exerted by HCB are related to the modulation of cyclin E-CDK2 and c-Src-p27 protein complexes.
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A B S T R A C T

Hexachlorobenzene (HCB) is an organochlorine pollutant widely distributed in the environment around
the entire world. Previous reports from our group and others have demonstrated that this compound is as
an endocrine disruptor. We have also reported that HCB presents a co-carcinogenic effect in N-Nitroso-N-
methyl-urea–induced mammary tumours in rats. In this work, we studied the effects of HCB on cell cycle
progression and cell cycle regulating protein expression in the estrogen-sensitive breast cancer cell line,
MCF-7. Here, we show that HCB alters cell cycle in a concentration-dependent way. The lowest assessed
concentration (0.005 mM) promotes the cell cycle progression, enhances cyclin D1 expression, and
reduces the nuclear localization of p27 accompanied by an increased interaction between p27 and c-Src
kinase. On the other hand, 5 mM HCB delays the cell cycle progression and promotes the formation of the
cyclin E-CDK2-p27 protein complex. Our results show that HCB stimulates cell proliferation through cell
cycle modulation and c-Src involvement in MCF-7 cells. Here, we report for the first time that differential
mechanisms of action of HCB on mammary cell cycle progression are triggered at different
concentrations of this pollutant.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Breast cancer represents one of the most common malignancies
among women worldwide (International Agency of Research on
Cancer, 2014; Jemal et al., 2011). The study of the etiology of this
Abbreviations: CDK, cyclin-dependent kinase; CDKI, cyclin-dependent kinase
inhibitor; E2, estradiol; ERa, estrogen receptor alpha; HCB, hexachlorobenzene;
IGF-I, insulin growth factor.
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illness is imperative to prevent the causes that promote this
intricate pathology. It has been suggested that lipophilic environ-
mental chemicals such as polycyclic aromatic hydrocarbons,
contribute to increase breast cancer risk. Hexachlorobenzene
(HCB) is a member of this chemical group and a persistent organic
pollutant that was historically used as pesticide and fungicide
(Mrema et al., 2013). Nowadays, the use of HCB is forbidden, but it
is still produced as a byproduct of the manufacture of another
chlorine compounds. Hence, HCB can be found present in the
atmosphere, soil and water in many countries around the world
(Nilsen et al., 2014; Robles-Molina et al., 2014; Wu et al., 2014). It
has been reported that HCB is accumulated in adipose tissue of
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breast cancer patients (Ociepa-Zawal et al., 2010). In our previous
work, we demonstrated that HCB presents a co-carcinogenic effect
in N-Nitroso-N-methylurea–induced mammary tumours in rats,
enhancing their development and malignancy. Additionally, we
have found that HCB induces a significant increase of the number
of ducts in the rat mammary glands beside hyperplastic lobules in
this tissue (Randi et al., 2006). Moreover, we have demonstrated
that 0.005 and 0.05 mM HCB induce an overexpression of the
insulin growth factor-I and insulin receptors in MCF-7 cells. At
these concentrations, HCB also increases MCF-7 cell proliferation,
which could be abolished by the estrogen receptor alpha (ERa)
specific antagonist ICI 182,780 (García et al., 2010).

It is known that estrogen is one of the most important stimuli to
induce mammary cell proliferation. Furthermore, estrogenic action
is responsible for G1-S progression through the cell cycle (Castoria
et al., 2012). Cyclins and cyclin-dependent kinases (CDKs) are also
related to cell cycle progression. These proteins are regulated, in
turn, by specific CDKs inhibitors (CDKI), such as p27 protein.
Following anti-mitogenic signals, p27 binds to cyclin E–CDK2
complex to inhibit their catalytic activity and induce cell cycle
arrest (Coqueret, 2003). p27 protein levels are modulated through
transcriptional, translational and post-translational mechanisms.
It has also been described that phosphorylation and polyubiquiti-
nation represent two regulatory devices for p27 modulation
(Rodier et al., 2001).

c-Src activation has been shown a crucial response for ERa
downstream signaling and it has been demonstrated that rapid
estrogen actions are mediated by physical interaction between c-
Src and ERa (Cheskis, 2004). c-Src activates many mitogenic
signals to control proliferation, survival and metastasis in normal
and transformed cells (González et al., 2006). In this sense, c-Src
expression and activity have been reported increased in many
human tumours compared to normal tissue. Additionally, c-Src
phosphorylates p27 both in vivo as well as in vitro with
consequences in cell cycle promotion (Chu et al., 2008).

Finally, c-Src regulates diverse physiological functions and
promotes carcinogenesis through multiple pathways. We have
previously demonstrated that the phophorylation of c-Src is
enhanced by HCB which was accompanied by cell proliferation
induction in MCF-7 cells (García et al., 2010). In addition, c-Src
phosphorylation was also found induced in MDA-MB-231 cell line
(Pontillo et al., 2010) and in rat mammary tumours (Peña et al.,
2012). The aim of this work was to study the effects of HCB on cell
cycle progression in ERa(+) breast cancer cells MCF-7, and the
action of this pesticide on the proteins involved in cell cycle
regulation.

2. Materials and methods

2.1. Cell culture

Human breast cancer cell line, MCF-7 (American Type Tissue
Culture Collection, VA, USA), was cultured in RPMI 1640
supplemented with 10% fetal bovine serum (Gibco BRL, NY,
USA), 0.3 g/L glutamine and 0.04 g/L gentamicin (Gibco BRL, NY,
USA). Cells were maintained at 37 �C in a humidified atmosphere
containing 5% CO2 and subcultured with 0.05% trypsin and 0.02%
EDTA (Gibco BRL, NY, USA). Cells at 70–80% confluence were
treated with HCB (>99% purity Aldrich-Chemie GmbH & Co.,
Steinheim, Germany) dissolved in absolute ethanol. Final ethanol
concentration in each treatment was minor or equal than 0.5%,
which had not influence on the analyzed parameters as we showed
previously (García et al., 2010). Treatments were added to the
cultures in phenol red free-RPMI medium (Gibco BRL, NY, USA) and
10% charcoal-treated fetal bovine serum. Ethanol 0.5% (vehicle)
was added to the control cells.
2.2. Cell cycle analysis

2 �105 cells were seeded into 6 wells plates. Adherent cells
were serum-starved for 24 h to synchronize growth. Synchronized
cells were treated for 6 h or 24 h with HCB at the concentrations
indicated in each case, E2 (10 nM) or vehicle immediately after
release from the block. Cells were collected by trypsinization, fixed
with ice-cold methanol, centrifuged, resuspended in 0.2 mg/mL of
DNAse-free RNAse A (Sigma Chemical Co., MO, USA) and then were
stained with propidium iodide (PI) staining solution (50 mg/mL PI
in PBS; Sigma Chemical Co., MO, USA) and evaluated by flow
cytometry (CyFlow Pas III, Partec; Görlitz, Deutsch-land, Germany).
Cell cycle distribution was analysed using Cyflogic v1.2.1 software
(Perttu Terho & © CyFlo Ltd, Turku, Finland).

2.3. BrdU incorporation

2 �104 cells were seeded on cover slips into 24 wells plated. The
culture was synchronized by serum-starvation during 24 h.
Synchronized cells were treated with HCB (0.005 and 5 mM), E2
(10 nM) or vehicle for 2, 6, 10, 18, 24 and 30 h. BrdU 30 mM (Sigma
Chemical Co., MO, USA) was added for the last 2 h of exposure to
the pesticide or vehicle and proceeded as described (García et al.,
2010). Cells were finally exposed to anti-BrdU primary antibody
(1:200, Sigma Chemical Co., MO, USA) and stained with FITC-
conjugated anti-mouse IgG (1:200, Sigma Chemical Co., MO, USA)
and 40-6-diamidino-2-phenylindole (DAPI) (1:8000, Sigma Chem-
ical Co., MO, USA). Cover slips were mounted with Fluor-SaveTM

Reagent (Calbiochem, Darmstadt, Germany) and fluorescence was
observed by epifluorescence using an Olympus BX50 microscope
(Center Valley, PA, USA). Images were acquired using a CoolSnap
digital camera (Silver Spring, MD, USA). The percentage of BrdU-
positive cells was calculated as BrdU-positive cells/total DAPI
stained cells per field. At least 1000 cells were scored per sample in
each experiment.

2.4. Doubling time

Starved cells were exposed to HCB (0.005 and 5 mM) or vehicle
for 24, 48, 72, 96 and 120 h and counted by hemocytometer. The
experiments were performed in the exponential phase of cell
growth. Triplicate plates were analyzed for each treatment at each
time. The following formula was used to calculate the doubling
time: Nt = N0� ekt, where N0 was the initial number of cells that
increased exponentially with a rate constant, k. The doubling time
(TD) was calculated as: TD = ln 2/k. The GraphPad Prism 5.0
software was employed for equation fitting to data and parameter
estimation.

2.5. Western blot

Cells were lysed using RIPA buffer supplemented whit protease
and phosphatase inhibitors [50 mM Tris-HCl pH = 8, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,1 mM EGTA, 0.1 mM
NaF, 0.02 mg/mL leupeptin, 1 mM Na3VO4 and 1 mM phenyl-
methanesulfonyl fluoride (PMSF)]. Protein concentration was
measured by Bradford assay (Bradford, 1976). 50 mg of protein
were analyzed by SDS-PAGE and immunoassay as described
(García et al., 2010). Membranes were probed overnight with
primary monoclonal anti-p27 (1:200, Sigma Chemical Co., MO,
USA), monoclonal anti-Cyclin E (1:500, Cell Signaling Technology,
Beverly, USA), monoclonal anti-Cyclin D1 (1:200, Cell Signaling
Technology, Beverly, USA), monoclonal anti-CDK2 (1:200, Cell
Signaling Technology, Beverly, USA), monoclonal anti-c-Src (1:500,
Abcam Inc., Cambridge, England), polyclonal anti-Lamin B1 (1:500,
Abcam Inc., Cambridge, England), monoclonal anti-a-Tubulin
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(1:3000, Sigma Chemical Co., MO, USA) and monoclonal anti-
b-Actin (1:1000, Sigma Chemical Co., MO, USA) antibodies as
previously described (Pontillo et al., 2010).

2.6. Co-Immunoprecipitation

Total cellular protein lysates (300–500 mg) were suspended in
immunoprecipitation buffer [200 mM Tris, pH 7.4, 1 M NaCl,
100 mM EDTA, 1% IGEPAL CA-630, 2%, Triton X-100, 0.02 mg/mL
leupeptin, 1 mM PMSF, 1 mg/mL aprotinine, 1 mM Na3VO4 and
0.1 mM NaF]. Then, 4 mg of anti-cyclin E, anti-p27 or anti-c-Src
antibodies were added and incubated for 2 h at 4 �C under constant
shaking. After that, 30 mL of A/G plus agarose was added and
incubated for others 2 h at 4 �C under constant shaking, in a final
volume of 0.5 mL. Precipitates were washed four times with
immunoprecipitation buffer, centrifuged at 12,000 � g and dena-
tured in sample buffer at 95 �C for 5 min.

2.7. Subcellular fractionation

MCF-7 cells were washed three times with ice-cold PBS, and
harvested in lysis buffer containing protease and phosphatase
inhibitors [20 mM HEPES-KOH, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiothreitol (DTT), 1 mM PMSF, pH 7.5, 20 mg/mL aprotinin,
120 mM leupeptin, and 12 mM pepstatin]. Nuclei were pelleted by
centrifugation at 750 � g for 10 min. The supernatant layer was
centrifuged for 15 min at 10,000 � g to remove mitochondria, and
Fig. 1. HCB alters cell cycle parameters on MCF-7 cells. A) Cells were synchronized and t
positive control. Percentage of cells in different phases of the cell cycle was monitored usin
experiments, each one performed by duplicated. Percentage of cells at G0/G1 (p:ns), S (#

and Dunnett’s Multiple Comparison Test. B) Cells were synchronized and treated with 

positive control. Percentage of cells in different phases of the cell cycle was monitor
independent experiments, each one performed by duplicated. Percentage of cells at G0/
+p < 0.01 vs. C) phases were compared. One way ANOVA and Dunnett’s Multiple Comparis
10, 18, 24 and 30 h. 10 nM E2 was employed as positive control. BrdU incorporation 

percentages of BrdU-positive cells are represented on the graph. Data are the mean value �
vs. its respective C. One way ANOVA and Dunnett’s Multiple Comparison Test. D) Starved c
Data of two independent experiments, each one performed by triplicated, were fitted to a
ANOVA and Dunnett’s Multiple Comparison Test.
the resulting supernatant was used for cytosolic proteins control.
The nuclear pellet was resuspended in RIPA buffer containing
protease and phosphatase inhibitors, and the resulting suspension
was used for the assay of nuclear proteins. Protein concentration
was determined according to Bradford (Bradford, 1976) using
bovine serum albumin (BSA) as a standard.

2.8. Immunofluorescence

5 �104 cells were seeded on cover slips in RPMI complete
growth medium followed by overnight incubation to allow the
cells to attach. Cells were treated with HCB (0.005 and 5 mM) or
vehicle for 1 h. After treatment, cells were washed with PBS and
fixed with ice-cold methanol during 20 min. Cells were permea-
bilized with 1% Triton X-100 and blocked with 5% BSA for 1 h. After
that, cell were incubated with monoclonal anti-p27 (1:50) and
anti-c-Src (1:100) antibodies overnight at 4 �C. Finally, cells were
incubated with Texas Red-conjugated anti-mouse IgG antibody
(1:250) and FITC-conjugated anti-rabbit IgG (1:200). Cover slips
were mounted with Fluor-SaveTM Reagent and fluorescence was
observed using a LSM510 confocal microscope. Photographs were
taken with 400� magnification.

2.9. Statistical analysis

Normality of data and variance homogeneity were evaluated by
Shapiro-Wilk and Levene tests, respectively. Then, ANOVA analysis
reated with HCB (0.005 and 5 mM) or vehicle (C) for 6 h. 10 nM E2 was employed as
g PI by flow cytometry. Results represent the mean value � SEM of two independent

p < 0.05, ##p < 0.01 vs. C), and G2/M (p:ns) phases were compared. One way ANOVA
HCB (0.005, 0.05, 0.5 and 5 mM) or vehicle (C) for 24 h. 10 nM E2 was employed as
ed using PI by flow cytometry. Results represent the mean value � SEM of three
G1 (*p < 0.05, **p < 0.01 vs. C), S (#p < 0.05, ##p < 0.01 vs. C), and G2/M (+p < 0.05, +

on Test. C) Starved cells were exposed to HCB (0.005 and 5 mM) or vehicle (C) for 2, 6,
was evaluated by inmunofluoresence using a monoclonal specific antibody. The

 SEM of two independent experiments, each one performed by duplicated. *p < 0.05
ells were exposed to HCB (0.005 and 5 mM) or vehicle (C) for 24, 48, 72, 96 and 120 h.
n exponential growth curve and doubling time was calculated. (*p < 0.05). One-way
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was performed. Data were analyzed using the softwares GraphPad
Prism 5.0 (GraphPad Software Inc., Philadelphia, USA) and InfoStat
(InfoStat version 2016. InfoStat Group, Córdoba, Argentina). p-
values less than 0.05 were considered statistically significant.

3. Results

3.1. HCB alters cell cycle progression on MCF-7 cell line

We have previously reported that HCB modifies cell prolifera-
tion in MCF-7 breast cancer cell line in a concentration-dependent
way (García et al., 2010). In the present work, we studied the
molecular bases involved in cell cycle progression induced by HCB.
To this aim, DNA content was measured by flow cytometry. Our
results indicate that 0.005 mM HCB significantly increments the
percentage of cells in S phase after 6 h of exposure (21.9 � 0.8% of
the cells in S phase vs.15.6 � 1.3% found in control cells; p < 0.05 vs.
C). No significant differences were detected when cells were
exposed to 5 mM HCB in comparison with the control cells. After
24 h, we observed that 0.05, 0.5 and 5 mM HCB significantly
Fig. 2. HCB alters cell cycle regulating proteins in MCF-7 cells. A) MCF-7 starved cells we
10 nM E2was employed as positive control. Cyclin D1, cyclin E and p27 levels were determ
a representative experiment is shown. Data were expressed as mean values � SEM of thre
C. One way ANOVA and Dunnett’s Multiple Comparison Test. B) Cells were synchroni
immunoprecipitated (IP) with anti-cyclin E antibody and probed (IB) with anti-p27, anti-
content. A blot of a representative experiment is shown. Data were expressed as mean va
vs. its respective C. One way ANOVA and Dunnett’s Multiple Comparison Test.
increase the percentage of cells in S phase (13.1 �1.1%, p < 0.05;
14.0 � 0.2%, p < 0.01 and 13.1 �0.2%, p < 0.05 respectively vs.
8.0 � 0.2% of the control). Furthermore, 0.005 and 0.05 mM HCB
have also induced an increment in G2/M cells in comparison with
the control cells (30.4 �1.6% and 28.1 �0.5% respectively, vs.
19.9 � 0.5% in control cells, p < 0.01). Estradiol was used as positive
control of the experiment. Altogether, our data suggest that the
lower concentration of HCB assayed alters the rate of cell division
promoting the cell cycle (Fig. 1A and B).

We have also analyzed BrdU incorporation in HCB-exposed cells
at different times (Fig. 1C). To this aim, cells were starved and their
cell cycle initiated by the addition of serum to the culture. When
the cells were treated with vehicle, we observed that 20.0 � 1.9% of
the cells entered S phase after 6 h of serum addition. On the other
hand, 26.7 � 1.0% of the cells progressed to S phase when the cells
were exposed to 0.005 mM HCB at the same time (p < 0.05 vs. C). A
similar result was observed when the cells were exposed to 10 nM
E2 (30.0 � 3.2%, p < 0.05 vs. C). In contrast, 5 mM HCB induced a
significant delay to enter S phase when it was compared to control
or 0.005 mM HCB exposed cells. The highest percentage of BrdU-
re exposed to HCB (0.005, 0.05, 0.5 and 5 mM), or vehicle (Ethanol 0.5%) during 24 h.
ined by western blot. Band densities were normalized with b-Actin content. A blot of
e independent experiments, each performed by duplicate. *p < 0.05 vs. its respective
zed and treated with HCB (0.005 and 5 mM) or vehicle (C) for 24 h. Lysates were
CDK2 and anti-cyclin E antibodies. Band densities were normalized with the cyclin E
lues � SEM of two independent experiments, each performed by duplicate. *p < 0.05
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positive cells was observed after 6 h of exposure to vehicle,
0.005 mM HCB and 10 nM E2. However, this parameter was
maximum after 10 h when 5 mM HCB was added to the culture.

To examine whether the differences observed in cell cycle
progression and BrdU incorporation reflect changes in the
doubling time of the HCB exposed cells, we quantified the number
of cells along five consecutive days and the doubling time was
calculated. We found significant differences in cell proliferation
rates among control or 5 mM HCB-treated cells (p < 0.05),
determined by estimating doubling times during exponential
growth. No significant differences in the doubling time between
cells exposed to 0.005 mM HCB and vehicle were found (Fig. 1D).

3.2. Cell cycle regulating proteins are modified by HCB

In order to study if the cell cycle regulating proteins may be
altered by HCB, western blot analysis was carried out using specific
antibodies. An increased level of cyclin D1 (23.4% over control,
p < 0.05) was found when the cells were exposed to 0.005 mM HCB
(Fig. 2A). A similar effect was exerted by E2, which was used as
positive control (39.0% over control, p < 0.05). Higher concen-
trations of HCB did not alter the expression of cyclin D1. Additional
Fig. 3. HCB alters the interaction and intracellular localization of c-Src and p27 on MCF
5 mM) or vehicle (C) for 1 h. Lysates were immunoprecipitated (IP) with anti-p27 antibody
to the p27 content. A blot of a representative experiment is shown. Data were expressed
*p < 0.05; **p < 0.01; ***p < 0.001 vs. C. One way ANOVA and Dunnett’s Multiple Compa
(10 mM) for 1 h. Lysates were IP with anti-c-Src antibody and probed with anti-p27 and
representative experiment is shown. Data were expressed as mean � SEM of two indepe
way ANOVA and Dunnett’s Multiple Comparison Test. C) Starved cells were exposed to HC
and p27 (red) proteins were detected by immunofluorescence. Pictures are representa
magnified section is shown under each photograph. D) Starved cells were exposed to HCB
levels were determined by western blot. Band densities were normalized with a-Tubulin 

subcellular fractionation control. A blot of a representative experiment is shown. Data we
by duplicate. p:ns. One way ANOVA and Dunnett’s Multiple Comparison Test. (For interp
web version of this article.)
proteins such as cyclin E and p27 were also analyzed. As Fig. 2A
shows, these proteins were not found regulated at any concentra-
tion of HCB neither E2 after 24 h of exposure.

We observed an increased association between p27 and cyclin E
after 5 mM HCB treatment (68.7% over control, p < 0.05). Moreover,
its co-immunoprecipitation with cyclin dependent kinase CDK2
and cyclin E were also enhanced by 5 mM HCB (78.6% over control,
p < 0.05), indicating that this concentration of pesticide increases
the association of p27-cyclin E-CDK2 protein complex (Fig. 2B).

3.3. HCB alters c-Src-p27 interaction

The effects of p27 on cell cycle progression have been related to
c-Src kinase activity. To determine whether this kinase was related
to the cyclin E-p27 complex formation induced by HCB, we
evaluated the interaction between c-Src and p27 in MCF-7 cells
exposed to the pesticide. As is shown in Fig. 3A, c-Src was co-
immunoprecipitated with p27. The immune complex was induced
by 0.005 mM HCB (107.9 � 11.1% over control, p < 0.01), 0.05 mM
(95.3 � 33.8% over control, p < 0.001) and 0.5 mM (55.6 � 14.3%
over control, p < 0.05). On the other hand, 5 mM HCB reduced the
protein complex (18.4 �10.1%, p:ns). These results indicated that
-7 cells. A) The cells were synchronized and treated with HCB (0.005, 0.05, 0.5 and
 and probed (IB) with anti-c-Src and anti-p27 antibodies. Densities were normalized

 as mean � SEM of two independent experiments, each one performed by duplicate.
rison Test. B) Starved cells were exposed to HCB (0.005 and 5 mM), vehicle or PP2

 anti-c-Src antibodies. Densities were normalized to the c-Src content. A blot of a
ndent experiments, each one performed by duplicate. *p < 0.05; **p < 0.01 vs. C. One
B (0.005 and 5 mM) or vehicle (Control) during 1 h. Cells were fixed and c-Src (green)
tive of three independent experiments. Magnification: 400�. Scale bar: 20 mm. A

 (0.005 and 5 mM) or vehicle (C) during 1 h. Nuclear fractions were prepared, and p27
content. Laminin B1 was used as nuclear marker. A cytosolic fraction was included as
re expressed as mean � SEM of two independent experiments, each one performed
retation of the references to colour in this figure legend, the reader is referred to the



Fig. 4. Mechanisms of action triggered at different concentrations of HCB on MCF-7
cell. 0.005 mM HCB increased c-Src-p27 complex and induced cell cycle progression.
In turn, 5 mM HCB induced cyclin E-CDK2-p27 complex that promoted a cell cycle
delay.
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the lowest concentration of HCB induces the c-Src-p27 physical
interaction but the highest concentration produced the opposite
effect.

Moreover, c-Src-p27 interaction was evaluated in presence or
absence of the c-Src inhibitor PP2 (1-tert-Butyl-3-(4-chlorophen-
yl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine). As Fig. 3B shown, c-
Src-p27 complex formation was prevented by PP2 indicating that
c-Src activity is required for this interaction (Fig. 3B). These results
suggest that 0.005 mM HCB enhances c-Src-p27 interaction by
activation of c-Src protein. The phosphorylation of p27 mediated
by c-Src regulates the localization of this protein to different
intracellular compartments. Membrane localization of c-Src has
been associated with its activation, and its ability to phosphorylate
a large number of proteins, such as p27. To confirm if this
modulation might be under HCB regulation, we evaluated the
intracellular localization of c-Src and p27 by immunofluorescence
studies employing specific antibodies. In concordance with our
previous results, we observed an increase of membrane localized
c-Src when the cells were exposed to 0.005 mM HCB. We have also
observed a reduced nuclear localization of p27 in these culture
conditions (Fig. 3C and D). In the other hand, 5 mM HCB conducted
to a reduction of c-Src expression and a nuclear localization of p27.
These results are consistent with the dual effect of HCB on cell cycle
progression according to the concentration of the pesticide.

4. Discussion

In the present work we have analyzed the effect of HCB on cell
cycle and the proteins that are related to the cycle control in ERa(+)
MCF-7 breast cancer cell line. Concentrations assayed in our work
are in the same range that can be found in the environment for the
pesticide (Nilsen et al., 2014; Robles-Molina et al., 2014; Wu et al.,
2014). Moreover, monitoring and epidemiological studies demon-
strated that the concentration of HCB in serum of pregnant women
of different countries, has been determined to be about 50 ng/g of
lipid, which is equivalent to 0.001 mM (Arrebola et al., 2015;
Artacho-Cordón et al., 2015; Guo et al., 2014; Lauritzen et al., 2016;
Saoudi et al., 2014; Thomas et al., 2017). In the other hand, HCB
levels in serum of exposed women increase to 15.1 ng/mL of serum,
or its equivalent 0.05 mM (To-Figueras et al., 1997).

Our results show that 0.005 mM HCB significantly promotes cell
cycle progression in MCF-7 cell line since a rapid increment of cells
in S-phase was found. Moreover, the cell cycle analysis after 24 of
0.005 mM HCB exposure showed that a higher percentage of the
cells could progress from S to G2/M phase. Because this effect was
not observed when cells were exposed to 5 mM HCB, we postulate
that it is due to the estrogenic action of the pesticide, which is only
observed at low concentrations. In this way, it has been reported
that HCB stimulates cell proliferation in estrogen-sensitive cells,
without effect on cell proliferation on ERa(�) cells MDA-MB-231
(García et al., 2010). A recent study demonstrated that 5 mM HCB
induces cell proliferation in HepG2 cells (de Tomaso Portaz et al.,
2015); however this effect was mediated by the aryl-hydrocarbon
receptor (AhR), which activation has been related to cell death in
MCF-7 cells (García et al., 2010).

Cell cycle control is a key event in the normal development of
tissues and cyclins proteins play a critical role in this process. We
found that 0.005 mM HCB is able to induce cell cycle progression
and, in concordance, an increased expression of cyclin D1 was
detected after 24 h of exposure. Analogous effects were produced
by E2 in this cell line as we showed. It is well known that cyclin D1 is
involved in early G1 transition, being activated by mitogenic
signals (Muşat et al., 2004). In this way, other authors reported that
b-hexachlorocyclohexane, an organochlorine pollutant, increases
the expression of cyclin D1 and other proto-oncogenes in MCF-10A
cells (Wong and Matsumura, 2007). Furthermore, we evaluated
cyclin E expression, which was not found altered by HCB at any
concentration assessed.

The proper progression through the cycle includes a coordinat-
ed action of cyclins, CDKs, and their inhibitors as p27 whose
expression were also evaluated in this work. Although we did not
observe significant changes on p27 expression, 0.005 mM HCB
enhanced its association with the oncoprotein c-Src and reduced
its nuclear localization where p27 exert its inhibitor action on cell
cycle progression. Additionally, p27-c-Src complex formation was
prevented by the c-Src inhibitor, PP2, which indicates that c-Src
activation is necessary for p27-cSrc complex arrangement. It has
been described that p27 localization is finely regulated during G1
progression. A large number of studies suggested that p27 plays
additional roles outside the nucleus. The nuclear export of p27 has
to been reported as a mechanism needed not only to relieve cyclin
E-CDK2 inhibition, but also to permit the c-Src-mediated Tyr-
phophorylation of p27 to promote p27 ubiquitylation and
degradation. This Tyr-phosphorylation of p27 is also required for
the catalytic activation of p27-cyclin D1-CDK4 complexes and cell
cycle progression (Wander et al., 2011).

Interestingly, several reports showed that cytosolic localization
as well as down-regulation of p27 are directly associated with poor
survival for different types of cancer (Murray et al., 2005).
Moreover, a large number of proliferative diseases are character-
ized by massively increase of p27 phosphorylation, which was
always related to its cytoplasmic localization (Rodier et al., 2001).

In concordance with our results, it has been reported that c-Src-
phosphorylated p27 is not able to negatively regulate cell cycle
progression (Chu et al., 2008). Moreover, depletion of c-Src in MCF-
7 cells increases the expression of p27 (González et al., 2006)
evidencing the regulating role of this kinase on p27 activity. Based
on this background, we propose that 0.005 mM HCB induces p27-c-
Src kinase interaction, which, in turn, lead to cell cycle progression
and promotes cell proliferation (Fig. 4). Because this effect was not
observed when cells were exposed to 5 mM HCB, we postulate that
it is due to the estrogenic action of the pesticide, which is only
observed at low concentrations. It has been shown that estradiol-
estrogen receptor complex interacts with c-Src and rapidly
stimulates c-Src kinase in MCF-7 cells (Migliaccio et al., 1996).
In addition, c-Src was found co-immunoprecipitated with p27 in
MCF-7 cells. The complex formation precedes the loss of p27 from
cyclin E-CDK2 complex prior to S phase entrance (Chu et al., 2008).
These findings are in line with our results since mitogenic
concentration of HCB was able to enhance c-Src-p27 complex
formation.

Taken together, the experimental evidence presented in this
study shows for the first time that HCB stimulates cell proliferation
in estrogen-sensitive cells MCF-7 through cell cycle modulation
with a key participation of c-Src and p27. Many reports agree that
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cell cycle dysregulation plays a crucial role in breast cancer. As we
demonstrated here, exposure to low concentration of HCB induces
changes in cell cycle regulation so it is possible that this pollutant
may induce an increasing breast cancer risk. Actually, a co-
carcinogenic action of HCB was previously reported in vivo by our
group (Randi et al., 2006).

The effects of higher concentrations of HCB on the cell cycle
progression and the cell cycle regulatory proteins were also
evaluated. In this work, we observed a delay of approximately four
hours for the S phase entry when cells were exposed to 5 mM HCB.
This effect may be related to the increment of the cyclin E-CDK2-
p27 complex induced by 5 mM HCB. Dysregulation of cell cycle
regulating proteins expression and its association with CDKIs such
as p27 has been well described as a mechanism to inhibit cell cycle
progression and it is also associated to many toxic compounds
exposure (Shi et al., 2015; Simpkins et al., 2012; Zhang et al., 2015).

c-Src activity has been largely related with cell cycle regulation
in diverse cell lines (Simpkins et al., 2012; Siriwardana and
Seligman, 2015). We observed that 5 mM HCB reduces c-Src
expression and increases nuclear localization of p27. Similar
results have been reported to 3,3-diindolylmethane (DIM), the
active derived of the chemopreventive agent indole-3-carbanol
(I3C), which inhibits cell cycle progression by several mechanisms,
including the induction of p27 expression, and its nuclear
localization (Wang et al., 2008). Moreover, we observed a slight
reduction of c-Src-p27 interaction after 5 mM HCB treatment. Our
results indicate that 5 mM HCB retards the cell cycle progression by
the inhibition of cyclin E-CDK2 complex activity, probably
mediated by an interaction of this proteins with the CDKI, p27
(Fig. 4). Altogether, our results show for the first time that HCB
presents differential mechanisms of action on mammary cell
growth that are triggered at different concentrations of the
pollutant.
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