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Endosulfan is an organochlorine pesticide commonly used in agriculture yet classified by the Stockholm
Convention in 2011 as a persistent organic pollutant (POP). Its potential toxicity makes its continued use
a major public health concern. Despite studies in laboratory animals, the molecular mechanisms under-
lying the carcinogenic effects of endosulfan in human liver remain poorly understood. In this study, we
investigated the phenotypical effects of endosulfan on HepG2 liver cells. First, we found that endosulfan
disrupted the anoikis process. Indeed, cells exposed to endosulfan were initially sensitized to anoikis and

Iéﬁﬁgﬂf’fjn thereafter recovered their resistance to this process. This phenomenon occurred in parallel to the induc-
Anoikis tion of the epithelial to mesenchymal (EMT) process, as demonstrated by: (1) reorganization of the actin

EMT cytoskeleton together with activation of the FAK signaling pathway; (2) repression of E-cadherin expres-
sion; (3) induction of Snail and Slug; (4) activation of the WNT/[3-catenin pathway; and (5) induction and
reorganization of mesenchymal markers (S100a4, vimentin, fibronectin, MMP-7). Secondly, despite the
acquisition of mesenchymal characteristics, HepG2 cells exposed to endosulfan failed to migrate. This
incapacity to acquire a motile phenotype could be attributed to a disruption of the interaction between
the ECM and the cells. Taken together, these results indicate that endosulfan profoundly alters the pheno-
type of liver cells by inducing cell detachment and partial EMT as well as disrupting the anoikis process.

Hepatocarcinoma
HepG2

All these events account, at least in part, for the carcinogenic potential of endosulfan in liver.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Since the 1950s, organochlorine pesticides (OCPs) such as the
chlorinated cyclodiene endosulfan have been employed exten-
sively in agriculture, viticulture, horticulture, domestic and public
health. Endosulfan is sold under different trade names (Thiodan®,
Rocky®, Thionex®...) and corresponds to a mixture of 70%
endosulfan-a and 30% endosulfan-B. While it does have beneficial
effects on crops, it also represents a potential source of environ-
mental contamination and risk to public health (Silva and Gammon,

Abbreviations: Ab, antibody; DAPI, 4',6'-di-amidino-2-phenyl indole; DMSO,
dimethyl sulfoxide; ECM, extracellular matrix; EMT, epithelial to mesenchymal tran-
sition; FAK, focal adhesion kinase; FBS, foetal bovine serum; HCC, hepatocellular
carcinoma; LEF1/TCF-1, lymphoid enhancer factor 1/T cell factor 1; MMP, met-
alloprotease; MTT, 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide;
Poly-HEMA, poly 2-hydroxyethyl methacrylate; POP, persistent organic pollutant;
ROCK, Rho-associated protein kinase; WNT, wingless integration site; XIAP, X-linked
inhibitor of apoptosis protein.
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2009). Indeed, endosulfan is a persistent organic pollutant (POP)
that can build up in the environment and bioaccumulate through
the food chain. Its persistent and bioaccumulative properties enable
it to become stored in fats where it persists for a long time. Endo-
sulfan is readily absorbed by humans via the stomach, the skin,
the lungs, and the placenta (Lopez-Espinosa et al., 2008). This OCP
is one of the most toxic pesticides currently on the market and is
responsible for a large number of poisoning-related deaths (Moses
and Peter, 2010). In animals, it is toxic to the liver, kidney, nervous
system, blood system, immune system and reproductive organs
(Hashizume et al., 2010; Karatas et al., 2006; Ahmed et al., 2011;
Merhi et al., 2010; Briz et al., 2011; Chan et al., 2006; Choudhary
etal.,, 2003; Aggarwal et al., 2008). Due to the risk of adverse effects
on human health, the World Health Organization (WHO) classi-
fied endosulfan as a moderately hazardous Class 2 pesticide while
the Environmental Protection Agency (EPA) considered it as “highly
acutely toxic” (Category I). Despite then being banned in more than
62 countries and by the Stockholm Convention in 2011, it is still
used extensively (Weber et al., 2010). An interdiction for use will
be effective in 2017.

While the potential carcinogenic effects of endosulfan remain
a matter of debate, in vitro studies have revealed mechanisms
induced by endosulfan that are implicated in tumor development
and progression in testes, breast and liver (Hardell and Eriksson,
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Table 1

Primary antibodies used for Western blot and immunofluorescence staining.
Antigen Phosphorylation site Source/type Manufacturer Dilution WB Dilution IF
ROCK1 Rabbit mAb? Epitomics 1:2000 1:200
pFAK Tyr925 Rabbit pAbP Cell signaling 1:2000
FAK Rabbit pAb Cell signaling 1:2000
Vimentin Rabbit mAb Epitomics 1:200
TCF1/LEF-1a Rabbit mAb Epitomics 1:10,000
Gapdh Rabbit mAb Cell signaling 1:15,000
E-cadherin Rabbit mAb Epitomics 1:5000
-Catenin Rabbit mAb Santa Cruz 1:2000 1:400
Fibronectin Rabbit mAb Epitomics 1:1000 1:100
Snail Rabbit pAb Santa Cruz 1:200
Slug Rabbit mAb Cell signaling 1:300

2 mAb, monoclonal antibody.
b pAb, polyclonal antibody.

2003; Heyer etal., 2002; Fransson-Steen et al., 1992; Perez-Carreon
et al., 2009). An example of such a mechanism is the disruption of
gap junctions (Ruch et al., 1990). Such gap junctional intercellu-
lar communication uncouplers are responsible for many cellular
dysfunctions and multiple diseases including cancer (Ehrlich et al.,
2006; Trosko, 2011). In addition, the genotoxic potential of endo-
sulfan has been described in HepG2 cells (Hashizume et al., 2010;
Li et al,, 2011) and exposure to sub-lethal doses of endosulfan
and its metabolites causes DNA damage and mutations (Antherieu
et al.,, 2007; Bajpayee et al., 2006). One study using a computa-
tional quantum chemical model indicated that endosulfan and all
its metabolites have carcinogenic potential (Bedor et al., 2010).
However, the exact molecular mechanisms underlying the toxic
and carcinogenic effects of endosulfan in liver cells remain poorly
understood.

Epithelial to mesenchymal transition (EMT) is a highly coor-
dinated multistep process during which epithelial cells acquire
mesenchymal fibroblast-like properties. It has been implicated in
a variety of diseases including fibrosis and in the progression of
carcinoma (Jou and Diehl, 2010). This fundamental program also
plays a key role in the critical phases of embryonic development
and in adults it contributes on the one hand to physiological pro-
cesses such as tissue repair and on the other pathological conditions
(Kalluri and Weinberg, 2009). The morphological changes imposed
are governed by multiple molecular mechanisms including the loss
of epithelial proteins such as E-cadherin (Cavallaro and Christofori,
2004; Huber et al., 2005) that leads to the reduction in cell-to-cell
junctions (adherens and gap junctions), the loss of cell polarity, and
the gain of mesenchymal markers such as the extracellular matrix
compound fibronectin, the intermediate filament protein vimentin
and S100a4 (Peinado et al., 2004; Kim et al., 2011; Ogunwobi and
Liu, 2011). All these steps lead to the acquisition of motile and
invasive properties (Matsuo et al., 2009).

E-cadherin is thought to be downregulated via several repres-
sors acting either indirectly (e.g. Twist, Goosecoid) or directly by
binding to and repressing the E-cadherin promoter (e.g. Snail,
Slug, Zeb) (Peinado et al., 2007; Yang and Weinberg, 2008). E-
cadherin repression is frequently accompanied by the activation of
the B-catenin/Wnt signaling cascade (Fransvea et al., 2008; van Zijl
et al., 2009a,b). Indeed, during EMT, the cytoplasmic stabilization
of B-catenin occurring via WNT activation signaling and GSK3-3
repression (Medici et al., 2008), leads to the formation of a nuclear
complex TCF/LEF/3-catenin that modulates the expression of tar-
get genes such as fibronectin, MMP7 or S100a4 (Iwai et al., 2010).
Communications between cells and the new extracellular matrix
environment are mainly mediated by the activation of the focal
adhesion kinase-FAK-transduction pathway (Chatzizacharias et al.,
2008; Cicchini et al., 2008).

The liver is the most sensitive tissue to xenobiotic exposure
and constitutes the main target of endosulfan toxicity. Thus, we

investigated the cellular and molecular effects of endosulfan in
human liver cells using the HepG2 cell line. These cells retain many
cellular functions allowing the study of several molecular pro-
cesses among which cell plasticity and anoikis (Roe et al., 1993).
In this study, we show that endosulfan permits a transient anoikis
induction that is followed by recovery of anoikis resistance. This
process occurs in parallel to partial EMT and is characterized by the
repression of E-cadherin expression, the loss of adherent junctions,
cytoskeleton reorganization, extra-cellular matrix (ECM) reshuffle,
WNT/{3-catenin pathway activation and the gain of mesenchymal
markers (vimentin, fibronectin, S100a4). Despite evidence of all
these events, the cells remain unable to acquire a motile phenotype.
Thus the present study shows that endosulfan transiently sensitizes
HepG2 cells to anoikis before allowing a later recovery of resistance
to this process that coincides with the induction of partial EMT.
Such events could account, at least in part, for the carcinogenic
potential of endosulfan.

2. Materials and methods
2.1. Materials

The human hepatocellular carcinoma cells HepG2 were obtained from ATCC
(American Type Culture Collection, Manassas, VA). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin solution,
sodium pyruvate and Eagle’s non-essential amino acids were from BioWhittaker
(Cambrex Company, Walkersville, USA). DMSO (dimethylsulfoxide) and chemicals
were from Sigma-Aldrich (L'Isle d’Abeau Chesne, Saint Quentin Fallavier, France).
Protein assay materials were from Bio-Rad. All fluorescence reagents were from
Molecular Probes (Eugene, OR). The OC endosulfan was from ChemService (West
Chester, PA). The antibodies used for western blotting and immunodetection exper-
iments were from Cell Signaling, Santa Cruz and Epitomics (Table 1). Cells were
visualized with a Nikon Eclipse TE2000 phase contrast microscope.

2.2. Cell culture and drug treatments

HepG2 cells were maintained in DMEM with 1% penicillin/streptomycin, 1% non
essential amino acids, sodium pyruvate, and 10% FBS, in humidified atmosphere at
37°C containing 95% O, and 5% CO,. After washing with sterile phosphate buffer
saline (PBS), cells were detached by trypsinization (trypsin/EDTA) and plated at a
concentration of 0.5-1 x 106 or 0.4-0.5 x 105 cells/ml in 6-well or 24-well plates,
respectively, depending on the experiment. For all experimental conditions, FBS
was reduced to 5% in DMEM medium and cells were treated for the indicated time
with endosulfan prepared as dimethylsulfoxide (DMSO) stock solution. The final
DMSO concentration was 0.25% (v/v).

2.3. Viability test

Viable cells were determined by measuring the conversion of the tetra-
zolium salt MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma-Aldrich (St.Louis, MO) to formazan, as previously described (Fautrel et al.,
1991). Briefly, cells were seeded in 96 well plates and treated at 50% confluency
with a concentration of 20 wWM endosulfan during 24, 48 and 72 h. The cells were
then incubated with 0.5 mg/ml MTT for 2 h at 37 °C. The water-insoluble formazan
crystal was dissolved by adding 100 il DMSO to each well and the absorbance was
determined with a spectrophotometer at 550 nm (MR7000, Dynatech Laboratories,
Inc., USA).
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2.4. Real-time cellular impedance

The xCELLigence system was used according to the manufacturers’ instructions
(Roche Applied Science, Mannheim, Germany) and ACEA Biosciences (San Diego,
CA, USA). Briefly, 1 x 10* cells were added to the 96-well E-plates. Twenty-four
hours later, cells were treated with different concentrations of endosulfan (2, 10,
20, 50, 100 and 200 wM) in 5% FBS DMEM medium. Real-time cellular impedance
was measured in each well (cell index values) and a signal was observed through the
integrated software (RTCA Analyzer). Each curve is representative of an experiment
performed in triplicate. To compare the influence of the endosulfan on the cells, the
normalized cell index (NCI) was used, calculated using the DMSO control condition.

2.5. Immunofluorescence

Cells were seeded on glass slides in 24-well plates (4 x 10° cells per well)
and were exposed to endosulfan at the indicated time and concentration. For
cytoskeleton and extra-cellular matrix proteins (Rho-associated kinase, vimentin
and fibronectin) and transcription factors (Snail, Slug and Hif-1a), the cells were
fixed with 4% paraformaldehyde (PFA) and permeabilized in 0.5% saponin. For struc-
tural proteins (E-cadherin and 3-catenin), cells were fixed in —20°C methanol and
permeabilized in 0.25% triton. In both cases, slides were incubated with antibodies
(Table 1) for 1 h at room temperature. After washing with PBS, goat anti-rabbit or
anti-mouse IgG coupled to AlexaFluor® 488 or 594 (Molecular Probes, Eugen, OR)
were added to slides, before incubation in a dark room for 1h at room tempera-
ture. The actin cytoskeleton was observed after incubation with phalloidin coupled
with AlexaFluor 488 for 5 min, and the nucleus after incubation with DAPI 1 pg/ml
(2,6-diamidino-2-phenylindone) for 10 min. Slides were mounted and sealed in
ProLong Gold antifade reagent (Invitrogen). Observations were performed with an
inverted fluorescence microscope (Nikon) equipped with a CDD camera (ORCA-ER
Hamamatsu Photonics).

2.6. Detection of the anoikis process

The cells were treated for 48 or 72 h with 2, 10, 20, 50 and 100 M of endosulfan.
Then, the culture media containing floating cells were collected, centrifuged, and
pellets reseeded into new 6-well plates with DMEM supplemented with 5% FBS. This
protocol is designed to test the ability of cells to adhere in the absence of endosulfan.
Eighteen days later, the MTT viability test was performed to estimate the number
of non-adhering cells from the observed population of adhering cells.

Secondly, to determine the level of anoikis, 2 x 10° cells were cultured as a sus-
pension on plates coated with (poly(2-hydroxyethyl methacrylate) (poly-HEMA)
(Sigma) for the indicated periods of time. Apoptotic cells were then estimated by
enzymatic assay using caspase-3 activity as a marker of apoptosis.

2.7. Enzymatic assays for caspase activity

Caspase activity was assessed by measuring fluorophore (7-amido-4-
trifluoromethylcoumarin (AFC)) release from caspase tetrapeptide substrate
N-acetyl-Asp-Glu-Val-Asp (Ac-DEVD) for caspases-3-like activity. Briefly, cells
grown in 6-well culture dishes were scraped into ice-cold hypotonic buffer. Cells
were then lysed by being subjected to three cycles of freezing and thawing. Protein
concentrations were determined using the BCA Protein Assay kit (Pierce, Rockford,
IL, USA) and equal amounts were mixed with buffer B (312.5mM HEPES, pH 7.5,
31.25% sucrose, 0.3125% CHAPS, 50 uM of relative substrate enzymes). The fluo-
rometric assay detected the shift in AFC fluorescence emission following cleavage
from tetrapeptide-AFC, as measured in a fluorometer (Aex =390 nm; Aem =530 nm).

2.8. Western blot

HepG2 cells were scraped into hypotonic buffer (20 mM HEPES, pH 7.5, 10 mM
KCl, 15 mM MgCL;, 0.25 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM
PMSF, 10 pg/ml pepstatin A, 10 wg/ml leupeptin, and the phosphatase inhibitory
cocktail PhosphoSTOP, Roche). The protein concentration in each cell lysate was
quantified using a BCA Protein Assay Kit (Pierce), with bovine serum albumin (BSA)
used as a standard. Equal protein amounts were separated by SDS-polyacrylamide
gel electrophoresis on 10% gels and were transferred to PVDF membranes. The
membranes were immunoblotted with antibodies (Table 1) for 1h at room tem-
perature or overnight at 4°C. After washing, membranes were then incubated
with horseradish peroxidase-conjugated secondary antibodies (anti-mouse or anti-
rabbit immunoglobulin G; Promega, Madison, WI, USA) for 1 h at room temperature.
After washing, the signals were detected using Immobilon Western Detection
Reagents (Millipore, Molsheim, France) and acquired using a CCD camera (Chemi-
Genius2, SynGene).

2.9. Reverse transcription-quantitative polymerase chain reaction

Total RNA was isolated using acid phenol extraction. One microgram of total RNA
was reverse transcribed using a kit (SuperScript II; Invitrogen Corp., Carlsbad, Cal-
ifornia) following the manufacturer’s instructions. Quantitative PCR analysis was

carried out with LightCycler®480 Probes Master (Roche), according to the man-
ufacturer’s instructions, together with FAM-labeled hydrolysis probes from the
Universal Human Probe Library Set (Roche). Intron-spanning primers were designed
using the Universal Probe Library Assay Design Center software. Calculations were
made using gapdh as the endogenous control reference gene. Fold differences in gene
expression were calculated using the LightCycler software, taking into account the
efficiency of amplification as determined from a standard curve obtained with the
second-derivative maximum method.

2.10. Cell migration assay

At 90% confluence HepG2 cells were trypsined and 3 x 10° of cells per well
were added to a 6 well plate. After 24 h of incubation, the confluent tissue formed
was scratched 4 times per well with a sterile pipette tip. Cells were washed twice
with PBS medium before being treated with 0.25% DMSO or 20 wM endosulfan in a
DMEM medium depleted with 5% FBS. Images were taken immediately (0 h) with
an inverted fluorescence microscope (Nikon) equipped with a CDD camera (ORCA-
ER Hamamatsu Photonics) and NIS-Elements AR 2.30 software at 4x magnification.
24 later, the cell migration progress was photographed in the same conditions
and all data were treated with the TScratch software tool developed for automated
analysis of monolayer wound healing assays as described by Gebdck et al. (2009).

2.11. Statistical analysis

Each experiment was repeated at least three times. Data shown are an aver-
age + standard deviation (SD). Statistical analysis of in vitro studies was performed
using a Student’s t test. Levels of probability are indicated as *P<0.05 or **P<0.01.

3. Results

3.1. Morphological changes in HepG2 cells after endosulfan
treatment

To assess the effect of endosulfan on hepatoma cells, HepG2 cells
were treated with increasing concentrations of the organochlorine
pesticide. Viability was evaluated by MTT dye reduction assay after
24,48 and 72 h of treatment or by measuring cellular impedance in
real-time. As shown in Fig. 1, endosulfan decreased HepG2 viabil-
ity in a dose- and time-dependent manner. Cytotoxicity occurred
within 72 h following 50 wM endosulfan and peaked after 100 uM
(IC50=68.9 wM after 72 h treatment).

Results obtained with the XCELLigence system do not allow the
determination of IC50 values. Indeed, this technology is a non-
invasive cytotoxicity assay that is based on the measurement of
impedance in real time (cell index values). This parameter reflects
the cellular status with regards to such as cell proliferation, vari-
ations in cell membrane integrity, cytotoxicity, cell adhesion and
spreading, and cell migration. Fig. 1B depicts the dynamic changes
in cell index (CI) values of cells after exposure to different concen-
trations of endosulfan. At 100 and 200 wM, endosulfan lead to a
slight decline in the cell survival rate but failed to induce 100%
mortality. At lower concentrations, a significant increase in the
slope corresponding to the evolution of cell index over time was
observed (Fig. 1B and C). This phenomenon could be explained by
morphological changes correlating with defects in cell adhesion or
migration.

In the control condition (DMSO), HepG2 cells had an epithelial
cell-like morphology with a characteristic “cobblestone” appear-
ance and organized cortical pattern of F-actin at cell-to-cell
junctions (Fig. 1D). By contrast, HepG2 cells exposed to 20 uM
endosulfan treatment exhibited more poorly defined intercellular
borders and were more often spherical and individualized (arrows).
These modifications correlated with the reduced organization of
F-actin into a cortical pattern at cell-to-cell junctions (Fig. 1D,
arrowhead).

These results suggested that endosulfan is toxic at high concen-
trations (>50 M) but that lower doses could nevertheless induce
phenotypic modifications.
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Fig. 1. Endosulfan modifies the HepG2 cell morphology. (A) HepG2 cell viability was assessed by MTT test after 24 h, 48 h and 72 h treatment with increasing concentrations
of endosulfan (from 0.1 WM to 200 wM). MTT results are presented as a percentage of viability over DMSO treatment and each value is the mean +£S.D. of three separate
experiments (note: means =+ S.D., *P<0.05 and **P<0.001 when compared to DMSO). (B and C) Cells were seeded onto 96-well E-plates and treated for 24 h with endosulfan
(from 2, 10, 20, 50, 100 and 200 pM). Cell impedance was measured in real-time and cell index normalized against the DMSO condition. Results are means +S.D. for
triplicates of one experiment and are representative of three independent experiments. (D) 48 h after 20 wuM endosulfan treatment, cell morphology was examined under a
light microscope. F-actin was visualized by AlexaFluor 488-conjugated phalloidin staining (green) and fluorescence microscopy. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)

3.2. Endosulfan sensitizes HepG2 cells to anoikis

Based upon our morphological findings, we sought to evalu-
ate whether endosulfan affected cell death processes. We observed
that nuclei from individualized cells after exposure to 20 and 50 uM
endosulfan were condensed and fragmented, as shown by DAPI
staining (Fig. 2A). Moreover, when these floating cells were replated
in tissue culture dishes after 48 h or 72 h in suspension, they dis-
played the ability to attach and proliferate (Fig. 2B). Indeed, 18 days
after having replated the cells, MTT test showed that the floating
cells obtained after endosulfan treatment (<50 wM) had grown in
a time- and dose-dependent manner. However, at high concentra-
tions (50 and 100 wM), the number of living floating cells seemed to
be too low, as demonstrated by the low viability rate obtained after
replating (Fig. 2C). Hence, these results suggest that the process
leading to their individualization is reversible. We firstly inves-
tigated the effect of endosulfan on capase-3 activity levels (as a
marker of apoptosis) in both the adherent and the floating cells
after 48 h endosulfan treatment (Fig. 3A). The caspase-3 activity
remained stable in the HepG2 cells of the monolayer, whereas
it increased significantly in the floating cells at concentrations
>10 M (400-450% of activation/DMSO). Secondly, to investigate
whether prevention of attachment was the main cause of cell
death induced by endosulfan, HepG2 cells were cultured on poly-
HEMA (+poly-HEMA), which prevented cells from attaching. The

cells responded with a significant induction of caspase-3 activity
when exposed to 20 or 50 uM endosulfan for 4h and 24h, but
not with DMSO or when kept under adherent conditions (—poly-
HEMA). However, this increased caspase-3 activity seemed to be
transient, as it was not observed after 48 h treatment (data not
shown). Moreover, after 24 h endosulfan treatment (20 wM) we
observed an induction of the gene encoding X-linked inhibitor of
apoptosis (XIAP), the endogenous caspase-3 and -7 inhibitor. Thus,
endosulfan initially sensitized the HepG2 cells to anoikis yet per-
mitted the restoration of intrinsic anoikis resistance later on.

Taken together, these findings demonstrate that endosulfan
may induce anoikis in HepG2 cells, probably via disruption of cell
attachment.

3.3. Endosulfan induces changes in the cytoskeleton and ECM
associated with the activation of FAK signaling and potential
destabilization of adherent junctions

We therefore investigated whether endosulfan can perturb cel-
lular adhesion by studying changes in the expression of proteins
implicated in the modification of the actin cytoskeleton of HepG2
cells exposed to endosulfan. We examined the localization and
expression of the Rho-associated kinase (ROCK1), a well-known
effector of the RhoGTPAses implicated in lamelliopodia and stress
fiber formation during cytoskeleton remodeling (Schaller, 2010).
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As demonstrated by immunofluorescence (Fig. 4A), the cellular
localization of ROCK1 was modified after 48 h of treatment with
20 wM endosulfan. Indeed, in the control condition (DMSO), ROCK1
was mainly colocalized with actin leading to a cortical pattern at
cell-to-cell junctions, whereas in the presence of endosulfan, this
protein was distributed uniquely throughout the cytoplasm. We
also examined the protein levels of ROCK1 by western blot analy-
sis. After endosulfan treatment, the expression of this protein was
up-regulated in a time-dependent manner (Fig. 4B).

Focal adhesion kinase (FAK) signaling was also implicated in the
control of the actin cytoskeleton organization. Indeed, FAK medi-
ates cells motility and adhesion turnover through regulation of the
RhoGTPases and ROCK activity (Riento and Ridley, 2003). We found
that endosulfan increased the phosphorylation of FAK at Tyr 925 in
a time-dependent manner as soon as 8 h of endosulfan treatment
(Fig. 4C). The phosphorylation of the Tyr-925 residue leads to cell
migration and cell protrusion (Deramaudt et al., 2011).

Extracellular matrix (ECM) remodeling is a major pheno-
typic modification observed during cell motility and migration.
Fibronectin, a high-molecular weight glycoprotein, serves as a scaf-
fold for the fibrillar ECM. We therefore analyzed fibronectin levels
by western blotting and immunofluorescence studies. Immunoflu-
orescence analysis showed an important increase of fibronectin in
the cytoplasm of HepG2 cells after 48 h of endosulfan treatment
(Fig. 4D). These findings are consistent with the up-regulation of

fibronectin detected by western blot (Fig. 4E). It is worth noting
that the protein level of fibronectin was increased after 30 min of
endosulfan treatment and peaked after about 60 min. Moreover,
fibronectin was deposited as fibrils (Fig. 4F) in the extracellular
compartment, 48 h after endosulfan exposure. Interestingly, endo-
sulfan did not increase the gene expression of Itga5, corresponding
to the a5 chain of the fibronectin receptor integrin «5@1 (data not
shown). This integrin is the main receptor of fibronectin allowing
cells to migrate.

Together, these results show that endosulfan induced cytoskele-
ton remodeling and a modification of the ECM composition.

3.4. Loss of adherent junctions through E-cadherin repression:
possible involvement of the repressors Snail and Slug

To further confirm the effect of endosulfan on cell adhesion,
we investigated E-cadherin gene and protein expression levels
in HepG2 cells exposed to endosulfan. Endosulfan significantly
decreased the protein levels of E-cadherin after 24h and 72h
of endosulfan treatment (Fig. 5A). Moreover, E-cadherin mRNA
expression was decreased by approximately 50% after 48 h endo-
sulfan treatment (Fig. 5B). These data suggested that E-cadherin
expression is repressed in HepG2 cells at the transcriptional level
after endosulfan exposure. Hence, we sought to determine the
expression and the localization of Snail and Slug, two direct
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repressors of E-cadherin transcription. We found that endosulfan
increased Slug and Snail mRNA after 24h and 48 h, respectively
(Fig. 5C). Concomitantly, we observed a nuclear translocation of
these two factors into the nucleus of HepG2 cells treated with
endosulfan (Fig. 5D).

Since a decrease in levels of E-cadherin is a widely accepted
characteristic associated with EMT, we wondered whether endo-
sulfan could activate this process.

3.5. Endosulfan induces stabilization and nuclear translocation of
B-catenin

During EMT, loss of E-cadherin-mediated cell-cell adhesion
destabilizes the 3-catenin interaction with actin cytoskeleton and
can promote its activation. Accordingly, we sought to evaluate
whether endosulfan could act on the (3-catenin signaling pathway
(Clevers, 2006).

After endosulfan treatment, the protein level of [3-catenin
increased in a time-dependent manner (Fig. 6A) without significant
modulation of its gene expression (Fig. 6B). This protein stabiliza-
tion occurred together with the nuclear translocation of 3-catenin
after 48 h endosulfan treatment, as shown by immunofluorescence
imaging in Fig. 6C. Once in the nucleus, B-catenin binds with
transcription factors, such as LEF/TCF, to activate different targets
genes, such as LEF1, TCF-1, MMP-7 or CCND1 (cyclin-D1) (Roose and

Clevers, 1999; Wielenga et al., 1999; Brabletz et al., 1999; Tetsu
and McCormick, 1999). Endosulfan increased in a time-dependent
manner the protein level of LEF1/TCF-1 when compared to the
DMSO condition (Fig. 6D). Moreover, we found that endosulfan
up-regulated both MMP-7 and CCND1 at the mRNA level after 48 h
treatment.

These results suggest that endosulfan activates the WNT/[3-
catenin signaling pathway.

3.6. Endosulfan induces gain of the mesenchymal markers
S$100a4 and vimentin but does not confer the ability to migrate

EMT is characterized by loss of epithelial and gain of mes-
enchymal markers. Consequently, we investigated the effect of
endosulfan on the expression of S100a4, a marker of hepatocytes
undergoing EMT, and vimentin, an intermediate filament protein
normally found in cells of mesenchymal origin.

As demonstrated by real-time PCR, endosulfan increased tran-
siently S100a4 gene expression, as soon as 4 h and peaked after 24 h
endosulfan treatment (Fig. 7A). Moreover, we observed increased
amounts of vimentin in the cytoplasm of HepG2 cells exposed to
endosulfan (Fig. 7B).

These results would suggest that endosulfan leads to a con-
version of HepG2 cells to a mesenchymal phenotype with the
capacity to migrate. Yet, wound-healing assays revealed no
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significant increase in wound closure after 24 h or 48 h endosulfan
treatment when compared to the DMSO condition (Fig. 7C).

Thus although endosulfan is able to induce major changes with
regards to the expression of epithelial characteristics, it does not
confer migration properties and therefore appears to induce a par-
tial or incomplete EMT in HepG2 cells.

4. Discussion

In this study, we have shown that endosulfan transiently sen-
sitizes HepG2 cells to anoikis, disrupts the epithelial phenotype of
HepG2 and induces a partial EMT process.

Anoikis is defined as cell death induced by inappropriate or loss
of cell adhesion (Frisch and Francis, 1994; Meredith et al., 1993).
HepG2 carcinoma cells are resistant to anoikis but after endosul-
fan treatment we observed an induction of caspase-3 activity in
poly-HEMA culture within the first 24 h. After that, cells recov-
ered their resistance to anoikis as shown by increased XIAP mRNA
levels. This endogenous caspase inhibitor protein has been shown
to contribute to the anoikis resistance of various carcinoma cells
(Berezovskaya et al., 2005; Liu et al., 2006). Hence, overexpression
of XIAP in cancer cells is linked to their increased resistance to apo-
ptosis and the expression level reflects apoptosis sensitivity (Shi
etal., 2008). Acquisition of anoikis resistance is a likely prerequisite

for tumor cells to successfully metastasize to distant sites (Liotta
and Kohn, 2004). The loss of cellular contact with the basement
membrane constitutes the starting point of the onset of anoikis. This
cell-ECM interaction is monitored by integrins that bind to diverse
ECM molecules and respond by triggering an intracellular cascade
via SRC and FAK kinases. We found that endosulfan increases the
phosphorylation of FAK at the Tyr 925 residue, an event likely to
contribute toward the activation of downstream signaling events
including the Rho GTPase pathway. This sustained phosphorylation
of FAK after endosulfan exposure correlated with the overexpres-
sion and relocalization of the cytoskeletal RhoGTPase proteins (data
not shown) and their main effector ROCK1. This cascade has been
linked to cancer cell migration/invasion during metastasis via the
control of cytoskeletal remodeling (Yamazaki et al., 2005). FAK
is a major protein of the focal adhesion complex that integrates
signals from growth factors and integrins to control ECM inter-
actions, migration and invasion (Mitra et al., 2005). This family
of kinases was linked to tumor invasiveness and their expres-
sion and/or activation is frequently associated with metastatic
tumors (Gabarra-Niecko et al., 2003; McLean et al., 2005). Notably,
in parallel to FAK phosphorylation, we found an up-regulation
of fibronectin, a major protein that serves as a scaffold for the
fibrillar ECM. All these events occurred in parallel to a rearrange-
ment of the F-actin cytoskeleton with formation of stress fibers in
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endosulfan-treated cells. This phenomenon has aleady been
described during cellular stress and cell migration (Pollard and
Borisy, 2003). Thus, endosulfan appears to structurally reorga-
nize the cytoskeleton and to modify the ECM composition. These
changes were accompanied by phenotypical modifications such
as those observed during cell dedifferentiation (van Zijl et al.,
2009a,b).

The EMT process has been shown to tightly correlate with
anoikis resistance (Klymkowsky and Savagner, 2009; Smit et al.,
2009). Genes that drive EMT (such as Snail, Slug, ZEB1/2, and
Twist) frequently down-regulate E-cadherin and confer anoikis
resistance. Indeed, it has been demonstrated that the loss of E-
cadherin is a major landmark in the progression of EMT, and confers
to epithelial cells a resistance to anoikis (Fouquet et al., 2004;
Kumar et al., 2011). During EMT, loss of anchorage is a critical
event required for cell migration (Yilmaz and Christofori, 2010).
We observed a repression of E-cadherin from 24 h of endosulfan
treatment, coinciding with the time at which the basal anoikis
resistance status was observed. Consistently with these results,
we found that endosulfan could both overexpress and activate
the E-cadherin repressors Snaill and Slug, two important factors
for EMT induction (Polyak and Weinberg, 2009). The Snail family

members are most widely recognized as suppressors of E-cadherin
expression and regulate other aspects of the EMT phenotype, such
as increased expression of fibronectin and protection from cell
death (Zeisberg and Neilson, 2009). The disruption of E-cadherin-
mediated adhesion is thought to be a key step in the progression
of hepatocarcinoma (Behrens, 1993; Takeichi, 1993; Christofori
and Semb, 1999). Indeed, E-cadherin downregulation in HCC is
associated with increased tumor size, low levels of histological dif-
ferentiation, invasion recurrence, metastasis and poor prognosis
(Kozyraki et al., 1996; Yang and Weinberg, 2008).

We also observed a stabilization of the 3-catenin protein and its
translocation to the nucleus in HepG2 cells treated with endosulfan.
E-cadherin repression led to its disappearance from the intercellu-
lar junctions and to the release of (3-catenin into the cytoplasm.
The membrane-unbound -catenin is usually phosphorylated by
a complex responsible for its degradation through the ubiquitin-
proteasome system (Cowin et al., 2005; Peifer and Polakis, 2000).
Docking of the Wnt ligand to its Frizzled (Fz) receptor triggers
activation of the canonical Wnt pathway and allows [(3-catenin
to accumulate in the cytoplasm and translocate to the nucleus.
There it functions as a cofactor for members of the Tcf/Lef fam-
ily of transcription factors, which further activate the transcription
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of important genes, such as TCF-1, MMP-7, S100a4 or fibronectin
(Papkoffetal., 1996; Huber et al., 1996; Behrens et al., 1996; Yilmaz
and Christofori, 2009). Increased levels of the gene CCND1 encod-
ing the protein cyclin D1 is correlated with tumor progression
and metastasis recurrence in HCC (Qin and Tang, 2004) and it is
also used as a marker of fibrosis (Guarino et al., 2009). MMP-7
(matrix metallo-proteinase-7) and fibronectin are both proteins
implicated in cancer cell invasion and metastasis (Gao et al., 2011;
Bianchi et al., 2010). Concordantly, we found that the stabiliza-
tion of (B-catenin in the nucleus after endosulfan exposure was
associated with the overexpression of S100a4, MMP-7, fibronectin
and CCND1.

In addition to an increased expression of mesenchymal markers
such as S100a4, MMP-7 and fibronectin, endosulfan also increased
the expression of the most commonly used EMT biomarker
vimentin. Though normally present in mesenchymal cells, vimentin
may also be found in metastatic cells after EMT (Satelli and Li, 2011)
or in epithelial cells in response to a cellular stress (Zeisberg et al.,
2009).

We found that endosulfan induced an EMT-like event char-
acterized by the loss of E-cadherin expression, modulation of

the cytoskeletal architecture, synthesis of mesenchymal mark-
ers and resistance to anoikis. However, despite fulfilling all the
required modifications, cells exposed to endosulfan failed to
migrate. Many processes involving the transient loss of epithelial
features without full acquisition of mesenchymal characteristics
have been described as occurring both during development and
in adult organisms (Griinert et al.,, 2003; Huber et al., 2005).
Such a metastable phenotype can lead to the simultaneous
expression of epithelial and mesenchymal markers. For example,
E-cadherin, B-catenin, cytokeratin and vimentin co-expression has
been described in edge cells during avian epiloby (Futterman et al.,
2011). We found that endosulfan induced an EMT-like event that
occurred without cell migration, as demonstrated by the ineffi-
ciency of this pesticide at accelerating wound closure in a HepG2
monolayer. Cell motility involves the integration of diverse bio-
physical processes including the dynamic formation and disruption
of cell substratum attachments along with the extension of mem-
brane protrusions. Notably, we observed that endosulfan increased
the synthesis and the deposition of fibronectin in the extracel-
lular medium. However, we observed no increase in the gene
expression of the fibronectin receptor itga5. This gene mediates cell
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adhesion and migration on fibronectin. One possible mechanism
underlying this failure of the cells to migrate despite the observed
endosulfan induced EMT-like phenotype, could be a change in
the synthesis of basement membrane constituents. We hypoth-
esized that this failure to migrate occurred due to inadequate
ECM composition and attachment (Chiarugi and Giannoni, 2008).
However, the use of collagen, fibronectin and poly-L-lysine coat-
ing (data not shown) failed to induce cell motility. Among other
proteins, integrins play a key role in cell adhesion and migration
processes. These heterodimeric membrane-spanning receptors are
the drivers of cell migration allowing a physical linkage between
the actin cytoskeleton and ECM (Vicente-Manzanares et al., 2009).
We can suppose that disruption of integrin synthesis and/or sig-
naling could account for the incapacity of endosulfan-exposed cells
to migrate.

Finally, it has been demonstrated that endosulfan is mainly
metabolized in human liver cells by cytochromes P450, 2B6 and
3A4, two isoforms either not detectable or very weakly expressed
in HepG2 cells (Casabar et al., 2006; Wilkening et al.,2003). This fact

strongly suggests that in this study, the effects induced by endosul-
fan on EMT and anoikis could be attributed to the parent compound
and not to its metabolite.

For the first time, we have highlighted the potential carcinogenic
effect of endosulfan in vitro using EMT biomarkers also used in vivo
on liver. We have shown that this organochlorine pesticide could
induce both cellular and molecular changes, which could lead to
liver damage and cancer aggravation.
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