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Atrazine (ATZ) is probably the most widely used herbicide in the world. However there are still many
controversies regarding its impacts on human health. Our investigations on the role of pesticides in liver
dysfunctions have led us to detect an inhibition of FSP1 expression of 70% at 50 lm and around 95% at
500 lM of ATZ (p < 0.01). This gene encodes the protein S100a4 and is a clinical biomarker of epithe-
lial–mesenchymal transition (EMT), a key step in the metastatic process. Here we investigated the pos-
sible effect of ATZ on cell migration and noticed that it prevents the EMT and motility of the HepG2 cells
induced by the phorbol ester TPA. ATZ decreases Fak pathway activation but has no effect on the Erk1/2
pathway known to be involved in metastasis in this cell line. These results suggest that ATZ could be
involved in cell homeostasis perturbation, potentially through a S100a4-dependant mechanism.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine,
ATZ) is a selective triazine herbicide that is slightly soluble in
water. In the USA, this xenobiotic is used mainly in corn and sor-
ghum farms to protect crops from broadleaf and grassy weeds.
ATZ is the most heavily used pesticide in this nation and can be
found at high concentrations in surface and ground water sources
as well as in the soil of many agricultural lands (Powell et al.,
2011). ATZ is stable at pH 7 in aqueous media and volatilization
from water is minimal. In addition, it is poorly absorbed by sus-
pended solids and sediment. Such physical and chemical proper-
ties make ATZ a serious contaminant of surface and ground
water. ATZ can be absorbed into the blood stream through oral,
dermal and inhalation exposure. It is considered as a possible
human carcinogen (group C) based on evidence of induction of
mammary gland tumor growth in laboratory animals, however
data on its carcinogenic potential in humans is lacking (Tchoun-
wou et al., 2001). In vitro studies have shown an increase in DNA
damage induced by atrazine-based herbicide in lymphocytes
(Zeljezic et al., 2006), endocrine disruption resulting in an in-
creased aromatase expression (Laville et al., 2006; Sanderson
et al., 2001), arsenic-dependant potentiation of cytotoxicity and
transcriptional activation of stress genes (Tchounwou et al.,
2001), and growth inhibition of the HepG2 cells at low doses
(Powell et al., 2011). ATZ also induces reproductive effects such
as decreased sperm motility and birth defects (Betancourt et al.,
2006; Winchester et al., 2009), as well as developmental (Gammon
et al., 2005) and immune perturbations (Whalen et al., 2003). Some
epidemiological studies have linked ATZ to ovarian, prostate, brain,
testicular and breast cancer as well as to leukemia and non-Hodg-
kin’s lymphoma (Alavanja et al., 2003; Donna et al., 1989; Engel
et al., 2005; De Roos et al., 2003; Mills, 1998; Schroeder et al.,
2001) however other authors believe that more consistent and sci-
entifically convincing evidence is required to support such a causal
relationship between exposure to ATZ and human cancers
(Freeman et al., 2011; Hessel et al., 2004; Rusiecki et al., 2004;
Sathiakumar et al., 2011; Simpkins et al., 2011).

Cell migration is a multistep process that requires stimuli such
as cytokines or growth factors to enhance cell movement. Trans-
duction of such a message from the cell receptors inwards in-
creases the activity of the cellular machinery leading to a
succession of changes including the cyclic formation of cytoplas-
mic protrusions and focal adhesions disruptions, and induction of
contractions mainly orchestrated by the RhoGTPases Cdc42, Rac
and Rho (Entschladen et al., 2011). The Src/Fak pathway is known
to be involved in the transduction of the signal from the extracel-
lular matrix to the cytoskeleton. Indeed, it allows the phosphoryla-
tion of the PKC proteins and the activation of the RhoGTPases
downstream (Schaller, 2010). Focal adhesion kinase (FAK) also
plays a role in adhesion, invasion, proliferation, apoptosis and epi-
thelial-to-mesenchymal transition (EMT) through the activation of
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ERK/MAPK and the AKT pathway (Yam et al., 2009). To allow EMT
and facilitate cell movement, an increase in the recycling of inte-
grins occurs (Pinzani, 2011) as well as the repression of E-cadherin
and the loss of cell–cell adhesions. In such cases, migration is indi-
vidual and is called amoeboid or mesenchymal (Yilmaz and
Christofori, 2009).

S100a4 is a calcium-dependent protein that is used as a clinical
marker of fibrosis and metastasis. Increases in expression of this
protein are strongly correlated with an aggressive malignant phe-
notype but also with inflammatory disease. S100a4 has a large
number of partners including cytoskeletal proteins (NMMHC, actin,
tropomyosin) or other proteins (S100a1, P53, septins, CCN3, liprin
b1, MetAP2, P37) with which it interacts by heterodimerization. It
affects motility through its direct regulation of myosin IIA assem-
bly. Indeed, S100a4 contributes to the dismantling of myosin fila-
ments at the ends of cytoplasmic protrusions which results in the
local enrichment of myosin monomers required for the formation
of neo protrusions during migration (Sack and Stein, 2009).
S100a4 is also known to affect the function of the LAR family of
transmembrane protein-tyrosine phosphatases by binding to liprin
b1 and thereby modulating its cellular adhesion leading to the
establishment of a migratory phenotype. It also plays a role in inva-
sion by regulating metalloproteases (MMPs) positively and TIMPs
(MMPs inhibitors) negatively both of which involve extracellular
matrix (ECM) remodeling. Finally, S100A4 also regulates apoptosis
through its effects on p53, a protein involved in modulating the
expression of genes such as Bax and P21Waf1 (Helfman et al., 2005;
Garrett et al., 2006). S100a4 can inhibit the activation by phosphor-
ylation of p53 through PKC as well as physically interact with p53
thereby modulating its regulatory activity (Grigorian et al., 2001).
On cancer cells, suppression of S100A4 can however lead to the ar-
rest of cell growth (Grum-Schwensen et al., 2005) or to anoikis ini-
tiation (Shen et al., 2011). S100a4 can also play the role of
extracellular paracrine factor thus participating in invasion and
angiogenesis. It has an affinity for various unidentified receptors,
including the receptor RAGE. Once linked to this receptor, S100a4
induces the activation of NFjB and the MAPK pathway, leading to
the regulation of target genes involved in angiogenesis and tumor
progression (Boye and Maelandsmo, 2010). S100a4 expression
can be controlled by activation of the TGFb pathway during EMT
and by FGF-2 and its transcription level is modulated by b-cate-
nin/Tcf complex activation (Schneider et al., 2008).

In this study, high concentrations of atrazine (250 and 500 lM)
have been used to highlight the major molecular events whereas
25 and 50 lM have been used to demonstrate effects of atrazine
on the cell phenotype even at lower doses. However, for clear
mechanistic aspects, those concentrations are not relevant of those
found in environment and in human body. Indeed, atrazine does
not bioaccumulate in fatty tissue or in liver (ATSDR, 2003). For
these reasons, such high concentrations can only be found after
poisoning and accidental ingestion of the compound (Pommery
et al., 1993). The aim of this study was to improve our understand-
ing of the molecular events involved and provide evidence to sup-
port the link between atrazine and tumorigenesis. Among all EMT
biomarkers tested, S100A4 was the only one that was strongly
modulated by ATZ and that presented an interest in terms of its
role in migration, invasion, angiogenesis and metastasis. To work
in metastable conditions, we used the HepG2 cell line and the
phorbol ester TPA which has been described as a potent EMT indu-
cer able to initiate migration of HCC cells (Hu et al., 2008; Murata
et al., 2009; Wu et al., 2006). In this way, we hypothesized that ATZ
could affect the TPA-induced motility of the HepG2 cells by inhib-
iting S100A4 gene expression. We found that it could prevent TPA-
induced migration without affecting MAPK/ERK signaling. ATZ
seems to modulate only the FAK pathway as well as the expression
of fibronectin and its receptor Itga5.
2. Materials and methods

2.1. Materials

The human hepatocellular carcinoma cells HepG2 were ob-
tained 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 (dimethylsulfox-
ide) and chemicals were from Sigma–Aldrich (L’Isle d’Abeau Ches-
ne, Saint Quentin Fallavier, France). Protein assay materials were
from Bio-Rad. All fluorescence reagents were from Molecular
Probes (Eugene, OR). The herbicide atrazine was from Sigma Al-
drich. The antibodies FAK, p-FAK, Erk2 and p-Erk1/2 used for wes-
tern blotting experiments were from Cell Signaling. 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 and sodium pyruvate,
and 10% FBS, in humidified atmosphere at 37 �C containing 95% O2

and 5% CO2. After washing with sterile phosphate buffer saline
(PBS), cells were detached by trypsinization (trypsin/EDTA) and
plated at a concentration of 0.5–2 � 106 cells in 6-well plates
depending on the experiment. For all experimental conditions,
FBS was reduced to 5% in DMEM medium.
2.3. Western blot

HepG2 cells were scraped into a hypotonic buffer (20 mM HEPES
ph7.5, 10 mM KCl, 15 mM MgCL2, 0.25 mM sucrose, 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 10 lg/ml pepstatin A,
10 lg/ml leupeptin, and a phosphatase inhibitory cocktail – Phos-
phoSTOP, Roche-). The protein concentration in each cell lysate
was measured with a BCA Protein Assay Kit (Pierce), with bovine
serum albumin (BSA) as a standard. Equal protein amounts were
separated by SDS–polyacrylamide gel electrophoresis on 10% gels
before being transferred to PVDF membranes. The membranes were
then immunoblotted with antibodies for 1 h at room temperature
or overnight at 4 �C. The membranes were then incubated with
horseradish peroxidase-conjugated secondary antibodies (anti-
mouse or anti-rabbit immunoglobulin G; Promega, Madison, WI,
USA) for 2 h at room temperature. After washing, the blot was re-
acted using an ECL detection kit. A signal was acquired using a
CDD camera (ChemiGenius2, Syngene) and semi-quantitative anal-
ysis was then performed using GeneTools software.
2.4. Reverse transcription-quantitative polymerase chain reaction

Total RNA was isolated by acid phenol extraction. One micro-
gram of total RNA was reverse transcribed using a kit (SuperScript
II; Invitrogen Corp, Carlsbad, California) following the manufac-
turer’s instructions. The resultant complementary DNA was diluted
100-fold (conditions set to obtain 98% efficacy), and for each gene
(target genes S100A4, ITGA5, FN1, P21waf1 and ALBUMIN, or refer-
ence gene GAPDH) and each condition (DMSO, atrazine, TPA,
TPA + atrazine), a mixture of Taq polymerase, 6.4 mmol/L of mag-
nesium chloride, deoxynucleotide triphosphate, primer, and the
probe (https://www.roche-applied-science.com) was added. The
cDNA was then amplified in a thermocycler (LightCycler 480;
Roche Applied Science, Penzburg, Upper Bavaria, Germany) for 45
cycles using conditions of 95 �C and 60 �C for 10 s each.

https://www.roche-applied-science.com
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Commercially available software (LightCycler 480; Roche Applied
Science) was used for relative quantitative analysis.

2.5. Cell migration assay

At 90% confluence HepG2 cells were trypsined and 3x106 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 then
treated with 0.25% DMSO, 100 nM TPA, 25 or 250 lM atrazine and
cotreatment TPA + atrazine at the same concentrations in a DMEM
medium. FBS was reduced to 5%. Images were taken immediately
with an inverted fluorescence microscope (Nikon) equipped with
a CDD camera (ORCA-ER Hamamatsu Photonics) via NIS-Elements
AR 2.30 software at 4�magnification. Twenty-four hours later, the
cell migration progress was photographed in the same conditions
and all data were treated with the TScratch software tool devel-
oped for automated analysis of monolayer wound healing assays
as described by Gebäck et al. (2009).

2.6. Statistical analysis

Each experiment was repeated at least three times. Data shown
are an average ± 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. Atrazine represses TPA-induced phenotype changes and modulates
S100A4 gene expression

We firstly observed by microscopic analysis morphological
changes in HepG2 cells after 24 h of 100 nM TPA, with the appari-
Fig. 1. Atrazine represses the TPA-induced phenotype changes and modulates S100A4 ge
alone, and co-treatment with 100 nM TPA and 50 or 250 lM atrazine for 24 h. Cell morp
for the EMT-related S100A4 and the hepatocyte biomarker Albumin genes were assesse
500 lM atrazine (B), and 48 h with increasing concentrations of atrazine from 10 to 500
independent experiments. �P < 0.05; ��P < 0.01.
tion of characteristic fibroblast-shaped cells not detectable in the
control condition with DMSO (Fig. 1A). We also tested two non
toxic concentrations of the herbicide atrazine (50 and 250 lM)
and detected no major changes in cell shape. However, when cells
were co-treated with 100 nM TPA and 50 or 250 lM atrazine, they
displayed a less well-defined mesenchymal shape in contrast with
those treated with TPA alone, leading us to suspect that atrazine
may repress its action. Interestingly, atrazine also prevented the
TPA-induced decrease in gene expression of Albumin, a hepatocyte
marker for differentiation (Fig. 1B). A preliminary transcriptomic
analysis focusing on EMT biomarkers, revealed a dose–response
inhibition in the gene expression of the clinical and metastasis
marker S100A4 (Fig. 1C). This down regulation was significant at
48 h with 50 lM atrazine and repression was almost total at high
concentration (500 lM).
3.2. Atrazine represses S100A4 overexpression and migration induced
by TPA

S100a4 has been implicated in the migration of cancer cells
where it is found overexpressed. We therefore wondered whether
atrazine was able to prevent the TPA-induced modification of
S100A4 expression. While 24 h of TPA 100 nM led to a strong 9-fold
increase in levels of S100A4, co-treatment of TPA and the herbicide
limited this increase to 2 and 2.5-fold depending on the concentra-
tion of atrazine: 250 and 50 lM respectively (Fig. 2A). Based on
these findings we hypothesized that atrazine may be able to pre-
vent TPA-induced cell migration. To investigate this, we used the
wound healing assay (Fig. 2B) and observed that a low concentra-
tion of the herbicide (50 lM) reduced by 50% the TPA-induced
migration of the HepG2 cells. A high concentration (250 lM) was
sufficient to significantly abrogate the effect of TPA on HepG2 cell
migration.
ne expression. (A) HepG2 cells exposed to 100 nM TPA alone, 50 or 250 lM atrazine
hology was examined under a light microscope. (B) and (C) Changes in mRNA levels
d by real-time RT-PCR. Cells were treated 48 h with 100 nM TPA with or without
lM (C). Error bars indicate the mean ± SEM of triplicate determinations from three



Fig. 2. Atrazine represses S100A4 overexpression and TPA-induced migration in HepG2 cells. (A) S100A4 (FSP1) mRNA levels were assessed by real-time RT-PCR after 24 h of
TPA treatment, with or without atrazine (50 and 250 lM). Relative mRNA expression levels (normalized with respect to gapdh) were determined and mRNA levels in DMSO-
treated condition were set to 1. Error bars indicate the mean ± SEM of triplicate determinations from three independent experiments. �P < 0.05; ��P < 0.01. (B) Percentages of
open wound area at 24 h, in each condition set, as in A, were plotted, with wound width normalized with respect to the initial value 0 h. Data are means ± SEM �P < 0.05;
��P < 0.01.
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3.3. Atrazine decreases the phosphorylation of FAK but does not alter
the activation of Erk1/2 induced by TPA

During cell migration, activation of the FAK pathway can lead to
the downstream activation of the ERK/MAPK pathway. HepG2 cell
migration has also been shown to be mainly governed by the early
activation of the Erk1/2 pathway (Kodama and Negishi, 2011;
Romanelli et al., 2006; Song et al., 2011). With this in mind, we
decided to investigate the modulations of Erk1/2 and FAK phos-
phorylation on tyrosine 925 and thus verify whether the observed
effects of atrazine were ERK-dependant. While 100nM TPA alone
was sufficient to activate both pathways, 4 h co-treatment with
atrazine (25 and 250 lM) only affected FAK phosphorylation
(Fig. 3A). Indeed, as shown on densitometry, the atrazine repressed
the TPA-induced increase in FAK phosphorylation (Fig. 3C) without
affecting the Erk pathway (Fig. 3B) thus indicating an ERK/MAPK
pathway independent mechanism of action.

3.4. Atrazine decreases the TPA-dependant increase of ITGA5 and FN1
gene expression and potentiates the overexpression of P21waf1

During EMT and cancer cell migration, the overexpression of
mesenchymal extracellular compounds, such as fibronectin, is
linked to an upregulation of their specific integrin receptors, in this
case Itga5. We noticed that TPA was able to induce both FN1 and
ITGA5 overexpression (Fig. 4B and A respectively). Interestingly,
atrazine partially though nevertheless significantly repressed this
overexpression at 48 h and at a high concentration (500 lM).
Indeed, we noticed a much reduced moderate overexpression
(6-fold) of the ITGA5 gene when HepG2 cells were co-treated with
TPA and atrazine by comparison with the expression levels follow-
ing treatment with TPA alone (10-fold). In the same way, the over-
expression of FN1 induced by TPA alone (2.0-fold) was repressed
following co-treatment with atrazine to 1.4-fold. The repressor of
Cdk proteins P21waf1 acts as a cell cycle inhibitor and induces cell
growth arrest. Atrazine has been shown to induce such an event
by increasing the P21waf1 expression in HepG2 cells (Powell et al.,
2011). In concordance with this observation, we found that at a
high concentration (500 lM) atrazine increased P21waf1 expression
by 3.6-fold. TPA alone was found to do the same by increasing
P21waf1 expression by 6.1-fold. Co-treatment led to a strong
increase of 16.5-fold in P21waf1 expression, suggesting a possible
consequential arrest of cell growth following contact with the
two chemicals.
4. Discussion

An increase in S100A4 expression levels has previously been
correlated with cell migration (Jenkinson et al., 2004), invasion of
hepatocellular carcinoma (Zhang et al., 2012), metastasis in vitro
(Cui et al., 2006) and poor prognosis in patients with HCC (Kim
et al., 2011). Complementary data have shown that S100A4 down
regulation or repression suppresses cell growth and invasion in dif-
ferent types of cancer (Fujiwara et al., 2011; Grum-Schwensen
et al., 2005; Huang et al., 2012; Tabata et al., 2009). In the present
study, S100A4 was shown to be modulated by ATZ in a dose-depen-
dent manner. While the exact mechanisms behind its genic regula-
tion remain obscure, S100A4 is reported to be involved in several
diseases such as rheumatoid arthritis, kidney and liver fibrosis or



Fig. 3. Atrazine decreases the FAK phosphorylation but has no effect on the Erk1/2 activation induced by TPA. (A) HepG2 cells were exposed to 100 nM TPA alone, 25 or
250 lM atrazine alone and co-treatments of TPA 100 nM and atrazine (25 or 250 lM) for 4 h. Cells were lysed and subjected to western blotting, as described in section 2. The
FAK and the Erk1/2 signaling pathways were studied by analyzing the phosphorylation of FAK on tyrosine 925 and the phosphorylation of Erk1/2 on threonine 202/tyrosine
204 respectively, together with total FAK and Erk2 protein levels. (B) and (C) the semi-quantification of chemiluminescence was performed after the acquisition with a CDD
camera. P-Erk2 and p-Fak ratio were calculated from band densitometry measured on three independent experiments after normalization by DMSO-control cells value and by
respectively Erk2 and Fak total protein. Data are expressed as the mean ± S.D. �P < 0.05 and ��P < 0.01 obtained by a Student’s t test.

Fig. 4. Atrazine decreases the TPA-dependant increase of ITGA5 and FN1 gene expression and potentiates the P21waf1 overexpression. Itga5 (A), fibronectin (B) and P21waf1 (C)
mRNA levels were assessed by real-time RT-PCR after 48 h of TPA 100 nM alone, atrazine 500 lM alone and co-treatment with TPA and atrazine at the indicated
concentrations. Relative mRNA expression levels (normalized with respect to gapdh) were determined and mRNA levels in DMSO-treated condition were set to 1. Error bars
indicate the mean ± SEM of triplicate determinations from three independent experiments. �P < 0.05; ��P < 0.01.
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neural disease. Since it is also involved in metastasis where it is
highly expressed (Mishra et al., 2011) we investigated the effect
of ATZ on S100A4 gene expression and on HepG2 cell phenotype
and their ability to migrate. For the first time, we have revealed
an original in vitro relationship between the herbicide atrazine sus-
pected as being a risk to human health, and inhibition of S100A4
expression positively correlated with human cancer progression.

In this work, we used atrazine at higher doses than those found
in the environment in order to decipher the mechanistic impact of
this herbicide on liver cells. Indeed, the problem with most in vitro
models is their poor relevance to physiological conditions, since we
are currently unable to determine the actual concentrations of a gi-
ven compound available at its cellular and/or molecular target le-
vel (plastic adsorption, protein and membrane binding,
metabolism. . .). The most pertinent model to date involves phar-
macokinetics in relation to toxicological studies. Indeed, for any gi-
ven compound, we can only correlate systemic exposure and more
specifically the plasma unbound fraction, with one potentially
toxic effect. Consequently, potentially toxic effects at the target le-
vel are only reliable with detectable plasma concentrations, even if
the relation between the plasma unbound fraction and pharmaco-
logical effects is unsatisfactory. Unfortunately, human pharmaco-
kinetics data are very scarce for this compound. Moreover, the
general population can also be punctually exposed to much higher
atrazine doses than those present in the environment during pest
control operations, and workers can be regularly exposed to this
herbicide during its manufacture, formulation, packing, transpor-
tation and storage, as well as in and after its application. For in-
stance, according to Lin et al. (2013), the exposure levels could
reach up 151 mg for atrazine manufacturing workers, indicating
a much higher occupational risk than that estimated from acute
and chronic dietary exposures for the general U.S. population
(respectively 0.234–0.857 and 0.046–0.286 lg/kg/day).

TPA dedifferentiated HepG2 cells as demonstrated by their
fibroblastic-like shape revealed by microscopy and through the
downregulation of Albumin gene expression. This marker is only
expressed in the liver by hepatocyte cells and closely correlates
its differentiation (Hengstler et al., 2005). HepG2 cancer cells
maintain many of their original epithelial characteristics and func-
tion similarly to well-differentiated hepatocytes (Kelly and Dar-
lington, 1989). Modulation of Albumin gene expression seems to
be a good indicator of HepG2 dedifferentiation. Interestingly, ATZ
was able to prevent the morphological changes induced by TPA.
It also had an inhibitory effect on HepG2 cell migration, FAK acti-
vation and overexpression of the mesenchymal markers S100A4,
FN1 and its specific receptor ITGA5. This would suggest that ATZ
could act as a potential repressor of the EMT process by an as yet
unknown mechanism. ATZ has been shown to interact with bio-
membranes and to induce lipid peroxidation as well as an increase
of the expression of three connexins Cx26, Cx32 and Cx43 (Cam-
pos-Pereira et al., 2012). We postulate that the observed increase
in expression of connexins in this study in response to ATZ-depen-
dent liver damage could protect cells from loss of intercellular
junctions and EMT.

Moreover, the increase of connexins could result in an increase
in calcium transport across the membrane (Decrock et al., 2011)
ultimately leading to the arrest of cell growth (Liu et al., 2009).
In the present study, we investigated the possible role of ATZ in cell
cycle arrest. Indeed, many studies have linked ATZ with inhibition
of cell growth (Abarikwu et al., 2011; Manske et al., 2004), also on
HepG2 cell line (Powell et al., 2011). We identified a strong overex-
pression of P21waf1 when cells were co-treated with TPA and ATZ
compared to lower levels of upregulation found in single condi-
tions (ATZ or TPA). This overexpression could lead to higher levels
of cell growth inhibition to those observed in such single
conditions (Wen-Sheng, 2003; Wu and Hsu, 2001). In cancer cells,
suppression of S100A4 may lead to cell growth arrest (Grum-Sch-
wensen et al., 2005) or to the initiation of anoikis (Shen et al.,
2011). In a previous study, we showed that HepG2 cells are resis-
tant to anoikis (Peyre et al., 2012). S100A4 repression and P21waf1

upregulation could be two additional events that lead to HepG2
cell growth arrest in response to ATZ.

S100a4 has been shown to interact with different cytoskeleton
partners such as F-actin, tropomyosin and the heavy chain of the
nonmuscle myosin II (Boye and Maelandsmo, 2010). These interac-
tions are crucial for cytoskeleton rearrangement and cell motility
during metastasis (Garrett et al., 2006). Indeed, S100a4 activity
has been reported to promote disassembly of myosin-II filament,
to increase directional motility and to affect actin–myosin contrac-
tility by direct binding to F-actin (Helfman et al., 2005). Repression
of this calcium dependent protein by ATZ would be expected to
have negative consequences on all of these events and thus on
the motility of HepG2 and other cancer cells (Olson and Sahai,
2009). Additional data showed that ATZ can deregulate the expres-
sion of ACTB coding for cytoskeleton proteins Actins and involved
in various types of cell motility (Lasserre et al., 2009). Actin inter-
acts with S100a4 suggesting that its downregulation could be a
supplementary point in favor of the repression of cell migration
when hepG2 cells are co-treated with TPA and ATZ.

Integrins are transmembrane heterodimeric receptors that pro-
mote interactions between cytoskeleton proteins and the ECM, and
allow signal transduction between cells and their microenviron-
ment (Yam et al., 2009). We found that co-treatment with TPA
and ATZ prevent the overexpression of ITGA5 observed following
treatment with TPA only. In gastric cancer cells, repression of
S100A4 results in a decrease in integrin a5 expression (Shen et al.,
2011). Here we observed the same correlation between S100A4
and ITGA5 thus indicating the possible involvement of the same
interaction. This integrin plays a key role in the EMT process (Mas-
chler et al., 2005; Nam et al., 2012). Its increased expression is
linked to an increase in levels of its natural ligand fibronectin, and
correlates with the initiation of the cellular migration process
(Bianchi et al., 2010). Here we also observed when cells are co-trea-
ted with TPA and ATZ, a significant repression of the FN1 upregula-
tion induced by TPA alone. Moreover, integrins mediate the
transduction signal via focal adhesion protein (FAK). Phosphoryla-
tion of Y925 is associated with integrin adhesion and E-cadherin
deregulation during Src-induced epithelial mesenchymal transition
in colon cancer cells (Brunton et al., 2005) and with Erk activation in
human 293 kidney epithelial cells (Schlaepfer and Hunter, 1997).
We noted that ATZ decreased the activation of this pathway when
co-treated with TPA. ATZ thus seems to perturb the expression of
key proteins necessary for cancer cell migration. It prevents the ef-
fects of TPA on FN1, ITGA5 and p-FAK overexpression.

Finally, S100A4�/� knockout mice have been shown to develop
spontaneous tumors including non-metastatic hepatocellular car-
cinoma (El Naaman et al., 2004). The proposed explanation is based
on the fact that S100A4-/- tissue tumors are P53 positive, but the
function of P53 is altered. Under genotoxic stress, such mutated
cells are not eliminated by apoptosis thus allowing their selection
and leading to the formation of cancer. Here ATZ could have an
important role: by repressing S100A4 gene expression, ATZ could
induce such a selection harmful to the organism by promoting
the development of spontaneous tumors. Although we have dem-
onstrated the non-metastatic effects of ATZ, repression of S100A4
induced by this herbicide is a concern that warrants further
investigation.
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