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Abstract

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells
lose their polarity and ability to adhere. Instead, they gain properties to move,
migrate through the extracellular matrix and become invasive. Finally, they
become mesenchymal stem cells. This trans-differentiation is critical for the
development of the embryo, wound healing and stem cell behavior. However,
this phenomenon is also observed in cancer progression. Phthalates are
endocrine disrupting chemicals (EDCs). Over the last years, several studies
have been performed concerning the effects of EDCs on human complex
diseases, such as different types of cancers. These chemicals are suggested to
disrupt the normal hormonal balance (usually by existing estrogenic or anti-
androgenic properties), stimulate the development of reproductive tumors and
steroid hormone dependent cancers, such as breast cancer. Di(2-ethylhexyl)
phthalate (DEHP) is the most abundant phthalate and has shown to induce
DNA damage in human cells via multiple molecular signals that include altered
apoptosis and mitotic rate; increased cell proliferation, tumor mobility and
invasiveness of tumor cells. DEHP was also shown to inhibit the gap junction
intercellular communication and promote EMT. Phthalates may also cause the
proliferation and metastasis of cancer cells and tumor progression via
upregulating histone deacetylase 6 (HDACG6), an enzyme that regulates
different signaling pathways and EMT. Besides, phthalates can also activate
peroxisome proliferator activated-receptors (PPARs), which might eventually
lead to high proliferation of the cancer cells and EMT. Both human PPARa
and PPARy were shown to be activated by the major metabolite of DEHP,
namely mono(2-ethylhexyl)phthalate (MEHP). More studies are needed to
show the underlying mechanisms of EMT caused by different EDCs.

Keywords: Bisphenol A, E-cadherin, Epithelial-mesenchymal transition, N-
cadherin, phthalate, vimentin
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Introduction

Epithelial-Mesenchymal Transition

Epithelial cells are single cell layers with various functions. Epithelial cells
have apical-basal polarity, adhere and communicate with each other through
specialized intercellular junctions. Besides, these cells are positioned on a
basement membrane that helps define their physiology. In this way, the
epithelia function as permeability barriers that delineate tissues and organs.
The transition of epithelial cells into mesenchymal cells (EMT), in
development or pathologically, follows a common and conserved program with
hallmarks. Therefore, EMT is a process in which epithelial cells lose their
apical-basal polarity and ability to adhere. Instead, they gain properties to
move, migrate through the extracellular matrix and become invasive (Hay,
1995).

The first steps of EMT are the disassociation of epithelial cell to cell
contacts (i.e. the disruption of tight junctions, adherens junctions, desmosomes
and gap junctions) and the loss of cell polarity (through the disruption of the
Crumbs, partitioning defective (PAR) and Scribble (SCRIB) polarity
complexes) (Lamouille et al., 2014). After EMT, epithelial cells acquire a
mesenchymal phenotype. This phenotype has improved ability to move and
migrate in an extracellular environment (Thiery et al., 2009). The trans-
differentiation of epithelial cells into motile mesenchymal cells is critical for
cancer progression. Thus, EMT has a crucial role for the transformation from
benign cells to invasive carcinoma cells so that they can reach other parts of the
body to cause metastasis (Lamouille et al., 2014).

Subtypes of Epithelial-Mesenchymal Transition

EMT has three different subtypes (Polyak and Weinberg, 2009): Type 1
EMT is associated with implantation, gastrulation and tissue-organ
development in the embryo. Type 2 covers wound healing, tissue regeneration
and organ fibrosis. Type 3 is related to cancer progression, invasiveness and
metastasis. When cells undergo Type 3 EMT, they gain the resistance to radio-
chemotherapy and apoptosis. Carcinoma cells undergo type 3 EMT for
invasion and metastasis. This process leads to life-threatening manifestations of
cancer progression (Kalluri and Weinberg, 2009).

Epithelial-Mesenchymal Transition Process

During EMT, epithelial cells reconstitute their cytoskeleton and have
alterations in their signaling programs that describe the cell shape. They also
undergo reprogramed gene expression, which enhances their motility and
creates an invasive phenotype (Lamouille et al., 2014). The molecular
processes in the cells undergoing EMT are detachment from neighboring cells
and migration in the adjacent tissue; E-cadherin down-regulation, up-regulation
of vimentin and N-cadherin, actin cytoskeleton reorganization and up-
regulation and/or nuclear translocation of transcription factors such as -
catenin and proteins like Snail (Thiery and Sleeman, 2006).
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Molecules Related to Epithelial-Mesenchymal Transition

The research for understanding the essential roles, inducing factors,
underlying mechanisms and progression of both EMT in cancer has
significantly increased. Both developmental studies in various organisms and
tissue culture studies describe a number of distinct signaling pathways that
regulate EMT (Yang and Weinberg, 2008). Studies on the molecular basis of
EMT show that the signaling pathways involved in EMT have an important
role in various developmental processes. Several extracellular activators can
induce EMT; for example collagen and hyaluronic acid, transforming growth
factor beta family members (TGF-B), epidermal growth factor (EGF) family
members, fibroblast growth factors (FGF), hepatocyte growth factor (EGF)
and insulin-like growth factor are associated with the induction of EMT
(Tsuji et al., 2009).

Increasing and Decreasing Proteins during EMT
To describe and prove the molecular changes during EMT, several
phynotypic markers are being used (Lee et al., 2006). These markers usually
show increased capacity of migration, the three-dimensional invasion and
resistance to apoptosis.
The common markers can be divided in two main groups (Lee et al., 2006):
1. Increasing proteins during EMT: N-cadherin, vimentin, fibronectin,
snaill (snail), snail2 (slug), Twist, Goosecoind, FOXC2.
2. Decreasing proteins during EMT: E-cadherin, desmoplakin,
cytokeratin, occludin.

Cadherin Protein Family

Cadherins are a group of transmembrane proteins that serve as the major
adhesion molecules located within the adherens junctions. They can regulate
cell-cell adhesion through their extracellular domain and their cytosolic
domains connect to the actin cytoskeleton by binding to catenins. The cadherin
protein family is also involved in the control of cell movement (Takeichi, 1991,
Gumbiner and McCrea, 1993; Gumbiner, 1996).

N(neural)-cadherin (CDH2, Cadherin-2) is a calcium dependent cell-cell
adhesion glycoprotein comprising five extracellular cadherin repeats, a
transmembrane region and a highly conserved cytoplasmic tail. Other than in
neurons, N-cadherin is also expressed in endothelial cells. The protein
functions during gastrulation and is required for the establishment of left-right
asymmetry. At certain central nervous system synapses, presynaptic to
postsynaptic adhesion is mediated at least in part by this gene product (NCBI,
2014). A common feature of cancer of epithelial origin is the increased de novo
expression of N-cadherin and the concomitant down-regulation of E-cadherin,
which is called the “cadherin switch” (Hazan et al, 2004). Other than a switch
from the expression of E-cadherin to the expression of N-cadherin, this term
also includes situations in which E-cadherin expression levels do not change
significantly but N-cadherin expression increases within the cells. Besides, it
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includes examples in which other cadherins replace or are co-expressed with E-
cadherin, including R-cadherin, cadherin 11, T-cadherin and even P-cadherin,
and the expression of the “inappropriate cadherin' might alter the behavior of
the tumor cells (Derycke and Bracke, 2004; Paredes et al., 2005; Riou et al.,
2006; Stefansson et al., 2004; Taniuchi et al., 2005).

N-cadherin promotes tumor cell survival, migration and invasion, and a
high level of its expression is often associated with poor prognosis. The
dysregulation of the N-cadlerin’s function may significantly contribute to the
development of pathologic situations, including cancer. E-cadherin, on the
other hand, is a major calcium dependent cell-cell adhesion molecule, which is
expressed in most epithelial cells and functions to establish cell polarity and
maintain normal tissue structure. It is an inhibitor of invasion (Liu et al., 2010).
It has been suggested that E -cadherin might be related to invasiveness and the
progression of many human epithelial tumor types and can be defined as a
“tumor—metastasis suppressor gene” (Birchmeier, 1995). On the other hand, the
loss of or decrease in catenin’s expression is important in tumor progression
(Takayama et al., 1996). E-cadherin downregulation can be accompanied by an
increased expression of mesenchymal N-cadherin that promotes inappropriate
signals through interaction with the stromal cells (Cavallaro and Christofori,
2004). A decrease in the E-cadherin expression can result in the switching of
cell morphology and therefore cause EMT induction (Yao et al., 2011).
Functional loss of E-cadherin occurs in many carcinomas and is associated
with a high tumor grade and invasiveness (Peinado et al., 2007).

Vimentin

Vimentin is a type Il intermediate filament protein normally found in
mesenchymal cells. It has important roles in embryogenesis, organogenesis,
wound healing, and tumor invasion. This protein can be expressed in migratory
epithelial cells in the necessary cases (Chaw et al., 2012). Studies showed that
the vimentin promoter is a target of the [3-catenin/T-Cell Factor pathway, and
this functional regulation causes epithelial tumor cell invasion and/or migration
(Gilles et al., 2003; Mandal et al., 2008).

Endocrine Disruptors

The potential effect of environmental compounds on human health is a
major concern because humans are daily exposed to various harmful chemicals
via pharmaceuticals, pesticides, air pollutants, industrial chemicals, heavy
metals, and food. Endocrine disrupting chemicals (EDCs) are man-made
substances that interfere with the synthesis, secretion, transport, binding, action
or elimination of natural hormones in the body that are responsible for the
maintenance, homeostasis, reproduction, development and/or behavior
(Kavlock, 1999). EDCs, like dioxins, heavy metals (cadmium, lead), parabens,
bisphenol A (BPA), and phthalates, are suggested to induce the different
epigenetic modifications (Auduze et al., 2010). Over the last years, multiple
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lines of studies have been established to understand the connection between
environmental toxicants and human complex diseases, such as cancer.

Phthalates

Phthalates or phthalate esters are esters of phthalic acid. They are mainly
used as plasticizers to increase flexibility, transparency, durability, and
longevity of plastic material. Phthalates are used in a large variety of products,
including personal care products (perfume, eye shadow, moisturizer, nail
polish, liquid soap, and hair spray), medical devices, detergents and
surfactants, packaging, children's toys, paints, floorings, windows, printing
inks and coatings and in the pharmaceutical industry (enteric coatings of
pharmaceutical pills, lubricants, binders, emulsifying agents, and suspending
agents) (Rudel and Perovich, 2008).

Phthalates have been widely connected with reproductive disorders,
gynecomastia, and the early onset of puberty in rodents and humans (Durmaz
et al, 2010; Frederiksen et al., 2007; Erkekoglu et al., 2010). These substances
are also suggested to increase the incidence of the development of reproductive
tumors (Frederiksen et al., 2007). Moreover, both animal and human studies
suggest that prenatal and/or postnatal exposure to phthalates could be the cause
of decreased fertility and later life testicular tumors (Lopez-Carrillo et al.,
2010). The term testicular dysgenesis syndrome (TDS) is used for this range of
male reproductive defects (Fisher et al., 2003; Yiee and Baskin, 2010).
Besides, new research has connected these substances to obesity, autism,
allergies, neurological disorders and cancers (Auduze et al., 2010, Singh and
Li, 2012).

Some phthalates have been restricted in the European Union for use in
children's toys since 1999. Di(2-ethylhexyl)phthalate (DEHP), benz butyl
phthalate (BBP), and dibutyl phthalate (DBP) are restricted for all toys;
diisononyl phthalate (DINP), diisodecyl phthalate (DIDP), and di-n -octyl
phthalate (DnOP) are restricted only in toys that can be inserted in the mouth.
The restriction states that the amount of phthalates may not be greater than
0.1% mass percent of the plasticized part of the toy. These phthalates are
allowed at any concentration in other products and other phthalates are not
restricted (European Commission, 1999).

Epidemiological studies suggest that phthalates may play an important role
in steroid hormone dependent cancers (breast, uterine, testis and prostate).
Diethyl phthalate (DEP) was suggested to induce breast cancer especially
following exposure from the environment (Chen and Chien, 2014).

Effects of Phthalates on Epithelial Mesenchymal Transition

DNA methylation, histone modification, and the expression of non-coding
RNAs (including microRNAS) are the most important mechanisms underlying
epigenetic alterations. The epigenetic effects on EDCs, such as phthalates, have
expanded our understanding of the etiology of human complex diseases such as
cancers and diabetes.
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Phthalates are epigenetically toxic. However, they are also genotoxic and
cause single strand DNA breaks (Erkekoglu and Kocer-Gumusel, 2014; Rusyn
et al.,, 2006). In rodent liver, they were shown to induce peroxisome
proliferation, which later caused an increase in cell size, cell growth and cell
division. Phthalates can induce cellular proliferation through a mechanism that
involves the activation peroxisome proliferator activated-receptors (PPARS)
(Rusyn, 2006; Erkekoglu et al., 2014; Venkata et al., 2006).

Phthalates and Studies with MCF7 Breast Cancer Cells

In MCF7 breast cancer cells, treatment with BBP led to the demethylation
of estrogen receptor o (ERa) promoter-associated CpG islands, suggesting that
altered ER mRNA expression by BBP might be related to aberrant DNA
methylation in the promoter region of the receptor (Kang and Lee, 2005).
Exposure to DEHP during sexual differentiation of rats caused male
reproductive tract malformations and the abnormal expression of insulin-like
growth factor-(IGF-1), c-kit ligand (KITL), and leukemia inhibitory factor
(LIF), genes that may contribute to the reproductive toxicity of phthalates (Lin
et al., 2008).

In vitro exposure of human cells or tissues to DEHP alters apoptosis,
mitotic rate and increases cell proliferation. Phthalates were shown to affect
cell proliferation and the inhibition of tamoxifen-induced apoptosis in ER—
positive MCF-7 cells; however this phenomenon was not observed in the ER—
MDA-MB-231 cells (Kim et al., 2004). The stimulation of proliferation of
MCF-7 cells by butyl benzyl phthalate (BBP) and di-n-butyl phthalate (DBP)
can be completely suppressed by the ER antagonist, 1C1182780 (Okubo et al.,
2003). At both high and low concentrations, phthalate exposure was also
shown to induce the growth of MCF-7 breast cancer cells due to estrogenic
activity and their effects on the P13K/AKT signaling pathway (Chen and
Chien, 2014).

Phthalates and Histone Deacetylase

A recent work (Hsieh R-H, 2012) directly focused on the effects of
phthalates on EMT. After immortalizing the parent cell line M13SV1R2, a
normal human breast epithelial cell type that has stem cell characteristics via
the expression of SV40 large Tantigen and subsequent transformation by X-
radiation, the new cell line (referred to as R2d cells) was exposed to phthalates
(DBP and BBP). Particularly, the researchers focused on the role of HDACG6
and the results showed that phthalates stimulated EMT through activating the
epigenetic factor, HDACG. Activation of HDACSG led to activation of upstream
and downstream pathways and finally to EMT. The researchers also found that
ERs were responsible for phthalate-induced EMT in breast stem cells.
Therefore, similar to estrogen, BBP and DBP have the ability to promote tumor
growth and metastasis. A hypothetical mechanism of the phthalate-induced
HDACG6 expression mediated by the ER/EGFR/PKA/AP-2a pathway and
leading to vimentin expression that involves Akt, GSK3B, and p-catenin
subsequent to HDACG6 activation was also proposed (Hsieh et al., 2012).
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Besides, the findings of another study supported that HDACSG is required for
TGF-a-induced transition of the epithelial-like phenotype into a mesenchymal
phenotype via the SMAD3 signaling the pathway in various lung cancer cell
lines (Shan et al., 2008). Moreover, the results of this study were in agreement
with a previous report showing that BBP enhances cell migration in a different
breast epithelial cell line, MCF-10F (Fernandez and Russo, 2010).

Phthalates and Gap Junction Intercellular Communication

A short time of exposure to DEHP could inhibit the gap junction
intercellular communication (GJIC) (Mikalsen and Sanner, 1993). It was
shown that DEHP exposure induces the inhibition of GJIC in hepatic
carcinomas and adenomas in rodents (Isenberg et al., 2000). Besides, in Chise
Hamster V79 cells exposed DEHP and MEHP, inhibition of GJIC was also
reported (Cruciani et al., 1997).

Phthalates and Other Mechanisms

Phthalates were also shown to promote the invasion and metastasis of SK-
N-SH human neuroblastoma cells by inducing cell motility that is mediated by
matrix metalloproteinase-2 and -9 expressions, again through the PI3K/AKT
pathway (Zhu et al., 2010). Cell motility is an important feature in tumor
progression following EMT (Thiery, 2002; Thompson et al., 2005; Xue et al.,
2003), which may be regulated by estrogen (Ding et al., 2006) and thr
transforming growth factor-beta (TGF-B) (Valcourt et al., 2005).

Conclusions

Concerns on the roles of EDCs on cancer promotion and progression have
increased in the last years. EDCs, particularly phthalates seem to have an
impact on EMT, which is a very important mechanism, concerning their effect
on cancer progression. Studies on cultured breast cells and prostate cells clearly
demonstrate that these chemicals can induce EMT through affecting the
expression of different proteins. New mechanistic studies are needed in
determining the effects of these chemicals on cancer progression. The results of
these studies will be very useful for scientists to understand the mode of action
of these chemicals and to force the regulatory authorities for taking strong
precautions concerning the use of these chemicals especially in baby products.
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