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ABSTRACT
OF THE THESIS OF

Lidia Mohamad Ali Hamed for Master of Science
Major: Biology

Title: Glyphosate Alters Mammary Lobular and Ductal Epithelial Cell Differentiation
and Triggers Tumor Initiation Events

Cancer remains a threat for patients around the world, with an estimated 19.3 million
people diagnosed in 2020. Specifically, breast cancer has been recently found to be the
most prominently diagnosed cancer globally, accounting for 15.5% of deaths related to
cancer in females. The cellular change toward oncogenesis is closely linked to environ-
mental factors such as herbicides, tobacco, and alcohol.

Glyphosate is the most widely used herbicide globally, with usage increasing over the
years, from 16 million kg spread in the world in 1994 to 79 million kg spread in 2014,
including 15% in the United States alone. The International Agency for Research on Can-
cer (IARC) classified glyphosate as "probably carcinogenic to humans" (Group 2A) in
March 2015, based on "limited" evidence of cancer in humans and "sufficient" evidence
of cancer in experimental animals.

Although some studies have looked into its effect on the progression of cancer in tumor-
igenic cells, it is still unknown whether glyphosate may initiate cancer and disrupt differ-
entiation in normal cells. In this study, we opted to investigate the impact of glyphosate
in initiating tumor-like phenotypes in non-tumorigenic estrogen-positive lobular mouse
(SCp2) and ductular human estrogen-negative (HMT-3522 S1) breast epithelial cells and
disrupting differentiation markers. Our results show that long-term glyphosate exposure
did not affect growth rate, but enhanced the invasion compared to the untreated control
(~8-fold increase upon 10! M glyphosate; p <0.05), matrix metalloproteinase-9 (MMP-
9) release, and triggered a 4-fold miR-183 upregulation (preliminary), the most overex-
pressed miRNA in early-stage Lebanese breast cancer patients, in SCp2 cells. Long-term
as well as short-term glyphosate treatments of human derived S1 cells exhibited an en-
hanced cell invasion across a reconstituted basement membrane, whereas long-term ex-
posure disrupted lumen formation in their 3D cultures, compared to non-treated cells
(~1.3-fold and 1.2-fold increase upon 10~ and 10-'! M glyphosate, respectively; p <0.05).
Short and long-term treatments with glyphosate disrupted the distribution of cell polarity
marker f-catenin from and apical to a basolateral distribution. Moreover, we showed the
effect of the herbicide on the differentiation markers of SCp2 and S1 cells by evaluating
levels of f-casein expression and assessing the effect of treatment on lumen formation,
respectively. S-casein expression significantly decreased upon 10! M glyphosate treat-
ment (p <0.05). We additionally propose a possible pathway for the effect of glyphosate
on the activation of breast cancer-related signaling pathways using Ingenuity Pathway
Analysis (IPA) in estrogen-dependent cells.

In conclusion, our findings may provide insight on the function of glyphosate in tumor
initiation events, suggesting that such chemicals might "injure" nontumorigenic breast



epithelial cells. Further research may be necessary to fully understand the extent of these
effects and to develop alternative methods for weed control that do not rely on glyphosate.
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CHAPTER I

INTRODUCTION

Breast cancer is the most prevalent and deadly cancer among women worldwide.
While much research has been conducted to identify the risk factors associated with
breast cancer initiation, the exact causes of this disease remain largely unknown. Epige-
netic alterations, which involve modifications to DNA that do not change the underly-
ing genetic code, are increasingly recognized as important contributors to breast cancer
development and progression. Studies have demonstrated that aberrant DNA methyla-
tion patterns, histone modifications, and microRNAs are frequently observed in breast
cancer tissues and cell lines, suggesting that these epigenetic changes play a key role in
regulating gene expression and promoting tumor growth (Fraga et al., 2005; Tung and
Gilad, 2013). In recent years, there has been growing concern over the potential role of
environmental factors that affect the epigenome in the development of breast cancer,
such as chronic stress, nutrition, toxins, and exposure to certain chemicals (Jirtle and
Skinner, 2007; Fraga et al., 2005; Tung and Gilad, 2013). One such chemical is glypho-
sate.

Glyphosate is a widely used herbicide that has been the subject of controversy
due to its potential health effects. The International Agency for Research on Cancer
(IARC) classified glyphosate as "probably carcinogenic to humans" in 2015, which led
to subsequent studies regarding its association with several types of cancer-related dis-
eases, including breast cancer. Numerous studies have reported the presence of glypho-

sate in various body fluids including blood, urine, and breast milk (Zhang et al. 2019;
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Bohn et al., 2014; Kriiger et al., 2013). Several studies have since investigated the po-
tential link between glyphosate exposure and breast cancer, but the findings have been
inconsistent (Zhang et al., 2021). Glyphosate has been shown to induce epigenetic
changes in both in vitro and in vivo studies, including alterations in DNA methylation
patterns and histone modifications (Duforestel et al., 2019; Kwiatkowska et al., 2017).
These changes may in turn affect gene expression and cellular processes relevant to
breast cancer development, such as hormone receptor signaling and DNA repair. Other
studies have demonstrated that glyphosate exposure can alter gene expression and dis-
rupt hormonal balance, potentially leading to the development of estrogen receptor
(ER)-positive breast cancer (Thongprakaisang et al., 2013; Kurebayashi et al., 2018).
However, Stur et al. (2019) showed deregulation of 11 canonical pathways in both ER-
positive and ER-negative breast cancer cell lines. A recent study using human breast
cancer cell lines found that glyphosate exposure led to alterations in DNA methylation
and gene expression patterns, which were associated with increased cell proliferation
and decreased apoptosis (Mesnage et al., 2019). A case-control study in the United
States found that women with the highest glyphosate exposure had a higher risk of
breast cancer compared to women with the lowest exposure (Franke et al., 2021). Im-
portantly, Gasnier (2009) et al. showed that glyphosate exposure in vitro led to changes
in cell proliferation, as well as disruptions in the expression of genes involved in mam-
mary gland development and differentiation. The researchers suggested that these ef-
fects may be mediated by endocrine disruption, particularly through disruption of the
estrogen signaling pathway. Another study by Romano et al. (2012) using in-vivo rat

models showed that maternal exposure to glyphosate during pregnancy and lactation led
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to alterations in the expression of genes involved in mammary gland development and
function, as well as changes in milk production and composition.

Other studies on the contrary, including the U.S. Environmental Protection
Agency (EPA) and the European Food Safety Authority’s (EFSA), have concluded that
glyphosate is unlikely to pose a carcinogenic risk to humans at the levels at which it is
typically used.

According to the EPA, the safe levels of glyphosate exposure for humans are es-
tablished by the reference dose (RfD), which is a measure of the maximum acceptable
daily intake of a substance that does not pose a risk to human health. The EPA has set
the RfD for glyphosate at 1.75 milligrams per kilogram of body weight per day
(mg/kg/day) (EPA, 2020). This means that a person weighing 60 kilograms (approxi-
mately 132 pounds) could consume up to 105 milligrams of glyphosate per day without
adverse effects.

However, there have been several studies that have suggested that people may
be consuming glyphosate at levels that exceed the safe levels established by regulatory
authorities. For example, one study analyzed the results of urine tests from 100 people
living in urban areas in Germany and found that all the participants had detectable lev-
els of glyphosate in their urine, and that the levels were higher in those who reported
consuming conventionally grown food (Kriiger et al., 2014). Another study showed that
83% of the breast milk samples tested positive for glyphosate, and 60% tested positive
for glyphosate found in urine, with levels ranging from 0.20 to 17.0 ng/mL (Honeycutt

and Rowlands, 2014).
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The conflicting findings indicate that additional investigations and appropriate
models are required to fully understand the potential health effects of glyphosate expo-
sure. Nonetheless, the available evidence show that its role in breast cancer develop-
ment is complex and may depend on a variety of factors (Mufioz et al., 2023; Stur et al.,
2019; Thongprakaisang et al., 2013).

In light of the concerns about the potential links between glyphosate and breast
cancer, we sought to evaluate the herbicide's short- and long-term effects on the differ-
entiation and tumor initiation events of ductular and lobular mammary epithelial cells
using 2D and an advanced three-dimensional (3D) culture models of non-tumorigenic
mammary cells that are able to differentiate in culture.

In this study, we used ductal non-tumorigenic ER-negative HMT-3522 S1 hu-
man mammary epithelial cells, which form well-differentiated, growth-arrested, basally
polarized structures or acini surrounding a lumen when cultured under 3D conditions.
We also utilized mouse mammary ER-positive epithelial cells of the lobular type known
as SCp2 cells, which express f-casein exclusively as a differentiation marker when
grown in differentiation-promoting conditions with lactogenic hormones and basement
membrane components. The objective of this investigation was to assess the influence
of glyphosate on the onset of tumorigenesis by examining its effects on cellular prolifer-
ation and invasiveness in both ductal and lobular epithelial cells with distinct ER status.
Additionally, differentiation patterns were assessed by examining apical polarity and lu-
men assembly in 3D culture of S1 cells, as well as the expression levels of B-casein in
SCp2 cells grown in differentiation permissive conditions. We also used IPA software
to predict pathways targeted by glyphosate and that are downstream of miR-183 overex-

pression.
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Our data showed that glyphosate enhances invasion, disrupts acinar structure,
and alters B-catenin localization in S1 cells, as well as increasing invasion and MMP-9
levels, downregulating B-casein, and upregulating miR-183 levels in SCp2 cell. Using
IPA, we predict a pathway for the effect of glyphosate through the upregulation of miR-
183 and consequently, downregulation of B-casein (CSN2), inhibition of mammary epi-
thelial cell differentiation, and the onset of breast cancer. Consequently, we propose that
glyphosate triggers tumor initiation events in nontumorigenic ductal and lobular mam-
mary epithelial cells, mainly through the upregulation of the onco-miR, miR-183. More-
over, our study presents an opportunity to establish a framework for the implementation

of preventive measures against breast cancer.
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CHAPTER II

AIMS

Previous studies have shown that breast cancer is greatly attributed to lifestyle
and environmental factors, which alter epigenetic regulations (Behravan et al., 2020;
Orman et al., 2020). Given the acknowledged cancerous effects of glyphosate that were
demonstrated along other risk factors on breast cancer formation (Duforestel et al.,
2019; Thongprakaisang et al., 2013) in estrogen receptor (ER) positive and negative cell
lines (Stur et al., 2019), we aim in this study to investigate the tumor initiation effects of
glyphosate and its impact on differentiation using 2D and 3D mammary epithelial cell
culture models of distinct ER status.

First, we aim to determine the effects of short-term and long-term glyphosate
treatment on the growth rate, invasiveness, acinar formation, polarity proteins levels and
localization in ER negative human-derived nontumorigenic S1 cells. We will also deter-
mine the effects of glyphosate treatments on the growth rate, invasiveness, MMP-9 lev-
els, differentiation marker B-casein expression, and miR-183 levels in ER-positive
mouse-derived SCp2 cells. Finally, we aim to identify possible pathways that are ER-
dependent and ER-independent in SCp2 and S1 cells, respectively, using IPA data.

Taken together, our objective is to study the effect of glyphosate exposure on
breast cancer initiation in non-tumorigenic mammary epithelial cells (SCp2 and
HMT3522 S1), by investigating tumor initiation events such as invasiveness enhanced
by MMP-9 release, the loss of apical polarity, as well as deregulation of the expression

of miR-183 and B-casein, and the relocalization of f-catenin.
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Therefore, our findings will provide insight on the effect of glyphosate on breast
cancer initiation events and potentially contribute in part towards a policy for or against

its use, in Lebanon and Globally.
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CHAPTER III

LITERATURE REVIEW

A. The Mammary Gland
1. Structure and Stages of Development:

The mammary gland is a dynamic organ that undergoes significant changes during
different stages of development and in response to hormonal signals. The glandular tis-
sue is composed of epithelial cells, organised into ducts and lobules, surrounded by a
layer of stromal cells, adipose tissue, and a network of blood and lymphatic vessels (Re-
viewed by Biswas et al., 2022). The mammary gland has two major kinds of epithelia:
basal epithelium, which is primarily made up of myoepithelial cells, and luminal epithe-
lium, which forms ducts and secretory alveoli (Runswick et al., 2001). Stromal cells
provide support and regulate the function of the epithelial cells through the secretion of
growth factors and cytokines, among other functions (Stadnyk, 1994; Schedin and
Keely, 2011). The adipose tissue within the gland serves as an energy store for lacta-
tion, and the blood vessels provide nutrients and oxygen to the tissue, while the lym-
phatic vessels play a key role in immune surveillance and the removal of waste prod-
ucts. The efficient production and secretion of milk requires a balance of communica-
tion and coordination between the mammary epithelial cells, myoepithelial cells, and
stromal cells, as well as various signaling pathways involving hormones, growth fac-
tors, and extracellular matrix molecules. Without this intricate interplay, the mammary
gland may fail to function properly, leading to lactation problems or even breast dis-

eases (Watson, 2006).

18



According to a review by Macias and Hinck (2012), the mammary gland develops
during embryonic stages from an epithelial thickening called the mammary line, which
runs along the ventral surface of the embryo. This thickening gives rise to the mammary
bud, which eventually gives rise to the mature mammary gland. At this stage, the mam-
mary gland is composed of a simple epithelial ductal tree, with no lobular differentia-
tion. As the embryo develops, the ductal tree grows and branches, forming a complex
network of ducts that extend towards the developing nipple. Puberty marks the begin-
ning of mammary gland development in preparation for lactation. During puberty, the
gland undergoes extensive branching morphogenesis, which involves the formation of
ducts and the growth and differentiation of the glandular tissue (Brisken and O'Malley,
2010). This process is regulated by hormones such as estrogen, progesterone, and
growth factors such as insulin-like growth factor (IGF) and epidermal growth factor
(EGF) (Kleinberg et al., 2009). During pregnancy, the glandular tissue undergoes fur-
ther differentiation, with the formation of alveoli and the secretion of milk components.
This process is regulated by the hormones estrogen, progesterone, prolactin, and oxyto-
cin (Howard & Gusterson, 2000). After lactation ceases, the gland undergoes a process
of involution, which involves the remodeling and regression of the glandular tissue to
its pre-pregnancy state. This process is triggered by the withdrawal of prolactin and in-
volves the activation of apoptotic pathways (Watson, 2006; Green & Streuli, 2004;
Humphreys & Hennighausen, 1999). Recent studies have advanced our understanding
of mammary gland development. One study used lineage tracing to identify the progeni-

tor cells that give rise to the mammary gland during embryonic development (Van
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Keymeulen et al., 2011). The authors found that the mammary placode contains multi-
ple types of progenitor cells, including basal and luminal progenitors, where basal stem
cells are capable of generating all the different cell types within the mammary gland,
whereas luminal stem cells are more restricted in their differentiation potential. Specifi-
cally, luminal stem cells are unable to give rise to myoepithelial cells. A recent study
using a combination of single cell RNA sequencing and analysis of cells isolated from
human milk identified transcriptional changes in the mammary gland during lactation
(Twigger et al., 2022). The authors identified several genes involved in milk production
and secretion that were upregulated in cells from the early lactation stage, including
LALBA (encoding lactalbumin), CSN2 (encoding casein), and SLC2A1 (encoding glu-
cose transporter 1). In contrast, cells from the late lactation stage exhibited increased ex-
pression of genes involved in immune regulation and tissue remodeling, including the
immune-related genes CD74, HLA-DRB1, and CD14, and the tissue remodeling-related
genes MMP11, CTGF, and THBS1. Xuan et al. (2022) shed light on the complex mo-
lecular mechanisms underlying the physiological process of mammary gland involution.
It was shown that the mammary gland undergoes apoptosis and tissue remodeling, with
upregulation of genes involved in apoptosis, autophagy, and extracellular matrix degra-
dation. They revealed that several transcription factors such as ELF5, STATS5A, and
STATS5B and non-coding RNAs such as miR-145, miR-200b, and IncRNA-TUGI,
which are established to be implicated in epithelial-to-mesenchymal transition, were
found to be differentially expressed during lactation and involution, suggesting their po-
tential roles in regulating these processes. Another study used three-dimensional imag-

ing techniques to visualise the structure of the mammary gland in unprecedented detail

20



(Ewald et al., 2008). The authors observed that mammary epithelial cells undergo col-
lective migration guided by the ECM, with groups of cells moving in a coordinated
fashion to form the growing branches of the mammary gland. It was also found that cell
rearrangements occur during branching morphogenesis, with cells within the mammary
epithelium actively rearranging their positions to facilitate the formation of new
branches. These rearrangements involve both radial and planar cell intercalations, with
cells moving both vertically and laterally to create the complex branching patterns seen
in the mammary gland.

Recent studies have also investigated the role of stem cells in mammary gland devel-
opment. Mammary gland stem cells are responsible for maintaining the mammary
gland's homeostasis and are capable of differentiating into all the cell types of the mam-
mary gland. A study by Dravis et al. (2015) showed that the transcription factor Sox10
plays a critical role in the maintenance of mammary gland stem cells. Using mouse
models, the researchers demonstrated that Sox10 is necessary for the development of
mammary stem/progenitor cells and for the maintenance of their self-renewal and dif-
ferentiation capacity. They also showed that Sox10 is required for the development and
maintenance of mesenchymal cells in the mammary gland.

In conclusion, the use of advanced techniques like single-cell sequencing, lineage
tracing, and three-dimensional imaging has provided significant advancements in our
understanding of the complexity of the mammary gland and its development. These
new insights have important implications for the development of novel therapies aimed
at addressing mammary gland diseases, particularly breast cancer. By gaining a better

understanding of the molecular mechanisms underlying mammary gland development
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and the pathogenesis of these diseases, we can develop targeted treatments that improve

patient outcomes and reduce the morbidity associated with these diseases.

2. Epithelial Cell Differentiation Markers (Ductal vs. Lobular):

The mammary gland contains two types of epithelial cells: ductal and lobular epithe-
lial cells. Ductal mammary epithelial cells (DMECs) line the ducts of the mammary
glands and are responsible for the transport of milk components through the ducts to the
nipple, while lobular epithelial cells are responsible for the synthesis and secretion of
milk components (Reviewed by Biswas et al., 2022).

DMEC:s are polarized cells that play a critical role in the development and function
of the mammary gland. Understanding the molecular mechanisms that control DMEC
differentiation and function is important for the development of novel strategies for
breast cancer prevention and treatment. As per the report by the American Cancer Soci-
ety, invasive ductal carcinoma (IDC) represents a majority of breast cancer cases, ac-
counting for around 75% of all diagnoses. Consequently, there has been a surge in re-
search interest concerning the potential implications of cell polarity in the differentia-
tion of ductal mammary epithelial cells (DMECs) in recent years. The establishment of
polarity in cells mainly involves the coordinated action of three protein complexes that
interact with each other and with the cytoskeletal and intercellular junction components,
particularly for the apical-basal polarity. These complexes are known as Scribble,
Crumbs, and Par, which define the basolateral, apical, and apical-lateral border do-
mains, respectively. Several proteins within these complexes have been implicated in
the development of cancer and are considered a novel type of tumor suppressor. (As-

sémat et al., 2008; Dow and Humbert, 2007; Etienne-Manneville and Hall, 2003b; Lee
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and Vasioukhin, 2008). Apical polarity is characterized by the presence of tight junc-
tions, which separate the apical and basolateral domains of the cell membrane and regu-
late the movement of molecules and ions between these compartments (Farquhar and
Palade, 1963). Scribble has been shown to be necessary for the establishment of apical
polarity and the differentiation of DMECs into luminal cells. In a study by Godde et al.,
it was found that loss of Scribble disrupted the expression of luminal differentiation
markers and impaired the establishment of apical-basal polarity in DMECs. This shift in
cell differentiation is mediated by activation of the MAPK/Fral signaling pathway,
which is normally suppressed by Scribble (Godde et al., 2014). Several other polarity
proteins have also been implicated in the regulation of MEC differentiation. For exam-
ple, polarity proteins Patj and Lgl-1 have been shown to regulate the differentiation of
DMEC:s into both luminal and myoepithelial cells (Kim et al., 2007; Grifoni et al.,
2004).

Overall, the establishment of apical-basal and front-back polarity is critical for the
differentiation of DMECs into luminal and myoepithelial cells, respectively. Polarity
proteins, such as Crumbs, Scribble, Par3, Lgll, and Patj, play essential roles in regulat-
ing these processes.

HMT-3522 S1 is a human mammary epithelial cell line that has been widely used to
study mammary gland development, differentiation, and disease. S1 cells are a subpop-
ulation of DMEC:s that have been shown to have stem cell properties and can differenti-
ate into luminal and myoepithelial cells. 3D culture systems have been developed to
better mimic the in vivo environment of the mammary gland (Petersen et al. 1992, Ab-
bott, 2003; Lee et al., 2007) and study the differentiation of DMECs. Several studies

have investigated the differentiation and polarity of HMT-3522 S1 cells using different
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experimental approaches, including gene expression analysis, morphological changes,
and functional assays. Petersen et al. (1992) investigated the role of cell polarity in
HMT-3522 S1 cell differentiation. The authors found that the establishment of cell po-
larity, characterized by the formation of tight junctions and apical-basal polarity, is criti-
cal for HMT-3522 S1 cell differentiation. This study suggested that the establishment of
cell polarity is an essential step in mammary gland differentiation and could be used as
a marker of functional differentiation. Briand et al. (1987) used a combination of mor-
phological analysis and functional assays to investigate the differentiation of HMT-
3522 S1 cells. It was observed that differentiated cells displayed a flattened morphology
and formed acinar structures, which are characteristic of mammary epithelial cells in
vivo. This study demonstrated that HMT-3522 S1 cells undergo a functional differentia-
tion process that mimics the differentiation of mammary epithelial cells in vivo. Overall,
these studies suggest that HMT-3522 S1 cells are a useful model system for studying
mammary gland development and differentiation.

Lobular mammary epithelial cells (LMECs) play a crucial role in breast development
and function. LMECs are a heterogeneous population of cells that can differentiate into
different cell types which is regulated by various molecular markers. Deugnier et al.
(2006) used lineage tracing to investigate the differentiation of LMECs. The study
found that LMECs are heterogeneous and can differentiate into different cell types, in-
cluding luminal, myoepithelial, and basal cells. The authors show that LMECs may act
as a reservoir of progenitor cells that can give rise to various cell types during breast de-
velopment. Another study by Piggin et al. (2020) investigated the role of the transcrip-
tion factor ELF5 in LMEC differentiation. It was found that ELF5 regulates the expres-

sion of various differentiation markers, including E-cadherin and cytokeratin 19. The
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authors suggest that ELFS5 plays a critical role in the differentiation of LMECs and may
be a potential therapeutic target for breast cancer.

The differentiation marker beta casein has been extensively studied as a key protein
that is expressed by differentiated mammary epithelial cells. Prolactin is a key regulator
of beta casein expression in the mammary epithelial cell line (Doppler et al., 1989).
When SCp2 cells are cultured in the presence of basement membrane (BM), two types
of signals are generated. The first type involves physical signals such as cell rounding
and clustering, while the second type involves B1-integrin-mediated biochemical signals
from laminin. Upon activation by prolactin, these signals are required to induce phos-
phorylation of prolactin receptor and initiate downstream signaling cascade through the
cell to the nucleus. This signaling cascade results in chromatin reorganization, which
permits -casein gene transcription, a marker of differentiation. These findings are sup-
ported by several studies (Xu et al., 2009; Alcaraz et al., 2008; Roskelley et al., 1994),
suggesting the crucial role of BM and integrin-mediated signaling in regulating the ex-
pression of B-casein gene and mammary gland differentiation.

Thus, the expression of these markers during epithelial differentiation carries im-
portant implications in the context of breast cancer, given that neoplastic growth can

originate from either ductal or lobular epithelial cells.

3. Cell-Cell Communication:

Cell-cell communication is essential for the proper functioning of multicellular or-
ganisms. This communication is mediated through cell junctions that facilitate the ex-

change of information between adjacent cells. Intercellular junctions connect epithelial
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cells and play important roles in the maintenance of tissue morphology and homeosta-
sis.

Nonetheless, given their overlapping localization and multiple interactions, it is be-
coming increasingly accepted that the constitutive proteins of these junctions form
multi-junctional complexes which orchestrate the structure and function of cells. The
five classes of cell-to-cell junctions include tight junctions (TJs), adherens junctions
(AJs), desmosomes, gap junctions (GJs) and the recently described tunneling nanotubes
(TNT).

Tight junctions are defined as areas of close contact between plasma membranes of
adjacent cells, and are visualized as focal attachments between neighboring cell mem-
branes that exclude the intercellular gap (Furuse, 2010). As previously reviewed (Balda
& Matter 2008, Anderson & Van Itallie, 2009), the architecture of TJs is designed to
serve as "permeability seals" that prevent solutes from escaping through the intercellular
space. They achieve this by limiting lipid diffusion between the apical and basolateral
domains and by controlling solute diffusion based on size and charge. Transmembrane
claudins, occludins, tricellulin, Zona Occludens (ZO) family members, junctional adhe-
sion molecules (JAMs), CRB-3, and blood vessel/epicardial substance (Bves) are some
of the proteins that are related with TJs (Chiba et al. 2008, Wang and Margolis 2007,
Brennan et al. 2010). Claudins command the TJs gate function and alter their conductiv-
ity (Krause et al. 2008), in addition to recruiting occludins to TJs (Martin and Jiang
2009). ZO-1 is one of several scaffold proteins found in the TJ cytoplasmic plaque. It is
the first TJ protein to be found and is thought to act as a scaffold protein for transmem-

brane and cytoplasmic proteins, as well as a common partner for TJs, AJs, and GJs pro-
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teins in their binding interactions (Utepbergenov et al. 2006; Giepmans 2004). TJ integ-
rity is essential for lactogenesis. Although they are permeable in the mammary epithelia
of the pregnant animal, TJs in the alveolar epithelium of lactating animals are highly
impermeable to prevent milk leakage from the lumen. This is exhibited by the lower
strands of TJ in pregnant animals as opposed to lactating ones (Morgan & Wooding,
1982). TJ strands are modified by hormones such as progesterone, prolactin, and gluco-
corticoids. It is well recognized that progesterone contributes to the development and
persistence of pregnancy. Reduced progesterone levels at parturition cause significant
mammary gland alterations that are crucial for the initiation of lactation. According to
in vivo research, progesterone deprivation causes pregnant mice's mammary epithelia to
close TJs (Stelwagen et al., 1998; Nguyen et al., 2001). In certain cancerous tissues, the
expression of both claudins and occludins is decreased through various mechanisms, in-
cluding epigenetic regulation, transcriptional control, and post-translational modifica-
tion. Consequently, these tight junction proteins are trapped in the cytoplasm and are
not transported to the membrane. This was shown in studies conducted by Lioni et al.
(2007), Kominsky et al. (2003), and Ikenouchi et al. (2003). In breast cancer, ZO pro-
teins that regulate proliferation can be suppressed (Hoover et al., 1998; Martin et al.,
2004), and MAGTIs, which are important in cell signaling, can be degraded by oncogenic
viral proteins like the HTLV-1 Tax1 protein (Thomas et al., 2002; Ohashi et al., 2004).
Occludins and claudin-1, -4, and -6 protein expression levels have been found to decline
in breast cancer cell lines, whereas claudin-1 over-expression has been shown to in-
crease apoptosis in tumor nodules of MDA-MB-361 breast cancer cells in three-dimen-
sional (3D) cell culture (Osanai et al. 2007; Hoevel et al. 2004). In conclusion, the func-

tion of tight junctions extends beyond their traditional role of sealing the intercellular
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space. Through acting as signaling hubs, they can influence the distribution of transcrip-
tion regulators between nuclear compartments and tight junction complexes, as well as
modulate chromatin-associated complexes. This expanded understanding of tight junc-
tions provides new avenues for future research, as discussed in the review by Lelievre
(2009).

Intercellular adhesion is mediated by AJs. They are made up of transmembrane pro-
teins such as the well-established nectins and cadherins. It has been reported that nectins
and cadherins, specifically E-cadherin, associate with p120-catenin and afadin, respec-
tively (Takai et al. 2008). E-cadherin, N-cadherin, and P-cadherin are examples of clas-
sical cadherins that allow for strong cellular adhesion and cytoskeletal intermediate fila-
ment anchoring to the membrane (Lanigan et al. 2009). The Wnt signaling system,
which is involved in cell proliferation, differentiation, gene transcription, and cell adhe-
sion, is negatively regulated by E-cadherin. When E-cadherin binds to beta-catenin at
the cell membrane, it sequesters beta-catenin and prevents it from translocating to the
nucleus, where it acts as a transcriptional co-activator for genes that promote cell prolif-
eration. This sequestration of beta-catenin by E-cadherin helps to regulate cell prolifera-
tion and maintain tissue integrity (Wijnhoven et al. 2000). Disrupting E-cadherin and P-
cadherin function using antibody-soaked beads implanted in the mammary fat pad leads
to disorganization of the mammary gland epithelium, affecting both the luminal and
myoepithelial compartments. (Daniel et al., 1995; Reviewed by Lanigan et al., 2009).
Furthermore, engineered mixtures of human luminal and myoepithelial cells self-organ-
ize into bilayers in culture, and this organization is disturbed by the addition of antibod-
ies targeting E-cadherin or P-cadherin, providing additional evidence for the signifi-

cance of differential cadherin expression in mammary epithelial development (Chanson
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et al., 2011). Shamir et al. (2014) showed that loss of E-cadherin results in a switch
from Twistl-mediated dissemination to a different mode of cancer cell movement that
involves a loss of epithelial identity, further proving that epithelial polarity is disrupted
by E-cadherin loss. As for the catenins, the loss of a-catenin lead to embryonic mortal-
ity due to disruption of the trophoblast epithelium. Additionally, Borcherding et al.
(2018) used a proteomic approach to analyze protein expression levels in different types
of cancer and found that the expression of E-cadherin and B-catenin varies significantly
among different cancer types. The study also found that the loss of E-cadherin expres-
sion is strongly associated with the progression of breast cancer and that B-catenin ex-
pression is upregulated in many cancers, including breast cancer. Furthermore, the study
explored the potential therapeutic implications of targeting E-cadherin and -catenin in
cancer treatment, suggesting that drugs that can stabilize or restore E-cadherin expres-
sion or inhibit B-catenin activity may have clinical benefits in certain cancer types.

B-catenin levels are often higher in the nuclei of tumor cells and linked to the activa-
tion of genes involved in cell cycle progression and proliferation, both of which are es-
sential for the growth of tumors (Hatsell et al. 2003; Talhouk et al. 2013). In addition, -
catenin was found to contribute in apical polarity formation through its interaction with
Connexin 43 in the mammary epithelium (Bazzoun at al. 2018).

Other transmembrane proteins from the six major cadherins subfamilies are found in
desmosomal junctions (desmocollin and desmoglein) (Garrod and Chidgey 2008). Des-
mosomal proteins interact with other proteins like plakophilins, a family of catenin pro-
teins, to recruit intermediate filaments to their localization (Nollet et al. 2000). These
proteins engage heterophilically, unlike AJ-forming cadherins, to create strong junc-

tions that hold cells together and place them in the appropriate location within the organ
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(Runswick et al., 2001). Desmosomal cadherins have an intracellular domain, five cal-
cium-binding extracellular domains, and are structurally identical to their classical
counterparts. Desmosomes start out in the early embryo as small structures known as
nascent desmosomes, which grow and develop into the larger and more complex des-
mosomes that are characteristic of adult tissues such as the heart and epidermis. It has
been demonstrated that embryonic desmosomes are critical for maintaining the endo-
derm's mechanical integrity during a time when the embryo is beginning to diversify
and take on shape and form (Gallicano et al., 1998).

Desmosomal cadherins are once again found commonly to be dysregulated in can-
cers. For instance, desmoglein-2 is either silenced or up-regulated in several cancers
(Kurzen et al., 2003; Biedermann et al., 2005; Yashiro et al., 2006), while desmocollin-
3 and desmocollin-2 are typically reported to be up-regulated in colorectal and breast
cancers, respectively (Oshiro et al., 2005; Khan et al., 2006).

GJs are groups of intercellular channels that enable small molecules (<1.5 kDa) to
diffuse directly between the cytoplasms of adjacent cells. Two connexons (also known
as hemi-channels) that pair together to form GJ channels are made up of six trans-mem-
brane proteins called connexins (Cxs). According to Sohl and Willecke (2004), the hu-
man Cx family has approximately 20 members, and the names of the different Cx pro-
teins are frequently based on their molecular weights. Cxs with molecular weights of 43
kDa, 32 kDa, and 26 kDa, for example, are denoted as Cx43, Cx32, and Cx26, respec-
tively. There are currently 21 identified connexins (Cxs) in humans. Cxs have been

shown to associate with occludins, claudins, ZO-1 and ZO-2 (Herve et al., 2007; Tal-
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houk et al., 2008). Cxs are found to be involved in luminal cell proliferation and differ-
entiation, in proper production and ejection of milk, and in tumor suppression as re-
viewed by Banerjee, 2016.

Gap junctional-inducing complexes (GJICs), which represent a major conduit of sec-
ond messengers, ions, and essential metabolites between adjacent cells (Kumar and
Gilula, 1996), have been shown to play critical roles in various developmental and regu-
latory events, such as embryonic growth, bone modeling and neuronal signaling (Huett-
ner et al., 2006; Houghton, 2005; Stains and Civitelli, 2005; Yang et al., 2007; Abraham
et al. 2001; Naus and Bani-Yaghoub, 1998). It was demonstrated that GJIC induces par-
tial differentiation of mammary epithelial cells in the absence of an exogenously sup-
plied basement membrane, and that the formation of functional hetero-cellular GJs be-
tween epithelial and myo-epithelial cells correlates with mammary epithelial cell differ-
entiation (El-Sabban et al., 2003; Talhouk et al., 2008). Moreover, inhibition of gap
junctional intercellular communication (GJIC) in CID-9 mouse mammary cells cultured
in the presence of exogenous basement membrane (under differentiation- permissive
conditions) resulted in the downregulation of B-casein expression, a milk protein and a
differentiation marker. Conversely, GJIC induction in the absence of basement mem-
brane was sufficient to induce mammary epithelial differentiation, independent of
ECM-induced STATS signaling (El-Sabban et al., 2003; Talhouk et al., 2011). Addi-
tionally, GJIC is linked to producing synchronized cardiac muscle contractions and
maintaining tissue homeostasis, as well as the differentiation of a variety of tissues, in-
cluding the mammary gland (Locke et al., 2000; Talhouk et al., 2005; Gong et al.,
2007). Imbeault et al. (2009) showed that ECM-cell communication, specifically lam-

inin, plays a role in the regulation of intrinsic Cx expression and function in postnatal
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neural progenitor cells. It has been also demonstrated that Cx expression and GJ func-
tionality are differently regulated at various phases of tumor development. For instance,
Cx26 and Cx43 are shown to be upregulated during later stages of breast carcinomas
(Jamieson et al., 1999), and correlated with increased metastatic potential, in primary
mammary tumors (Naus et al., 1991; Soroceanu et al., 2001; Lee et al., 1992;
Wilgenbus et al., 1992). In fact, Cx expression was shown to be up-regulated in lymph
node metastases of breast cancer even when the primary tumor does not express Cxs
(Kanczuga-Koda et al., 2006).

Cx43 particularly has been formerly shown to play both channel-dependent and
channel-independent functions in mammary gland differentiation. The maintenance of
apical polarity in the mammary epithelium is also regulated by Cx43. Cx43 silencing re-
sulted in the loss of epithelial polarity in HMT3522 S1 cells cultured in 3D, which
prepped the cells for cell cycle entry and a change in mitotic spindle orientation, thus in-
dicating disruption of normal acinar morphology (Bazzoun at al., 2018). Ai et al. ini-
tially described the interaction of Cx43 with B-catenin within cardiac myocytes in 2000.
Studies from our lab have additionally shown that Cx30, Cx32, and Cx43 associate with
B -catenin, as well as with a -catenin, ZO-2, and ZO-1 in the mouse mammary epithelial
SCp2 cell line. This interaction sequesters -catenin away from the nucleus under dif-
ferentiation- permissive conditions, and hence suggests that Cxs, in addition to their
classical channel forming role, are involved in regulating intracellular signaling (Tal-
houk et al., 2008).

Both in vitro and in vivo studies support the tumor suppressive roles of Cxs in the
mammary gland. Overexpression of Cx43 in MCF-7 and MDA-MB-231 cells reduced

proliferation, cell cycle progression, and invasiveness independent of GJIC, suggesting
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channel-independent mechanisms (Talhouk et al., 2013). Similarly, overexpression of
Cx26 in MCF-7 and MDA-MB-435 cells suppressed proliferation, anchorage-independ-
ent growth, migration, and invasion, independent of GJIC (Kalra et al., 2006; Momi-
yama et al., 2003). Hirschi et al. (1996) and Qin et al. (2002) showed that overexpres-
sion of Cx26 or Cx43 in MDA-MB-231 and MDA-MB-435 cells suppressed xenograft
tumor growth in nude mice. Ferrati et al. (2017) found that migration of MDA-MB-231
cells was impaired by exposure to Cx43-rich biovesicles extracted from plasma mem-
branes of donor cells overexpressing functional Cx43-based GJs. Conditional mammary
gland-specific knockout of Cx26 in mice predisposed the mammary gland to primary
tumors (Stewart et al., 2015), and mice with heterozygous Cx43 mutation were more
susceptible to mammary tumor lung metastasis (I Plante et al., 2011). Silencing Cx43 in
Hs578T cells enhanced proliferation and anchorage-independent growth, associated
with upregulation of VEGF and downregulation of TSP-1 (Shao et al., 2005). Recent
studies showed that silencing Cx43 in HMT-3522 S1 cells induced mislocalization of
membranous B-catenin, enhanced proliferation and cell cycle progression, and disrupted
normal acinar morphology (Bazzoun et al., 2018). Cx43 expression was shown to revert
the transformed phenotype of human glioblastoma tumor cells (Huang et al., 1998),
U20S osteosarcoma cell line and COS-7 cells (Zhang et al., 2003), in a GJIC-independ-
ent manner. Another study found that overexpressing Cx26 or Cx43 in three-dimen-
sional (3D) cultures of MDA-MB-231 cells decreased growth rate and cell migration
and caused partial re-differentiation of the organoids in a way that was independent of
GJIC (McLachlan et al., 2006).

Taken together, the studies mentioned above demonstrate significant involvement of

Cxs in the growth and malignancy of the mammary gland.
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4. The Extracellular Matrix (ECM):

The local microenvironment has emerged as a major regulator almost two decades
ago (Chua et al., 2010; Gouon-Evans et al., 2000; Keely et al., 1995; Koledova & Lu,
2017; O'Brien et al., 2012; Taddei et al., 2008; Woodward et al., 2001). Disruption of
the mammary epithelial microenvironment is linked to breast cancer development (In-
sua-Rodriguez & Oskarsson, 2016; Majidinia & Yousefi, 2017; Soysal, Tzankov, &
Muenst, 2015).

The ECM of the mammary gland is a dynamic and heterogeneous network that is
regulated by several different factors, including hormonal cues, growth factors, and me-
chanical signaling. The ECM provides a scaffold for the epithelial cells and also regu-
lates their behavior and function through the activation of signaling pathways (Keely et
al., 1995). Alterations in the composition and organization of the ECM can lead to
changes in tissue stiffness, cell adhesion, and matrix remodeling, which are all associ-
ated with breast cancer progression (Paszek et al., 2005). Targeting the ECM has
emerged as a promising therapeutic strategy for breast cancer, with several drugs cur-
rently in clinical trials. However, the complexity and heterogeneity of the ECM also
present significant challenges for the development of effective therapies (Reviewed by
Zhao et al., 2021).

It was found that the ECM regulates the proliferation and differentiation of mam-
mary epithelial cells and that disruptions in the ECM can lead to mammary gland dys-
function (Lu et al., 2012). This study also showed that the ECM is important for the

proper organization of mammary epithelial cells into functional units called acini. The
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ECM also plays an important role in breast cancer progression, by promoting the inva-
sive behavior of breast cancer cells and that targeting specific ECM proteins can inhibit
tumor growth and metastasis (Paszek et al., 2005; Lu et al., 2014). Armstrong et al.
(2004) showed that type I collagen is highly expressed in breast tumors and is associ-
ated with increased cancer cell proliferation, migration, invasion, and resistance to
chemotherapy. They also showed that blocking the interaction between type I collagen
and cancer cells decreased tumor growth and metastasis in mouse models.

One of the key proteins present in the ECM is fibronectin, which plays a crucial role
in regulating cellular behavior. A study by Schwarzbauer et al. (2011) demonstrated that
fibronectin contributes to the formation of focal adhesions and regulates cellular con-
tractility by activating integrins. This highlights the importance of the ECM in modulat-
ing cell behavior and suggests that alterations in ECM composition or structure may
contribute to pathological conditions. Additionally, another study by Frantz et al. (2010)
showed that the stiffness of the ECM also plays a critical role in cellular behavior. They
demonstrated that a stiff ECM promotes the formation of focal adhesions and enhances
cellular proliferation, whereas a soft ECM inhibits these processes. This emphasizes the
importance of the physical properties of the ECM, particularly stiffness, in regulating

cellular behavior.

B. Cellular Pathways that Contribute to Tumorigenicity

1. Loss of Polarity:
Cell polarity is the asymmetric distribution of cellular components in a cell, which is
essential for its proper function. Loss of cell polarity has been implicated in several dis-

eases, including cancer.
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Loss of polarity can also lead to epithelial-to-mesenchymal transition (EMT), which
is a key process in cancer metastasis. During EMT, epithelial cells lose their polarity
and acquire a more mesenchymal phenotype, which allows them to migrate and invade
surrounding tissues. The loss of polarity protein Crumbs has been shown to contribute
to EMT and metastasis in breast cancer (Li et al., 2019). In this study, it was found that
loss of Crumbs led to a disruption of cell polarity and increased expression of EMT
markers, which promoted breast cancer metastasis.

Our recent study demonstrated that Cx43 is distributed in an apicolateral manner in
the luminal epithelial cells of human breast tissue. Loss of Cx43 expression disrupts ap-
ical polarity and promotes cell multi-layering, which is a characteristic feature of tumor
initiation in breast cancer (Fostok et al., 2019). Our findings suggest that individuals at
a higher risk of developing breast cancer, such as obese patients, exhibit loss of Cx43
apical distribution and cell multi-layering in an inflammatory microenvironment (Deng
et al., 2016). Our previous studies demonstrated that the silencing of Cx43 gene expres-
sion contributes to the formation of mammary tumors by promoting cell proliferation
and progression through the cell cycle, and by causing the misplacement of membra-
nous B-catenin. This leads to the loss of apical polarity, misalignment of the mitotic
spindle, and the formation of multiple cell layers and loss of lumen, all of which are
characteristic hallmarks of tumor initiation. Furthermore, silencing Cx43 also activates
signaling pathways that encourage invasion in non-tumorigenic breast epithelium
(Bazzoun et al., 2019; Fostok et al., 2019). Similarly, Lesko et al. (2015) demonstrated
that the disturbance of epithelial polarity served as an indicator for the onset of tumors

derived from epithelial tissues. The findings highlight the importance of APC tumor
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suppressor in regulating epithelial cell polarization and provide insights into the mecha-
nisms underlying tumor initiation and progression. In fact, one of the early changes ob-
served in breast tissues of women at higher risk of developing breast cancer is the loss
of polarity, which is characterized by the disturbance of the bilayered epithelial archi-
tecture and the accumulation of cells towards the lumen (Van de Vijver and Peterse
2003).

One important factor that can contribute to the loss of polarity in MECs is genetic
mutations. Several genes have been identified that are important for establishing and
maintaining polarity in mammary epithelial cells (MECs). For example, the tumor sup-
pressor gene PTEN is frequently mutated in breast cancer, and its loss has been shown
to disrupt the polarity of MECs (Kechagioglou et al., 2014). In addition, mutations in
the genes encoding for polarity proteins such as Scribble, Par3, and Crumbs can also
lead to the loss of polarity in MECs and contribute to tumorigenesis (Martin-Belmonte
& Mostov, 2008). Another factor that can contribute to the loss of polarity in MECs is
extracellular signals. The extracellular matrix (ECM) plays an important role in regulat-
ing the polarity of MECs. The ECM can provide both structural support and signaling
cues that can influence the polarity of MECs. B1-integrins, laminin-111, and dystrogly-
can are key factors involved in establishing polarity, as demonstrated in 3D cultures of
mammary and Madin-Darby canine kidney (MDCK) cells (O’Brien et al., 2001; Weir et
al., 2006; Yu et al., 2005). These integrins guide the orientation of luminal cells within
the alveoli, allowing for the formation of fluid-filled cavities that support the vectorial
secretion and intake of molecules. However, the signaling mechanisms through which
integrins regulate the establishment of the apical surface are not yet fully understood

(O’Brien et al., 2002), despite their interaction with the extracellular matrix.
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In addition to genetic mutations and extracellular signals, intracellular signaling
pathways can also contribute to the loss of polarity in MECs. One example is the Wnt
signaling pathway, which is frequently activated in breast cancer. The Wnt signaling
pathway has been shown to regulate the polarity of MECs through its effects on the pro-
tein B-catenin (Reviewed by Patel et al., 2019; Debnath et al., 2003).

In conclusion, the loss of polarity, driven by dysregulation of polarity proteins such
as connexin 43 and beta-catenin, is a critical factor that contributes to tumorigenesis.
Understanding the mechanisms underlying the dysregulation of these proteins and their
role in maintaining cellular polarity may provide insights into novel therapeutic ap-

proaches for cancer treatment.

2. Loss of Cell Cycle Control:

Mitosis is not only essential for the segregation of chromosomes but can also direct
tissue architecture and cell fate. In general, astral microtubules position and orient the
entire mitotic spindle by rotating it into the defined orientation relative to the cell axis
(Giansanti et al. 2001; O’Connell and Wang 2000). The cell cycle is a tightly regulated
process that controls cell growth and division. It is essential for normal cellular function
and tissue homeostasis (Shakelford et al., 1999). Alterations in the cell cycle machinery
can result in uncontrolled cell proliferation, which is a hallmark of cancer. Loss of cell
cycle control has been implicated in the development and progression of many types of
cancer (Reviewed by Mercadante & Kasi, 2022). One of the key regulators of the cell
cycle is the tumor suppressor protein p53. p53 plays a critical role in maintaining ge-
nomic stability by inducing cell cycle arrest or apoptosis in response to DNA damage or

other cellular stresses. Mutations in the p53 gene are common in many types of cancer,
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and loss of p53 function is often associated with poor prognosis (Huszno & Grzyb-
owska, 2018; Leroy et al., 2002). In addition to p53, other cell cycle regulators such as
cyclins, cyclin-dependent kinases (CDKs), and CDK inhibitors (CKlIs) also play im-
portant roles in cell cycle control. Loss of cell cycle control can occur through various
mechanisms, including mutations in cell cycle regulators, epigenetic alterations, and
dysregulation of signaling pathways (Ma et al., 2015). For example, in breast cancer,
loss of the CDK inhibitor pl 6INK4a has been shown to be a frequent event, and its loss
has been associated with poor prognosis (Witkiewicz et al., 2011). In addition, dysregu-
lation of signaling pathways such as the PI3K/Akt/mTOR pathway can also lead to loss
of cell cycle control and contribute to tumorigenesis (Paplomata & O'Regan, 2014).
Studies have shown that the depletion of certain proteins, including Par6, Par3, Cdc42,
aPKC, or Dlg, can cause defects in tissue architecture due to misorientation of cellular
divisions. The interaction between Dlg and LGN, an adaptor protein rich in Leu-Gly-
Asn repeats, mediates the communication between cell polarity and the direction of cell
divisions. Dlg binds LGN to the lateral side of the plasma membrane, where LGN inter-
acts with the heterotrimeric G-protein, Gai. During mitosis, LGN partners with NuMA,
a nuclear mitotic apparatus protein that recognizes astral microtubules and dynein. To
ensure proper segregation of mitotic chromosomes, the NuMA/LGN complex must lo-
calize to the cell midcortex, which requires the activation of aPKC. The Par3/Cdc42-
GTP complex activates aPKC at the apical surface, which prevents the NuMA/LGN
complex from localizing to the apical surface and thus inhibits vertical alignment of the
spindle. (Figure 5B). These findings have been reported in various studies, including
Hao et al. (2010), Jaffe et al. (2008), Zheng et al. (2010), Bergstralh et al. (2013), Dur-

gan et al. (2011), and Du and Macara (2004).
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Another study by Beroukhim et al. (2010) analyzed genomic alterations in a large co-
hort of cancer patients and identified frequent mutations in cell cycle regulators such as
TP53, CDKN2A, and RB1. The study also identified genetic alterations in other genes
that regulate the cell cycle, including cyclins and CDKs, further highlighting the im-
portance of cell cycle control in tumorigenesis.

In addition to the above examples, loss of cell cycle control has been implicated in
the development of many other types of cancer with recent ongoing research, including
pancreatic cancer (Yao et al., 2022), prostate cancer (Ben-Salem et al., 2021), and ovar-

ian cancer (Li et al., 2021), among others.

C. Breast Cancer Classification and Stages

Breast cancer is the most common cancer in women worldwide and is the second
leading cause of cancer-related deaths among women (American Cancer Society, 2023).
The classification and staging of breast cancer play a crucial role in determining the
prognosis and developing appropriate treatment strategies.

According to the World Health Organization (WHO) classification, breast cancer can
be classified based on different factors, including histological features, molecular char-
acteristics, and clinical features.

First, histological classification is based on the microscopic appearance of breast
cancer cells and their organization. The most common types of breast cancer based on
histological classification are ductal carcinoma in situ (DCIS), invasive ductal carci-
noma (IDC), invasive lobular carcinoma (ILC), and others.

DCIS is a non-invasive breast cancer that arises from the lining of the milk ducts and

has not spread beyond the ducts. It is often detected through mammography and has an
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excellent prognosis. A study by Kerlikowske (2010) found that DCIS accounts for ap-
proximately 20% of all breast cancers, and the incidence has been increasing over the
past few decades due to the widespread use of screening mammography. IDC on the
other hand is the most common type of invasive breast cancer, accounting for approxi-
mately 80% of all cases. It arises from the milk ducts and invades the surrounding
breast tissue. IDC can also spread to other parts of the body, such as the lymph nodes,
and is associated with a higher risk of recurrence and mortality. ILC is a less common
type of invasive breast cancer, accounting for approximately 10-15% of all cases (Sul-
tan et al., 2019). It arises from the milk-producing lobules and can invade the surround-
ing breast tissue and other parts of the body. ILC is associated with a unique gene ex-
pression profile compared to IDC and has distinct molecular features that may impact
treatment response (Ciriello et al., 2015).

Additionally, molecular classification is based on the molecular characteristics of
breast cancer cells, such as the expression of hormone receptors (HR), human epidermal
growth factor receptor 2 (HER2), and gene expression profiling. Molecular classifica-
tion has been instrumental in developing personalized treatment strategies for breast
cancer.

HR-positive breast cancer accounts for approximately 60-70% of all breast cancers
and is characterized by the presence of estrogen receptor (ER) and/or progesterone re-
ceptor (PR) on the surface of cancer cells (National Cancer Institute, Hormone Therapy
for Breast Cancer, 2012). HR-positive breast cancer is often treated with endocrine ther-
apy, such as tamoxifen or aromatase inhibitors, which block the production or activity
of estrogen. As reviewed by Bhatia et al. (2019), HR-positive breast cancer has a better

prognosis compared to HR-negative breast cancer.
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HER2-positive breast cancer accounts for approximately 15-20% of all breast can-
cers and is characterized by the overexpression of HER2 on the surface of cancer cells.
HER2-positive breast cancer is often treated with targeted therapy, such as trastuzumab
or pertuzumab, which block the activity of HER2.

Gene expression profiling has identified different subtypes of breast cancer based on
their gene expression patterns (Perou et al., 2000). The most common subtypes of breast
cancer based on gene expression profiling are luminal A, luminal B, HER2-enriched,
and basal-like.

Luminal A breast cancer is characterized by the expression of ER, PR, and low levels
of HER2. It accounts for approximately 40-50% of all breast cancers and is associated
with a better prognosis compared to other subtypes. Luminal A breast cancer is often
treated with endocrine therapy, such as tamoxifen or aromatase inhibitors.

Luminal B breast cancer is also characterized by the expression of ER, but has higher
levels of HER2 and/or Ki-67, a marker of cell proliferation (Sorlie et al., 2001). It ac-
counts for approximately 10-20% of all breast cancers and is associated with a worse
prognosis compared to luminal A breast cancer. Luminal B breast cancer is often treated
with a combination of endocrine therapy and chemotherapy. HER2-enriched breast can-
cer is characterized by the overexpression of HER2 and low levels of ER and PR. It ac-
counts for approximately 10-15% of all breast cancers and is associated with a worse
prognosis compared to luminal A breast cancer. HER2-enriched breast cancer is often
treated with HER2-targeted therapy, such as trastuzumab or pertuzumab, in combina-

tion with chemotherapy (Swain et al., 2015).
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Basal-like breast cancer is characterized by the absence of ER, PR, and HER2, and
the expression of basal markers, such as cytokeratin 5/6 and epidermal growth factor re-
ceptor (EGFR) (Perou et al., 2000). It accounts for approximately 10-15% of all breast
cancers and is associated with a worse prognosis compared to other subtypes. Basal-like
breast cancer is often treated with chemotherapy, as there are currently no targeted ther-
apies available. Bernardo et al. (2013) found that FOXA1 expression is negatively cor-
related with the basal-like phenotype in breast cancer cells, and that overexpression of
FOXAT1 in basal-like breast cancer cells leads to a shift towards a luminal phenotype,
characterized by increased expression of luminal markers and decreased expression of
basal markers, suggesting that targeting FOXA1 may be a potential therapeutic strategy
for this subtype of breast cancer. The majority of triple negative breast cancers are car-
cinomas with low differentiation that exhibit high aggressiveness, frequent local recur-
rence, and metastases to other organs. These cases are prevalent in younger women and
often linked to pathogenic mutations in the BRCA1 gene, and in rare instances, the
BRCAZ2 gene, which result in the development of hereditary forms of breast cancer
(Mehrgou et al., 2016).

Clinical classification is based on the stage of breast cancer, which is determined by
the size and extent of the tumor and whether it has spread to the lymph nodes or other
parts of the body (American Joint Committee on Cancer (AJCC), 1977). The stage of
breast cancer is a crucial factor in determining the prognosis and developing appropriate
treatment strategies.

The staging of breast cancer is based on the TNM system (Denoix, P., 1952, AJCC,

1977), which stands for tumor size and extent (T), lymph node involvement (N), and
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distant metastasis (M). The TNM system is used to determine the stage of breast cancer,
which ranges from stage 0 (DCIS) to stage [V (metastatic breast cancer).

Stage 0: DCIS is a non-invasive breast cancer that has not spread beyond the ducts.

Stage I: The tumor is less than 2 cm in size and has not spread to the lymph nodes or
other parts of the body.

Stage II: The tumor is between 2-5 cm in size and may have spread to nearby lymph
nodes, but not to other parts of the body.

Stage III: The tumor is larger than 5 cm in size and may have spread to nearby lymph
nodes or tissues, but not to other parts of the body.

Stage IV: The cancer has spread to other parts of the body, such as the bones, liver,

or lungs (National Cancer Institute).

D. Epigenetics in Breast Cancer

According to the International Agency for Research on Cancer (IARC), over 2.3 mil-
lion new cases of breast cancer were diagnosed in 2020 alone.

Epigenetic changes have been increasingly recognized as one of the hallmarks of
cancer development and progression (Hanahan and Weinberg, 2000). Epigenetic modi-
fications are changes in gene expression that are heritable but not caused by alterations
in the DNA sequence. DNA methylation, histone modifications, and non-coding RNAs
are the most commonly studied epigenetic alterations in cancer.

DNA methylation is a crucial epigenetic modification that regulates gene expression
by adding a methyl group to the cytosine residues in CpG dinucleotides (Feinberg and
Vogelstein, 1983). Several studies have shown that global DNA hypomethylation and

hypermethylation of specific genes are common in breast cancer cells (Shen et al., 2020;
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Zhou et al., 2018; Bae et al., 2004; Esteller et al., 2001). Yang Gao (2018) found that
DNA methylation patterns in normal breast tissue were more strongly associated with
breast cancer status than copy-number variants (CNVs). The study analyzed DNA sam-
ples from 44 breast cancer patients and 44 healthy individuals and identified differen-
tially methylated regions (DMRs) and CNVs using high-density arrays. The researchers
found that DMRs in normal tissue had a higher predictive value for breast cancer status
than CNVs, and that specific DMRs were associated with specific breast cancer sub-
types. The study suggests that DNA methylation patterns in normal tissue may serve as
potential biomarkers for breast cancer risk and early detection. Ming Qi and Xiang
Xiong (2018) conducted a meta-analysis to investigate the association between pro-
moter hypermethylation of five genes (RARB2, DAPK, hMLH1, p14, and p15) and pro-
gression of breast cancer. The results of the meta-analysis showed that promoter hyper-
methylation of all five genes was significantly associated with progression of breast
cancer. Moreover, the degree of promoter hypermethylation was positively correlated
with tumor stage, lymph node metastasis, and poor overall survival. The study suggests
that promoter hypermethylation of these genes may serve as potential biomarkers for
the early detection and prognosis of breast cancer, and may provide insights into the un-
derlying mechanisms of breast cancer progression. Another study conducted by Asiaf et
al. (2019) investigated the relationship between protein expression and methylation of
the DAPK1 gene with clinicopathological features in invasive ductal carcinoma patients
from Kashmir. It was found that methylation of the DAPK1 promoter region was found

to be higher in breast cancer tissues than in adjacent normal tissues and was associated
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with decreased protein expression of DAPK1. The study suggests that DAPK1 methyla-
tion may be a potential biomarker for breast cancer prognosis and may contribute to
breast cancer progression by regulating apoptosis and cell cycle progression.

Histone modifications are another important epigenetic alteration that regulates gene
expression by adding or removing chemical groups to the histone proteins that make up
the chromatin structure. Histone modifications can either activate or repress gene ex-
pression. As reviewed by Li et al. (2013), aberrant histone modifications have been
found to be associated with breast cancer development and progression.

One study conducted by Lu et al. (2010) found that the histone methyltransferase
EZH?2 was overexpressed in breast cancer tissues compared to normal breast tissues.
The researchers also found that EZH2 overexpression was associated with poor progno-
sis in breast cancer patients. EZH2 overexpression was also found to be associated with
increased histone H3 lysine 27 trimethylation (H3K27me3) levels, a repressive histone
modification. Therefore, targeting EZH2 may be a promising therapeutic strategy for in-
hibiting tumor angiogenesis and improving breast cancer outcomes.

Another study conducted by Shan et al (2017) reported on the role of HDAC?2 (his-
tone deacetylase 2) in breast cancer. The authors found that HDAC?2 is overexpressed in
breast cancer cells and tissues, and this overexpression is associated with aggressive
clinicopathological features such as higher tumor grade, larger tumor size, and positive
lymph node status.

Furthermore, the study found that HDAC2 overexpression is linked to activation of
the DNA-damage response pathway, which is a cellular mechanism that responds to

DNA damage and prevents the formation of cancerous cells. The authors suggest that
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HDAC2 may contribute to breast cancer progression by interfering with the DNA-dam-
age response pathway, leading to the accumulation of DNA damage and promoting the
development of cancerous cells.

Non-coding RNAs, including microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), are emerging as critical epigenetic regulators of gene expression. Dysregu-
lation of non-coding RNAs has been found to be associated with breast cancer develop-
ment and progression.

Jin et al (2017) investigated the role of the long non-coding RNA (IncRNA) MA-
LAT]I in promoting cell proliferation and metastasis in epithelial ovarian cancer via the
PI3K-AKT pathway. The authors found that MALAT1 was upregulated in epithelial
ovarian cancer tissues compared to adjacent normal tissues, and that high levels of MA-
LAT1 expression were associated with advanced tumor stage and poor prognosis.

Further experiments in ovarian cancer cell lines showed that MALAT1 promoted cell
proliferation and invasion by activating the PI3K-AKT signaling pathway. In addition,
MALAT]1 was found to regulate the expression of several genes involved in cell prolif-
eration, apoptosis, and invasion, including Bc¢l-2, Cyclin D1, MMP-2, and MMP-9. Si et
al. (2019) looked into the role of the IncRNA H19 in regulating cell growth and metas-
tasis in breast cancer via miR-138. It was found that H19 was upregulated in breast can-
cer tissues compared to adjacent normal tissues, and that high levels of H19 expression
were associated with poor prognosis.

MicroRNAs (miRNAs) are small non-coding RNA molecules that have been impli-
cated in the development and progression of breast cancer. Studies have reported in-
creased levels of specific circulating microRNAs (miRNAs) in breast cancer patients

with advanced disease. For example, miR-10b, miR-34a, and miR-155 were found to be
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elevated in metastatic breast cancer (mBC) patients (Roth et al., 2010), while miR-10b
and miR-373 (Chen et al., 2013), as well as miR-20a and miR-214 (Schwarzenbach et
al., 2012), were upregulated in patients with lymph node positive breast cancer com-
pared to those without lymph node involvement. MiR-10b has been suggested as a po-
tential biomarker for mBC metastasis to the brain and bones (Ahmad et al., 2014), and
miR-141, miR-200a, miR-200b, miR-200c, miR-203, miR-210, miR-375, and miR-801
were found to be significantly upregulated in plasma of mBC patients with circulating
tumor cells (Madhavan et al., 2012). Upregulation of miR-105 was shown to predict
metastasis in early onset breast cancer (Zhou et al., 2014), while elevated levels of miR-
17 and miR-155 could discriminate metastatic from non-metastatic breast cancers (Ei-
chelser et al., 2013).

Several studies have investigated the role of miR-183 in breast cancer. Li et al.
(2014) found that the miR-183/-96/-182 cluster was upregulated in most breast cancers
and that its overexpression increased cell proliferation and migration in breast cancer
cell lines. The researchers also identified that the cluster targets and downregulates the
expression of several tumor suppressor genes, including EGR1, ITGA9, and TIMP2,
which are involved in the regulation of cancer cell proliferation and migration. The
study suggested that the miR-183/-96/-182 cluster may play a crucial role in breast can-
cer progression and could be a potential therapeutic target for breast cancer treatment.
Moreover, Li et al. (2020) aimed to investigate the role of miR-183-5p in breast cancer
progression and its interaction with Four and a Half LIM Protein 1 (FHL1). The re-
searchers found that miR-183-5p was significantly upregulated in breast cancer tissues

and cell lines, and its overexpression promoted cell proliferation, migration, invasion,
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and angiogenesis in vitro. The overexpression of miR-183-5p also reduced FHL1 ex-
pression levels by directly targeting its 3'-untranslated region (3'UTR). Moreover, the
knockdown of FHL1 expression by siRNA could mimic the effects of miR-183-5p
overexpression on breast cancer cells. The study suggests that miR-183-5p could pro-
mote breast cancer progression by downregulating FHL1 expression, which may have
implications for breast cancer diagnosis and treatment (Li et al., 2020). In another study,
Song et al. (2016) investigated the potential of the miR-183/182/96 cluster as a prognos-
tic biomarker for breast cancer. They analyzed the expression of these miRNAs in
breast cancer tissues and found that their high expression was associated with advanced
stages of breast cancer, lymph node involvement, and poor prognosis. Furthermore, the
authors demonstrated that the miR-183/182/96 cluster promotes breast cancer cell pro-
liferation, migration, and invasion, suggesting that it may contribute to the progression
of the disease. Additionally, Naser Al Deen et al. (2022) showed that over-expression of
miR-183-5p or miR-492 was found to induce pre-neoplastic phenotypes similar to those
reported upon Cx43 loss, such as cell multi-layering, lack of lumen formation, and en-
hanced invasion (Bazzoun. et al., 2019; Fostok et al., 2019), and may act as oncomiRs
and possible biomarkers of increased breast cancer risk (Naser Al Deen et al., 2022).
Epigenetic alterations are reversible and can be targeted by epigenetic therapy. Epi-
genetic therapies aim at restoring normal gene expression patterns in cancer cells by in-
hibiting or activating specific epigenetic modifiers. Several epigenetic therapies have
been developed for breast cancer treatment, including DNA methyltransferase inhibi-
tors, histone deacetylase inhibitors, and bromodomain and extra-terminal domain (BET)

inhibitors (Shi et al., 2015; Fenaux et al., 2009; Silverman and Mufti, 2005).
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The review article by Garcia-Martinez et al. (2021) discussed the role of epigenetic
mechanisms in breast cancer therapy and resistance. The authors focused on the current
state of epigenetic-based therapies for breast cancer and noted that these therapies have
shown promise in preclinical studies, but their efficacy in clinical trials is still limited,
partly due to the development of drug resistance. They also highlighted the importance
of identifying biomarkers of epigenetic modifications and drug resistance to develop
personalized therapies for breast cancer. Additionally, for women receiving medical
care for breast cancer, modifying their lifestyle can diminish the likelihood of recur-
rence and amplify the prospects of survival (Pieta et al., 2012). It is therefore crucial to
educate women about the significance of lifestyle modifications in preventing breast

cancer and enhancing the survival rate and recurrence risk in breast cancer patients.

E. Factors that Contribute to Tumorigenicity
1. Environmental/Lifestyle Contaminants:

Environmental factors are recognized to contribute significantly to the development
of breast cancer. Studies have shown that environmental factors such as exposure to
chemicals, radiation, and lifestyle factors like diet and physical activity play a signifi-
cant role in the development of breast cancer (Chen et al., 2011; Brody et al., 2007;
Reynolds et al., 2004; Boyd et al., 2003).

Studies have reported that a high-fat diet is associated with an increased risk of
breast cancer. A study conducted by World Cancer Research Fund/American Institute
for Cancer Research (2018) reported that high-fat diets were linked to an increased risk
of postmenopausal breast cancer. A study by Aune et al. (2017) showed that consuming

a diet rich in fruits and vegetables was associated with a reduced risk of breast cancer in
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both pre- and postmenopausal women. Additionally, physical activity has been linked to
a reduced risk of breast cancer. A study by Friedenreich et al. (2010) reported that
women who engaged in regular physical activity had a reduced risk of breast cancer
compared to women who were physically inactive. The study also found that the protec-
tive effect of physical activity was more significant for postmenopausal breast cancer.
Alcohol consumption has been identified as a risk factor for the development of breast
cancer. A study by the World Cancer Research Fund/American Institute for Cancer Re-
search (2018) reported that alcohol consumption was linked to an increased risk of
breast cancer in women. The study found that the risk of breast cancer increased with
the amount of alcohol consumed. Alcohol consumption has also been identified as a risk
factor for the development of breast cancer. A study by the World Cancer Research
Fund/American Institute for Cancer Research (2018) reported that alcohol consumption
was linked to an increased risk of breast cancer in women. The study found that the risk
of breast cancer increased with the amount of alcohol consumed.

Exposure to ionizing radiation, a type of radiation that has enough energy to remove
tightly bound electrons from atoms and causing damage to DNA, has also been associ-
ated with an increased risk of breast cancer (Boyce et al., 1991; Pierce & Preston, 2000;
Land et al., 2003; Ronckers et al., 2008). For example, a study by Boice et al. (2012) re-
ported that women who were exposed to ionizing radiation during childhood had an in-
creased risk of breast cancer. The risk was highest for women who received the highest
radiation doses. Another study investigated the role of the long non-coding RNA GASS
in regulating the response of breast cancer cells to ionizing radiation. The authors found
that GASS expression was significantly reduced in breast cancer cells compared to nor-

mal breast cells. Moreover, breast cancer cells with low GASS5 expression were more
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resistant to ionizing radiation, whereas those with high GASS5 expression were more
sensitive to radiation (Ma et al., 2022).

Importantly, chemical exposure has been associated with the development of breast
cancer, including hormone-disrupting chemicals (Brody et al., 2007; Diamanti-Kanda-
rakis et al., 2009; White et al., 2016). Endocrine-disrupting chemicals (EDCs) are com-
pounds that interfere with the body's hormone systems, leading to adverse health out-
comes, including breast cancer. EDCs have been identified in several environmental
pollutants, including pesticides, industrial chemicals, and plastics. A study conducted by
Martin et al. (2018) reported that exposure to polychlorinated biphenyls (PCBs), dichlo-
rodiphenyltrichloroethane (DDT), and phthalates was linked to an increased risk of
breast cancer. Moreover, Jayaseelan et al. (2021) reviewed existing literature on the
subject and identified several potential mechanisms by which DDT exposure could con-
tribute to breast cancer development. These include DDT's ability to mimic estrogen
and bind to estrogen receptors, as well as its effects on DNA methylation and alterations
to gene expression. The authors also recommend that efforts be made to limit exposure
to DDT and other environmental toxins in order to reduce the risk of breast cancer and
other diseases.

Pesticides are chemicals used to control pests that attack crops or livestock. Studies
have identified several pesticides, including organochlorines, organophosphates, and
carbamates, as potential risk factors for breast cancer. While the evidence linking pesti-
cides to breast cancer is not conclusive, it is important to be aware of the potential risks
associated with exposure to these chemicals. For example, Kaur et al. (2019) found that
exposure to organochlorine pesticides is a significant risk factor for developing breast

cancer in young Indian women. Blood samples were collected from 156 young women
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diagnosed with breast cancer and tested for levels of six commonly used organochlorine
pesticides. The results showed that women with breast cancer had significantly higher
levels of all six pesticides compared to the control group.

The study also found that the risk of breast cancer increased with increasing levels of
organochlorine pesticides, and the risk was highest for women with the highest levels of
these pesticides in their blood.

Studies have reported that exposure to industrial chemicals, including bisphenol A
(BPA), is associated with an increased risk of breast cancer. BPA is a chemical used in
the manufacture of plastics and is commonly found in food packaging, water bottles,
and canned foods. For instance, Sengupta et al (2013) investigated the potential role of
bisphenol and bisphenol A in promoting the growth and survival of breast cancer cells
through their interaction with the estrogen receptor alpha (ERa). The study found that
both bisphenol and bisphenol A stimulated the proliferation of ERa-positive breast can-
cer cells and inhibited their apoptosis (programmed cell death). This effect was medi-
ated by the activation of the ERa signaling pathway and the upregulation of down-
stream genes involved in cell growth and survival. The authors also demonstrated that
both chemicals enhanced the binding of ERa to estrogen response elements (EREs) in
the DNA, suggesting that these chemicals can mimic the effects of estrogen in breast
cancer cells. In another study, Dong et al (2011) investigated the mechanism by which
bisphenol A (BPA), a common environmental chemical, stimulates the growth of breast
cancer cells. The study found that BPA rapidly activated the extracellular signal-regu-
lated kinase 1/2 (Erk1/2) signaling pathway in human breast cancer cells, leading to in-

creased cell proliferation and survival.
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While the exact mechanisms by which these environmental and lifestyle factors con-
tribute to breast cancer are not fully understood, it is important to continue researching
these factors to better understand how they contribute to the development of breast can-
cer. Further research may help to identify new prevention strategies and improve the

early detection and treatment of breast cancer.

2. Glyphosate: Environmental Contaminant:

Glyphosate is a widely used herbicide that was first introduced by Monsanto in 1974
under the trade name Roundup. It is commonly used in agriculture, forestry, and home
gardening to control weeds. Glyphosate works by inhibiting the activity of an enzyme
called EPSP synthase, which is required for the production of certain amino acids in
plants (Franz, 1977). This results in the death of the treated plants. Christelle Bou-Mitri
et al. (2022) investigated the presence and exposure of glyphosate in bread and flour
products in Lebanon. The researchers collected and analyzed 98 samples from various
regions in Lebanon and found that glyphosate was present in all samples, with 39% of
samples exceeding the maximum residue limit set by the European Union. The study
suggests that there is a potential health risk associated with glyphosate exposure through
bread and flour products in Lebanon and highlights the need for stricter regulations and
monitoring of glyphosate use in agriculture. In 2015, the International Agency for Re-
search on Cancer (IARC) classified glyphosate as a "probable human carcinogen" based
on studies in animals and limited evidence in humans. However, this classification has
been widely debated, with many studies and organizations disputing the IARC's find-

ings. For example, in 2017, the European Chemicals Agency (ECHA) concluded that
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glyphosate is not carcinogenic. One study included 21 case-control studies and two co-
hort studies, with a total of 502,537 participants to study the risk of non-Hodgkin lym-
phoma (NHL) and multiple myeloma (MM) upon exposure to glyphosate. The findings
suggest that exposure to glyphosate is associated with an increased risk of NHL and
MM, particularly in North America (Donato et al., 2020). Stur et al. (2019) investigated
the effects of glyphosate-based herbicides (GBHs) at low doses on canonical pathways
in estrogen receptor-positive (ER+) and estrogen receptor-negative (ER-) breast cancer
cell lines. The study found that GBHs at low doses (102 M to 10°® M) significantly af-
fected several canonical pathways in ER+ and ER- breast cancer cell lines, which in-
cluded those related to hormone signaling, cell cycle regulation, DNA damage response,
and apoptosis. Moreover, the effects of GBHs on these pathways were more pro-
nounced in ER- cell lines, and the effects were dose-dependent, with higher doses re-
sulting in greater effects (Stur et al., 2019). Thongprakaisang et al. (2013) found that
glyphosate can promote the growth of estrogen-dependent human breast cancer cells.
This study suggests that glyphosate exerts its effects on breast cancer cells by acting as
an estrogen mimetic and activating ER-mediated signaling pathways. Moreover,
Glyphosate also increased the expression of genes involved in cell proliferation and re-
duced the expression of genes involved in cell cycle arrest and apoptosis.

In another study, Zhang et al. (2019) examined the association between glyphosate
exposure and breast cancer risk in a large cohort of women. The study found that
women who had the highest levels of glyphosate in their urine had a significantly in-
creased risk of developing breast cancer compared to women with lower levels of

glyphosate. In contrast, Andreotti et al. (2018) investigated the association between

55



glyphosate exposure and cancer risk in the Agricultural Health Study cohort, which in-
cluded over 54,000 pesticide applicators. The study found a positive association be-
tween glyphosate exposure and risk of non-Hodgkin lymphoma, but no association with
breast cancer was observed. More recently, Mufioz et al. (2023) found that glyphosate
can mimic the effects of the hormone 17B-estradiol in breast cancer cells, thereby pro-
moting the activity of estrogen receptor alpha (ERa). The researchers showed that
glyphosate increased the growth of breast cancer cells, even at low doses (1 x 1078 to

1 x 1073 M), by promoting the activation of ERa. The study also found that glyphosate
promoted the migration of breast cancer cells, suggesting that it may contribute to breast
cancer metastasis.

One of the studies aiming at investigating the potential mechanism underlying the
link between glyphosate exposure and breast cancer development found that glyphosate
exposure altered the DNA methylation patterns of mammary epithelial cells, leading to
the reprogramming of the cells' epigenome in a TET3-dependent manner (Duforestel et
al., 2019). The altered epigenetic landscape resulted in the upregulation of oncogenes
and the downregulation of tumor suppressor genes, which may contribute to the devel-
opment of breast cancer. The study also found that the effects of glyphosate exposure
were more pronounced in cells that had undergone a previous transformation triggered
by the upregulation of miR-182-5p, suggesting that glyphosate may enhance the tumor-
igenic potential of already-transformed cells.

In summary, the potential link between glyphosate exposure and breast cancer risk
remains a controversial topic. While some studies have suggested a positive association

between glyphosate exposure and breast cancer risk, others have found no association.
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Further research is needed to determine the potential health effects of glyphosate expo-

sure on breast cancer risk.
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CHAPTER IV

MATERIALS AND METHODS

A. Glyphosate Treatment

Cells were treated with Glyphosate (CAS 1071-83-6, Santa Cruz) at two different
periods: during passage 1 (on days 3, 5, and 7), referred to as short-term treatment, and
during passages 1 and 2 (on days 3, 5, 7, 13, 15, and 17), referred to as long-term treat-

ment (Figure 1A).

1. Long-Term Treatment:

Long-term glyphosate treatment consisted of a continuous 10~ or 10"!! M treatment
for 21 days, replenished with every change of media, after which the cells were col-
lected and assayed.

The timetable of glyphosate treatments was based on the published paper of our col-
laborators (Duforestel et al., 2019). SCp2 and S1 cells were treated with 10> M and 10
' M glyphosate according to the timetable shown along each experiment, collected and
analyzed on day 21 of culture. Explanations for color-coded days are located in the cor-
responding legend underneath the timeline. For SCp2 cells, glyphosate was diluted in

media containing 1% FBS, 1% P/S, and 0.1% insulin (5 pg/mL).

2. Short-Term Treatment:

Short-term glyphosate treatment consisted of a continuous 10~ or 10"!! M treatment
for 11 days, replenished with every change of media, after which the cells were col-

lected and assayed. SCp2 and S1 cells were treated with 10> M and 10"!! M glyphosate
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according to the timetable shown along each experiment, collected and analyzed on day
11 of culture. Explanations for color-coded days are located in the corresponding legend

underneath the timeline.

B. Cell Culture
1. HMT-3522 S1 Cells:

The non-tumorigenic ER- negative HMT-3522 S1 human mammary epithelial cells
(Briand et al., 1987), with passages ranging from 60 to 72, were cultivated in a mono-
layer on plastic (2D culture) in serum-free H14 medium DMEM:F12 medium (GIBCO
BRL, St. Louis, MO), containing 250 ng/mL insulin (Boehringer Mannheim, Indianapo-
lis, IN), 10 ug/mL transferrin (Sigma, St Louis, MO), 2.6 ng/mL sodium selenite (BD
Biosciences), 1071 M estradiol (Sigma), 1.4 uM hydrocortisone (BD Biosciences), 5
pg/mL Biological prolactin from Ovine (NIDDK-0PRL-21 (AFP-10692C), National
Hormone & Peptide Program), and 10 ng/mL epidermal growth factor (EGF; BD Bio-
sciences) (Blaschke, Howlett, Desprez, Petersen, & Bissell, 1994; Plachot & Lelievre,
2004) at a temperature of 37°C and with 5% CO; in a humidified incubator. The H14
medium was replaced every 2-3 days. For 2D cultures, cells were plated on plastic sub-
strata at a density of 2.3x104 cells/cm?.

The drip method of 3D culture was used to induce the formation of acini. Briefly,
cells were plated on Matrigel™ (50 puL/cm?; Corning, 354234) at a density of 4.2x10*
cells/cm? in the presence of culture medium containing 10% Matrigel™ (Plachot &
Lelievre, 2004; Vidi et al., 2012). To achieve full acinar differentiation (typically
achieved on day 8 or 9), EGF was removed from the culture medium from day 7, as

stated by Plachot & Leliévre (2004). In certain experiments, Matrigel™ was mixed with
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DMEM:F/12 (Lonza, BE12-719F) at dilutions of 1:5 for S1 cells or 1:20 for SCp2 cells,

and then incubated at 37 °C for 4 hours to allow solidification.

2. SCp2 Cells:

For the nontumorigenic ER-positive mouse mammary epithelial cell (SCp2) culture,
low passage number (18 to 25) were used throughout. Cells were maintained in
DMEM/F12 growth medium containing 1% P/S, 5% FBS (Sigma, St. Louis), and 0.1%
insulin (5 pg/mL) at 37°C in a humidified incubator (95% air; 5% CO). When reaching
80% confluency, cells were washed with 1x phosphate-buffered saline (PBS) then incu-
bated with 10x trypsin (containing 25.0g porcine trypsin, 10.0g EDTA, 20NA per liter
of 0.9% NaCl; Sigma, St. Louis) at 37°C for 1 minute. The cells were washed with 5
mL complete media, and centrifuged at 1000 g for 10 minutes, and the pellet was re-
suspended in the appropriate amount of media and transferred into new culture plates

for maintenance or used for other purposes.

C. Trypan Blue Exclusion Assay

Non-treated S1 cells were plated in 12-well tissue culture plates (2D). The medium
was removed, and the cells were subsequently trypsinized and collected. Cells were
then diluted in trypan blue at 1:1 ratio (vol/vol) and counted using a hemocytometer.
The cells were counted from triplicates on days 4, 6, 8, 14, 16 and 18, following each
treatment with glyphosate.

Non-treated SCp2 cells were plated in 6-well plates at a density of 50 x 10° cell/mL

in their respective culture media. 48 hrs post-plating, the medium was replaced with
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DMEM/F12 containing 1% FBS, 1% P/S, 0.1% insulin, and 10 M or 10-'! M glypho-
sate. First, media was removed, and the cells subsequently trypsinized and collected.
Cells were diluted in Trypan Blue (1:1) ratio (V:V) and counted using a hematocytome-
ter. The cells were counted from triplicates on days 2, 5, 7 and 9 following each treat-
ment with glyphosate.

Experiments were repeated at least three times.

D. Transwell Cell Invasion Assay

Six-well culture plates were fitted with inserts (8 pm pore size). The inserts were
coated with 400 pL per insert of 1:5 diluted Matrigel™ for S1 cells and 1:20 for SCp2
cells and incubated at 37 °C for 4 hours.

DMEM:F/12 supplemented with 10% FBS was added below the insert. 3 x 10° S1
cells were plated in the inserts in DMEM:F/12 supplemented with 1% fetal bovine se-
rum (FBS; Sigma, F-9665). Cells were incubated for 72 hours and were then fixed using
4% formaldehyde in 1x PBS for 20 minutes at room temperature.

8 x 10* S1 cells were plated in the inserts in DMEM:F/12 supplemented with 1% FBS.
DMEM:F/12 supplemented with 10% FBS was added below the insert. Cells were incu-
bated for 24 hours and were then fixed using 4% formaldehyde in 1x PBS for 20
minutes at room temperature.

The cells towards the inside of the insert were removed using a cotton swab, and nu-
clei of invading cells at the bottom of the insert were stained with 1 pg/mL Hoechst
33342 (Molecular Probes, H3570) in 1x PBS for 10 minutes at room temperature. The

insert was then cut, mounted on a microscope slide in ProLong® Gold antifade reagent
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(Invitrogen Molecular Probes, P36930), allowed to dry overnight and sealed. The in-
serts were examined with a fluorescence microscope, and the number of invading cells

was counted and reported as fold change.

E. Immunofluorescence

S1 cells were plated on 4-well chamber slides (3D) (FALCON, 354104) and were
stained by immunofluorescence on day 11 as described earlier (Plachot & Leli¢vre,
2004). Briefly, cells were washed with 1x PBS and permeabilized with 0.5% peroxide
and carbonyl-free Triton X-100 (amersco, LLC 97062208) in cytoskeleton buffer (100
mM NacCl, 300 mM sucrose, 10 mM PIPES, pH 6.8, 5 mM MgCl,, 1 mM pefabloc, 10
pg/mL aprotinin, 250 uM NaF). Cells were washed twice with cytoskeleton buffer and
fixed in 4% formaldehyde, after which cells were washed thrice with 50 mM glycine in
1x PBS and blocked with IF 1x containing 10% Goat Serum for 3 hours at room tem-
perature. Primary antibody used was mouse monoclonal B-catenin (1:50; Santa Cruz Bi-
otechnology, sc-7963). Secondary antibodies conjugated with Alexa Fluor 594 (red)
(Invitrogen Molecular Probes, Eugene, OR) were used at the manufacturer’s proposed
dilutions (1:1000). Nuclei were counterstained with 1 pg/mL Hoechst, and cells were
mounted in ProLong® Gold antifade reagent, allowed to dry overnight and sealed. The
slides were then examined and imaged with a laser scanning confocal microscope

(Zeiss, LSM710). A minimum of 50 acini were analyzed per group.

F. Preparation of Whole Cell Protein Extracts and Western Blot Analysis

S1 cells were plated in T-75 tissue culture flasks (2D). Cells were washed with 1x

PBS and harvested from 2D cultures by scraping with lysis buffer (50 mM Tris-HCI,
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150 mM NacCl, 1% Nonidet P-40, 0.5% Sodium Deoxycholate, and 4% Protease Inhibi-
tors) and were collected by centrifugation at 15 000 g. Cells were lysed on day 21 for
long-term and day 11 for short-term. Proteins were quantified using the DC protein as-
say (Bio-Rad, 5000116). For Western blot analysis, equal amounts of proteins (50 puL)
were separated on 12% polyacrylamide gels and transferred to polyvinylidene difluoride
(PVDF) membranes that were subsequently blocked with 5% low-fat milk in tris-buff-
ered saline-Tween 20 (TBST) and immunoblotted with the following: mouse monoclo-
nal antibodies against Cx43 (1-2 pg/mL; Santa Cruz Biotechnology, sc- 271837, and 5
pg/mL; Invitrogen, 13-8300), and B-catenin (2 pg/mL; Santa Cruz Biotechnology, sc-
57535). Secondary antibodies conjugated to goat anti-mouse (Abcam, ab6787), were
used at 0.13 pg/mL. Equal protein loading was verified by immunoblotting for GAPDH
(mouse monoclonal, 0.4-1 pg/mL; Santa Cruz Biotechnology, sc-47724). Protein levels

were quantified using ImageJ software and normalized to GAPDH.

G. Total RNA Isolation and Quality Control

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA, cat#
74134) for total RNA isolation from SCp2 cells according to the manufacturer’s instruc-
tions. Purity and concentration of RNA samples were examined spectrophotometrically
by absorbance measurements at 260, 280 and 230 nm using the NanoDrop ND-1000
(Thermo Fisher Scientific, Wilmington, DE, USA). A260/A280 ratios between 1.8 and

2.1 were considered acceptable.
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H. Quantitative Real-Time PCR (qRT-PCR)

Reverse transcription of 10 ng of the total RNA was performed using the TagMan Mi-
croRNA Reverse Transcription Kit (Applied Biosystems, USA) according to the manu-
facturer’s instructions and as previously described by Nassar et al. (2017). Briefly,
small nuclear RNA RNU6B, miR-182-5p primers and probes were purchased as part of
the TagMan microRNA Assays Kit (Applied Biosystems, USA) with validated effi-
ciency. cDNA synthesis was carried out for miR-183-5p in each reaction with the en-
dogenous control, RNU6B. RT-qPCR was performed using BioRad CFX96 Real Time
System, C1000 Thermal Cycler (Germany). Reactions using 10 uL. of SYBR Green

JumpStart Taq ReadyMix (SIGMA S4438), 0.4 uL of the corresponding microRNA pri-

mer set from Hairpin-itTM miRNA and U6 snRNA normalization RT- PCR quantifica-
tion kit (GenePharma), 5.6 uL of DEPC treated water, and 4 uL. of cDNA were per-
formed in duplicates for each miRNA probe. cDNA Synthesis and RT-qPCR were re-
peated twice for each sample and each plate included no reverse transcription control
(NRT), no template control (NTC). The cycling conditions were 94 °C for 3 minutes
and 40 cycles of 94 °C for 15 seconds and an annealing temperature of 55 °C for 25 sec-
onds, and 12°C for 25 seconds. The relative expression of miRNA was determined us-

ing the ACt equation.

I. Reverse-Transcription PCR

1 pg of total RNA was reverse transcribed to cDNA using Quantitect Reverse Tran-
scription Kit (QIAGEN, Cat No./ID: 205311) according to the manufacturer’s protocol.
RT-PCR was performed using SYBR Green JumpStart Taq ReadyMix (SIGMA,

S4438) at 95 C for 2 minutes (Step 1), 95 for 15 seconds (Step 2), 56 for 13 seconds
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(Step 3), 72 for 1 minute (Step 4), 72 for 10 minutes (Step 5). Steps 1-4 were repeated
39 times. Products were amplified using primers for the below genes.
- Mus Musculus Beta Casein Transcript mRNA sequence
Fwd: 5 GTGGCCCTTGCTCTTGCAAG 3’
Rev: 57 AGTCTGAGGAAAAGCCTGAAC 3’
- GAPDH Glyceraldehyde 3 phosphate dehydrogenase mus musculus mRNA se-
quence
Fwd:5>CATGGCCTTCCGTGTTCCTA 3’
Rev: 5 CCTGCTTCACCACCTTCTTGAT 3°

To quantify changes in gene expression, fold changes were normalized to GAPDH.

J. Image Processing

Images of immunofluorescence labeling were recorded using LSCM fluorescent
confocal microscope (LSM 410, Zeiss, Germany). Images were processed using ZEN
lite software and ImageJ (http://imagej.nih.gov/ij/) and assembled using Adobe Pho-

toshop® 6.0 (Adobe Systems, San Jose, CA).

K. Statistical Analysis

Data were presented as means + standard error of the mean (SEM) and statistical
comparisons were done using Microsoft Excel and GraphPad Prism 3.0 software
(GraphPad Software Inc, San Diego, CA). Non-paired and paired t-test was used for
comparison of two groups whereas one-way ANOVA was employed for three or more

groups of treatments. Significance levels was at p < 0.05, p <0.01 and p < 0.001.
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L. Zymography Assay (Substrate-Gel Electrophoresis) for Gelatinase Activities

Culture media were collected from the respective SCp2 cell cultures after 21 days of
glyphosate exposure and stored at -80°C. Gelatinase activity in the collected media was
analyzed using the method described by (Talhouk et al., 2008). Briefly, equal sample
volumes mixed in 1:1 ratio (V:V) with 2x sample buffer were loaded and run on 7%
polyacrylamide gels impregnated with gelatin (4.5 mg/mL). The gels were run in 1x
electrophoresis running buffer (0.0025 M TrisHCL, pH 8.3, 0.192 M glycine, 0.1%
SDS). After electrophoresis, gels were washed once for one hour with wash buffer (sub-
strate buffer with 2.5% Triton X-100) at room temperature and then incubated for 24
hrs in substrate buffer (50 mMTris-HCL, 5 mM CaCl2, 0.02%NaN3, pH 8.0) at 37°C.
The gels were stained for 2 hrs at room temperature in 0.05% Comassie blue R- 250
(Sigma, St. Louis, Missouri, USA), in 50% methanol and 10% acetic acid and distained
in distilled deionized water for 24 hrs. The gelatinases appeared as clear white bands on
darkly stained blue gels then colors were inverted using ImageJ software in order to vis-
ualize the gelatinases as black bands against a white background as presented. Peak ar-
eas of MMP-9 bands were quantified using ImageJ in triplicates and data is represented
as the average fold increase of MMP-9 band peak area (Arbitrary Basal Density) of

three experiments + SEM (AU + SEM).

M. Ingenuity Pathway Analysis (IPA)

Chemicals, genes, and miRNAs of interest were added into the IPA pathway inter-
face (Ingenuity Systems, Redwood City, CA, USA) for analysis. Using IPA, the mole-
cules were assigned into networks and biological functions on the basis of right-tailed

Fisher’s test (P<0.05).
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CHAPTER V

RESULTS

Our study involved the application of ductal non-tumorigenic HMT-3522 S1 hu-
man mammary epithelial cells cultured in 3D conditions to generate acini that are well-
differentiated, growth-arrested, and basally polarized. Additionally, we used lobular
mouse mammary epithelial SCp2 cells, which can be differentiated through the addition
of lactogenic hormones and appropriate basement membrane components, resulting in
the exclusive expression of B-casein as a differentiation marker.

Cells were treated either during passage 1 (days 3, 5, and 7), referred to as short-
term treatment, or during passages 1 and 2 (days 3, 5, 7, 13, 15, and 17), referred to as
long-term treatment.

Data was collected during culture at days indicated after treatment, per respec-

tive assays, as described in Materials and Methods section.

A. 10 M glyphosate treatment decrease non-tumorigenic human mammary epi-
thelial S1 cell counts after the 3™ treatment (short-term) and the 6™ treatment
(long-term).

Viable S1 cell count upon glyphosate treatment was assessed by trypan blue stain-
ing. The average number of S1 cells treated with 10!! M glyphosate increased similarly
to control untreated cells during passages 1 and 2 (Fig. 1B). Although treatment with
103 M of glyphosate exhibited similar trends to those of 10"'! M on days 4 and 6 during
passage 1, and 14 and 16 during passage 2, there was a significant dip in the number of
S1 cells on days 8 during passage 1 (8 days after plating) and 18 during passage 2 (8

days after plating) to ~ 10 x 10*and 9 x 10* cells, respectively, compared to the control

untreated cells (~17 x 10%- 19 x 10* cells) (p value <0.001). The number of dead cells
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was negligible and did not differ between the different treatments and controls at the

different time points.
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Figure 1: Non-tumorigenic human mammary epithelial S1 cell counts decrease on
day 8 in short-term treated cells and on day 18 (or day 8 post-transfer) in long-
term treated cells with 10~ M, but not with 10-!! M glyphosate. (A) Treatment plant
for S1 cells cultured under 2D conditions in 12-well plates and treated with 10> M
glyphosate for short-term (covering 1 passage) or long-term (covering 2 passages) (B)
Bar graph showing a significant decrease in S1 cell counts 8 days or 3 treatments after
plating for passages 1 and 2. No differences in the growth profile of 10! M glypho-
sate-treated cells were noted. The values depicted are the mean £SEM from three sep-
arate experiments. *** denotes a p value < 0.001 compared to untreated controls for
each treatment using t-test.
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B. Glyphosate treatment enhances invasion in nontumorigenic human breast epi-
thelial S1 cells across reconstituted basement membrane.

To determine the effect of short-term and long-term treatment with 10> M and 10-!!
M glyphosate on S1 cell invasion ability through Matrigel compared to the non-treated
control, cells were counted 72 hours post-transfer into trans-well inserts. Short-term 10
M and 107! M glyphosate treatment of S1 cells showed a significant increase of 1.5-
fold and 1.6-fold in the number of Matrigel-invading cells, respectively, compared to
control untreated cells (p value <0.05) (Fig. 2A). Additionally, long-term 10> M and 10-
' M glyphosate treatment of S1 cells showed a significant increase of ~1.3-fold and

1.2-fold, respectively, compared to control untreated cells (p value <0.05) (Fig. 2B).
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Figure 2: Short-term and long-term glyphosate treatment enhances invasion in
non-tumorigenic human mammary epithelial S1 cells. (A-i) S1 cells cultured in di-
luted Matrigel (1:5) (Fostok et al., 2019) and subjected to short-term 10> M or 10! M
glyphosate treatment according to the treatment plan (A-ii) showed a significant fold in-
crease in the number of invading cells compared to untreated controls. (B-i) S1 cells cul-
tured in diluted Matrigel (1:5) and subjected to long-term 10> M or 10"'! M glyphosate
treatment according to the treatment plan (B-ii) showed a significant fold increase in
number of Matrigel-invading cells compared to untreated controls. Invasion was assessed
by trans-well invasion assay; invading S1 cells were stained by Hoechst 72h post-transfer
into inserts, followed by counting. The values depicted are the mean £SEM from three
separate experiments. * denotes a p value < 0.05 compared to the untreated control using
t-test.
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C. Short-term glyphosate treatment of S1 3D cultures alters acinar structure
when added pre-lumen assembly or both pre- and post-lumen assembly, but
not post-lumen assembly.

The non-tumorigenic human mammary epithelial HMT-3522 S1 cell line grows into
3D differentiated acinar-like spheroids by day 7 on Matrigel, which are around 30 pm in
diameter and have a single layer of cells encircling a central lumen with apicolateral po-
larity (Peterson et al., 1992; Vidi et al., 2013). To determine whether short-term glypho-
sate treatment could affect the organization and differentiation of the mammary epithe-
lium through different stages of acinar formation, S1 cells on Matrigel were subjected to
short-term glyphosate treatment pre-lumen, post-lumen, as well as pre- and post-lumen
assembly, after which acinar 3D morphogenesis and lumen formation were assessed.
For treatments performed pre-lumen assembly (Fig. 4C), 68% of the control untreated
S1 acini displayed typical lumen structures enclosed within a single layer of cells, but
only 51% and 47% of the S1 acini treated for short periods with 10> M and 10! M
glyphosate, respectively, had normal morphology with undisrupted lumen (p
value<0.05). Additionally, treatments done pre- and post-lumen assembly showed sig-
nificant decrease in the percentage of acini with a normal lumen with 10 and 10! M
glyphosate (~52%, p value<0.05) when compared to the control untreated group (66%)
(Fig. 4D). Conversely, S1 cells treated with 10> M and 10! M glyphosate post-lumen
assembly (Fig. 4E) showed no significant change in the percentage of normal acini

(61% and 57%, respectively) when compared to the control untreated group (62%).
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Figure 3: Lumen formation in 3D cultures of mammary epithelial S1 cells is disrupted
upon short-term glyphosate treatment pre-lumen assembly and both pre- and post-
lumen assembly, but not upon treatment post-lumen assembly. (A) Treatment plan for
S1 cells cultured under 3D conditions in 4-well cell culture chambers and treated with 10
>M and 10"'! M glyphosate for short-term. Acini of (B-i) control untreated S1 cells (0 M)
and (B-ii) S1 cells subjected to short-term glyphosate treatment at 10 or 10! M were
stained with Hoechst (blue) and scored for lumen formation. White arrows point at acini
with normal monolayered lumen, while red arrows point at those with disrupted multi-
layered lumen. (C) Bar graph showing a decrease in the percentage of acini with proper
lumen assembly from 69% to ~50% in short-term glyphosate-treated (107 and 10! M) S1
cells pre-lumen assembly. (D) Bar graph showing a significant difference in the percentage
of acini with proper lumen assembly between control untreated (0 M) and short-term
glyphosate-treated (107 and 10! M) S1 cells pre- and post- lumen assembly from ~65%
to ~50%. (E) Bar graph showing no significant difference in the percentage of acini with
proper lumen assembly in control untreated (0 M) and short-term glyphosate-treated (10
and 107! M) S1 cells post-lumen assembly. Cells were fixed on day 11 and stained using
Hoechst. One hundred acini were scored for each condition in every replicate. Each bar
represents triplicate analyses of mean + SD. * p < 0.05 compared to the untreated control
using t-test analysis.
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D. Long-term glyphosate treatment disrupts lumen formation ability in 3D cul-
tures of human breast epithelial S1 cells.

To determine whether long-term glyphosate treatment could influence the organiza-
tion of the breast epithelium, S1 cells were subjected to long-term treatment pre- and
post-lumen assembly only, after which acinar morphogenesis and lumen formation were
assessed. While 61% of the control untreated S1 acini displayed typical lumen struc-
tures enclosed within a single layer of cells (Fig. 4B-i control and 4C), only 34-35% of
the S1 acini treated for long periods with 10 and 10! M glyphosate, respectively, had

normal morphology with undisrupted lumen.
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Figure 4: Long-term glyphosate treatment disrupts lumen formation in 3D cultures
of human breast epithelial S1 cells. (A) Treatment plan for S1 cells cultured under 2D
conditions then transferred into 3D 4-well cell culture chambers and treated with 10> M
and 10-'! M glyphosate for long-term. Acini of (B-i) control untreated S1 cells (0 M) and
(B-ii) S1 cells subjected to long-term glyphosate treatment at 10> and 10! M were
stained with Hoechst (blue) and scored for lumen formation. White arrows point at acini
with normal monolayered lumen, while red arrows point at those with disrupted lumen.
(C) Bar graph showing more significant decrease in the percentages of acini with undis-
rupted monolayered lumen in S1 cells subjected to long-term glyphosate treatment com-
pared to short-term treated ones, from 60% to ~34-35%. One hundred acini were scored
for each condition in every replicate. Each bar represents triplicate analyses of mean +
SD. *x p < 0.01 compared to the untreated control using t-test.

E. Long-term glyphosate treatment does not affect expression levels of polarity
markers B-catenin and Cx43 in 10-5 and 10! M glyphosate-treated 2D extracts
of S1 cells.

We have previously shown that S1 cell's typical acinar morphology and epithelial cell

polarity are both affected by Cx43 expression (Bazzoun et al., 2019). Moreover, Cx43

assembly into GJs and its association with ZO-2 and B-catenins is shown to be essential
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to mammary epithelial differentiation (Talhouk et al., 2008). To determine whether
glyphosate affects expression levels of Cx43 and S-catenin, a Cx43-associated polarity
protein, western blot analyses were performed. No significant changes were observed in
Cx43 and p-catenin expression levels upon treatments with both concentrations of
glyphosate when compared to the untreated control (Fig. SA). Further quantitative anal-
ysis of the bands obtained through western blotting confirmed the non-significant
change in normalized f-catenin (Fig. 5B) and Cx-43 (Fig. 5C) expression levels upon

107 and 10! M glyphosate treatment.
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Figure 5: Western blot analysis show no significant change in B-catenin and Cx43
levels of long-term glyphosate treated S1 cells. (A) Representative western blot compar-
ing the expression of S-catenin and Cx43 in 10 and 10"!! M glyphosate-treated S1 cells
and the untreated control. GAPDH was used for normalization of protein loading. (B)
Quantification of Cx43 and (C) fS-catenin levels normalized to GAPDH showing no sig-
nificant change compared to the untreated control. The analysis depicted are the means +

standard error of the mean (SEM) from two independent experiments.
F. Short-term and long-term glyphosate treatment alters p-catenin localization in
3D cultures of human breast epithelial S1 cells.

Data from our laboratory has shown that S1 acini with correct morphology display
apicolateral distribution of f-catenin and gap junctional complexes (Bazzoun et al.,
2019). To determine whether S-catenin cellular distribution differ upon glyphosate treat-
ment, immunofluorescence was used. It was noted that in the untreated control, -
catenin is localized apicolaterally (Fig. 6B Control). However, the redistribution was
noted in short-term treated cells whereby fS-catenin was redistributed across the entire
cell membrane (basolaterally). Furthermore, scoring of acini with apicolateral distribu-
tion of f-catenin showed and confirmed a significant decrease from ~70% in the un-
treated control group, to 57% and 39% upon 10> M (p value<0.01) and 10''' M (p

value<0.001) glyphosate treatment, respectively (Fig. 6C).

To further ascertain whether f-catenin cellular distribution maintains a basolateral
distribution pattern upon long-term glyphosate treatment, immunofluorescence was
used on long-term treated S1 cells. It was indeed noted that f-catenin displayed a dif-
fused localization in treated cells compared to its apicolateral localization of untreated
controls (Fig. 7B). This was further validated upon scoring of acini with apical /-
catenin, where the percentage decreased from ~73% to 42% and 40% upon 10~ and 10

' M glyphosate, respectively (p value<0.001) (Fig. 7C).
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Figure 6: 105 and 10! M short-term glyphosate treatment alters B-catenin localiza-
tion in 3D cultures of human breast epithelial S1 cells. (A) Treatment plan for S1 cells
cultured in 3D and treated for short-term with 10> M and 10-'! M glyphosate. (B) Repre-
sentative S1 acini immunostained for f-catenin (red) and counterstained with Hoechst

78



(blue). The upper lane shows a control untreated S1 acinus with undisrupted monolayered
lumen and apicolateral f-catenin localization. The middle lane shows an S1 acinus fol-
lowing short-term glyphosate treatment at 10-!! M, and the lower lane shows an S1 acinus
following short-term glyphosate treatment at 10> M. Both 10 and 10! M short-term
treatment reveal relocalization of f-catenin to a basolateral distribution across the entire
cell membrane. (C) Quantification of f-catenin localization shows significant redistribu-
tion of f-catenin from the apicolateral to the basolateral domain in S1 acini with mono-
layered lumen after short-term glyphosate treatment at 10~ and 10"!! M. Localization of
p-catenin was evaluated under fluorescent microscopy. One hundred acini from every
replicate were visualized, and each acinus was scored for polarity based on the f-catenin
(red) localization as apicolateral versus basolateral. Each bar represents triplicate analyses
of mean + SD. ** P < 0.01 and *** P < 0.001 compared to the untreated control using
unpaired t-test.
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Figure 7: 10 and 10! M long-term glyphosate treatment alters B-catenin localiza-
tion in 3D cultures of human breast epithelial S1 cells. (A) Treatment plan for S1
cells cultured in 2D then transferred to 3D and treated for long-term with 10> M and
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10" M glyphosate. (B) Representative S1 acini immuno-stained for S-catenin (red) and
counterstained with Hoechst (blue). The upper lane shows a control untreated S1 acinus
with undisrupted monolayered lumen and apicolateral f-catenin localization. The mid-
dle lane shows an S1 acinus following short-term glyphosate treatment at 10"!! M, and
the lower lane shows an S1 acinus following short-term glyphosate treatment at 10~ M.
Both 10! and 107 long-term treatments reveal relocalization of S-catenin from an
apicolateral to a basolateral distribution pattern. (C) Quantification of f-catenin locali-
zation shows significant redistribution of f-catenin from the apicolateral to the basolat-
eral domain in S1 acini after long-term glyphosate treatment at 10-> and 10! M. Locali-
zation of f-catenin was evaluated under fluorescent microscopy. One hundred acini
from every replicate were visualized, and each acinus was scored for polarity based on
the f-catenin (red) localization as apicolateral versus basolateral. Each bar represents
triplicate analyses of mean + SD. *** P < (0.001 compared to the untreated control using
unpaired #-test.

G. Short-term and long-term glyphosate treatment does not affect growth rate of
normal mouse mammary epithelial cells (SCp2).
Next, we sought to investigate the effect of glyphosate on loss of differentiation,
marked by the downregulation of 3-casein, and tumor initiation in lobular mouse mam-

mary epithelial SCp2 cells.

To investigate the effect of exposure to 10~ and 10! M glyphosate on SCp2 cell
growth rate compared to the non-treated control, exposed cells were counted at the cor-
responding time points, days 2, 5, and 8 during passage 1 (short-term treatment), and
days 12, 15, and 18 during passage 2 (long-term treatment) (Fig. 8 A). No significant
difference in the growth rate of SCp2 cells was observed between treatments with both
concentrations and control non-treated cells whether for short-term or long-term (Fig.
8B). The number of dead cells was negligible and did not differ between the different

treatment and controls at the different time points.
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Figure 8: Short-term and long-term glyphosate treatment does not affect growth
rate of mammary epithelial SCp2 cells. (A) Glyphosate exposed SCp2 cells for short-
term and long-term, were cultured in 2D conditions in 6-well plates. (B) Cell count was
assessed using trypan blue exclusion assay at day 2, 5, 8, 12, 15, and 18 (following each
treatment). Number of cells was not affected by the addition of glyphosate at the different
timepoints. The values depicted are the means =+ standard error of the mean (SEM) of cell
counts x 10* from three independent experiments. N.S = Not significant.
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H. Long-term 10! M glyphosate treatment enhances invasion in nontumorigenic
mouse mammary epithelial SCp2 cells.

To assess whether glyphosate treatment induces cell invasion through matrigel,
trans-well invasion assay was performed by seeding equal numbers of SCp2 cells over

trans-well filters (having pores of 8 um in diameter) coated with 1:20 diluted matrigel.
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After 48 hours, the number of invading SCp2 cells was viewed under fluorescent micro-
scope and counted (Fig. 9B). Glyphosate treatment increased the number of invading
SCp2 cells by ~8-folds when treated for long-term with 10-'! M glyphosate (p value <
0.05) (Fig. 9C), whereas treatment with 10> M glyphosate exhibited a non-significant

~4-fold increase in invading SCp2 cells.

Additionally, conditioned media were collected and assayed for MMP-9 by zy-
mography. Active MMP-9 levels were upregulated upon treatment with 10> M and 10
"M of glyphosate compared to the untreated control, as shown in the zymogram (Fig.
9D). 10°!! M treatment exhibited higher levels of MMP-9 compared to the 10 M

treated cells, with respect to the control untreated cells.
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Figure 9: 10! M long-term glyphosate treatment induces an invasive phenotype in
nontumorigenic SCp2 mammary epithelial cells. (A) Treatment plan for SCp2 cells
treated for long-term in 2D culture, then transferred to trans-well inserts for 24 hours. (B)
Representative images of untreated control and 107! M glyphosate treated SCp2 cells
invading across 1:20 diluted Matrigel. Invading SCp2 cells were counted after fixation
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and Hoechst staining. (C) Histogram showing an increase in the fold change of the num-
ber of invading SCp2 cells after treatment with 10"!! M glyphosate. The values depicted
are the mean +SEM from three separate experiments, * denotes a p value <0.05 compared
to controls for each treatment using t-test. (D) Gelatin zymography of SCp2 conditioned
media collected from non-treated control cells and glyphosate treated cells (10~ and 10
""M) upon reaching 80% confluency. GM=Growth Media containing 1% FBS (used as a
negative control).

I. 10" M long-term glyphosate treatment downregulates differentiation marker
B-Casein expression in SCp2 cells.

Under differentiation-permissive conditions ensured by the addition of lactogenic
hormones, such as prolactin and suitable basement membrane components, SCp2 cells
produce B-casein as a differentiation marker. In order to check whether glyphosate treat-
ment affects differentiation of SCp2 cells, PCR was performed on mRNA extracted
from SCp2 cells which were induced to differentiate using EHS drip. Samples run on
agarose gel showed a decrease in B-casein expression in 10! M glyphosate-treated
SCp2 cells, compared to the untreated positive control (Fig. 10A). Quantification of
bands further validated a significant downregulation of B-casein in glyphosate-treated

cells (p value<0.05) (Fig. 10B).
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Figure 10: 10'!' M long-term glyphosate treatment disrupts p-Casein expression in
SCp2 cells on drip. (A) A representative agarose gel showing beta-casein mRNA lev-
els after treatment of SCp2 cells with 10"!! M of glyphosate on drip. As a negative con-
trol for drip, SCp2 cells were seeded on plastic and supplemented with non-differentia-
tion media (NDM) lacking prolactin. (B) Quantification of bands shown in the agarose
gel using ImageJ show significant decrease in B-Casein levels. B-Casein mRNA levels
were normalized with GAPDH expression. Statistical analyses were obtained from two
independent experiments; * denotes p <0.05 and *** denotes p <0.001.

J. Long-term glyphosate exposure upregulates miR-183 expression in mammary
epithelial SCp2 cells.

To evaluate whether glyphosate influences onco-miR-183-5p in SCp2 cells, levels
of miR- 183-5p were assessed by RT-qPCR. The results revealed an estimated 1.5- and

4-fold increase in miR-183-5p expression in SCp2 cells treated with 10~ and 101! M
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glyphosate, respectively, for long-term as compared to the non-treated control, using
RNUG6B as an endogenous control (Figure 11). This experiment was performed only

once (n=1), to be confirmed by more replicates.
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Figure 11: Long-term glyphosate exposure upregulates miR-183 expression in
mammary epi-thelial SCp2 cells. miR-183 expression in glyphosate treated SCp2 cells
was assessed by RT-qPCR using RNU6B as an endogenous control. The values de-
picted in the histogram are the fold change of normalized miR-183 expression of only
one experiment. (n=1; to be confirmed).

K. Upregulation of miR-183-5p, as well as downregulation of B-casein and differ-
entiation of mammary epithelial cells are potential downstream targets of
glyphosate use involved in pre-tumorigenic pathways.

Previous studies at our lab have revealed a link between miR-183 over-expression,
breast cancer initiation, and the disruption of polarity in ductal epithelial cells as indi-
cated by disrupted localization of polarity markers (Naser Al Deen et al. 2022). Another
study showed that in tissue samples obtained from invasive lobular carcinoma (ILC)
and lobular carcinoma in situ (LCIS), miR-183 was among the overexpressed miRNAs

along with miR-182 and miR-375 identified in the epithelium (Naser Al Deen et al.,

2019; Giricz et al., 2012). These findings suggested that miR-183 was associated with
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the development of lobular neoplasia. Here, we sought to link glyphosate-induced miR-
183 overexpression (Fig.11) with other intermediate genes involved in loss of differenti-

ation and breast cancer initiation.

To identify the possible glyphosate-induced pathway that might be driving pre-tu-
morigenic phenotypes in SCp2 ER-positive, Ingenuity Pathway Analysis (IPA) was
used. Some of the predicted (with high or moderate confidence) targets downstream of
glyphosate that are implicated in breast cancer and ER-dependent are illustrated (Figure
12). Specifically, the superoxide dismutase type 1 (SOD1) enzyme, is indirectly inhib-
ited by glyphosate, which leads to the direct activation of tumor protein P53 (TP53)
transcriptional regulator, as SOD1 under normal conditions inhibits TP53. This in turn
leads to the upregulation of miR-183-5p. Additionally, the upregulation of miR-183-5p
is predicted to directly inhibit estrogen receptor 2 (ESR2). ESR2 is normally responsi-
ble for breast cancer gene 1 (BRCA1) activation, and thus the differentiation of mam-
mary epithelial cells, and B-casein (CSN2) expression. Also, ESR2 under normal condi-
tions inhibits breast cancer pathways. As such, when ESR2 is inhibited, the pathway for
differentiation is inhibited, and breast cancer-related pathways are activated (to be

added later).
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Figure 12: Predicted interactions between glyphosate and target genes involved
in pre-tumorigenic pathways of ER-positive SCp2 cells. IPA was used to plot
the predict-ed targets in a mechanistic network, using the Path Explorer which
calculates the “Shortest Path.

Using the overlay MAP (Molecule Activity Predictor) in IPA, and glyphosate selected
as “activated” (indicated in red), miR-183-5p is upregulated through the inhibition of
SODI and the activation of TP53, and ESR2, thus inhibiting CSN2, are affected by
glyphosate and involved in breast cancer pre-tumorigenic pathways and inhibition of
differentiation of mammary epithelial cells.

The blue lines and molecules represent inhibition; orange lines and molecules represent
activation. Solid lines imply direct relationships between gene products while dotted
lines imply indirect interactions.
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CHAPTER VI

DISCUSSION

Only 5 to 10% of breast cancers are thought to be directly brought on by heredi-
tary genetic mutations, such as mutations in the BRCA1 and BRCA?2 genes. The re-
maining 90% of breast cancer are associated with environmental contaminants and life-
style factors that impact DNA and may result in genetic abnormalities in gene expres-
sion (American Cancer Society, 2021; Abdul et al., 2017; Anand et al., 2008). High in-
take of refined starches and sugars, smoking, infections, excess weight, alcohol, expo-
sure to radiation and heavy metals, stress, lack of physical exercise, and the use of pesti-
cides and herbicides such as glyphosate, among other causes, are environmental and
lifestyle factors that have been implicated in breast cancer studies (Hiatt & Brody,
2018).

We report here the impact of glyphosate on tumor initiation events using lobular
and ductal mammary epithelial 2D and 3D cell culture models with different ER status.
Our primary focus was to evaluate the effects of glyphosate on the differentiation mark-
ers of these cell types. While numerous studies have identified potential risk factors as-
sociated with glyphosate use, the causal relationship between glyphosate exposure and
breast cancer remains unclear (IARC Monographs, 2015; Williams et al., 2016). It is
noteworthy that most countries have not placed a ban on the use of glyphosate
(Klingelhofer et al., 2021).

Glyphosate use and its link to cancer, including BC, have been the subject of contradic-

tory reports. While some regulatory agencies state there is a lack of evidence connecting
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glyphosate to cancer, other studies show evidence of genotoxic properties, increased ox-
idative stress, and estrogen pathway disruption, among other harmful effects (Mesnage
et al., 2019). One study found that glyphosate exposure was associated with an in-
creased risk of non-Hodgkin lymphoma (NHL) (Zhang et al., 2019). Another study re-
ported an association between glyphosate exposure and an increased risk of breast can-
cer in postmenopausal women (Andreotti et al., 2018). However, in 2021, the European
Union (EU) concluded that glyphosate poses minimal risk to human health and the en-
vironment and does not cause cancer, suggesting that there is no link between glypho-
sate and breast cancer. It is also important to note that the International Agency for Re-
search on Cancer (IARC) classified glyphosate as a "probable human carcinogen" in
2015, while the US Environmental Protection Agency (EPA) and other regulatory agen-
cies maintain that glyphosate is safe when used as directed. Interestingly, while it was
thought that glyphosate acts through ER, therefore affecting cell lines that have tested
positive for ER (Mesnage et al., 2017; Thongprakaisang et al., 2013), Stur et al. (2019)
showed effects of glyphosate and its metabolite AMPA on both estrogen-positive and
estrogen-negative breast cancer cell lines. The authors found that low doses of glypho-
sate were capable to alter canonical pathways, such as PI3K/Akt, ERK/MAPK, and
JAK/STAT signaling pathways, in both cell lines.

We used well-characterized mammary epithelial cell lines; human-derived ER-
negative ductal HMT-3522 S1 and mouse-derived ER-positive lobular SCp2 cells. 3D
cell culture models have emerged as a promising tool in the fields of biology and medi-
cine, with increasing use in recent years (Brancato et al., 2020). For example, according
to Khafaga et al. (2022), a 3D cell culture model can preserve the genetic profile, heter-

ogeneity, and structure of both cancerous and normal stromal cells in a perfect setting.
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This suggests that a 3D cell culture model could potentially serve as a useful tool in
cancer research and treatment by allowing for more accurate and representative model-
ing of the tumor microenvironment than 2D cultures. Koledova (2017) emphasizes that
3D cultures mimic important features of the in vivo environment, including cell-cell and
cell-extracellular matrix interactions, which are particularly important in cancer biology.

S1 cells develop into well-differentiated glandular structures or acini that are
marked by a polarity axis with apicolateral tight junctions when cultured in 3D with
basement membrane components (Plachot & Leliévre, 2004). Hence, we aimed to as-
sess the effects of glyphosate on lumen formation and polarity in ductal epithelial cells.
Furthermore, we sought to evaluate the differentiation marker of SCp2 lobular epithelial
cells marked by the expression of the milk protein B-casein.

Data collected in our studies were obtained following long-term and short-term
treatments with glyphosate at environmentally relevant and previously tested doses of
10> M and 10! M, which are lower than the concentrations detected in biological flu-
ids such as milk, serum, and urine, as reported in previous studies (Steinborn et al.,
2016; Yoshioka et al., 2011; Acquavella et al., 2004), and were similarly used by Sritana
et al. (2018) in their study using human cholangiocarcinoma cell line (HuCCA-1). Ac-
cording to Wang et al. (2016), a degradation product of glyphosate, phosphonate
AMPA, exhibited toxicity towards humans at a concentration of 2.5 x 10 M. According
to the Environmental Protection Agency (EPA), residues of glyphosate on food are safe
for consumers up to the established tolerances, which vary depending on the crop and
range from 0.1 to 400 parts per million (ppm) (equivalent to 5.91 x 107 M to 2.36 x 10*
M). A number of studies, including those by Thongprakaisang et al. (2013), Mesnage et

al. (2017), and Sritana et al. (2018), have utilized a concentration of 10"!! M to examine
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the impact of glyphosate on human cells. However, a separate investigation demon-
strated that varying concentrations of glyphosate, ranging from 2 x 10* M to 6 x 10 M,
elicited no discernible clastogenic impact in cultures of peripheral human lymphocytes
(Madas et al., 2009). As for the half-life of glyphosate, Bento et al. (2016) reported that
glyphosate remains in the soil between 1 and 197 days, whereas Gandhi et al. (2021) in-
dicated that the period taken to degrade 50% of glyphosate in water is less than 14 days
in aerobic environments and around 14-22 days in anaerobic environments. Because the
half-life of glyphosate varies depending on the condition, we referred to studies that
have used in vitro cell cultures to study pesticides. Imidacloprid, a neonicotinoid insecti-
cide, was studied in vitro using human liver cells for a period of 10 days (Ozdemir et al.,
2018), a duration that we utilized as short-term. Whereas, Atrazine, an herbicide, was
studied in vitro using human prostate cancer cells for a period of 21 days (Huang et al.,
2015), a duration that we utilized as long-term. In addition, we employed long-term
treatment to examine the persistence of tumor initiation outcomes subsequent to trans-
fer.

We first evaluated the effect of 10~ and 10! M glyphosate on S1 cell counts. In
our study, 10~ M glyphosate was the highest concentration with no evident effect on
cell viability and proliferation (unpublished data), where cells did not grow consistently
with the control untreated cells after day 8 in culture pre- and post-transfer. This indi-
cates that a higher concentration of 10> M glyphosate treatment for a prolonged period
may affect cell growth rate. However, S1 cells that were exposed to a concentration of
10! M glyphosate increased in a similar manner to untreated control cells during the

first and second passages, indicating no effect on cell growth.
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We next looked into tumor initiation events triggered by glyphosate in non-tu-
morigenic S1 cells. We show that both long-term and short-term 10~ and 10! M
glyphosate treatments enhanced invasive capacities in non-tumorigenic human S1 cells.
This observation aligns with earlier research wherein the upregulation of miR-182-5p
and glyphosate treatment in nontumorigenic breast MCF10A cells show invasive pat-
terns similar to MCF7 and MDA-MB-231 breast cancer cell lines in 2D, as demon-
strated by Duforestel et al. (2019).

We additionally show that short-term glyphosate treatment disrupts lumen assembly in
3D cultures of S1 cells when treated pre-lumen assembly alone (before day 7), as well
as pre- and post-lumen assembly, but not post-lumen assembly (after day 7). Likewise,
long-term glyphosate treatment pre- and post-lumen assembly disrupt lumen formation.
Glyphosate may have the ability to disturb the process of lumen formation and the po-
larized phenotype before it is established, which in turn may affect cell junctions. In-
deed, previous studies have shown that treatment with 18-a GA downregulated the ex-
pression of connexin 43 (Cx43) which led to decreased GJIC, and disrupted lumen as-
sembly (Bazzoun et al., 2019; El Sabban et al., 2003), suggesting that glyphosate may
have a similar effect in disrupting lumen assembly through modulating gap junctional
activity. However, glyphosate does not interfere with lumen assembly after it has been
formed. Furthermore, another study reported that gap junctions are potential targets for
new insecticides, as gap junction inhibitors elicit toxic effects on adult female mosqui-
toes (Calkins & Piermarini, 2015). Noteworthy is that gap junctions and Cx43 expres-
sion were altered in response to a large number of environmental xenobiotics, including

herbicides, pesticides, and heavy metals. For example, Pointis et al. (2011) found that
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certain herbicides and pesticides can alter gap junction-mediated communication in Ser-
toli cells, which are important for spermatogenesis. Meanwhile, Fiorini et al. (2004)
showed that exposure to lead, cadmium, and mercury can lead to decreased expression
of Cx43 in the liver, which may contribute to liver dysfunction.

To control cell development and proliferation, polarity proteins Cx43 and [3-
catenin interact, while Cx43 and cadherins appear to control $-catenin signaling by se-
questering it at the membrane (Spagnol et al., 2018; Talhouk et al., 2013; Talhouk et al.,
2008). Additionally, binding of E- or N-cadherins (E- or N-) to B-catenin is essential for
the suppression of cell proliferation (Gottardi, Wong, & Gumbiner, 2001; Kamei, Toyo-
fuku, & Hori, 2003). As a result, one of the indicators of junctional disassembly is the
relocalization of B-catenin to the nucleus and activation of the canonical Wnt/B-catenin
pathway (Prasad et al., 2008; Jonsson et al., 2000). Previously, we found that Cx43-
shRNA S1 cells, which serve as pre-tumorigenic models for BC, lacked apical polarity
and showed disrupted lumen assembly in 3D cultures, and activated invasion pathways
(Fostok et al., 2019; Bazzoun et al., 2016). Although our data show that glyphosate
treatment did not alter the expression levels of Cx43 and B-catenin, we postulate that the
mislocalization of Cx43 and B-catenin could induce the loss of lumen formation and en-
hance the invasive potential as previously reported by Bazzoun et al., 2016.

In our study, we indeed show the relocalization of B-catenin from an apicolateral to a
basolateral distribution pattern upon treatment with long-term and short-term 10-> and
10" M glyphosate. Apicobasal polarity is important for controlling epithelial processes
such as proliferation, migration, apoptosis, morphology, and differentiation (Chatterjee

& McCaffrey, 2014). Studies have shown that loss of apical polarity can lead to cell cy-
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cle entry in S1 acini, but this alone is not sufficient to increase proliferation (Chandra-
mouly et al., 2007). Additionally, in endothelial cells, altered distribution of B-catenin in
the membrane is linked to weakened cell-to-cell connections, gaps between cells, and
increased permeability (Scholz et al., 2004). Thus, as a result of weakened cell-to-cell
contact, the relocalization of B-catenin in S1 cells may prompt invasion.

To assess the effect of glyphosate on tumor initiation events and differentiation pattern
of other cell types, we used lobular nontumorigenic mouse derived SCp2 cells. 10~ and
10" M glyphosate did not exhibit a cytotoxic effect on SCp2 cells. Interestingly, our re-
sults indicate that long-term treatment with 101! M glyphosate triggered an enhanced
invasive phenotype, but not with the higher concentration of 10> M. This can be possi-
bly explained by the upregulation of MMP-9 which is more evident upon 10! M
glyphosate treatment. In fact, MMP9 protein expression was found to be associated with
high tumor grade and Nottingham Prognostic Index, both of which are indicators of
more aggressive breast cancer (Izdebska et al., 2021). In addition, MMP9 overexpres-
sion was more frequent in patients with larger tumor sizes (Jiang and Li, 2021), and is
also classified as a tumor biomarker and prognostic factor, suggesting that it may have
clinical value in predicting disease progression (Joseph et al., 2020). Therefore, this
might be indicative of a stronger effect of 10-'! M glyphosate compared to 10~ M in tu-
mor progression, marked by higher levels of MMPO. In fact, previous studies have
shown epigenetic changes upon low concentrations of the endocrine-disrupting chemi-
cal Bisphenol-A (BPA) even at low concentrations as opposed to high concentrations
(Longo et al., 2020; Vandenberg et al., 2012). Moreover, Aouad et al. (2017) found that

the synthetic retinoid ST1926 exhibits potent antitumor activities in both 2D and 3D
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breast cancer cell models, with the strongest activity observed at low concentrations,
suggesting that chemicals and drugs work in a dose-dependent manner.
This may also be indicative of the presence of tissue inhibitors of metalloproteinases
(TIMPs) in the 10> M glyphosate treated cells to counterbalance the low levels of
MMP-9. In 10! M treated cells in contrast, levels of TIMPs may be similar to those in
103 M. In fact, TIMP-1 has been found to have antiapoptotic properties in MCF10A
cells. Specifically, overexpression of TIMP-1 has been shown to inhibit apoptosis fol-
lowing the loss of cell adhesion, or anoikis, independent of its ability to stabilize cell-
matrix interactions. Additionally, TIMP-1 overexpression has been associated with the
constitutive activation of focal adhesion kinase (FAK), a signaling molecule critical for
the cell survival pathway, in MCF10A cells (Li et al., 1999). Talhouk et al. (1992)
showed that involuting mammary glands that received TIMPs implants maintained high
levels of B -casein and delayed alveolar regression, and apoptosis (Lund et al., 1996),
suggesting that the balance of ECM-degrading proteinases and their inhibitors regulates
the organization of the basement membrane and the tissue-specific function of the mam-
mary gland. Indeed, our data show that 3-casein expression in SCp2 cells is downregu-
lated upon glyphosate exposure, therefore affecting the differentiation of SCp2 cells. We
have previously shown that B-casein is dependent on gap junctional assembly (Talhouk
et al., 2008), therefore we speculate that similarly to S1 cells, glyphosate may be target-
ing junctional assembly through B-casein downregulation.

Glyphosate has been linked to miRNA dysregulation in various models. For in-
stance, glyphosate exposure leads to the upregulation of 55 and downregulation of 19
miRNA in the pre-frontal cortex of post-natal mice offspring (Ji et al., 2018). In the

study by Duforestel et al. (2019), glyphosate treatment in combination with miR-182-5p
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overexpression led to tumor initiation in mice and the breast epithelial MCF10A cell
line in 2D. However, in our study, S1 cells showed tumor-initiated phenotype marked
by disrupted lumen assembly in 3D. Therefore, it is plausible that the environment in
vivo may have played a suppressive role, where other molecules and factors present in
the tumor microenvironment may interact differently with glyphosate-induced path-
ways. For example, Gudjonsson et al. (2002) found that normal myoepithelial cells
were able to interact with luminal epithelial cells and promote proper polarity and base-
ment membrane deposition, whereas tumor-derived myoepithelial cells showed a lack
of ability to interact with luminal epithelial cells and interfere with lumen formation.
Additionally, Truffi et al., (2020) reviewed that fibroblasts can promote tumor growth
and angiogenesis, but they can also produce factors that inhibit tumor growth and pro-
mote an anti-tumor immune response. One study analyzed the effects of different con-
centrations of Roundup (glyphosate) on the hatching of miracidia, mortality and excyst-
ment rate of metacercariae, parasitic load, and egg production in vitro using human and
animal cells, and in vivo using snails, fish, amphibians and rats. The study found that
the herbicide concentrations affected the specimens differently in vitro and in vivo, indi-
cating that the in vitro and in vivo treatments should not be considered interchangeable
(Monte et al., 2016).

MiR-183 is shown to be involved in epithelial polarity pathways and is upregu-
lated upon Cx43 loss. It is the most upregulated miRNA in early-stage breast cancer pa-
tient cohort (and matched US patients) (Nassar et al., 2017) and its upregulation con-
ferred with the increased risk of cancer progression in the 3D culture model recapitulat-
ing tumor-initiation phenotypes seen upon Cx43 loss (Naser Al Deen et al., 2022). MiR-

183 was confirmed among a biomarker panel of miRNAs whose upregulation predicted
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the tumor progression of lobular neoplasia from an in situ to a malignant transformation
brought by loss of cellular polarity and acquisition of a hyperplastic phenotypes (Giricz
et al., 2012). Additionally, preliminary data from our lab show that SCp2 cells under
non-differentiation-permissive conditions (lack of basement membrane), the gap junc-
tional complex is non-functional (Talhouk et al., 2008), and miR-183 is upregulated
(unpublished data). We therefore aimed to investigate whether glyphosate treatment in-
creases miR-183-5p expression leading to the downregulation of tumor suppressing sig-
naling pathways involved in cell communication and differentiation in SCp2 cells. Our
preliminary data indicate an increase in miR-183 expression upon treatment with 10!
M glyphosate. Ongoing research in our lab show that Integrin beta 1 (ITGB1) is an ex-
perimentally validated target of miR-183-5p which highlights this miRNA’s potential
role in disrupting the integrin pathway responsible for alveolar mammary epithelial dif-
ferentiation (unpublished data).

The potential mechanism of action of glyphosate in estrogen-dependent cell
lines was investigated using Ingenuity Pathway Analysis (IPA), which predicts down-
stream effects, identifies new targets, and candidate biomarkers (QIAGEN, Ingenuity
Pathway Analysis). One of the most useful features of IPA is the Mechanistic Net-
works, which can automatically generate plausible signaling cascades, describing poten-
tial mechanisms of action that lead to observed gene expression changes caused by
chemicals or diseases. Glyphosate targets were chosen for high confidence and rele-
vance to our study, assuming that miR-183 is upregulated based on previous studies
(Naser Al Deen et al., 2022). IPA showed that glyphosate's downstream target was the
upregulation of miR-183, which is consistent with our preliminary results. Studies by

Cheng et al. (2016) and Giricz et al. (2012) showed that miR-183-5p is overexpressed in
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breast cancer patients, leading to increased cell proliferation and decreased apoptosis.
We therefore hypothesize that, through acting as an oncomiR, miR-183-5p overexpres-
sion is likely driving the pre-tumorigenic phenotypes triggered by glyphosate in the
breast epithelium. Moreover, IPA revealed that glyphosate is linked to miR-183-5p
overexpression through downregulation of Superoxide dismutase (SOD1), which upreg-
ulates tumor protein p53 (TP53). SODI1 is an essential enzyme that protects cells from
oxidative stress by converting superoxide radicals into hydrogen peroxide and oxygen.
Recent studies have indicated that SOD1 also regulates cellular processes like apopto-
sis, protein synthesis, and signal transduction (Eleutherio et al., 2021). Glyphosate, as
reported by Ma et al. (2019), has the ability to suppress SOD's functions, leading to an
overproduction of lipid peroxides in adult fish. Moreover, Rao et al. (2009) indicated
that nuclear SOD1 interacts with ERa, which is critical for the successful activation of
estrogen-responsive genes. In light of previous research on lizard liver, glyphosate
could cause SODI1 to translocate into the nucleus, activating estrogen-responsive genes
such as VTG (Rao et al., 2009). Our IPA analyses also show that one of the pathways
through which miR-183-5p downregulates beta-casein (CSN2) and BRCA1, and causes
the onset of breast cancer, is through the downregulation of ESR2 (Estrogen Receptor
Beta, Erf}). Interestingly, it was shown that the expression of ERa and ERp are
substantially elevated after being subjected to glyphosate treatments (Verderame and
Scudiero, 2019). Indeed, in an in vitro setting using human breast cancer cells, it was
demonstrated that glyphosate's action mediated by ER was hindered by ICI 182780, an
estrogen antagonist, which inhibited the ERE transcription activity induced by

glyphosate (Thongprakaisang et al., 2013).
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In summary, our results demonstrate that glyphosate treatment induces tumor in-
itiation events such as enhanced invasion, MMP-9 release, and upregulation of miR-
183. We propose that glyphosate-induced tumor initiation events drive mammary epi-
thelial cells to a less differentiated state in vitro, evident by the loss of apical polarity
and normal acinar morphology in ductular S1 cells, and the downregulation of B-casein
in lobular SCp2 cells. In future experiments, we will work on deciphering the underly-
ing molecular mechanisms that drive the tumorigenic changes in our 3D systems, poten-
tially through analysis of the proposed signaling cascade or gene expression profiles of
ER-positive cells.

To our knowledge, our study is unique in testing the effect of glyphosate treat-
ment on the differentiation of non-tumorigenic human-derived ductal S1 and mouse-de-
rived lobular SCp2 mammary epithelial cells under differentiation-permissive condi-
tions (presence of basement membrane components). Our findings highlight its effect
on inducing loss of differentiation and breast cancer initiation events in human and
mouse-derived non-tumorigenic breast epithelial cells, in vitro. We therefore speculate
that glyphosate may affect cell-ECM interaction and/or GJIC, and therefore disturbing
normal differentiation of mammary epithelial cells, and inducing tumor initiation
events.

In light of our findings, it is recommended to exercise caution when using
glyphosate-based herbicides, particularly for individuals who may encounter highly
concentrated solutions of these herbicides, such as farmers. It is important to monitor
the use of glyphosate by farmers to prevent excessive use, as it is a leading herbicide
used for the management of invasive and noxious weeds in various settings, including

public land, residential areas, pastures, and forests (EPA, 2023), as it is ending up in our
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food chain (Bayer Crop Science, 2022). Furthermore, it is recommended that additional
experimental and observational studies be conducted to enable regulatory agencies and
health officials to make informed decisions concerning the implementation of regula-

tions and restrictions on glyphosate-based herbicides.
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CHAPTER VII
CONCLUSION

In conclusion, our study is unique in testing the effect of glyphosate on lobular
and ductal mammary epithelial cells, with focus on differentiation and tumor initiation
events. Our findings highlight glyphosate effects on inducing loss of differentiation and
breast cancer initiation events in human and mice nontumorigenic breast epithelial cells,
in vitro. We therefore speculate that glyphosate may affect cell-ECM interaction or
GJIC, and therefore disturbing normal development and differentiation of the mammary
gland. However, this interpretation needs further investigation in our future studies.
This could include exposing animals to glyphosate through the common exposure
routes such as ingestion and inhalation, and examining the resulting changes in mam-
mary gland development, gene expression, and differentiation. Avoiding the extensive
use of glyphosate and the improper application practices to prevent adverse effects re-
lated to glyphosate use, in addition, limiting DNA hypomethylation by using and devel-
oping inhibitor of TET-3 for example, would be interesting directions to prevent tumor
incidence in the case of glyphosate exposure (Duforestel et al., 2019). The epigenetic
pathway that leads to global DNA hypomethylation and GJ functionality in mammary

cells are important aspects to further study and assess glyphosate risk on breast cancer.
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