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Introduction

Worldwide cancer statistics taken in 2012 reveals that among men lung cancer
was the most common cancer (12.9% of all new cases) while breast cancer was
found to be the most common cancer diagnosed among women (25.2% of all
new cases in women) (GLOBOCAN). Breast cancers are caused by a complex
combination of genetic and environmental factors. However, statistical data
revealed that only 15% of breast cancers are inherited in nature hence
highlighting the increased possibility of various other factors contributing to
development and progression of cancer (Cancer, 2001). Hanahan and Weinberg,
in their review entitled “Hallmarks of Cancer: The next generation” enlisted
“genomic instability” and “tumor promoting inflammation” as the characteristics
that enable normal cells to become cancerous (Hanahan and Weinberg, 2011).
The mammary gland, throughout a woman’s lifetime undergoes extensive and
significant remodelling. The rate of differentiation, proliferation and apoptosis in
mammary gland is significantly higher as compared to the other tissues of the
body. Thus, the gland is susceptible to the occurrence of DNA damage as
compared to the other tissues (McCready et al., 2010). Various exogenous and
endogenous agents are known to cause DNA damage leading to genomic
instability. Alkylating agents are one such class of agents which are used in
cancer chemotherapy as well are ubiquitously present as pollutants in the

environment. On the other hand, inflammation results in accumulation of
iX



bioactive molecules in the cellular microenvironment. PAF, Platelet Activating
Factor, is one such molecule secreted by cells of the immune system. This thesis
involves the study of effect of alkylating agents (which induce genomic instability)
and PAF (bioactive molecule present in inflammatory microenvironment) on
breast epithelial cells. We have used 3D cultures of non-transformed epithelial
cells as the model system. The concept of 3D-cultures has emerged as a
powerful tool to study the progression of cancer, by overcoming the shortcomings
of 2D-culture (3D cultures to a large extent mimics the in vivo microenvironment)
as well as rodent models (since the cells grown in 3D are of human origin).The
breast epithelial cells grown on the basement membrane (as 3D cultures) tend to
form acini, which closely resemble the in vivo structures. The morphology of
these acini is disrupted in malignancy, where an increase in size and elongation
of acini was observed (Dey et al., 2009). The acinar structures formed by the
epithelial cells aids in distinguishing the normal and transformed phenotype
which is difficult in case of 2D cultures. This model provides the added
advantage of studying the process of morphogenesis of both non-transformed
and transformed breast epithelial cells in a simplified set-up. Establishing a
model to study effects of potential physiologically relevant chemicals in a 3D
culture environment will serve as a relevant model to delineate the process of

cancer initiation and also help in the process for screening cancer therapeutics.

MCF10A, a near diploid, immortalized, and non-tumorigenic breast epithelial cell
line, derived from human fibrocystic mammary tissue, was used in the study.

Growth factor reduced Matrigel ™ was used as the basement membrane.

The aim of the study was studied the effect of alkylating agents NEU (N-ethyl-N
nitrosourea)(Bodakuntla et al., 2014) and NMU (N-methyl-N nitrosourea) as well
as PAF (Anandi et al., 2016; Libi Anandi, 2016) on non-transformed breast
epithelial cells (MCF10A) using 3-dimensional cultures as a model system. The

specific objectives were as follows:



OBJECTIVES:

1. Develop a model to study the process of transformation.
2. To delineate the process of transformation following exposure to alkylation
damage
a. Investigate the phenotypic changes that may occur during
transformation.
b. Elucidate the mechanism(s) involved in transformation
c. ldentify candidate genes and study their role in transformation.
3. To investigate the effect of PAF on breast epithelial cells.
a. Investigate the phenotypic changes that may occur following exposure
to PAF.

Effect of alkylation damage on MCF10A cells grown as 3D ‘on top’ cultures.

Alkylating agents are well known DNA damaging agents known to induce
mutations due to the ability to alkylate “N” and “O” positions of DNA leading to
A:T to T:A transversions or G:C to A:T transition mutations (Barbaric I, 2007;
Engelbergs et al., 2000). Among the various Alkylating agents we used two of the
agents namely N-nitroso-N-ethylurea (NEU) and N-nitroso-N-methylurea (MNU).
NEU and MNU are simple monofunctional Sn1 type-DNA ethylating agent and
methyating agent respectively. These agents have been demonstrated to cause
mammary tumors in rodent models (Givelber and DiPaolo, 1969; Stoica et al.,
1983Db). In spite of this, these agents are the prototypical of alkylating agents
used in cancer chemotherapy for almost 30 years (Kaina et al., 2010). NEU has
been found to be a severely potent transplacental teratogen and an active rat
mammary gland genotoxic carcinogen in rodents (Stoica et al., 1983a, 1984). In
vitro, NEU has been reported to induce neoplastic transformation of rat
mammary epithelial cells (Stoica et al., 1991). NEU is known to induce random
mutagenesis. On the other hand, MNU has been found to induce mammary
tumors in rat (Gandilhon et al., 1983). It has been reported to be mutagenic in
mammalian cells as well as these mutations have been found to be site specific

using the HPRT gene Mutation assay (Thomas et al., 2013; Zhang and Jenssen,
Xi



1991). MNU-induced mammary cancer in rats has been found to have many
similarities to that of human breast cancer (Tsubura et al., 2011). MNU, thus, is a
candidate chemical agent which can be used to study the early stages of cancer
initiation.

We observed that exposure of non-transformed mammary epithelial cells to
alkylating agents resulted in transformation. Exposure to these agents resulted in
disruption of the apical and baso-lateral polarity as well as induction of epithelial
to mesenchymal transition (EMT) - like phenotype. Acquisition of mesenchymal
phenotype was coupled with increased motility as single cells. In addition to
motility, we also observed that these cells showed invasive capabilities as well as
ability to grow in anchorage independent conditions. Though the
histopathological data of mammary tumors in rats induced by these agents
suggests resemblance to human tumor specimens, there are no reports
pertaining to the mechanism of tumor induction. An attempt to decipher the
mechanism of methylation damage induced transformation revealed the central
role played by DNA-PK in facilitating the process. In conclusion, this study
provides evidences for the carcinogenic potential of alkylating agents and

identifies the novel role of DNA-PK in transformation of breast epithelial cells.

An interesting novel observation of this study was the cytoplasmic effects caused
by the DNA damaging agents. Apart from Golgi dispersal, similar to that reported
by Farber-Katz et al, (Farber-Katz et al., 2014) we observed reorganization of the
cytoskeleton. Investigation of the mechanism revealed that these cytoplasmic
effects were mediated via activated DNA-PK. Further experiments suggest the
possible role of INK and Akt downstream of DNA-PK in re-organizing Actin and

eventually the microtubules.

Thus this study not only identifies the novel role of DNA-PK in DNA damage
induced transformation but also sheds light on the cytoplasmic effects caused by
DNA damage, an area which remains the least explored.
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API5, a candidate gene identified to be up-reqgulated in alkylation damage

induced transformation, is a potential oncogene.

Role of API5, Apoptosis inhibitor 5, has been implicated in various cancers. Our
study on studying alkylation damage induced transformation identified Api5 as
one of the candidate genes which was up-regulated in the transformed cells.
Studies concerned with expression of Api5 protein across different types of
cancers including colon, liver, lung, pancreas, stomach, kidneys and esophagus
showed a significant up regulation of Api5 (Koci et al., 2012). Api5 has also been
shown to be up-regulated in B-cell chronic lymphoid leukemia. Kim and
colleagues further investigated the role of Api5 in cervical cancer cell metastasis
using adhesion and invasion assays and have proposed that Api5 may be
involved in invasion of cervical cancer cells, possibly through its role in cell
interactions with extracellular matrix (Kim et al., 2000). There are no reports on
the role of Api5 in breast cancer, however, up-regulation of Api5 was observed in
tamoxifen resistant breast cancer cells and MCF7 cells indicating its possible
tumorigenic role (Jansen et al., 2005; Ramdas et al., 2011). Unavailability of
information regarding role of Api5 in breast cancer coupled with the up-regulation
observed in cells transformed upon DNA damage, instigated the study of its role
in breast tumor initiation. To investigate the role of Api5 in breast tumorigenesis,
Api5 was stably over-expressed in MCF10A cells using lentiviral mediated gene
transfer. MCF10A cells and Api5 over-expressed MCF10A cells were seeded as
3D ‘on top’ cultures on Matrigel™ and maintained for 16 days. We observed that
Api5 over expression disrupts the mammary epithelial morphogenesis, enhances
cellular proliferation and may result in evasion of apoptosis. Loss of polarity and
up-regulation of mesenchymal markers implied the induction of EMT-like
phenotype. Furthermore MCF10A cells over-expressing Api5 resulted in the
formation of acinar structures with protrusion-like structures implying possible

induction of invasion.
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Thus, our data implies that Api5 up-regulation in MCF10A cells per se is
sufficient to transform the cells and suggests possible oncogenic role of Api5 in

breast cancer.

Effect of prolonged exposure of Platelet Activating Factor on MCF10A cells

grown as 3D ‘on top’ cultures.

Chronic inflammatory conditions are characterized by the secretion of a number
of bioactive molecules in the microenvironment by the cells of the immune
system. In order to study role of tumor promoting inflammation in cancer
initiation, the potential role of PAF in transformation was explored. Role of
various bioactive molecules such as Lysophosphatidic acid, reactive oxygen
species and various cytokines, present in the tumor milieu have been well
explored. However, role of PAF in breast cancer has not been studied
extensively, especially pertaining to its role in breast cancer initiation. This lack of
sufficient information coupled with the physiological relevance of this bioactive
molecule, prompted us to study the role of this molecule in breast tumorigenesis.
We observed that prolonged exposure of non-transformed mammary epithelial
cells to PAF disturbed the balance between proliferation and apoptosis thus
resulting in formation of abnormal spheroids. Further investigation revealed that
PAf induction induced enhanced cellular proliferation and possibly induced
invasive phenotypes which were characterized by the formation of protrusion or
bulb-like structures. Up-regulation of vimentin, a mesenchymal marker, disruption
of apico-basal polarity along with loss of integrity of cell-cell junction was
observed suggesting the induction of EMT-like phenotype. Thus, this study for
the first time demonstrates the tumorigenic potential of Platelet activating factor
in breast epithelial cells and appeals for the detailed study of the process and
mechanism thereof; validation of findings in patient samples so as to aid in the

development of new effective therapeutic strategies based on tumor profile.
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Conclusion:

Taken together our study provides evidences for the carcinogenic potential of
alkylating agents as well as reports the ability of PAF to induce phenotypic

transformation in breast epithelial cells (Figure 1).

Genomic Instability Tumor promoting inflammation

Environmental
factors

PHENOTYPIC
TRANSFORMATION

TRANSFORMATION

Figure 1: Schematic summarizing the study described in the thesis;

Study of “enabling characteristics”: Genomic instability and Tumor
promoting inflammation. Exposure to alkylating agents through various
sources induces DNA damage (and hence genomic instability) and eventually
results in transformation which has been found to be mediated via DNA-PK. Up-
regulation of Api5, a candidate gene identified in the study, also induces
phenotypic transformation. Presence of PAF (component secreted by
inflammatory environment) in the microenvironment of non-transformed breast

epithelial cells results in Phenotypic transformation.
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ABSTRACT

ABSTRACT

Breast cancer, on a global scale, is the leading cause of death in women.

Interestingly approximately only 15% cases are due to inherited mutations. Thus,
implying that there are various other factors that contribute to the development as
well as progression of cancer. Hanahan and Weinberg, report genomic instability
and tumor promoting inflammation as the characteristics that enable cells to
acquire the hallmarks of cancer. DNA damage by various agents (exogenous as
well as endogenous) is known to result in genomic instability. One such class of
compounds is the alkylating agents, which is widely used in cancer
chemotherapy as well as present in environmental pollutants. On the other hand,
inflammation results in accumulation of bioactive molecules in the cellular
microenvironment. PAF, Platelet Activating Factor, is one such molecule
secreted by the cells of the immune system. We have studied the effects of
alkylating agents (MNU, N-methyl-N- nitrosourea and NEU, N-ethyl-N-
nitrosourea) as well as PAF on breast epithelial cells using 3D cultures as a
model system. We observe that exposure of mammary epithelial cells to
alkylating agents or PAF induces epithelial-mesenchymal transition (EMT)-like
phenotype along with disruption of the basolateral polarity. Attempt to decipher
the mechanism of methylation damage induced transformation revealed the
central role played by DNA-PK. Interestingly, we observed that methylation
damage resulted in stabilization of microtubules and this effect was also found to
be mediated by DNA-PK.

In conclusion, this study provides evidences for the carcinogenic potential of
alkylating agents as well as reports the ability of PAF to induce phenotypic

transformation in breast epithelial cells.
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INTRODUCTION

1.1 Breast Cancer

With an estimated 1.67 million cases newly reported, breast cancer is the second
most common cancer in the world. Worldwide cancer statistics taken in 2012
reveals that breast cancer accounting for 25.2% of all new cases in women is the

most common cancer diagnosed among women and contributes to about 13.7%
of all cancer deaths (Figure 1.1).

Incidence @ Mortality

Breast |

Prostate |
Lung |

Colorectum
Cervix uteri I:I

Corpus uteri [

Ovary

Oesophagus I
Bladder N

Non-Hodgkin lymphoma e
Leukaemia I

Kidney [

Pancreas e
0 10 20 30 40 50

Figure 1.1: Cancer fact sheet worldwide.
The histogram indicates the incidence (blue) and mortality (pink) rates of various
cancers wherein breast cancer holds the maximum percentage of incidence and

second highest mortality rate worldwide. (Reproduced from GLOBOCAN 2012)
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In underdeveloped and developing countries, breast cancer has been reported to
be the most frequent cause of death, while in developed countries it is the
second frequent cause of death. In India, breast cancer is the second most
frequently occurring cancer as well as cause for cancer related deaths. In major
cities in India, according to the National Cancer Registry program, breast cancer
accounts to 25% to 32% of all female cancer cases reported (Agarwal and
Ramakant, 2008). The Globocan report released in 2012 estimates 144,937 new
cases of breast cancer among Indian women and 70,218 deaths implying that 1
in every 2 women suffering from breast cancer dies of the disease. Recently, a
change in the trend of breast cancer occurrence has been observed in India.
Apart from the rampant increase in incidence and mortality, there appears to be a
shift in the age of occurrence of the disease. The average age of occurrence of
breast cancer has been 50-60 years in most of the western countries. In India,
over the past few decades there appears to be a shift in the age of disease onset
(40-50 years) with more of the younger women getting affected (Chopra et al.,
2014) (Figure 1.2). In addition to this, these cancers appear to be more
aggressive than the postmenopausal cases. In India, 45.7% of newly diagnosed
cases are reported in advanced stages in contrast to that in western countries
where the cases reported are in Stage | and stage Il. The changing trends in
breast cancer incidence and mortality have been attributed to the modernization
of women in the urban areas as well as the lack of awareness and screening at
early stages. To this end, awareness programs are being conducted to aid in

early detection and reduce mortality.
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Figure 1.2: Age shift in Indian women.

The bar graph indicates the early onset of breast cancer in Indian women thus
implying an age shift of the incidence of disease. (Reproduced from National
Cancer Registry 2011).

1.2 Breast Cancer risk factors

Women generally are at high risk of developing breast cancer. The various risk
factors include but are not limited to, gender, hereditary mutations, early
menarche and/or late menopause, nulliparity, late first pregnancy, hormonal
therapy, lack of breastfeeding, radiation exposure, dietary factors, sedentary
lifestyle, obesity and alcohol intake (Aich et al., 2016; Mustafa et al., 2013).
Hereditary mutations refer to mutations in genes which are inherited in an
autosomal dominant manner. BRCA1 and BRCA2 germline mutations contribute
to a major proportion (20-25%) of hereditary cancers (Ford and Easton, 1995).
However, hereditary breast cancers account for only 5% of the total case (Martin
and Weber, 2000). Approximately 80% breast cancer patients have no history of
breast cancer in their family (Cancer, 2001). Early menarche (less than 12 years)
and late menopause (more than 55years) contribute to the risk of developing
breast cancer, mainly due to the increased duration of exposure to estrogen

during one’s life time (Helmrich et al., 1983; Henderson et al., 1988). Nulliparity
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has also been associated with increased risk of breast cancer. In addition to this,
age of the mother at first pregnancy has also been found to be associated with
breast cancer risk. First full time pregnancy before 30-35 years of age poses a
lower risk as compared to after 30-35 years. However, the basis for such
association is not very clear. Apart from this, women who have had multiple
pregnancies are at lower risk as compared to single pregnancy (Helmrich et al.,
1983). Hormone replacement therapy (estrogen) taken for a longer duration in
postmenopausal women has been associated with increased risk of breast
cancer (Porch et al., 2002). On the contrary, oral contraceptives have not been
clearly associated with increased risk (Marchbanks et al., 2002). Dietary factors
have been shown to have a controversial role in altering the risk of breast cancer.
Most of the cases which relate high fat diet to increased risk of cancer reveal that
the increased risk is mainly due to obesity and not due to fat in the body. Obesity
has been related to breast cancer risk in postmenopausal women (Brown and
Allen, 2002; Hirose et al., 2001). Fat cells are known to secrete some estrogen
and hence obesity posed risk probably is related to estrogen production. Apart
from this physical activity has been consistently linked with breast cancer risk,
with women having a sedentary lifestyle being at higher risk of developing cancer
as compared to physically active women (Bernstein et al., 1994; Friedenreich et
al., 2001). Exposure to high dose radiations during adolescence has been shown
to have increased chances of developing breast cancer (Preston et al., 2002).
Association between smoking, as well as, alcohol consumption and breast
cancer risk are still debatable. There are contradictory reports for the same.
However, smoking is known to promote progression of breast cancer (Atkinson,
2003; Chen et al., 2002; Palmer and Rosenberg, 1993). In addition to cigarette
smoke exposure to various environmental chemicals such as phthalates (Lopez-
Carrillo et al., 2010), Polycyclic aromatic hydrocarbons (Bonner et al., 2005),
parabens (Darbre et al., 2004), zeranol (Zhong et al., 2011) have also been

demonstrated to increase the risk of developing breast cancer.
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1.3 Breast cancer progression

Breast cancer originates in the epithelial cells lining the terminal duct lobular
units. It has been known to progress through three different stages namely, ADH
(atypical ductal hyperplasia), DCIS (Ductal carcinoma in situ) and finally the IMC
(invasive mammary carcinoma) or IDC (Invasive ductal carcinoma), however, the
progression not always being in the linear fashion. Nevertheless classifying the
stages based on their histological pattern serves as a vital indicator of the
possible molecular events which are driving the progression (Polyak, 2008). ADH
has been found to develop from the stem cells of the terminal duct lobular units
(TDLUS). It is characterized by the partially filled breast duct comprising two
epithelial cell types, one of them appearing to be more of the normal kind and the
other which may be neoplastic (Allred et al., 2008; Arpino et al., 2005; Page and
Dupont, 1993; Page et al., 1985; Wellings and Jensen, 1973). ADH may develop
into DCIS which is characterized by neoplastic cells filled in the breast duct.
Further this stage becomes invasive (IMC) and results in metastasis at different
sites in the body (Allred et al., 2001; Allred et al., 2008; Arpino et al., 2005;
Bodian et al., 1993; Carter et al., 1988; Dupont et al., 1993) (Figure 1.3). IDC
accounts for almost 20 to 30% of all newly diagnosed cases of breast

cancer(Tang et al., 2007).
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Figure 1.3: Morphology of breast cancer progression.

Pictorial representation of the various morphologies acquired during the
progression of breast cancer. The anatomy of breast lobule is enlarged showing
the normal acinar morphology and the altered morphologies in case of different
breast cancer types (ADH, DCIS, and IMC). (Adapted from www.

breastcancer.org)
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1.4 Models of breast cancer

To study the progression of breast cancer, several models have been developed
to date. Breast cancer being extremely heterogeneous, it is very difficult to have
a single model to completely recapitulate the disease condition. The
establishment of a perfect model to recapitulate such a complex disease is the
major challenge at present as none of the available models are able to achieve
this (Vargo-Gogola and Rosen, 2007) The selection of a model depends on the
hypothesis under investigation and the experimental design.

The commonly used models are herewith listed:

1. Invivo models
a. Chemically induced models;
b. Genetically Engineered Mice such as transgenics and knockouts;
c. Xenograft models.
2. In vitro models
a. 2 Dimensional cell cultures or Monolayer culture

b. 3 Dimensional cell cultures

Each model in its own way has provided valuable insights with regards to cancer
biology and paved a way for improvement of the models to mimic the actual
disease condition. Rodent models since long have been serving as a valuable
tool to study the cellular and molecular aspects of breast tumorigenesis in vivo.
The established cell lines have till date provided unparalleled insights into the
deregulation of cellular machinery during cancer progression. The establishment
of 3D-cultures of non-transformed breast epithelial cells and cancerous cells
have greatly helped to mimic the in vivo conditions in vitro and thus has
developed into an invaluable tool to delineate the complex interactions occurring
within the cells either cancerous or normal and study the effects of genes on the
morphology and hence their role in neoplastic transformation. Integrating the
existing model systems and using a multi-model system to the betterment would

probably serve as a powerful tool to clearly understand the many unanswered
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and intriguing questions and thus guide us towards developing novel

therapeutics against breast cancer to benefit mankind.
3-dimensional cultures as a model system

Epithelial tissues are widely distributed in the body and perform various
specialized functions (Royer and Lu, 2011). These functions have been attributed
to the distinct structural organization of these cells within the tissues; this implies
that a higher order regulation is imposed by the three dimensional organization of
epithelial cells (Dow and Humbert, 2007). This architecture is crucial and the
maintenance of its integrity is known to inhibit transformation (Bissell and
Radisky, 2001). Most of the human cancers are of epithelial origin (Royer and Lu,
2011) and frequently exhibit disrupted structural organization, thus,
demonstrating the importance of tissue architecture and its maintenance in tissue
homeostasis (Bissell et al., 1999; Debnath et al., 2003) . Consequently,
understanding cancer initiation and progression calls for studying different genes
in a functional context rather than studying them individually (Knox, 2010).
However, studying genes by manipulating those in vivo (animal models) though
maintains the functional context but is also cumbersome and poses challenges in
tractability. Although enormous information has been gained over the years from
2D cultures, the system lacks the three-dimensional organization as well as
many of the crucial micro-environmental cues that are present raising questions
over its relevance to in vivo scenario (Vargo-Gogola and Rosen, 2007).

Recently the concept of three dimensional (3D) cultures has emerged as a
powerful tool to study the progression of cancer, wherein the non-malignant
breast epithelial cells are grown on a reconstituted basement membrane
(Debnath et al., 2003). These cells, from an unpolarized proliferating state
undergo differentiation to form polarized growth arrested spheroids (in Go-
Giphase) at the end of 16 days (Fournier et al., 2006). This process is termed as
‘morphogenesis” and consists of an orchestra of tightly regulated events
represented in the schematic (Figure 1.4): The cells seeded on the extracellular

matrix proliferate to form a sphere; cells in the centre undergo apoptosis to form
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a lumen while remaining cells in the sphere exhibit polarity characterized by
basal surface in contact with the ECM; an apical surface which faces the lumen

and intact cell-cell junctions comprising lateral surface (Debnath et al., 2003).

Matrigel™
_j}fﬂ Proliferation
@ —

Day 0

Figure 1.4: Schematic showing the process of morphogenesis of breast
epithelial cells.

A single breast epithelial cell when seeded on a bed of laminin rich extracellular
matrix, for example Matrigel™ undergoes proliferation and by day 5 leads to the
formation of two groups of cells, an outer layer of polarized cells that encloses a
cluster of un-polarized cells in the centre. This inner mass of cells eventually
undergoes apoptosis by day 8 eventually resulting in the formation of a growth
arrested spheroid, called “acini” by day 16, which is characterized by a

monolayer of polarized epithelial cells enclosing a hollow lumen.
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These spheroids, termed as ‘acini’, closely resemble the acini structures, the
smallest functional unit in mammary glands in vivo (Vidi et al., 2013). The
disruption of the well-formed polarized architecture is seen in the early stages of
breast cancer (Dey et al., 2009). The transformed cells form acini with varied
phenotypes (Debnath and Brugge, 2005; Debnath et al., 2003) as depicted in
Figure 1.5. The role of genes that influence various features such as the apico-
basal polarization, proliferation, invasion, metastasis, apoptosis can be discerned
through the differences in the morphology induced by their presence or absence
(Debnath et al., 2003). The acinar structures formed by the epithelial cells, can
thus, aid in distinguishing the normal and transformed phenotype which is difficult
to distinguish in two dimensional (2D) cultures. This feature has thus, laid the
foundation to build a platform to study the process of early transformation of
breast epithelial cells. This technique can be well exploited to study the role of

genes in morphogenesis as well as in breast epithelial cell transformation.
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Protrusion-like _ Clustered

Figure 1.5: Different acinar phenotypes observed upon transformation.
Schematic depicting different acinar morphologies observed in transformation.
Each of these phenotypes are known to be relevant clinically and have been

related to certain genetic signatures. (Adapted from Debnath et al., 2005)
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The 3D cultures of MCF10A cells have been largely used to study the
morphogenesis of breast epithelial cells, which has paved the way to develop
models of breast cancer progression. On the same lines, using the MCF10A
series of cell lines, a model has been developed in 3-dimensional culture
systems which are expected to mimic the progression of breast cancer
(Imbalzano et al., 2009). Weaver et al., have modelled the effects of stromal
rigidity on morphogenesis of breast epithelial cells, thus delineating the related
signalling pathway involved in the process (Paszek et al., 2005). Also, breast
cancer cells, grown in 3D culture were used to recognize an ‘autocrine loop’
which has been found to promote the proliferation of breast cancer cells as well
as disrupt the architecture (Kenny and Bissell, 2007). Effects of cyclin D1 over-
expression and ErbB2 activation on morphogenesis have been successfully
studied using 3D cultures, which was not possible using monolayer cultures
(Debnath et al., 2002; Muthuswamy et al., 2001). Effects of integrins, MAPK and
PI3K pathways on reversing the cancerous phenotype have been established
using 3D cultures (Wang et al., 2002). A novel conditional gene expression
system has been developed by Herr et al. which permits for the study of sudden
withdrawal or introduction of genes (either oncogene or tumor suppressor gene)
on the morphology of the 3D structure. This model has been predicted to be a
useful tool to study various phenomena such as epithelial to mesenchymal
transition, the role of particular oncogenes and its effect on vital processes and
drug resistance(Herr et al., 2011). Gilmore’s group, using this model system,
demonstrated the role activated FAK in tumorignesis which they illustrated was
due to acquiring resistance to apoptosis (Walker et al., 2016). Role of various
oncogenes and tumor suppressors have been well established using this model

system.
1.5 Hallmarks of cancer: The “enabling characteristics”

Hanahan and Weinberg have listed certain capabilities which are acquired by
cells during the process of tumor development (Figure 1.6). These characteristics

provide the organizing principle to study the multistep, complex process of tumor
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development. Apart from these characteristics, they also enlisted two
characteristics such as “genomic instability and mutations” and “tumor promoting
inflammation” as enabling characteristics, which can foster tumor development.
The cells are endowed with genetic alterations mainly due to genomic instability
induced either by exogenous or endogenous agents and thus, are driven towards
tumor progression. On the other hand, immune system induced inflammation can

result in tumor progression by promoting the acquisition of hallmark capabilities.

Sustaining Evading
proliferative Growth
signaling suppressors
Deregulatin .
ce?lular - Avoiding
energetics Immune

destruction

Resisting Enabling
cell replicative
death immortality
Genome Tumor-
instability & promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 1.6: Hallmarks of cancer.
Diagramatic representation of the Hallmarks of cancer enlisted by Hanahan and

Weinberg reproduced from (Hanahan and Weinberg, 2011).
Genomic instability and mutations

We are exposed to a large number of chemicals throughout our lifetime. About
two third of the cancers in the United States has been attributed to such

exposures. These include chemicals in environmental pollutants, cigarette

26



INTRODUCTION

smoke, excessive consumption of alcohol, and excessive sunlight exposure as
well as exposure to ionizing radiations such as X-rays, y-rays, alpha particles. All
these are potential DNA damaging agents. The cells in the human body
(approximately 10'%) are predicted to receive DNA lesions occurring at the rate of
tens of thousands of lesions per day. There are certain surveillance mechanisms
evolved by the cells, commonly known as DNA damage response (DDR), which
protect genomic integrity after DNA damage. The aberrant regulation of the DDR
leads to genomic instability and results in various cell fates as depicted in Figure
1.7. DNA repair deficiency, mutation prone repair and hyperactive repair systems,
lead to accumulation of DNA damage and is intimately related to cancer. The
mammary tissue undergoes significant and extensive remodeling throughout a
women'’s lifetime and the rate of proliferation, apoptosis and differentiation are
also higher as compared to the other tissues in the body (McCready et al., 2010).
Thus, it's susceptibility to the occurrence of DNA damage is higher than the other
tissues. Cigarette smoke consists of nitrosoamines NNK (Nicotine-derived
nitrosamine ketone) and NNN (N- Nitrosonornicotine) which are capable of
methylating DNA and causing DNA damage. Chemicals like acridine dye,
acriflavin, proflavin and many of the anti-cancer drugs are also capable of
causing DNA damage (Crick et al., 1961; Sugino, 1966). Contaminated food or
compounds with intrinsic endocrine disrupting capabilities like nonylphenol or
factors related to aging (related to telomerase) are some other factors that may
give rise to damage. In addition to this, the cancer chemotherapy and radiation
therapy are a major source of DNA damage and hence a possible cause of

cancer.

In addition to DNA insults induced by exogenous agents, DNA replication is error
prone and may also be a reason to DNA mutations and hence a factor to induce
cancer. Further, oncogene induced replication stress is considered as the
hallmark of cancer (Bartek et al., 2012). Recent studies reveal that the activation
of growth-signaling pathways which have been implicated in aging and also in

the oxidative stress responses regulation causes DNA replication stress
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(Bartkova et al., 2006; Di Micco et al., 2006; Gorgoulis et al., 2005). Replication
stress accounts to gross DNA lesions and chromosomal abnormalities. It is
hypothesized that replication stress causes chromosomal fragility by causing the
destabilization or collapse of the replication forks at vulnerable sites (Feng et al.,

2011), thus can endow genetic alterations resulting in cancer initiation and
progression.

Repeated damage
\ / Senescence
ﬁﬁi \ Accumulation
of damage
Unrepaired
d
v amage Cancer

Repair

Apoptosis

Figure 1.7: Cell fate following DNA damage.
Schematic showing the fate of cell when exposed to DNA damage. Accumulation
of DNA damage may lead to three fates, either the cell becomes senescent or it

becomes cancerous. If the damage remains unrepaired, it may undergo
apoptosis.

28



INTRODUCTION

Tumor promoting inflammation

Cellular microenvironment has now been reported to be one of the major factors
contributing to tumor initiation and progression. Chronic inflammation has been
shown to play a pivotal role in cancer initiation and progression. Macrophages
and stromal cells secrete bioactive molecules such as cytokines, reactive oxygen
species, nitrogen species as well as phospholipid mediators into the surrounding
(Figure 1.8). Such a microenvironment is considered to be in an active state.
Reactive oxygen and nitrogen compounds can attack DNA leading to
chromosomal abnormalities (Cerutti, 1994) that affect various signal transduction
pathway(s) (Schreck et al., 1992) or modulate the activity of the stress
responsive proteins, genes that regulate cell proliferation, differentiation and
apoptosis (Sarafian and Bredesen, 1994). Furthermore, phospholipid mediators
such as prostaglandins, lysophosphatidic acid (LPA), Platelet activating factor
(PAF) as well as Platelet activating factor-like lipids have been shown to play vital
roles in many physiological and pathological conditions including cardiovascular
homeostasis, inflammation and various cancer (Chao and Olson, 1993; Du et al.,
2010; Prescott et al., 2000; Robert and Hunt, 2001; Ryan et al., 2007; Stafforini
et al., 2003; Zhu et al., 2006). All these factors present in the tissue

microenvironment can induce as well as promote tumorigenesis.
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Figure 1.8: Tumor microenvironment and its components.

The tumor microenvironment is composed of several factors such as
macrophages, cytokines, fibroblast, neutrophils, phospholipid mediators and
reactive oxygen species (ROS) which promote inflammation and play an
important role in the initiation and progression of cancer.
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Scope of the study-

We have attempted to study the role of the two “enabling characteristics’-
Genomic instability and tumor promoting inflammation The work presented in this
thesis uses 3D culture of MCF10A cell line as the model system. MCF10A cell
line, derived from a subcutaneous mastectomy tissue is a non-tumorigenic cell
line, widely being used for 3D cultures.(Tait et al., 1990) These cells are near
diploid and considered to be “near normal” breast epithelial cells. The 3D cultures
of MCF10A cells, a model of mammary glandular epithelium, have been

exploited to study a number of oncogenes and tumor suppressors.

To assess the role of DNA damage in tumorigenesis (Chapter 3), we have used
alkylating agents as a source of DNA damage, mainly due to presence of
potential alkylating agents in the environment as well as wide use of these
agents in chemotherapy. To gauge transformation various phenotypic
parameters, including morphology, apico-basal polarity, acquisition of EMT
(epithelial to mesenchymal transition), motility, invasiveness as well as
anchorage independent growth were studied. We observed that alkylation
damage not only disrupted baso-lateral and apcal polarity but also drastically
impaired intracellular trafficking. Furthermore, the cells also acquired enhanced
motility as single cells and failed to show collective cell migratory capabilities,
which was in concordance with the acquisition of mesenchymal phenotype. In
addition to motility, we also observed that these cells showed invasive
capabilities as well as ability to grow in anchorage independent conditions. Thus,
we have demonstrated the potential of alkylating agents to induce transformation.
We also identified DNA-PK to be the central player involved in the process of
transformation following DNA damage.During the course of the work, we also
investigated the dramatic effect of DNA damage on the cytoskeleton (Chapter 4).
Rearrangement of the cytoskeleton components mainly the microtubules and
actin was observed. DNA-PK was found to mediate this rearrangement too, as a

small molecule inhibitor of the kinase activity of DNA-PK could reverse the
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rearrangement. Furthermore, we have successfully identified two candidates,
Api5 and TopBP1, which may play a role in DNA damage, induced
transformation. We also established the possible role of Api5 in inducing
phenotypic transformation (Chapter 5).

In a quest to study role of tumor promoting inflammation in cancer initiation, we
explored the potential role of Platelet activating factor (PAF) in transformation
(Chapter 6). PAF, which is mainly secreted by the cells of the immune system
mainly in chronic inflammatory conditions, was used in the study, in an attempt to
study the role of certain potential bioactive molecules present in the
microenvironment. Role of PAF in breast cancer has not been studied
extensively and there are no reports pertaining to its role in breast cancer
initiation. The lack of sufficient information coupled with the physiological
relevance of this bioactive molecule, motivated us to study the role of this
molecule in breast tumorigenesis. We found that prolonged exposure of PAF
induced hyperproliferation, disrupted polarity and induced EMT-like
characteristics. Thus, we have demonstrated the role of PAF in inducing

phenotypic transformation.
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Chapter 2: MATERIALS AND
METHODS
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2.1 Cell lines and culture conditions

MCF10A cell line was a generous gift from Prof. Raymond C. Stevens (The
Scripps Research Institute, California, USA). These cells were grown in High
Glucose DMEM without sodium pyruvate (Lonza) containing 5% horse serum
(Invitrogen), 20 ng/mL EGF (Sigma-Aldrich), 0.5 pg/mL hydrocortisone (Sigma-
Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 10 ug/mL insulin (Sigma-
Aldrich) and 100 units/mL penicillin-streptomycin (Invitrogen) and were
resuspended during sub-culturing in High Glucose DMEM without sodium
pyruvate containing 20% horse serum and 100 units/mL penicillin-streptomycin
(Invitrogen). The overlay medium in which the cell suspension was made for
seeding (assay medium) constitutes of DMEM without sodium pyruvate, 2%
Horse serum, hydrocortisone, cholera toxin, insulin, EGF and penicillin-
streptomysin. Opti-MEM® used for transfection was obtained from Invitrogen.
Cells were maintained in 100 mm tissue-culture treated dishes (Corning, Sigma-
Aldrich) at 37°C in humidified 5% CO:2 incubator (Thermo Scientific). The 3D on
top cultures were seeded in 8-well chambered cover glass obtained from Nunc
Lab-tek, (Thermo Scientific) or 6-well and 12-well dishes (Corning, Sigma-
Aldrich) and grown on Matrigel® Basement Membrane Matrix obtained from

Corning, Sigma-Aldrich.
2.2 Chemicals and antibodies

N-nitroso-N-methylurea (MNU), N-nitroso-N-ethylurea (NEU), dimethyl sulfoxide
(DMSO), thiazoly! blue tetrazolium bromide (MTT), gelatin, biotin and
cyclohexamide were purchased from Sigma-Aldrich while 4,5-Dimethoxy-2-
nitrobenzaldehyde (DMNB), DNA PK inhibitor was purchased from Tocris
Bioscience. Paraformaldehyde (16% w/v aqueous solution) used for
immunostaining was bought from Alfa Aeser. DQ™ Collagen typel was
purchased from Thermo Fisher Scientific while rat tail Collagen type 1 from BD
Biosciences. Carbamyl PAF (Platelet Activating Factor) was procured from

Cayman chemicals. Monoclonal antibodies used for immunofluorescence for
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laminin-5 (MAB19562) and a6-integrin (MAB1378) were bought from Millipore, o-
tubulin (T6199) and GAPDH (G9545) antibodies were bought from Sigma-
Aldrich.

Monoclonal antibodies for immunofluorescence for vimentin (ab92547), B-catenin
(ab32572), E-cadherin (ab1416) and DNA-PKcs (phospho T2609, ab18356)
were obtained from Abcam while that for hDIg (sc-9961) were obtained from
Santa Cruz Biotechnology, Inc. For western blotting, monoclonal antibodies for
vimentin (ab8069), N-cadherin (ab12221), Cytokeratin 14 (ab7800), Cytokeratin
19 (ab52625) and polyclonal antibody for Snail (ab180714) were purchased from
Abcam. For immunoflurorescence studies, GM130 monoclonal antibody
(610822) and for western studies, fibronectin monoclonal antibody (610077),
were obtained from BD Biosciences. Polyclonal antibody for pAKT (S437)
(9271S) was purchased from Cell Signalling while that for c-Myc (SC 40) was
purchased from Santa Cruz Biotechnology Inc. for western blotting. Peroxidase-
conjugated AffiniPure goat anti-mouse and anti-rabbit as well as AffiniPure
F(ab’)2 fragment goat anti-mouse 1gG, F(ab’). fragment specific were obtained
from Jackson Immuno Research. 4', 6-Diamidino-2-phenylindole dihydrochloride
(DAPI), Alexa Fluor 568 Phalloidin, Alexa Fluor 488 and 568 were bought from
Invitrogen. Anti-VSVG (8G5F11) Antibody (EB0010) purchased from Kerafast
was used to selectively mark extracellular domain of VSVG glycoprotein, in

trafficking assay.
2.3 3D “on top” cultures

Wells in 8-well chamber coverglass were coated with 50 pl growth factor reduced
basement membrane matrix (or Matrigel; BD Biosciences) and allowed to gel at
37°C for 15 minutes. MCF10A cell suspension was prepared in assay medium
supplemented with 2% Matrigel and 5 ng/mL EGF. This suspension was added
on top of 50 ul Matrigel coat to attain a cell density of 6 X 102 cells per well.
Cultures were maintained for 16 days at 37 °C and assay medium containing 2%
Matrigel and 5 ng/mL EGF was supplemented every 4 days (Debnath et al.,
2003). MNU and NEU were added at day 0 and day 2 of culture and maintained
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for 16days, while PAF was added on day 4, day 8, day 12, and day 16 of culture

and maintained for 20 days.
2.4 Drug treatments

The different drugs used in the study and duration of treatment have been
summarized in Table2.1. Alkylating agents were added in the initial days of
morphogenesis (Figure 2.1a) to ensure that only cells that incurred damage and
survived will form acinar structures which can be further characterized and used
for the study. DNA-PK inhibition using 25 uM DMNB was done on Day 15 and
Day16 of culture (Figure 2.1a). To mimic the possible in vivo scenario cells were
subjected to prolonged exposure to 200nM of PAF. PAF was added on Day 0, 4,
8, 12, 16 of culture (Figure 2.1b). To study the re-organization of the cytoskeleton
following DNA damage, MNU was added 16 hours post seeding. Following 24
hours of 1 mM MNU exposure, cells were replenished with fresh media and fixed
or lysed 24 hours later. Wherever required 25 uM DNA-PK inhibitor (DMNB) for
12 hours, 50 uM ,INK inhibitor (JNKi; SP60025) for 24 hours , 7.5 uM Akt
inhibitor (Akti) for 12 hours, 2.5 ng/ml of Nocodazole was added for 20 minutes
while 250 nM of Latrunculin A was added for 10 minutes (Figure 2.2).

Drug Concentration | Duration
MNU 1 mM 24 hours
DMNB 25 uM 12-24 hours
Nocodazole | 2.5 ug/mL 20 minutes
Latrunculin A | 250 nM 10 minutes
Taxol 100 nM 24 hours
SP600125 50 uM 24 hours
AKTi 7.5 uM 12 hours
PAF 200 nM 4 days

Table 2.1: Concentrations and duration of treatment
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Figure 2.1: Diagramatic representation of different drug treatments.

(a) Schematic depicting the dosing of alkylating agents. NEU and MNU as well
as DNA-PK inhibitor, DMNB. (b) Schematic depicting dosing regimen of 200 nM
PAF to study effect of prolonged exposure of PAF on non-transformed breast

epithelial cells grown as 3D "on top" cultures.
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Figure 2.2: Schematic representing the dosing schedule of different

chemicals to study effect of DNA damage on cytoskeleton.
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2.5 Dissociating cells from 3D cultures

1.5 X 1068 cells were seeded in 6 well dish coated with 500 pl of Matrigel™. 375 ul
of Dispase™ was added per dish. The plate was incubated at 37 °C for 20
minutes. The solution was collected into 1.5 ml micro-centrifuge tubes and further
incubated for 10 minutes. The tubes were centrifuged at 900 rpm for 10 mins,
supernatant discarded and further resuspended in growth medium.
Centrifugation was repeated and the pellet thus formed was again re-suspended
in growth medium and plated in a 12 well dish. The cells were monitored for 48
hours (replenished with fresh media after 24 hours). After 48 hours, depending
on confluency (approximately 70%) cells were trypsinized and replated in 6 well
dish (size of dish depends on confluency). Culture was expanded and cells were
frozen down at every passage and later used for the experiments.

2.6 Immunofluorescence of 3D “on top” cultures

On 16™" day, the acini were fixed using 4% PFA (freshly prepared in PBS, pH 7.4)
for 10 minutes at RT and washed four times with 1X PBS-Glycine for 10 minutes
at RT. Cultures were permeabilized using PBS containing 0.5% Triton-X-100 for
10 minutes at 4 °C and were washed three times with PBS for 10 minutes at RT.
This step was altered based on the localization of the protein of interest; though
the above conditions work well in most cases, for Golgi an additional step of
dissolving Matrigel™ with pre-cooled PBS-EDTA (4 °C for 15 minutes) was done.
In case of Api5 over-expression studies and PAF treatment wherein the acinar
structures were large; permeabilization using PBS containing 0.5% Triton-X-100
for 10 minutes at room temperature was done. For Phospho ERM staining,
phosphatase inhibitors 1 mM sodium orthovanadate and 1.5 mM sodium fluoride
were added in all above steps. Slides were first blocked with primary blocking
solution i.e. 10% [v/v] goat serum in immunofluorescence (IF) buffer for 90
minutes at RT and then with secondary blocking solution (IF buffer containing
10% goat serum and 1% F(ab')2 fragment goat anti-mouse IgG) for 45 minutes at

RT. Cultures were stained with primary antibody prepared in secondary blocking
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solution, a6-integrin (1:100), B-catenin (1:100), vimentin (1:100); overnight at 4
°C. Coverglasses were washed three times with IF buffer for 20 minutes at RT.
Cultures were incubated with secondary antibody prepared in secondary blocking
solution, Alexa 488 conjugated donkey anti-rat (1:200), Alexa 488 and 568
conjugated goat anti-mouse IgG (1:200) and Phalloidin 633; for 60 minutes at
RT. Slides were washed once with IF buffer for 20 minutes and twice with PBS
for 10 minutes at RT. Cultures were counterstained with PBS containing 0.5
pg/ml Hoechst33342 for 10 minutes and washed with PBS for 10 minutes at RT.
Prolong anti-fade was added to each well and was allowed to set overnight at 4
°C. 3D structures were visualized under a Zeiss LSM 710 laser scanning
confocal microscope. All immunofluorescence images, unless otherwise

specified, were captured using 63X oil-immersion objective.
2.7 Single gel electrophoresis (Comet Assay) (Olive and Banath, 2006).

Preparation of slides: Glass slides frosted at one end were dipped in methanol

and burnt over flame to remove oil from its surface. The slides were then dipped
in to 1% normal melting agarose prepared in Ca** and Mg** free PBS and air
dried.

Preparation of cell suspension: MCF10A cells were seeded on 12 well dishes

precoated with 250 pl of Matrigel™ at a density of 1.5 X 10° cells per well. 1 mM
MNU was added to the cells 2 hours following seeding and samples were
collected 2 hours and 24 hours following drug addition. For dissociating the acini
to obtain single cells, the 12 well dishes were washed with 500 ul of PBS
followed by addition of 500 ul of ice-cold PBS-EDTA. The cells were incubated at
4 °C for 30 minutes. The samples were collected into microcentrifuge tubes and
centrifuged at 900 rpm for 10 minutes at 4 °C. The supernatant was discarded
and the pellet was resuspended in PBS so as to make a cell suspension at a
density of 1000 cells/ ul. 10 pl of cell suspension was added to 75 pl of 0.5%
LMA (low melting agarose prepared in Ca™ and Mg** free PBS) and the mixture

was added to the slides with base agarose coating. Cover slip was placed on the
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mixture and the slides were placed on ice until the agarose layer hardens. The
coverslips were slided off and 80 ul of 1% LMA prepared in Ca* and Mg* free
PBS was added to the previously added layer and coverslips were placed. The
slides were then placed on ice until it hardens.

Lysing and Electrophoresis: The slides were placed into lysing solutions (recipe

in Appendix) and incubated at 37 °C for neutral comet assay and 4 °C for alkaline
comet assay for 2 hours. This was followed by placing the slides in
electrophoresis tank containing electrophoresis buffer for 20 minutes to
equilibrate the slides. Electrophoresis was done at 20 volts and 7 mA current for
neutral comet assay and 24 volts and 300 mA for alkaline comet assay.
Electrophoresis was done for 25 minutes. Slides were then washed with water
and neutralizing buffer for neutral and alkaline comet assay respectively. Further,
the slides were stained with 80 ul of 2 ug/ml of EtBr solution for 5 minutes.
Excess stain was removed by washing in cold water and slides were mounted
using water.

Imaging and data analysis: The slides were visualised immediately under 20X

objective of epifluorescence microscope. 50 cells were imaged randomly per
slide and the images were analysed using the comet assay plugin in Image J
software. Extent of DNA damage was measured by calculating % tail DNA and

tail length.
2.8 Immunoblot analysis

MCF10A cells were grown on Matrigel® for 16 days and the spheroids were
extracted using ice cold PBS-EDTA or Dispase™ by incubating on ice for 30
minutes. Cell suspension was collected in microcentrifuge tube and centrifuged
at 1200 rpm for 10 min at 4 °C. Supernatant was discarded carefully and pellet
was mixed with sample buffer. This 3D culture lysate was resolved on SDS-
PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) and
transferred to PVDF (P-polyvinylidene difluoride) membrane (Millipore). Blocking
for non-phospho antibodies was performed in 5% (w/v) skimmed milk (SACO
Foods, USA) and for phospho-specific antibodies 4% (w/v) Block Ace (AbD
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Serotec) prepared in 1X Tris buffered saline containing 0.1% Tween 20 (1X TBS-
T) for 1 hour at RT. Blots were incubated in primary antibody for 3 hours at RT
(or for 16 hours at 4 °C) followed by washes with TBS-T, blots were then
incubated with peroxidase-conjugated secondary antibody solution in the ratio
1:10,000 prepared in 5% (w/v) skimmed milk in 1X TBS-T for 1 hour at RT
following which blots were developed using Immobilon Western Detection
Reagent kit (Millipore) and visualised using ImageQuant LAS 4000 (GE
Healthcare). Densitometry analysis of images was done using ImageJ software.

2.9 MTT based cytotoxicity assay

MCF10A cells were seeded at a density of 0.5 X 10* cells per well in a 96 well flat
bottomed tissue culture treated plate (Corning) in growth medium. The cells were
maintained for 16 hours at 37 °C. Varying doses of MNU was added to the cells
and incubated for 24 hours. Media was aspirated and freshly prepared 0.5mg/ml
of MTT solution diluted in growth medium was added to cells. Following 4 hours
of incubation at 37 °C, the medium was aspirated and the formazan crystals
formed were dissolved by adding 100 ul of DMSO. Absorbance was measured

on a Varioskan Flash Multimode Plate Reader (Thermo Scientific) at 570 nm.
2.10 RNA Extraction and cDNA preparation

For extraction of RNA, MCF10A cells seeded on Matrigel® bed made in 6 well
plates at a density of 2.5 X 10° per well were harvested on day16 by scrapping
cells following addition of TRIzol (Ambion). RNA extraction was done using
standard protocol. 1ug of RNA was used for preparation of cDNA using 1 pl oligo
dT (50 mM; Invitrogen) in RNAse and DNAse free water, dNTP (2.5 mM) and M-
MLV-reverse transcriptase (Invitrogen). Amplification was done using the
following PCR cycle: 95 °C for 60 sec, 55 °C for 45 sec, 72 °C for 60 sec and
final extension for 5 min; 40 cycles. Densitometric analysis was done gel analysis
function of ImageJ software and normalised to GAPDH (housekeeping gene) and

later with control. Primer sequences used are as listed in Table 2.2:

42



MATERIALS AND METHODS

Gene of Forward Reverse
interest

Vimentin | TGTCCAAATCGATGTGGATGTTTC TTGTACCATTCTTCTGCCTCCTG

Twist CGGAGACCTAGATGTCATTG ACGCCCTGTTTGTTTGAAT
Snail ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA
PAFR TACTGCTCTGTGGCCTTCCT CTGCCCTTCTCGTAATGCTC
GAPDH | ACCACAGTCCATGCCATCAC TCCACACCCTGTTGCTGTA

Table 2.2: Primer sequences used for RT-PCR analysis.
2.11 ts045-VSVG-GFP intracellular trafficking assay

Temperature sensitive mutant of Vesicular Stomatitis Virus G (vsvg) protein
fused with GFP is widely used to study the intracellular trafficking of
cells(Hirschberg et al., 1998). 5 X 10* cells were seeded in 8 well chamber
coverglass and incubated for 16 hours. This was followed by treatment either
with DMSO or ImM MNU for 24 hours. Further, the cells were transfected with
pCDM8.1/VSVGS*5-GFP construct using Lipofectamine 2000 in OptiMEM |
Reduced Serum Medium (Invitrogen) and then incubated at 37 °C for 4 hours.
The cells were then re-fed with growth medium and incubated at 40 °C for 16
hours. 100 pg/ml of cyclohexamide was added, to inhibit protein synthesis and
incubated at 40 °C for 30 minutes and then shifted to permissive temperature of
32 °C. Cells were fixed at 0, 40, 80 and 120 minutes after shifting.
Immunostaining of the surface VSVG molecules was done using antibody
specific for the conformation of the molecules following exit from Golgi. The
immunostaining was done under non-permeabilization conditions. The cells were
immediately washed with wash buffer consisting of 0.1% Sodium azide and 2 %
goat serum (this step should be done as quickly as possible to prevent
internalization of the molecules) and fixed with 2% PFA (paraformaldehyde) for
exactly 15 mins at 4 °C. The cells were then washed with wash buffer followed by
incubation with Anti-VSVG (8G5F11) antibody (1:1000 dilution) for 1 hour at 4 °C.
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The slides were washed extensively with wash buffer and then incubated with
Alexa Fluor 568 conjugated goat anti mouse antibody (1:100 dilution) at 4 °C for
1 hour. Further the cells were washed with wash buffer and mounted using Slow
fade Gold Anti-fade reagent (Invitrogen). Images were captured in laser scanning
confocal microscope LSM710 (Carl Zeiss, GmbH) using 63X objective.

To measure the intensity of cells expressing VSVG molecules ImageJ software
was used. Cell boundaries were marked manually and fluorescence measured.
Mean cellular fluorescence of a non-transfected cell, in the same field, was
measured to account for background fluorescence. To calculate the corrected
total cell fluorescence (CTCF), formula used was:

CTCF=Integrated Density- (Area of selected cell X Mean fluorescence of

Background readings).

2.12 RUSH (Retention using Selective Hook) Assay.(Boncompain et al.,
2012)

MCF10A cells were seeded at a density of 4 X 10° cells per well of an 8 well
chambered coverglass. Following 1 mM MNU treatment for 24 hours, the cells
were transfected with Manll-SBP-EGFP construct (generous gift from Dr Franck
Perez, (Institut Curie, Paris, France) using transfectene reagent (Qiagen). The

transfection mix used was as follows:

DNA 1 ug

Enhancer 6.4 pl

EC Buffer :Upto 60 ul (DNA +Enhancer +EC buffer)
Transfectene :8 ul

DMEM (Growth medium) -390 1
After 18 hours of transfection, 40 uM Biotin was added and cells were fixed at O,
10 and 20 minutes following addition and visualized using 63X objective of a
laser scanning confocal microscope LSM710 (Carl Zeiss, GmbH). Percentage of
cells showing either reporter diffused in cytoplasm, or Golgi or both were
calculated and represented as bar graphs.
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2.13  Wound healing Assay

Ibidi Culture Inserts, made up of biocompatible silicon, and having a defined cell
free space were placed in a 35mm dish. Cell suspension at a density of 5 X 10°
cells/ml of Growth Medium was prepared and 70 ul suspension was added to both
sides of the insert. The cells were incubated with insert at 37 °C for 16 hours. Cells
were treated with 10 ug/ml mitomycin C (Sigma) for 2 hours; cells were replenished
with fresh medium; insert was removed and the wounds were visualized at 0,12
and 18 hrs under 10X objective of ECLIPSE TS100 (Nikon) microscope. The
wound area was measured using ImageJ software, and percentage wound closure

was calculated at different time points using the formula

Initial wound area — Final wound area
% WoundClosure = Titial wound area X 100

2.14  Single cell migration assay

Cells were dissociated from 3D cultures as mentioned in section 2.5 . The cells
were tagged using CFSE (Carboxyfluorescein succinimidyl ester), a cell
permeable dye which stains cytoplasm of live cells. For tagging, 4 X 10* cells
were centrifuged at 900rpm for 5 minutes, media discarded, and the pellet was
rapidly resuspended in 2ml of PBS containing 5 ng/ml of CFSE .and incubated at
37 °C for 10 minutes. After 10 minutes the cells were centrifuged at 900rpm for 5
minutes, supernatant discarded, resuspended in 2 ml of PBS. This step was
repeated again and cells were finally resuspended in 1 ml of Growth medium and
0.5 ml of the suspension was seeded in 8 well chambered coverglass (final
seeding density : 20000 cells/ well). Cells were maintained in growth media at 37
°C for 16-18 hours. Using stage incubator of Zeiss LSM 710 laser scanning
confocal microscopy time lapse imaging was carried at an interval of 2 minutes
for 4 hours at 10x magnification. During live cell imaging cells were maintained in
L15 media supplemented with horse serum, insulin, hydrocortisone, cholera toxin
and EGF. Manual tracking plugin of ImageJ software was used to manually track
randomly selected cells. Displacement, distance travelled and velocity of each

cell was calculated using Chemotaxis and migration tool software (ibidi GmbH,
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Munich, Germany) and were represented as box plot using Graph Pad Prism
software (Graph Pad Software, La Jolla, CA, USA).

2.15 Collagen Matrigel assay

Collagen Matrigel assay was performed using protocol described by
Muthuswamy's group (Xiang and Muthuswamy, 2006). Collagen was neutralized
using 125 ul of 10X PBS, 125 ul of 0.1M sodium hydroxide and 25 pl of 0.1M HCI
and this was mixed with Matrigel in the ratio of 1:1. Each well of 8 well chamber
cover glass was coated with 50 ul of this Matrigel:Collagen mixture and was
incubated for 30 minutes at 37 °C in the incubator. Further, 6 X 10 cells were
seeded on this mixture as mentioned in 3D “on top” culture protocol. Media was
changed every 4 days. Structures were analyzed by performing
immunoflourescence staining for laminin-5 and Phalloidin as mentioned earlier.
Images were captured using 63X objective of laser scanning confocal

microscope. (Carl Zeiss, GmbH).
2.16 DQ collagen Invasion Assay

Cells were dissociated from day 16 cultures of MCF10A cells treated with or
without MNU and DMNB as mentioned in section 2.4. 2 X 10 “cells were seeded
in 8 well chamber cover glass coated with 1.6mg/ml rat tail Collagen type 1
(neutralized with NaOH) containing 25 ug/ml of DQ collagen type 1 (Invitrogen).
48 hours following incubation, the cells were imaged at 40X magnification using
an Olympus IX81 system equipped with a Hamamatsu ORCA-R2 CCD camera.
Fluorescence intensity per cell was measured using Image J and the corrected
total cellular fluorescence was calculated as mentioned in the section on VSVG
cellular-trafficking assay.

2.17  Gelatin Zymography

Conditioned media from untreated MCF10A and MNU- treated MCF10A were
collected from the invasion assay and stored at -80 °C. The cells were lysed and

lysates were prepared to serve as loading control. On the day of performing the
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experiment, the media was thawed on ice (avoid thawing by hands). The media
should be maintained at 4 °C continuously to prevent the degradation of MMPs.
The conditioned media was mixed with 6X non-reducing sample buffer (87 ul of
media + 13 ul of 6X sample buffer) and required amount of the mix was loaded
on a pre-cooled SDS-PAGE gel containing 0.1% gelatin. The amount of media to
be loaded was calculated based on the ratio calculated based on the loading
adjustment done (with lysates). The gel was run at 120V at 4 °C till the dye front
is run out. The gel was further incubated in renaturing buffer (2.5 % v/v of Triton
X-100 in water) for 30 minutes and this step was repeated. This was followed by
washing with water and then incubation in developing buffer (0.5 M Tris-HCI pH-
7.8, 2M NaCl, 0.05M CacCl2 and 0.2% Brij35) for 30 minutes at room temperature
with gentle shaking. The gel was replenished with fresh developing buffer and
kept at 37 °C for 24 hours. The developing buffer was again changed and the gel
was incubated overnight at 37 °C. The gel was stained in Coomassie blue
staining solution (0.1% w/v Coomassie blue (Sigma-Aldrich), 50% v/v Methanol
(Fisher Scientific), 10% v/v Acetic acid (Fisher Scientific and 40% v/v distilled
water). The gels were destained using destaining solution (mixture of 50% v/v
Methanol, 10% v/v acetic acid and 40% v/v distilled water) to visualize the
cleared regions of gelatin against a dark blue background. Further the Gels were
washed with water and the gel images were captured using ImageQuant

LAS4000 gel documentation system (GE Healthcare).
2.18 Soft agar assay

1.2% and 0.6 % agar solution was prepared in sterile distilled water. 2X DMEM
was prepared by dissolving the powdered media (Invitrogen) in sterile distilled
water and later adding filter sterilized sodium bicarbonate (3.7gm/L) solution to it.

Preparation of base agar: 1.2% agar and 2X DMEM were placed in water bath

and maintained at 40 °C. 0.75 ml of agar solution was mixed with 0.75ml 2X
DMEM supplemented with (2X) growth constituents and added to each 35 mm
dish and allowed to cool at room temperature inside the hood (approx. 30

minutes)
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Preparation of top layer of agar: MCF10A cells were trypsinized, collected and

later resuspended in 2X DMEM. These required volume of cells (1.25 X 10° cells)
were mixed with 0.75ml of 0.6% agar (maintained at 40 °C) and 0.75 ml of 2X
DMEM. 1.5 ml of total volume of mixture was poured above the base layer and
placed at 37 °C, 5% CO:2 incubator. Following incubation for 2-3 hours 0.75ml of
Growth medium was added to each of the dishes. The plates were maintained for
18 days and replenished with fresh media every 4 days.

Images were acquired using 4X objective of Nikon microscope. 10 random fields
per dish were imaged and total number of colonies found per plate was counted

manually.
2.19  Microtubule dynamics using EGFP-EB3

MCF10A cells were seeded at a density of 4 X 104 cells per well of a 8-well
chamber coverglass. Following 16 hours of incubation at 37 °C with 5% CO2, 1
mM MNU was added to the cells and incubated for 24 hours. Cells with and
without MNU treatment were transfected with EGFP-EB3 construct using
Lipofectamine 2000. Using stage incubator of Zeiss LSM 710 laser scanning
confocal microscopy time lapse imaging was carried at an interval of 2 seconds
for Sminutes at 10x magnification; 5X zoom. During live cell imaging cells were
maintained in L15 media supplemented with horse serum, insulin,
hydrocortisone, cholera toxin and EGF. The comets were tracked manually using
the Manual tracking plugin in ImageJ. 20 microtubules were analyzed per cell.

Velocity and the lifetime of the comets/ was calculated.

2.20 Cloning of Api5 into mCherry-CSII-EF-MCS vector

Api5 gene was PCR amplified from Api5-mVenus C1 plasmid using primers with
Xbal and Notl restriction sites as overhangs (Details in Appendix V). mCherry-
CSII-EF-MCS vector and PCR product (after PCR purification) were digested using
Xbal and Notl (New England Biolabs; NEB) for 4 hours. The plasmid ends were
dephosphorylated by incubating the digested plasmid with calf intestinal
phosphatase (CIP; NEB) during digestion (after 3 hours of digestion) and
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incubation was continued at 37°C for another 1 hour. Digested plasmids were then
resolved on a 0.8% agarose gel and the band corresponding to the size of
mCherry-CSII-EF-MCS vector (~9kb) was gel extracted and purified using gel
extraction kit (Sigma). The amplified product (Api5; ~1.57 kb) following digestion
was purified using PCR purification kit (Qiagen) and Api5 was ligated into mCherry-
CSII-EF-MCS vector with an insert to vector ratio of 0.075 picomoles: 0.025
picomoles using T4 DNA ligase (NEB) at 25 °C for 90 minutes. Ligation mixture
was transformed into DH5a competent cells. Plasmid DNA was isolated from the
obtained colonies and screened the colonies by digesting with Xbal and Notl HF

to check for insert release. (For detailed cloning protocol refer Appendix V)
2.21 Lentiviral production and stable cell line preparation:

HEK293T cells were seeded at a density of 5 X 10°in a 35mm dish and incubated
for 16 hours at 37 °C. Lipofectamine 2000 (Invitrogen) and Opti-MEM (Invitrogen)
were mixed to give Solution 1(10 pl Lipofectamine + 240 ul Opti-MEM), followed
by incubation at room temperature for 5 minutes. Meanwhile DNA and Opti-MEM
were mixed in the ratio to give Solution 2(1 pg mCherry-CSII-EF-MCS /or mCherry-
CSII-EF-MCS-Api5 + 1 pg pCAG-HIVgp + 0.5 pg pCMV-VSV-G-RSV-Rev + Opti-
MEM to make up volume to 250 ul). Solutionl and Solution 2 were mixed and
incubated for 20 minutes at RT. In the meantime, the cells were preconditioned
with Opti-MEM for 20 minutes. After 20 minutes, 250 pul of OPTIMEM was added
to the reaction mixture, and 500 pul of the mixture was added to the wells. 24 hours
post transfection, 500 ul DMEM containing 30% FBS was added to the cells. For
transduction, MCF10A cells were seeded at a density of 5 X 10° on a 35 mm dish.
48 hours post transfection viral supernatant was collected, filtered through a 0.45
pm filter and added to MCF10A cells along with 1 ml fresh media supplemented
with 8ug of polybrene to increase the transduction efficiency. 48 hours post

transduction the cells were replenished with fresh Growth medium.
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2.22  Statistical Analysis

Student's t test was used to analyze the statistical significance of tail length while
one tailed Mann-Whitney U test was used for % tail DNA. Mann-Whitney U test
was also used to analyze the significance of difference between parameters in
morphometric analysis of 3D cultures. Data of VSVG trafficking assay was
analyzed using Two-way ANOVA to determine the significance of effect of
treatment as well as of time on the trafficking. Mann-Whitney U test was used to
analyze statistical significance of relative Golgi area and relative fluorescence
intensity in DQ™ Collagen invasion assay. p<0.05 was considered statistically
significant. ***, ** and * indicates p<0.0001, p<0.01, and p<0.05 respectively.
Graph Pad Prism software (Graph Pad Software, La Jolla, CA, USA) was used to
analyze data and p < 0.05 has been considered as significantly different.
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Chapter 3: Alkylation damage induces
transformation
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3.1 Background

Cancer therapeutics is double-edged in their action. The therapies are largely
based on inducing DNA damage in rapidly dividing cells and thus kill cancerous
cells. However, these agents have been shown to induce mutations in DNA,
which can ultimately contribute to tumor development or progression (Kastan &
Bartek 2004). This is supported by the report from Fung and colleagues who
demonstrated that reversal of DNA damage induced apoptosis resulted in
transformation (Tang et al., 2012). Further, Paules group demonstrated that
"cancer-predisposition programs" were induced in lymphocytes following DNA
damage (Innes et al., 2013).

Alkylating agents are a class of agents used in cancer chemotherapy and form
the first line of therapy (Chaney and Sancar, 1996; Cheung-Ong et al., 2013).
These act by inducing DNA damage. Apart from therapeutics, exposure to these
agents may be through environment mainly nitrosamines present in cigarette
smoke, environmental pollutants, dietary sources of nitrodialkylamines as well as
through job occupations (Silber et al., 1996). Apart from the exogenous sources,
certain endogenous processes are known to generate potential methylating
species, which ultimately can alkylate DNA (Barrows and Magee, 1982; Vaca et
al., 1988). These agents act by alkylating DNA at “N” or “O” positions, thereby
inducing DNA breaks and directing the cell towards apoptosis. These agents are
capable of forming 12 different DNA adducts. Apart from this, these agents
namely DMBA (7,12-Dimethylbenzanthracene, NEU (N-ethyl N-nitrosourea and
MNU (N-methyl N-nitrosourea have been used to develop rodent models of
different cancers (Gullino et al., 1975; Guzman et al., 1988; Stoica et al., 1983,
1984). Such models developed in early 1960s have been used successfully to
screen therapeutics as well as to answer intriguing questions related to tumor
progression. However, the exact mechanism of tumor induction has not been
elucidated yet. Given that we are exposed to DNA damaging agents in day-to-
day life and with breast tissue undergoing constant re-modelling throughout a

women’s lifetime, in turn making it vulnerable to acquire and accumulate DNA
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damage (Davis and Lin, 2011), the study of mechanism of DNA damage induced
transformation in breast epithelial cells becomes imperative.

In this study, we have used two of such agents, namely MNU and NEU to
ascertain whether DNA damage can induce transformation and further provide
mechanistic insights into the process. We have used 3-dimensional ‘on top’

cultures of MCF10A, cells as our model system.
3.2 Results

3.2.1 MCF10A cells, when grown on Matrigel™, formed polarized growth

arrested spheroids with a monolayer of cells enclosing a hollow lumen.

3D on-top culture of MCF10A cells was established to study step-wise, the
process of transformation using chemical carcinogens, MNU, and NEU.
Following 16 days of culture of MCF10A cells on growth factor reduced
basement membrane (Matrigel™), these cells formed growth arrested
multicellular acinar structures resembling the epithelial lining of lobules in the
breast tissue in vivo (Figure 3.1). 3D structures were visualized using 63X oil-
immersion objective, under a Zeiss LSM 710 laser scanning confocal
microscope.

To confirm the apicobasal polarization of the cells forming the acini, these acini
were immunostained with a6-integrin antibody (Figure 3.2a). a6-integrin is a
transmembrane extracellular matrix receptor, which maintains contact with the
basement membrane. The cells in the acinus which loose contact with the
basement membrane undergo apoptosis between day 6 to day 10, thus resulting
in the formation of a hollow lumen. B-catenin (Figure 3.2b) and E-cadherin
(Figure 3.2c), adherens junction markers, were found to localize at cell-cell
junctions and GM130 (Figure 3.2d), a Golgi marker, showed apical orientation

(Debnath et al., 2003), all characteristic of normal epithelial cells.
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Figure 3.1: Representative confocal images of MCF10A acinus.
DAPI-stained (blue) cross sections (x-y axis) of a Day 16 MCF10A acinus
imaged down the z axis. Upper panel: 3D construction of confocal ‘Z’ sections

each 0.35 um in thickness. Lower panel: Individual optical sections of the

spheroid. Scale bar: 20 um

54



Alkylation damage induces transformation

20 ym

Figure 3.2: MCF10A cells grown on Matrigel™ were polarized.

Day 16 MCF10A acinus immunostained with (a) a6-integrin (b) p-catenin (c) E-
cadherin (d) GM130 antibody.: MCF10A cells were grown as 3D-on top cultures
for 16 days and were stained with DAPI (blue) to visualize nuclei and with
antibody towards a6-integrin (green) to demarcate its attachment with basement
membrane; antibody towards B-catenin and E-cadherin to mark the cell-cell

junctions and GM130 to mark the apical region. Scale bar: 20 um.
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3.2.2 MNU induced DNA damage and affected acinar morphology.

MTT-based cytotoxicity assay was carried out to select a suitable, sub-lethal
dose of MNU. 1 mM was selected as the optimal sub-lethal dose (Figure 3.3a).
The cells were exposed to MNU in the initial days of morphogenesis (day 0 and
day 2) to ensure that only those cells that acquired damage and finally survived
the damage proliferated and differentiated on Matrigel™ could be further
analyzed for phenotypes in 3D spheroid cultures. To ascertain whether the sub-
lethal dose of MNU selected caused DNA damage under the conditions of the
study, Single Cell Gel Electrophoresis (Comet Assay) was performed under both
alkaline as well as neutral pH conditions. Comet assay enables visualization of
DNA breaks at the single cell level and also helps distinguish between single
strand breaks (SSB and double strand breaks (DSB) based on changes in pH
conditions wherein alkaline comet assay detects SSBs and alkaline labile breaks
while neutral comet assay detects DSBs. MCF10A cells grown as 3D cultures,
with or without treatment with 1 mM MNU for 2 hour and 24 hours were subjected
to comet assay. We observed that 1 mM MNU induced DNA damage and
resulted in the formation of both SSBs (alkaline comet assay) and DSBs (neutral
comet assay), characterized by the formation of comets under both alkaline and
neutral pH conditions (Figure 3.3b). The extent of DNA damage induced by MNU
exposure was measured in terms of tail length (Figure 3.3c and Figure 3.3e) and
percentage of tail DNA (Figure 3.3d and Figure 3.3f).

Previous studies convincingly showed that the morphology of acini was disrupted
upon transformation (Debnath and Brugge, 2005; Debnath et al., 2003). We
tested overall morphology of MCF10A acini after exposure to MNU.
Morphometric analysis revealed that MNU treated MCF10A cells lead to
formation of smaller acini with fewer cells by day 16 (Figure 3.4a and Figure
3.4b). However, culturing the acini further till day 30 led to a significant increase
in volume of acini as well as the number of cells in the treated acini, as compared
to control acini where the volume and number of cells in the acini did not change

significantly (Figure 3.4c and Figure 3.4d). Change in nuclear architecture is one
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of the key features of cancer cells (Zink et al., 2004). To investigate the change
in nuclear morphology the 3D reconstructed images of acini were used for
nuclear morphometry using Huygens Professional software (SVI, Hilversum,
Netherlands). It was observed that the nuclei of cells treated with MNU were
larger as compared to that of control. Further, this phenotype was observed in
cells in day 30 acini indicating the persistent increase in nuclear volume following

DNA damage induced in the early stages of morphogenesis.
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Figure 3.3:Sub-lethal dose of MNU induces DNA damage in MCF10A cells.
(a) MTT-cytotoxicity assay was performed over a dose range to identify the sub-
lethal dose of MNU to be used for the study. (b) Comet assay was performed in
alkaline and neutral conditions. The % tail DNA (c and e) and tail length (d and f)

were measured using ImagedJ software. Student’s t-test was used to analyze the

58



Alkylation damage induces transformation

statistical significance of difference in tail length and % tail DNA. * p<0.05 and ***
p<0.0001 has been considered as significantly different. Data is representative

of three independent experiments; 50 nucleoids were scored per experiment.
Scale bar: 50 um
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Figure 3.4: MNU treatment resulted in increase in nuclear volume.

MCF10A cells grown as 3D cultures were immunostained with Phalloidin to mark
the boundary of the entire acini while DAPI was used to stain the nuclei. Images
were captured using Zeiss LSM 710 laser scanning confocal microscope (Zeiss,
GmbH) and morphometric analysis was done using Huygens Professional
software (SVI, Hilversum, Netherlands). Graph representing (a) volume of day 16
acini and day 30 acini, (b) number of cells per acini on day 16 and day 30; (c)
Volume of nuclei of day 16 and (d) day 30 acini. Statistical analysis was
performed using One way ANOVA for (a) and (b) while Mann Whitney test for (c)
and (d); C denotes control and T denotes treated. Data from N>5 independent
experiments is pooled and represented. *** p<0.0001.
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3.2.3 Exposure to MNU disrupted baso-lateral polarity.

Epithelial cells are characterized by their ability to polarize. When these cells get
transformed they lose this characteristic (Debnath and Brugge, 2005). To
investigate the effect of DNA damage in establishment and maintenance of
polarity of the breast epithelial cells, MCF10A cells were grown on Matrigel™ and
analyzed using different markers. a6-integrin and laminin-5 are widely used to
ascertain the integrity of basal polarity. Upon methylation damage, we observed
mislocalization of a6-integrin in 43% acini while a discontinuous staining of both
a6-integrin (Figure 3.5a and Figure 3.5b) and laminin-5 (Figure 3.5¢c and Figure
3.5d) in 33% and 55% of acini respectively. To ascertain whether this effect was
transient or persisted beyond day 16, the day 30 acini were subjected to
immunofluorescence and localization of a6-integrin was investigated. Loss of a6-
integrin from the basal region was observed in majority of the acini (Figure 3.6a
and Figure 3.6b).

Further to investigate the integrity of the adherens junctions the day 16 acini
were immunostained for E-cadherin and B-catenin. We observed that acini of
cells which were exposed to MNU showed reduced E-cadherin at cell-cell
junctions (Figure 3.7a and Figure 3.7b). To confirm this phenotype, the cells from
acini were dissociated on day 16 and were immunostained for E-cadherin. The
phenotype observed (Figure 3.7c¢) corroborated with that observed in spheroids,
thus implying the loss of integrity of cell-cell junctions. 3-catenin showed an
aberrant staining pattern characterized by cytoplasmic staining (Figure 3.8a and
Figure 3.8b). Further hDIlg, human homologue of Drosophila discs large tumor
suppressor protein, was used to confirm the loss of adherens junctions.
Localization of hDIg was found to be reduced at cell-cell junctions (Figure 3.8c
and Figure 3.8d). This observation further strengthens our claim of disruption of
cell-cell junctions in MCF10A cells treated with MNU in early days of

morphogenesis.
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Thus, the above results imply the loss of baso-lateral polarity following exposure

of breast epithelial cells to DNA damage by MNU.
a b

DAPI aB-integrin Merged

° m [ntact
g O Mislocalised
o M Loss
A
o - ©
°
D
Zo
=2
s 3
= -
- N
C
DAPI Laminin-5 Merged d
5 mm Intact
g O Loss
(@)
100 1
5
£
) & 50 1
23 s
(W)
e 04
° x¢
A, S A S QOQ «\Q’{b

Figure 3.5: MCF10A cells lose basal polarity upon exposure to methylating
agent.

Day 16 spheroid cultures were immunostained for basal polarity markers. (a)
Representative images of centermost z section of spheroids immunostained with
ab-integrin (green). (b) Graph depicting the percentage of acini showing different

phenotypes observed with a6-integrin. (c) Representative images of centermost
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z section of spheroids immunostained with laminin-5 (red). (d) Graph depicting
the percentage of acini showing discontinuous laminin-5. (e)
Immunofluorescence images of a6-integrin (green) stained Day 30 spheroids. (f)
Graph representing the percentage of acini showing presence of discontinuous
a6-integrin. Arrow head (white) indicate the abnormal localisation and loss
phenotype. Data is representative of >5 independent experiments. >50 acini

were analyzed per treatment group. Scale bar: 20um.
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Figure 3.6: Loss of a6-integrin from the basal region of MCF10A acinar
cultures upon exposure to methylating agent is not transient.

Day 30 , MCF10A acinar cultures were immunostained for basal polarity
markers. (a) Representative images of spheroids immunostained with a6-integrin
(green). (f) Graph representing the percentage of acini showing presence of
discontinuous a6-integrin. Data is representative of >2 independent experiments.

>40 acini were analyzed per treatment group. Scale bar: 20pum.
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Figure 3.7: Methylation damage results in loss in integrity of adherens
junctions.
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Day 16 cultures of MCF10A cells were immunostained for markers of adherens
junctions and analyzed for their integrity. (a) Representative immunofluorescence
images of acini labelled with E-cadherin (green). (b) Graph representing the % of
acini showing loss phenotype. (c) Cells from day 16 acini were dissociated using
Dispase™ and immunostained for E-cadherin. Data is representative of >5

independent experiments. Scale bar: 20 um
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Figure 3.8: Methylation damage results in loss in integrity of adherens

junctions

(a) Representative immunofluorescence images of acini labelled with B-catenin

(red). (b) Graph representing the % of acini showing aberrant phenotype. (c)

Representative immunofluorescence images of acini labelled with hDIg (green).

(d) Graph representing the % of acini showing diffused localization on cell-cell

junctions. Data is representative of >5 independent experiments. Scale bar: 20

um
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3.2.4 MNU treatment disrupts apical polarity. ,

Loss of apico-basal polarity of epithelial cells is one of the hallmarks of cancer
(Debnath and Brugge, 2005). Golgi plays a central role in polarized sorting of
proteins to the apical and baso-lateral membranes and thus in establishment and
maintenance of polarity. Golgi present in the apical region above the nucleus is
widely used to investigate apical polarity in MCF10A spheroids (Aranda et al.,
2006). To determine the integrity of apical polarity, GM130, a Golgi marker was
used. Interestingly, we observed that the morphology of Golgi in acini formed by
cells exposed to DNA damage was disrupted wherein it appeared to be

dispersed (Figure 3.9a).

Further quantification of Golgi area revealed that MNU treated cells showed a
significant difference and thus confirmed the dispersed phenotype (Figure 3.9b).
However, due to dispersed phenotype, GM130 could not be used to investigate
apical polarity establishment. Therefore, phospho ERM (ezrin/radixin/moesin
known to mark the apical membrane and localize to actin rich structures was
used to ascertain integrity of apical polarity. In MCF10A cells phospho ERM is
known to mark the plasma membrane and used to mark the apical membrane.
The acini formed by MNU treated cells showed a strong basal localization of
phospho ERM, thus implying the loss of apical polarity (Figure 3.9c and Figure
3.9d). To confirm whether the effect on Golgi was persistent, day 30 acini were

analyzed and we observed a similar dispersed phenotype (Figure 3.9¢).
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Figure 3.9: Apical polarity was lost and Golgi morphology disrupted in cells
exposed to methylation damage.
3D “on top” cultures of MCF10A cells were immunostained for apical polarity

markers. (a) Representative immunofluorescence images of day 16 acini labelled
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with GM130, a Golgi marker (green). Arrow head (white) indicate the abnormal
localisation of Golgi. (b) Graph depicting the relative Golgi area normalized to
control was measured using ImageJ software. Mann-Whitney test was used to
analyze the statistical significance of differences (c) Representative
immunofluorescence images of day 16 acini labelled with phospho ERM (red).
Arrow head (white) indicate the abnormal localisation of phospho ERM. (d)
Graph representing the % of acini showing strong basal localization of phospho
ERM (e) Representative immunofluorescence images of day 30 acini labelled
with GM130 (green). Data is representative of >5 independent experiments. ***
p<0.0001. Scale bar: 20 um
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3.2.5 MNU treatment impaired intracellular trafficking.

To investigate whether the dispersed Golgi was functional, ts045- VSVG
intracellular trafficking assay was performed. The assay uses GFP-fused
temperature sensitive mutant of VSVG (vesicular stomatitis viral glycoprotein).
The VSVG molecules accumulate in the endoplasmic reticulum (ER) at 40 °C
(non-permissive temperatures). After shifting the cells to permissive temperature
of 32 °C the molecules are synchronously released from ER to Golgi within 40
minutes and to plasma membrane within 120 minutes (Presley et al., 1997).
These VSVG molecules are mis-folded and hence can be marked using the
conformation specific antibody (clone 8G5F11). The integrity of intracellular
trafficking is measured in terms of the ratio of surface VSVG to total VSVG. We
found that although by 120 minutes a large proportion of the vsvg molecules
reached the surface in untreated cells, in case of treated cells negligible number
of molecules reached the surface. Thus, our results revealed that MNU induced
disruption of Golgi morphology and also impaired Golgi trafficking (Figure 3.10a
and Figure 3.10b). Furthermore, to determine the effect of DNA damage on ER
to Golgi trafficking, RUSH assay (Retention Using Selective Hooks assay was
performed. Str-KDEL-ManlI-SBP-EGFP construct was used where Str-KDEL is
the ER hook and Manll-SBP-EGFP is the reporter. Mannosidase Il (Manll)
localizes in the Golgi, its acceptor compartment. Release of the molecules is
coordinated by addition of biotin and is based on the competitive binding affinity
of biotin over streptavidin binding protein (SBP). 10 minutes following addition of
biotin all the reporter molecules localized at Golgi in majority of the untreated
cells, while in MNU damaged cells the molecules failed to completely localise in
Golgi in a large proportion of cells even by 20 minutes(Figure 3.11a-c). These
results imply that MNU damage impaired the ER to Golgi trafficking. Since the
percentage of cells showing localization of reporter to Golgi increased by 20
minutes, it can be inferred that the trafficking is only impaired and not completely

abrogated.
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Taken together, the above experiments demonstrate the ability of methylation
damage to not only disrupt apical polarity but also to disrupt Golgi morphology

and impair intracellular trafficking.
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Figure 3.10: MNU damage impaired Golgi to plasma membrane trafficking.
MCF10A cells grown as monolayers with and without 1 mM MNU treatment for
24 hours were transfected with ts045 VSVG-GFP construct. The cells were
incubated at 40°C (non-permissive temperature). Following shift to 32°C
(permissive temperature), samples were collected at pre-determined time-points
and surface VGVG molecules were immune-stained under non-permeabilizing

conditions with antibody specific to the conformation of surface molecules.
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Representative images of cells incubated at 32°C for (a) 40 minutes, 80 minutes
and 120 minutes. (b) Graph represents mean +/- SEM of the relative ratio of
surface VSVG molecules (red fluorescence) to total VSVG molecules (green
fluorescence). Statistical significance of effect of MNU and time on trafficking of
VSVG molecules was determined using Two way ANOVA. p<0.05 has been

considered to be statistically significant. Data represented is pooled from three

independent experiments. Scale bar: 20 um
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Figure 3.11: MNU damage impaired ER to Golgi membrane trafficking.

(a) Monolayer cultures of MCF10A cells, with and without 1 mM MNU treatment
for 24 hours were transfected with Str-KDEL-Manll-SBP-EGFP construct The
reporter (green) release was observed at 0, 10 and 20 minutes upon biotin
addition. Graph representing the localization of the reporter in (b) 10 minutes and
(c) 20 mins following biotin addition. C denotes control and T denotes 1 mM MNU

treated cells. Data is representative of three independent experiments. Scale bar:

20 um.

74



Alkylation damage induces transformation

3.2.6 MCF10A cells upon exposure to MNU induced Epithelial to

Mesenchymal transition.

Loss of apico-basal polarity coupled with loss of intact adherens junctions results
in epithelial to mesenchymal transition (EMT). To ascertain if MCF10A cells
following MNU damage underwent mesenchymal transition, the day 16 acini
were immunostained for vimentin, a mesenchymal marker. We observed a
significant upregulation of vimentin in 69% of acini formed by the MNU treated
cells (Figure 3.12a and Figure 3.12b). In addition to this the lysates obtained from
3D cultures were immunoblotted and probed for various epithelial and
mesenchymal markers. We observed upregulation of mesenchymal markers
such as vimentin, fibronectin, N-cadherin and snail where as a down regulation of
epithelial markers such as, E-cadherin, cytokeratin 14 and cytokeratin 19 (Figure
3.12c). Similar profile was also observed at the transcript level, wherein twist,
Snail and vimentin, all mesenchymal markers showed an upregulation (Figure
3.12d).
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Figure 3.12: Methylation damage induced EMT in MCF10A cells grown as
3D “on top” cultures.

(a) Day 16 cultures of MCF10A cells were immunostained for vimentin, a
mesenchymal marker (red). Arrow head (white) indicates the staining of vimentin.

(b) Graph representing the % of acini showing upregulation of vimentin. (c) Day
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16 acini were lysed and immunoblotted for mesenchymal markers like vimentin,
N-cadherin, fibronectin and Snail and epithelial markers such as E-cadherin,
cytokeratins 14 and 19. (d) RNA was extracted from day 16 cultures, cDNA
prepared and used to investigate the level of mesenchymal markers, twist,
vimentin and Snail at the transcript level. Data is representative of >5
independent experiments. Scale bar: 20 pm.
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3.2.7 MNU exposure induces migration at the single cell level.

Acquisition of mesenchymal phenotype is usually coupled with increased
migratory ability. To determine whether the cells treated with MNU exhibited
enhanced migration, both collective cell migration and migration at single cell
level was studied. Collective cell migration was studied using wound healing
assay. The wound area at different timepoints was measured using ImageJ
software and the percentage wound closure calculated. The data revealed that
the methylation damage did not affect collective cell migration (Figure 3.13).
Since we observed loss of cell-cell contact and induction of EMT in MNU treated
cells, we investigated whether the motility at the single cell level is affected. To
study this, cells tagged with CFSE (Carboxyfluorescein succinimidyl ester).
CFSE is a cell permeable dye which selectively stains the cytoplasm of live cells
by covalently binding to the intracellular amine sources. The CFSE stained cells
were seeded sparsely and time-lapse imaging was done with images being
captured at an interval of 2 minutes. The cells were tracked using Manual
tracking plugin of ImageJ and this was followed by analysis of motility parameters
using Chemotaxis and migration tool. We found that cells treated with MNU were
more motile and traversed longer distance as compared to the untreated cells

thus suggesting the acquisition of migratory behaviour.
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Figure 3.13: Methylation damage induces migration at the single cell level.

MCF10A cells dissociated from day 16 acini were subjected to wound healing
assay using ibidi inserts and single cell migration assay. (a) Representative
images of wound healing assay. Cells were seeded in the ibidi inserts, treated
with mitomycin C for 2 hours and images acquired after pre-determined time
points. (b) Graph representing the % wound closure. Time lapse images of
dissociated cells stained using CFSE dye and seeded at low confluency were
acquired at 2 minutes interval for 160 minutes. Cells were tracked manually using
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the Manual tracking plugin of ImageJ and analyzed using Chemotaxis and
Migration tool (Ibidi GmbH, Munich, Germany) to measure the various
parameters. Trajectory plots of a few randomly selected (c) untreated (d) MNU
treated cells obtained using Chemotaxis and Migration tool. Box plots
representing (e) accumulated distance (f) Euclidean distance (g) velocity. Mann-
Whitney test was used to test the statistical significance of data. *P < 0.05, **P <
0.01. Data is representative three independent experiments, > 150 cells per
treatment group.
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3.2.8 MNU treatment induces invasion.

EMT is considered as a crucial event preceding the attainment of invasive
potential-during the complex process of cancer progression (Christiansen and
Rajasekaran, 2006; Thiery, 2003). Given that MNU treatment induced EMT in
MCF10A cells, we investigated whether it also induced invasiveness. To study
invasion, we used the Collagen:Matrigel invasion assay. In this assay, Collagen
and Matrigel™ are mixed in equal ratios to alter the matrix stiffness so as to allow
the formation of inter-acinar bridges which indicate the ability of cells to invade
(Xiang and Muthuswamy, 2006). Surprisingly in our study we observed that
though the untreated cells differentiated to form acinar structures, the MNU
treated cells failed to form such structures and instead grew as sheets. These
sheets of cells resembled the duct-like structures as described by Dhimolea et al
(Dhimolea et al., 2010). Immunostaining of laminin-5 revealed its mis-localization
into the cytoplasm in the duct like structures formed by the cells treated with
MNU (Figure 3.14a). This phenotype has been reported in the cells at the
invasive fronts in epithelial cancers (Giannelli and Antonaci, 2000). Apart from
this, the MNU treated cells exhibited elongated morphology characteristic of
mesenchymal cells, further supporting our claim of MCF10A cells acquiring
mesenchymal characteristics. However, since the assay did not aid in
determining the acquisition of invasiveness we performed DQ collagen™
invasion assay. DQ collagen™, Dye quenched collagen, is non-fluorescent in it's
native state. Following cleavage by matrix metalloproteinases (MMPS),
fluorescence is emitted, thus indicating ability of cells to invade. In our study, we
observed enhanced fluorescence in collagen bed invaded by MNU treated cells
thus suggesting the invasive potential of these cells (Figure 3.14b and Figure
3.14c). To further confirm the enhanced secretion of active MMPs, the
conditioned media of cells dissociated from day 16 3D cultures was subjected to
gelatin zymography. Presence of significantly higher amounts of active MMP-9 in
media was detected, thus confirming the induction of invasiveness in breast

epithelial cells following methylation damage (Figure 3.14d).
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Figure 3.14: Methylation damage induces invasiveness in MCF10A cells.
(a) Representative images of MCF10A cells grown on matrix containing Collagen
and Matrigel™ in the ratio 1:1, for a period of 16 days immunostained with
laminin-5 (green) and phalloidin, a actin staining dye (red). Nuclei were counter
stained with Hoechst 33342 (blue). Arrow head (white) indicate the abnormal

localisation of laminin-5. Cells dissociated from day 16 acini were seeded on
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Collagen containing DQ™ collagen. (b) Representative images of untreated and
treated cells 48 hours following seeding. (c) Graph representing the relative
fluorescence intensity of DQ collagen bed measured using ImageJ software. The
absolute fluorescence intensities have been normalized to that of control. Mann-
Whitney test was used to analyze the statistical significance of difference. (d)
Conditioned media from DQ™ collagen invasion assay was collected and
subjected to Gelatin zymography to obtain the bands of clearance due to
gelatinase activity of active-MMP-9. C denotes control and T denotes treated.
Data is representative of >2 independent experiments. *** p<0.0001. Scale bar:

20 pm.
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3.2.9 Exposure of MCF10A cells, grown as 3D cultures, to MNU during

initial days of morphogenesis results in transformation.

To ascertain whether the changes observed and reported above are only due to
phenotypic transformation or the cells had undergone malignant transformation,
soft agar assay, the most stringent in vitro assay of transformation was
performed. Cells dissociated from day 16 acini were used for the assay. Single
cell suspension of cells was grown in 0.3% agar for 18 days, following which
viable colonies were identified using 1 mg/ml MTT. MTT is a tetrazolium salt
which is metabolized by the cells to form purple formazan crystals. Colonies were
counted from 10 randomly selected fields per dish and mean was calculated. We
observed that in contrast to untreated cells which fail to survive in anchorage
independent conditions, MNU treated cells formed colonies and were viable
(Figure 3.15a and Figure 3.15b). Thus, these results signify that methylation
damage induced by MNU in non-transformed breast epithelial cells results in

malignant transformation.
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Figure 3.15: MNU treated cells show enhanced survival in anchorage
independent conditions.

Untreated and treated cells from day 16 acini were dissociated using Dispase™
and seeded in 0.3% agar over a 0.6% agar layer. Following 18 days of culturing,
the cells were treated with 1 mg/ml of MTT solution for 30 minutes and images of
viable colonies were captured using 4X objective of Nikon microscope. (a)
Representative images of soft agar assay. (b) Graph representing mean +/-
standard error of total number of colonies present in 10 randomly selected fields
per treatment group. C denotes control and T denotes treated. Data is
representative of two independent experiments performed in triplicates. Scale
bar: 100 pum.
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3.2.10 DNA-PK mediates methylation damage induced Golgi dispersal.

Golgi dispersal observed in MNU treated cells was the most striking phenotype in
our study. A similar dispersed Golgi phenotype has also been observed in
cancers (Byrne et al., 2015; Petrosyan et al., 2014). A recent report by Farber-
Katz et. al., corroborated with our observation and demonstrated that activation
of DNA-PK, one of the apical kinase in DDR (DNA Damage Response) pathway,
mediated the dispersal of Golgi through the hyperactivation of
GOLPH3/MYO18/F-actin axis (Farber-Katz et al., 2014). In addition to this, they
also reported that the dispersal was essential for the survival of the cells
following damage. We investigated whether MNU induced damage activated
DNA-PK under the conditions of our study. We observed that DNA-PKcs, the
catalytic sub-unit of DNA-PK, was activated within 10 minutes of DNA damage
(Figure 3.16a). Golgi dispersal was observed 4 hours after damage, thus
confirming that DNA-PK activation preceded Golgi dispersal (Figure 3.16b and
Figure 3.16c). To ascertain whether activation of DNA-PK was linked to Golgi
dispersal, we used 25 um DMNB, a small molecule selective inhibitor of kinase
activity of DNA-PK. Inhibition of DNA-PK (Figure 3.17a and Figure 3.17b)
resulted in reversal of Golgi dispersal (Figure 3.18a and Figure 3.18b).
Interestingly, the cells dissociated from day 16 acini also showed dispersed
phenotype which was reversed following inhibition of DNA-PK kinase activity
(Figure 3.18c and Figure 3.18d). Taken together these results imply that there is
a constitutive activation of DNA-PK following DNA damage which resulted in
persistently dispersed Golgi. Interestingly, MCF10A series of cell lines, which are
widely used to answer intriguing questions of cancer progression, also showed
dispersal of Golgi in premalignant MCF10AT1 and malignant MCF10CA1la cell
lines. Surprisingly, the dispersed phenotype was to some extent reversed by
treatment with DMNB (Figure 3.19a-c), thus implying the possible role of DNA-

PK in dispersed Golgi in the two cell lines.
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Figure 3.16: MNU induced DNA damage activates DNA-PKcs which in turn
results in Golgi dispersal.

Monolayer cultures of MCF10A cells were treated with 1 mM MNU and
immunostained after predetermined time-points. (a) Representative images of
MCF10A cells immunostained for phospho DNA-Pkcs (S2605) (green). Arrow
head (white) mark representative cells with nuclei marked for phospho DNA-
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PKcs . (b) Representative images of MCF10A cells immunostained for GM130
(green), a cis Golgi element. Arrow head (white) marks cells with intact as well as
dispersed Golgi morphology. (c) Graph depicting the relative Golgi area
normalized to control across different time-points. One way ANOVA (Kruskal
walis test) was used to test the statistical significance in the relative Golgi area.
p<0.0001 has been considered statistically significant. *** p<0.0001. Data is

representative of three independent experiments. Scale bar: 20 um
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Figure 3.17: MNU induced activation of DNA-PK.

MCF10A cells grown as monolayer cultures were treated with 1 mM MNU with
and without DMNB, DNA-PK inhibitor and were immunostained. (a)
Representative images of MCF10A cells immunostained for pPDNA-Pkcs (S2605)
(green). (b) Graph representing the number of pDNA-PKcs foci per cell.
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Figure 3.18: MNU induced Golgi dispersal is via activation of DNA-PK.
MCF10A cells grown as monolayer cultures were treated with 1 mM MNU with
and without DMNB, DNA-PK inhibitor and were immunostained. (a)
Representative images of MCF10A cells immunostained for GM130 (green), a
cis Golgi element. (b) Graph depicting the relative Golgi area normalized to

control across different treatments. (c) Cells dissociated from day 16 acini were
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grown as monolayers and immunostained for GM130 (green). (d) Graph
depicting the relative Golgi area normalized to control across different
treatments. One way ANOVA (Kruskal walis test) was used to test the statistical
significance in the relative Golgi area. p<0.0001 has been considered statistically

significant. *** p<0.0001. Data is representative of >3 independent experiments.
Scale bar: 20 um.
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Figure 3.19: Golgi dispersal observed in MCF10A series is partially
reversed following DNA-PK inhibition.

MCF10 series of cell lines, namely non tumorigenic MCF10A; pre-malignant
MCF10AT1 and malignant MCF10CAla, were grown as monolayers, treated with
25 uM DMNB, DNA-PK inhibitor, and immunostained for GM130, Golgi marker.
The Golgi area was measured using ImageJ software and normalized to control.
(a) Representative images of the three cell lines immunostained for GM130 and
nuclei counter stained with Hoechst 33342. (b) Graph representing the relative

Golgi area of MCF10AT1 cell line with and without 25 uM DMNB treatment. (c)
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Graph representing the relative Golgi area of MCF10CAla cell line with and
without 25 uM DMNB treatment. Mann-Whitney test was used to analyze the
statistical significance of difference in relative Golgi area. Data is representative

of three independent experiments. *** p<0.0001. Scale bar: 20 um
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3.2.11 DNA-PK activation plays a central role in MNU damage induced

transformation.

DNA-PK has been implicated to play differential role in various cancers. Its role in
breast cancer remains elusive. Since we observe a probable constitutive
activation of DNA-PKcs (implied by the persistent dispersal of Golgi) in our study,
we questioned whether the transformation phenotype induced by MNU was
mediated via DNA-PK. To answer this, we exposed MNU treated cells to 25 um
DMNB, inhibitor of DNA-PK kinase activity and investigated the integrity of the
adherens junctions. We observed the relocalization of E-cadherin following
DMNB treatment (Figure 3.20a). In addition to this, day 16 cultures were treated
with 25 um DMNB twice for 12 hours each, and lysates were collected.
Immunoblot analysis showed a reduction in the levels of mesenchymal markers
namely vimentin, fibronectin and N-cadherin which were upregulated in cells
treated with MNU (Figure 3.20b). To discern the effects of DNA-PK inhibition on
the migratory ability of the transformed cells, single cell migration assay was
performed on cells dissociated from MNU treated acini after DMNB exposure.
We observed a reduction in the migratory ability of the cells following DMNB
treatment (Figure 3.21a to Figure 3.21b), thus implying that DNA-PK activation
resulted in the increased motility of the transformed cells. Furthermore, DQ™
collagen invasion assay (Figure 3.22a and Figure 3.22b) and gelatin zymography
(Figure 3.22c) revealed that inhibition of DNA-PK inhibited invasion. Besides this,
cells treated with MNU also showed reduced survival in anchorage independent
conditions upon inhibition of DNA-PK (Figure 3.23a and Figure 3.23b).

Taken together, these results signify the central role played by DNA-PK in DNA

damage induced transformation.
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Figure 3.20: DNA-PK plays a role in methylation damage induced EMT.

(a) Monolayer cultures of MCF10A were treated with 1 mM MNU for 24 hours on
dayO as well as day?2 followed by treatment with 25 um DMNB twice 12 hours
each and immunostained with E-cadherin. Nuclei were counterstained with
Hoechst 33342. (b) Day 16 3D spheroids were treated with 25 uM DMNB twice
for 12 hours, were lysed, immunoblotted and probed for mesenchymal markers
such as vimentin, fibronectin and N-cadherin. Data is representative of three

independent experiments. Scale bar: 20 um
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Figure 3.21: MNU induced migration is inhibited by DNA-PK inhibition.
MCF10A cells dissociated from day 16 acini were subjected to single cell
migration assay. Time lapse images of dissociated cells stained using CFSE dye
and seeded at low confluency were acquired at 2 minutes interval for 160
minutes. Cells were tracked manually using the Manual tracking plugin of ImageJ
software and analyzed using Chemotaxis and Migration tool (ibidi GmbH,
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Munich, Germany) to measure the various parameters. Trajectory plots of a few
randomly selected (a) untreated (b) MNU treated (c) DMNB treated (d) MNU and
DMNB treated cells obtained using Chemotaxis and Migration tool. Box plots
representing (e) accumulated distance (f) Euclidean distance (g) velocity. One
way ANOVA (Kruskal walis test) was used to test the statistical significance of

data. ***p < 0.0001. Data is representative of three independent experiments.
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Figure 3.22: DNA-PK inhibition inhibited invasiveness of MNU treated cells.
Cells dissociated from day 16 acini were seeded on collagen containing DQ ™
collagen and imaged after 48 hours using Olympus 1X81 system. Fluorescence
intensity was measured using ImageJ. (a) Representative images of cells 48
hours post seeding on collagen. (b) Graph representing the relative fluorescence
intensity normalized to control. Data is representative of two independent
experiments. One way ANOVA (Kruskal walis test) was used to test the statistical
significance of data. (c) Conditioned media from DQ™ collagen assay was
subjected to Gelatin zymography. Representative images of Coomassie gel

showing gelatinase activity of active MMP-9. ***p < 0.0001. Scale bar: 20 um
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Figure 3.23: DNA-PK inhibition results in reduced ability of cells to survive
in anchorage independent conditions.

Cells dissociated from acini of day 16 cultures were mixed with 0.3% agar and
grown in a dish pre-coated with 0.6% agar for 18 days. 1 mg/ml of MTT was used
to mark the colonies. 20 random fields were selected and colonies were counted
to determine the number of colonies per dish. (a) Representative phase contrast
images of one of the fields per treatment imaged using 4X objective of Nikon
microscope. White arrows indicate the colonies formed by cells on soft agar. (b)
Graph representing mean +/- standard error of the number of colonies per dish
counted from 20 randomly selected fields. Data is representative of two

independent experiments performed in triplicates. Scale bar: 20 um.

99



Alkylation damage induces transformation

3.2.12 Exposure to NEU (N-ethyl-N nitrosourea), an ethylating agent
disrupts basolateral polarity and induces EMT-like phenotype similar to

methylating agent.

N-nitroso-N-ethylurea (NEU) is a monofunctional Sn1 type-DNA ethylating agent.
NEU has been found to be a severely potent transplacental teratogen (Givelber
and DiPaolo, 1969) and an active rat mammary gland genotoxic carcinogen in
rodents (Stoica et al., 1983). NEU has been reported to induce neoplastic
transformation of rat mammary epithelial cells. (Stoica et al., 1991). Previous
studies in the lab have demonstrated the ability of NEU to induce DNA strand
breaks (Bodakuntla et al., 2014). To study the effect of NEU on MCF10A cells,
dosing regimen similar to MNU was followed. Different doses of NEU were added
to 3D cultures ranging from 2 mM NEU to 5mM NEU. Lowest dose of NEU, 2
mM, which disrupted polarity, was used in this study. 2 mM NEU was used as the
sub-lethal dose. We observed both mis-localization of a6-integrin as well as loss
phenotype in a few acini (Figure 3.24a). Further laminin-5 also showed a
discontinuous staining in basal region indicating loss of basal polarity (Figure
3.24Db). Further, we also observed loss of E-cadherin from the cell-cell junctions
(Figure 3.24c) and aberrant -catenin staining (Figure 3.24d) similar to that
observed following MNU treatment. Vimentin, the mesenchymal marker, was
also found to be up-regulated (Figure 3.24d). Thus, taken together, NEU was

also capable of inducing transformation of non-transformed breast epithelial cells.
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Figure 3.24: NEU exposure disrupts basolateral polarity and induces EMT-
like phenotype.

Day 16 cultures of MCF10A cells treated 2 mM NEU, were immunostained for

markers of basolateral polarity as well as mesenchymal markers and analyzed
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for their integrity. (a) Representative immunofluorescence images of acini
labelled with (a) a6-integrin (green) (b) laminin-5 (red) (c) E-cadherin (green) (d)
[-catenin (red) (e) Vimentin (green). Arrows (white) indicate the disruption

observed in the polarity markers used. Data is representative of >5 independent
experiments. Scale bar: 20 um
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3.3 Discussion

Understanding the mechanism of tumor initiation and progression and
identification of key players involved contributes in the development of novel
therapeutic strategies. In this study we illustrate the potential of DNA damaging
agents to induce transformation of breast epithelial cells through the activation of
DNA-PK. In general, exposures to DNA damaging agents are mainly through the
environment as well as due to cancer chemotherapy. DNA damage surveillance
mechanisms repair damaged DNA and safeguard the genome. However, our
study demonstrates that mechanism itself can result in tumorigenesis. Our study,
illustrates for the first time the role of DNA-PK, a key protein involved in DDR, in
breast tumorigenesis.

DNA-PK is a holoenzyme made up of two regulatory subunits Ku70 and Ku80 as
well as a catalytic subunit, DNA-PKcs, responsible for the kinase activity
(Anderson and Lees-Miller, 1992; Yoo and Dynan, 1999). DNA-PK has been
demonstrated in various studies to have diverse functions (Goodwin and
Knudsen, 2014). The major role played by this complex is in the NHEJ pathway
of DDR following formation of DSBs. Inhibition of DNA-PKcs has been reported
to result in increased sensitivity to genotoxic agents (Morozov et al., 1994).
Besides its well-established role in DDR, DNA-PK has been illustrated to regulate
transcription of various genes by phosphorylating transcription factors such as c-
Myc, c-Jun, Spl, Oct-1, and p53 (Lees-Miller, 1996). It has also been reported to
play a vital role in cell cycle. Known as a critical player in safeguarding the
genome, DNA-PK has been reported to regulate the entry into mitosis depending
on presence or absence of DNA damage, thus contributing to genomic stability
(Lee et al., 2011). On the contrary it is also known to promote genomic instability
and chemo-resistance mediated by Snaill (Kajita et al., 2004; Pyun et al., 2013).
However its role in cancer is ambiguous. PRKDC, the gene encoding for DNA-
PKcs, has been found to have low expression in lung cancers (Hsia et al., 2014),
ovarian cancers (Shao et al., 2007) as well as gastric cancer (Lee et al., 2007),

while a higher expression has been reported in hepatocellular carcinoma (Cornell
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et al., 2015), prostate cancer (Goodwin et al., 2015) and in melanomas (Kotula et
al., 2015). Recent reports suggest over-expression of DNA-PKcs regulates
metastasis of prostate cancer cells through a transcription regulation (Goodwin et
al., 2015). Furthermore, DNA-PK inhibition was found to inhibit formation of
primary melanoma, delayed metastasis to lymph nodes as well as inhibited
secretion of MMPs (Kotula et al., 2015). However its role in breast cancer
remains elusive. Cimmino et. al. identified PRKDC as one of the genes being
upregulated in breast cancer patients which was also found to be associated with
reduced survival (Cimino et al., 2008). This result was in concordance with the
data collected by van de Vijver et al (van de Vijver et al., 2002) and Sotirou et al
(Sotiriou et al., 2006). These reports further support our hypothesis of the role of
constitutively activated DNA-PKcs in DNA damage induced transformation.

MNU, a prototypic SN1 methylating agent, is capable of methylating DNA at O6
positions of guanine, a lesion which is considered to be the most mutagenic as
well as cytotoxic (Kondo et al., 2010). It has also been shown to induce DNA
strand breaks (Menke et al., 2000). We found that the DNA damage induced
apart from causing DSBs and SSBs also disrupted Golgi morphology impairing
trafficking. This Golgi phenotype was in corroboration with report by Farber-Katz
et al.(Farber-Katz et al., 2014), wherein the dispersed phenotype was attributed
to the activation of DNA-PK. The dispersal of Golgi observed in our study was
also found to be reversed upon inhibition of DNA-PK using DMNB, a small
molecule inhibitor. Golgi being a central organelle in polarized sorting of proteins,
disruption of its function could result in disruption of polarity of epithelial cells.
Investigation of effect of methylation damage in establishment of polarity, we
observed disruption of apical as well as basolateral polarity. Laminin-5 apart from
being lost from the basal region of acinar structures was found to be mis-
localized to cytoplasm in altered stiffened extracellular matrix. This phenotype
can also be explained by the impaired trafficking resulting in accumulation of the
protein in the cytoplasm. This phenotype has also been referred in literature to be

indicative of invasive phenotype. Invasive cells are known to breakdown the
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basement membrane so as to invade the nearby tissue and disseminate to
distant organs (Vidi et al., 2013) . Similar loss phenotype of laminin-5 was
observed in our study. We also observed that most of the acini formed by cells
exposed to DNA damage showed loss of a6-integrin from the basal region. a634-
integrin subunits are involved in the formation of hemidesmosomes in epithelial
cells (Sonnenberg et al., 1991). Down-regulation of this a6-integrin subunit has
been observed in cells metastasizing to the pleural cavity and parenchyma
(Natali et al., 1992).Thus these results suggest the possible induction of
invasiveness in cells following DNA damage. This was later confirmed by DQ™
collagen invasion assay as well as assessing the presence of active MMP-9 in
the conditioned media. EMT which is one of the initial processes in invasion was
also found to be induced in the MNU treated cells. These cells also gained ability
to survive under anchorage independence conditions, which is considered the
most stringent criteria to identify transformed cells. The varied phenotypes
namely EMT, invasion and anchorage independence besides Golgi dispersal,
induced by DNA damage was reversed following inhibition of DNA-PK, thus
confirming the central role played by DNA-PK in methylation damage induced
transformation. Interaction between Snaill and DNA-PK has been reported to
result in increased activity of Snaill (Pyun et al., 2013). Increased Snail activity
results EMT, which confers to the results of our study where an upregulation of
Snaill was observed.

Taken together our study showed that activation of DNA-PKcs following
methylation damage orchestrated Golgi dispersal and impaired trafficking thus,
resulting in loss of basolateral polarity. Use of DNA-PK inhibitor on day 16
cultures, down-regulated mesenchymal markers as well as inhibited invasion.
Further, Golgi dispersal was reversed following DNA-PK inhibition even after 30
days of incurring damage. These results suggest the constitutive activation of
DNA-PK following DNA damage. This can be explained by the
autophosphorylation tendency of DNA-PK. In addition to this, loss of basal

polarity has been found to reduce the efficiency of repair of DSBs (Vidi et al.,
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2012). This would either result in constitutive activation of DNA-PK or result in
accumulation of chromosomal aberration when these cells enter cell-cycle and
thus lead to carcinogenesis. Further, another striking feature noted in the study
was the increase in nuclear volume. Increase in nuclear volume can be attributed
to possible increase in nuclear content resulting due to mis-segregation of
chromosomes. MNU is known to induce sister chromatid exchange and thus the
increase in nuclear volume. (Bouffler et al., 2000; Neft and Conner, 1989; Neft et
al., 1989). However, further investigations are needed to confirm the change in
nuclear content of MNU treated cells. Detailed metaphase spread analysis or
SKY might help in understanding this intriguing question.

Field,S. J and group in their study have illustrated that DNA damage by various
agents including radiations, induced dispersal of Golgi (Farber-Katz et al., 2014).
Further NEU and MNU result in different kind of mutations wherein NEU is known
to induce random mutations (Acevedo-Arozena et al., 2008) while MNU is known
to induce mutations at specific sites defined by a particular consensus sequence
(Baumgart et al., 1993). The ability of NEU to induce transformation with
phenotypes similar to that induced by MNU indicates that the effect caused by
methylation damage is due to the DNA-damage induced in general and not
specific to the chemical used. Further, given the vital role of DNA-PK in NHEJ
pathway of DDR and NHEJ being the repair pathway active throughout all
phases of cell cycle, the Golgi dispersal induced by activation of this holoenzyme
maybe responsible for the transformation phenotype.

In sum, we have herewith established a model for DNA damage induced
transformation and provided mechanistic insights into the process. We have
demonstrated that the transformation following DNA damage occurred via DNA-
PK mediated Golgi dispersal and impaired cellular trafficking (Figure 3.25). This
study highlights the consequences of DNA damage and illustrates the novel role
of DNA-PK in the process of transformation. Thus, use of inhibitor to DNA-PK as
an adjuvant to chemotherapy can prove to be beneficial. Nevertheless, there

could be multiple pathways which may synergistically contribute to the
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transformation apart from the mechanism summarized in the Figure 3.25. This
calls for further interrogation into the process and explore the other pathways so
as to aid in identifying the various molecular players involved. The information
thus gathered can then be used to design novel therapeutic strategies or modify
the present strategies. The model established in this study can be further
exploited to study alternate pathways as well as can be used for screening of
therapeutics. In addition to this, such a model can be also be used to understand
how early transformation occurs and identify the initial set of gene(s) that get
deregulated in the process of transformation. Understanding this phenomena and
recognition of key candidate genes as biomarkers could further help to design

novel or modify available therapeutic strategies.
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Figure 3.25: Schematic showing the mechanism of MNU-induced
transformation.

MNU damage activated DNA-PKcs, which led to Golgi dispersal and impaired
trafficking to the plasma membrane. This phenomenon resulted in disruption of
polarity, induced EMT-like phenotype and invasion in breast epithelial cells grown

as 3-dimensional cultures.
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Chapter 4: Methylation damage re-
organizes the cytoskeleton
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4.1 Background

In the previous chapter we reported MNU to induce dispersal of Golgi and impair
intracellular trafficking. Apart from Golgi, the other major component of
intracellular trafficking machinery is the cytoskeleton mainly actin and
microtubules. Actin, microtubules, MAP (microtubule associated proteins) as well
as the motor proteins dynein and kinesin coordinate with Golgi to efficiently sort
the proteins to the respective domains (Valderrama et al., 2001; Vaughan, 2005)
and are thus known to play a vital role in establishment and maintenance of
epithelial polarity (Musch, 2004).In addition to this, the cytoskeleton mainly
microtubules and actin, are known to play a crucial role in maintenance of Golgi
structure (Burkhardt, 1998; Wehland et al., 1983). On the other hand, Golgi has
been found to stimulate nucleation of microtubules (Chabin-Brion et al., 2001).
Considering these interrelationships between actin, microtubules, Golgi and
epithelial cell polarity along with observing the effects of DNA damage on polarity
as well as trafficking, we investigated whether DNA damage affected the
cytoskeleton.

4.2 Results
4.2.1 MNU treatment results in reorganization of microtubules.

To investigate the effect of methylation damage on microtubules, day 16
spheroid cultures were immunostained with a-tubulin. We observed an increased
intensity as well as abnormal staining pattern as compared to the untreated cells
(Figure. 4.1a and Figure. 4.1b). To further confirm, whether increase in intensity
was due to up-regulation of a-tubulin, Day 16 acinar cultures were lysed and
lysates were immunoblotted (Figure. 4.1c). Interestingly, we found a significant
up-regulation of a-tubulin. As reported in the previous chapter, DNA-PK
activation was observed within 10 minutes of DNA damage while Golgi was
dispersed by 4hours. To determine how early the microtubules were affected,
microtubule organization was studied by time course experiments. A visible

change in the microtubule organization was observed by 48 hours (Figure 4.2a).
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The cells dissociated from the acini were also subjected to immunostaining and a
similar phenotype was observed, thus suggesting the re-organization of the
microtubule induced was a persistent change and was responsible for the
abnormal staining observed in the spheroids (Figure 4.2b)
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Figure. 4.1: Methylation damage results in up-regulation of a-tubulin in
spheroid cultures.

MCF10A cells grown as 3D “on-top” cultures were exposed to 1TmM MNU in the
initial days of morphogenesis (day0, day 2) (a) Representative images of acinar
cultures immunostained for a-tubulin (green), nuclei counterstained with Hoechst
33342 (blue) (b) Graph representing the % of acini showing upregulation. (c)
Lysates of acini cultures were immunoblotted and probed for a-tubulin. Data is

representative of 3 independent experiments. Scale bar: 20um.
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Figure 4.2: Exposure of MCF10A cells to MNU re-organizes microtubules
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(a) Monolayer cultures of MCF10A cells were exposed to 1 mM MNU, collected
at different timepoints and immunostained for a-tubulin (green), nuclei
counterstained with Hoechst 33342 (blue) (b) Cells dissociated from the 3D
cultures were immunostained for a-tubulin (green), nuclei counterstained with
Hoechst 33342 (blue). Data is representative of 3 independent experiments.

Scale bar: 20pum.

112



Methylation damage re-organizes the cytoskeleton

422 MNU treatment stabilized microtubules.

To investigate whether the change in the organization of the microtubules was
due to stabilization we compared the phenotypes with that of taxol, a well known
microtubule stabilizing agent and nocodazole, a destabilizing agent (Figure 4.3).
We observed close resemblance of MNU induced phenotype with that of taxol,
implying methylation damage probably stabilized the microtubules. To further
confirm this inference, microtubule dynamics were studied using live cell imaging
of cells transfected with GFP-EB3 construct. These results corroborated with our
phenotypic observation and confirmed that microtubules in cells exposed to DNA
damage were stabilized which was characterized by the slow polymerization:
slower speed of comets (Figure 4.4a and Figure 4.4b) and longer lifetime of EB3-
comets (Figure 4.4c and Figure 4.4d) as compared to the untreated cells.
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Figure 4.3: MNU treatment stabilizes microtubules.

MCF10A cells grown as monlayer cultures were treated with 1 mM MNU for 24
hours or 2.5 ug/ml of Nocodazole for 20 minutes or 100 nM Paclitaxel (Taxol) for
24 hours. The cells were fixed 48 hours post MNU addition and immunostained
for a-tubulin (green), nuclei counterstained with Hoechst 33342 (blue). Data is
representative of three independent experiments. 20 micrtoubules per cell were

analyzed Scale bar: 20um.
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Figure 4.4: Methylation damage slows down microtubule dynamics.
Monolayer cultures of MCF10A cells were treated with 1 mM MNU for 24 hours,
transfected with EGFP-EB3, microtubule +TIP marker. Time lapse microscopy
was done and comets tracked using Manual tracking Plugin, ImageJ. (a)
Representative confocal images captured at different timepoints during live-cell
imaging. Arrows mark the EB3 comets at each timepoints. (b) Graph
representing the quantification of the speed of the EB3 comets reflecting the rate
of polymerization. (c) Representative confocal images with overlay of track length
travelled by comet reflecting the lifetime of the EB3 comet. Colour coded arrows
have been included to mark a few of the EB3 comets being tracked. (d) Graph
representing the quantification of lifetime of the EB3 comets. Data is
representative of >2 independent experiments. 20 microtubules per cell were

analyzed Scale bar: 5um.
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4.2.3 MNU treatment induced reorganization of microtubules was

mediated via actin.

MCF10A cells shows the presence of transcytoplasmic actin stress fibres,
characteristic of epithelial cells, which was absent in cells exposed to 1ImM MNU
(Figure 4.5a). Actin appeared to exist as thick bundles, which could not be
differentiated into discrete stress fibres, appeared to be diffused at the cell-cell
junctions in MNU treated cells (Figure 4.5a). Further, we also observed that at
cell-cell junctions circumferential actin belt observed in untreated cells were
transformed into fragments which were nearly perpendicular to the cell-cell
contact regions (Figure 4.5a). To investigate the interdependence between
microtubule and actin phenotypes observed, effect of Latrunculin A (250 nM;
inhibitor of actin polymerization) on microtubule organization and effect of
nocodazole (2.5 pg/ml microtubule destabilization agent) on actin organization
was studied. Interestingly, the microtubule reorganization was reversed upon
inhibition of actin polymerization; however there was no effect on actin
organization upon microtubule depolymerisation (Figure 4.5b). Taken together,
these results imply that the DNA damage induced microtubule organization was
mediated via actin re-organization. However, study of actin dynamics would shed

light over the phenotype observed.
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Figure 4.5: MNU induced microtubule re-organization was actin dependent.
Monolayer cultures of MCF10A cells were treated with 1 mM MNU for 24 hours.

Representative confocal images of basal and centre z-stack of cells stained with
Phalloidin to mark actin (grey) (b) Representative confocal images of cells

stained with a-tubulin (green), Phalloidin marking actin (grey) and nucleus
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counterstained with Hoechst 33342. Untreated and 1 mM MNU treated cells with
or without treatment with 2.5 pug/ml of Nocodazole (microtubule destabilizing
agent) and with or without treatment with 250 nM Latrunculin A (actin
polymerization inhibitor). Arrows (red) mark the regions for comparison of
different actin phenotype observed. Data is representative of >2 independent
experiments. Scale bar: 20um.
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4.2.4 MNU treatment induced re-organization of microtubules was
mediated by DNA-PK.

Since DNA-PK was found to play a central role in MNU induced transformation,
we investigated whether the re-organization of actin and microtubules was also
via activation of DNA-PK. Microtubule reorganization was found to be reversed
characterized by the re-appearance of radially araanged microtubules and
disappearance of the parallel arrangement of microtubules(Figure 4.6). Similar
reversal was observed in the cells dissociated from day 16 spheroid cultures
following DNA-PK inhibition (Figure 4.7). Actin stress fibers began to reappear in
cells, with circumferential actin belt being partially reformed (Figure 4.8a). Given
that INK pathway and Akt pathway have been associated closely with DNA
damage as well as microtubule organization coupled with the well-established
association or interaction of Akt with actin, we investigated the possible role of
the two pathways in the re-organization. Investigation of the temporal activity
profile for the players revealed that activation of pJNK occurred at 20 minutes
and that of Akt at 30 minutes (Figure 4.8b). We observed DNA-PK activation at
10 minutes (Chapter 3) thus, suggesting the possibility of JINK and Akt to act
downstream of DNA-PK; and Akt downstream of JNK. To further confirm this,
inhibitors of the three key players were used and the activation was investigated.
We observed that inhibition of DNA-PK kinase activity using 25 uM DMNB
inhibited both JNK as well as Akt activation (Figure 4.8c); while inhibition of INK
activity using 50 uM SP 600125 inhibited Akt activation (Figure 4.8c); thus
confirming the signalling cascade to be in the order of DNA-PK, JNK and Akt.
Inhibition of Akt using 7.5 uM Akt inhibitor (Millipore) did not affect pJNK (Figure
4.8d). We also investigated the effect of the inhibitors to the three key molecules
on the microtubule and actin organization. Actin organization appeared to be
partially reversed. Following inhibition of INK and Akt, transcytoplasmic stress
fibres appeared to form again along with circumferential actin bundles
reappearing (Figure 4.8e and Figure 4.8f). A reversal of microtubule re-

organization was also with the inhibitors, suggesting the involvement of DNA-PK,
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JNK and Akt in MNU induced microtubule re-organization (Figure 4.9). Thus,
these results imply that the effect on cytoskeleton following DNA damage was
mediated by DNA-PK, JNK and Akt However, Akt does not possess the
consensus sequence needed for phosphorylation by JNK, thus calling for further

investigation of the intermediate players of the predicted pathway.
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Figure 4.6: Methylation damage induced microtubule re-organization is
reversed upon DNA-PK inhibition.

Monolayer cultures of MCF10A cells were treated with 1 mM MNU for 24 hours.
Representative confocal images of cells stained with a-tubulin (green) and
nucleus counterstained with Hoechst 33342. Untreated and 1 mM MNU treated
cells treated with two doses of 25 uM of DMNB for 12 hours each, with and

without MNU treatment. Data is representative of three independent experiments.
Scale bar: 20um.
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Figure 4.7: Methylation damage induced persistent microtubule re-
organization is reversed upon DNA-PK inhibition.
Cells dissociated form day 16 cultures of acini formed by untreated and MNU

treated cells, treated with two doses of 25 uM of DMNB for 12 hours each and

immunostained for a-tubulin (green) and nucleus counterstained with Hoechst
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33342 (blue). Representative 3D projection images are shown. Data is

representative of two independent experiments. Scale bar: 20um.
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Figure 4.8: Methylation damage induced actin re-organisation is dependent
on DNA-PK, JNK and Akt.
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Monolayer cultures of MCF10A cells were treated with 1 mM MNU for 24 hours.
Representative confocal images of Actin stained with Phalloidin (red) and
nucleus counterstained with Hoechst 33342. (a) Untreated and 1 mM MNU
treated cells, cells treated with two doses of 25 uM of DMNB for 12 hours each,
with and without MNU treatment. Monolayer cultures of MCF10A cells treated
with MNU with or without inhibitors of DNA-PK, JNK and Akt were lysed and
lysates were immunoblotted. (b) Temporal activation profile of INK and Akt
following DNA damage. (c) Activation profile of INK and Akt following inhibition of
DNA-PK and JNK. (d) Activation profile of JINK and Akt following inhibition of Akt.
Representative confocal images of cells with Actin stained using Phalloidin (red)
and nucleus counterstained with Hoechst 33342: (e) Cells treated with 50 uM of
SP600125, JNK inhibitor for 24 hours, with and without MNU treatment. (f) Cells
treated with 7.5 uM of Akt inhibitor for 24 hours, with and without MNU treatment.
Arrows (yellow and white) mark regions for comparison of various actin
phenotype observed both in the basal as well as the central region. Data is

representative of >2 independent experiments. Scale bar: 20pum.
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Figure 4.9: Methylation damage induced microtubule re-organisation is
through JNK and Akt.
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Monolayer cultures of MCF10A cells were treated with 1 mM MNU for 24 hours.
Representative confocal images of cells stained with a-tubulin (green) and
nucleus counterstained with Hoechst 33342 (a) Cells treated with 50 uM of
SP600125, JNK inhibitor for 24 hours, with and without MNU treatment. (b) Cells
treated with 7.5 uM of Akt inhibitor for 24 hours, with and without MNU treatment.

Data is representative of >2 independent experiments. Scale bar: 20pum.

126



Methylation damage re-organizes the cytoskeleton

4.3 Discussion

Golgi is an important organelle involved in establishment of polarity in epithelial
cells (Matter and Mellman, 1994). It plays a central role in asymmetric distribution
of proteins thus aiding the creation of apical and basal domain in epithelial cells
(De Matteis and Luini, 2008; Rodriguez-Boulan et al., 2005). Actin, microtubules,
MAP (microtubule associated proteins) as well as the motor proteins dynein and
kinesin coordinate with Golgi to efficiently sort the proteins to the respective
domains (Valderrama et al., 2001; Vaughan, 2005). In addition to this,
microtubules and actin, are known to play a crucial role in maintenance of Golgi
structure (Burkhardt, 1998). Actin has been found to act as a molecular scaffold,
involved in the deformation of membranes and abscission and/or propelling of
vesicles (Anitei and Hoflack, 2011; Insall and Machesky, 2009), while
microtubules along with the motors kinesin and dyenin are well known to be
actively involved in anterograde transport of cargos (Caviston and Holzbaur,
2006).

Given that DNA damage induced by MNU altered morphology of Golgi, as well
as impaired intracellular trafficking we investigated whether it affected
microtubules and actin. The organization of microtubules, defined by their
abnormal arrangement, was a striking phenotype observed apart from their up-
regulation. The radial organization of microtubules in MCF10A cells were found
to be disrupted and more of parallel arrangement of relatively thick strands was
observed. This data corroborates with the report by Guilford’s group, where
similar rearrangement was induced upon E-cadherin knock down (Chen et al.,
2014). Our study ( Chapter 3) also showed a down-regulation of E-cadherin in
MNU transformed cells thus, implying the possible link between E-cadherin loss
and microtubule re-organization. Loss of E-cadherin and the well- established
role of actin in adherens junctions maintenance /establishment promted us to
investigate the organisation of actin following DNA damage. Interestingly, actin
also showed an abnormal striking feature. The stress fibres were almost lost in

the MNU treated cells as well as cells transformed by MNU. The circumferential
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actin bundles were also disrupted and more diffused cell-cell junctions were
observed which was in concordance with the report by Ayollo et. Al., where the
authors linked this phenotype to transformation and an indication of loss of
“contact paralysis” (Ayollo et al., 2009). Contact paralysis is the property of non-
transformed cells to inhibit formation of protrusions by establishing stable cell-cell
contacts (Ayollo et al., 2009; Zoller et al., 1997). It is also known that this
phenotype results in enhanced cell motility which was also observed in our study
(Chapter 3). Close relationship exists between actin and microtubule organization
(Etienne-Manneville, 2004). Investigation of the link between the two components
of the cytoskeleton following DNA damage revealed that microtubule re-
organization was mediated by actin. DNA-PK plays a role in microtubule
dynamics during mitosis (Goodwin and Knudsen, 2014), its activation hyper
activates GOLPH3/MYO18/F-actin axis leading to Golgi dispersal (Farber-Katz et
al., 2014)these coupled with the central role played by it in MNU induced
transformation (Chapter 3) suggests a possible role of DNA-PK in altering the
organization of the cytoskeleton. Inhibition of DNA-PK kinase activity not only
reversed the microtubule reorganization but also actin phenotype was reversed.
This may be attributed to the direct effects of inhibition of DNA-PK on actin or to
the restoration of E-cadherin seen following DNA-PK inhibition (Chapter 3).
Nuclear actin filament assembly mediated by Formin -2 and Spire-%2 following
DNA damage has been shown to be essential for efficient DNA repair (Belin et
al., 2015). Apart from this, association of DSB repair proteins with polymeric actin
has been illustrated to be important for efficient repair which is mainly mediated
through stabilization of Ku heterodimer, a component of DNA-PK holoenzyme
(Andrin et al., 2012). This calls for further investigation to characterize the effect
of DNA damage on actin as well as decipher the exact mechanism.

Following DNA damage, JNK has been known to be phosphorylated by DNA-PK.
In addition to this, DNA-PK is also known to phosphorylate Akt at Serine 473.
JNK and Akt both are known to closely regulate microtubule organization. PI3K-

Akt pathway is known to stabilize microtubules in fibroblasts (Onishi et al., 2007)
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and up-regulation of this pathway has been associated with acquisition of
resistance to microtubule targeting drugs in prostate cancer (Liu et al., 2015).
Furthermore, JNK pathway has been shown to be involved in Wnt-mediated
microtubule stability (Ciani and Salinas, 2007). Our study also revealed the
possible stabilization of microtubules following DNA damage. In addition to this,
actin filament remodelling has been demonstrated to be regulated via activation
of Akt (Qian et al., 2004) as well as by JNK activation (Kulshammer and Uhlirova,
2013; Rudrapatna et al., 2014). Investigation of whether JNK and Akt were
involved in reorganization of the cytoskeleton revealed the dependence of re-
organization on the activity of these two players. Taken together, it appears that
DNA-PK mediated actin remodeling and microtubule re-organization was via JNK
and Akt pathway. However, further studies are needed to discern the orchestra of
events.

In sum, we have demonstrated for the first time the effect of DNA damage on the
cytoskeletal organization. The preliminary data presented in this chapter draws
our attention to the possible cytoplasmic effects of DNA damaging agents
(Summarized in Figure 4.10 ). However, further investigation into the precise
mechanism is essential to decipher the pathway and identify the possible targets.
Use of pharmacological inhibitors to these targets may contribute to improve the
existing therapies.
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Figure 4.10: Schematic depicting the effect of DNA damge on the
cytoskeleton.
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Chapter 5: ApiS5 over-expression results in
phenotypic transformation
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5.1 Background

Although DNA damage induced transformation was found to be mediated by
DNA-PK, involvement of other pathways and molecular players cannot be
overruled. In order to identify the other possible molecular players, we
investigated the expression of various proteins which play a role in DNA damage
surveillance pathway and are implicated in cancers. We observed an up-
regulation of two key proteins, Api5 and TopBP1 (Figure 5.1), both of which have
been found to be up-regulated in various cancers. Api5, apoptosis inhibitor 5, is
an oncogene, up-regulated in bladder cancers, lung cancer (Sasaki et al., 2001;
Wang et al., 2010) colon, pancreas, esophagus (Koci et al., 2012), and B-cell
chronic lymphoid leukemia (Krejci et al., 2007) as well as has been shown to
induce invasion in cervical cancers (Kim et al., 2000). However, role of Api5 in
breast cancer is unknown. Nevertheless, up-regulation of Api5 was reported in
tamoxifen resistant breast cancer cells by Jansen et. al. Further, it was also found
to be down-regulated in tocoterinol treated MCF7 and thus the authors report it to
be a possible potential target for breast cancer therapy.(Ramdas et al., 2011).
Although these reports coupled with upregulation of Api5 observed by us in MNU
transformed cells, allude to the possible role of Api5 in breast cancer, the exact
role remains elusive. This study aims to establish the possible role of Api5 in
breast tumorigenesis using 3-dimesional spheroid cultures.
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Figure 5.1: Api5 and TopBP1 are over-expressed following methylation

damage.
MCF10A cells with or without MNU treatment were grown as 3D ‘on top’ cultures.
The acini were lysed on day 16 and immunoblotted for (a) Api5 (b) TopBP1. The

data is representative of >3 independent experiments.
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5.2 Results
5.2.1 Generation of stable cell line of MCF10A over-expressing Apib.

To elucidate the role of Api5 in breast tumorigenesis, Api5 was over-expressed in
MCF10A cells using lentivirus mediated gene delivery system. Full length Api5
was PCR amplified from mVenus-Api5 vector (available in lab) and was cloned
into CSII-EF-MCS-mCherry vector (Appendix V) (procured from RIKEN BRC
DNA BANK) between Notl and Xbal sites. The clones obtained were subjected
to double digestion using Notl and Xbal to check for release of insert and
positive clones were confirmed by sequencing. Further, the positive clones were
transfected into HEK 293T cells (Human Embryonic Kidney cell line) and tested
for fluorescence (Figure 5.2a) as well as lysates were immunoblotted to detect
both endogenous as well as over-expressed Api5 (Figure 5.2b). Further, to
generate the stable cell line lentiviral mediated gene delivery was used. Lentiviral
particles were prepared by transfecting HEK 293T cells with the either empty
vector (CSII-MCS-EF-mCherry) or Api5 construct (CSII-MCS-EF-mCherry-Api5)
along with the packaging plasmids. MCF10A cells were transduced with aid of 8
ug/ml polybrene (Figure 5.2c). The cell lines thus generated, MCF10A-mCherry
and MCF10A-Api5 were used for the study (Figure 5.2d).
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Figure 5.2: Generation of MCF10A cell line over-expressing Api5.
(a) Representative images of HEK 293T cells transfected with CSII-MCS-EF-
mCherry and CSII-MCS-EF-mCherry-Api5 to check for the positive clones. (b)

Lysates of the transfected HEK 293T cells were immunoblotted against GFP to

detect the over-expressed protein; Api5 to detect the endogenous protein; and

GAPDH was used as a loading control. (c) Representative images of MCF10A

cells transduced with lentiviral particles carrying CSII-MCS-EF-mCherry and
CSII-MCS-EF-mCherry-Api5 constructs. (d) Lysates of the transduced MCF10A
cells grown as 3D cultures were immunoblotted against GFP to detect the over-

expressed protein; Api5 to detect the endogenous protein; and GAPDH was used

135



Api5 over-expression results in phenotypic transformation

as a loading control. Data is representative of >2 independent experiments.

Scale bar: 50 um
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5.2.2 Api5 over-expression in MCF10A cells induces enhanced cellular

proliferation.

MCF10A cells either expressing empty vector or the over-expression construct
was grown on a bed of Matrigel™ for 16 days and the acinar structures formed
were scored for the phenotypes. The Api5-overexpressing MCF10A cells
appeared to form acini which were larger than the empty vector controls (Figure
5.3a and Figure 5.3b). Morphometric analysis using Huygens Professional
software (SVI, Hilversum, Netherlands) revealed a significant increase in acinar
volume and surface area. An increase in the number of cells per acini was also
observed (Figure 5.3c). To ascertain whether the increase in the number of the
cells was due to enhanced cellular proliferation, immunostaining of Ki67 was
done. Presence of more than six Ki67 positive cells per acini is indicative of
enhanced cellular proliferation (Wu and Gallo, 2013). Api5 over-expression
resulted in the formation of acini with more than six Ki67 positive cells thus
implying that Api5 over-expression enhanced cellular proliferation (Figure 5.3d
and Figure 5.3e). Lumen formation and maintenance in the acinar structures is
attributed to a balance between proliferation and apoptosis. Loss of this balance
could disrupt the lumen phenotype (Debnath et al., 2002). The luminal phenotype
of MCF10A-Api5 acini corroborated with Ki67 staining pattern, wherein we
observed a disruption of the cleared luminal phenotype in acini formed by Api5
over-expressing cells (Figure 5.3f and Figure 5.39).

Thus, these results suggest that Api5 over-expression induces enhanced cellular

proliferation.
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Figure 5.3: Api5 over-expression induces enhanced cellular proliferation.
Day 16 3D cultures MCF10A and MCF10A-Api5 cells immmunostained with
Phalloidin to mark the boundary of the entire acini while DAPI was used to stain
the nuclei. Images were captured using Zeiss LSM 710 laser scanning confocal

microscope (Zeiss, GmbH) and morphometric analysis was done using Huygens
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Professional software (SVI, Hilversum, Netherlands). (a) Representative 3D re-
constructed confocal images of acini formed. Graph representing (b) volume of
acini and (c) number of cells per acini. (d) Representative confocal images of
spheroids immunostained for Ki67, proliferation marker. Arrows (white) mark the
Ki67 positive nuclei. (e) Graph representing the % of acini showing more than 6
Ki67 positive cells. (f) Representative images of acini formed by MCF10A and
MCF10A-Api5 cells showing the presence of disrupted lumen in acini formed by
Api5 over-expressed cells. Yellow dotted lines mark the boundary of the lumen.
(g) Graph representing the percentage of acini showing disrupted lumen. Data is
representative of >4 independent experiments. >60 acini were analyzed per cell

line group. Scale bar: 20 um.
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5.2.3 Api5 over-expression disrupts apico-basal polarity and adherens

junctions.

In order to study the effect of Api5 on establishment and maintenance of apico-
basal polarity, a6-integrin was used as the basal region marker. We observed
over-expression of Api5 to result in discontinuous staining at the basal region
indicative of loss of basement membrane, observed in case of invasive cells
which break the basement membrane to invade the nearby tissue (Vidi et al.,
2013) (Figure 5.4a and Figure 5.4b). Apical polarity marked by the localization of
Golgi was also found to be disrupted with most of the Api5 over-expressing
spheroids exhibiting basal/lateral localization of GM130 (Figure 5.4c and Figure
5.4d). To ascertain the integrity of the cell-cell junctions, localization of E-
cadherin was investigated. Unlike the MCF10A-mCherry cells which formed acini
with intact cell-cell junctions, MCF10A-Api5 acini showed diffused staining of E-
cadherin at cell-cell junctions implying loss of cell-cell adhesion (Figure 5.4e and
Figure 5.4f).
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Figure 5.4: Api5 over expression disrupts basolateral and apical polarity.
MCF10A-mcherry and MCF10A-Api5 cells were grown as 3D “on top” cultures
and maintained for 16 days. Representative images of confocal images of centre
z section spheroids immunostained with a6-integrin (green). (b) Graph depicting
the percentage of acini showing loss phenotype observed with a6-integrin. (c)
Representative images of centermost z section of spheroids immunostained with
GM130 (green). (d) Graph depicting the percentage of acini showing
mislocalization of GM130. (e) Representative immunofluorescence images of E-
cadherin (green). (f) Graph representing the percentage of acini showing loss of
E-cadherin from adherens junction. Arrows (white) mark the regions for
comparison of localization polarity markers. Data is representative of >2
independent experiments. >40 acini were analyzed per cell line. Scale bar: 20

um.
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5.2.4 Api5 over-expression results in the formation of abnormal

structures indicative of EMT-like phenotype.

Loss of apico-basal polarity as well as loss of cell-cell contacts are the key
features acquired by the cells when they undergo epithelial to mesenchymal
transition. The morphology of acini formed by cells which undergo such
transitions is found to be altered characterized by the presence of protrusion-like
or bulb-like structures (Debnath and Brugge, 2005). The spherical spheroids
formed by MCF10A upon Api5 over-expression were found to be distorted and
bulb-like structures were seen (Figure 5.5a and Figure 5.5b). To investigate
whether the Api5 over-expressed cells had undergone EMT we immunostained
day 16 acini with vimentin, a mesenchymal marker and observed a marked up-
regulation (Figure 5.5¢c and Figure 5.5d), which was further confirmed with
immunoblotting. Immunoblot analysis of other mesenchymal markers namely,
fibronectin and N-cadherin showed up-regulation (Figure 5.5e).

Thus, these results imply that Api5 over-expression in MCF10A induced EMT.
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Figure 5.5: Api5 over-expression induced EMT-like phenotype.
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Day 16 cultures of MCF10A cells were immunostained with phalloidin and
analyzed for presence of ‘protrusion-like’ or ‘bulb-like’ structures. (a)
Representative immunofluorescence images of acini labelled Phalloidin (green).
Arrow (white) marks the protrusion-like structure.(b) Graph representing the
percent of acini showing presence of ‘protrusion-like’ phenotype. (c)
Representative immunofluorescence images labelled with vimentin (green). (d)
Graph representing the percent of acini showing upregulation of vimentin. (e)
Day 16 acini were lysed and immunoblotted for mesenchymal markers like
vimentin, N-cadherin, and fibronectin. Data is representative of >2 independent

experiments. >40 acini were analyzed per cell line. Scale bar: 20 um.
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53 Discussion

Most of the genes which have been implicated as breast cancer susceptible
genes are found to be involved in the DNA damage response pathways namely,
BRCA1, BRCA2, CDH1, PTEN, STK11, TP53, ATR, ATM, BARD1, BRIP1,
CHEK2, ERBB2, NBN, PALB2, RAD50, and RAD51 genes. In the quest of
identification of candidate genes that may play a role in DNA damage induced
transformation, we screened for a few genes, among which Api5 was found to be
up-regulated. Api5, also known as AAC-11 (anti apoptosis clone 11) was
primarily identified as an apoptosis inhibitor, which provided survival advantage
to cervical cancer cells upon serum starvation (Tewari et al., 1997) and as well
as evaded DNA damage induced apoptosis (Rigou et al., 2009). Api5, a nuclear
protein, has been found to be up-regulated in multiple cancers. Although its role
in various cancers has been studied to some extent, its role in breast cancer is
not yet established. In this study we have demonstrated the possible role of Api5
in breast tumorigenesis using 3-dimensional cultures. Modulation of activity of a
single gene or a small subset of genes has been shown to be sufficient for
disruption of polarized MCF10A (mammary non-tumorigenic epithelial cell line)
acinar structures (Chen et al., 2010; Guo et al., 2010; Henry et al., 2011).
Exploiting this feature, we investigated whether over-expression of Api5 was
sufficient to induce transformation of non-transformed breast epithelial cells. Acini
formed by transformed cells exhibit altered morphology. Api5 over-expression
resulted in the formation of spheroids which had a larger volume as compared to
that of control. The acinar morphology is maintained in non-transformed cells due
to equilibrated balance between proliferation and apopotosis. Thus, such a
phenotype could be hypothesized as an outcome of “enhanced cellular
proliferation” or “evasion of apoptosis” or both, two important “hallmarks of
cancer” (Hanahan and Weinberg, 2011). Enhanced number of cells in the
MCF10A-Api5 acini being positive for Ki67, at day 16 indicated enhanced cellular
proliferation, since by this day of morphogenesis cells in the non-transformed

acini undergo growth arrest (Debnath et al., 2003). This result was in
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corroboration with the report by Garcia-Jove Navarro et al., where Api5 was
demonstrated to regulate cellular proliferation (Garcia-Jove Navarro et al., 2013).
Further the lumen in the MCF10A-Api5 acini showed presence of cells in the
luminal space. This phenotype could be either due to enhanced proliferation
resulting in partially filled lumen or due to the apoptosis inhibitory effect of Api5
resulting in partially cleared lumen. Luminal clearance has been attributed to
anoikis and apoptosis mediated through BIM (a pro-apoptotic BH3-only BCL
family protein), which is induced by day 8 in case of breast epithelial cells
(Reginato et al., 2005). The resistance to apoptosis by Api5 has been
demonstrated to be mediated via FGF2 up-regulation which finally results in ERK
activation driven degradation of pro-apoptotic factor BIM (Noh et al., 2014).
Considering these two independent reports, we can predict the possible role of
Api5 in lumen formation. Owing to the delayed clearance of lumen observed
upon over-expression of BCL2 (an apoptosis inhibitor, implicated in lumen
clearance) in MCF10A, the involvement of other pathways other than apoptosis
in clearance of lumen has been implicated (Debnath et al., 2002; Lin et al.,
1999). Thus, taking into consideration all these reports, presence of partially
cleared lumen in MCF10A-Api5 acini may be attributed to apoptosis inhibition
caused by degradation of BIM by Api5. However, detailed investigation of Ki67
positive cells in the MCF10A-Api5 acini revealed that the cells in lumen stained
positive for Ki67, thus attributing the luminal phenotype to enhanced cellular
proliferation. This warrants further investigation to establish if the effect observed
was merely due to enhanced cellular proliferation or also due to apoptosis
inhibition. The presence of bulb-like or protrusion-like structures in MCF10A-Api5
acini suggests the possible role of Api5 in EMT, which was further confirmed by
the up-regulation of vimentin. This observation is supported by literature wherein
its over-expression has been observed in metastatic cells as compared to the
normal as well as primary cervical tissues (Kim et al., 2000). Consistent with this
report, we observed loss of a6-integrin, the subunit of integrin receptors which

forms hemidesmosomes (Sonnenberg et al., 1991), from the basal region. The
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loss phenotype is also considered as an indicative of invasive phenotype wherein
cells are known to break open their basement membrane so as to invade nearby
tissue and disseminate to distant sites of metastasis(Vidi et al., 2013). In addition
to this, loss of a6-integrin has been correlated to acquisition of metastatic ability
and disseminating to the pleural cavity (Natali et al., 1992). Supporting this, Api5
has also been illustrated to induce invasion in cervical cancer cells through
activation of ERK which eventually activated MMP-9 (Song et al., 2014). With the
possibility of induction of EMT we also observed loss of adherens junction as
illustrated by the loss of E-cadherin from the cell-cell junctions. This phenotype is
also a prerequisite for attainment of mesenchymal phenotype. Loss of
basolateral polarity characterized by loss of a6-integrin as well as loss of E-
cadherin was also coupled with mis-localization of Golgi from the apical domain,
suggesting loss of apical polarity.

Taken together, this study illustrates the potential of Api5 to induce phenotypic
transformation of non-transformed breast epithelial cells. Thus, it can be
concluded that Api5 may possibly play a role in breast tumorigenesis. However
further validation of the findings are essential to confirm the same. Further,
translation of the findings in clinical samples will provide further insight into the
process of tumorigenesis and validate the use of Api5 as a biomarker. Clinical
samples of patients with relapse after chemotherapy can be analyzed to
establish association. Discerning the pathway(s) will help in designing novel

therapeutics strategies to prevent relapse.
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Chapter 6: Prolonged exposure to PAF
induces phenotypic transformation.
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6.1 Background

PAF, platelet activating factor, is a phospholipid mediator secreted by
macrophages, neutrophils as well as endothelial cells. Apart from this, Bussolati
et al reported secretion of PAF by breast cancer cells under growth factor
stimulation (Bussolati et al., 2000). In addition to this, Camussi’s group reported
presence of PAF in the microenvironment of breast cancer tissues of patients.
Apart from this, cigarette smoke is considered as one of the factors which result
in the accumulation of PAF in tissue by inhibiting PAF-AH (PAF acetyl hydrolase)
(Kispert et al., 2015; Sharma et al., 2011). Thus, these reports suggest the
presence of this mediator in the microenvironment of the cells. Although role of
PAF and PAF-R in various cancers has been well studied, there are very few
reports pertaining to its role in breast cancer. The role of PAF in promoting
cellular motility and invasion of breast tumor cells has been shown by Bussolati
et al (Bussolati et al., 2000). Accumulated PAF has been shown to enhance
adherence of metastatic breast cancer cells to lung endothelium (Kispert et al.,
2014). However, role of PAF in breast cancer initiation remains elusive. Given
the presence of PAF in the microenvironment either due to chronic inflammation,
exposure to cigarette smoke or UV radiations as well as by breast cancer cells
themselves, it makes it essential to unravel the effect of PAF on breast epithelial
cells.

This work aims to study the effect of PAF on breast epithelial cells using the
established 3D culture system of MCF10A cells. To investigate whether PAF
induced transformation, MCF10A were grown on a bed of growth factor-reduced
Matrigel™ with continuous exposure to 200 nM PAF. These cultures were
maintained for a period of 20 days. The spheroids thus formed were scored for

phenotypic changes.
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6.2 Results

6.2.1 MCF10A cells express low levels of PAF-R as compared to

malignant cells.

PAF-R expression has been related to the tumorigenic potential of cells as well
as knock-down of the receptors has been demonstrated to have inhibitory effect
on tumor progression (Cellai et al., 2006; Robert and Hunt, 2001). We
investigated the PAF-R status in MCF10A as well as in two other breast cancer
cells, MDA-MB 231 and MCF-7s, using RT-PCR. PAF-R expression levels in
these cell lines were correlated with their tumorigenic potential. MDA-MB 231
and MCF-7 cells showed increased expression of PAF-receptors while MCF10A
showed weak expression (Figure 6.1a and Figure 6.1b). We further investigated
the effect of PAF on the expression of PAF-R. The three cell lines were exposed
to PAF for 24 hours and expression levels of PAF-R was determined. However
we observed no appreciable change in the levels of the receptor with increase in
dose of PAF (Figure 6.1c and Figure 6.1d).
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Figure 6.1: PAF-R expression levels.

(a) RT-PCR analysis of PAF-receptor expression in MCF10A (non-transformed
breast epithelial cell line), breast cancer cell lines MCF-7 (breast
adenocarcinoma) and MDA-MB 231 (invasive ductal carcinoma) (b) Graphs
represent mean +/- SEM fold change of expression level normalized to PAF-R
expression in MCF10A. (c) RT-PCR analysis of PAF-R expression in MCF10A,
MCF-7 and MDA-MB 231 cells treated with 100 and 200 nM PAF for 24 hours.
(d) Graphs represent mean +/- SEM fold change of expression level normalized
to PAFR expression in untreated MCF10A PAF-R expression levels.

152



Prolonged exposure to PAF induces phenotypic transformation.

6.2.2 PAF induces enhanced cellular proliferation in 3D spheroid

cultures.

Previous work in the lab demonstrated that induction with 200 nM PAF enhances
migration of MDA-MB 231 cells. To study effect of PAF on MCF10A cells,
considered as ‘near normal’ breast epithelial, the cells were grown on Matrigel™
in the presence and absence of PAF for 20 days. We observed that when cells
were grown in presence of PAF, the cells resulted in the formation of acinar
structures which had a larger volume (Figure 6.2a). Consistent with this finding,
we also observed significant increase in the number of cells per acini (Figure
6.2b). Luminal phenotype was also disrupted with a significant number of acini
having multiple layers of cells enclosing the luminal space (Figure 6.2c and
Figure 6.2d). All these phenotypes demonstrate the ability of PAF to induce
proliferation of breast epithelial cells, implying possible attainment of
hyperproliferative state, referred to as “escape from proliferative state”, one of the
“hallmarks of cancer” (Hanahan and Weinberg, 2011). To ascertain this, the acini
were immunostained for Ki67, a proliferation marker. Presence of more than six
Ki67 positive cells per acini is indicative of hyperproliferation (Wu and Gallo,
2013). We observed a significant number of acini exhibiting this phenotype,
confirming that PAF induced proliferation of non-transformed breast epithelial
cells (Figure 6.2e and Figure 6.2f).
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Figure 6.2: PAF induces enhanced cellular proliferation in MCF10A
spheroids.

MCF10A cells grown as 3D cultures in presence or absence of 200 nM PAF were
immunostained with Phalloidin to mark the boundary of the entire acini and nuclei

were counterstained with Hoechst 33342. Images were captured using Zeiss
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LSM 710 laser scanning confocal microscope (Zeiss, GmbH) and morphometric
analysis was done using Huygens Professional software (SVI, Hilversum,
Netherlands). Graph representing (a) volume of acini, (b) number of cells per
acini; (c) Representative confocal images depicting the luminal phenotype in
acini formed by untreated and 200 nM PAF treated cells. Yellow dotted lines
mark the boundary of lumen. (d) Graph representing the percentage of acini
showing disrupted luminal phenotype. (e) Representative images of day 20 acini
immunostained with Ki67 (red). White arrows indicate the Ki67 positive cells in
the acini. (f) Graph representing the percentage of acini showing presence of
more than six Ki67 positive cells. Data from N>3 independent experiments is

pooled and represented. ~40 acini per treatment condition were analyzed.
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6.2.3 PAF exposure induced EMT-like phenotype.

Another striking feature of the acini grown in presence of PAF was the formation
of “protrusion-like” or “bulb-like” structures (Figure 6.3a and Figure 6.3b). Such
structures are known to be characteristic features of invasiveness or migratory
cells. Cells grown on 3D substrata that have undergone epithelial-mesenchymal
transition (EMT) give rise to protrusion-like structures. When a few cells migrate
into such protrusions, these structures may appear as “bulb-like” structures
(Godinho et al., 2014; Oyanagi et al., 2012) . With the known role of PAF in
inducing motility of different kinds of cells including breast cancer cells, these
abnormal structures imply possible induction of EMT or motility resulting in
escape of cells out of the well-structured and regulated acini. To ascertain this,
we investigated the levels of vimentin, a mesenchymal marker, in the Day 20
cultures (Figure 6.3c). We observed a significant number of acini showing an up-
regulation of vimentin (Figure 6.3d).

These results highlight the potential role of PAF in inducing EMT in MCF10A

cells.
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Figure 6.3: PAF exposure results in EMT in MCF10A cells grown as 3D 'on

% Acini

200 nM PAF

top' cultures.

MCF10A cells grown as 3D cultures were treated with 200 nM PAF every four
days and maintained in culture for 20 days. (a) 3D reconstructed image of day 20
acini immunostained with Phalloidin (magenta) and nuclei counterstained with
Hoechst 33342 (cyan) depicting protrusion-like or bulb-like structures. (b) Graph
representing the percentage of acini showing protrusion-like phenotype. (c)
Representative immunofluorescence images of day 20 acini labelled with
vimentin, a mesenchymal marker (green) and nuclei counterstained with Hoechst
33342 (blue). (d) Graph representing the percentage of acini showing up-

regulation of vimentin. Data is representative of >2 independent experiments.

Scale bar: 20 um
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6.2.4 PAF exposure disupts basolateral and apical polarity.

Induction of EMT is usually coupled with loss of basolateral and apical polarity.
To study the effect of PAF on the establishment of polarity, the day 20 cultures
were immunostained with a6-integrin (basal region marker) and GM130 (marker
of apical polarity). We observed loss of a6-integrin from the basal regions in a
significant number of acini (Figure 6.4a and Figure 6.4b), implying the ability of
cells to break the basement membrane to invade nearby tissues besides loss of
basal polarity. Mis-localization of GM130 to the basal and lateral regions
confirmed the loss of apical polarity (Figure 6.4a and Figure 6.4b). Further, the
loss of E-cadherin (Figure 6.5a and Figure 6.5b) and diffused localization of 8-
catenin from the cell-cell junctions demonstrated the loss of integrity of adherens

junctions (Figure 6.5c and Figure 6.5d), further supporting the claim of ability of
PAF to induce EMT.
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Figure 6.4: Prolonged exposure to PAF resulted in disruption of apico-
basal polarity.

Day 20 spheroid cultures were immunostained for basal polarity markers. (a)
Representative images of centermost z section of spheroids immunostained with
a6-integrin (green). (b) Graph depicting the percentage of acini showing
discontinuous a6-integrin staining in basal region. (c) Representative
immunofluorescence images of day 20 acini labelled with GM130, a Golgi marker
(green). (d) Graph depicting the percentage of acini showing mis-localization of

Golgi. White arrows indicate the regions of mis-localization of a6-integrin and
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Figure 6.5: Prolonged exposure of MCF10A cells to PAF disrupts adherens
junctions.

Day 16 cultures of MCF10A cells were immunostained for markers of adherens
junctions and analyzed for their integrity. (2) Representative immunofluorescence
images of acini labelled with B-catenin (red). (b) Graph representing the % of
acini showing diffused phenotype. (c) Representative immunofluorescence
images of acini labelled with E-cadherin (green). (d) Graph representing the
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percentage of acini showing loss phenotype. Data is representative of >2

independent experiments. Scale bar: 20 um
6.3 Discussion

Tumor microenvironment has been considered one of the potential factors
involved in tumor progression and ‘ tumor promoting inflammation’ has been
enlisted as the “enabling characteristics” by Hannan and Weinberg (Hanahan
and Weinberg, 2011). This mainly refers to the tumor promoting effects of the
components of the inflammatory reaction cascade. Various bioactive molecules
are known to be present in the tumor milieu. Platelet activating factor, a
phospholipid mediator, is one such bioactive molecule known to be present at
sites of inflammation. Apart from inflammation, PAF is known to be involved in a
wide range of physiological and pathological processes. Thus, it is secreted in
response to various stimuli either in response to a physiological cue or in
response to oxidative, non-physiological as well as non-specific stimuli. Among
the various phospholipid mediators, PAF is the least studied in relation to breast
cancer. This study aims at studying role of PAF in breast tumorigenesis.

Under physiological conditions the amount of PAF in a particular tissue is
controlled by a specific class of enzymes such as PAF-AH (Platelet activating
factor acetyl hydrolase) which inactivate PAF. These enzymes are present
ubiquitously in all tissues and hence there is tight regulation of the signalling
elicited by PAF and PAF-like lipids. Chronic inflammatory states are known to
result in accumulation of various inflammatory mediators including PAF. Such
inflammatory states are also known as predisposing factors to various cancers
including breast cancer. PAF and PAF-like lipids are known to be secreted by
variety of cells including macrophages, neutrophils, endothelial cells as well as
breast cancer cells per se. Camussi’s group also demonstrated the presence of
PAF in human breast cancer tissues in amounts significantly higher than the
normal tissues as well as associated with increase neo-vascularisation
(Montrucchio et al., 1998). Further, Bougnoux group also reported presence of

PAF in breast cancer tissue and it correlated with axillary lymph node metastasis
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(Pitton et al., 1989). Cigarette smoke is considered as one of the factors which
result in the accumulation of PAF by inhibiting PAF-AH (Kispert et al., 2015;
Sharma et al., 2011). Although role of PAF in various cancers is well established,
its role in breast cancer is least studied. Bussolati et al have reported the ability
of PAF to induce enhanced motility of breast cancer cell lines and have
demonstrated the potential of PAF to induce neo-angiogenesis. Further,
accumulated PAF (due to cigarette smoke exposure) was illustrated by Mc
Howat’s group to enhance adherence of metastatic breast cancer cells to lung
endothelium (Kispert et al., 2014). However none of the reports have studied the
effects of PAF in early transformation. Given the presence of PAF in breast
tissues we investigated the effects of PAF on non-transformed breast epithelial
cells.

Prolonged exposure of PAF induced formation of larger spheroids with
significantly more number of cells as compared to untreated cells. Such a
phenotype being an indicator of enhanced proliferation, we confirmed it using a
proliferation marker, Ki67. These results are in concordance with report by
Bussolati et al., where they demonstrate the potential of PAF to induce
proliferation of breast cancer cells (Bussolati et al., 2000). Lumen formation,
which depends on equilibrated balance between proliferation and apoptosis was
also found to be disrupted (Debnath et al., 2002). Partially filled lumen specially
characterized by presence of multiple layers of cells surrounding the central
lumen were observed in acini formed by PAF treated cells. This continuous
proliferation of cells observed in day 20 acini indicates loss of homeostasis since
by this time point the non-transformed cells are growth arrested. Given that,
epithelial cells exhibit distinguishing characteristics such as apico—basal polarity,
presence of adherens junctions as well as contacts with basement membrane
which are tightly regulated and contribute to the maintenance of tissue
architecture as well as homeostasis (Debnath et al., 2003), we investigated the
effects of PAF on polarity. We observed loss of apico-basal polarity as well as

presence of aberrant cell-cell contacts following PAF exposure. The loss of a6-
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integrin from the basal region indicated the loss of contact with the basement
membrane and possible induction of invasiveness. Up-regulation of vimentin in
PAF treated acini implied possible induction of EMT, initial step in induction of
invasion and metastasis. Cells grown on 3D substrata that have undergone
epithelial-mesenchymal transition (EMT) give rise to protrusion-like structures.
When a few cells migrate into such protrusions, these structures may appear as
“bulb-like” structures (Godinho et al., 2014; Oyanagi et al., 2012). In our study we
observed that the overall morphology of acini was disrupted. While untreated
cells formed a spheroid on Matrigel™, PAF treated cells formed acini with
protrusion-like structures. Thus, these results confirmed the induction of EMT-like
phenotype as well as migratory behavior. These results corroborate with the
reports in literature wherein PAF has been demonstrated to promote invasion
and metastasis in different cancers including ovarian cancer (Yu et al., 2014;
Zhang et al., 2010), prostate cancer (Ji et al., 2016; Xu et al., 2013) as well as
melanoma cells stimulated by cytokines (Melnikova and Bar-Eli, 2007; Melnikova
et al., 2008). PAF has also been shown to induce invasion in HUVECSs. In
prostate cancer, PAF has been reported to reduce E-cadherin levels (Ji et al.,
2016; Xu et al., 2013) while in Kaposis sarcoma it has been shown to reduce
endogenous expression of cell-cell adherens junctions (Bussolino et al., 1995).
Thus, suggesting a possible role in EMT. In concordance with the published
reports, loss of E-cadherin from the cell-cell junctions in breast epithelial cells
was observed in our study. Further, Bennett et al, have demonstrated the
potential of PAF to induce phenotypic transformation of rat embryonic cells which
further supports our claim of ability of PAF to transform breast epithelial cells
(Bennett et al., 1993).

Taken together, we report that prolonged exposure of non-transformed breast
epithelial cells to PAF results in phenotypic transformation (Summarized in
Figure 6.6 ). However, further studies are essential to investigate whether the
transformation observed is malignant. Given that PAF acts through PAF-R and

PAF exposure results in such drastic changes in acinar morphology, there may
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be a possibility of increased expression of PAF-R and this might probably induce
transformation. On the other hand, continuous exposure to PAF can result in
continuous stimulation of PAF-R, resulting in enhanced signalling and hence
transformation. The former hypothesis can be validated by investigating the level
of PAF-R in the PAF transformed cells and later knocking down PAF-R in MDA-
MB231 cells (invasive breast cancer cell lines) to observe a partial reversal of
transformed phenotype.

Nevertheless, these preliminary results imply that presence of PAF in the
microenvironment is capable of inducing transformation of breast epithelial cells.
These facts indicate strongly the requirement of investigating the role of PAF in
transformation in breast epithelial cells of MCF10A and also essentially the
pathway followed to undergo transformation. Identification of key players in the
pathway(s) may serve as potential targets and aid in better therapeutic

interventions.
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Figure 6.6: Schematic summarizing the phenotypic transformation
phenotypes induced by continuous exposure to PAF.

Partially filled lumen specially characterized by presence of multiple layers of
cells surrounding the central lumen was observed in acini formed by PAF treated
cells. This suggests disruption of the equilibrated balance between proliferation
and apoptosis which regulates lumen formation. The protrusion-like phenotype
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induced upon PAF induction mimics EMT-like and invasive phenotype. The study

further confirmed induction of Phenotypic transformation by investigating markers
of polarity and EMT. (Adapted from Libi Anandi., 2016).
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Chapter 7: Conclusion and Future

perspectives

166



Conclusion and Future perspectives

This thesis explored the two “enabling characteristics” namely genomic instability
and tumor promoting inflammation; enumerated by Hanahan & Weinberg in
“Hallmarks of Cancer, Cell 2010", using 3-dimensional cultures of non-
transformed breast epithelial cells as the model system.

To our knowledge, this is the first study to have demonstrated the ability of
alkylating agents to induce tumorigenesis. Though MNU has been widely used to
induce mammary tumors in rat, the exact mechanism of tumorigenesis has not
been elucidated till date. This lacuna prompted us to decipher the mechanism. We
identified DNA-PK, a apical kinase involved in the non-homologous end joining
pathway of the DNA damage response, to be a central player in the process. This
novel role of DNA-PK can be further validated by investigating clinical samples.
Total level as well as the level of phosphorylated DNA-PKcs needs to be
determined. The target population for this study would be the patients who have
had relapse after chemotherapy or radiation therapy. Further, patients without a
family history of breast cancer (sporadic cases) can also be tested for the above.
These studies can thus help in establishing DNA-PKcs total and/or phosphorylated
form as a biomarker and help modulate the existing therapies.

Although DNA-PK has been identified as the key player in the process of DNA
damage induced transformation, involvement of alternate pathway(s) cannot be
ignored. Based on literature, supported by the preliminary data we have predicted
plausible pathway(s) (Figure 7.1). Published reports suggest the possible role of
JNK in DNA damage induced transformation. DNA breaks are known to activate
NF-kB which results in secretion of TNF-a leading to the activation of JNK
pathway(Picco and Pages, 2013). Consistent with these reports, our western data
suggests activation of cJun, immediate downstream target of JNK, in acini formed
by MNU treated cells. cJun is also known to up-regulate Snail (Lemieux et al.,
2009). We observed activation of cJun and up-regulation of Snail in our study,
suggesting the activation of JNK pathway to play a role in transformation. Apart
from this, we also observed an up-regulation of Api5 (Apoptosis inhibitor 5). Api5

is an oncogene, implicated in various cancers. It is known to induce invasion
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through up-regulation of FGF2 (Cho et al., 2014), thus suggesting that MNU
possibly can induce invasion in MCF10A cells. In addition to this, FGF2 and Snail
are known to induce invasion via MMP9 (Cho et al., 2014; Jorda et al., 2005),
corroborating with our results of presence of active MMP9 in the conditioned
media. Akt is known to be phosphorylated by DNA-PKcs at serine 473 position
following DNA damage. Enhanced phosphorylation of Akt observed at day 16,
coupled with the constitutive activation of DNA-PKcs, suggests the possible
activation of Akt by DNA-PKcs in our study. Activated Akt can stabilize Snail
through activation of NF-kB or through phosphorylation of GSK3p (Julien et al.,
2007; Wang et al., 2013). ALCL1 interacts with Api5 as well as DNA-PKcs; Api5 has
been shown to interact with proteins involved in the DNA damage pathway, up-
regulation of Api5 observed in our study implies the possible role of this protein in
transformation following DNA damage. However, our study reveals that up-
regulation of Api5 per se can induce transformation. Nevertheless, the mechanism

of transformation remains to be elucidated.
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Figure 7.1: Plausible signaling pathways for MNU-induced DNA damage
leading to transformation.

169



Conclusion and Future perspectives

Interestingly, our study reveals that up-regulation of Api5 per se can induce
transformation. Nevertheless, the mechanism of transformation remains to be
elucidated. Api5 over-expression in MCF10 cells resulted in the formation of acini
with phenotypes implying transformation. Considering the various phenotypes
observed and based on available literature, plausible pathway has been
predicted (Figure 7.2). Api5 is known to enhance transcriptional activation of
G1/S cell cycle genes mediated by E2F1; thus, hyper-proliferation, a key
phenotype observed in our study may be attributed to effect on E2F1 following
Api5 over-expression (Garcia-Jove Navarro et al., 2013). FGF2 is known to be
up-regulated following Api5 up-regulation (Noh et al., 2014); FGF2 through
activation of FGFR signaling activates ERK; activated ERK (Api5 mediated)
results in transcriptional activation of AP-1 which eventually results in secretion of
MMP9 (Song et al., 2014). Thus, the induction of EMT and the possible induction
of invasive phenotype observed in our study coupled with the reports suggesting
role of API5 in cancer cell invasion (Kim et al., 2000) and EMT in urothelial
carcinoma cell lines (Tomlinson et al., 2012) can be attributed to the activation of
ERK by Api5 through FGF2. FGF2 is known to down-regulate E-cadherin in
ovarian cancer cells (Lau et al., 2013) which corroborates with our observation of
60% acini formed by Api5 over-expressed cells showing loss of E-cadherin.
However, further experiments have to be designed to validate the predicted

pathways.
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Figure 7.2: Schematic depicting the various phenotypes observed in 3-D

“on top” cultures following API5 over-expression.
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I's a well known fact that DNA damage, if left unrepaired can lead to nuclear
effects which might result in genomic instability. This paradigm of effect of DNA
damage has been well characterized. However, very little is known till date about
the effects of DNA damage on other cellular organelles. Our study has precisely
provided this missing link. We observed dispersal of Golgi as well as impaired
trafficking. Dispersal of Golgi was found to be mediated by DNA-PK. Apart from
this; we observed that DNA damage induced reorganization of the cytoskeletal
network. This reorganization was found to be mediated by DNA-PK via activation
of JNK, Akt. Microtubule reorganization was found to be actin dependent. We have
predicted the pathway based on preliminary data (Figure 7.3). The precise
mechanism has not been deciphered and validation of the predicted pathway
needs to be done. Further studies in deciphering mechanism would shed light into
reorganization phenomenon and provide insights into the implication of such an

organization.
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Figure 7.3: Schematic depicting the plausible pathway involved in re-
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Prolonged exposure to PAF resulted in the formation of abnormal acinar
structures. Loss of polarity and induction of EMT-like phenotype was also
observed. In conclusion, PAF exposure resulted in phenotypic transformation of
breast epithelial cells. Based on literature we have tried predicting the plausible
pathway of PAF induced transformation (Figure 7.4: Plausible pathways of PAF
induced transformation based on published literature.). PAF is known to activate
various signal transduction pathways in different cell types. Preliminary data from
lab indicate the possible role of PI3K and/or JNK pathway in PAF induced
enhanced migration of MDA-MB 231 breast cancer cells (Anandi et al., 2016). On
similar lines, in esophageal squamous cell carcinoma cells Kravenchenko et al
have reported activated PAF-R to activate Akt (PI3K pathway) which further
activates NF-k[3 to upregulate oncogenes (Kravchenko et al., 1995). In another
study, Congjan Xu'’s group has demonstrated PAF to act through PAF receptor
and activate EGFR finally activating ERK pathway (Yu et al., 2014). In HUVECs,
PAF has been demonstrated to activate the JAK-STAT pathway resulting in
nuclear localization of STAT-3 and induction of proliferation, invasion and
metastasis (Deo et al., 2002). In addition to this, they have also demonstrated
activation of PAF-R by PAF activated Src which in turn resulted in PAF
production from lyso PAF through activation of Ras, Erk, PLAzin a sequential
manner (Aponte et al., 2008).

Investigation of status of PAF-R in Indian patients will be investigated. Further,
the findings from the lab will be compared to the clinical samples to establish the

correlation and hence validate the pathway deciphered
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APPENDIX

Appendix I: Media composition

MCF10A media composition:

APPENDIX

Streptamycin

(Invitrogen)

Components Stock Growth | Resuspension | Assay
concentration | Medium Medium Medium

Horse Serum 5% 20% 2%
(Invitrogen)
Insulin (Sigma- 10 mg/ml 10 pg/ml - 10 pg/ml
Aldrich)
Hydrocortisone 1 mg/ml 0.5 pg/mi - 0.5 pg/mi
(Sigma-Aldrich)
Choleratoxin 1 mg/mi 100ng/ml - 100ng/ml
(Sigma-Aldrich)
Epidermal growth 100 pg/ml 20 ng/ml - 5 ng/ml
factor (EGF-
Sigma-Aldrich)
Matrigel® (BD NA - - 2%
Biosciences)
Pencillin- 100X 2X 2X 2X
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Appendix Il: Buffers for Immunofluorescence:

1. Phosphate buffered Saline (PBS)

2.

Component Concentration
Na2HPO4 10 mM
KH2PO4 1.8 mM

NacCl 137 mM

KCI 2.7 mM

Phosphate buffer Saline-EDTA (PBS-EDTA)

Component Concentration
EDTA 5 mM

Sodium orthovanadate 1 mM

Sodium Fluoride 1.5mM
Protease Inhibitor Cocktail 1X

PBS 1X

Immunofluorescence Buffer (IF Buffer)

Component Concentration
PBS I X

Sodium Azide 0.05% [w/v]
BSA 0.1% [wiv]
Triton-X-100 0.2% [v/Vv]
Tween 20 0.05%

PBS I X

APPENDIX
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4. VSVG wash buffer

Component

Concentration

House Serum

2%

Sodium Azide

0.1%

PBS

1X

APPENDIX
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Appendix Ill: Buffers for Immunoblotting

1. 6X sample buffer (10 ml)

Component Concentration
Tris (pH 6.8) 3.5ml

Glycerol 3.6 ml

DTT 0.093 gm
Bromo phenol blue 0.6 ml

SDS 1.1 gm

2. 10 X SDS running Buffer (1 L)

Component Concentration
Trizma base 30.3

Glycine 144 gm

SDS 10 gm

3. 10X Transfer Buffer (1 L)

Component Concentration
Trizma base 29 gm
Glycine 146.5

4. TBS-Tween

Component Concentration
Tris (pH 7.6) 25 mM

NacCl 150 mM

KCI 2 mM

Tween 20 0.1%

APPENDIX
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APPENDIX

Appendix IV: Buffers and staining solution for Gelatin Zymograph

1. Non-reducing sample buffer

Component Concentration
Tris-HCI (pH 7.5) 25mM

NaCl 100mM

NP-40 1%

2. Renaturing buffer

Component Concentration
Triton X-100 2.5%
Water 100ml

3. Developing buffer

Component Concentration
Tris-HCL (pH-7.8) 05M

NaCl 2M

CaCl2 0.05M

Brij35 0.2%

4. Staining solution

Component Concentration
Coomassie blue 0.1% wlv
Methanol 50% viv

Acetic acid 10% v/v

5. Destaining solution

Component Concentration
Methanol 40% viv
Acetic acid 10% v/v
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Appendix V: Cloning of Api5 into CSII-EF-MCS

1. Plasmid map

Miul 228

svaopa  CSI-EF-MCS o on

9136 bp cPPT+CTS
Zeo

SV40 profori Agel 2668
1 ori
BGH pA
PR ™
SR delus _
Apal 3187

e

A
Pmel 5124 \
Apal 5118 '\ EcoRl 3771
BspEl 4924 \\Pstl 3776

= | apis
Hpal 3801
Plasmid name: CSII-EF-MCS
Source: RIKEN BRC DNA bank
Restriction sites: Notl and Xbal
Primer sequences used for amplification of Api5:
Forward: AAGGAAAAAAGCGGCCGCATATGCCGACAGTAGAGGAGCT
Reverse: GCTCTAGATCAGTAGAGTCTTCCCCGAC
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2. PCR amplification of Api5 from Api5-mVenus C1

DNA Template 3ul
Forward Primer 3 pl
Reverse Primer 3 pl
10 mM dNTPs 12.5 pl
10X Pfu buffer 10 ul
DMSO 5ul
dH20 6.5 ul
Pfu polymerase 2 ul

3. PCR cycle for Amplification

95°C - 2 min

95°C - 1 min

60°C - 1 min X 30 Cycles

72°C - 3 min

72°C - 6 min

4°C - hold

4. Digestion of PCR product and CSII-EF-MCS-mCherry

DNA Template 5 ug
10 X Cut smart buffer Sul
Not 1 HF 5 ul
Xba 1 5ul
dH20 To make up the reaction to 50 pl

5. Ligation reaction
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Insert 74.25 ng
Vector 153.45 ng
10X T4 Ligase buffer 1y

T4 DNA Ligase 1y

dH20

To make up the reaction to 10 pl

APPENDIX
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N-nitroso-N-ethylurea activates DNA damage
surveillance pathways and induces transformation
in mammalian cells

Satish Bodakuntla', Libi Anandi V', Surojit Sural'?, Prasad Trivedi'? and Mayurika Lahiri"”

Abstract

Background: The DNA damage checkpoint signalling cascade sense damaged DNA and coordinates cell cycle
arrest, DNA repair, and/or apoptosis. However, it is still not well understood how the signalling system differentiates
between different kinds of DNA damage. N-nitroso-N-ethylurea (NEU), a DNA ethylating agent induces both
transversions and transition mutations.

Methods: Immunoblot and comet assays were performed to detect DNA breaks and activation of the canonical
checkpoint signalling kinases following NEU damage upto 2 hours. To investigate whether mismatch repair played a
role in checkpoint activation, knock-down studies were performed while flow cytometry analysis was done to
understand whether the activation of the checkpoint kinases was cell cycle phase specific. Finally, breast epithelial
cells were grown as 3-dimensional spheroid cultures to study whether NEU can induce upregulation of vimentin
as well as disrupt cell polarity of the breast acini, thus causing transformation of epithelial cells in culture.

Results: We report a novel finding that NEU causes activation of major checkpoint signalling kinases, Chk1 and Chk2.
This activation is temporally controlled with Chk2 activation preceding Chk1 phosphorylation, and absence of cross
talk between the two parallel signalling pathways, ATM and ATR. Damage caused by NEU leads to the temporal
formation of both double strand and single strand breaks. Activation of checkpoints following NEU damage is cell
cycle phase dependent wherein Chk2 is primarily activated during G2-M phase whilst in S phase, there is immediate
Chk1 phosphorylation and delayed Chk2 response. Surprisingly, the mismatch repair system does not play a role in
checkpoint activation, at doses and duration of NEU used in the experiments. Interestingly, NEU caused disruption of
the well-formed polarised spheroid archithecture and upregulation of vimentin in three-dimensional breast acini
cultures of non-malignant breast epithelial cells upon NEU treatment indicating NEU to have the potential to
cause early transformation in the cells.

Conclusion: NEU causes damage in mammalian cells in the form of double strand and single strand breaks that
temporally activate the major checkpoint signalling kinases without the occurrence of cross-talk between the pathways.
NEU also appear to cause transformation in three-dimensional spheroid cultures.

Keywords: N-nitroso-N-ethylurea, DNA lesions, Epithelial - mesenchymal transition, Mismatch repair, Oé—ethylguanine,
DNA damage response, Checkpoints, Cell cycle, Comet assay, 3-dimesional cultures, Transformation
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Background

Alkylating agents are a structurally diverse group of
DNA damaging compounds which form adducts at ring
nitrogen (N) and extracyclic oxygen (O) atoms of DNA
bases [1]. N-nitroso-N-ethylurea (NEU), a simple mono-
functional Syl type-DNA ethylating agent, forms the
modified base O°-ethylguanine (O°EtG) which mispairs
with thymine during DNA replication and thus primarily
induces A:T to T:A transversions or A:T to G:C transi-
tion mutations [2,3]. NEU has been traditionally charac-
terised as a severely potent transplacental teratogen and
carcinogen in rodents [4,5]. In vertebrates, the mismatch
repair proteins, namely Msh2-Msh6 and MIlh1l-Pms2
heterodimers, play a pivotal role in mediating the muta-
genic and cytotoxic effects of O°EtG lesions [6,7]; how-
ever the mechanisms are still controversial. According to
one model, futile cycles of mismatch repair-induced
excision and repair of erroneously paired thymine nucle-
otides opposite O°EtG lesions cause formation of recur-
ring single strand breaks (SSBs). These gaps in the
genome and double strand breaks (DSBs) that form at
these sites during the next replication cycle have been
proposed to be mediating the cytotoxic effects of differ-
ent alkylating agents [8]. However according to an alter-
nate model, recognition of OPEtG:T mispairs by the
mismatch repair proteins can directly recruit DNA dam-
age response kinases at the site of DNA damage which
possibly elicits cell cycle checkpoint activation and apop-
tosis [9]. Interestingly, at high doses, cytotoxicity of Syl
type-alkylating agents has been shown to be largely
mismatch repair independent [10]. Hence the cellular
pathways that collectively modulate sensitivity to DNA
alkylation damage involve direct crosstalk, overlap in
substrates and recruitment of alternative pathways for
processing of intermediates.

The pathways that sense damaged DNA and coordin-
ate DNA repair, cell cycle arrest and/or apoptosis com-
prise the DNA damage checkpoint signalling cascade.
The sensor or apical kinases that detect the damaged
DNA belong to the phosphoinositide 3-kinase related
kinase (PIKK) family. These kinases, namely ATM (ataxia-
telangiectasia mutated) and ATR (ATM and Rad3-related),
initiate a cascade of phosphorylation events which mediate
cell cycle arrest, DNA repair and apoptosis [11]. The in-
creased local concentration of ATM at the DSB sites is
important to boost phosphorylation of ATM targets, in-
cluding signal mediators such as the Chk2 kinase [12].
ATR responds primarily to stalled replication forks, base
adducts and DNA cross-links, and relays the signal by
phosphorylating Chk1 kinase and a large subset of ATM
substrates [13]. However this paradigm of ATM and
ATR signalling through two independent and alternate
pathways was recently challenged and redefined by sev-
eral reports showing that ATR can be activated directly
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in response to DSBs specifically in S and G2 phases of the
cell cycle [14,15]. Recruitment of ATR to ionising radi-
ation (IR)-induced DSBs occurs in an ATM and Mrell-
Rad50-Nbsl (MRN) complex-dependent manner at time
points following ATM activation [16]. Though DNA alkyl-
ating agents do not directly induce strand breaks, low
doses of Sy1 type-methylating agents have been shown to
induce activation of the apical kinases, ATM and ATR,
and their downstream substrates [10,17]. Most studies
suggest that checkpoint activation can occur only in the
second G2 phase after DNA alkylation damage, however
few findings have reported ATM activation within 3 hrs of
treatment with a prototypical Sy1 type-methylating agent
[18]. Furthermore, SSBs have been shown to accumulate
as primary lesions in cells after 2 hrs of NEU damage [19].
These findings, being contrary to the standard model of
DNA alkylation damage, have led to the possibility that
Sn1 type-alkylating agents can induce strand breaks in a
replication-independent manner.

Loss of cellular architechture and polarity of breast
tissue is one of the early markers for onset of breast
cancer. This loss in cellular morphology can be phenocop-
ied using three-dimensional (3D) cultures of human mam-
mary epithelial cells, MCF10A. MCF10A are immortalised,
non-transformed human mammary epithelial cells when
grown in 3D matrices, exhibit a number of features of nor-
mal breast epithelium [20]. MCF10A cells form multicellu-
lar acini-like spheroids which represent the layer of basal
epithelial cells surrounding a hollow lumen in the lobule of
human mammary gland [21]. The morphology of these
acini are disrupted in malignancy, such as an increase in
size and elongation of acini [22]. As transformation pro-
gresses, the acini lose their polarisation and some may even
form multi-acinar structures [21]. Another characteristic of
transformed cells is their ability to invade and metastasise
to the other tissues. During the process of transform-
ation the epithelial cells are said to undergo ‘epithelial -
mesenchymal’ (EMT) transition [23-25].

In this study, we have investigated the activation of
DNA damage response kinases in human cancer cell
lines following 2 hours treatment with different doses of
NEU. Mismatch repair-proficient and mismatch repair-
deficient cells were used to address the dependence on
an active mismatch repair system for signalling to apical
kinases of the DNA damage response signalling cascade
after ethylation damage. We also explored the possibility
of crosstalk and/or interdependence between the two ca-
nonical DNA damage response pathways, namely ATM
through Chk2 and ATR through Chkl, post-NEU treat-
ment for 2 hours. The data indicate presence of a mis-
match repair-independent and cell cycle phase-dependent
mechanism of checkpoint activation in mammalian cells
immediately after treatment with a prototypical Sy1 type-
ethylating agent. Using the 3D platform to investigate
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whether NEU has the potential to cause transformation of
breast epithelial cells grown as spheroids, it was observed
that upon NEU treatment to MCF10A acinar cultures, the
well organised polarised structures were completely dis-
trupted upon transformation. Vimentin, an EMT marker
was also observed in the NEU-treated breast acini, thereby
indicating NEU to cause an EMT-like phenotype in the
transformed breast epithelial cells grown in 3D.

Methods

Cell lines and culture conditions

MCEF?7 cell line was purchased from European Collection
of Cell Cultures (ECACC). HeLa and HCT 116 cell lines
were generous gifts from Dr. Sorab Dalal (ACTREC,
Mumbai, India). DLD1 cell line was a kind gift from
Dr. Thomas Ried (NCI, NIH, USA). MCF10A cell line
was a generous gift from Prof. Raymond C. Stevens (The
Scripps Research Institute, California, USA). All cell lines
were grown in High Glucose Dulbecco’s Modified Eagle
Medium (DMEM; Invitrogen or Lonza) containing 10%
fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine
(Invitrogen) and 100 units/mL penicillin-streptomycin
(Invitrogen). MCF10A cells were grown in High Glucose
DMEM without sodium pyruvate (Invitrogen) con-
taining 5% horse serum (Invitrogen), 20 ng/mL EGF
(Sigma), 0.5 pg/mL hydrocortisone (Sigma), 100 ng/mL
cholera toxin (Sigma), 10 pg/mL insulin (Sigma) and
100 units/mL penicillin-streptomycin (Invitrogen) and
were resuspended during sub-culturing in High Glu-
cose DMEM without sodium pyruvate containing 20%
horse serum and 100 units/mL penicillin-streptomycin
(Invitrogen). Cells were maintained in 100 mm tissue-
culture treated dishes (Corning) at 37°C in humidified 5%
CO, incubator (Thermo Scientific).

Chemicals and antibodies

Dimethyl sulfoxide (DMSO), N-nitroso-N-ethylurea (NEU),
neocarzinostatin (NCS), thiazolyl blue tetrazolium brom-
ide (MTT), thymidine, nocodazole, RNase A and propi-
dium iodide (PI) were purchased from Sigma-Aldrich.
Selective ATM inhibitor KU 55933 and DNA-PK inhibitor
DMNB were obtained from Tocris Bioscience. VE 821, a
potent and selective ATR kinase inhibitor was purchased
from Axon Medichem. Monoclonal antibodies for Chkl
and Msh2 were bought from Santa Cruz Biotechnology.
Polyclonal antibodies for phospho-Chk1 (Ser345), phospho-
Chk2 (Thr68) and monoclonal antibodies for Chk2 and
RPA32 were purchased from Cell Signaling Technology.
Polyclonal antibody for phospho-RPA (Thr21) and mono-
clonal antibodies for phospho-ATM (Ser1981) and ATM
were obtained from Abcam. Monoclonal antibodies for
YH2AX (Ser139) and o6 integrin were bought from
Millipore while a-tubulin was from Sigma. Monoclonal
antibodies for vimentin, E-cadherin and B-catenin were
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purchased from Abcam. Peroxidase-conjugated AffiniPure
goat anti-mouse, anti-rabbit and anti-rat IgG (H+L) as
well as AffiniPure F(ab’), fragment goat anti-mouse IgG,
F(ab’), fragment specific were obtained from Jackson
Immuno Research. 4’, 6-Diamidino-2-phenylindole dihy-
drochloride (DAPI), Alexa Fluor 488 donkey anti-rabbit
IgG (H+L) and Alexa Fluor 568 goat anti-mouse IgG
(H + L) were bought from Invitrogen.

MTT-based cytotoxicity assay

Cells were seeded at a density of 10* cells per well in 96-
well flat bottom tissue culture treated plates (Corning)
and maintained at 37°C for 16 hours. Cells were then
treated with NEU for 2 hours. Medium containing drug
was aspirated and fresh growth medium containing
0.5 mg/mL MTT was added to cells. Plates were main-
tained in dark at 37°C for 4 hours. Medium-MTT mixture
was aspirated and MTT-formazan crystals were dissolved
in DMSO. Plates were kept on a nutating shaker at room
temperature (RT) for 5 minutes and absorbance was re-
corded at 570 nm using a Varioskan Flash Multimode Plate
Reader (Thermo Scientific).

Drug treatment and time course assays

Cells were seeded at a density of 10° cells per well in
6-well tissue culture treated plates (Corning) and main-
tained at 37°C for 16 hours. Cells were then treated with
NEU by direct addition of drug to the culture medium
for 2 hours (unless otherwise indicated). Control cells
were treated with equivalent volume of DMSO (drug
solvent). For ATM and DNA-PK inhibition, cells were
treated with 10 uM KU 55933 and 25 uM DMNB, respect-
ively, immediately prior to addition of drug while for ATR
inhibition 10 uM VE 821 was added one hour prior to
addition of NEU to the cells. For time course studies, cells
were treated with NEU for different time periods ranging
from 0 to 120 minutes. After drug treatment, medium con-
taining NEU was aspirated and cells were washed once
with 1X phosphate buffered saline (PBS; PAN-Biotech
GmbH). Cells were lysed in sample buffer containing
0.06 mM Tris (pH 6.8), 6% glycerol, 2% sodium dodecyl
sulphate (SDS), 0.1 M dithiothreitol (DTT) and 0.006%
bromophenol blue and lysates were stored at - 40°C.

Single cell gel electrophoresis (Comet assay)

DNA strand breaks were detected using single cell gel
electrophoresis/comet assay, using standard protocols
[26]. Comet slides were then stained with ethidium brom-
ide at a concentration of 2 pg/ml for 5 minutes and then
were scored for comets immediately. Images were acquired
using epiflourescence microscope at 20X magnification.
Randomly selected 50 cells were analysed per sample.
Amount of DNA SSBs and DSBs were measured and rep-
resented as length of tail and relative DNA content in tail.
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siRNA knockdown

siRNA duplexes targeting Msh2, Msh6 and LacZ were
purchased from Dharmacon (Thermo Scientific). Sense
sequences of the siRNA are: Msh2, 5'-ACAGAAUA
GAGGAGAGAUUUU-3'; Msh6, 5'-GAAUACGAGUU
GAAAUCUAATAT-3"; LacZ, 5'-CGUACGCGGAAUA
CUUCGAATAT-3'. HeLa cells were seeded at a density
of 0.3 X 10° cells per well in 12-well tissue culture
treated plates (Corning) and maintained at 37°C for
24 hours. Transfections were performed with a final
siRNA concentration of 100 nM using X-tremeGENE
siRNA transfection reagent (Roche) diluted in Opti-
MEM I Reduced Serum Medium (Invitrogen). DMEM
supplemented with 30% FBS was added 4 hours post-
transfection to achieve a final FBS concentration of
10% in the wells. After 24 hours, siRNA transfection
was repeated for each set. Cells were maintained at
37°C for an additional 48 hours and NEU damage was
induced before lysis using same procedure as described
earlier.

Immunoblot analysis

Cell lysates were resolved using sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to Immobilon-P polyvinylidene difluoride
(PVDF) membrane (Millipore). Blocking was performed
in 5% (w/v) skimmed milk (SACO Foods, USA) for
non-phospho antibodies or 4% (w/v) Block Ace (AbD
Serotec) for phospho-specific antibodies prepared in
1X tris buffered saline containing 0.1% Tween 20 (1X
TBS-T) for 1 hour at RT. Blots were incubated for
3 hours at RT (or for 16 hours at 4°C) in primary anti-
body solution. Following washes, blots were incubated
with peroxidase-conjugated secondary antibody solu-
tion prepared in 5% (w/v) skimmed milk in 1X TBS-T
for 1 hour at RT following which blots were devel-
oped using Immobilon Western Detection Reagent kit
(Millipore) and visualised using ImageQuant LAS 4000
(GE Healthcare). All western data were quantified using
minimum three independent experiments and have been
denoted as fold-difference over respective controls for
each blot.

Cell cycle synchronisation

Cell cycle synchronisation for S (double thymidine block)
and G2 (thymidine-nocodazole block) phases were per-
formed following the protocol mentioned by Whitfield
et al. [27]. For the S phase synchronisation, HeLa cells were
seeded at a density of 10° cells per well in 6-well tissue-
culture treated plates while for synchronisation in G2
phase, cells were seeded at 2.5 X 10° cells per well in
6-well tissue-culture treated plates. The cells were released
into DMEM containing 10 mM NEU and harvested at dif-
ferent time points.
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Cell cycle analysis

HeLa cells were synchronised as mentioned above and
harvested by trypsinisation. Cells were washed twice
with 1X PBS and fixed with 70% ethanol at least over-
night at 4°C. Cells were then washed twice with 1X
PBS, resuspended in a solution containing 20 mg/ml
RNase A and 1 mg/ml PI and incubated at 37°C for
1 hr. Cell cycle analysis was performed using FACS-
Calibur flow cytometer (BD Biosciences) and data was
analysed using ModFit (Verity Software House, Topsham,
ME, USA).

Immunofluorescence analysis

Cells were seeded at a density of 2 X 10° cells per well
on top of glass cover slips (Micro-Aid, India). Follow-
ing drug treatment, cells were fixed using 4% formalin
(Macron Chemicals) and were permeabilised using 0.5%
Triton-X-100 for 5 minutes at RT. Cells were blocked with
10% (v/v) goat serum (Abcam), stained with primary anti-
body and then incubated with secondary antibody. For
FITC-conjugated yH2AX (Ser139), the secondary antibody
step was skipped. Cells were then counterstained with
0.5 pg/ml DAPI and mounted on glass slides (Micro-Aid,
India). Slides were visualised under an Axio Imager.Z1
ApoTome microscope or a LSM 710 laser scanning con-
focal microscope (Carl Zeiss, GmbH). All microscopy im-
ages, unless otherwise specified, were captured using 63X
oil-immersion objective.

3D “on-top” culture

The 3D on top cultures were set up in 8-well chamber
coverglass (Nunc Lab tek, Thermo Scientific) using proto-
col described previously [21,28]. Cells were seeded at a
density of 0.5 X 10* cells per well. Cultures were main-
tained for 20 days and medium was supplemented every
4 days [21]. For drug treatments, NEU was directly added
to the culture medium on day 0 and 2. (Day O being the
day of seeding).

In-well 3D culture extraction and immunofluorescence
The acini were fixed on the 20™ day using 4% parafor-
maldehyde (PFA) (freshly prepared in PBS, pH 7.4), per-
meabilised using PBS containing 0.5% Triton-X-100 for
10 minutes at 4°C, and immunostaining was done using
standard protocols [21,28]. 3D structures were visualised
under a Zeiss LSM 710 laser scanning confocal micro-
scope (Zeiss, GmbH). All immunofluorescence images,
unless otherwise specified, were captured using 63X oil-
immersion objective.

Statistical analysis

Data represented in comet assay graphs are mean +/-
standard error of parameters recorded from three inde-
pendent experiments. Student’s t-test was used to analyse
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the statistical significance of fold-difference between
treated and control samples in the western blots. Student’s
t-test was also used to analyse the statistical significance of
difference in tail length. The results for % DNA in tail were
analysed using nonparametric test one-tailed Mann
Whitney U test. One way ANOVA was used to analyse
the statistical significance of difference in the relative
DNA content in tail for time course experiments. The
results for % DNA in tail were also confirmed using
nonparametric tests (Kruskal-Wallis test). The data was
analysed using GraphPad Prism software (GraphPad
Software, La Jolla, CA, USA), and p < 0.05 has been consid-
ered as significantly different.

Results

NEU damage activates DNA damage response kinases

To evaluate the cytotoxicity induced by NEU in MCF7
(breast adenocarcinoma origin) and HeLa (cervical
adenocarcinoma origin) cell lines, MTT-based cell via-
bility assay was used (see Additional file 1: Figure S1, A
and B respectively). In the dose range at which cell
viability was between 50% and 100%, NEU induced
phosphorylation of the DNA damage response kinases
ATM, Chk2 and Chkl was observed in MCF7 and
HeLa cells in a dose dependent manner (Figure 1A and
Additional file 1: Figure S1C). To investigate whether
DNA damage cascades are activated on exposure to
NEU doses at which cell viability is higher than 70%,
we treated MCF7 and HeLa cells with drug concentra-
tions lower than 2 mM. Interestingly, phosphorylation
of ATM, Chk2 and Chkl were also detected in the low
dose range of NEU (Figure 1B and Additional file 1:
Figure S1D). Since both DSB and SSB response path-
ways were activated after exposure to NEU, we sought
to visualise the presence of these breaks immediately
after NEU damage. YH2AX foci formation was ob-
served in HeLa and MCF7 cells after 1 hour of NEU
damage and these nuclear foci intensified with increase
in concentration of the drug (Figure 1C and Additional
file 1: Figure S1E). NEU damage also led to phosphoryl-
ation of RPA at threonine 21 residue and induced local-
isation of phospho-RPA proteins to nuclear foci in Hela
cells within 2 hour of addition of the drug (Figure 1D
and E). Neutral and alkaline comet assays were per-
formed to further confirm the formation of DSBs and
SSBs respectively. A significant increase in comet for-
mation was observed in MCF7 cells post NEU dam-
age for 2 hours (Figure 1F and G; Additional file 2:
Figure S2A and B) compared to control cells. Together
these data suggests that NEU induces formation of
both SSBs and DSBs within two hours, which leads to
the activation of the DNA damage response signalling
cascades, namely Chkl and Chk2 with formation of
damage-induced foci.
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NEU-induced DNA damage response activation is
independent of the mismatch repair system

Earlier reports have shown mismatch repair proteins to
mediate checkpoint activation and downstream cytotoxic
effects induced upon exposure to DNA alkylating agents
[10,17,29,30]. To investigate whether activation of DNA
damage response after NEU damage was dependent on
mismatch repair, we performed individual knockdowns of
the mammalian MutS homologs, Msh2 and Mshé, in HeLa
cells. Knocking down of Msh2 or Msh6 using siRNAs
against the endogenous proteins did not affect the check-
point response following 2 hours of NEU treatment
(Figure 2A). Phosphorylation of Chkl at serine 345 and of
Chk2 at threonine 68 was observed in Msh2 or Msh6
knocked down cells following NEU damage. The levels of
phospho-Chkl (Ser 345) in NEU-treated Msh2 or Msh6
RNAi-depleted cells were simlar to that of LacZ RNAi
knocked down cells in the presence of NEU (1.3 fold for
Msh2 and Mshé siRNA lanes compared to LacZ control in
the presence of damage). Similarly the levels of Chk2 phos-
phorylation in Msh2 or Msh6 RNAi-depleted cells fol-
lowing NEU damage were 1 and 0.7 fold difference in
comparison to NEU damaged LacZ lane and hence the ac-
tivation of both Chkl and Chk2 remain unperturbed in
NEU-treated Msh2 or Msh6 RNAi-depleted cells. To fur-
ther explore DNA damage response activation after NEU
damage mismatch repair-deficient cell lines, HCT 116, a
MLH1 deficient cell line of colon cancer origin and DLD1,
a MSH6 deficient (frame-shift mutation in Msh6) cell line
derived from colorectal adenocarcinoma were used in the
experiments. In HCT 116, activation of the DNA damage
response kinases ATM, Chk2 and Chk1 were observed after
exposure to NEU concentrations from 2 mM to 10 mM for
2 hours (Figure 2B). Similar results were obtained for
DLD1 cells (Figure 2C). Though it has been previously re-
ported that the DLD1 cell line is Chk2 deficient [31], we
could detect low amounts of phosphorylation of Chk2 at
threonine 68 position in DLD1 cells which was reduced in
presence of an ATM autophosphorylation inhibitor, KU
55933 (Figure 2D). To confirm that DNA damage response
activation in mismatch repair-deficient cells occurs due to
formation of breaks in the genome after NEU damage, we
investigated the formation of yH2AX foci in DLD1 cells
after exposure to NEU (Figure 2E). We observed that simi-
lar to mismatch repair-proficient cells, yH2AX foci were
prevalent in DLD1 cells after 1 hour of NEU damage. These
results collectively suggest that activation of DNA damage
cascades after exposure to the Syl type-ethylating agent
NEU for 2 hours is largely mismatch repair-independent.

Activation of ATM-Chk2 checkpoint pathway precedes but

is not required for activation of ATR-Chk1 response pathway
Since we observed phosphorylation of ATM and Chk2
as well as that of Chkl kinase after treatment of MCF7
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Figure 1 NEU causes activation of checkpoint signalling pathways in a dose dependent manner. (A) MCF7 cells were treated with 0, 2, 6
and 10 mM NEU for 2 hours and lysates were analysed for activation of checkpoint proteins by immunoblotting. (B) MCF7 cells were treated with
0,03,06, 1.2 and 1.8 mM NEU for 2 hours and lysates were analysed for activation of checkpoint proteins by immunoblotting. (C) Hela cells
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t test respectively.

of RPA. (F and G) MCF7 cells treated with 0 and 10 mM NEU for 2 hours were collected, embedded in agarose and layered on slides. Cells were
subjected to lysis followed by electrophoresis in neutral and alkaline conditions respectively. N = 150 cells (50 cells/experiment). Data shown are
mean +/— standard error. The results for % DNA in tail and tail length are significantly different at p < 0.05 in Mann Whitney U test and student’s

and HeLa cells for 2 hours with NEU, we investigated
the temporal sequence of activation of these two ca-
nonical DNA damage response pathways. On perform-
ing a time course assay in MCF7 and HeLa cells, we
could detect phosphorylation of ATM and Chk2 10
minutes after initial exposure to NEU while Chkl phos-
phorylation was detected 20 minutes after drug damage
(Figures 3A and 4A). This pattern of checkpoint activa-
tion was similar to a previously reported ATM-to-ATR
switch that has been shown to be involved in resection

of DSBs [32]. To confirm our results regarding tem-
poral activation of DNA damage response pathways,
MCEF7 cells treated with 10mM NEU for similar time
points were subjected to neutral and alkaline comet assay
(Figure 3B and Figure 3C). In the neutral comet assay
(Figure 3B and Additional file 2: Figure S2C), tails were
visible at 10 minutes post NEU damage. The comet tails
in the NEU-damaged cells were significantly longer with
higher percentage of DNA compared to the control cells.
In the alkaline comet assay, comet tails were observed 20
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minutes after NEU treatment (Figure 3C and Additional
file 2: Figure S2D). There was not much tail formation in
the 10 minute NEU-treated cells while the 20 minute
NEU-damaged cells showed a significant increase in tail
length and percentage tail DNA when compared to the
untreated cells. KU 55933, an inhibitor of ATM auto-
phosphorylation was used to investigate whether activa-
tion of upstream kinases in the DSB response pathway is
essential for activation of the SSB response kinase Chk1
after DNA damage. Interestingly, though ATM and Chk2
phosphorylation were almost completely diminished after
pre-treatment of MCF7 cells with KU 55933 prior to
NEU treatment, unlike the findings in the previous study
[32], Chkl phosphorylation remained unhampered and
was observed in 10 mM NEU damaged MCF7 cells
treated with the ATM inhibitor (Figure 3D). DMNB, a

DNA-PK inhibitor, was used either separately or along
with KU 55933 in this experiment since members of the
PIKK family of kinases show functional redundancy in
ATM-deficient cells [33]. However DNA-PK inhibition did
not have any significant effect on the phosphorylation pro-
file of checkpoint proteins after NEU damage (Figure 3D).
To investigate whether inhibition of DSB response pathway
alters the temporal profile of Chkl activation after treat-
ment with NEU, a time course assay was performed in
MCEF?7 cells pre-incubated with KU 55933. ATM and
Chk2 phosphorylation was totally abolished at all time
points in cells pre-treated with the ATM inhibitor
before addition of NEU. Interestingly, Chkl phosphor-
ylation appeared at the same time point (20 minutes)
after NEU damage (2.9 fold difference over control)
as was observed in the absence of ATM inhibition
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for different time intervals and lysates were analysed for activation of checkpoint proteins by immunoblotting.
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MCF7 cells were treated with 10 mM NEU in presence of 10 uM VE 821

(Figure 3E). To completely rule out cross-talk between
the two canonical signalling pathways, VE 821, a potent
ATP-competitive inhibitor of ATR [34] was added to cells
prior to NEU treatment and a time-course assay was per-
formed (Figure 3F). VE 821 compleletly abrogated Chkl
phosphorylation in cells damaged with NEU at all time
points. However, both Chk2 and ATM phosphorylation

was observed at 10 mins post NEU treatment (3.8 and
2.2 fold difference over control for pChk2 and pATM re-
spectively). In summary, these results point towards a
temporal delay in activation of the Chkl kinase in com-
parison to that of ATM-Chk2 kinases after DNA damage
induced by NEU, however activation of both pathways
are independent of each other.
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Figure 4 NEU-induced activation of DNA damage response pathway is cell cycle phase dependent. (A) Hela cells were treated with

10 mM NEU for different time intervals and lysates were analysed for activation of checkpoint proteins by immunoblotting. (B) HelLa cells
synchronised in S phase using double thymidine block were treated with 10 mM NEU for different time intervals and lysates were analysed for
activation of checkpoint proteins by immunoblotting. (C) Hela cells synchronised in G2 phase using thymidine-nocodazole block were treated
with 10 mM NEU for different time intervals and lysates were analysed for activation of checkpoint proteins by immunoblotting. (D) Cell cycle
profile of propidium iodide (Pl) stained asynchronous, S phase synchronised and G2-M phase synchronised Hela cells using Flow Cytometer.

NEU-induced activation of SSB response pathway is cell
cycle phase dependent

Since the nature of DNA damage induced by alkylating
agents has been proposed to be dependent on replica-
tion of DNA at the damaged site [35,36], we compared
the temporal profile of checkpoint activation after NEU
damage in asynchronous and phase-synchronised HeLa
cell populations (Figure 4). In asynchronous HeLa cells,
ATM and Chk2 were phosphorylated after 10 minutes
of NEU damage while Chkl phosphorylation was de-
tected after 20 minutes of initial exposure to the drug
(Figure 4A). Interestingly, Chkl phosphorylation was
detected as early as 0 minutes after NEU damage in S
phase synchronised HeLa cells (Figure 4B). Also, these
cells showed a delayed activation of ATM and Chk2 fol-
lowing exposure to NEU (Figure 4B). In cells synchronised
in the G2-M phase, the temporal profile of ATM and Chk2
activation after NEU treatment was slightly delayed to that

in asynchronous cells (30 minutes instead of 20 minutes as
shown in Figure 4C. However NEU did not induce activa-
tion of Chkl even after 2 hours of treatment to G2-M
phase synchronised HeLa cells (Figure 4C). Collectively,
we conclude that the profile of NEU-induced activation of
ATM and Chk2 kinases was conserved across cell cycle
phases while the susceptibility to activation of Chk1 kinase
after DNA damage induced by NEU was highest in the S
phase and least in the G2-M phase. A temporal delay in ac-
tivation of ATM-Chk2 in S phase may be due to a delay in
formation of DSBs during that phase.

NEU disrupts cell polarity and induces upregulation of
vimentin in MCF10A acini grown in 3D matrices

NEU was shown to disrupt polarisation in MCFI10A
breast epithelial cells grown as 3D ‘on top’ cultures.
MCEF10A epithelial cells when grown on Matrigel® differ-
entiate to form polarised acinar structures with hollow
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lumen attached to the basement membrane, as shown in
Figure 5A. On treatment with two doses of NEU (day 0
and 2), the polarisation appears to get disrupted, as seen
by the presence of a-6 integrin on the baso-lateral and
apical regions, rather than its strong basal and weak
lateral localisation. Also, a few acini showed loss of in-
tegrin in certain regions ( as shown by white arrows in
Figure 5A). Similar loss has been observed in cells that
metastasise to the parenchyma and pleural cavity [37-39].
[-catenin was found to be disrupted and its presence was
seen in the cytoplasm rather than at the cell-cell junctions
(membraneous localisation). In addition to the disruption
of cell polarity, an upregulation of vimentin was observed
following NEU-treatment (Figure 5B). E-cadherin also
showed a marginal decrease (Figure 5C) indicating a reduc-
tion of this epithelial cell marker.

Discussion
Here, we report a novel finding that damage induced on
DNA by a prototypical Syl type-ethylating agent, NEU
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caused rapid activation of major kinases (ATM, Chk2
and Chk1) involved in the checkpoint signalling pathway
as well as has the potential to cause transformation in
breast acini grown as 3D cultures. The activation of the
kinases is cell cycle phase dependent and is temporally
controlled without any cross talk between the two paral-
lel signalling pathways, ATM and ATR. Interestingly,
mismatch repair system does not seem to play a role at
the doses of NEU used in the experiments and the time
of exposure of the cells to the chemical agent.

Activation of both Chkl and Chk2, which are the two
major signal relay proteins in the checkpoint signalling
cascade and ATM, an apical sensor kinase, were ob-
served in the presence of increasing dose of NEU. Acti-
vation of the above-mentioned kinases following NEU
damage is indicative of lesions, both DSBs and SSBs be-
ing formed on DNA. This is interesting since within a
short time interval of NEU damage, there is an immedi-
ate checkpoint response which is in contrast to earlier
studies where alkylation damage forms detectable lesions
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Figure 5 NEU induces upregulation of vimentin and disrupts polarity in MCF10A breast acini. MCF10A cells were grown as 3D ‘on top’
cultures in Matrigel™. 2, 3 and 5 mM NEU was administered on Day 0 and Day 2. The acini were cultured for 20 days and then immunostained
for (A) a6-integrin (green), 3-catenin (red) and DAPI (blue) to stain nuclei (B) Vimentin (green) a marker for EMT and (C) E-cadherin (green). The
data is representative of 40 — 50 acini from three biologically independent experiments.
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following one to two cell division cycles (10). Neutral and
alkaline comet assays [19,40-42] as well as phosphoryl-
ation of yH2AX on serine 139 and phosphorylation of
RPA on threonine 21 confirmed the presence of breaks,
both double and single stranded following 2 hours of NEU
damage to cells.

Activation of the DNA damage checkpoint pathway is
thought to involve the independent recruitment and
localisation of the ATM-Chk2 and ATR-Chkl pathways
[11-13]. Challenging this notion, recent reports have
shown the existence of considerable cross talk between
the two pathways [14,43]. Our data showed the activa-
tion of both ATM-Chk2 and ATR-Chkl pathways in a
temporal manner with activation of ATM-Chk2 and
Chk1 kinases at 10 minutes and 20 minutes respectively
after addition of NEU for 2 hours to the cells (as depicted
in Figure 6). This pattern of NEU-induced checkpoint acti-
vation is similar to a previous study where IR-induced
damage resulted in an ATM-to—ATR switch via single-
stranded intermediates [32]. The absence of cross talk be-
tween the two signalling modules was ruled out by using
ATM and ATR kinase inhibitors, KU 55933 and VE 821
respectively.

It has been previously reported that damage caused
by DNA alkylating agents is recognized and repaired
by the mismatch repair pathway, which includes the
MutSa complex comprising of Msh2 and Mshé pro-
teins [10,17,29,30]. A number of downstream targets
including Chk1, Chk2, p53 and CDC25A have shown

NEU
7z

DSBs

N

SSBs/
replication stress

| l

Apical kinases ATM ATR-ATRIP
Effector kinases Chk2 Chk1

| |

Cell cycle checkpoint response

Figure 6 Model depicting temporal activation of checkpoint
signalling cascade following NEU damage on cells. According to
the model, ATM-Chk2 pathway gets activated at 10 minutes post
NEU damage followed by activation of Chk1 signalling cascade

at 20 minutes.
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to be activated in an mismatch repair-dependent manner
[17,44], thereby positioning mismatch repair proteins at a
level above ATR kinase. We observed activation of Chkl
and Chk2 kinases, after individual knockdown of Msh6
or Msh2 in HeLa cells post 10 mM NEU damage. Inter-
estingly, knock down of Msh2 also led to a decrease in
Msh6 expression in the cells and vice versa. This is cor-
roborative with a previous study where the expression of
both proteins was required to maintain a steady-state
regulation of the mismatch repair system [45]. Our ob-
servation was further confirmed when we observed phos-
phorylation of Chkl and Chk2 following 2 hours of NEU
induced damage in mismatch repair-deficient cell lines,
namely HCT116 and DLD1. Overall, the checkpoint acti-
vation profile in mismatch repair deficient cell lines post
NEU damage was found to be similar to that of mismatch
repair proficient cells.

In order to test the hypothesis that cells in different
phases of the cell cycle could respond differently to the
DNA damaging agent, cells were synchronised at S and
G2/M phases. S-phase synchronised cells showed activa-
tion of Chkl as soon as they were released from the
block, while phosphorylation of Chk2 was observed from
20 minutes. The immediate activation of Chkl may be
speculated to be due to sensitivity of the cells to NEU
damage during the replication cycle. There is a higher
propensity of single-stranded regions being exposed dur-
ing this cell cycle phase and therefore immediate ac-
tivation of Chkl. ATM as well as Chk2 activation was
delayed since activation of this pathway requires DSBs or
changes in chromatin structure [46]. Interestingly, the
checkpoint activation profile was observed to be different
during G2/M synchrony where a complete abrogation of
Chk1 was observed while ATM and Chk2 activation was
observed at 30 minutes post release from G2/M block in
NEU drug. This may be speculated to be due to a higher
incidence of sister chromatid exchange (SCE) in cells
treated with NEU as has been previously observed by
Kaina and his colleagues [47] and therefore propensity
for increased DSBs to occur during that time. Another
reasoning could be the presence of abasic sites formed
following the removal of the NEU adduct formed on
DNA, giving rise to gaps which may be recognised as
DSBs which then leads to the activation of ATM-Chk2
kinases as has been observed in our data.

This study has shed light on some of the players of the
DNA damage surveillance pathway that are activated
when a prototypical Syl type-ethylating agent, NEU,
causes insult to DNA. There is a good number of studies
on methylating agents and their possible mechanism of
action in cells as well as their effect on some of the cellular
pathways such as DNA repair. Most research articles have
addressed O°meG and repair by mismatch repair, but lit-
erature addressing O°EtG lesions and its repair is lacking,
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Further investigations are necessary to understand the
DNA repair pathways that may be involved in repairing
the lesions induced by incorporation of an ethyl group to
DNA as well as any other sensor protein complex that may
first detect the mis-incorporation and then signal to the
apical checkpoint kinases. Although it has been reported
that DNA alkylating agents do not directly form DSBs, but
are formed after processing of lesions induced by the alkyl-
ating agent, our study provides evidence that on addition
of NEU, the ATM and Chk2 pathway is activated, as early
as 10 minutes. This is in contrast to earlier published work
where YH2AX foci formation was detected after 24 hours
[46]. Therefore, it will be interesting to investigate how
NEU alkylation damage is able to convert to a DSB lesion
that is capable of activating the DSB response pathway
within a short interval of time.

NEU is known to cause point mutations which ultim-
ately lead to the formation of mammary tumours in
rat models. NEU has been shown to induce neoplastic
transformation in vitro of rat mammary epithelial cell
[48]. In vitro studies have also shown NEU to act as an
active rat mammary gland genotoxic carcinogen [4,49].
During the process of neoplastic transformation, one of
the earliest stages of invasion is epithelial to mesenchy-
mal transition (EMT) wherein the epithelial cells acquire
mesenchymal characteristic so as to invade the surround-
ing extracellular matrix and migrate towards distant or-
gans [50,51]. EMT is characterised by loss of polarity of
the epithelial cells, appearance of mesenchymal markers
(upregulation of vimentin, fibronectin, N-cadherin) and
down regulation of the epithelial markers (E-cadherin,
occludins, cytokeratin 19, claudins) [52,53]. During EMT,
[-catenin which is membranous has been found to relo-
calise in the cytoplasm and/or nucleus [54]. Immortalised
breast epithelial cells (MCF10A) when treated with NEU
showed upregulation of vimentin. There was marginal
loss of E-cadherin following treatment, and complete loss
at 5 mM NEU treatment. NEU treatment at all doses also
led to disruption of polarity of cells in the acini, overall
giving rise to an EMT-like phenotype. Thus, it may be
speculated that NEU may play a role in causing trans-
formation in breast acini grown as 3D cultures.

Conclusions

In conclusion, our study reports two novel findings.
First, NEU causes DNA lesions within 2 hours of admin-
istration that causes the activation of checkpoint signal-
ling kinases, Chkl and Chk2 in a temporal manner. This
activation does not depend upon the mismatch repair
complex and is cell cycle phase-dependent. The second
finding is that NEU can cause disruption of polarity in
cells forming the breast acini grown in 3D as well as
upregulate vimentin, thereby leading to transformation
in vitro. Therefore, NEU can potentially be used as an
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agent to induce such a phenotype. This strategy will not
only permit the study of novel genes that are required
for normal mammary development but also shed light
on genes that get disrupted in breast cancer.

Additional files

Additional file 1: Figure S1. Checkpoint activation in MCF7 and Hela
cells post NEU damage. (A) and (B) MCF7 and Hela cells respectively
were treated with increasing NEU concentrations ranging from 0.2 mM
to 18 mM for 2 hours. Percent viability was determined for each NEU
dose by normalising corresponding absorbance at 570 nm with respect
to that of untreated cells. (C) Hela cells were treated with 0, 2, 6 and

10 mM NEU for 2 hours and lysates were analysed for activation of
checkpoint proteins by immunoblotting. (D) Hela cells were treated with
0,03,06, 1.2 and 1.8 mM NEU for 2 hours and lysates were analysed for
activation of checkpoint proteins by immunoblotting. (E) MCF7 cells
were treated with 10 mM NEU for 1 hour, fixed and analysed for yH2AX
foci formation by immunostaining. DMSO was used as negative control
and 200 ng/ml neocarzinostatin (NCS), an IR mimetic drug, was used as
positive control. Scale bar: 20 uM.

Additional file 2: Figure S2. NEU induced formation of DSBs and SSBs
in MCF7 cells. DNA damage in NEU treated MCF7 cells were measured
using comet assay. Cells treated with 10 mM NEU for two hours were
subjected to (A) neutral comet assay and (B) alkaline comet assay.

(A and B) Representative images of ethidium bromide stained control
cells, showing intact super coiled DNA (left) and treated cells showing
damaged DNA migrating out of the cell (right). (C and D) Cells treated
with 10 mM NEU at different time points were subjected to neutral
comet assay and alkaline comet assay. Representative images of ethidium
bromide stained control cells showing intact super coiled DNA and
treated cells at (C) 10, 30 and 60 minutes for neutral comet and (D) 10,
20, 30 and 60 minutes for alkaline comet showing damaged DNA
migrating out of the cell.Scale bar: 50 uM.
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Additional file 1: Figure S1: Checkpoint activation in MCF7 and HeLa cells post NEU damage.
(A) and (B) MCF7 and HelLa cells respectively were treated with increasing NEU concentrations
ranging from 0.2 mM to 18 mM for 2 hours. Percent viability was determined for each NEU dose
by normalising corresponding absorbance at 570 nm with respect to that of untreated cells. (C)
HelLa cells were treated with 0, 2, 6 and 10 mM NEU for 2 hours and lysates were analysed for
activation of checkpoint proteins by immunoblotting. (D) HelLa cells were treated with 0, 0.3, 0.6,



1.2 and 1.8 mM NEU for 2 hours and lysates were analysed for activation of checkpoint proteins
by immunoblotting. (E) MCF7 cells were treated with 10 mM NEU for 1 hour, fixed and analysed
for yH2AX foci formation by immunostaining. DMSO was used as negative control and 200

ng/ml neocarzinostatin (NCS), an IR mimetic drug, was used as positive control. Scale bar: 20
M.

Neutral comet assay Alkaline comet assay

Neutral comet assay

Figure S2

Additional file 2: Figure S2: NEU induced formation of DSBs and SSBs in MCF7 cells. DNA
damage in NEU treated MCF7 cells were measured using comet assay. Cells treated with

10 mM NEU for two hours were subjected to (A) neutral comet assay and (B) alkaline comet
assay. (A and B) Representative images of ethidium bromide stained control cells, showing
intact super coiled DNA (left) and treated cells showing damaged DNA migrating out of the cell
(right). (C and D) Cells treated with 10 mM NEU at different time points were subjected to
neutral comet assay and alkaline comet assay. Representative images of ethidium bromide
stained control cells showing intact super coiled DNA and treated cells at (C) 10, 30 and 60
minutes for neutral comet and (D) 10, 20, 30 and 60 minutes for alkaline comet showing
damaged DNA migrating out of the cell.Scale bar: 50 uM.
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Platelet-activating factor promotes motility in breast cancer
cells and disrupts non-transformed breast acinar structures
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Abstract. A plethora of studies have demonstrated that chronic
inflammatory microenvironment influences the genesis and
progression of tumors. Such microenvironments are enriched
with various lipid mediators. Platelet activating factor (PAF,
1-alkyl-2-acetyl-sn-glycero-3-phosphocholine) is one such
lipid mediator that is secreted by different immune cell types
during inflammation and by breast cancer cells upon stimula-
tion with growth factors. Overexpression of PAF-receptor has
also been observed in many other cancers. Here we report
the possible roles of PAF in tumor initiation and progression.
MCFI10A, a non-transformed and non-malignant mammary
epithelial cell line, when grown as 3D ‘on-top’ cultures form
spheroids that have a distinct hollow lumen surrounded by
a monolayer of epithelial cells. Exposure of these spheroids
to PAF resulted in the formation of large deformed acinar
structures with disrupted lumen, implying transformation.
We then examined the response of transformed cells such as
MDA-MB 231 to stimulation with PAF. We observed collec-
tive cell migration as well as motility at the single cell level
on PAF induction, suggesting its role during metastasis. This
increase in collective cell migration is mediated via PI3-kinase
and/or JNK pathway and is independent of the MAP-kinase
pathway. Taken together this study signifies a novel role of
PAF in inducing transformation of non-tumorigenic cells and
the vital role in promotion of breast cancer cell migration.
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Introduction

Microenvironment and tumor infiltrate have been shown to
have a profound effect on different stages of cancer devel-
opment ranging from cancer cell initiation, promotion and
progression (1,2). Chronic inflammatory microenvironments
have been demonstrated to be a major predisposing factor for
different cancers including breast and ovarian cancers (3-5).
Phospholipid mediators such as prostaglandins (PG), lyso-
phosphatidic acid (LPA) and platelet-activating factor (PAF)
have been shown to play a role in a number of biological
pathways including inflammatory diseases, cardiovascular
homeostasis as well as in cancer (6-8). The role of PAF in
various immunological responses like platelet aggregation,
stimulation of neutrophils and macrophages, inflammation
and allergic responses has also been demonstrated (9). PAF
has been shown to induce apoptotic cell death in primary
neurons of mice independent of the PAF receptors (10). PAF
is one of the most potent mediators, which has been shown
to play a vital role in neo-angiogenesis (3,5,11). Interference
with the PAF pathway in breast cancer, prostate cancer and
Kaposi's sarcoma has been demonstrated to inhibit growth
of tumors primarily due to inhibition of angiogenesis (12).
Signaling through PAF has been suggested to play a role in
murine melanoma lung metastasis (13,14). Association of PAF
to early events of transformation has been shown in BRCA-1
mutant ovarian cells (15).

PAF mediated activity occurs via its cell surface and
intracellular G protein-coupled receptors known as PAF
receptors (PAF-R) (16,17). Overexpression of PAF-R was
shown to induce melanocytic tumorigenesis in transgenic
mice (18). Also, upregulation of PAF receptors has been
observed in invasive breast cancer cells (16,17). Furthermore,
use of PAF-R antagonist inhibited growth and differentiation
of human breast cancer cells (19). In case of nude mice, treat-
ment with PAF-R antagonist caused inhibition of xenografts
of human prostatic carcinoma (20). Thus, highlighting the role
of PAF-PAF-R pathway in the genesis and maintenance of the
tumor.

Bussolati et al (16) reported that breast cancer cells
MDA-MB 231, a metastatic cell line and MCF7, adeno-
carcinoma, secreted PAF under the influence of different
growth factors, and that PAF increased the motility of
MDA-MB 231 cells. However the role of PAF in breast cancer
has not been studied extensively, particularly with respect to
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early events in breast cancer initiation. This study elucidated
the role of PAF in breast cancer initiation, progression and
promotion. To investigate the potential of PAF to induce early
transformation, 3-dimensional cultures of non-tumorigenic
mammary epithelial cells were grown on laminin-rich base-
ment membrane and allowed to differentiate and organize to
form polarized structures called spheroids. These spheroids
have an outer layer of epithelial cells encircling a hollow
lumen (21,22). This well-architectured structure is vital for
the form and function of the epithelial cells (23). The disrup-
tion of the well-formed polarized architecture is seen during
early stages of breast cancer (21). Exposure of MCF10A, a
non-tumorigenic mammalian breast epithelial cell to PAF
resulted in the formation of abnormal acinar structures. These
abnormal acini showed different phenotypes such as spheroids
with multiple layers of cells surrounding the lumen or absence
of a distinct lumen as well some acini had protrusion-like
structures. The PAF-treated spheroids also showed an increase
in size with a significant increase in the number of cells in
each acini compared to the untreated acini. Collectively these
phenotypes signify transformation. Thus, this study reports for
the first time the potential of PAF to induce early transforma-
tion in breast epithelial cells.

Furthermore, to investigate the role of PAF in cancer promo-
tion, MDA-MB 231 invasive breast cancer cells were treated
with PAF to test for its ability to enhance migration. ‘Collective
cell migration” has been reported to play a vital role in invasion
and metastasis (24). We studied this dynamic process using
wound-healing assay as reported previously (25). Our study
demonstrated the ability of PAF to induce enhanced collective
cell migration and henceforth indicating its possible role in
breast cancer promotion. At the single cell level, PAF induc-
tion showed increased motility of MDA-MB 231 cells when
compared to un-induced cells, which was measured by taking
into account motility parameters such as distance and displace-
ment of an individual cell. Significant increase in velocity
(rate of migration) of the cells was observed similarly to that
demonstrated previously (16), however, there was no change in
directionality between untreated and PAF-treated cells.

Materials and methods

Cells and culture conditions. MDA-MB 231 and MCF10A cell
lines were generous gifts from Dr Kundan Sengupta (IISER,
Pune) and Professor Raymond C. Stevens (The Scripps
Research Institute, CA, USA), respectively. MDA-MB 231
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM), supplemented with 10% fetal bovine serum (FBS;
Invitrogen), 2 mM L-glutamine and 100 U/ml penicillin-
streptomycin (Invitrogen). Cells were grown in 100-mm
tissue culture treated dishes (Corning) at 37°C in a humidified
5% CO, incubator. MCF10A cells were cultured in growth
medium containing high glucose DMEM without sodium
pyruvate and 5% horse serum (both from Invitrogen), 20 ng/ml
EGF, 0.5 pg/ml hydrocortisone, 100 ng/ml cholera toxin and
10 pg/ml insulin (all from Sigma) and 100 U/ml penicillin-
streptomycin (Invitrogen). High glucose DMEM without
sodium pyruvate containing 20% horse serum and 100 U/ml
penicillin-streptomycin (Invitrogen) was used for resuspension
during sub-culturing.
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RNA extraction and cDNA synthesis for PAF receptor expres-
sion analysis. Cells were harvested from the culture dish using
TRIzol (Ambion) by scraping cells using cell scraper (Corning),
followed by DNAse I treatment using TURBO DNA-free™ kit
as per the manufactures protocol. Extracted RNA was quanti-
fied and cDNA was prepared using standard protocols with
5 ug of RNA, 1 pl oligodT (50 mM; Invitrogen) in nuclease
free water (NFW), dNTP (2.5 mM) and MLM V-reverse tran-
scriptase (Promega). Reverse transcriptase was heat inactivated
at 67°C for 10 min. The cDNA was further used to analyze the
expression of PAF receptor in the cell lines. Amplification of
the target was performed in thermal mastercyclers (Eppendorf)
using forward, (5'-TACTGCTCTGTGGCCTTCCT-3") and
reverse, (5'-CTGCCCTTCTCGTAATGCTC-3") primers.
GAPDH was used as the house-keeping gene and was ampli-
fied with forward, (5'-ACCACAGTCCATGCCATCAC-3') and
reverse (5'-TCCACACCCTGTTGCTGTA-3') primers. The
following PCR cycle was used for the amplification 95°C for
60 sec, 55°C for 45 sec, 72°C for 60 sec and final extension for
3 min. The experiments were repeated three times to confirm
the receptor status. The quantification (densitometry) was done
using the gel analysis function of ImageJ software and normal-
ized to the housekeeping gene (GAPDH) and further adjusted
with respect to MCF10A expression (considering MCF10A
PAF-R expression to be 1).

Wound-healing assay. Cells were seeded at a density of
5x10° cells/ml of complete culture medium in culture plates
with wound healing inserts (Ibidi GmbH, Munich, Germany),
as per manufacturers protocol for 16-18 h. The monolayer was
then treated with 10 pxg/ml mitomycin C (Sigma) in serum
free media for 2 h so as to inhibit cell proliferation (26). Cells
were pre-treated with various inhibitors as per the experiment.
WEB 2086 (200 uM) (PAF receptor antagonist) (27,28) was
added 10 min prior to start of the experiment. UO126 (10 xM),
a MEK inhibitor (29), was added 30 min before PAF induc-
tion while wortmannin (200 nM) (30), PI3-K inhibitor and
SP 600125 (75 uM), INK inhibitor (31) were added 60 min
prior to PAF induction. Following treatment with inhibitors
and before addition of PAF (200 nM), the inserts were removed
carefully and cells were washed gently using 1X phosphate-
buffered saline (PBS; PAN-Biotech GmbH) to remove
floating cells and cells were replenished with complete media
containing inhibitors. Images of the wounds were acquired
using phase contrast microscope (Nikon) at x10 magnifica-
tion at different time-points (namely O, 18 and 24 h) after
PAF induction. The results presented are average from three
independent biological replicates. Wound areas were quanti-
fied using ImageJ and graphs were plotted using GraphPad
Prism 6. The percentage of wound closure was calculated as:

(Initial wound area - final wound area)
x 100

% Wound closure =
Initial wound area

Single cell migration assay. Cells were seeded at a density of
5,000 cells/well in an 8-well chamber cover glass (LabTek) pre-
coated with 10 pg/ml fibronectin (2-3 h treatment at 37°C). Cells
were maintained at 37°C in complete medium for 18-20 h. For
live cell imaging, cells were supplemented with L-15 medium
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containing 10% FBS and 100 U/ml penicillin-streptomycin
(both from Invitrogen) containing WEB 2086 and PAF as per
the experiment. Time-lapse microscopy for 4 h was carried
out in a stage incubator using Zeiss LSM 710 laser scanning
confocal microscope at x10 magnification. Cells were tracked
in ImageJ analysis software using manual tracking plugin.
Randomly selected cells from three to five independent
experiments were tracked and distance travelled, displacement
and velocity of a cell were calculated using Chemotaxis and
Migration tool (Ibidi GmbH).

3D ‘on top’ cultures and immunofluorescence analysis.
MCFI0A cells were grown as 3D-‘on top’ cultures according
to standard protocols (21,32,33). PAF was added on day 4, 8, 12
and 16 into the culture medium (day of seeding was consid-
ered as day 0) and the acini were harvested on day 20 and
immunostained as outlined earlier (21,32,33) with phalloidin
(Invitrogen) instead of Alexa Fluor-conjugated secondary
antibody to label the actin cytoskeleton. Images were acquired
using Zeiss LSM 710 laser scanning confocal microscope at
x63 magnification. The results depicted are representative
images from three independent biological experiments. A total
of ~90 acini were imaged and optical sections were analyzed
and classified based on the observed phenotype. Graphs were
plotted and statistical analysis was done using GraphPad
Prism software (GraphPad Software, La Jolla, CA, USA).
Measurement of the volume of acini and counting of number
of nuclei were done using Image-Pro Plus software (Media
Cybernetics, USA). Around 30 acini were analyzed each in
control and treated.

Ethics. This study did not involve utilization of human subject
and has been carried out using cell lines.

Statistical analysis. Wound healing data are presented
as mean + SEM. One-way ANOVA was used to test the
significance of difference of the percentage of wound closure
across treatments. Mann-Whitney U test was used to analyze
the significance of difference between parameters used in
single cell migration assay (accumulated distance, euclidean
distance, velocity and directionality and 3D morphometric
analysis). P<0.05 was considered statistically significant. ™,
" and " indicate P<0.0001, P<0.01, and P<0.05, respectively.

Results

PAF induces formation of abnormal acinar structures in
immortalized non-tumorigenic breast epithelial cell line
MCFI0A grown as 3D ‘on-top’ cultures. MCF10A cells are
spontaneously immortalized, non-tumorigenic cells of normal
breast epithelial origin. These cells when grown on laminin
rich extracellular matrix form multicellular acini-like struc-
tures resembling epithelial cells lining the acinus, the smallest
functional unit of a human mammary gland (34). MCF10A
cells give rise to acinar structures wherein the hollow lumen
is surrounded by a single layer of epithelial cells as shown in
Fig. 1A (top panel). Upon exposure to PAF, these well-orga-
nized structures were observed to be disrupted. Sixty-five
percent of the spheroids showed multiple layers of cells
surrounding a lumen or absence of a distinct lumen (Fig. 1A;

middle panel and B) while ~58% showed formation of protru-
sion-like structures as seen in Fig. 1A (bottom panel) and C.
Further morphometric analysis revealed that the PAF-treated
acini were larger in size as indicated by a significant increase in
volume compared to untreated acini (Fig. 1E). Also there was
a significant increase in the number of cells per acini (Fig. 1F),
which implied that PAF induces proliferation of MCF10A cells
in the acini. Taken together, PAF was found to disrupt overall
morphology of the spheroids as well as induce proliferation, an
indicator of transformation.

PAF increases collective cell migration in MDA-MB 231.
Since PAF treatment induced formation of disrupted acinar
structures, we checked for the PAF-R status in MCF10A as well
as in two other breast cancer cells, MDA-MB 231 and MCF7s,
using RT-PCR. PAF-R expression levels in these cell lines were
correlated with their tumorigenic potential. MDA-MB 231 and
MCFT7 cells showed overexpression of PAF-receptors while
MCFI10A showed weak expression (Fig. 2A and B). However
there was no appreciable change in the expression levels of
the receptor with increase in dose of PAF (data not shown).
The effect of PAF on collective cell migration was investigated
using wound healing assay. MDA-MB 231 cells were treated
with different doses of PAF ranging from 10 to 200 nM. PAF
(200 nM) showed an appreciable increase in motility by 18 h
(data not shown). Thus, further experiments were performed
using 200 nM PAF. On exposure of MDA-MB 231 cells to
200 nM PAF, the cells showed a significant increase in migra-
tion with almost 80% wound closure at 18 h (Fig. 2C and D).
This increase in motility was inhibited upon pre-treatment
of cells with WEB 2086, a PAF receptor antagonist (27,28).
Thus, confirming role of PAF in inducing increased migration
of highly invasive MDA-MB 231 cells.

PAF-induced migration is mediated via PI3-kinase pathway
and/or JNK pathway, but not via MAP-kinase pathway. To
predict the possible pathway(s) involved in PAF-induced cell
migration scratch assays along with inhibitors for generally
known motility pathways were performed. It was observed that
the MAP-kinase pathway did not mediate PAF-induced migra-
tion since inhibition of the pathway with a MEK inhibitor,
UO126 (29), did not have an effect on wound closure (Fig. 3A).

PAF stimulated cells, upon pre-treatment with wort-
mannin, a PI3-K inhibitor (30), showed wound closure
which was similar to unstimulated and untreated cells and
was significantly less than PAF-treated cells (Fig. 3B). Thus,
indicating a possible role of PI3-K pathway in PAF induced
motility. However, the wound closure of unstimulated
wortmannin-treated cells was significantly less than control
cells indicating the role of PI3-kinase pathway in normal
MDA-MB 231 cell motility (Fig. 3B).

Use of the JNK inhibitor SP600125 (31), also abrogated
both PAF-induced as well as inherent motility of MDA-MB 231
cells (Fig. 3C). However, the extent of inhibition of migra-
tion of PAF stimulated cells as well as untreated cells by the
inhibitor suggests the possible role of JNK pathway in PAF
induced motility.

PAF induces chemokinesis at the single cell level in
MDA-MB 231 cells. To determine the effect of PAF on
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Figure 1. PAF induces formation of abnormal acinar structures in immortalized non-tumorigenic breast epithelial cell line MCF10A grown as 3D on-top
cultures. (A) Representative images of day 20 MCF10A acini (centre optical section, 0.35 gm thickness). Top panel: untreated acini showing presence of
distinct hollow lumen. Middle panel: acini treated with 200 nM PAF on day 4, 8, 12 and 16; showing multiple layers of cells encircling a not so distinct lumen.
Bottom panel: spheroids with protrusion-like structures extending out of acini. Graphs represent data quantified based on visual observation of 3D structures
for (B) normal or disrupted lumen and (C) presence of protrusion like or ‘bulb’-like structures. Data represent the pooled results from more than 3 indepen-
dent experiments; n=94 acini. (D) 3D re-construction of the Z-optical sections to aid in visualization of the protrusions in acini following PAF treatment.
(E and F) Box plots representing number of cell/acini and volume per acini respectively, quantified using Image-Pro Plus software (Media Cybernetics, USA).

Hhk

Mann-Whitney test was used to test the statistical significance,

motility of MDA-MB 231 cells at the single cell level
time-lapse microscopy of sparsely seeded MDA-MB 231 cells
on fibronectin coated chamber cover glass was performed
for 4 h. Tracking of cells was done and trajectory plots were
obtained for the following cell treatments: untreated, PAF
stimulated, WEB 2086 pre-treated followed by PAF stimula-
tion and only WEB 2086 treated as shown in Fig. 4B. Further

P<0.0001. Number of acini analyzed; n>30.

analysis of the cells revealed an increase in motility of cells
upon PAF induction. There was a significant increase in the
distance covered by the PAF-treated cells when compared
to untreated cells as well as to cells that were pre-treated
with WEB 2086 followed by PAF-stimulation in the time
and conditions used in the study (Fig. 5A). Other parameters
such as displacement (Fig. 5B) and velocity (Fig. 5C) were
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Figure 2. PAF increases collective cell migration in MDA-MB 231 cells. (A) RT-PCR analysis of PAF-receptor expression in non-transformed breast epithelial
cell line MCF10A and breast cancer cell lines MCF-7 and MDA-MB 231. (B) Graphs represent mean + SEM fold change of expression level normalized
to MCF10A PAF-R expression. Two-fold difference was considered to be significant. (C) Wound-healing assay demonstrating collective migration of
MDA-MB 231 cells with or without treatment of 200 nM PAF and/or 200 uM WEB 2086 (PAF receptor antagonist). Scale bar: 50 zm. (D) Quantitative results
for the data shown in (C). Percentage wound closures were calculated. Data represent mean + SEM (n=3 independent experiments). Student's t-test was used to

test the statistical significance of data, “"P<0.001.

observed to increase significantly following PAF treatment in
comparison to untreated or PAF-stimulated and WEB 2086
pre-treated cells. All these effects induced by PAF were
reversed upon pretreatment of cells with WEB 2086. The
directionality, which is the ratio of euclidean distance to accu-
mulated distance, did not show a significant change (Fig. 5D).
Thus, the above results signify that PAF is capable of inducing
motility and promoting random non-directional movement of
MDA-MB 231 cells.

Discussion

Progression of cancer occurs due to a complex combination
of uncontrolled growth of transformed cells, evasion of apop-
tosis and invasion of cancer cells into nearby tissues, finally
resulting in metastasis and secondary tumor formation (24).
Uncontrolled cell division coupled with evasion of apoptosis
and migration (as single cells or clusters) can thus be consid-
ered as some of the key features of cancer cells.
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Figure 3. PAF induced migration is mediated via PI3-kinase pathway and/or JNK pathway but not via MAP-kinase pathway. Wound-healing assay of
MDA-MB 231 cells with or without treatment of (A) PAF (200 nM) and/or 10 xuM UO126 (MEK inhibitor). (B) PAF (200 nM) and/or 200 nM wortmannin
(PI3-K inhibitor). (C) PAF (200 nM) and/or 75 uM SP600125 (JNK inhibitor). Wound closure was measured at 0, 18 and 24 h for all treatments. Data represent
mean + SEM (n=3 independent experiments). Wound area was measured using ImagelJ software. Statistical significance was analyzed using Student's t-test,

P<0.05 is considered to be significant; “P<0.01, ““P<0.001.

Migration of cancer cells can be considered at two levels,
namely, single cell migration and collective migration. Some
of the carcinomas are known to progress through epithelial
to mesenchymal transition, wherein the cells lose their cell-
cell adhesion and disseminate independently as single cells
and finally lodge into a distant organ (35,36). Besides single
cell migration, recently, collective cell migration has also
been implicated as the predominant mode of cancer cell
invasion and metastasis (37). This process has been exhibited
by most of the epithelial cancers including breast cancer,
colorectal carcinoma, rhabdomyosarcoma, melanoma and oral
squamous cell carcinoma (38-40). Histopathological studies
of epithelial cancers in tumor regions, suggest the presence
of clusters, sheets or chains of secondary cancer cells in the
stroma surrounding the primary tumor (41). In addition to this,
draining lymphatics were also found to contain clusters of
metastasizing tumor cells, implying that small groups of tumor
cells are capable of invading vasculatures and lymphatics in
individuals with cancer (42). Thus migration, either collective
or single cell is a vital phenomenon in the multi-step process
of invasion and metastasis.

PAF and PAF-like lipids are present across various cell
types and tissues such as neutrophils, macrophages and
endothelial cells (43), as well as breast cancer tissues (11). One
of the major sources of these lipids is chronic inflammatory
microenvironments as well as the cancer cells per se (3-5,16).

Different types of cells have been found to respond to such
chemical stimuli, present in the microenvironment, in several
ways such as proliferation, apoptosis, migration, to name a
few. To investigate the role of PAF in early transformation,
we used 3-dimensional cultures of MCF10A cells, which are
non-transformed breast epithelial cells. 3D cultures of cells
have been found to recapitulate the in vivo scenario largely.
This model involves growing of cells on various extracellular
matrix, one of the widely used matrix being Matrigel® which
is derived from EHS tumors (23). This model aids in the
easy identification of a transformed cell from a non-tumor-
igenic cell (21). The normal breast epithelial cells form
growth-arrested multicellular acinar-like structures with a
hollow lumen which closely resemble the epithelial cells lining
the duct in the mammary tissue in vivo (34). In case of cancer
cells, this well formed structure is disrupted leading to the
formation of spheroids which are devoid of or have irregular
lumen, multiple lumens or clusters of cells (44). The morpho-
logical features are a clear indication of the tumorigenic status
of the cell lines. In our experiment MCF10A cells were under
continuous exposure to 200 nM PAF. While investigating the
presence of a transformed phenotype, we observed 65% of the
acini showing protrusion-like or ‘bud like’ phenotype. Such
phenotypes have been related to collective migratory behavior
of transformed cells (44,45). Of the total acini imaged, 58%
showed disrupted lumen, which may imply that the cells in
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Figure 4. PAF induces chemokinesis at the single cell level in MDA-MB 231 cells. Time-lapse imaging of MDA-MB 231 cells seeded as sparse populations
on fibronectin-coated dishes, with or without 200 nM PAF and/or 200 xM WEB 2086 was performed for a period of 4 h with images taken at 2-min intervals.
Cells were tracked using ImageJ manual tracking plugin and analyzed using Chemotaxis and Migration tool (Ibidi GmbH, Munich, Germany) to calculate
different motility parameters. (A) Diagrammatic representation of a trajectory plot depicting the calculation of the various chemokinetic parameters adapted
from Ibidi chemotaxis and migration tool user manual. (B) Trajectory plots of various treatment combinations obtained using chemotaxis and migration tool.

the lumen may restrain apoptosis, which is another hallmark
of epithelial cancers (21,44,46). Apart from this, there was a
significant increase in the number of cells per transformed
acini, which may indicate the induction of proliferation or
‘escape from the proliferative arrest’, one of the hallmarks of
cancer (44,47). This is supported by published reports wherein
PAF has been shown to induce proliferation in mouse vascular
smooth muscle cells (48) as well as breast adenocarcinoma
cells in tissue culture dishes (16). There have been contra-
dictory reports to the same suggesting that the effect of PAF
varies according to the type of cells and type of cancer (49).
However, our results demonstrate the potential of PAF to
induce proliferation in MCF10A cells under continuous
exposure to PAF. These results appeal for further interven-
tion with respect to the changes at the molecular level, which

have subsequently given rise to such a drastic change in the
morphogenesis of the non-tumorigenic cells.

PAF has been demonstrated to induce migration in many
cell types such as eosinophils (50), human endothelial cells (43),
peripheral blood lymphocytes (51), using in vivo as well as
in vitro models and assays. However, to our knowledge, only
one report pertained to the role of PAF in motility of breast
cancer cells wherein PAF was demonstrated to induce chemo-
taxis as well as chemokinesis in the cells (16). Our results are
in agreement with the published report by Bussolati et al (16),
where we show PAF-induced chemokinesis at the single cell
level in breast cancer cells. As per the dose and conditions used
in our assay, we observed that PAF stimulated cells moved at
a significantly increased velocity as well as traversed a larger
distance as compared to untreated cells. Displacement was
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test was used to test the statistical significance of data. “P<0.05, “P<0.01, ""P<0.001.

also significantly increased. However, there was no significant
difference in the directionality indicating that PAF stimulation
enhanced the random movement of the cells without inducing
directionality. In order to investigate the role of PAF in collec-
tive cell migration, wound-healing assay, a traditional method
to study the dynamic process of collective cell migration
was performed (25). Wound-healing assay results implicated
that PAF is capable of inducing collective cell migration in
invasive MDA-MB 231 breast cancer cells. Pretreatment of
cells with WEB 2086, a PAF receptor antagonist resulted in
a significant decrease in PAF-stimulated motility of cells.
Thus further substantiating the crucial role played by PAF in
collective cell migration. Collectively these results imply that
PAF can enhance cell migration and hence possibly promote
metastasis in vivo.

To dissect out the motility pathway(s) that are involved
in signaling in the highly metastatic MDA-MB 231 cells
upon PAF induction, wound-healing assays were performed.
PAF is known to act through PAF receptor and stimulate a
number of signal transduction pathways and effectors such as
PKCs, MAPKs, phospholipase C, paxillin, FAK, EGFR, and
Src (4,11,52). However, the downstream effectors of PAF and
PAF-R, especially with respect to breast cancer progression
and more precisely related to PAF-induced migration are not
well elucidated. Metastasis is one of the areas of current interest
in the field of cancer and search for better therapies related to
it, still continues. Clarification on the downstream effectors of
PAF-PAFR pathway involved in motility may, to some extent

contribute to the designing of new strategies to treat this
heterogeneous condition. To address this, MDA-MB 231 cells
were subjected to treatment with inhibitors of well-known
motility related pathways (53-55). PAF was found to induce
collective cell migration in cells that were independent of
the MAPK pathway but dependent on PI3-K as well as INK
pathways. However, inhibition of c-Jun reduced PAF motility
almost completely while PI3-K inhibition resulted in partial
inhibition of motility. Thus, these results indicate a possible
role of PI3-K and/or JNK pathway in PAF-induced motility.
However, this demands further investigation to elucidate the
exact signal transduction pathway of PAF-induced motility.

In conclusion, role of PAF in cancer progression has been
studied in the past (56). However, many questions pertaining to
its role in breast cancer are yet to be answered. In this study, we
have demonstrated the possible role of PAF in inducing trans-
formation of non-tumorigenic breast epithelial cells grown as
spheroids as well as promoting migration of metastatic breast
cancer cells. Nonetheless, this study calls for further detailed
investigation to unravel some of the interesting questions
raised with respect to the involvement of signaling pathways
in PAF-induced motility.
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Bioactive molecules present in the tumor milieu are known to contribute substantially to tumor progression.
Phospholipid mediators are a group of molecules that have roles in normal physiology as well as in pathological
conditions. Platelet activating factor (PAF), a phospholipd mediator, secreted by cells present in tumor
microenvironment has been implicated to have a possible role in cancer progression. Here, we highlight our
study of the potential role of PAF in inducing transformation of breast epithelial cells grown as three
dimensional cultures. We have also attempted to dissect the motility related molecular pathway activated upon
PAF stimulation in MDA-MB 231 cells. This study further calls for detailed analysis of pathways downstream of
PAF signalling which would aid in identification of targets and designing of treatment strategies.
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Breast cancer is one of the most common cancers and a
leading cause of death in women worldwide. It is a
multi-factorial disease caused by a complex combination of
genetic and environmental factors. Apart from these, tumor
microenvironment has recently been identified as a key factor
playing a pivotal role in cancer progression M The
microenvironment is believed to evolve into an ‘activated
state’ thus resulting in a ‘dynamic signaling circuitry’ capable
of initiating cancer . Immune cells have been found to be
one of the major components of this microenvironment.
Nevertheless, inflammatory response associated with the
tumor has been demonstrated to have tumor promoting
capabilities. The inflammatory cells can release various
bio-molecules, which may have tumor inducing as well as
promoting capabilities. One such group of molecules is the

phospholipid mediators, namely LPA (lysophosphatidic acid)
PGs (Prostaglandins) and PAF (Platelet activating factor)
including PAF - like lipids B! These molecules are known to
be secreted by these cells and have been implicated in various
physiological and pathological conditions. PAF has been
hypothesized to act as an intracellular mediator or messenger
and is known to act through the PAF receptor (PAF-R), which
is a G - protein coupled receptor . Furthermore, given that
PAF is a phospholipid mediator, most of the associated
pathological effects occur due to excessive accumulation of
PAF which maybe a result of either impaired degradation
and/or enhanced synthesis 4, Biologically active PAF is
synthesized by the cells by hydrolysis of membrane
phospholipids catalyzed by phospholipase A2 (PLA2)
followed by trans-acetylation by
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Figure 1. Schematic depicting the abnormal acinar structure formed by breast epithelial cells grown under continuous

stimulation with PAF.

lysoPAF-acetyltransferase [" while degradation is carried out
by PAF-acetyl hydrolase (PAF-AH), enzyme which
hydrolyses and thus inactivates PAF ® % The synthesis
generally, may occur in response to physiological cues or due
to unregulated oxidative reactions stimulated by various
cellular or environmental factors . For instance, UV-B
irradiations have been demonstrated to induce PAF
production by epidermal keratinocytes (o, Apart from this,
macrophages, neutrophils and endothelial cells are known to
secrete PAF. Bussolati et al have also demonstrated the ability
of breast cancer cells to secrete PAF upon growth factor
stimulation ™. This correlates with the observation by
Camussi’s group that significant amount of PAF is present in
breast cancer tissues (2. Impaired degradation is another
reason for PAF accumulation, which may result from the
inhibition or absence of PAF-AH. Cigarette smoke is
considered as one of the factors which result in the
accumulation of PAF by inhibiting PAF-AH ®* 1 Thijs
accumulated PAF enhances adherence of metastatic breast
cancer cells to lung endothelium ™,

Apart from the well-established role of PAF in various
immunological processes, PAF has been demonstrated to
play a role in neo-angiogenesis ®! and the inhibition of this
process has been shown to inhibit growth of tumor in
Kaposi’s sarcoma 7, prostate cancer and breast cancer ™!,
Hepatocyte growth factor (HGF), TNF-a (Tumor Necrosis

Factor- o) and thrombopoietin-induced angiogenesis is
mediated through PAF™. In addition to this, PAF has been
shown to induce transformation in rat embryonic cells ! as
well as BRCA-1 mutant ovarian cancer cells *!J. Axelrad et
al reported that PAF induced migration and invasion of
HUVECSs; these effects could be reversed using a PAF - R
antagonist ?2. PAF is capable of inducing invasive
phenotypes in melanoma cells stimulated by cytokines 2!,
Apart from this in liver metastasis of colorectal cancer PAF
has been shown to promote bFGF (basic fibroblast growth
factor) and VEGF (Vascular endothelial growth factor)
-induced  neoangiogenesis 4. PAF  secretion by
keratinocytes following UV-B radiation exposure has been
reported to be an important mediator of UV-B induced
immunosuppression % In addition to this, presence of PAF
has been shown to reduce the ability of cells to repair DNA
damage induced by UV radiations '*°\. The two phenomena
have been hypothesized to be responsible for skin cancer
induction 2%,

PAF receptor shows differential expression across various
cell types. Investigation of the PAF-R status revealed that
MDA MB-231 and MCF7 cells showed higher expression as
compared to MCF10A cells, which showed a very low
expression. A recent study from our lab demonstrated that
PAF may play a role in cancer initiation as well as promote
cancer progression ). Three dimensional (3D) cultures of
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normal breast epithelial cells as well as cancerous cells have
been exploited to study the process of morphogenesis and
tumorigenesis 2%, We used 3D ‘on top’ cultures of breast
epithelial cells to investigate the cancer initiation potential of
PAF. In this culture system, breast epithelial cells when
grown on laminin-rich  extracellular matrix form
growth-arrested polarized spheroids that structurally and
functionally closely resemble the ‘acini’ of the mammary
gland %% Maintenance of such an architecture mainly
depends on the balance between proliferation and apoptosis
which translate in 3D cultures into either increase in the
number of cells per acini or a luminal filling phenotype 2
29 as depicted in Figure 1. We observed that when MCF10A
cells, considered as ‘near normal’ breast epithelial cells were
grown in presence of PAF, resulted in the formation of acinar
structures which had a larger volume. Consistent with this
finding, we also observed significant increase in the number
of cells per acini. Luminal phenotype was also disrupted with
a significant number of acini having multiple layers of cells
enclosing the Iluminal space. All these phenotypes
demonstrate the ability of PAF to induce proliferation of
breast epithelial cells, implying possible attainment of
hyperproliferative state, referred to as “escape from
proliferative state”, one of the “hallmarks of cancer” Y. PAF
has been shown to induce proliferation of differentiated
keratinocytes 2 rat vascular smooth muscle cells %,
epidermal cells ¥ as well as breast adenocarcinoma cells. In
contrast, PAF is known to induce apoptosis in neurons B as
well as inhibit proliferation of colon carcinoma cells B¢,
Another striking feature of the acini grown in presence of
PAF was the formation of “protrusion-like” or “bulb-like”
structures. Such structures are known to be characteristic
features of invasiveness or migratory cells. Cells grown on
3D substrata that have undergone epithelial-mesenchymal
transition (EMT) give rise to protrusion-like structures.
When a few cells migrate into such protrusions, these
structures may appear as “bulb-like” structures & *8. with
the known role of PAF in inducing motility of different kinds
of cells including breast cancer cells, these abnormal
structures imply possible induction of EMT or motility
resulting in escape of cells out of the well structured and
regulated acini. Taken together these preliminary results
imply that presence of PAF in the microenvironment is
capable of inducing transformation. However, studies are
being performed to further investigate this process and
delineate the mechanism thereof.

To study the role of PAF in breast cancer progression,
effect of PAF on migration was studied 7. Metastasis of
cancer cells is one of the many aspects which remain
unexplored in cancer pathogenesis and effectively curtailing
this phenomenon is the need of the hour B\ Acquiring
migratory potential is one of the early processes in

metastasis. Cancer cells are known to invade the surrounding
tissue and disseminate to the secondary sites. Research has
revealed presence of cluster of cells, which move as sheets
during metastasis. This is also supported by the observation
of clusters of cells infiltrating the secondary tumor sites. On
the other hand, cells with invasive and metastatic
characteristic can travel as single entities and lodge
themselves into the secondary site. Stimulation of cells with
PAF induces motility in a variety of cells including
peripheral blood lymphocytes ! human endothelial cells !
as well as eosinophils % and breast cancer cells. However
the mechanism(s) for PAF-induced motility of breast cancer
cells remains unknown. Thus, an attempt was made to
identify the key pathway(s) involved in PAF-induced
increased migration of breast cancer cells. Firstly, we
investigated the effect of PAF, under the conditions of our
study, on both collective cell migration as well as single cell
migration of MDA-MB 231 cells. Previous reports have
shown growth factor stimulation to induce PAF secretion and
PAF stimulation induced chemotaxis as well as chemokinesis
in breast cancer cells such as MDA-MB231 ™. In addition, a
recent report showed the ability of cigarette smoke to
enhance motility of MDA-MB 231 cells by inducing PAF
accumulation via inhibiting PAF-AH. In agreement with
these reports we also observed increased collective cell
migration of MDA-MB 231 cells upon PAF treatment in the
wound healing assay. At the single cell level, PAF enhanced
the velocity as well as distance traversed by the cells without
change in directionality 7. Further, to unravel the
mechanistic aspect of PAF induced motility we used small
molecule inhibitors of probable pathways predicted from
available literature. PAF through PAF-R is known to activate
various signal transduction pathways in different cell types.
In ovarian cancer cells, Bin Ye’s group have reported PAF
induced MMP9 and MMP2 secretion through activation of
EGFR/Src/FAK/paxilin and this activation was mediated
through PAF-R [ Further, PAF-R activates c-Jun N-
terminal kinase in hippocampal cells, regulates cell growth,
survival and proliferation of macrophage cell line through
GBy- activatable PI3K kinasey and while in various cells
activates p38 MAP kinases ™. Apart from this, G-proteins
like Ral, Rap as well as other signaling molecules like
PLCYJCIPLD are regulated by PAF-R ** ! In ovarian
cancer cells PAF promotes cancer progression through
EGFR/ERK transactivation pathway as well as activates
PKC pathway, which couples with activated ERK ¥, FAK
and Paxillin are activated following PAF induction in human
endothelial cells “®! while in non-cancerous cell lines such as
neutrophils “ and eosinophils %, it activates various
protein kinases such as G-protein kinase, PKC as well as
tyrosine protein kinase [**!. Since MAPK pathway and PI3K
pathway were the most common downstream targets of PAF
in various cell types as well as these pathways are well
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known motility pathways, we investigated whether PAF
induced motility in invasive breast cancer cells through the
MAPK pathway. Our data indicated that the ERK pathway
did not play a role in PAF induced motility. Inhibition of the
PI3K pathway as well as JNK pathway resulted in the
inhibition of motility as compared to PAF stimulated cells.
However, PI3K pathway inhibition appeared to partially
reduce the motility of PAF stimulated cells. This coupled
with the observation that significant reduction of motility
was seen in control untreated cells treated with wortmannin
(a PI3K inhibitor) alludes to the possible role of PI3K in
either PAF induced motility or the inherent motility of
MDA-MB 231 cells. On the other hand, JNK pathway
inhibition resulted in inhibition of PAF stimulated enhanced
motility as well as motility of unstimulated cells, confirming
its role in PAF increased motility as well as inherent motility.
Taken together, these results raise the possibility that PAF
induced increased motility may be occurring through PI3K as
well as JNK pathways . Ongoing studies are being
performed to dissect out the exact mechanistic pathway
involved in PAF stimulated motility in cells.

Role of PAF in various cancers have been studied to some
extent. The exact role of PAF and the mechanism(s) thereof
have not been reported till date. The results discussed above
and supported by few reports available in literature suggests
the possible role of PAF in breast cancer initiation as well as
promotion of breast cancer by enhancing migratory ability of
cells. However, this work warrants further investigation to
delineate the pathway(s) involved, which would further help
in designing novel therapeutic strategies to combat this
heterogeneous condition.
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According to the GLOBACON report of 2012, India has the highest incidence as well as highest
mortality in breast cancer among women [1, 2]. A closer look at the statistics reveals that one in
every two women diagnosed with breast cancer die of the disease. Furthermore, it also reveals
that there has been a shift in the age of occurrence of breast cancer among Indian women with
the average age at diagnosis being between 45-50 years, in contrast to above 60 years in the
western countries. In addition to this, these cancers, especially in the young population are more
aggressive as compared to the Caucasian population [3, 4]. Interestingly, it has been observed
that only 15% cases of breast cancer are due to inherited mutations whereas the remaining 85%
cases are sporadic in nature [4]. This fact draws our attention to the large proportion of sporadic
cases and the various factors which can play a vital role in initiation of breast cancer as well its

progression.

Hanahan and Weinberg in 2011 proposed certain capabilities acquired by the cell during tumor
development termed as “Hallmarks of Cancer” as depicted in figure 1. According to them,
‘genomic instability’ and ‘tumor promoting inflammation’ are two characteristics, which aid in
acquiring the hallmark capabilities.  Various environmental factors such as radiations,
environmental pollutants, cigarette smoke as well as chemotherapy itself, are potential agents
which can induce genomic instability and hence act as “enabling factors” to acquire cancerous
phenotype. On the other hand inflammation is capable of accumulating cells of the immune
system in the microenvironment thereby resulting in secretion of certain biomolecules like
reactive oxygen species (ROS), cytokines and phospholipid mediators. These are potential
signaling molecules and thus convert the microenvironment into an “active state” and probably
contribute to initiation or progression of the multistep process of tumorigenesis. (summarized in

figure 1).
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Figure 1: Schematic depicting the "enabling characteristics' that cell acquires to become

cancerous.

Alkylating agents, one of the major components of cigarette smoke and cancer chemotherapy,
are well known DNA damaging agents as well as known or suspected carcinogens. It is well
known that, exposure to such genotoxic agents results in DNA breaks which in turn activates
ATM and ATR kinases, key proteins in the DNA Damage Response (DDR) pathway which
further phosphorylates their downstream targets, Chk2 and Chkl, respectively [5]. In our recent
study, using N-nitroso-N-ethylurea (NEU), a simple monofunctional Sy1 type-DNA ethylating
agent, we investigated the activation of DDR kinases following DNA damage induced by NEU
in human cancer cell lines [6]. In our study, NEU damage led to phosphorylation of Chkl and

Chk2 in a dose-dependent as well as temporal manner. In contrast to earlier reports where
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alkylation damage was detectable only after 1-2 cell divisions [7], our study revealed the
activation of Chk2 and Chk1 in 10 and 20 minutes, respectively. Contrary to other reports where

'H2AX activation was observed after 24hrs of DNA damage [8], in our study, [1H2AX foci
were detectable within 2 hrs of NEU damage, which further supported the activation of Chk2
kinase within 10 minutes. Given that alkylating agents cannot directly induce double strand
breaks, our results called for further investigations to understand how NEU-induced alkylation

damage was being processed to form DSBs within 10 minutes.

Reports suggested that post ionizing radiation (IR) treatment, phosphorylation of Chk2 precedes
Chk1 activation and as phosphorylation of Chk2 decreases, Chk1 activation gradually increases
indicating the presence of crosstalk between ATM and ATR pathways [9]. Since both the
checkpoint kinase activations were observed in our study, it was intriguing to check the presence
of a crosstalk between the two canonical pathways. We observed absence of any possible
crosstalk between the two pathways following damage by NEU. Furthermore, alkylating agents
have been shown to alkylate “N” and “O” positions of DNA leading to the formation of 12
different DNA adducts which in turn may result in A:T to T:A transversions or G:C to A:T
transition mutations [10, 11]. The DNA adducts formed by these agents are generally recognised
by the mismatch repair (MMR) proteins, namely Msh2-Msh6 and Mlh1-Pms2 heterodimers
during the first round of replication. Further, it has been observed that p53, Chkl, Chk2 as well
as Cdc25A are activated in a MMR dependent manner [7, 12], thus implying that MMR proteins
played an important role in the DDR pathway. To investigate the role of MMR proteins in NEU
induced DNA damage, a MMR deficient cell line was exposed to NEU damage. Surprisingly,
activation of Chk1 as well as Chk2 was observed, thus clearly indicating at the dose and time of
damage, mismatch repair proteins did not play any significant role in NEU induced DNA

damage.

Apart from the DNA damaging effects, alkylating agents have been demonstrated to cause
mammary tumors in rodent models [13, 14]. Rat mammary epithelial cells, following 30 days
post NEU exposure (at different doses) underwent point mutations which as an accumulative
effect provided the cells the ability to form multilayered colonies. They also acquired the ability

to form colonies on soft agar and could produce noticeable sized tumors when grafted into
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female athymic nude mice [15]. These results pointed towards neoplastic transformation due to
alkylation damage. Following exposure to NEU, we investigated the ability of NEU to induce
transformation using three-dimensional (3D) cultures of non-transformed MCFOA epithelial
cells. 3D cultures aid in distinguishing transformed cells from the non-transformed cells by
changes in morphology of the acinar structures formed when these cells are grown on
extracellular matrix. Such acini resemble the in vivo breast acini structurally and functionally. In
our study we have shown the characteristic features of epithelial-mesenchymal (EMT) where
loss of polarity, establishment of mesenchymal characteristics and down-regulation of epithelial
like characters were observed in MCF10A cells treated with NEU at the single cell stage. [1-6
integrin, which marks the basal region, showed mislocalization. E-cadherin and [-catenin, both
cell-cell junction markers [16], showed aberrant staining patterns, with E-cadherin showing a
loss phenotype while ['-catenin showed cytoplasmic localization. Vimentin, which is a
characteristic mesenchymal marker showed strong expression in the NEU-treated acini. These
phenotypes were distinct at all doses of NEU, that is, at 2, 3 and 5 mM NEU and also confirmed
that a EMT-like phenotype was acquired by breast epithelial cells upon NEU treatment. These
results gave strong implications of transformation occurring in breast epithelial cells on exposure

of an alkylating agent, NEU.

Apart from the various environmental factors which influence the induction and progression of
cancers, bioactive molecules present in the tissue microenvironment as well as tumor milieu can
contribute to the occurrence and progression of the disease. Phospholipid mediators such as
lysophosphatadic acid, prostaglandins, platelet activating factor and platelet activating factor-like
molecules are secreted by cells of the immune system and are present in the microenvironment.
Under chronic inflammatory conditions the proportion of these molecules increases in the
adjoining tissues. Given the contribution of chronic inflammation in various cancers, the
possibility of these molecules behaving as potential factors for cancer initiation and progression
has increased multifold. Level of LPA has been shown to be high in various cell lines as well as
in ovarian cancer patients and has been demonstrated to play a vital role in tumor angiogenesis,
migration, proliferation, invasion and metastasis [17-19]. Similarly, platelet activating factor
(PAF), acting through PAF-R (Platelet activating factor receptor, a G protein-coupled receptor)

has been demonstrated to play important roles in various cancers. Apart from the well-known
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roles of PAF in inflammation, platelet aggregation various groups have demonstrated the
contributing role of PAF in cancer progression. PAF has been shown to play a role in neo-
angiogenesis mediated by bFGF (basic fibroblast growth factor) and VEGF (vascular endothelial
growth factor) as well as angiogenesis mediated by thrombopoietin, TNF-a (Tumor Necrosis
Factor- a), CD-40 and hepatocyte growth factor (HGF). In addition to this, PAF induces motility
of HUVECsS, endothelial cells [20], peripheral blood lymphocytes[21] eosinophils, [22] as well
as breast cancer cells. Our recent study, demonstrated the ability of PAF to enhance migration in
MDA-MB 231 cells (invasive breast cancer cells) corroborates with these published reports.
Crucial role played by MAPK pathway (JNK, ERK and p38) in regulating cell movement is well
known. ERK is known to phosphorylate myosin light chain kinase, FAK or calpain to regulate
cell migration [23]. Apart from this, ERK has been shown to be involved in the migration of
breast cancer cells exhibiting lung metastasis [24]. In contrast to published reports, we observed
that PAF-induced enhanced motility was independent of ERK activation. However inhibition of
JNK pathway reduced motility of PAF-stimulated and un-stimulated cells suggesting that JNK
pathway was involved in both PAF-induced as well as in the inherent motility of breast cancer
cells. PI3K pathway, another pathway well known to play a vital role in cell motility, was
investigated to understand its role in motility of PAF-stimulated cells. Surprisingly, we observed
that inhibition of this pathway though reduced inherent motility of cells, it could only partially
rescue increased motility, thus implying the role of PI3K pathway in inherent motility of cells
and a possible role in PAF-induced motility. Further studies are being performed to decipher the
pathway through which PAF elicits motility in breast cancer cells. Literature suggests various
pathways activated upon exposure to PAF suggesting that in different cell types, PAF may
stimulate different signal transduction pathways to elicit various responses. In HUVECs, PAF
exposure was found to induce transformation while in neurons, it induced apoptosis [25, 26].
Role of PAF in various cancers has been well studied; however the precise role in breast cancer
initiation remains to be elucidated. PAF has been found to be present in breast tissue of patients
suffering from breast cancer and has also been shown to correlate with lymph node metastasis
[27, 28]. Accumulation of PAF could occur either due to enhanced production and secretion or
due to abnormal degradation. In support to this, Kispert et al reported the inhibitory effect of
cigarette smoke on platelet PAF-acetyl hydrolase (PAF-AH, enzyme inactivating PAF), thus

resulting in accumulation of PAF, which enhanced motility of breast cancer cells as well as
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increased adherence to lung endothelium [29]. However, the possibility of PAF inducing

transformation in breast epithelial cells has not yet been explored. We observed that in non-

transformed breast epithelial cells, PAF induced formation of abnormal acinar structures when

cells were grown as 3D cultures under constant stimulation of PAF. Apart from the increase in

the number of cells in the acini, indicative of proliferation or evasion of apoptosis, the acinar

structures also showed presence of protrusion-like structures indicative of EMT-like phenotype.

Taken together, we demonstrated the ability of PAF to induce transformation of non-transformed

breast epithelial cells. These results appeal for further investigations to delineate the pathway and

identify novel targets to design novel therapeutics.
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