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Chapter I Introduction

Breast cancer represents a complex and diverse group of neoplasms originating
in the tissues of the breast. Despite significant advances in diagnosis and
treatment of breast cancer, several important issues related to its prevention,
progression, recurrence and therapeutic resistance still remain unaddressed.
Most of the newly diagnosed breast tumors express estrogen receptor a (ERa) and
are initially responsive to endocrine therapy which targets the Estrogen-ERa
signalling axis (Jemal et al.,, 2009; Jordan and Brodie, 2007; Peng et al., 2009).
Over the course of treatment, majority of the estrogen responsive tumors
eventually acquire hormone resistance and relapse as incurable metastatic
tumors (Al Saleh et al., 2011; Clarke et al., 2001). Endocrine resistance (de novo
or acquired) and tumor metastasis are the major barriers towards successful

treatment of breast cancer.

A key step in the complex process of cancer progression and the establishment of
metastasis is the remodelling of xtracellular matrix (ECM), which is brought
about by diverse groups of proteases including the Matrix Metalloproteinases
(MMPs), a family of 22 individual zinc-dependent endopeptidases in humans
(Nagase and Woessner, 1999; Steffensen et al., 2001; Sternlicht and Werb, 2001).
A substantial body of data indicate the involvement of gelatinases/type IV
collagenases (MMP-2 and MMP-9) in tumor invasion and metastasis (Bergers et
al., 2000; Fang et al., 2000; Kleiner and Stetler-Stevenson, 1999; Sternlicht and
Werb, 2001). The gelatinases are initially produced as zymogens in a latent form
(pro-MMP), which are later activated by the proteolytic removal or disruption of
pro-domain. Tissue inhibitors of matrix metalloproteinases (TIMPs) are
endogenous MMP inhibitors and inhibit most of MMPs by binding to them in a
1:1 stoichiometry (Visse and Nagase, 2003). The balance between active MMPs
and TIMPs determine tumor progression by regulating the net activity of MMPs
(Bode et al., 1999). TIMPs have been shown to possess tumor suppressive roles
and upregulation of TIMPs have been shown to have an inhibitory effect on
invasion and metastasis (DeClerck et al., 1992; Imren et al., 1996). Consistent to
this low TIMP-3 protein expression in breast tumors has been shown to be
associated with an aggressive tumor phenotype and poor disease-free survival

(Mylona et al., 2006)
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Chapter I Introduction

Epidemiological studies have emphasized the cardinal role of nutrition in
carcinogenesis. Dietary phytochemicals have been shown to possess anti-oxidant,
anti-inflammatory and anti-cancer properties. (-)-Epigallocatechin-3-gallate
(EGCG), the major active polyphenol present in green tea, has captured the
interest of the scientific community for its purported health benefits and diverse
effects demonstrated in various in vitro and in vivo models (Dreosti et al., 1997;
Schramm, 2013). It has been shown to target a wide range of cellular proteins
thereby affecting diverse cellular functions. Evidences suggest that EGCG
induces apoptosis and suppresses proliferation, angiogenesis and invasiveness in
various breast cancer pre-clinical models (Bigelow and Cardelli, 2006; Braicu and
Gherman, 2012; Stuart et al., 2010). However mechanistic details are not

completely understood.
Aims and scope of the present thesis work

One of the important aspects of the multifaceted role of EGCG in controlling
tumor progression and metastasis is the inhibition of MMPs (Demeule et al.,
2000). Evidences indicate that the role of gelatinases (MMP-2 and MMP-9) in
promoting breast carcinogenesis have been mostly studied in the context of
matrix remodelling but it is still unclear if steroid hormones such as estrogens,
which play critical role in breast tumor initiation and progression, affect
gelatinolytic activity in breast cancer. About 70% newly diagnosed breast
cancers are hormone dependent, express estrogen receptors, and require
estrogen for growth (Jemal et al., 2009; Tyson et al., 2011). But none of the
investigations reported so far have addressed the impact of EGCG treatment on
estrogen regulated cellular phenotypes or molecular pathways. Hence, this study
seeks to address the combinatorial effect of EGCG and B-estradiol (E2) on

proliferation and invasion of human breast cancer cells.

The ability of EGCG to modulate the expression and activity of gelatinases, as
demonstrated in other studies has emerged as an important lead, since they
project EGCG (or green tea) as a potential anti-invasive or anti-metastatic agent
(Farabegoli et al., 2011; Sen et al., 2009). However, the mechanistic details of

EGCG mediated modulation of gelatinolytic activity have not been addressed
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Chapter I Introduction

adequately. The present study aims to unravel the molecular mechanism of

EGCG mediated inhibition of gelatinolytic activity.

TIMPs are important modulators of MMP activity and an imbalance in MMP-
TIMP ratio drive tumorigenesis. TIMP-3 over-expression in tumor cells is known to
cause reduced primary growth, angiogenesis and induce apoptosis (Deng et al.,
2006; Zhang et al., 2010). In breast cancer cells, TIMP-3 repression has been
linked to promoter DNA hypermethylation, which has been reported in 20-27%
cases of primary breast tumors and invasive ductal carcinoma (Bachman et al.,
1999; Lui et al., 2005). However, other epigenetic silencing mechanisms such as
aberrant histone methylation and deacetylation patterns at the TIMP-3 gene locus
have not been characterized in breast cancer. The potential of green tea
polyphenols (GTPs) to counteract cancer related epigenetic aberrations, by
modulating the activity and expression of DNA methyltransferases (DNMTs) and
histone modifying enzymes, is well known (Khan et al., 2012; Thakur et al,
2014). However, the effect of GTPs or EGCG on TIMP-3 expression, in particular,
has not yet been elucidated. This study seeks to explore and address the

epigenetic regulation of TIMP-3 by GTPs and EGCG.

The work presented in this thesis was carried out with the following specific

objectives:

1. To study the combinatorial effect of EGCG and E2 on proliferation,
apoptosis, cell cycle distribution, gelatinolytic activity, migration and
invasion of human breast cancer cells.

2. To obtain mechanistic insights into EGCG driven modulation of
gelatinolytic activity.

3. To address the epigenetic mechanisms underlying TIMP-3 repression and
study the effect of EGCG or GTP treatment on TIMP-3 expression in human

breast cancer cells.
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Parts of this chapter have been published in Deb et al. (2013), Epigenetics: official
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Chapter 1I Review of literature

BREAST CANCER - AN OVERVIEW

Cancer is a broad group of diseases characterized by uncontrolled cell growth
and proliferation culminating in tumor formation and metastatic dissemination to
other tissues. Conceptual progress made in cancer research over the past four
decades have highlighted some essential hallmarks of cancer that provide a
logical framework to understand the mechanistic underpinnings of the diverse
and complex nature of neoplastic diseases. The acquired capabilities that dictate
malignant transformation include growth signal autonomy, insensitivity to
growth suppressors, resistance to cell death, replicative immortality, promotion of
angiogenesis, modification or reprogramming of cellular metabolism, evading
immune surveillance, tumor invasion and metastasis (Hanahan and Weinberg,

2011).

Based on the site of origin, there are more than 100 different types of cancers.
Breast cancer is one of the most common malignancies and accounts for majority
of cancer-related mortality among women worldwide. It represents a complex and
heterogeneous group of pathologies that originate in the tissues (ducts or lobules)
of the breast (Figure 2.1), with diverse histo-pathological features and clinical
outcomes. Broadly breast cancer can be categorized into two types — ductal and
lobular carcinoma. Ductal carcinoma is the most common type of breast cancer
and originates in the lining of the milk ducts. Lobular carcinoma begins in the
lobules (milk glands) of the breast. Both types of carcinoma have their benign
and invasive forms namely ductal carcinoma in situ (DCIS), lobular carcinoma in
situ (LCIS), invasive (infiltrating) ductal carcinoma (IDC) and invasive (infiltrating)
lobular carcinoma (ILC). There are additional sub-types of invasive breast
carcinoma, which are often classified by the features observed under the
microscope. Examples include denoid cystic (or adenocystic) carcinoma, low-
grade adenosquamous carcinoma (a type of metaplastic carcinoma), medullary
carcinoma, mucinous (or colloid) carcinoma, papillary carcinoma and tubular

carcinoma.
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Terminal ductal-lobular unit

Luminal cells

Myoepithelial cells

Progenitor
Stem cell
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Stromal fibroblasts
Basement membrane

Figure 2.1. Schematic representation of terminal ductal-lobular unit of human breast in
non-lactating women. Adapted from Dimri et al. (2005)

Breast Cancer Statistics

Although breast cancer occurs in both men and women, this malignant disease is
more common among women and accounts for one tenth of all new cancers
diagnosed worldwide (Kamangar et al., 2006). According to the GLOBOCAN 2012
data (Ferlay et al; 2012), provided by International agency for Research on
Cancer (IARC), WHO, the estimated number of breast cancer cases and the
associated mortality rate in females across all ages in India was reported to be
27% and 21.5% respectively (Figure 2.2). When compared to world breast cancer
statistics, the incidence and mortality rate of breast cancer is higher in India

(Figure 2.2 and 2.3).
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A. Cancer incidence: India (Females) B. Cancer mortality : India (Females)
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Figure 2.2. Cancer incidence and mortality rates among females (all ages) in India. Panel
A: Estimated number of cancer cases (all ages, total: 537452) among females. Panel B:
Estimated number of cancer related deaths (all ages; total: 326100) among females. Source:
GLOBOCAN 2012 (IARC,WHO)

A. Cancer incidence: World (Females) B. Cancer mortality : World (Females)

Breast: 521 817
Breast: 1676 633 (14.7%)
[25.2%) Cther: 1,042 993
(29.4%)
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(13.8%)
Colorectum: 614,304 0 .
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B2%) (3.4%)
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35%)

Cvary: 238719
(36%)
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(4.8%)

Stomach: 320 301
[4.8%)

Figure 2.3. Cancer incidence and mortality rates among females (all ages) in the world.
Panel A: Estimated number of cancer cases (all ages, total: 6663001) among females. Panel B:
Estimated number of cancer related deaths (all ages; total: 3547898) among females. Source:
GLOBOCAN 2012 (IARC,WHO)
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Chapter 1I Review of literature

Risk Factors

The strongest determinant of risk for developing breast cancer among females is
age. However the risk of breast cancer occurrence is not same for all women in a
given age group. Females with the following risk factors have increased chances

of developing breast cancer (Source: National Cancer Institute, USA)-

e Genetic alterations in genes such as BRCA-1 and BRCA-2

e Family history

e Reproductive or menstrual history

e Long term use of post-menopausal hormone therapy

e Radiation therapy

e Body weight

e Race - breast cancer diagnosed more often in white women than in African
American/black, Hispanic/Latina, Asian/Pacific Islander, or American
Indian/Alaska Native women.

e Alcohol consumption
Molecular profiling of breast cancer

Based on traditional immuno-histochemistry (IHC) techniques, breast cancer
used to be broadly categorized into 3 major classes: Hormone-receptor-positive
[Estrogen receptor (ER) and Progesterone receptor (PR)], Human Epidermal
Receptor (HER) 2/neu-positive and triple negative (ER negative, PR negative,
HER2 /neu negative) breast cancers (Kittaneh et al.,, 2013; Sorlie et al., 2001;
Sorlie et al., 2003). However, in recent years seven different subtypes of breast
cancer have been identified based on genome-wide expression profiling and
hierarchical clustering (Hu et al.,, 2006; Huang et al., 2003; Perou et al., 2000).
The subtypes include luminal A, luminal B, luminal C, HER2-enriched, basal
like, claudin low and normal breast like. All of these breast cancer subtypes
display distinct features and natural histories (Kittaneh et al., 2013). In general
luminal A type tumors have the best, and basal like (triple negative) tumors the
worst, prognosis. Each subtype varies in terms of response to therapy directed
against them and overall survival, highlighting the need for a more specific and

personalized treatment regimen.
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Current treatment regimen

Treatment options available for breast cancer management include surgery,
chemotherapy, radiation therapy, hormonal therapy and targeted therapy. The
treatment for a particular patient depends on her risk profile, stage of the disease
(depending on the tumor size, location, involvement of lymph nodes) and extent
of metastasis. Surgery, radiation therapy and chemotherapy are general
treatment options, which are routinely used in the treatment of any cancer type.
But, hormone therapy is a specialized treatment option available for the
management of hormone receptor (ER, PR, and Her2) positive breast cancers and
involves the administration of aromatase inhibitors, selective estrogen receptor

modulators (SERMs) and estrogen receptor down-regulators.

Endocrine therapies utilize drugs such as tamoxifen, herceptin and aromatase
inhibitors (letrozole and exemestane) for ER-positive and Her2-overexpressing
tumors (Curran and Wiseman, 2001; McDonnell et al., 1995; Peng et al., 2009).
Chemotherapy is the standard treatment for tumors that are poorly differentiated
and lack Her2, ER and PR. More effective therapeutic strategies with minimum
side effects are therefore needed to improve the clinical outcome of patients with
breast cancer (Hayes, 2000). Targeted therapies are designed to target only
cancer cells as opposed to chemotherapy which destroys healthy, normal cells as
well. This treatment strategy includes drugs such as avastin, herceptin and

tykerb.

ROLE OF ESTROGEN AND ER IN BREAST CANCER

The ovarian steroid hormone E2 plays a pivotal role in controlling multiple
physiological processes which include normal functioning and maintenance of
reproductive, skeleton, cardiovascular and central nervous systems (Gruber et
al., 2002). Main target organs of estrogen in females include uterus, vagina,
mammary glands and ovaries, while in males the target organs comprise the
testes, prostate and epididymis. Although E2 has been shown to be an important
regulator of normal breast morphogenesis and physiology, it has been also
implicated in breast pathogenesis (Daniel et al., 1987; Gruber et al., 2002;
Mueller et al., 2002). Experimental and epidemiological studies have established

that there exists a positive correlation between breast cancer risk and lifetime

8
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high estrogen exposure due to early menarche, late menopause and estrogen
replacement therapy (Ikeda and Inoue, 2004; Pike et al., 1993). In vitro
experiments have demonstrated that cells derived from breast and uterine
tumors show enhanced cell proliferation in response to estrogenic stimulation
(Foster et al., 2001; Holinka et al., 1986). Hence it is reasonable to assume that
estrogen stimulated cell proliferation would result in increased spontaneous DNA

replication errors, which may ultimately contribute to malignant transformation.

At the molecular level, majority of estrogen actions concerning the regulation of
genes that orchestrate survival and proliferation are mediated through the ER
(Osborne et al., 2001). Majority of early human breast tumors show high ER
expression levels as compared to normal breast tissue. ER status also correlates
with histological grade of tumors. ER negative breast tumors are of high
histological grade and display aggressive phenotype (Clarke et al., 1994). Most ER
positive tumors respond to anti-estrogen therapy utilizing ER antagonists such
as tamoxifen. Since the tumors become resistant to tamoxifen over the course of
treatment, a combined treatment regimen is preferred which involves the
administration of both anti-estrogens and aromatase inhibitors such as letrozole
and anastrazole. In summary, a substantial body of evidence suggests a key role

of estrogens in breast tumorigenesis.

Estrogen Receptors (ERs)

ER has two subtypes — ERa and ERP, which belong to the steroid/retinoid
receptor gene superfamily and share structural similarity as well as mode of
action (Ikeda and Inoue, 2004). Both these receptors have been reported to be
expressed in bone, breast, urogenital tract cardiovascular tissue, gastrointestinal
tract and central nervous system (Campbell-Thompson et al., 2001; Gustafsson,

19909).

The structure and domain composition of these receptors are represented in
Figure 2.4. There are four distinct functional domains present in these receptors
— the N-terminal A/B region, the mid region also called the C- region or DNA
binding domain (DBD), the D-domain or the hinge region and the C-terminal
ligand binding domain (LBD) or E/F domain (Weihua et al., 2003). A/B region

modulates transcription through the activation function 1 (AF-1) sequence and

9
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also interacts with p160 family of co-activators. AF-1 function is hormone or
ligand independent. C domain participates in receptor binding to DNA through
two zinc finger motifs. The hinge region plays an important role in regulating the
conformation of the receptor by acting as a site of rotation and has been also
implicated in the nuclear localization as well as DNA binding. LBD has multiple
functions which include E2 (ligand) binding, receptor dimerization and
interacting with heat shock proteins. This domain also harbors activation
function 2 (AF-2), which requires hormone binding for its function. The function
of F-domain is poorly understood. It may play a role in modulating estrogen and
anti-estrogen responses and determine ERa/ERP effects at the AP-1 sites

(Weatherman and Scanlan, 2001).

1 180 263 302 553 595
Human ERa A/B [ ¢ [ D | E F
AF-1 ipBD | =D
AF-2
30% i96%; 30% 53%

i 14
Human ERB

AF-1 DBD LBD

8 {214 304 500 530
D E

Figure 2.4. Schematic representations of human ERa and ERB. ERs are composed of six
regions (A-F). Percentage of amino acid identities between the corresponding regions is shown.
DBD-DNA binding domain, LBD-Ligand binding domain, AF-1- activation function-1, AF-2-
activation function-2

Mechanisms of ER mediated regulation of gene expression

Ligand dependent mode of action
The classical (ligand dependent) mode of action of ER involves regulation of genes
harboring estrogen response elements (EREs) in their promoter region. Before

binding to the ligand (E2), ERs are sequestered in the cytoplasm of target cells as

10
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multiprotein inhibitory complexes in association with heat shock proteins (HSP
50, 70 and 90). Binding of E2 to ER leads to the dissociation of the HSPs and
induces a conformational change in the receptor, which leads to its dimerization.
The hormone-receptor complex then translocates into the nucleus and regulates
the transcription of ERE containing target genes (Klinge, 2001). The consensus
ERE sequence: 5-GGTCAnnnTGACC-3’ (where n denotes any random nucleotide)
has been defined, based on the vitellogenin gene from Xenopus laevis (Klinge,
2001). The transcription of ERE regulated genes may be induced or repressed by
the E2-ER complex, depending on the promoter context and cell type.
Furthermore, promoter bound ER interacts with other cofactors (co-activators or

co-repressors) to module target gene expression.

ERE independent genomic mechanism

Several non-ERE containing genes, have been also shown to be regulated by
estrogen. Examples include genes encoding collagenase, ovalbumin, uteroglobin,
Cyclin D and Cathepsin D (Duffy, 2006). In this mode of action, E2-ER complex
interacts with DNA bound transcription factors at non-ERE sites such as AP-1,
SP-1, NF-kB, upstream stimulatory factor (USF) and cAMP-like response element
(CRE) sites (Jakacka et al., 2001; Kushner et al., 2000).

Estrogen independent mechanism

ER transcriptional activation has been demonstrated to be mediated by other cell
surface signalling pathways involving EGF, HER2 and IGF, in addition to
estrogen (Weigel and Zhang, 1998). EGF or IGF-1 mediated ER activation involves
phosphorylation of ER at Serine-118 through mitogen-activated protein kinase
(MAPK) signalling (Ali et al., 1993; Kato et al., 1995).

Non genomic mechanisms

Cellular response of estrogen action through classical genomic pathway, like
other steroid hormones, occurs slowly following exposure to the hormone.
However, some effects of estrogen on target cells are rapid, which cannot be
inhibited by transcription or translation inhibitors. These rapid changes include
activation of adenylate and guanylate cyclases, nitric oxide synthase, MAPK
pathway and changes in membrane transport of sodium and calcium ions (Hall et
al., 2001; Sak and Everaus, 2004). Some of these effects are believed to be

mediated by cell surface receptors such as membrane bound ERs, G-protein

11
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coupled receptor 30 (GPR30) and sex hormone binding globulin (SHBG) receptor
(Fortunati et al., 1999; Marquez and Pietras, 2001; Scaling et al., 2014).

ER dependent mechanism of breast carcinogenesis

Estrogens through their receptor mediated actions induce proliferation of
immature and mature breast tissue (Hofseth et al.,, 1999), a factor causally
related to tumorigenesis. The mechanisms by which increased cell proliferation
facilitates cancer development has been described in detail by Preston-Martin et
al. (1990). They pointed out that in rapidly dividing cells, the chances for errors
in DNA replication are more. As the repair mechanisms operate less effectively
due to short period of time in fast dividing cells, the DNA adducts or breaks may
get converted into inheritable genetic mutations. ER mediated effects can also
activate proto-oncogenes or oncogenes which synergize with other mutational

events and promote oncogenesis.
ER independent mechanism of breast carcinogenesis

Experimental and clinical evidences suggest that ER independent mechanisms of
estrogen action may also be involved in breast carcinogenesis (Eisen et al., 2005;
Foulkes et al., 2004; King et al.,, 2001; Lakhani et al., 2002; Rebbeck et al.,
2009). Direct genotoxic effect of estrogen metabolites has been postulated to be a
result of ER independent effects of estrogens (Cavalieri et al., 2006; Fernandez et
al., 2006; Yager and Davidson, 2006). In the breast tissue, metabolism of E2 to
form 2,3- and 3,4- catechols catalyzed by cytochrome P450 enzymes, which are
further converted to 2,3- and 3,4- quinones by oxidative metabolism, can cause
DNA damage (Cavalieri et al., 2006). Furthermore, 3, 4-quinones form unstable
adducts with adenine and guanine, which undergo depurination and form
apurinic sites in the DNA backbone. These apurinic sites, through error prone
DNA repair, results in the generation of point mutations. Interestingly, recent
studies indicate that the levels of depurinating estrogen-DNA adducts are
significantly higher in urine samples of women, who are at high risk or have
breast cancer than those who are at normal risk for the disease (Gaikwad et al.,
2008; Gaikwad et al., 2009). Cytochrome P450 reductase catalyzes the

conversion of 2,3- and 3,4-quinones to semi-quinones. This establishes a redox
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cycle to generate reactive oxygen species that cause oxidative damage to DNA

(Cavalieri et al., 2000).
Mechanisms of endocrine resistance in breast cancer

Most of the newly diagnosed breast tumors express ERs and are initially
responsive to endocrine therapy. Endocrine therapy involves administration of
anti-estrogens and aromatase inhibitors. Anti-estrogens such as fulvestrant and
tamoxifen bind to ERa and neutralize ER mediated downstream signaling
whereas aromatase inhibitors such as letrozole and exemestane block estrogen
synthesis (Curran and Wiseman, 2001; McDonnell et al., 1995). As shown in
Figure 2.5, initially the tumors respond to hormone blockade and there is tumor
regression. But over the course of treatment, majority of hormone responsive

tumors acquire hormone resistance and relapse as incurable metastatic tumors.

Anti - hormone Tumor Hormone independent Tumor invasion,
therapy regression tumor cells take over metastasis

Hormone Dependent Hormone Independent

Figure 2.5. A schematic showing emergence of hormone independent state in breast
cancer progression. Red circles represent hormone independent cells, blue circles represent
hormone responsive cells and grey circles represent tumors cells targeted by endocrine therapy
undergoing cell death.

Breast cancer cells which inherently lack ER expression become de novo
resistant to endocrine therapy and therefore more than 90% of ER-negative
tumors do not respond to anti-estrogen therapy. Mechanisms that have been
proposed to explain the emergence of acquired hormone resistance in breast

cancer may be broadly divided into three categories: (1) Loss or down-regulation
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of ER expression, (2) aberrant ER signaling and (3) ligand independent ER
activation. Clonal selection of ER-negative and estrogen insensitive cells during
endocrine therapy has been reported to be a major cause of loss of ER expression
(Sonoo et al., 1999). Hypermethylation of ER promoter may also lead to its
repression during tumorigenesis (Lapidus et al., 1998). Furthermore, hypoxic
microenvironment in the tumor due to tumor size and hormonal factors has been
also demonstrated to repress ER expression by HIF-la mediated proteasomal

degradation of ER (Hockel and Vaupel, 2001; Stoner et al., 2002).

Experimental and clinical evidences suggest that overexpression of HER2 /EGFR
family of growth factor receptors is closely associated with development of
endocrine resistance, particularly to tamoxifen (Massarweh and Schiff, 2007).
The cross talk among alternative (non-classical) signaling pathways has been also
shown to activate ER in the absence of ligand mainly by the phosphorylation of
ER at different sites (Al Saleh et al., 2011; Osborne et al., 2001). The discovery
that estrogen independent activation of ER and tumor growth may occur via
alternative signaling pathways involving epidermal growth factor receptor (EGFR),
HER-2, MAPK, PI3K and vascular endothelial growth factor (VEGF) receptors,
have prompted the development of novel therapeutic agents in breast cancer

management.

In metastatic breast cancer, a missense mutation at tyrosine 537 residue in the
ligand binding domain of ER protein has been reported (Weis et al., 1996). This
mutant ER was found to be constitutively active in the absence or presence of
any ligand (E2 or tamoxifen) and has been associated with the development of
hormone independent state in breast tumorigenesis. However, its clinical
significance is questionable as other studies have reported this mutation only in
1% of primary breast cancer cases, most of which cause no change at the protein
level (Roodi et al., 19935). Furthermore, upregulated AKT activity in breast cancer
cells causes phosphorylation at serine 167 residue in the ER protein, resulting in
its activation (Campbell et al., 2001). Interestingly, elevated AKT1 activity and
AKT3 overexpression has been linked to estrogen independent growth and
aggressive phenotype of breast tumors (Faridi et al., 2003; Sun et al.,, 2001).
Other factors reported to cause endocrine resistance include drug
pharmacokinetics, host endocrinology and immunological changes (Clarke et al.,

2001).
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TUMOR INVASION AND METASTASIS

Metastasis is a complex, multistep process in which tumor cells escape from the
primary site of tumor formation by invading through the basement membrane.
They enter the vasculature, survive in the absence of adhesion, extravasate and
finally establish a new tumor at a distant site in a favorable microenvironment.
Among various molecular players involved in this process, matrix
metalloproteinases (MMPs), a family of zinc dependent endopeptidases, have

emerged as important regulators.
Matrix remodelling and MMPs in breast tumorigenesis

The ECM in association with various stromal cell types such as fibroblasts,
adipocytes, endothelial and immune cells constitute the breast
microenvironment. The tumor microenvironment is now recognized as a major
regulator of breast carcinogenesis and response to treatment (Place et al., 2011).
Tumor progression is a complex process that involves multiple steps and one of
the pivotal steps in this process of carcinogenesis and metastasis is the
degradation of the ECM, carried out by a range of proteases including the MMPs
(Hadler-Olsen et al.,, 2013). MMPs normally function in tissue remodeling and
wound healing processes and are predominantly synthesized by fibroblast cells.
Aberrant MMP activity has been implicated in a number of pathological
conditions especially in tumor progression and metastasis. In addition to
degrading ECM components, MMPs further contribute to tumorigenesis by
activating various chemokines, cytokines, growth factors and adhesion
molecules, which promote tumor cell proliferation (for example MMP-3 and -7
release insulin like growth factor from ECM) and angiogenesis (for example
MMP-1,-2,-9 and -14 mediated activation of angiogenic factors) (Schor and Schor,
2001). Beside MMPs, multiple other cellular proteins such as ECM proteins,
integrins and other adhesion signaling receptors are also involved in cell

migration (Schor and Schor, 2001).

MMP structure and composition

Although all MMPs share a common multi-domain structure consisting of an N-

terminal signal peptide domain, a pro-domain, a Zinc ion containing catalytic
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domain and a hemopexin-like domain; some deviations from this general
structure have been reported (Visse and Nagase, 2003). For example gelatinases
(MMP-2 and MMP-9) contain three fibronectin type II-like modules inserted
within their catalytic domain (Figure 2.6), matrilysins (MMP-7 and MMP-26) are
devoid of the hemopexin-like domain and the membrane-type MMPs contain a
transmembrane domain at the C-terminal end of the hemopexin-like domain
(Murphy et al.,, 1994). These inherent unique structural variations present
opportunities for designing novel therapeutic strategies selectively targeting a
particular MMP class.

The signal peptide is hydrophobic in nature and acts as a secretory signal for the
enzyme to be transported out of the cells.The Pro-domain shields the already
formed active site in the zymogen (Pro-MMP) and blocks substrate access, thus
keeping enzyme in an inactive or latent state. A mechanism called “cysteine
switch” where the sulfhydryl group of the conserved cysteine residue coordinates
with the zinc ion present in the catalytic centre, maintains the MMP in a latent
state (Van Wart and Birkedal-Hansen, 1990). The basic architecture of the
catalytic domain, known as the matrixin fold, consists of a five-stranded [ sheet
and three a helices. This structure is highly conserved in MMPs and is unaffected
by insertion of the fibronectin domains. MMP-2 and MMP-9 have three repeats of
fibronectin-type II domain inserted between the fifth  strand and helix 2 in the
catalytic domain. The catalytic domain consists of a catalytic zinc ion and a zinc-
binding (HEXXHXXGXXH) motif required for the Zn2+-binding in the active site of
the enzyme (Visse and Nagase, 2003). The C-terminal hemopexin-like domain
determines the substrate specificity of the MMPs. The hemopexin domain is

connected to the catalytic domain through a small proline-rich hinge region.
Regulation of MMP activity

MMPs are stringently regulated at multiple levels which include regulation at
transcriptional, post-transcriptional and translation levels as well as their
interaction with activators or inhibitors and cell surface localization. Most MMPs
have overlapping substrate specificities. Hence the biological function of a
particular MMP is largely dictated by their variable pattern of expression and is
often indicative of their unique roles. In line with this, most MMPs are controlled

at the transcriptional level, except MMP-2 which is regulated via a unique
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activation mechanism and post-transcriptional mRNA stabilization (Overall et al.,
1991; Strongin et al., 1995). Various inducible and suppressive stimuli affecting
multiple signalling pathways regulate MMP gene expression. For example,
cytokines and growth factors including interferons, interleukins, VEGF, tumor
necrosis factor o (TNFa), platelet derived growth factor (PDGF) and the
extracellular matrix metalloproteinase inducer EMMPRIN influence expression of
MMPs by inducing the activation or expression of c-fos and c-jun proto-
oncogenes. These gene products heterodimerize and bind to MMP gene promoters
harboring activator protein-1 (AP-1) sites (Sternlicht and Werb, 2001). In some
cases, same signal may have variable effects on different MMP promoters; for
example, TGF-$ represses MMP-1 and MMP-3 while it has an inducible effect on
the transcription of MMP-13 (Uria et al., 1998).

At the post-transcriptional level, several MMP transcripts are stabilized by mRNA
stabilization; for example, phorbol esters and EGF stabilize MMP-1 and MMP-3
mRNA and PDGF and glucocorticoids stabilize MMP-13 transcripts (Delany et al.,
1995; Vincenti, 2001). The mRNA turnover in the case of MMP-1 was shown to be
regulated by AU-rich sequence elements in the 3-UTR (Vincenti, 2001). Most of
the MMPs are constitutively secreted after translation but there are reports which
suggest that secretory control does play a role in the regulation of some MMPs. In
bone marrow, differentiating granulocytes synthesize MMP-8 and MMP-9 and
store them in the granules of circulating neutrophils until its activation during
inflammation (Hasty et al.,, 1990). Most MMPs are first synthesized and secreted
as pro-enzymes and maintained in a latent state, which are later activated by
cysteine switch mechanism, when required for a cellular function. Unlike other
MMPs, MMP-11, MMP-27 and MT-MMPs harbor an RXK/RR furin-like
recognition motif are activated by intracellular subtilisin-type serine proteases,
thus allowing them to be activated before they reach cell surface or secreted out
of the cell (Pei and Weiss, 1995). Outside the cell, latent MMPs can be activated
by already activated MMPs or by serine proteases. As an exception, MMP-2 is
activated at the cell surface by a unique mechanism involving MT-MMPs and
TIMP-2 and is thus refractory to activation by serine proteases (Strongin et al.,

1995).

17
TH-1292_ 09610613



Chapter 1I Review of literature

TIMPs: Endogenous MMP inhibitors

TIMPs are natural inhibitors of MMPs and are involved in diverse biological
processes including cell growth, tumor progression, apoptosis, invasion,
metastasis and angiogenesis (Visse and Nagase, 2003). Four different TIMP
(TIMP-1, -2, -3, -4) proteins are described in human and all four inhibit active
form of most MMPs but with different affinities, by binding to the enzyme in a
1:1 stoichiometry through strong non-covalent interactions (Bode et al., 1999)

[Figure 2.6].

MMP-2 i

Fibronectin

Catalytic type Il domains

C-terminus

Inhibitory
MN-terminus

Figure 2.6. Structure of the pro MMP-2 /TIMP-2 complex. Adapted from Morgunova et al.
(2002)
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MMP inhibitors — development and failures

Till date, many different MMP inhibitors (MMPIs) have been designed to target
MMPs in cancer (Hidalgo and Eckhardt, 2001). The first generations of MMPIs
were peptidomimetics that mimic the structure of collagen at the site where
MMPs bind to cleave it. They act as competitive inhibitors and chelate the zinc
ion present at the MMP's active site (Hidalgo and Eckhardt, 2001). Most of these
inhibitors in clinical development were hydroxamate derivatives such as
Batimastat and Marimastat but they failed in clinical trials due to their low
bioavailability and poor specificity for the MMPs thought to be involved in cancer
progression (Day and Cohen, 2013). In order to combat these problems, non-
peptidomimetic inhibitors were designed on the basis of the three-dimensional x-
ray crystallographic conformation of the MMP active site. Some of the drugs
tested in this category were tanomastat, prinomastat, BMS-275291 and
CGS27123A. Results from these trials were disappointing and required early
termination due to the poor survival of patients caused by dose-limiting toxicity.
Some other classes of drugs which were tested for MMP inhibition include
Tetracyclines and Biphosphonates (Fisher and Mobashery, 2006). However, all

clinical trials of these MMPIs in advanced cancer patients have failed.

MECHANISMS OF BREAST TUMORIGENESIS

Breast tumorigenesis involves succession through defined clinical and
pathological stages. It begins with hyper-proliferation of ductal epithelial cells,
followed by progression into in situ and invasive carcinomas, and finally
metastasis (Figure 2.7). At the molecular level, breast cancer initiates due to
transforming events (genetic and epigenetic alterations) in a single -cell.
Accumulation of additional genetic changes combined with clonal expansion and
selection drives tumor progression. Aberrant changes in breast tumor
microenvironment (composed of extracellular matrix, fibroblasts, endothelial
cells, myoepithelial cells, leukocytes and other cell types) also plays an important

role in tumorigenesis.
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Figure 2.7. Hypothetical model of breast tumorigenesis. Reproduced with permission from
Polyak (2007)

Genetic alterations and breast cancer

Inherited genetic mutations and acquired genomic aberrations are known to drive
breast tumorigenesis. Germ line mutations in high-penetrance breast cancer
susceptibility genes such as BRCAI, BRCA2 and TP53 have been reported to
account for less than 25% of excess risk. However some recent studies have
identified allelic variations and single nucleotide polymorphisms (SNPs) in
moderate — and low- penetrance genes such as FGFR2, CASP9, LSP1, MAP3K1
and TNRC9 to be also associated with increased breast cancer risk (Cox et al.,

2007; Easton et al., 2007; Hunter et al., 2007; Stacey et al., 2007).

High throughput next generation sequencing (NGS) of breast tumor genomes
from all major molecular subtypes have discovered some key somatic alterations
driving breast carcinogenesis. Some major studies in recent years have revealed
the genetic landscape of breast cancer based on the sequencing results from
some of the largest ever breast cancer datasets reported till now (Banerji et al.,
2012; Curtis et al., 2012; Ellis et al., 2012; Shah et al., 2012; Stephens et al.,
2012). Stephens and co-workers studied somatic copy number changes and
mutations in 100 breast tumor genomes, and identified mutations in new cancer
genes such as AKT2, ARID1IB, CASP8, CDKN1B, MAP3KI1, MAP3K13, NCORI,
SMARCD1 and TBX3 that could emerge as key therapeutic targets
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(Stephens et al., 2012). Assessment of mutations, copy number and gene
expression pattern in triple negative breast cancers highlighted that mutations
may arise at several stages of tumorigenesis as the copy number aberrations and
mutations vary significantly within the tumors (Shah et al.,, 2012). Ellis and
colleagues assessed the genomes of ER positive breast tumors and showed that
tumors having large number of cells expressing Ki67, a protein associated with
resistance to aromatase inhibitors, have high frequency of somatic mutations
compared to tumors harboring low Ki67 positive cells (Ellis et al., 2012). Some of
the most frequently mutated genes in breast cancer have been summarized in
Table 2.1.

Table 2.1. Top 21 most commonly mutated genes in breast cancer. Mutation frequencies (%) in
all tumors or just within luminal (including HER2") and triple negative breast cancer (TNBC)
subtypes

Gene All (%) Luminal TNBC
TP53 35 26
PIK3CA 44
GATA3 13
MAP3K1
MLL3
CDH1
USH2A
PTEN
RUNX1
MAP2K4
NCOR1
RB1
TBX3
PIK3R1
CTCF
NF1
SF3B1
AKT1
CBFB
FOXAl
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Table reproduced with permission from Polyak and Metzger Filho (2012)
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Epigenetic modifications and breast cancer

DNA methylation at CpG islands in the promoter region and covalent chemical
modification of less structured, protruding N-terminal tails of core histones by
methylation, acetylation, ubiquitination and phosphorylation, have emerged as
two integral mechanisms of epigenetic regulation (Jones and Baylin, 2002). These
epigenetic alterations in DNA which do not alter the nucleotide sequence are
inheritable and potentially reversible unlike genetic changes. The transcription
state of any gene may be predicted by deciphering the histone modification
pattern at the promoter which is often referred to as the Histone Code (Sims and

Reinberg, 2008).

DNA methyltransferases (DNMTs) catalyze addition of a methyl group at position
5 of a cytosine ring in the CpG dinucleotide sequences, which are densely
enriched in gene promoters (Jones and Takai, 2001). DNMT1 is required for
ensuring the maintenance of methylation patterns throughout each cell division
whereas DNMT3A and 3B are de novo methyltransferases (Klose and Bird, 2006).
In mammalian cells, DNA methylation is involved in controlling normal gene
expression patterns; it has been shown to regulate processes such as X-
chromosome inactivation and genomic imprinting, among several others
(Csankovszki et al., 2001; Jones and Takai, 2001; Kaneda et al., 2004). During
oncogenesis, silencing of critical tumor suppressor genes is often associated with
aberrant DNA methylation patterns at their promoter regions (Jones and Baylin,

2002).

In addition to promoter DNA hypermethylation, two discrete histone
modifications i.e. histone H3 lysine 27 trimethylation (H3K27me3) and histone
H3 lysine 9 dimethylation (H3K9me2) catalyzed by histone lysine
methyltransferases, contribute significantly to epigenetic silencing mechanism in
mammals (Cao and Zhang, 2004; Jenuwein and Allis, 2001; Jenuwein et al.,
1998; Stewart et al., 2005; Tachibana et al., 2005). H3K27me3 mediated gene
silencing involves evolutionarily conserved family of chromatin modulators called
Polycomb group (PcG) proteins (Schuettengruber et al., 2007). PcG proteins
represent multi-protein complexes, which include the Polycomb repressive
complexes: PRC1 and PRC2. H3K27me3 is a distinct histone modification

catalyzed by histone methyltransferase enhancer of zeste homolog 2 (EZH2),
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which is the catalytic component of PRC2, involved in the regulation of homeotic
(Hox) gene expression and in the early steps of X-chromosome inactivation in
women (Boyer et al.,, 2006; Schuettengruber and Cavalli, 2009). PcG proteins
play cardinal roles in establishing the repressed state of several genes during
development and maintenance of embryonic stem cell (ESC) identity and
pluripotency. Recent studies imply that PcG proteins are often deregulated in
various cancer types and their over-expression is closely associated with
carcinogenesis (Chase and Cross, 2011; Sauvageau and Sauvageau, 2010;
Sparmann and van Lohuizen, 2006). EZH2 catalyzed H3K27me3 may serve as a
docking site for PRC1, as well as DNA methyltransferases (DNMTs) (Figure 2.8).
EZH2 mediated H3K27me3 may be an independent mechanism of epigenetic
silencing of tumor suppressor genes in cancer (Kondo et al., 2008; Rush et al.,
2009). Recent findings implicate that EZH2 is over-expressed in a wide range of
cancer types especially in endocrine related cancers such as breast and prostate

cancers (Kleer et al., 2003; Varambally et al., 2002).
Polycomb group (PcG) proteins — composition, recruitment and action

PcG proteins are a phylogenetically conserved group of multimeric protein
complexes, initially characterized in Drosophila for their crucial role as negative
regulators of homeotic genes required for segmentation (Lewis, 1978). PRC1
composition is variable and its core components in mammals include Bmil (also
known as Pcgf4), Ringlb, Ringla, and CBX proteins, PH1, PH2, NSPC1 (Pcgfl)
and MEL18 (Pcgf2) (Levine et al.,, 2002; Yu et al., 2012). Ring la and Ring 1b
ubiquitin ligases catalyzes mono-ubiquitination of Histone 2A at Lys 119
(H2AK119ub), which causes PRC1 dependent gene silencing (Wang et al., 2004).
ncRNA (non coding RNA) and H3K27me3 facilitate PRC1 recruitment to the target
genes (Yap et al., 2010). It blocks the ATP-dependent remodelling activity of
SWI/SNF in vitro and thus maintains the repressed state of genes (Shao et al.,

1999) (Figure 2.8).

The mammalian PRC2 core complex consists of four components: EZH1/2,
SUZ12, EED and RbAp46/48 (also called RBBP7/4) that catalyses the di-/tri-
methylation of Histone 3 at lysine 27 (Margueron et al., 2008; Schuettengruber et
al., 2007). Recent reports suggest that there are additional PRC2 components -
AEBP2, PCLs and JARID2, which function as accessory units regulating the

23
TH-1292_ 09610613



Chapter 1I Review of literature

function and enzymatic activity of PRC2 holoenzyme (Kim et al., 2009; Nekrasov
et al., 2007; Walker et al., 2010) (Figure 2.8). Despite the dynamic composition of
PRC2, EZH1/2 remains its integral component for catalyzing H3K27
di/trimethylation (Abel et al., 1996). EZH1 and EZH2 are two paralogs and PRC2-
EZH1/PRC2 -EZH2 complexes function differently to maintain the repressed
state of chromatin (Margueron et al., 2008). EZH1 expression has been reported
in dividing as well as differentiated cells whereas EZH2 is found in only
proliferating tissues (Bracken et al.,, 2003; Margueron et al., 2008). Since both
are part of PRC2 complexes, they regulate an overlapping array of target genes.
Intriguingly, PRC2-EZH1 has low histone methyltransferase (HMTase) activity
compared to EZH2 containing PRC2 complex, which suggests that the
H3K27me3 repressive mark is established by PRC2-EZH2 (Margueron et al.,
2008). HMTase activity of PRC2-EZH1 may function in restoring the repressive
methylation pattern (H3Kme2/-me3) of histones that could have resulted after

demethylase activity or histone exchange.
EZH2 and its role in PRC2 complex

Human EZH2 gene maps to the long arm of chromosome 7 at position 7q35 and
encodes 746 amino acids protein, which belongs to histone-lysine
methyltransferase family (Cardoso et al., 2000). EZH2 contains several functional
domains which are involved in mediating its interaction with other PRC2 and
regulatory proteins besides histone methyltransferase activity. The major
domains include CXC (cysteine-rich domain), SET (Su(var)3-9, enhancer of zeste,
trithorax domain), ncRBD (non-coding RNA-binding domain) and a DNA binding

domain (Margueron and Reinberg, 2011).

Although mutations in other PRC2 members have not been reported so far,
recent studies in lymphoma and myeloid neoplasms have identified EZH2
mutations that may either cause gain-of-function or complete loss of histone
methyltransferase activity (Chase and Cross, 2011). A heterozygous missense
somatic mutation at Tyrosine (Y) 641 in the SET domain of EZH2 results in
enhanced H3K27me3 levels in follicular lymphomas and diffused large B-cell
lymphomas (Morin et al., 2010). Interestingly in myeloid neoplasms, inactivating

EZH2 mutations were found to be distributed throughout the gene, comprising of
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missense, nonsense and premature stop codons, which lead to the loss of histone

methyltransferase activity (Ernst et al., 2010; Nikoloski et al., 2010).

Mammalian PRC2 Complex

ri-methylation of Histone 3 at Lys 27

Core Complex
o, [ (Holoenzyme)

[ 1. PRC2 Complex Binding and ]
t

ﬁ%@  bww

Promoter region

Open Chromatin State

2.PRC1 recruitment and ubiquitination Mammalian PRC1 complex
of Histone 2A at Lys 119

Closed Chromatin State

. TRANSCRIPTIONAL SILENCING]

Figure 2.8. Polycomb dependent mechanism of EZH2 action in transcriptional repression.
Reproduced from Deb et al. (2013)

EZH2 protein is subjected to various post-translational modifications.
Phosphorylation of EZH2 by AKT1 at Serine-21 reduces its H3K27me3 activity
whereas phosphorylation at Thr-345 by CDK1 and CDK2 is required for
maintenance of H3K27me3 repressive marks at target gene promoters (Cha et al.,
2005; Chen et al., 2010). Furthermore, a recent study demonstrated that EZH2
and SUZ12 are potential targets for sumoylation in both in vivo and in vitro

conditions (Riising et al., 2008). In Drosophila PcG proteins are recruited to
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polycomb response elements (PREs) containing target genes with the help of
several other DNA binding proteins such as GAF, Pipsqueak, Zeste, or PHO . In
mammals, PRC2 is targeted to CpG islands which are GC rich sequences but
surprisingly no consensus sequence elements for PcG recruitment have been
identified to date in mammals (Margueron and Reinberg, 2011). Recent reports
suggest that YY1, the mammalian orthologue of the Drosophila PRE DNA-binding
protein PHO and RYBP which interacts with both PcG proteins are involved in the
PRC2 recruitment process (Ku et al.,, 2008; Wilkinson et al., 2006; Xi et al.,
2007). Long ncRNAs have also emerged as potential elements involved in PRC2
recruitment. HOTAIR ncRNA promotes PRC2 recruitment in trans and is
associated with the transcriptional repression of HOXD locus (Rinn et al., 2007;
Tsai et al., 2010). Similarly XIST and KCNQ1OT1 ncRNAs have also been
implicated in PRC2 gene targeting (Kohlmaier et al., 2004; Maenner et al., 2010;
Pandey et al., 2008; Plath et al., 2003).

There are two possible molecular mechanisms for EZH2 action based on its role
as a transcriptional activator or repressor. As an integral component of PRC2, the
canonical role of EZH2 is of a histone methyltransferase (Figure 2.8). SET domain
of EZH2 catalyze methylation of lysine in succession such that each methylation
event serve as a substrate for the next (H3K27me2 is mono-methylated to form
H3K27me3) and each methylation mark represent functionally distinct chromatin
state. H3K27me3 has been implicated in the recruitment of PRC1 complex,
suggesting that both PcG protein complexes function in gene silencing. However
there are PRC2 target genes that lack H2AK119ub and genes targeted by PRC1 in
the absence of PRC2, highlighting the discrepancy in the exact functional
relationship between both protein complexes (Eskeland et al., 2010; Ku et al.,
2008; Schoeftner et al., 2006). Trimethylation of H3 may pose steric hindrance
for RNA Pol II and other proteins binding to target gene promoters and repress

transcription.

The second mechanism of EZH2 action highlights its lesser known role as a
transcriptional inducer. Xu et al. (2012) reported that in castration resistant
prostate cancer (CRPC), EZH2 functions independent of other PRC2 members
and Akt-1 mediated phosphorylation of EZH2 at serine 21 allows it to interact
with androgen receptor (AR) at many solo genes. They also demonstrated that

depletion in EZH2 does not alter AR levels but there is reduction in AR-
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associated lysine methylation (Lys-630 and 632). AR methylation catalyzed by Set
9 enhances its transcriptional activity (Gaughan et al.,, 2011; Ko et al., 2011).
Therefore, methylation of AR or AR-associated proteins is a potential mechanism

for EZH2 driven transcriptional activation.

In breast cancer cells, EZH2 has been reported to induce gene transcription in
two different ways depending on the ER status (Figure 2.9). In luminal-like MCF-
7 breast cancer cells, EZH2 acts as a bridge to physically link ERa and Wnt
signaling components B-catenin and TCF, on the cyclin B1 and c-Myc promoters
(Shi et al., 2007). EZH2 also interacts with Mediator complex through its domain
II independent of the SET domain involved in HMTase activity and induces
transcription by its interaction with RNA polymerase II. In ER-negative, basal like
MDA-MB-231 cells, EZH2 forms a ternary complex with NF-kB components RelA
and RelB and activates transcription of NF-kB target genes such as TNF and IL6
(Lee et al., 2011). In both types of cancer, although EZH2 functions independent

of PRC2 as a transcriptional activator, the mechanisms are different.

[ER-Positive Breast Cancer CeIIsJ [ER-Negative Breast Cancer CeIIs]

iy Mediator

-

Cyclin D1, c-Myc gene promoters NF-xB target genes TNF,IL6 gene promoters

(TRANSCRIPTIONAL ACTIVATION)

Figure 2.9. Polycomb independent mechanism of EZH2 action in human breast cancer
cells. When over-expressed in ER-positive luminal like MCF-7 breast cancer cells, EZH2
functions as a transcriptional activator by acting as a bridge to physically link ERa and Wnt
signalling components B-catenin and TCF, on the Cyclin B1 and c-Myc promoters. It was also
demonstrated that EZH2 also associates with Mediator complex through its domain |l
independent of the SET domain involved in HMTase activity and might enhance transcription by
its interaction with RNA polymerase Il. In ER-negative, basal like MDA-MB-231 cells, EZH2 forms
a ternary complex with NF-kB components RelA and RelB and activates transcription of NF- kB
target genes such as TNF, IL6. Reproduced from Deb et al. (2013)
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Crosstalk between H3K27me3 and DNA methylation

Epigenetic modulations such as aberrant promoter DNA hypermethylation and
histone modifications, which govern chromatin remodelling, have emerged as
important players in tumor onset and progression. Interesting experimental
studies addresses the functional relationship between PcG proteins and DNA
methylation that leads to epigenetic inactivation of tumor suppressor genes in
various cancer types. Previous studies showed that the crosstalk between DNA
methylation and histone modifications was mediated by a group of proteins
possessing methyl DNA binding characteristics such as methyl CpG binding
protein 2 (MeCP2), methyl CpG binding domain protein 1 (MBD1) and Kaiso/
ZBTB 33 (Zinc finger and BTB domain containing protein 33)(Jones et al., 1998;
Nan et al., 1998). These proteins bind to methylated CpG islands on target gene
promoters and recruit histone deacetylases (HDACs) and histone
methyltransferases containing protein complexes, adding further to target gene
silencing. But the evidences linking DNA methylation and PRC-mediated
silencing are partial and sometimes conflicting. Recent technological
developments have led to multiple mechanistic hypotheses on the underlying

process.

Early studies in Drosophila and C. elegans suggest the involvement of PRC2-
mediated repressive machinery in gene silencing but no detectable DNA
methylation in the chromatin (Simon and Lange, 2008). Vire et al. (2006) first
reported the role of EZH2 and its H3K27me3 repressive mark in the recruitment
of DNMTs to EZH2 target promoter in human osteosarcoma cells. They described
that EZH2 is essential for the binding of DNMT but DNMT is not required for
EZH2 or H3K27me3 binding to the MYTlgene promoter. Bisulfite genomic
sequencing data of MYT1 and WNT1 promoters in EZH2 over-expressing and
knockdown cells showed that EZH2 is required for CpG methylation of EZH2
target promoters. McGarvey et al. (2007) demonstrated that EZH2 might act as
an epigenetic modulator when promoter is not densely methylated. They showed
that EZH2 knockdown leads to increased expression of unmethylated or basally
expressing genes but not hyper-methylated completely silenced genes such as
pl6vk4a in U20S cells. Contrary to previous reports, they found that EZH2

depletion does not reduce promoter DNA methylation of the target genes and
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proposed a dominant role of dense CpG island DNA methylation in maintaining
the heritable repressive state of target genes as compared to various other

repressive chromatin marks.

To further address the issue of PcG proteins recruiting DNMTs and establish a
functional link between them, Kondo et al. (2008) analyzed DNA methylation at
several H3K27me3 modified CpG islands in human prostate cancer cell line PC3
and breast cancer cell line MCF-7. Using bisulfite pyro-sequencing in 2-6
adjacent CpG sites in PC3 cells, they confirmed that methylation was very low in
the candidate genes ranging from 6.3% to 39.3% and only three out of eight
genes having methylation above 15%. Such low levels of DNA methylation
compared to what has been generally observed, is insufficient in causing
silencing of tumor suppressor genes. Global assessment of DNA methylation and
H3K27me3 in PC3 and MCF-7 cells focusing on genes detectable on both ChIP-
chip and DNA methylation arrays, using methylated CpG island microarrays,
revealed that H3K27 based silencing and DNA methylation are independent
events. However there was some overlap between H3K27me3 and DNA
methylation which suggest that there may be genes targeted by both silencing

mechanisms, although it seems relatively rare.

Absence of DNA hypermethylation at PRC occupied regions in embryonic
carcinoma cells and lack of DNA hypomethylation after EZH2 knockdown in
cancer cells hint at different gene sets being targeted for repression by these two
silencing machineries. However some gene profile studies comparing chromatin
states in tumor cells versus cancer cells reveal that H3K27me3 enriched EZH2
target genes in normal cells subsequently become abnormally hyper-methylated
in tumor cells during cellular transformation (Ohm et al., 2007; Schlesinger et
al., 2007; Widschwendter et al., 2007). In conclusion, the current view supported
by comprehensive genome-wide and functional analysis suggest that DNA
methylation and polycomb-mediated silencing collaborate in epigenetic silencing
of certain genes depending on cellular context but is probably not as directly

related as previously suggested by some reports.
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Crosstalk between H3K27me3 and other histone modifications

Histone modification is a well conserved and important mechanism of
transcriptional regulation. Emerging evidences suggest that the modification
patterns of histone can be linked to their biological function and act as a ‘histone
code’, to predict the transcriptional states of genes. Histone modifications at
positions H3-K4 (trimethylation), H3-K9/18 (Acetylation) at
promoter/transcription start site regions and H3-K36 (dimethylation) at 5-coding
regions, are hallmarks of actively transcribed genes (Barrand et al., 2010; Barski
et al., 2007; Bell et al., 2007). Many studies comprehensively describe H3 K4me3
and H3K36me2 antagonizes polycomb mediated silencing at H3K27 (Schmitges et
al., 2011; Yuan et al., 2011). This inhibition requires the presence of these
methylation marks on the same histone tail subject to EZH2 mediated K27
methylation. Similarly, H3K27 acetylation and H3K27me3 are mutually
exclusive. Hence, acetylation of H3 at K27 functionally antagonizes PRC2
mediated silencing in both mammalian and fly systems (Pasini et al., 2010;
Schwartz et al., 2010; Tie et al., 2009). This highlights the role of HDACs in EZH2
mediated silencing although they are not core subunits of PRC2. HDACs could

deacetylate K27 side chains to make available e-amino groups for methylation by
PRC2 complex. Also, two recent studies establish that phosphorylation of serine-
28 (Ser28) located immediately to H3K27 by kinases MSK1 and MSK2, also
disrupt the functioning of PcG silencing pathway (Gehani et al., 2010; Lau and
Cheung, 2011).

In summary, recent literature advocates the fact the PRC2-mediated gene
silencing mechanism(s) has evolved to sense the surrounding epigenetic
landscape and subject to cues from other chromatin marks based on the
transcriptional state of the chromatin (O'Meara and Simon, 2012). But further
studies addressing the structural organization of PRC2 active site and its

regulatory domains are needed to completely unravel its mechanism of inhibition.
Molecular insights into EZH2 mediated Breast tumorigenesis

Several experimental studies have established the fact that elevated EZH2 levels
in human breast carcinomas is associated with the aggressive ER-negative basal-

like phenotype characterized by lack of ER expression, nuclear polymorphism
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and lack of BRCA1 protein (Bachmann et al., 2006; Collett et al., 2006; Gonzalez
et al., 2009; Kleer et al., 2003). It represses several essential tumor suppressor
genes ultimately leading to metastasis in breast carcinomas (Table 2.2) (Du et al.,
2012; Fujii et al., 2008; Lee et al., 2011; Ren et al., 2012; Taniguchi et al., 2012;
Truax et al., 2012; Yang et al., 2009; Zeidler et al., 2005). Deregulation of EZH2
contributes to ER-negative breast cancer progression. EZH2 knockdown in breast
cancer cells causes decreased proliferation and delayed the G2/M cell-cycle
transition and in vivo studies demonstrate that EZH2 down regulation
significantly decreased breast xenograft growth and improved survival (Gonzalez
et al., 2009). EZH2 knockdown upregulated BRCA1, which is a nuclear protein
that plays a major role in DNA repair and estrogen receptor modulation (Gonzalez

etal., 2011).

The proposed mechanisms underlying EZH2 overexpression which ultimately
causes uncontrolled cell proliferation leading to tumorigenesis in breast cancer
cells are summarized in Figure 2.10. Bracken et al. (2003) reported that the
expression of two PRC2 complex components i.e. EZH2 and EED is regulated by
E2F transcription factors. Upon pRB phosphorylation, E2F dissociates from pRB-
E2F complex and the activated E2F directly binds to the promoters of EZH2 or
EED containing putative E2F binding sites and transactivate their transcription.
The study further confirmed that although the abrogation of EZH2 or EED
expression could significantly decrease positive regulators of cell proliferation
such as cyclinD1 (CCND1), cyclinEl (CCNE1), cyclinA2 (CCNA2) and cyclinB1
(CCNB1), there was no increase in the expression of negative regulators of cell
cycle e.g. pl14ARF. This study provides a direct link between pRB-E2F pathway

mediated growth control and PcG regulated essential chromatin modifications.

In another study, Fujii et al. (2011) reported that the MEK-ERK-Elk-1 pathway,
which is commonly upregulated in various cancer types, is linked to EZH2
overexpression in triple-negative and ERBB2-overexpressing breast cancer cell
lines. Computational analysis revealed that EZH2 promoter harbor three Elk-1
binding motifs and other sequence elements for NF-kB, c-Myb, STAT1 and SRF
(serum response factor) recruitment. Treatment with MEK inhibitor (U0126)
decreased EZH?2 levels in triple negative breast cancer type MDA-MB-231 cells
and ERBB2-overexpressing SKBr3 cells. Also siRNA mediated knockdown of Elk-

1, caused a significant decrease in EZH2 mRNA expression that was similar to
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the decrease caused by U0126 treatment. Further they demonstrated that MEK
inhibitor treatment significantly decreased association of phospho- Elk-1 with the
EZH2 promoter in breast cancer cells. In conclusion the study suggests that
MEK/ERK pathway activated via KRAS mutation, EGFR amplification and
ERBB2 amplification in triple-negative and ERBB2-overexpressing cells causes

EZH2 overexpression.

Under cancer-predisposed hypoxic conditions in breast tumor initiating cells
(BTICs), EZH2 expression was reported to be regulated by HIF transcription
factor (HIFla). Chang et al. (2011) identified a consensus sequence for HIF
response element (HRE) by promoter analysis of EZH2 promoter. They further
demonstrated that a hypoxic microenvironment induces HIFla binding to the
HRE and transactivate EZH2 expression. Increased EZH2 expression down-
regulates double-strand break repair protein RADS51 expression, which ultimately
results in impaired DNA repair and accumulation of genomic abnormalities.
Further they demonstrated that EZH2 mediated down-regulation of RADSI1
causes expansion of self-renewing BTIC population and RAF1 amplification
which further activate downstream p-ERK-B-catenin signaling. EZH2 mediated
RAF1-ERK signaling promotes BTIC expansion and aggravates breast cancer

condition.

Studies by Cha et al. (2005) have shown that Akt-mediated phosphorylation of
EZH2 at a highly conserved serine 21 residue, inhibited its H3K27
methyltransferase activity. Although EZH2 phosphorylation had no impact on the
integrity of PRC2 complex, there was marked decline in the affinity of EZH2 for
Histone H3, which ultimately results in decreased H3K27me3. Interestingly,
another study reported that elevated EZH2 in breast cancer cells induces
phosphoinositide-3-kinase/Akt (PI3K/Akt) pathway by specifically activating Akt
isoform 1(Gonzalez et al., 2011). Increased EZH2 levels positively correlated with
elevated Phospho-Aktl (Ser473) and decreased nuclear localization of phospho-
BRCA1 (Ser1423). Accumulation of BRCA-1 protein in the nucleus promotes

tumorigenesis by causing aberrant mitosis, aneuploidy and genomic instability.
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Table 2.2. Some metastasis associated target genes epigenetically repressed by EZH2 in
Breast Cancer.

EZH2 Possible f i I .
target OSSI_b © unctlon_a Mechanism Model system
genes role in metastasis
Increased in vitro and Enhanced H3K27me3 and MCE-7
FOXC1 in vivo migration and reduced H3 and H4 acetylation at
. MDA-MB-231
metastasis the promoter
Aberrant cell Increased H3K27me3 Reduced SB‘fr-isf
p57¢P2 proliferation and tumor H3K9/14 acetylation and
rowth H3K4me3 at the promoter MDA-MB-231
g P MCF10A
RUNX3 Iporeasgggesy H3K27me3 and HDAC1 mediated MCF-7
proliferation . LNCaP
repression
H3K27me3 and H3K9me3
. . T47D
Accelerates cell mediated repression and MCE-7
RKIP invasion a'nd |nv.olvement of Snail in thg MDAMB231
metastasis recruitment of EZH2 repressive
complex
Decreased expression
of c.eII surracc Enhanced H3K27me3 repressive MDA-MB-435
CIITA which enables tumor ;
mark at the promoter variants
cells to escape
immune system
. I in H3K27me3 and
. Suppression of cell ngrease n ot . MDA-MB-231
Kruppel like rowth and anti. depletion of phosphorylated serine MCE-7
Factor 2 9 . y 2 of RNA polymerase at the
angiogenesis
promoter
Binding of ternary complex
NF-kB containing EZH2 , RelA and RelB
targets such to target promoters positively
as IL6 ,TNF, modulate their expression and MDA-MB-231
BIRC3 and . released cytokines induces a
Inflammation , o o
IL8 . positive feedback loop resulting in
oncogenesis and | i
tumor dissemination constitutive expression of NF-kB
In ER positive cells PRC2 complex
is recruited by ER and EZH2
) . . MCF-7
IL6, IL8 functions as an epigenetic
T47D
repressor of target genes by
catalyzing H3K27me3

Table reproduced from Deb et al. (2013)
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Figure 2.10. Molecular insights into EZH2 driven Breast tumorigenesis. In Breast cancer
cell, EZH2 expression is regulated by several factors such as hypoxia induced HIFa, pRB-E2F
and MEK-ERK-EIk1 pathways. Besides these, genomic loss of miR101 and miR214 also up-
regulates EZH2 expression. Elevated EZH2 levels leads to the transcriptional repression of
several tumor suppressor genes such as FOXC1, RAD51, RKIP, CDKIC, RUNX3, CIITA etc, by
PRC2 mediated H3K27 trimethylation. High EZH2 protein levels are associated with increased
expression of phospho-Akt-1 (Ser473) and decreased nuclear localization of phospho-BRCA1
(Ser1423).EZH2 mediated nuclear shuttling of BRCA-1 protein in ER negative basal like breast
cancer cells is one of its PRC2 independent functions. Nuclear retention of BRCA-1 protein leads
to aneuploidy, aberrant mitosis and genomic instability, which ultimately promotes tumorigenesis.
Reproduced from Deb et al. (2013)
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GREEN TEA AND CANCER CHEMOPREVENTION

Tea

Tea (Camellia sinensis) is one of the most widely consumed beverages in the
world, which is now cultivated in more than 30 countries. Annual tea production
has been estimated to be about 2.5 million metric tons (Butt and Sultan, 2009;
Katiyar and Mukhtar, 1996). It is consumed in a variety of forms, such as green,
black and oolong tea, which vary in their processing methods. Moist humid
climate is suitable for tea cultivation, which is available in north-eastern part of

India, Sri Lanka, Tibet, Korea and southern China (Butt and Sultan, 2009).

Botanical classification

Kingdom Plantae — Plants

Subkingdom  Tracheobionta — Vascular plants

Superdivision Spermatophyta — Seed plants

Dividion Magnoliophyta — Flowering
plants

Class Magnoliopsida — Dicotyledons

Subclass Dilleniidae

Order Theales

Family Theaceae — Tea family

Genus Camellia

Species Camellia sinensis

Camellia sinensis (Tea)

Source : Butt and Sultan (2009)

Tea- processing and manufacturing

‘Green tea’ refers to the product manufactured by steaming or initial heating of
fresh tea leaves at an elevated temperature, which inactivates the enzyme
polyphenol oxidase (PPO) (Cabrera et al., 2006). PPO catalyzes the oxidation of
tea catechins and conversion of flavanols into dark polyphenolic compounds

produces the color in black tea (Balentine et al., 1997). Black tea is a fully
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fermented product while oolong tea is in semi- fermented or partially oxidized
form. White tea is produced from steaming of new buds and young leaves, which
are shielded from sunlight to avoid chlorophyll production. Of the total worldwide
tea production, 78% is black tea, 20% is green tea and 2% is oolong tea

(Balentine et al., 1997; Cabrera et al., 2006; Katiyar and Mukhtar, 1996).

Green tea - chemical composition

The chemical composition of green tea is complex, which varies with the
geographical origin, climate, season, time of harvest, horticultural practices and
position of leaf on the harvested shoot. The main components of dried green tea
leaves include: polyphenols (10-25%) and plant alkaloids (~4%) which include
caffeine, theophylline and theobromine. Other constituents include proteins (15—
20% dry weight), carbohydrates (5-7% dry weight), vitamins (B, C, E), minerals
and fiber (Butt and Sultan, 2009; Cabrera et al., 2006; Mukhtar and Ahmad,
1999; Mukhtar et al., 1992).

Majority of health related benefits associated with green tea consumption has
been attributed to polyphenols particularly flavonoids (phenol derivatives). Green
tea does not undergo fermentation and therefore contains greater amounts of
catechins than in black or oolong tea. The major flavonoids present in green tea
include catechins (flavon-3-ols) such as (-)-epicatechin (EC), (-) - epicatechin-3-
gallate (ECG), (-)-epigallocatechin (EGC), and (-)-epigalocatechin-3-gallate
(EGCQG) |Figure 2.11].

EGCG is the most abundant catechin present in green tea and accounts for 59%
of total catechin content, followed by EGC (~19%), ECG (~13.6%) and EC (~6.4%)
(McKay and Blumberg, 2002) (Schramm, 2013). EGCG has been demonstrated to
be the strongest anti-oxidant among all other green tea catechin, with free radical
scavenging properties (Butt and Sultan, 2009; Mukhtar et al., 1992). A cup of
green tea (2.5g of green tea leaves/200 mL of water) may contain 90mg of EGCG
(Hakim et al., 2000; Wu and Wei, 2002). The plasma bioavailability of EGCG,
when administered as pure compound or tea in humans, has been found to be in
the range of 0.1-7umol/L and concentrations over 100pmol/L observed in saliva.
No significant excretion of EGCG was reported in urine (<0.1% of dose) (Howells

et al., 2007).
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Figure 2.11. The structure of green tea catechins. Reproduced with permission from Bigelow
and Cardelli (2006)

Green tea and cancer chemoprevention

Tea polyphenols or the catechins have been shown to reduce the risk of various
diseases, including cancer (Dreosti et al., 1997; Isemura and Timmermann,
2013). Green tea polyphenols particularly EGCG has been a subject of global
interest due to its purported health benefits. It constitutes more than 50% of the
total catechin isolated from green tea and has been widely studied for its
anticancer effects in tissue culture, animal models and more recently in clinical
trials (Schramm, 2013; Suzuki et al., 2012). Extensive experimental studies
using in vitro and in vivo model systems have demonstrated that EGCG possess
anti-proliferative, anti-mutagenic, anti-oxidant, anti-bacterial and anti-
tumorigenic properties (Cheng et al., 1991; Cooper et al., 2005a; Cooper et al.,
2005b; Crespy and Williamson, 2004; Katiyar et al., 1992; Lambert and Elias,
2010).
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Green tea and breast cancer — Epidemiological studies

Epidemiological data suggests that there exists an inverse correlation between
green consumption and breast cancer. In a case control study conducted among
Chinese-, Japanese-, and Filipino-American women, Wu et al. (2003) reported
that green tea consumption was associated with a reduced breast cancer risk in
women having a low-activity catechol-O-methyltransferase (COMT) allele. COMTs
catalyze rapid methylation of tea catechins and differential methylation potential
between individuals may modulate the chemopreventive property of green tea
polyphenols by altering the bioavailability of the catechins. In another study,
Yuan et al. (2005) demonstrated that green tea consumption in women
possessing the high-activity angiotensin-converting enzyme, have reduced breast
cancer risk. A hospital based study conducted by Zhang et al. (2007) in Zhejiang
province, China, also showed significant reduction in breast cancer risk with
regular green tea consumption. However, data obtained from some prospective
cohort studies conducted in Japan, Singapore and China showed no association
between breast cancer risk and green tea consumption (Dai et al., 2010; Inoue et

al., 2008; Iwasaki et al., 2010; Nagano et al., 2001; Suzuki et al., 2004).

In summary, case control studies provide convincing evidence between green tea
consumption and reduced breast cancer risk, however supporting data from
cohort studies are lacking. Predominance of post-menopausal women in cohort
studies and the menopausal status of women have been suggested to be the

possible reasons for the differences in results (Wu and Butler, 2011).
In vitro effects of EGCG in breast cancer

Green tea polyphenols have been shown to exert anticancer effects in breast
cancer by modulating multiple mechanisms which include inhibition of cellular
proliferation by induction of cell cycle arrest, apoptosis, and the suppression of
oxidative stress, angiogenesis, invasion, and metastasis (Braicu and Gherman,
2012; Chisholm et al., 2004; Farabegoli et al., 2011; Kavanagh et al., 2001;
Schramm, 2013; Tachibana, 2009; Yiannakopoulou, 2014). Recent reports
highlight the lesser known role of green tea polyphenols particularly EGCG as
‘epigenetic modulators’ targeting epigenetic alterations that occur during

carcinogenesis, by modulating the activity or expression of DNMTs, histone

38
TH-1292_ 09610613



Chapter 1I Review of literature

modifying enzymes and miRNAs (Khan et al., 2012; Thakur et al., 2014). EGCG
has been demonstrated to inhibit DNMTs, Class I HDACs, histone
methyltransferase EZH2 and various miRNAs involved in epigenetic repression of
critical suppressor genes in various cellular systems and restore their tumor

suppressive activity in delaying cancer progression (Choudhury et al., 2011).

Although a plethora of literature has detailed the in vitro effects of EGCG in
breast cancer cells, very few studies have provided the insights into the molecular
mechanisms. Studies by Tachibana et al. (2004) demonstrated that a cell surface
67kDa laminin receptor (67LR) confers EGCG sensitivity to cancer cells. In breast
cancer, 67LR overexpression has been shown to be associated with poor
prognosis and metastasis (Martignone et al., 1993). Umeda et al. (2008)
demonstrated that EGCG binds to 67LR at the cell surface and induces
dephosphorylation of myosin phosphatase targeting subunit 1 (MYPT1) at Thr-
696 through eukaryotic translation elongation factor 1A (eEF1A) . This leads to
the activation of myosin phosphatase which induces alterations in actin

cytoskeleton and might ultimately lead to growth inhibition.

EGCG has been shown to decrease the proliferation of ER positive breast cancer
cells such as MCF-7 and BT474, as well as ER negative breast cancer cells such
as BT-20, MDA-MB-231, MDA-MB-468 and Hs78t (Chisholm et al., 2004;
Kavanagh et al., 2001; Liang et al., 1999; Roy et al., 2005). Liang et al. (1999)
showed EGCG treatment causes cell cycle arrest by inducing p21 and p27
protein levels in MCF-7 cells which corroborates with other studies showing
similar effects in MDA-MB-231 cells (Masuda et al., 2002). Furthermore, Masuda
et al. (2002) showed that following treatment with EGCG, basal as well as TGF-a
induced auto-phosphorylation of EGFR increases in MDA-MB-231 cells. In
addition, there was inhibition of constitutive and TGF-a induced AKT, STAT3 and
NF-kB activity in these cells, however the phosphorylated ERK remained
unchanged. HER-2 /neu and EGFR related downstream signalling pathways were
also shown to be inhibited following treatment with EGCG (Masuda et al., 2003;
Pianetti et al., 2002). This was demonstrated to be associated with the inhibition
c-fos and cyclin D1 promoter activity and STAT activity. Finally, hepatocyte
growth factor (HGF)/met signaling pathway, which is known to regulate cell

proliferation , survival and invasion , has also been shown to be a target of EGCG
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action (Bigelow and Cardelli, 2006). In summary, evidences suggest that EGCG
modulates multiple signalling pathways regulating cell proliferation and survival

in breast cancer cells.

In vivo effects of EGCG in breast cancer

In vivo studies using a mixture of green tea polyphenols or purified EGCG have
demonstrated a negative effect of green tea catechins on tumor growth and
progression. Kavanagh et al. (2001) demonstrated that Sprague Dawley rats with
DMBA induced mammary tumors administered with green tea as the sole
drinking fluid exhibit reduced tumor burden and invasiveness. Similar studies in
rats with chemical induced mammary tumors, have also shown a protective effect
of green tea extracts on tumor load and overall survival (Bhide et al.,, 1994;

Hirose et al., 1994; Hirose et al., 1997; Hirose et al., 2002).

Studies conducted using breast cancer xenografts in mice corroborate with the
findings in animal models, which demonstrated that following green tea
consumption, there was delay in tumor onset as well as decreased tumor
growth, weight and endothelial vessel density (Sartippour et al.,, 2001;
Thangapazham et al., 2007). Baliga et al. (2005) demonstrated that there was
decreased tumor growth in BALB/c immuno-competent mice inoculated with 4T1
mouse mammary carcinoma cells, which consumed EGCG rich GTP
supplemented drinking water. This was accompanied with an elevation Bax/Bcl-
2 ratio, caspase 3 activation and reduction in proliferating cell nuclear antigen
(PCNA). Studies conducted in female athymic mice inoculated with MCF-7 or
MDA-MB-231 cells, receiving EGCG in their drinking fluid , also demonstrated
reduced tumor burden (Liao et al., 1995; Thangapazham et al., 2007).

Clinical trials of EGCG in breast cancer

At present, there are five ongoing clinical trials with green tea in breast cancer
patients (clinicaltrials.gov  identifiers - NCT00917735, NCT00516243,
NCT00949923, NCT00676793 and NCT01060345). A phase II trial aims to study
the effects of green tea extract on breast cancer compared to placebo in post
menopausal women (NCTO0917735) and include biomarkers endpoints such as
mammographic density, plasma insulin-like growth factor 1 (IGF-1), IGF binding

protein 3, estrone, estradiol, androstenedione, sex hormone binding globulin,
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urinary estrogen metabolites and plasma F2-isoprostanes. Another randomized
phase I trial aims to identify the best dose and side effects of green tea extract in
treating hormone receptor negative (stage I-III) breast cancer patients
(NCT00516243). A pilot study including 50 women with newly diagnosed DCIS
has been initiated to identify biomarkers for better understanding the role of

green tea as chemopreventive and chemotherapeutic agent (NCT01060345).
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CELL CULTURE

Cell lines

MCF-7 (ERa positive), human breast cancer cells were obtained as gifts from Dr.
Dipak Datta, CSIR-CDRI, Lucknow, India and Dr. Hung-Ying Kao, Department of
Biochemistry, School of Medicine, Case Western Reserve University, Ohio, USA.
MDA-MB-231(ERa negative) was either from National Centre for Cell sciences
(NCCS), Pune, India or obtained as gift from Dr. Hung-Ying Kao. Original source
of all breast cancer cell lines used for the studies conducted in this thesis was
American Type Culture Collection (ATCC), Manassas, VA. 293T kidney cancer cell
line was procured from ATCC. The human fibrosarcoma cell line HT1080 was

obtained from NCCS.
Culture conditions

MCF-7 cells were routinely maintained in phenol red containing Dulbecco‘s
Modified Eagle medium (DMEM) F12 and MDA-MB-231 cells were cultured in
phenol red containing RPMI-1640 media. HT1080 cells were maintained in
phenol red containing DMEM medium. For routine culture DMEM-F12 or RPMI-
1640 were supplemented with 10% fetal bovine serum (FBS), 100U/ mL penicillin
and 100ug/mL streptomycin (M1). Cells were maintained in 25 cm? tissue culture
flasks under standard culture conditions of 37°C in a humidified atmosphere and
5% CO,. However, treatment of cells with EGCG and E2 was carried out in
phenol red-free DMEM-F12 or RPMI-1640, 10% charcoal-stripped and heat
inactivated FBS, 100U /mL penicillin and 100pg/mL streptomycin (M2).

Sub-culturing

Confluent cells were washed with Dulbecco’s Phosphate buffered Saline (DPBS)
and treated with 0.5% Trypsin—-EDTA for a brief period, depending on the cell
line. After the cells detached, they were resuspended in 1mL M1 or M2 to
neutralize enzyme action. Cell suspension was centrifuged at 1200rpm for 5 min
and the supernatant was removed. The cell pellet was resuspended in 1mL fresh
medium, counted and seeded in an appropriate density depending on the

experiment.
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Freezing cells

Cells were trypsinized, resuspended in medium M1 and pelleted to remove
trypsin. The cell pellet was resuspended in cell freezing medium containing 10%
DMSO, 40% FBS and 50% basal growth medium (DMEM or RPMI-1640,
depending on the cell line). The cells were equilibrated at 4°C, -20°C and -80°C

before storage in liquid nitrogen.
Thawing frozen cells

Cryovials containing frozen cells were thawed in a water bath maintained at 37°C
and transferred into a 15mL centrifuge tube. SmL pre-warmed M1 medium was
added slowly to the thawed cells. The cell suspension was mixed and transferred
into a 25cm? tissue culture flask which was incubated under standard culture
conditions of 37°C in a humidified atmosphere and 5% CO.,. After 6h, the culture
medium was gently aspirated from the flask without disturbing the cells which
adhered to the substratum. Appropriate medium M1 was replenished in the
tissue culture flask and adherent cells were allowed to grow under standard

culture conditions.

MATERIALS AND REAGENTS

Cell culture materials

Tissue culture flasks (25cm?2), culture dishes (35mm and 90mm) and 96-well
plates were purchased from Greiner Bio-One, Germany. DMEM-F12 (with and
without phenol red) was from Invitrogen Corporation, USA. Fetal Bovine Serum
(FBS) was purchased from PAA Laboratories, GmbH, Austria. Charcoal/dextran
treated FBS was purchased from Hyclone (Thermo Scientific™ HyClone™, USA).
Antibiotic Solution (100X) and trypsin-EDTA were from HiMedia, Mumbai, India.

Chemicals, hormones and enzymes

EGCG, E2, 5-aza-2'-deoxycytidine (5-Aza-CdR), trichostatin A (TSA) and
Propidium Iodide (PI) were purchased from Sigma-Aldrich, USA. 3-
Deazaneplanocin A (DZNep) was purchased from Cayman Chemical Company,

USA. Polyphenon E, a high quality green tea extract, was obtained from Mitsui
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Norin Co. Ltd, Japan and hereafter referred to as green tea polyphenols [GTP(s)].
All the chemicals were dissolved as concentrated stock solutions in DMSO,
ethanol or PBS. They were stored at -80°C and diluted at the time of use in
culture media. Human MMP-2, active (E.C Number 3.4.24.24) was purchased
from Calbiochem, EMD Millipore, USA (Cat. No. PF023). MMP-2 specific
quenched fluorescent substrate MCA-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH> [MCA=
(7-metoxycoumarin-4-yljacetyl, Dpa =  3-(2, 4-dinitrophenyl)-L-2, 3-
diaminopropionyl; Nva = L-norvaline] was purchased from Merck Millipore,
Germany (Product No. 444212), dissolved in 100% DMSO to prepare a 10mM
stock and stored in small aliquots at -80°C until use. Collagen IV (SC-29010) was
purchased from Santa Cruz Biotechnology Inc. (Dallas, TX). Other salts, solvents
and buffer components used in this study were from Merck, SRL or Fischer

scientific.
Antibodies

Anti-TIMP-3 (SC-373839), anti-HDAC-1 (SC-7872), anti-HDAC-2 (SC-6296), anti-
HDAC-3 (SC-11417), anti-HDAC-8 (SC-11405), anti-p-actin (SC-47778), goat
anti-mouse IgG-HRP (SC-2005), bovine anti-goat IgG-HRP (SC-2350) and goat
anti-rabbit IgG-HRP (SC-2004) antibodies were purchased from Santa Cruz
Biotechnology Inc. (Dallas, TX). Anti-H3K27me3 monoclonal antibody
(mAbCam6002) was purchased from AbCam (Cambridge, MA); anti-acetyl H3
K9/18 antibody (07-593) was purchased from Upstate (Lake Placid NY), anti-
Histone H3 (Clone A3S) antibody and anti-EZH2 (07-689) antibody were
purchased from Millipore (Billerica, MA).

TREATMENT PROTOCOLS

Experiments to study the effect of E2 treatment on breast cancer cell

viability and proliferation

E2 was dissolved in ethanol and a stock solution of 10mM was prepared that was
stored at -20°C until use. MCF-7 and MDA-MB-231 cells (1x105) were seeded in
35mm culture dishes and allowed to grow in M1 medium. After the cells were 50-
60% confluent, they were washed with DPBS (x1) and M2 medium (x2) to remove

traces of phenol red containing medium. The cells were maintained in M2
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medium for 6-8h and then treated with various doses of E2 (10nM, 1nM and
0.1nM) or vehicle (ethanol) alone in M2 medium. The plates were maintained at
37°C and 5% CO; in a humid environment. After 72h, viable cell count assay was
performed using trypan blue dye exclusion method. For time dependent
experiments, similar procedure was used except that only one E2 dosage of 10nM

was chosen and cell counts were performed after every 24/48/72h.

Experiments to study the effect of E2, EGCG or both on breast cancer

cell viability, proliferation and gelatinolytic activity

EGCG was dissolved in ethanol (20mg/mL stock) and stored at -20°C until use.
For studying the dose dependent effect of EGCG on breast cancer cell viability,
MCF-7 and MDA-MB-231 cells (8x103 cells per well were seeded with M1
medium in a 96-well plate and incubated for 36h in a CO, incubator maintained
at 37°C and 5% CO.. The experiment was then started by replacing the spent M1
medium in groups of wells with fresh M1 medium containing increasing
concentrations of EGCG, from 2 to 200uM. Wells containing M1 medium treated
with ethanol alone served as controls. The cells were treated for 72h before

proceeding with MTT assay.

In experiments to study the combinatorial effect of E2 and EGCG on breast
cancer cell viability and proliferation, the same protocol was followed except that
the M1 medium was replaced with fresh M2 medium and further incubated for 3-
4h. The spent M2 medium was replaced with fresh M2 medium containing E2,
EGCG or both. Cells treated with vehicle (ethanol) alone served as controls.
Before proceeding with MTT assay, the culture supernatants (conditioned
medium) from each experiment was collected, centrifuged at 8000rpm to remove

cell debris and stored at -80°C in small aliquots for gelatin zymography assay.

Experiments to study the effect of EGCG on extracellular or in vitro

MMP-2 activity by gelatin zymography

Incubation of HT1080 conditioned medium or purified MMP-2 with EGCG
Equal volumes (30uL) of HT1080 supernatant were incubated with various doses
of EGCG (final concentration O to 200uM) at 37°C for 45 min. For assays using

human MMP-2 (active), 10ng of enzyme was incubated with various doses of
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EGCG (0-5uM) in phosphate buffered saline (pH 7.2, with CaCl, and MgCl,) at
37°C for 45 min. The samples were then loaded in gelatin-PAGE for analysis.

Pretreatment of HT1080 conditioned medium or purified MMP-2 with EDTA
followed by incubation with EGCG

Equal volumes of HT1080 supernatants or 10ng of human MMP-2 in PBS were
incubated with 10mM EDTA for 15 min at 37°C, followed by the addition of
EGCG stock to get the desired concentration in the solution. The concoctions

were incubated for 45 min at 37°C and then loaded in gelatin —-PAGE gel.

Pretreatment of EGCG with divalent cations followed by incubation with HT1080
conditioned medium for gelatin zymography

EGCG (2mM), CaCl; (1M, 100mM, and 10mM) and MgCl, (1M, 100mM and
10mM) stocks were prepared. EGCG (2mM) was incubated with desired
concentration of salts (for example if the concentration of salt required is 100mM,
1M stock was used in the cocktail mix) at 37°C for 15 min. The concoction was
diluted 10 times with HT1080 supernatant to get the desired final concentration
of divalent salt (1-100mM) and 200uM EGCG. The mixture was incubated at 37°C
for 45 min. The samples were then analyzed by gelatin zymography.

Treatment of breast cancer cells with green tea polyphenols and other

epigenetic related drugs

MCF-7 and MDA-MB-231 were plated at 20% seeding density and allowed to
attach for 24h in medium M1. Medium was replaced and cells were treated with
10pM 5-Aza-CdR, 40ng/mL TSA (0.13228uM), SpM DZNep, 10ug/mL GTP and
20uM EGCG for indicated period of time. Concentration of 10pg/mL GTP
corresponds to 14.0pM of EGCG. For combined treatment with TSA and DZNep,
cells were cultured with 40ng/mL TSA for 48h followed by the addition of SuM
DZNep for 24h. In these experiments, the media were replaced every alternate
day with the fresh media containing the appropriate treatment. At the end of the
experiments, the cells were harvested and used for the extraction of RNA or
protein. Same treatment protocol was used in experiments involving ChIP assay,

wound healing assay and gelatin zymography as described in chapter VI.
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CELL VIABILITY ASSAYS

Trypan blue dye exclusion method

10pL of 0.4% trypan blue was mixed with equal volume of cell suspension and
incubated at room temperature for 1-2 min. 10pL of this mixture was applied to
a hemocytometer and live cells which remain unstained due to dye exclusion

were counted under light microscope.
MTT Assay

8x103 cells per well were plated in a 96-well culture plate. After treatment of cells for
the stipulated period of time, the media from control and treated cells were aspirated
out. The cells were washed with DPBS. To measure the viability of cells at different
experimental conditions, MTT assay was used. 100uL of MTT reagent (0.5 mg/mL
MTT in DMEM-F12 or RPMI-1640 depending on the cell line) was added to each
well and incubated at 37°C and 5% CO,. After 3h, the MTT reagent was removed
and the formazan crystals were dissolved in 100uL of DMSO. The reaction
product was quantified spectro-photometrically by measuring absorbance at
570nm (As7onm) and background correction absorbance was also recorded at
690nm (Asvonm). The difference between the two absorbance values (As7onm—As690nm)

was determined as a measure of cell viability.

APOPTOSIS ASSAY

Extent of apoptosis was estimated by flow cytometry using Annexin V-FITC
Apoptosis Detection Kit (Cat. No PF032, Calbiochem, EMD Biosciences, USA) as
per the manufacturer’s protocol. In this assay, fluorescein isothiocyanate (FITC)
conjugate of Annexin V (Annexin V-FITC) is used to detect apoptosis by flow
cytometry. Propidium iodide is used to distinguish between viable, early apoptotic
and necrotic or late apoptotic cells. Necrotic cells bind Annexin V-FITC and get
stained with propidium iodide while propidium iodide will be excluded from viable
(FITC negative) and early apoptotic (FITC positive) cells. Final stages of apoptosis
involve necrotic-like disintegration of the total cell, thus cells in late apoptosis

will be labeled with both FITC and propidium iodide.
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Cells (1x105 per well) were seeded in a 6 well plate and allowed to grow. After 24-
36h (depending on cell line), the cells were treated with vehicle (ethanol), 10nM
E2, 40uM EGCG and 10nM E2 + 40uM EGCG, for 72h. At specified time point,
the spent media from each well was transferred to a 15mL conical tube and
placed on ice (this media may contain cells that have detached from the plate
during the cell death process). The adherent cells were washed with DPBS,
trypsinized and resuspended in spent media collected in the previous step. The
cells were harvested by centrifugation at 400g for 5 min at 4°C. Cells were gently
resuspended in 0.5mL cold DPBS and centrifuged at 1000g for 5 min at room
temperature. DPBS was removed and cells were resuspended in 0.5mL cold 1X
binding buffer (provided by the manufacturer). Cells were then stained with 4uL
Annexin V-FITC at room temperature in the dark. After 15 min, the cells were
centrifuged (1000g, S min), supernatant was removed and gently resuspended in
0.5mL cold 1X binding buffer. 10pL propidium iodide (PI) was added and samples

were placed on ice away from light.

The samples were then analyzed by flow cytometry with a FACSCalibur
instrument (Becton-Dickinson, USA). Fluorescence intensity of FITC and PI

stained cells was measured in FL1 and FL3 channel in log mode respectively.

CELL CYCLE ANALYSIS

Flow cytometry based analysis of cells stained with propidium iodide (PI) was

used for determining cell cycle distribution pattern.
Serum starvation, treatment and fixation

Cells (1x105 per well) were seeded in 6 well plate and after 24-36h of seeding,
cells were allowed to grow in 1% FBS containing M2 medium (serum starvation)
overnight (12-15h). After 12h the cells were released from serum starvation by
replacing the media with fresh 5% FBS containing M2 medium. After 45-60 min,
the cells were appropriately treated for stipulated time periods in 10% FBS
containing M2 medium. At desired time points, the cells were washed with DPBS,
trypsinized and harvested in 1.5mL micro-centrifuge tubes. The cell pellet was
again washed with cold DPBS and centrifuged at 1500rpm for 5 min at 4°C. The
cell pellet was resuspended in S0pL cold DPBS and 450uL cold methanol was
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added. The samples were first kept on ice for 30 min and then stored at -20°C

until required for analysis.
RNase digestion, PI staining and analysis by flow cytometry

The cells were washed with cold DPBS twice with centrifugation at 2500rpm for 7
min each time to remove methanol. SOpL RNase A (from 100pg/mL stock) was
added to the cells suspended in 450uL DPBS and allowed to incubate at 37°C for
30 min. The cells were chilled at 4°C for 10 min and then 200pL PI (from
50pg/mL stock) was added and kept on ice, away from light for 30 min. The cells
were then analyzed by flow cytometry (FACSCalibur, Becton, Dickinson and
Company, USA). PI stained nuclei were analyzed in FL2 channel (585/42 band
pass filter), and a dot plot of FL2-area vs. FL2-width was used to discriminate
doublets. Histogram of FL2-area for gated population was plotted for visual
representation of cells in different stages of cell cycle. All cell cycle data analysis

was performed using ModFit LT software (Verity software house).

GELATIN ZYMOGRAPHY

Samples were subjected to zymography on 7.5% SDS-PAGE gel co-polymerized
with 0.1% gelatin. Gel was washed in 2.5% Triton-X-100 for 30 min (3 times) to
remove SDS and was then incubated overnight (14-16h) in activation buffer
(2.5% Triton-X-100, 10mM Tris-HCl pH 7, SmM CaCl,, 1uM ZnCl,). After
incubation, the gels were stained with 0.5% coomassie brilliant blue for 1h. This
was followed by destaining the gel with methanol: glacial acetic acid: water

(30:10:60) until clear bands were visible against blue background.

INVASION ASSAY

A quantitative cell migration and invasion assay was performed with ThinCert™

cell culture inserts (Greiner bio-one, Germany) in a 24 well format.

Coating of the cell culture inserts with collagen type IV

24-well ThinCert™ cell culture inserts with translucent polyethylene
terephthalate (PET) membrane (Pore size 8pm) were placed in the wells of a 24

well plate. Collagen IV (1mg/mL) was thawed overnight at 4°C and diluted 1:10
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with 0.05N HCI to yield a protein concentration of 100ng/uL. 60pL of the
collagen solution (33.6uL of the collagen IV solution was mixed with 26.4uL
0.05N HCI) was added to each ThinCert™ cell culture insert (10pg collagen IV per
cm? culture surface area) and dried for 3-4h at 37°C in 5% humidified CO»
incubator . Non-coated ThinCert™ cell culture inserts were used as controls in

both migration and invasion assays.
Preparation and treatment of cells

MDA-MB-231 cells were seeded 35mm dishes (1.5x105 cells per dish) in M1
medium and appropriate treatment of cells with EGCG or E2 alone or in
combination was carried out in M2 medium. After 48h, 5x104 cells from each
treated group (i.e. vehicle, 10nM E2, 20pM EGCG and 20pM EGCG + 10nM E2)
were seeded in the upper chamber of the insert in serum free RPMI-1640 culture
medium. The lower chamber was supplied with complete medium which
contained 10% FBS. Appropriate treatment conditions were present in both the
chambers of the apparatus. The cells were allowed to migrate through collagen IV

coated / uncoated membranes for 18h.
Detachment and quantification of the cells

The non migrated cells present on the upper side of the membrane were removed
by swabbing with cotton buds and those migrated to the other (reverse) side of
the membrane were fixed, permeabilized and stained with 0.05% crystal violet
dye. The stained cells were first photographed in bright field microscope under
20X and then dissolved in 1% SDS solution at 37°C for 1h and absorbance was

read at 595nm.
Calculation of invasion index (I %)

To determine the invasive properties of the studied cell lines the invasion index
(I %) was calculated according to the following formula:
[(ABS)1 — (ABS)0]

1% = 1aBs)z — (aBs)o] * 1°°

(ABS) 1= absorbance units obtained from cells that migrated through collagen IV

coated membrane towards 10% FBS
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(ABS) 2 = absorbance units obtained from cells that migrated through an
uncoated membrane towards 10% FBS
(ABS) O = absorbance units obtained from cells that passively passed through an

uncoated membrane in the absence of FBS

MMP-2 ACTIVITY ASSAYS USING FLUORESCENCE
RESONANCE ENERGY TRANSFER (FRET) BASED PEPTIDES

End point assay

MMP-2 specific FRET peptide substrate MCA-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH»
contains the fluorophore MCA and the quencher Dpa. The substrate stock
solution was prepared in 100% DMSO as a 10mM stock. To determine the effect
of EGCG on MMP-2 inhibition, endpoint assays were conducted in 150uL
reactions by incubating 10ng active MMP-2 (Final molar concentration = 1.01
nM) with various doses of EGCG (0-40uM) in an assay buffer (10 mM Tris—-HCI pH
7, 5SmM CaCl,, 1uM ZnCly) at 37°C for 30 min. To measure the residual enzyme
activity, peptide substrate was added (final concentration = 20uM) and the

reaction mixture was incubated in dark at 37°C for 1h.

Substrate control (containing only 20uM substrate in assay buffer without MMP-
2), Vehicle control (containing 20uM substrate + 10ng MMP-2 + 3uL. DMSO) and
assay buffer control (containing 150uL assay buffer only) were included in each
assay. Fluorescence was measured on Synergy HT Multimode Microplate reader
(BioTeK, USA) using Amax €xcitation 324nm and Amax emission 393nm. To address
the possibility of EGCG interfering with the FRET donor- quencher pair itself, a
separate experiment was performed where 20uM EGCG was added to reaction
mixture (10ng MMP-2 and 40uM peptide substrate in assay buffer) pre-incubated
at 37°C for 2h. At 2h time point, MMP-2 mediated peptide hydrolysis yields
maximum fluorescence values (saturation) representing complete hydrolysis.
Fluorescence was measured before and after EGCG addition every 15 min for 30

min.

To study the effect of EDTA on MMP-2 mediated hydrolysis of FRET based
fluorogenic peptide, 10ng active MMP-2 in assay buffer was incubated with

various doses of EDTA (0.1mM to 100mM) for 15 min at 37°C , followed by the
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addition of fluorogenic substrate (final concentration 20uM). The mixture was
incubated for 1h at 37°C, away from light and the residual enzyme activity was
monitored by measuring fluorescence as described previously. To study the effect
of EDTA pretreatment followed by EGCG treatment on MMP-2 mediated
fluorogenic substrate hydrolysis, 10ng of human MMP-2 in assay buffer was
incubated individually with 10mM EDTA for 15 min at 37°C, followed by the
addition of EGCG stock to get the desired concentration ( SuM and 10uM) in the
reaction mixture. The concoctions were incubated for 45 min at 37°C, followed by
the addition of peptide substrate (20uM) and fluorescence was measured after 1h
incubation at 37°C. To study the effect of divalent cations on EGCG mediated
decrease in MMP-2 catalytic activity, EGCG was pre-incubated in excess cation
salts containing assay buffer (10 mM Tris—HCI pH 7, 15 mM CaCl,, 3uM ZnCl,) at
37°C for 15 min. The cation concentrations (CaCl, and ZnCl,) were three times
(3X) in excess as compared to assay buffer used for other routine fluorogenic
substrate assays. Purified MMP-2 (10ng) was then added to the mixture, followed
by incubation at 37°C. After 30 min, peptide substrate (20uM) was added and

fluorescence was recorded after 1h as described previously.

MMP-2 Inhibition Kinetic studies

Preliminary studies were performed to determine if the MMP-2 mediated
hydrolysis of FRET peptide followed 1st order exponential increase for product
formation with time. 10ng MMP-2 was incubated with a fixed FRET peptide
substrate concentration of 40uM at 37°C in the assay buffer and fluorescence
was measured every 5 min. The data was plotted as RFUs versus time and fitted

using the 1st order exponential rate equation in GraphPad prism software.

For kinetics studies, 10ng MMP-2 enzyme (1.01nM) was incubated with a range
of MMP-2 specific FRET peptide substrate concentrations (0-80uM) in the
presence and absence of fixed inhibitor (i.e. EGCG) concentration of SuM at 37°C
in the assay buffer and fluorescence was measured every 15 min. Using data
points from only the linear portion of the hydrolysis curve, rates of hydrolysis
were obtained from plots of fluorescence versus time for each substrate
concentration in the presence and absence of EGCG. The slope obtained from
these plots was divided by the fluorescence change corresponding to complete

hydrolysis to obtain rates of hydrolysis in units of pM/min as described by
52
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Lauer-Fields et al. (2008). The kinetic analysis were performed by fitting the
initial velocity (uM/min) as a function of substrate concentration (uM) in the
presence and absence of inhibitor, using non-linear regression analysis (global
fitting) program in GraphPad Prism version 5.00 for Windows and kinetic

parameters were computed.

RNA ISOLATION

Total RNA was extracted from cell lines after appropriate treatment at indicated
time points for cDNA preparation using Trizol reagent (Ambion, Life technologies)
as per manufacturer’s protocol. Briefly, 0.5mL Trizol was added to the cells in the
35mm? culture dish after removing spent medium. After addition of the reagent
on the monolayer, the cells were lysed by repeated passing through a syringe to
form a homogenous lysate. The samples were allowed to stand for 5 min at room
temperature to permit complete dissociation of nucleoprotein complexes. 0.2mL
chloroform per 1mL Trizol reagent was added. After 15-30s of vigorous shaking,
samples were allowed to stand for 5-10 min at room temperature. The samples
were centrifuged at 12000g for 15 min at 4°C. The aqueous phase containing
RNA was transferred to a fresh tube and 0.5mL 100% isopropanol per 1mL Trizol
was added to precipitate the RNA. After 10 min incubation at room temperature,
samples were centrifuged at 12000g for 10 min at 4°C. The supernatant was
removed and RNA pellet was washed with 1mL of 75% chilled ethanol and
centrifuged again at 12000g for 10 min at 4°C. RNA pellet was air dried, dissolved

in suitable amount of sterile water and stored at -80°C for long term use.
Removal of genomic DNA contamination from RNA

Contaminating DNA in the total RNA was digested by DNase I (New England
Biolabs Inc, USA) treatment for 20 min at 37°C in DNase I digestion buffer
supplied by the manufacturer. The total RNA was then cleaned using RNeasy mini
kit (Qiagen Sciences Inc, USA). Quality and quantity of extracted RNA was

determined using Nanodrop spectrophotometer (Thermo Scientific, USA).

53
TH-1292_ 09610613



Chapter 11T Materials and Methods

SEMI QUANTITATIVE RT-PCR

2ug of total RNA from each sample was subjected to reverse transcription
reaction using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). The resultant cDNAs were diluted five times and 2
ul was used as template for PCR reaction with gene specific primers for TIMP-3,
MMP-2, MMP-9 and GAPDH expression levels using semi-quantitative PCR. For
each gene, the number of cycles of amplification required for product formation
in the linear range of detection by agarose gel electrophoresis was determined
separately. The primer sequences along with their annealing temperatures,
number of cycles used and amplicon length have been listed in Table 3.1. Each
reaction was carried out in a reaction volume of 20pL containing 2pL cDNA,
10pL 2X PCR master mix (Promega, Madison, WI) and forward and reverse
primers (100ng each in final reaction). PCR products were run in 2% ethidium
bromide-agarose gel at 110V in TBE buffer and visualized in an UV
transilluminator. Images of ethidium bromide stained bands were captured using
Kodak gel imaging system. For each gene, the band intensities were normalized
against GAPDH. The normalized band intensities obtained for controls have been
assigned the value of 1 or 100 and those obtained for various treatments were

plotted as fold increase or percent with respect to control, respectively.

Table 3.1. Primer sequences used for semi-quantitative RT-PCR analysis

No.
) Amplicon PCR
Gene Primer Sequences Ref. of o
(bp) conditions
cycles
Human | F: 5- CTACCTGCCTTGCTTTGTGAC-3 ansdhzm 140 25 2208 883
TIMP-3 | R: 5-ATCCTCGGTACCAGCTGCAG-3 (2012) 72°C (30s)
tuman | F: 5-AGATCTTCTTCTTCAAGGACCGGTT-3 M;n;”t - 20 2208 883
MMP-2 R-5-GGCTGGTCAGTGGCTTGGGGTA-3 (2003) 72°C (30s)
, , Munaut .
Human | F-5'- GCGGAGATTGGGAACCAGCTGTA-3 ot al 209 30 95°C (30s)
MMP-9 | R- 5 — GACGCGCCTGTGTACACCCACA-3’ (2ooé) 66°C (30s)
72°C (30s)
cappy | F-5- CAACGGATTTGGTCGTATTGG-3! T:ta;(fr . 25 ggg 883
R-5- GCAACAATATCCACTTTACCAGAGTTAA -3 (2012) 72°C (30s)
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WESTERN BLOTTING

Whole cell lysate preparation

Cells grown in culture dishes were washed with cold DPBS and culture plates
were placed on ice. 200pL (per 90 mm culture plate) ice cold whole cell lysis
buffer [Tris-HCI-50mM, NaCl-150mM, Triton X-100-1%, EGTA-1mM, Sodium
pyrophosphate-20mM, pH-7.4, protease inhibitors cocktail (10ul/mL) , NaF (10
mM), DTT (1 mM), PMSF (0.1 mM) and sodium orthovanadate (1 mM)] was added
and the plate was incubated on ice. After 30- 45 min, the cells were scraped off,
collected in cold micro-centrifuge tube and centrifuged at 13000rpm for 25 min.
The supernatant was transferred into a fresh micro-centrifuge tube and used for

western blotting after protein estimation.
Protein estimation

Total protein concentration was determined using protein estimation kit based on
BCA method (Bio-Rad, Hercules, CA) according to the manufacturer’s protocol. In
brief, 750pL of reagent A was mixed with 15puL of reagent S. 25pL of this mixture
was added to each well of a 96 well plate according to the number of protein
samples to be quantitated. SpL of whole cell lysate was then added to the wells.
200pL of reagent B was added per well and the plate was covered with plastic
top. The plate was placed on a shaker for 15 min to ensure proper mixing of the
reagents and then absorbance was recorded at 650nm in a microplate multimode

reader.

Electrophoresis, blotting and detection

40pg protein was resolved by SDS-PAGE (4-15% or 4-20% precast polyacrlamide
gels; Bio-Rad) and transferred to nitrocellulose membrane (Millipore, USA). Non
specific binding sites on membrane were blocked using 5% non-fat skimmed milk
for 1h and then incubated with the primary antibody (1:500 dilution in 5%
skimmed milk or BSA) overnight at 4°C. The membrane was washed three times
with tris buffered saline containing 0.05% tween 20 (TBST), followed by the
incubation with suitable HRP conjugated secondary antibody for 1h at room
temperature. The secondary antibodies were detected using Clarity Western ECL

substrate (Bio-Rad, USA), followed by exposure to X-ray films for visualization.
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BISULFITE MODIFICATION AND METHYLATION-SPECIFIC
PCR

Genomic DNA from control (vehicle treated), 5-Aza-CdR, GTP and EGCG-treated
cells was isolated using the Quick-gDNA MiniPrep Kit (Zymo Research, USA) as
per the manufacturer’s instructions. Bisulfite modification of genomic DNA (21g)
was using EZ DNA Methylation —Gold Kit (Zymo, Orange County, CA) followed by
additional desalting and purification using the DNA Clean and Concentrator-5 Kit
(Zymo). DNA was suspended in 10ul of water and stored at -20°C. 100ng of
bisulfite treated DNA was used as a template for Methylation specific PCR (MSP)
reaction, which was performed using primer sequences described in Table 3.2
that specifically recognized -91 to +25 region in TIMP-3 promoter. Universal
methylated human DNA standard (Zymo Research, USA) and water were used as
positive and negative controls respectively. PCR products were resolved in 2%
ethidium bromide-agarose gel along with low DNA mass ladder (Invitrogen,

Carlsbad, CA) and visualized under UV light.

Table 3.2. Primer sequences used for MSP analysis of TIMP-3 promoter

Gene Primer sequence Reference PCR
conditions
Unmethylated | F: 5-TTTTGTTTTGTTATTTTTTGTTTTTGGTTTT-3 95°C
TIMP-3 (UM) | R: 5-CCCCCAAAAACCCCACCTCA-3' 9 C }30 cycles
Bachman etal. | 72°C
(1999)
Methylated F: 5-CGTTTCGTTATTTTTTGTTTTCGGTTTC-3’ 95°C
TIMP-3 (M) R: 5-CCGAAAACCCCGCCTCG-3’ ?g:g }30 cycles

GENERATION OF KNOCKDOWN CELL LINES USING
LENTIVIRUS MEDIATED TRANSFECTION

Packaging cells 293T were plated in 90mm plates with 20% cell density one day
prior to transfection in DMEM medium containing 10% heat inactivated FBS
without penicillin-streptomycin. Cells were transfected with 6ug of pLKO1
(control vector only), shEZH2 40075, shHDAC-1 4814, shHDAC-2 4819,
shHDAC-3 4826 or shHDAC-8 4849 vector (Open Biosystems, Thermo Fisher,
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Pittsburgh PA) along with second generation packaging construct (pCMV-dR8.74)
and pMD2G using Lipofectamine/Plus reagent (Invitrogen Corp., Carlsbad, CA)
as per manufacturer’s protocol. Media was collected for two subsequent days and
layered onto breast cancer cells MCF-7 and MDA-MB-231 to infect them with
virus after adding 10ul of 4mg/mL polybrene per 10mL medium and further
sterilization by passing through 0.45uM micro filters. 48h after infection, virus-
containing media was replaced with DMEM +10% FBS. Twenty four hour later
cells were put under selection using lug/mL puromycin for 2 weeks. Selected

cells were tested for gene knockdown using Western blot analysis.

ACID EXTRACTION OF HISTONES

Control and treated cells were harvested and washed twice with ice cold DPBS,
which was supplemented with SmM Sodium Butyrate to maintain the levels of
histone acetylation. The cells were resuspended in Triton Extraction Buffer (TEB:
PBS containing 0.5% Triton X-100, 2mM PMSF, 0.02% NaN3) at a cell density of
107 cells per mL. The cells were lysed on ice for 10 min with gentle stirring. The
samples were then centrifuged at 2000rpm for 10 min at 4°C and the
supernatant was discarded. The cells were washed in half the volume of TEB and
centrifuged as before. The pellet was resuspended in 0.2N HCI at a cell density of
4x107 cells per mL and the histones were acid extracted overnight at 4°C. The
samples were centrifuged at 2000rpm for 10 min at 4°C. The supernatant was
collected and protein content was determined as described previously. The

aliquots were stored at -20°C until use.

CHROMATIN IMMUNOPRECIPITATION (ChIP) ASSAY

This protocol was adapted from Strahl-Bolsinger et al. (1997) with some minor

modifications.

Crosslinking

Control and treated cells in culture dishes were fixed with 1% formaldehyde in
the growth medium for 15 min at room temperature. The reaction was stopped by
adding glycine, to a final concentration of 0.125M and further incubation for 5
min at room temperature. The cells were then washed with ice-cold DPBS,

scraped off in SmL ice-cold DPBS and pelleted by centrifugation at 5000g for 1
57
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min. The cell pellets were washed extensively in ice-cold DPBS using repeated

cycles of resupension and centrifugation and stored in -80°C until use.

Lysis and Micrococcal Nuclease (MNase) Digestion

S00pL of ChIP lysis buffer (50mM HEPES pH 7.5, 140mM NacCl, 1% Triton X-100,
0.1% sodium deoxycholate) was added to the each cell pellet, vortexed for 15s
and incubated on ice for 10 min. The lysates were centrifuged at 9000g for 3 min
to harvest the nuclei and supernatants were discarded. Nuclei were resuspended
in S00pL MNase digestion buffer [SOmM Tris-HCI pH 8.0, SmM CaCl,, 200pL
Protease inhibitors cocktail (PIC)] containing 1.5pL MNase (ChIP grade, 10 Units
/1L), vortexed and incubated at 37°C water bath for 15 min. The reaction was
stopped by addition of 100pL of MNase stop solution (200mM EGTA, pH 8.0),
vortexed briefly and incubated on ice for 5 min. The samples were centrifuged at
9000g for 5 min to recover the nuclei. The nuclei were resuspended in high salt
ChIP lysis buffer (S50mM HEPES pH 7.5, 140mM NaCl, 1% Triton X -100, 0.1%
sodium deoxycholate) and incubated on ice for 15 min with vortexing for 15s
every 5 min. The samples were centrifuged at 9000g for 5 min and supernatants
which contain the fragmented chromatin were transferred to fresh 1.5mL tubes.
The samples were either stored at -80°C or wused immediately for

immunoprecipitation.
Immunoprecipitation (IP)

Aliquots of fragmented chromatin equivalent to S0ug protein were incubated with
2pL of primary antibody specific to EZH2, H3K27me3, and H3K9/18Ac along
with 30pL agarose protein A/G beads in 1mL ChIP buffer (high salt) overnight at
4°C in rotator. The immuno-precipitates were washed extensively in a series of
buffers, pelleting the beads after each wash. The washing protocol was - 2x1mL
ChIP lysis buffer, 2x1mL ChIP lysis buffer (high salt), 2x1mL ChIP wash
buffer(10mM Tris pH 8.0, 250mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate,
1mM EDTA), 2x1mL TE.

Reverse Crosslinking, DNA purification and PCR amplification

To the beads obtained after IP, 75uL elution buffer (50mM Tris pH 8.0, 1% SDS,
10mM EDTA) was added followed by overnight incubation at 65°C overnight for
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reversing the protein DNA crosslinking. Loading control (Input) containing 150puL
elution buffer and 50pg protein taken for the IP was incubated for 6h or
overnight at 65°C. DNA was purified using phenol-chloroform-isoamyl reagent

followed by ethanol precipitation. DNA was then dissolved in nuclease-free water.

Immunoprecipitated DNAs, beads only or input DNA controls were subjected to
PCR amplification for 30 cycles of the following cycling conditions: stage 1, 95°C
for 5 min (1 cycle); stage 2, 95°C for 30s and 60°C for 30s and 72°C for 1 min (30
cycles); and stage 3, 72°C for 7 min (1 cycle). Primers used for detection of the
TIMP-3 promoter region containing the YY1 binding were from Shin and Kim
(2012). PCR products were subjected to electrophoresis on a 2% ethidium
bromide-agarose gel and visualized under UV light using Kodak gel imaging

system.

WOUND HEALING ASSAY

Cells were seeded in 6-well culture dishes and grown until 90-95% confluence.
Using a sterile pipette tip, at least three scratch wounds per plate were made
followed by a brief wash with 1X DPBS to remove any floating cells. Then, the
cells received following treatments: 10pM 5-Aza-CdR, 40ng/mL TSA, SpuM
DZNeP, 20pM EGCG and 10pg/mL GTP. The cells were incubated at 37°C in a
5% COz humidified incubator and photographed at indicated time points using a
digital camera attached to an inverted microscope. Cell migration areas were

calculated using Image J version 1.47 (NIH, USA).

STATISTICAL ANALYSIS

All quantitative data has been represented as mean * standard deviation. The
number of replicates for each experiment has been indicated in respective figure
legends. The digital images were quantified using Image J software (NIH, USA).
Statistical analysis between control and treated groups was performed using two-
tailed Student’s t-test. Multiple comparisons were performed using one way
ANOVA followed by Tukey’s test. The level of significance designated statistically
significant are as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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INTRODUCTION

Estrogens are known to cause breast cancer proliferation through two modes i.e.
ER dependent (genomic) or ER independent (non-genomic) pathways (Heldring et
al., 2007; Ikeda and Inoue, 2004). In ER mediated actions, upon ligand (E2)
binding to nuclear receptor (ERa), E2- ERa complex translocates to the nucleus
and activates the transcription of genes involved in proliferation, differentiation
and survival. Examples include genes involved in cell cycle such as C-MYC,
CYCLINS D, A and E (Preston-Martin et al.,, 1990; Yue et al., 2013). The ER
independent oncogenic effects of estrogens have been demonstrated to occur
through the actions of estrogen metabolites such as 2,3- or 3,4-catechols, 2,3- or
3,4- quinones and semi-quinones (Cavalieri et al., 2006; Yager and Davidson,
20006). All these metabolites cause DNA damage and are associated with high
degree of oxidative damage and genotoxicity in breast tissue (Cavalieri and
Rogan, 2011; Yue et al., 2013). In addition, non genomic effects of E2 in breast
cancer cells has been attributed to alternative signalling pathways via membrane
bound ER (mbER) and G-protein coupled receptor (GPCR-30). Binding of E2 to
mbER complex cause de-palmitoylation, release of ERa from caveolin-1,
activation of downstream signalling proteins such as AKT, Protein Kinase C,
tyrosine kinase Src and facilitates the movement of ERa to membrane
microdomains (Bjornstrom and Sjoberg, 2004; Sotgia et al., 2006). mbER-E2
signalling has been shown to affect cell proliferation, survival and apoptosis
(Marino et al., 2002). Furthermore, E2 has been reported to act as an agonist in
GPCR-30 signalling (Filardo and Thomas, 2012). Upon ligand binding, E2-GPCR-
30 complex stimulates adenylate cyclase and induces cAMP mediated modulation
of EGF signalling pathway (Filardo et al., 2002). Taken together, existing reports

strongly advocate the central role of estrogen in breast tumorigenesis.

Till date, molecular mechanisms of how EGCG affects cell proliferation,
apoptosis, migration and cell cycle by modulating the function of a wide range of
cellular targets have been extensively studied in breast cancer models (Bigelow
and Cardelli, 2006; Demeule et al., 2000; Schramm, 2013; Stuart et al., 2010).
However the question as to how EGCG impacts estrogen regulated cellular
phenotypes has not been addressed. This question is of relevance to our notion of

EGCG as a potential chemopreventive or chemotherapeutic agent against breast
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cancer, which is an estrogen dependent malignancy in majority of the newly
diagnosed cases. Therefore the first aim of this work was to address the
combinatorial effect of EGCG and E2 on proliferation, apoptosis, cell cycle
distribution, gelatinolytic activity, migration and invasion of breast cancer cells
differing in their ER status. Here, we have used MCF-7 and MDA-MB-231 breast
adenocarcinoma cells, representing two different phenotypes of breast cancer
conditions and ER status, as the in vitro cellular models. MCF-7 represents less
invasive, ER positive and hormone responsive breast cancer condition while
MDA-MB-231 shows more aggressive, highly migratory, ER negative and estrogen
insensitive in vitro behavior. In this chapter, we have demonstrated that EGCG
decreases viability, proliferation, gelatinolytic activity (MMP-2 and MMP-9) and
induces apoptosis in the breast cancer cells irrespective of the ER status or
estrogenic stimulation. In addition, EGCG was also found to inhibit the migration

and invasion of MDA-MB-231 breast cancer cells.

RESULTS

Dose and time dependent effect of E2 on MCF-7 and MDA-MB-231

viability and proliferation

MCF-7 cells were treated with varying concentrations of E2 for a period of 72h
and the numbers of viable cells were counted on the basis of Trypan Blue dye
exclusion. InM and 10nM concentrations of E2 were found to significantly
increase the number of viable counts by 1.3 and 1.8 fold respectively (Figure
4.1A). A time course experiment showed that 10nM E2 significantly increased the
number of viable MCF-7 cells as early as 48h (Figure 4.1C). By 72h there was 1.7
fold increase in viable cell count, which is similar to the observation in the
previous experiment. In a dose dependent experiment with MDA-MB-231 cell line
carried out for 72h, none of the concentrations of E2 increased the number of
viable cells (Figure 4.1B). 10nM E2 treatment for a period of 72h was used as an

optimum dosage for observing estrogen induced effects in subsequent studies.
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Figure 4.1. Dose and time dependent effect of E2 on breast cancer cell viability and
proliferation. 1x10° cells were seeded in 35mm culture dishes and allowed to grow in M1
medium. After 24-36h, the cells were treated with various doses of E2 (0-10nM) for a period of
24-72h in M2 medium. Viable cell count was determined by trypan blue dye exclusion method.
Panel A: Viable cell count of MCF-7 cells treated with E2 for 72h. Panel B: Viable cell count of
MDA-MB-231 cells treated with E2 for 72h. Panel C: Time dependent effect of 10nM E2 on MCF-
7 viable cell count. Each bar represents Mean +/- SD (n=3). *p < 0.05, **p < 0.01, ***p< 0.001.
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Dose dependent effect of EGCG on MCF-7 and MDA-MB-231 cell
viability

MTT assays performed with varying doses of EGCG (2-200u1M) showed that there
was a significant dose dependent decrease in cell viability with increasing
concentration of EGCG in both MCF-7 and MDA-MB-231 breast cancer cells
(Figure 4.2). In MCF-7 cells, ICso value of EGCG (EGCG concentration at which
50% reduction in cell proliferation was observed) was found to be ~80uM whereas
in MDA-MB-231 breast cancer cells it was found to be much lower (~45uM ) as
compared to MCF-7.

A. MCF-7 B. MDA-MB-231
* %k 5%
3 5 N 25 -
25 ) |
) |
<§ 815
: <
E 15 E
< 1
- <
0.5 - =
0 - 0 -
EGCG (uM): 0 2 20 40 60 80 100 200 EGCG(uM): 0 2 20 40 60 80 100 200

Figure 4.2. Dose dependent effect of EGCG (2-200uM) on the viability of breast cancer
cells. 8x10° cells were seeded per well in a 96 well plate with medium M1 and allowed to grow.
After 36h, the spent medium was replaced with fresh M1 medium containing only vehicle
(ethanol) or various doses of EGCG (as indicated). After 72h, MTT assay was performed to
determine cell viability. Each bar represents mean +/- SD (n=10). *p< 0.05, **p< 0.01, ***p <
0.001.

Combined effect of E2 and EGCG on the viability and proliferation of
MCF-7 and MDA-MB-231

We explored the combined effect of EGCG and E2 on the viability and
proliferation of both breast cell lines using MTT assay. In these experiments, 20-
60pM doses were chosen so that there was no severe cytotoxic effect of EGCG on

the cells while evaluating the combined effect. In MCF-7, 10nM E2 treatment for
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72h significantly induced cell proliferation with respect to control (vehicle treated)
cells (Figure 4.3A). These data confirm the estrogen responsiveness of MCF-7
cells and corroborate with our previous observation (Figure 4.1A and 4.1C). Since
MDA-MB-231 is an estrogen insensitive cell line, no significant increase in cell
proliferation was observed for 10nM E2 treated groups with respect to control
(Figure 4.3B). 20-60pM EGCG significantly reduced cell viability with respect to
control and 10nM E2 treated groups in both cell lines (Figure 4.3). However, no
significant difference was observed between combined EGCG + E2 treated and

only EGCG treated groups in both MCF-7 and MDA-MB-231 cells (Figure 4.3).

A. MCF-7 B. MDA-MB-231
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Figure 4.3. Effect of E2, EGCG or both on the viability and proliferation of breast cancer
cells. 8x10 ° cells were seeded per well in a 96-well plate with M1 medium and allowed to grow.
After 36h, the spent medium was replaced and cells were incubated with fresh M2 medium for 3-
4h followed by treatment with only vehicle (ethanol), E2 (10nM), EGCG (20-60uM) or E2 (10nM)
+ EGCG (20-60uM). After 72h, MTT assay was performed to determine cell viability and
proliferation. Each bar represents Mean +/- SD (n=10). *p< 0.05, **p<0.01, ***p< 0.001

Hence, we may draw two inferences from these experiments-

(a) E2 is unable to induce breast cancer cell proliferation in the presence of
EGCG.
(b) The effectuality of EGCG remains unhindered even in the presence of high

exogenous E2 levels.
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Combined effect of E2 and EGCG on MCF-7 and MDA-MB-231 cell

morphology and nuclear integrity

The morphology and nuclear integrity of E2 and EGCG treated cells were studied
by bright field microscopy and PI staining. Cells treated with 40uM EGCG alone
or combinations with E2 were fewer in number and irregular in appearance as
compared to control and 10nM E2 treated cells in both MCF-7 and MDA-MB-231
(Figure 4.4). Propidium iodide (PI) staining of MDA-MB-231 cells treated with
EGCG showed no major changes in nuclear staining pattern as compared to only
vehicle treated cells (Figure 4.4B). However, PI stained EGCG treated MCF-7 cells
were discrete, round and brightly stained (Figure 4.4A).

Effect of E2, EGCG and combined treatment on the cell cycle
distribution of MCF-7 and MDA-MB-231 cells

We studied the cell cycle distribution in MCF-7 and MDA-MB-231 cells treated
with E2, EGCG or both by flow cytometry. As shown in Figure 4.5, 40uM EGCG
induced a significant increase (7.52%) in GO/G1 phase in 10nM E2 stimulated
MCF-7 cells while there was a concomitant decrease (7.43%) in S-phase cells as
compared to control (vehicle treated) cells. MCF-7 cells in G2/M phase remained
unaffected by EGCG treatment alone or in combination with E2. In MDA-MB-231
cells, no significant changes in cell cycle distribution pattern were observed after

EGCG or E2 treatment (Figure 4.6).
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Figure 4.4. Effect of E2, EGCG or both on the breast cancer cell morphology and nuclear
integrity. 1x10° cells were seeded in 35mm culture dishes and allowed to grow in M1 medium.
After 24-36h, the cells were treated with vehicle (ethanol), E2 (10nM), 40uM EGCG or both E2
(10nM) and 40uM EGCG in M2 medium. After 72h, the spent media were removed and cells
were washed with DPBS. The cells were fixed and stained with PI for 10 min at 4°C in dark. The
cells were then photographed under 20X magnification using white light (bright field) and green
laser beam (PI stained) in an inverted microscope.
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Figure 4.5. Effect of E2, EGCG or both on the cell cycle distribution of MCF-7 cells.
Overnight (12-15h) serum starved cells were treated with only vehicle (Control), 10nM E2, 40uM
EGCG or 10nM E2+ 40uM EGCG for 24h. The cells were fixed, PI stained and then analyzed by
flow cytometry. Panel A: Histogram profiles generated using ModFit LT software. Panel B: Bar
graph showing percentage of cells in each phase of the cell cycle after treatment. Each bar
represents mean +/- SD (n=3). *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 4.6. Effect of E2, EGCG or both on the cell cycle distribution of MDA-MB-231 cells.
Overnight (12-15h) serum starved cells were treated with only vehicle (Control), 10nM E2, 40uM
EGCG or 10nM E2+ 40uM EGCG for 24h. The cells were fixed, Pl stained and then analyzed by
flow cytometry. Panel A: Histogram profiles generated using ModFit LT software. Panel B: Bar
graph showing percentage of cells in each phase of the cell cycle after treatment. Each bar
represents mean +/- SD (n=3). *p< 0.05, **p< 0.01, ***p< 0.001.
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Detection of apoptosis in E2, EGCG or combined treated MCF-7 and
MDA-MB-231 cells

In our earlier experiments, we have demonstrated that EGCG alone or in
combination with E2 caused a significant decrease in breast cancer cell viability
and proliferation, regardless of the ER status or estrogenic stimulation. To
evaluate whether the EGCG mediated anti-proliferative effect on breast cancer
cells was due to the induction of apoptosis, we investigated the effect of E2,
EGCG or both on apoptosis in MCF-7 and MDA-MB-231 cells using flow
cytometry based Annexin V-FITC PI staining.

The total percentage of apoptotic cells represents the sum of late apoptotic cells
shown in upper right (UR) quadrant and early apoptotic cells shown in lower
right quadrant (LR) of the scatter plot. As shown in Figure 4.7, the total number
of apoptotic cells in 40uM EGCG treated MCF-7 cell line were found to be
28.73%, which represents a marked increase of 17.15% as compared to control
(vehicle treated) cells (11.58%). In combined treated (EGCG+E2) group, the total
number of apoptotic cells increased by 21.3% as compared to control. Notably,
10nM E2 treatment also caused 5.56% increase in apoptosis as compared to
control. Therefore, the increase in apoptotic index observed in combined treated
MCF-7 cells may be attributed to the additive effect of both EGCG and E2

treatment.

In MDA-MB-231 cells, 40uM EGCG treatment caused 17.25% increase in the
total percentage of apoptotic cells as compared to control whereas in combined
treated (E2 + EGCG) cells, the total increase was found to be 13.99% (Figure 4.8).
Compared to MCF-7, 10nM E2 mediated induction of apoptosis was found to
marginal (1.96%) in MDA-MB-231.
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Figure 4.7. Determination of apoptosis (%) after treatment with E2, EGCG or both in MCF-
7. Cells were treated with only vehicle (Control), 10nM E2, 40uM EGCG and 10nM E2 + 40puM
EGCG for 72h and apoptotic cell population was determined by flow cytometry based analysis of
Annexin-V-FITC PI stained cells. MCF-7 cells treated with 6nM Staurosporine for 1h served as

positive control.
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Figure 4.8. Determination of apoptosis (%) after treatment with E2, EGCG or both in MDA-
MB-231. Cells were treated with only vehicle (Control), 10nM E2, 40uM EGCG and 10nM E2 +
40pM EGCG for 72h and apoptotic cell population was determined by flow cytometry based
analysis of Annexin-V-FITC PI stained cells. MDA-MB-231 cells treated with 6nM Staurosporine
for 1h served as positive control.
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Effect of E2, EGCG or both on the gelatinolytic activity (MMP-2 and
MMP-9) in MCF-7 and MDA-MB-231

Breast cancer cells were treated with different doses of EGCG (2uM, 20uM and
200uM) and conditioned media were collected after 72h. The conditioned medium
from each treated group was analyzed by gelatin zymography for determining
MMP-2 and MMP-9 activity. In this assay, the gelatin substrate present in the
polyacrlamide gel gets digested by gelatinases and appears as white clear bands.
As shown in Figure 4.9, 200pM EGCG treatment in breast cancer cells caused a

marked decrease in MMP-2 and MMP-9 activity.
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Figure 4.9. Effect of different doses of EGCG on the gelatinolytic activity in breast cancer
cell lines. After 72h of treatment period with different doses of EGCG, the culture supernatants
were collected and equal volumes of samples were analyzed for gelatinolytic activity by gelatin
zymography. Lanes: 1. HT1080 conditioned medium; 2.Control (vehicle treated); 3. 2uM EGCG
treated; 4. 20uM EGCG treated; 5. 200uM EGCG treated. Densitometry based quantitation of
pro-MMP-2 and pro-MMP-9 bands were done using Image J. The normalized band intensities
for control were assigned the value of 100% and those for EGCG treated samples were plotted
as percentage with respect to control. Bars represent mean +/- SD (n=3). *p< 0.05, **p< 0.01,
**p< 0.001.
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In our previous experiments, we have shown that 200uM EGCG caused more
than 80% decrease in cell viability. Hence, we choose 40uM EGCG dosage for
exploring the effect of E2, EGCG or both on the gelatinolytic activity in MCF-7
and MDA-MB-231 cells. As shown in Figure 4.10, 40uM EGCG significantly
decreases gelatinolytic activity in both breast cancer cells irrespective of the

presence of E2 in the medium or their ER status.

A. MCF-7 B. MDA-MB-231
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Figure 4.10. Effect of E2, EGCG or both on the gelatinolytic activity in breast cancer cells.
Cells were treated with vehicle (ethanol), 10nM E2, 40uM EGCG and 40uM EGCG + 10nM E2
for 72h and conditioned media obtained from various treated groups were analyzed by gelatin
zymography. Lanes: 1. HT1080 spent medium; 2.Control (vehicle treated); 3. 10nM E2 treated;
4. 40uM EGCG treated; 5. 40uM EGCG+10nM E2 treated. Densitometry based quantitation of
pro-MMP-2 and pro-MMP-9 bands were done using Image J. The normalized band intensities
for control were assigned the value of 100% and those for treated samples were plotted as
percentage with respect to control. Bars represent mean +/- SD (n=3). *p< 0.05, **p< 0.01, ***p<
0.001.
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Effect of E2, EGCG or both on breast cancer cell migration and
invasion

To gain an insight into the functional effect of EGCG mediated down-regulation of
gelatinolytic activity in the breast cancer cells, in vitro migration assays were
performed. Cells were treated with vehicle, 10nM E2, 20uM EGCG or both and
allowed to migrate along a chemoattractant (10% FBS) gradient from an upper
compartment through collagen IV coated/ uncoated PET membranes (8um) into a
lower compartment. MDA-MB-231 cells which are highly invasive breast cancer
cells exhibited significantly high invasive index (90.46%) in control (vehicle
treated) group. 20uM EGCG alone or in combination with 10nM E2 caused a
significant (45-48%) reduction in their invasive capability in a 18h time period
(Figure 4.11). The cells which migrated or invaded through the collagen IV matrix
were stained with crystal violet as shown in Figure 4.12. There was no
statistically significant difference observed in invasive index between EGCG alone
or combined treated groups. Since MCF-7 cells are inherently non-migratory in
nature, they did not display significant migration across the membrane even at
24h time period (data not shown). These data provide evidence that EGCG causes
significant decrease in the invasive capacity of ER negative MDA-MB-231 breast

cancer cells.
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Figure 4.11. Effect of E2, EGCG or both on the invasive index of MDA-MB-231 cells. Cells
migrated to the other side of the PET membrane were stained using crystal violet and then
dissolved in 1% SDS solution at 37°C for 1h. Absorbance reading was taken at 595nm and the
invasive index for each treatment condition was calculated as described in chapter 11l (Materials
and Methods). Passive migration of cells through collagen IV coated or uncoated membrane
under serum free condition in lower chamber served as negative control. Bars represent average
invasive index £ SD (n=3). *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 4.12. Effect of E2, EGCG or both on the invasion and migration of MDA-MB-231
cells. 20X bright field images of 0.05% crystal violet stained cells that migrated through
uncoated PET membranes (A-E) and collagen IV coated PET membrane (F-J).Passive
migration of cells through collagen IV coated or uncoated membrane under serum free
condition in lower chamber served as negative control.
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DISCUSSION

A plethora of literature supports the anti-tumor characteristics of EGCG against
a variety of cancer types including endocrine related cancer such as breast
cancer (Baliga et al., 2005; Kushima et al., 2009; Ogunleye et al., 2010; Seely et
al., 2005; Thangapazham et al., 2007). Since breast cancer is an estrogen
dependent malignancy, it becomes essential to evaluate the effects of EGCG on
various cellular phenotypes known to be regulated directly or indirectly by
estrogen in breast cancer cells. Previous work from our own laboratory aimed at
understanding the impact of EGCG treatment on estrogen responsive genes
showed that EGCG significantly induces the steady state mRNA expression levels
of two classical estrogen target genes, namely Trefoil Factor 1 (pS2) and
Progesterone Receptor (PR) in ER positive MCF-7 cells (Mohan et al., 2013).
Similarly other studies have demonstrated that EGCG can generate ER mediated
responses in vitro. For example, studies by Goodin et al. (2002) demonstrated
specific binding of EGCG to both ERa and ERP and showed that EGCG can evoke
ER mediated transcriptional induction of reporter genes. In an independent
study, Kuruto-Niwa et al. (2000) have shown that at sub-micromolar
concentrations EGCG synergizes with estrogen to induce the estrogen response
element (ERE)-driven reporter gene activity indicating that the EGCG can evoke
estrogenic responses at the level of gene expression. However there are some
studies which advocate that EGCG may act an antagonist of ER mediated
signalling by demonstrating down-regulation of pS2 levels at high EGCG doses
[>200pM] (Farabegoli et al., 2011). In summary, EGCG has been shown to
interact directly or indirectly with ER or ER mediated signalling, however none of
the investigations so far have addressed the functional effect of EGCG in

combination with E2 on breast cancer cells.

In the present study, we have addressed the functional effect of combined EGCG
and E2 treatment on cellular phenotypes such as proliferation, apoptosis, cell
cycle distribution, gelatinolytic activity, migration and invasion of breast cancer
cells differing in their ER status. Our investigations demonstrated that EGCG
(20-60pM) cause significant decrease in proliferation and induce apoptosis in
breast cancer cells regardless of the ER status or the high exogenous E2 levels in

the surrounding medium. This ER independent anti-proliferative effect of EGCG
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on breast cancer cells observed in our studies is consistent with some other
studies reported in literature (Chisholm et al., 2004; Kavanagh et al., 2001;
Kushima et al., 2009; Liang et al., 1999; Thangapazham et al., 2007). Previous
studies have also demonstrated that EGCG treatment significantly induce
apoptosis in various breast cancer cell lines including MCF-7 and MDA-MB-231
which is in line with our observations in the present study (Chisholm et al., 2004;
Roy et al., 2005). Furthermore, we showed that the efficacy of EGCG in inducing
apoptosis in breast cancer cells remain unhindered in the presence of estrogen.
In fact, 10nM E2 in combination with 40pM EGCG demonstrated an additive
effect in causing apoptosis in ER positive MCF-7 cells. The mechanisms by which
EGCG induce apoptosis in breast cancer cells include cell cycle arrest and
modulation of cyclin dependent kinase inhibitors (CDKIs) such p21 and p27 has
been reported by others (Liang et al., 1999) and was not the focus of the present
study. However we demonstrated that 40pM EGCG in combination with 10nM E2
for 24h time period caused a significant GO/G1 arrest of MCF-7 cells while the
cell cycle distribution of control (vehicle treated), 40puM EGCG or 10nM E2 alone
treated cells remained unaffected. In MDA-MB-231 cells, no significant changes
in the cell cycle distribution pattern could be observed in control or treated
groups. We also showed that EGCG treatment significantly reduced gelatinolytic
activity (MMP-2 and MMP-9) and invasive potential of the breast cancer cells
irrespective of the ER status or the presence of estrogen in the surrounding

medium.

Our observation that the efficacy of EGCG remained unhindered even in the
presence of elevated estrogen levels in the surrounding environment, which in
part mimics the in vivo breast cancer condition, lead us to conclude that EGCG
may emerge as a potential natural chemotherapeutic agent in breast cancer
treatment. To our knowledge, this is the first study to evaluate the anti-tumor
properties of EGCG on breast cancer cells in the context of estrogen action. We
believe that further investigations into the efficacy of EGCG in suppressing tumor
growth in breast cancer pre-clinical models would hopefully provide more

comprehensive picture.
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INTRODUCTION

Aberrant proteolytic activity of MMPs has been implicated in various pathologies
including chronic inflammation such as arthritis, periodontal disease as well as
in different stages of neoplastic growth and dissemination (Hadler-Olsen et al.,
2013; Sternlicht and Werb, 2001). Gelatinases (MMP-2 and MMP-9) have been
demonstrated to degrade different components of extracellular matrix particularly
collagen IV rich basement membrane and thus facilitate the escape of tumor cells
from the primary site of tumor initiation to establish secondary metastases
(Curran and Murray, 1999; Liotta and Stetler-Stevenson, 1990). They are over-
expressed in a variety of malignant tumors such as breast, brain, ovarian,
pancreas, colorectal, bladder, prostate and lung cancer as well as in
hematological malignancies (Chaudhary et al., 2013; Hadler-Olsen et al., 2013).
Therefore, among all MMPs known to be involved in tumorigenesis, gelatinases
have attracted considerable scientific interest as potential anti-cancer targets
(Stetler-Stevenson, 1990; Stetler-Stevenson et al., 1992). Elevated gelatinolytic
expression and activity are often associated with tumor aggressiveness and poor

prognosis.

The failure of synthetic MMP inhibitors such as Batimastat, Marimastat,
Prinomastat etc, in the clinical trials, has prompted a global search for natural,
non-toxic and selective inhibitors (Belotti et al., 1999; Hidalgo and Eckhardt,
2001; Zucker et al., 2000). Several epidemiological, in vitro and in vivo studies
have highlighted the health benefits associated with green tea consumption. In
the past two decades, EGCG has attracted the attention of scientific community
as a potential chemopreventive agent. The ability of EGCG to modulate the
expression and activity of gelatinases, as demonstrated in several studies has
emerged as an important lead, since it projects EGCG (or green tea) as a potential
anti-invasive or anti-metastatic agent (Farabegoli et al., 2011; Garbisa et al.,
2001; Sen et al.,, 2010; Sen et al.,, 2009). EGCG was shown to down-regulate
MMP-2 mRNA and protein levels as well as act as an inhibitor of MMP-2 enzyme
(Garbisa et al., 2001). However, the mechanistic details were not addressed

adequately.
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In the present study, we have demonstrated that EGCG inhibits MMP-2 activity
in a cell free environment via a non - Zn*2 chelation mechanism. Furthermore,
divalent cations were shown to have a negative effect on EGCG mediated MMP-2
inhibition. Enzyme kinetic studies revealed that EGCG acts as an uncompetitive

inhibitor of MMP-2 enzyme.

RESULTS

Dose dependent inhibition of human MMP-2 by EGCG under cell-free

environment

MCF-7 conditioned medium treated with various doses of EGCG (2-200uM)
showed a marked decline in gelatinolytic activity in a cell free environment
(Figure 5.1A). For further confirmation, culture supernatants were obtained from
confluent cultures of HT1080 cells, a fibrosarcoma cell line with over-expression
of gelatinases and used as source of MMP-2 for our studies. To investigate the
direct effect of EGCG on Pro-MMP-2 in a cell-free environment, aliquots of
HT1080 conditioned media were incubated with various doses of EGCG (O-
200pM) at 37°C for 45 min. Incubation with only high dose of EGCG (2001M)
caused a significant decrease (p<0.05) in Pro-MMP-2 gelatinolytic activity as
demonstrated by gelatin zymography (Figure 5.1B and 5.1C). However, when
purified and active human MMP-2 was incubated with various doses of EGCG (0-
SpM) followed by gelatin zymography, inhibition was achieved at a much lower
EGCG concentration, with an ICsp value (concentration that inhibited 50% of the

catalytic activity of the enzyme) of 3.05puM (Figure 5.2A and 5.2B).

Since gelatin zymography is primarily a qualitative technique for detection of
MMPs, we used MMP-2 specific fluorogenic substrate assay for further
confirmation of our preliminary observations. The assay utilizes triple helical
peptide substrate that is highly selective for MMP-2. As shown in Figure 5.2C,
EGCG (2-40uM) significantly inhibited hydrolysis of triple helical FRET peptide
substrate MCA-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH, by MMP-2 (active) in a dose
dependent manner. The ICso value for this EGCG mediated MMP-2 inhibition was
computed to be 4.23puM. Taken together, our results suggest that EGCG

significantly inhibits in vitro MMP-2 activity in a dose dependent manner.
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Figure 5.1. EGCG mediated decrease in MMP-2 gelatinolytic activity under cell free
environment. Panel A: Gelatin zymograph gel showing dose dependent decrease in
gelatinolytic activity in MCF-7 conditioned medium. Equal volume of conditioned medium was
incubated with various doses of EGCG (2-200uM) at 37°C for 45 min and loaded into a gelatin-
PAGE gel. HT1080 conditioned medium was used as a positive control and loaded into the first
lane (extreme left) of the gel. Panel B: Equal volume of HT1080 conditioned medium was
incubated with various doses of EGCG (0-200uM) at 37°C for 45 min and loaded into a gelatin-
PAGE gel. Gelatin zymographs showing dose dependent effect of EGCG on MMP-2 and MMP-9
activities. Panel C: Graphical representation of data shown in panel B. Densitometry based
guantitation of pro-MMP-2 bands using Image J. The normalized band intensities for control were
assigned the value of 100% and those for EGCG treated samples were plotted as percentage
with respect to control. Bars represent mean +/- SD (n=3). *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 5.2. EGCG mediated decrease in active MMP-2 activity. Purified, active MMP-2
(10ng) was incubated with various doses of EGCG (0-5uM) at 37°C for 45 min and analyzed for
gelatinolytic activity using gelatin-PAGE gel and MMP-2 specific FRET based assay. Panel A:
Gelatin zymography gel image showing dose dependent decrease in MMP-2 activity following
incubation with different doses of EGCG. Panel B: Densitometry based quantitation of MMP-2
bands using Image J. The normalized band intensities for control were assigned the value of 100
% and those for EGCG treated samples were plotted as percentage with respect to control. Bars
represent mean +/- SD (n=3). Panel C: FRET assay based analysis of active MMP-2 incubated
with various doses of EGCG (1-40uM) for 45 min at 37°C. SC is the substrate control and
represents background fluorescence value obtained by auto-hydrolysis of fluorogenic substrate
in the absence of MMP-2 in assay buffer. To measure the residual enzyme activity, peptide
substrate was added after appropriate treatment with EGCG and the reaction mixture was
incubated in dark at 37°C for 1h. Substrate control (containing only 20pM substrate in assay
buffer without MMP-2), Vehicle control (containing 20puM substrate + 10ng MMP-2 + 3uL DMSO)
and assay buffer control (containing 150pL assay buffer only) were included in each assay.
Fluorescence was measured at Ayax excitation 324nm and Anax emission 393nm. Bars represent
average RFU + SD (n=3). Numbers above each bar represents relative RFU values normalized
with respect to control (set to 100%). *p< 0.05, **p< 0.01, ***p< 0.001.
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Divalent cations have negative effect on EGCG mediated inhibition of
MMP-2

EGCG with tri-hydroxyl group (pyrogallol structure) on the B ring and the gallate
moiety at the C ring is a potent natural anti-oxidant molecule with free radical
scavenging and iron chelating properties. One could argue that EGCG being a
potent metal chelator, may be chelating the Zn*2 metal ion present at the enzyme
active site or removing essential cofactors such as Zn*2 and Ca*2? from
surrounding environment, which are required for gelatinolysis and thus causing

decreased gelatinolytic activity.

To test this, we pretreated HT1080 conditioned media or purified active MMP-2
with 10mM EDTA followed by incubation with EGCG and analyzed the residual
gelatinolytic activity by gelatin zymography and MMP-2 specific fluorogenic
substrate assay respectively. Interestingly, the decrease in MMP-2 activity was
found to be more pronounced and significant in EDTA pretreated samples
compared to only EGCG treated HT1080 conditioned media as demonstrated by
gelatin zymography (Figure 5.3A). It is intriguing to note that EDTA pretreatment
followed by 200pM EGCG treatment completely abolishes Pro-MMP-2
gelatinolytic activity, which can be detected in 200uM EGCG alone treated
sample. Similarly, 10mM EDTA pretreatment of active MMP-2 containing assay
buffer, followed by incubation with 10pM EGCG caused a significant decrease in
gelatinolytic activity compared to 10pM EGCG, 10mM EDTA and vehicle treated
(Control) groups, as demonstrated by gelatin zymography and fluorogenic

substrate assays (Figure 5.3B and 5.3C).

If EGCG being a potent metal chelator may be removing the essential cofactors,
culminating in decreased activity of MMP-2, it is arguable that synthetic metal
chelators like EDTA, glycine or citrate which can also chelate these metal ions
should also show the same effect. To investigate this aspect, HT1080 culture
supernatant was incubated with varying doses of various known chelating agents
such as EDTA or citrate at 37°C for 45 min. It is clear from the gelatin
zymography that EDTA and citrate have no significant effect on the activity of
either of the gelatinases (Pro-MMP-9 and Pro-MMP-2) as the bands are of equal
intensity (Figure 5.4A and 5.4B). In addition, incubation of active MMP-2 with 0.1

82
TH-1292_ 09610613



Chapter V Modulation of in vitro MMP-2 activity by EGCG

to 10mM EDTA had no significant effect on MMP-2 catalyzed hydrolysis of triple
helical FRET peptide substrate (Figure 5.4C).
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Figure 5.3. Pretreatment with EGCG with EDTA potentiates its efficacy to inhibit MMP-2
activity. Panel A: HT1080 conditioned medium was incubated with 10mM EDTA at 37°C for 15
min followed by the addition of 10mM EGCG stock to get the desired concentration (200uM) in
the supernatant and the concoction was incubated at 37° C for 45 min and then analyzed for
gelatinolytic activity by gelatin zymography. Graphical representation of densitometric analysis of
MMP-2 bands by Image J (bottom panel). Bars represent mean MMP-2 band intensity + SD.
Panel B: 10ng active MMP-2 was incubated with 10mM EDTA in assay buffer at 37°C for 15 min
followed by the addition of 10mM EGCG stock to get the desired concentration (as indicated) in
the supernatant. The concoction was analyzed by gelatin zymography after 45min. incubation at
37°C. Panel C: 10ng human MMP-2 was incubated with 10mM EDTA for 15 min at 37°C,
followed by the addition of EGCG stock to get the desired concentration (5puM and 10uM) in the
reaction mixture. The concoctions were incubated for 45 min at 37°C, followed by the addition of
peptide substrate (20uM) and fluorescence was measured after 1 hour incubation at 37°C, as
described previously. Bars represent average RFU + SD (n=3). *p< 0.05, **p< 0.01, ***p< 0.001.
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Figure 5.4. Effect of chelating agents on MMP-2 activity. Panel A and B: Equal volumes of
HT1080 conditioned medium was incubated with various doses of EDTA (0-100mM) and citrate
(0-100mM) for 45 min at 37°C, followed by gelatin zymography analysis. Densitometry based
quantitation of pro-MMP-2 bands using Image J. The normalized band intensities for control
were assigned the value of 100% and those for treated samples were plotted as percentage with
respect to control. Bars represent mean +/- SD (n=3). Panel C: 10ng active MMP-2 in assay
buffer was incubated with various doses of EDTA (0.1mM to 100mM) for 15 min at 37°C ,
followed by the addition of fluorogenic substrate (final concentration 20uM). The mixture was
incubated for 1h at 37°C, away from light and the residual enzyme activity was monitored by
measuring fluorescence as described earlier. Bars represent average RFU + SD (n=3). *p <
0.05, **p< 0.01, ***p< 0.001, ns: non-significant with respect to control.
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Partial reversal of EGCG mediated inhibition of MMP-2 activity by

divalent cations

To further confirm the negative effect of divalent cations on EGCG mediated
inhibition of MMP-2 in vitro; EGCG was incubated with excess divalent cations
prior to its interaction with MMP-2 enzyme and then examined for its inhibitory
activity. Pre-incubation of EGCG with divalent cations, followed by addition of
HT1080 conditioned media resulted in partial reversal of EGCG mediated
decrease in gelatinolytic activity (Figure 5.5A). Similarly, there was a significant
reversal of active MMP-2 inhibition in excess divalent salts containing 10uM
EGCG samples as compared to only 10uM EGCG treated sample (Figure 5.5B).
These data demonstrated that the efficacy of EGCG in MMP-2 inhibition is
sensitive to the cations present in the surrounding environment and removal of
these cations prior to interaction between EGCG and MMP-2 enzyme may

potentiate its efficacy.
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Figure 5.5. Effect of divalent cations on EGCG mediated inhibition of MMP-2 activity. Panel
A: Gelatin zymography gel showing effect of cations on EGCG mediated reduction in pro-MMP-2
activity. EGCG (200uM) was pretreated with divalent cations (0-100mM) and then incubated with
HT1080. The concentration of cations indicated here refers to the individual concentration of
each divalent salt (CaCl, and MgCl,) in the final mixture. Panel B: EGCG was pre-incubated in
assay buffer (10 mM Tris—=HCI pH 7, 15mM CaCl,, 3uM ZnCl,) containing excess of divalent
cations at 37°C for 15 min. The concentration of cations (CaCl, and ZnCl,) was three times (3X)
more in this buffer as compared to assay buffer used in routine MMP-2 fluorogenic assay.
Purified MMP-2 (10ng) was then added to the mixture, followed by incubation at 37°C. After 30
min, peptide substrate (20uM) was added and fluorescence was recorded after 1h as described
previously.
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EGCG acts as an uncompetitive inhibitor of MMP-2

Preliminary data confirmed that MMP-2 mediated hydrolysis of FRET peptide
substrate showed 1st order exponential increase in the RFU values with time (R2=

0.955) at fixed concentration of enzyme (10ng) and substrate (40uM) [Figure 5.6].
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Figure 5.6. MMP-2 mediated hydrolysis of FRET peptide substrate. 10ng MMP-2 was
incubated with a fixed FRET peptide substrate concentration of 40uM at 37°C in the assay buffer
and fluorescence was measured every 5 min as described earlier. The data was plotted as RFUs
versus time and fitted using the first order exponential rate equation in GraphPad prism software.
Each data point represents mean RFU £ SD (n=3).

In separate experiments, initial velocities (Vo) were obtained for each substrate
concentration (0-80uM) in the presence and absence of EGCG (5uM), by
determining the slope of linear portion of the hydrolysis curve from the initial
range of time points, during which the reaction is linear. The mechanism of
MMP-2 inhibition by EGCG was determined using non-linear global fitting of
initial velocity values (pM/min) versus various MMP-2 specific fluorogenic
substrate concentration (uM), in the presence and absence of EGCG (Figure 5.7).
Analysis of statistical and fitting parameters output revealed EGCG to be an
uncompetitive inhibitor of MMP-2 (R2=0.8263). In the presence of SpM EGCG, Kn
value for MMP-2 mediated catalysis of FRET peptide was found to decrease from
21.09uM to 15.14uM and there was a reduction in Vmax from 1.257uM Min-! to
0.6320uM Min-1. The constant of inhibition (Ki) for the binding of EGCG to
enzyme was found to be 11.69uM.
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Figure 5.7. Michaelis-Menten plot showing the effect of EGCG (5uM) on MMP-2 catalyzed
hydrolysis of FRET peptide substrate. 10ng MMP-2 enzyme (1.01 nM) was incubated with a
range of MMP-2 specific FRET peptide substrate concentrations (0-80uM) in the presence and
absence of fixed inhibitor (i.e. EGCG) concentration of 5uM at 37°C in the assay buffer and
fluorescence was measured every 15 min as described earlier. The initial velocity (UM/Min) was
plotted as a function of substrate concentration (UM) in the presence and absence of inhibitor
and fitted using non-linear regression analysis (global fitting) program in Graph Pad Prism
software Each point in the graph represents mean + SD (n=3).

DISCUSSION

As MMPs are complex, multifunctional group of enzymes with overlapping
substrate specificities, they are tightly regulated at multiple levels including
transcription, secretion, cell surface localization, activation and interaction with
TIMPs. Green tea catechins have been shown to exert their chemopreventive and
chemotherapeutic effects by modulating multiple cellular pathways and
molecular players, directly or indirectly regulating MMPs. EGCG was reported to
exert its anti-invasive and anti-angiogenic effects mostly by inhibiting type IV
collagenases i.e. MMP-2 and MMP-9, which are frequently over-expressed in
several cancer types (Deng and Lin, 2011; Farabegoli et al., 2011; Garbisa et al.,
2001; Khoi et al., 2013; Park et al., 2010; Qin et al., 2012; Sen et al., 2010; Sen
et al., 2009). Evidences suggest that the molecular mechanism of EGCG
mediated inhibition of gelatinases is complex and varies in different cancer types.
In general, EGCG was shown to suppress the steady state mRNA levels, protein

levels, secretion and activation of MMP-2.
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In the present study, our objective was to understand the molecular mechanism
of direct inhibition of MMP-2 by EGCG under cell free environment and
investigate the effect of divalent cations on EGCG mediated inhibition of MMP-2,
which in part mimics in vivo extracellular environment. Although previous
studies have reported EGCG to be a direct inhibitor of MMP-2, the mechanistic
insights into the EGCG mediated MMP-2 inhibition still remain to be elucidated
(Demeule et al., 2000; Garbisa et al., 2001). Here, we demonstrated that EGCG
inhibits extracellular or secreted MMP-2 (Pro/active) in a dose dependent manner
in a cell free environment which may be attributed to the direct interaction of this
phytochemical with the enzyme. This observation is supported by some
previously published literature. Garbisa et al. (2001) demonstrated a dose
dependent inhibition of MMP-2 in HT1080 conditioned media by EGCG via a
direct, precipitation independent and non-zinc chelation mechanism under cell
free conditions. Another study reported EGCG mediated direct inhibition of MT1-
MMP could potentially lead to the accumulation of non-activated MMP-2 at the
cell surface, indirectly restraining MMP-2 activity (Dell'Aica et al., 2002). Studies
by Cheng et al. (2003) demonstrated that EGCG may form a reversible complex
with MMP-2 without affecting its binding with denatured or native type I collagen
by enhancing MMP-2-TIMP-2 interaction and ultimately leading to decreased
gelatinolytic activity.

Polyphenols, which are present in abundance in green tea, contain multiple
hydroxyl groups and therefore possess strong acid -base buffering capacity and
ability to form chelate rings by coordinating with ions such as Zn*2, Cu*? and
Mn+*2 (Kumamoto et al.,, 2001; Tay et al., 2013). EGCG like other catechins is a
potent anti-oxidant with free radical scavenging and metal chelation properties
(Frei and Higdon, 2003; Higdon and Frei, 2003). Here we showed that in cation
free environment, which we achieved experimentally by pre-treating the
conditioned media or purified MMP-2 in assay buffer containing ZnCl, and CaCl;
with EDTA, there is better EGCG mediated MMP-2 inhibition. This may be due to
the chelation of divalent cations present in the surrounding medium by EDTA,
which were previously coordinating with EGCG. We also showed that treatment
of HT1080 conditioned medium or purified MMP-2 with synthetic chelating
agents like EDTA and glycine had no significant effect on MMP-2 activity.

Furthermore, we showed that incubation of EGCG with divalent cations prior to
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its interaction with MMP-2 partially reverses its MMP-2 inhibitory activity. Hence,
our studies demonstrate that divalent cations have negative effect on EGCG
mediated MMP-2 inhibition. In conclusion, our data suggests that the divalent
cations present in the surrounding environment may mask the ability of EGCG to
inhibit MMP-2, by making it less available to interact with the enzyme. To our
knowledge, this is the first study to demonstrate the negative effect of divalent
cations on EGCG’s efficacy to inhibit MMP-2 in a cell free environment. This
finding has important pharmacological implications and may explain why in vivo
effects of EGCG are observed at concentrations much higher than that measured

in regular green tea consumers.

Ongoing in silico molecular docking work by other colleagues in our laboratory
revealed that EGCG binds to fibronectin type II repeat 3 region of MMP-2 enzyme,
away from the Zn*2 ion containing catalytic site. MMP-2 and MMP-9 mediated
collagenolysis have been shown to utilize three fibronectin-like type II modules
inserted into the catalytic domain (collagen binding domain) for proper substrate
(collagen and elastin) positioning. This finding is line with our study where we
demonstrated that EGCG may act as an uncompetitive inhibitor of MMP-2.
EGCG was found to make interactions with Asn-245, Ser-338, Pro-348, Cys-349,
Ser-362 and Pro-391 residues located in the fibronectin type II repeat 3 of MMP-2

(Manuscript under preparation).

Recent evidences suggest that specific binding sites (exosites), located away from
the catalytic site of MMPs help in the proper positioning of the substrates during
hydrolysis and are indispensable for catalysis (Lauer-Fields et al., 2008;
Mikhailova et al., 2012; Overall, 2002; Xu et al., 2004). Therefore, compounds
which may block or interfere with exosite mediated substrate interactions may
emerge as a highly selective MMP inhibitor. Studies by Mikhailova et al. (2012)
identified three exosite residues (R368, F297, R252) located in collagen binding
domain of human MMP-2 essential for gelatinolysis. These molecular docking
studies demonstrated that EGCG binds to amino acid residues in fibronectin type
IT repeat 3, which are in close vicinity of exosites critical for gelatinolysis. This
finding corroborate with earlier findings where we and other groups have
demonstrated that EGCG mediated MMP-2 inhibition is independent of zinc

chelation at the catalytic site. To our knowledge this is the first study to provide
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detailed molecular insight into MMP-2 inhibition in which EGCG targets the

exosites instead of the active site.

This feature of EGCG mediated MMP-2 inhibition sets it apart from the synthetic
small molecule inhibitors. Our findings implicate that EGCG may emerge as a
natural, non toxic, selective MMP-2 inhibitor targeting unique sites which are

structurally and functionally non-redundant among other MMP classes.
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Chapter VI

Epigenetic induction of tissue inhibitor of
matrix metalloproteinase-3 (TIM®P-3) by
green tea polyphenols in breast cancer cells

The results discussed in this chapter are published in Deb et al. (2014), Molecular
Carcinogenesis
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INTRODUCTION

Cancer has long been perceived as a diverse group of disorders that are induced
by genomic instability caused by clonally selected genetic changes such as
mutation, deletion, insertion, inversion, translocation in critical tumor
suppressor genes and oncogenes. However recent advances in the field of
epigenetics have now broadened this concept of carcinogenesis. Epigenetic
abnormalities caused by genome-wide hypomethylation, promoter DNA
hypermethylation mediated silencing of tumor suppressor genes, and modulation
in the expression profiles of histone modifying enzymes are closely associated
with tumorigenesis (Hatziapostolou and Iliopoulos, 2011; Lechner et al., 2010).
The cross-talk between genetic and epigenetic regulatory mechanisms is
prevalent and widely reported in literature (Choi and Lee, 2013). Mutations in
several epigenetic modifiers involved in DNA and histone modifications lead to
aberrant gene expression patterns ultimately resulting in cancer (Plass et al,

2013).

Breast cancer like several other human malignancies represents a heterogeneous
group of neoplasms driven by multiple genetic and epigenetic aberrations (Polyak,
2007). Mutations which lead to either oncogenic activation or silencing of critical
tumor suppressor genes have been implicated in breast cancer etiology and
linked to breast cancer risk. For example, specific mutations in BRCAI and
BRCA2 genes are frequently observed in 20-25% of hereditary breast cancers
and 5-10% of all breast cancers (Polyak, 2007; Polyak and Metzger Filho, 2012).
However, in the past two decades, epigenetic mechanisms underlying
deregulation of genes resulting in breast cancer initiation and progression have
gained considerable attention. For example, epigenetic mechanisms have been
shown to be associated with loss of ERa expression in breast cancer. Nearly one-
third of primary breast cancer cases are ER negative and genetic changes alone
proved insufficient to account for the loss of ER in all such cases. Recent studies
have revealed that the loss of ERa expression in breast cancer etiology could be
due to epigenetic silencing caused by promoter DNA hypermethylation in 41% of
breast cancer cases and ERa promoter hypermethylation was found to be highly
increased in triple negative breast cancers (Dworkin et al., 2009; Hervouet et al.,

2013).
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Interestingly, several reports suggest that treatment of ERa negative breast
cancer cell lines with 5-Aza-CdR (DNA methyltranferase inhibitor) and TSA
(histone deacetylases inhibitor) could restore ERa expression and tamoxifen
sensitivity (Fan et al., 2008; Jang et al., 2004). Epigenetic mechanisms have also
been implicated in the development of acquired resistance to endocrine therapy
in breast cancer treatment (Trimarchi et al.,, 2011). Besides epigenetic
deregulation of ER expression, several other genes such as CCND2 (cyclin-D2),
SFEN (stratifin/14-3-3 protein o), RUNX3, RIZ (retinoblastoma protein-interacting
zinc finger protein), BRCAI have also been shown to be the targets of epigenetic
aberrations during breast carcinogenesis (Jovanovic et al., 2010). In a recent
study, Brglez et al. (2014) demonstrated that differential mRNA expression levels
of secreted phospholipases A, (hGIIA, hGIII and hGX) in aggressive triple negative
breast cancer cells is a consequence of epigenetic modulation via DNA
methylation and histone acetylation. Other epigenetic aberrations such as altered
expression of DNA and histone modifying enzymes have also been implicated in
breast cancer pathogenesis. For example histone methyltranferase EZH2 has
emerged as a promising biomarker indicating breast cancer progression and
disease aggressiveness (Yoo and Hennighausen, 2012). EZH2 and repressive
chromatin H3K27me3 levels have been found to increase steadily as the disease
progresses from a benign tumor to clinically evident metastasis causing
epigenetic silencing of a cohort of genes critical for normal cellular functions.
Highest EZH2 levels are associated with the ER-negative basal like phenotype of
breast cancer cells that represents the most aggressive form of breast carcinoma
characterized by nuclear polymorphism, lack of ERa and BRCA1 protein (Ding
and Kleer, 2006; Kleer et al., 2003). All these evidences underscore the cardinal
role of epigenetic aberrations in breast carcinogenesis. Therapeutic targeting of
these epigenetic aberrations for better disease management is increasingly being

considered as a viable option.

In recent years Nutri-epigenetics which focuses on the influence of naturally
occurring dietary phytochemicals on epigenetic mechanisms has emerged as an
attractive area of research with the potential of providing novel chemopreventive
agents (Khan et al., 2012; Thakur et al, 2014). For several decades the
chemopreventive and chemotherapeutic benefits of green tea catechins, EGCG in

particular, were largely attributed to their multifaceted effects on various
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signalling pathways involved in cell proliferation, apoptosis, invasion and
angiogenesis. However it is now widely accepted that GTPs are potent natural
‘epigenetic modifiers’ which could modulate the activity of DNMTs, HDACs and
HMTs, depending on the cellular context and cancer type (Khan et al., 2012).
Pandey et al. (2010) demonstrated that green tea polyphenol mediated promoter
demethylation and chromatin remodelling significantly induces Glutathione-S-
transferase pi (GSTPI) expression in human prostate cancer cells. Studies by
Kato et al. (2008) showed that the treatment of oral cancer cells with EGCG
partially reversed the hypermethylation status of the RECK (reversion-inducing
cysteine-rich protein with Kazal motifs) gene, a negative regulator of MMPs. Li et
al. (2010) reported that EGCG in combination with TSA synergistically
reactivated ERa expression in ER negative MDA-MB-231 breast cancer cells, by
modulating histone acetylation and methylation pattern as well as decreasing the
binding of transcriptional repressor complex Rb/pl130-E2F4/5-HDACI1-
SUV39H1-DNMT1 at the ERa promoter.

In breast cancer low levels of TIMP-3 protein expression has been shown to be
associated with an aggressive tumor phenotype and poor disease-free survival
(Mylona et al., 2006). TIMP-3 is a secreted protein which binds strongly to ECM
through glycosaminoglycans, unlike other members of TIMP family (Chambers
and Matrisian, 1997; Visse and Nagase, 2003). Studies have demonstrated that
TIMP-3 over-expression in tumor cells causes reduced primary growth and
angiogenesis and induces apoptosis (Deng et al., 2006; Zhang et al., 2010). TIMP-
3 repression has been linked to promoter DNA hypermethylation in
approximately 20-27% cases of primary breast tumors and invasive ductal
carcinoma (Bachman et al.,, 1999; Lui et al.,, 2005). However, other epigenetic
silencing mechanisms such as aberrant histone methylation and deacetylation at
the TIMP-3 gene locus are not completely understood in the context of breast

cancer.

In this chapter, we have addressed the impact of green tea catechins on TIMP-3
expression in two in vitro models of breast cancer, namely MCF-7 and MDA-MB-
231, and the epigenetic mechanisms involved therein. Here we provide evidence
that class I HDACs and EZH2 catalyzed histone modifications play key roles in
TIMP-3 gene silencing. We further demonstrated GTP and EGCG mediated
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induction of TIMP-3 expression and the associated epigenetic mechanism in
breast cancer cells. A detailed study into the molecular mechanism revealed that
GTP and EGCG treatment decreased EZH2 catalyzed H3K27me3 with a
corresponding increase in the deposition of transcriptionally active acetylated

Histone H3 at Lysine 9/18 (H3K9/ 18Ac) specifically at the TIMP-3 gene promoter.

RESULTS

EZH2 and class I HDACs mediate epigenetic silencing of TIMP-3 gene

in human breast cancer cells

We investigated the effect of known pharmacologic agents that modulate
epigenetic pathways such as 5-Aza-CdR, TSA and DZNep on TIMP-3 expression in
MCF-7 and MDA-MB-231 cells. Treatment with TSA or DZNep alone or in
combination significantly induced TIMP-3 steady state mRNA and protein levels in
MCF-7 and MDA-MB-231 (Figure 6.1). This provided a proof of concept that
alterations of histone modifications may lead to the modulation of TIMP-3
expression. Treatment with 10puM 5-Aza-CdR had no significant effect on TIMP-3
steady state mRNA and protein levels in both MCF-7 and MDA-MB-231 cells
(Figure 6.1).

For further investigation, we used methylation specific PCR (MSP) to analyze the
methylation status of the TIMP-3 gene promoter with and without 5-Aza-CdR
treatment. Our data show that TIMP-3 promoter was unmethylated in both MCF-
7 and MDA-MB-231 cells as no methylation specific band could be detected
(Figure 6.2). However DNA bands associated with unmethylated TIMP-3 promoter
locus were observed in both cell lines with or without 5-Aza-CdR treatment. The
MSP results suggested that TIMP-3 promoter methylation may not be the

mechanism responsible for its repression in MCF-7 and MDA-MB-231 cells.

TH-1292 09610613 o4



Chapter VI Epigenetic induction of TIMP-3 by green tea polyphenols

MCE-7 MDA-MB-231 ~EMCF7 OMDA-MB231 4

w

Control
5-Aza-CdR
DZNep
DZNep +TSA
Control
5-Aza-CdR
TSA

DZNep
DZNep +TSA

TSA
Relatlve Intensity

TIMP-3

normallzed to GAPDH
e = N
omUNULWNAA

GAPDH
,éo\ & e-"Q &8
(a°<\ 2 Q &
o P
C. D
MCF-7 MDA-MB-231 3.5 - BMCF7 O MDA-MB-231
< < = 3
5 : g ¢ 23 e L1
° 9 a a ° 9 e o Eé- 25 1 * %k
= [ [ 3 (7]
s 8 ¢ 22 E Qg g £ EZ 27
c & £ o a © w £ 0o o 2835
2 o
“ % o5 -
B-actin| -——_—| —_— < -
o-
N
S & & OIS
¢ W o K
4 5
Q

Figure 6.1. Induction of TIMP-3 mRNA and protein levels following treatment with various
epigenetic drugs. Panel A: A semi-quantitative RT-PCR analysis of the effect of 5-Aza-CdR
(10uM), TSA (40ng/mL), DZNep (5uM) and combined DZNep (5uM) + TSA (40ng/mL) for a
period of 72 h on TIMP-3 mRNA levels in MCF-7 and MDA-MB-231 cells; GAPDH was used as
an internal control. Panel B: Graphical representation of data in A showing relative intensities of
TIMP-3 bands normalized to GAPDH. The normalized band intensities obtained for controls were
assigned the value of 1 and those obtained for various treatments were plotted relative to control.
Bars represent the mean relative TIMP-3 levels + SD (n=3). Panel C: Western blot analysis of
TIMP-3 expression in MCF-7 and MDA-MB-231 treated with 5-Aza-CdR (10uM), TSA (40ng/mL),
DZNep (5uM) and DZNep + TSA for 72h. 40ug total protein was loaded in each lane and (- actin
was used as loading control. Panel D: Graphical representation of data in C showing relative
intensities of TIMP-3 bands normalized to 3-actin. TIMP-3 basal expression levels in control were
taken as 1 and those for other treatment groups were expressed relative to control. Bars
represent the mean TIMP-3 levels + SD (n=3). Two-tailed Student’s t-test was used to compare
TIMP-3 expression levels between individual treatment groups and control, *p< 0.05, **p< 0.01,
**p< 0.001.
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Figure 6.2. Analysis of CpG promoter methylation status of TIMP-3 in MCF-7 and MDA-
MB-231 using methylation-specific PCR. Genomic DNA from only vehicle treated (UT) and
10uM 5-Aza-CdR treated cells for 72h was isolated and bisulfite modification of genomic DNA
(2ug) was performed followed by additional desalting and purification. DNA was suspended in
10ul of water and stored at -20°C. PCR reaction was performed using MSP primer sequences
that specifically recognize TIMP-3 promoter sequence in the region from -91 bp to 125 bp.The
presence of a visible PCR product in lanes UM or M indicates the presence of unmethylated or
methylated TIMP-3 respectively. Universal methylated human DNA standard (+M) and water
(W) were used as template for positive and negative controls. The data shown is a
representative of three independent experiments.

To address the role of histone methylation and deacetylation in the modulation of
TIMP-3 expression, we knocked down class | HDACs (HDAC-1, -2, -3, and -8) and
histone methyltransferase EZH2 in MCF-7 and MDA-MB-231 cells using specific
shRNAs for each target. Knockdown of HDACs and EZH2 was confirmed by
western blotting (Figure 6.3A). A very high percentage of knockdowns of HDAC-2,
HDAC-8 and EZH?2 proteins were achieved in both the cell lines. The focus of our
study was to investigate TIMP-3 levels in Class-I HDACs and EZH2 knockdown
breast cancer cells. Interestingly, TIMP-3 protein levels were induced upon class I
HDACs or EZH2 knockdown in both cell lines (Figure 6.3B). Knockdown of EZH2
also resulted in 2.5 and 7.2 fold increase in TIMP-3 protein levels in MCF-7 and
MDA-MB-231 respectively. Taken together, the results discussed so far strongly
suggest that TIMP-3 repression in breast cancer is mediated by these histone

modifying enzymes.
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Figure 6.3. Induction of TIMP-3 protein levels upon Class | HDACs and EZH2 knockdown in
breast cancer cells. Panel A: Western blot analysis of Class | HDACs (HDAC-1,-2,-3,-8) and
EZH2 knockdown status in MCF-7 and MDA-MB-231 generated using lentiviral vectors specific for
EZH2 (ShEZH2), HDAC-1 (ShHDAC-1 4814), HDAC-2 (ShHDAC-2 4819), HDAC-3 (ShHDAC-3
4826), HDAC-8 (ShHDAC-8 4849). 40ug protein was loaded in each lane and B-actin was used as
loading control. Panel B: Western blot analysis of TIMP-3 protein levels in MCF-7 and MDA-MB-
231 cells following knockdown of | HDACs and EZH2. 40pug total protein was loaded in each lane
and B- actin was used as loading control. Fold change represents ratio of TIMP-3 level (after
normalization to loading control) in specific ShRNA treated cells versus only vector (pLKO1) treated
cells.The normalized band intensities obtained for control (pLKO1) have been assigned the value of
1 and those obtained for various treatments were plotted as fold increase with respect to control,
respectively
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ChIP experiments were performed to investigate the effect of TSA and DZNep
treatments on H3K9/18 Ac, H3K27me3 and EZH2 levels at the TIMP-3 promoter
in both the cell lines. There was a marked increase in transcriptionally active
H3K9/18Ac upon TSA treatment alone as well as in combination with DZNep in
both MCF-7 and MDA-MB-231 cells (Figure 6.4). DZNep alone had no effect on
H3K9/18Ac mark at the TIMP-3 locus. A concomitant decrease in EZH2 and
H3K27me3 at the TIMP-3 promoter after DZNep treatment alone or in
combination with TSA was also observed, which was more prominent in MCF-7
cells over MDA-MB-231 cells (Figure 6.4). Combined DZNep and TSA treatment
was found to be more effective in decreasing EZH2 localization and H3K27me3

while concomitantly increasing H3K9/18 Ac at the TIMP-3 locus in both cell lines.

MCF7 MDA-MB-231

DZNep +TSA
DZNep+TSA

Figure 6.4. Changes in EZH2 occupancy and local histone modifications (H3K27me3 and
H3K9/18 Ac) induced by various epigenetic drug treatments at the TIMP-3 promoter. MCF-7
and MDA-MB-231 cells were treated with TSA (40ng/mL), DZNep (5uM) and combined DZNep
(5uM) + TSA (40ng/mL), 72h treatment. Chromatin Immunoprecipitation (ChlP) was performed to
analyze changes in EZH2 localization and other histone modifications at the TIMP-3 promoter in
MCF-7 and MDA-MB-231. Details of the experimental methodology used are discussed in Chapter
I1l (Materials and Methods).

In conclusion, our data strongly suggest that Class I HDACs and EZH2 play
important roles in regulating TIMP-3 expression in MCF-7 and MDA-MB-231
cells. Elevated levels of transcriptionally repressive H3K27me3 and decreased

active H3K9/18Ac at the TIMP-3 promoter may contribute its repression

independent of promoter DNA methylation in these cells.
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Induction of TIMP-3 steady state mRNA and protein levels by green

tea polyphenols in human breast cancer cells

We tested the effect of GTP and EGCG on TIMP-3 expression levels. MCF-7 and
MDA-MB-231 cells were treated with 10pg/mL GTP and 20pM EGCG for 72 h.
These doses have been previously used in other published studies (Thakur et al;
2012). Cells treated with other epigenetic drugs were used as controls for TIMP-3
induction. RT-PCR analysis showed that GTP and EGCG treatment significantly
upregulated (p<0.05) TIMP-3 expression in both cell lines (Figure 6.5). TIMP-3
protein levels were determined in breast cancer cells treated with 10pg/mL GTP
and 20pM EGCG for 3 days and 7 days. In MCF-7 cells, there was 4-5 folds and
3-5 folds induction in TIMP-3 protein levels after GTP and EGCG treatment
respectively. Similarly in MDA-MB-231 cells, GTP and EGCG treated cells caused
a 1.3-2 fold and 1.8-2.5 fold induction in TIMP-3 protein, respectively (Figure

6.6).
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Figure 6.5. Green tea polyphenol mediated induction of TIMP-3 steady state mRNA levels in
human breast cancer cells. MCF-7 and MDA-MB-231 cells were treated with 20uM EGCG and
10ug/mL GTP for 72h. Other epigenetic drug treatments i.e. 5-Aza-CdR (10uM), TSA (40ng/mL),
DZNep (5uM) and combined DZNep (5uM) + TSA (40ng/mL) for 72h treatment were used as
positive controls. Panel A: Semi-quantitative RT-PCR analysis of TIMP-3 mRNA levels. GAPDH
was used as internal control. Panel B: Graphical representation of the data in A. Densitometry
based image analysis shows relative intensities of TIMP-3 bands normalized to GAPDH in MCF-7
and MDA-MB-231. Bars represent the mean TIMP-3 levels + SD (n=3). Two-tailed Student’s t-test
was used to compare TIMP-3 expression levels between individual treatment groups and control.
*p< 0.05, *p< 0.01, ***p< 0.001
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Figure 6.6. Green tea polyphenol mediated induction of TIMP-3 protein levels in human
breast cancer cells. MCF-7 and MDA-MB-231 cells were treated with 20uM EGCG and
10pug/mL GTP for 72h (3 Days) and 168h (7 Days). Other epigenetic drug treatments i.e. 5-Aza-
CdR (10uM), TSA (40ng/mL), DZNep (5uM) and combined DZNep (5uM) + TSA (40ng/mL) for
72h (3D) treatment were used as positive controls. Panel A: Western blot analysis of TIMP-3
protein levels. 40ug total protein sample (whole cell lysates) was loaded in each lane and 3-actin
was used as loading control. Panel B: Densitometry based image analysis shows relative
intensities of TIMP-3 bands normalized to B-actin. Bars represent the mean TIMP-3 levels + SD
(n=3). Two-tailed Student’s t-test was used to compare TIMP-3 expression levels between
individual treatment groups and control, *p< 0.05, **p< 0.01, ***p< 0.001.
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Green tea polyphenols decrease protein levels of class I HDACs and

histone methyltransferase EZH2 in human breast cancer cells

Earlier experiments demonstrated that, Class I HDACs and EZH2 mediate TIMP-3
silencing (Figure 6.1-6.4) and also that the GTPs have the potential to induce
TIMP-3 expression in breast cancer cells (Figure 6.5-6.6). It was of interest to
decipher the mechanism of TIMP-3 induction by GTP and EGCG. First we
determined the protein levels of class I HDACs (HDAC-1, -2, -3, -8) and EZH2 in
MCF-7 and MDA-MB-231 cells treated with 10pg/mL GTP and 20pM EGCG
which previously demonstrated elevated TIMP-3 levels (as shown in Figure 6.6)
by Western blot analysis. Cells treated with 10uM 5-Aza-CdR, 40ng/mL TSA,
SpM DZNep and 40ng/mL TSA +5uM DZNep for 72h served as controls.

Compared to untreated MCF-7 cells, EGCG treatment caused a significant
decrease in EZH2 levels to 50% (3 days) and 36% (7 days); whereas GTP
treatment resulted in 69% and 65% decrease in EZH2 after 3 and 7 days
respectively (Figure 6.7). Similarly in MDA-MB-231 cells, EZH2 levels were
significantly reduced to 54% and 64% by EGCG after 3 and 7 days whereas 83%
and 48% reduction in EZH2 was noted within 3 and 7 days of GTP treatment. In
MCF-7, EGCG and GTP treatment for 3 days caused a significant decline in
HDAC-2 protein levels while in MDA-MB-231, only prolonged exposure with
EGCG for 7 days showed significant reduction of 68% in HDAC-2 levels. EGCG
and GTP treatment caused no significant changes in HDAC-1 and HDAC-3 levels
in MCF-7 cells which is in contrast to MDA-MB-231cells where HDAC-1 and
HDAC-3 levels were found to be significantly reduced in EGCG (3-7 days) and
GTP (3 days) treated cells. In both cell lines, there was a marked decrease in
HDAC-8 levels following EGCG and GTP treatment. In summary, our results
demonstrated that EGCG and GTP treatment cause a significant decrease in
EZH2 and HDAC-8 protein levels in both breast cancer cell lines while the effect
on other class I HDACs (HDAC-1,-2 and -3) was cell and time dependent.
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Figure 6.7. Green tea polyphenol mediated decrease in class | HDACs and histone
methyltransferase EZH2 protein levels in human breast cancer cells. Panel A : Western
blot analysis of class | HDACs (HDAC-1, -2, -3, and -8) and EZH2 protein levels in MCF-7 and
MDA-MB-231 cells treated with 5-Aza-CdR (10uM), TSA (40ng/mL) , DZNep (5uM) and
combined DZNep (5uM) + TSA (40ng/mL) , 20uM EGCG and 10pg/mL GTP for 3 days (3D) or 7
days (7D) as indicated. 40ug total protein sample was loaded in each lane and B-actin was used
as loading control. Panel B: Graphical representation of data in A shows relative mean
intensities of class | HDACs and EZH2 protein bands normalized to 3-actin in MCF-7 and MDA-
MB-231. Bars represent mean + SD (n=3). Two-tailed Student’s t-test was used to compare
protein expression levels between individual treatment groups and control, *p< 0.05, **p< 0.01,
**p< 0.001.
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Green tea polyphenols mediated decrease in EZH2 localization,
H3K27me3 and a concomitant increase in H3K9/18Ac at TIMP-3

promoter

To address the direct association between green tea catechins mediated TIMP-3
induction and decrease in the levels of various histone modifying enzymes or
their activity, we next studied the effect of GTP and EGCG treatment on the
pattern of histone modifications specifically at the TIMP-3 promoter by ChIP
assays using anti-EZH2, anti-H3K27me3 and anti-H3K9/18Ac antibodies. The
immunoprecipitated DNA samples from MCF-7 and MDA-MB-231 cells were
analyzed by PCR primers, designed to amplify YY1 binding site in TIMP-3
promoter which is the site for recruitment of EZH2 containing PRC2 complex.
Our results show that GTP and EGCG treatments decrease EZH2 binding and
consequently reduce H3K27me3 at the TIMP-3 promoter. Furthermore, decrease
in repressive H3K27me3 chromatin mark was followed by a corresponding
increase in transcriptionally active H3K9/18Ac enrichment at the TIMP-3
promoter (Figure 6.8). These data suggest that GTP and EGCG treatment induce
TIMP-3 expression in breast cancer cells by decreasing class I HDACs and EZH2
protein levels which corroborates with their reduced promoter occupancy, the
decline in repressive chromatin H3K27me3 mark and a concomitant increase in

H3K9/18Ac levels at the TIMP-3 gene locus.

EGCG(20pM) - + - - - - o+ = - - & -
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Figure 6.8. Green tea polyphenol mediated decrease in H3K27 trimethylation with a
concomitant increase in H3K9/18 acetylation levels at the TIMP-3 promoter in human
breast cancer cells. Chromatin immuno-precipitation assay was performed to analyze the local
histone modifications induced by 20uM EGCG and 10ug/mL GTP treatment for 72h at the TIMP-
3 promoter. EGCG and GTP treatment caused decreased association of EZH2 and therefore
less H3K27me3 enrichment at the TIMP-3 promoter with a concomitant increase in H3K9/18 Ac
levels in MCF-7 and MDA-MB-231.
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Green tea polyphenols cause decrease in global H3K27me3 with a
concomitant increase in H3K9/18Ac levels in human breast cancer

cells

The effect of GTP and EGCG mediated decrease in class I HDACs and EZH2
protein levels on global histone acetylation and methylation levels in breast
cancer cells was also investigated. As shown in figure 6.9, analysis of acid-
extracted histones from MCF-7 and MDA-MB-231 cells treated with GTP and
EGCG for 72h show a marked global reduction in H3K27me3 compared to

untreated cells.
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Figure 6.9. Effect of green tea polyphenols treatment on the global H3K27me3 and
H3K9/18Ac levels in human breast cancer cells. Panel A: Western blot analysis of acid-
extracted total histones from MCF-7 and MDA-MB-231 cells treated with 5-Aza-CdR (10uM),
TSA (40ng/mL), DZNep (5uM) and combined DZNep (5uM) + TSA (40ng/mL), 20uM EGCG
and 10pg/mL GTP for 72h. 20ug of total histone sample was loaded in each lane and total
histone H3 served as internal control. Panel B: Graphical representation of ratio between
relative intensities of histone H3 trimethylated at Lys 27 (H3K27me3) bands normalized to
total histone H3 in both cell lines. Panel C: Graphical representation of ratio between relative
intensities of histone H3 acetylated at Lys 9/18 (H3K9/18Ac) bands normalized to total histone
H3 in both cell lines.
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In MCF-7, 49% and 60% decrease in H3K27me3 was observed whereas in MDA-
MB-231, 2.56% and 11.17% decrease in H3K27me3 was observed after EGCG
and GTP treatment, respectively. There was concomitant increase in global
H3K9/18Ac in the above EGCG and GTP treated breast cancer cells. In MCF
cells, EGCG and GTP treatment cause 1.5 to 2 fold increase in H3K9/18Ac levels
whereas in MDA-MB-231 cells, the increase was more prominent with 4-6 fold
induction. GTP and EGCG mediated global reduction in histone methylation
levels with a concomitant increase in histone acetylation levels support
transcriptional activation of TIMP-3 gene, which has been shown to be regulated

by both these epigenetic mechanisms.

Green tea polyphenols suppress invasiveness and gelatinolytic

activity in human breast cancer cells

Given the significance of TIMP-3 levels in regulating tumor invasion and
metastasis, we assessed the functional effect of GTP and EGCG treatments on
breast cancer cell migration and gelatinolytic (MMP-2/-9) activity. Wound healing
experiments showed that in MCF-7 cells, 20pM EGCG and 10pg/mL GTP
treatment for 48h significantly inhibited wound healing and caused only 33% and
27% wound closure respectively as compared to control (vehicle treated) cells
(95%) (Figure 6.10). Similarly in MDA-MB-231 cells, which are highly invasive
and migratory, 18% and 23% wound closure was observed with 20pM EGCG and
10pg/mL GTP treatment after 24h. Combined treatment with SpM DZNep and
40ng/mL TSA also demonstrated a significant anti-migratory effect causing only
50% wound closure in MCF-7 and MDA-MB-231 cells after 48h and 24h
treatment period respectively. Treatment with 5-Aza-CdR, TSA and DZNep
caused 70-95% wound closure after 24-48h.
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Figure 6.10. Green tea polyphenols treatment suppresses migration of human breast
cancer cells. Panel A: Wound healing assay of MCF-7 and MDA-MB-231 cells treated with 5-
Aza-CdR (10uM), TSA (40ng/mL), DZNep (5uM) and combined DZNep (5uM) + TSA (40ng/mL),
20uM EGCG and 10pg/mL GTP. Images were taken before (Oh) and after wound closure (24h
and 48h). Panel B: The results were expressed as the percentage of the remaining area
determined by normalizing the area of wound after 24h or 48h (as indicated) to the initial wound
area at Oh (set to 100%). Each bar represents the mean of five fields measured + SD. Two-tailed

Student’s t-test was used to compare treatment groups and control. *p< 0.05, **p< 0.01, ***p<
0.001
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TIMPs inhibit MMP activity by binding to them in 1:1 stoichiometry both in
bound and secreted form and thus keep MMPs in an inactive state. Since MMP-2
and MMP-9 are prominent MMPs involved in ECM degradation and tumor cell
migration that are regulated by TIMPs, we determined the enzymatic activity of
these two MMPs using gelatin zymography. As shown in figure 6.11, a significant

decrease in gelatinolytic activity was observed after EGCG and GTP treatment in

MCF-7 cells.
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Figure 6.11. Green tea polyphenol treatment decrease gelatinolytic activity (Pro-MMP-2 and
Pro-MMP-9) in human breast cancer cells. Panel A : Gelatin zymography assay for MMP-2 and
MMP-9 activity in breast cancer cells treated with 5-Aza-CdR (10uM), TSA (40ng/mL), DZNep
(5uM) and combined DZNep (5uM) + TSA (40ng/mL), 20uM EGCG and 10pug/mL GTP for 72h.
Conditioned media was collected after 72h treatment and culture supernatant volume equivalent to
40pg total protein was used in the assay. HT1080 cell line conditioned medium was used as
positive control and also served as molecular weight marker. Panel B: MMP-2 and MMP-9 band
intensities (clearance zones) were quantified using Image J software. Bars represent mean + SD
(n=3) .Two-tailed Student’s t-test was used to compare treatment groups and control. *p< 0.05, **p
< 0.01, ***p< 0.001
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In MDA-MB-231 cells, 20uM EGCG treatment for 72h caused 65-67% reduction
in both MMP-2 and MMP-9 gelatinolytic activities. Treatment with 10ug/mL GTP
resulted in a more pronounced inhibition of gelatinolytic activity as compared to
EGCG treatment, causing 95% decrease in MMP-9 and 80% decrease in MMP-2
in MDA-MB-231. In both cell lines, SpM DZNeP alone and in combination with
40ng/mL TSA significantly reduced gelatinolytic activities.

Next we studied the direct effect of EGCG and GTP treatment on MMP-2 and
MMP-9 expression levels in MCF-7 and MDA-MB-231 cells. MMP-2 mRNA levels
were found to be negligible in both cell lines (Figure 6.12). MMP-9 levels were
relatively low in MCF-7 cells as compared to MDA-MB-231 cells. EGCG and GTP

treatments had no significant effect on MMP-9 levels in either of the cell lines.
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Figure 6.12. A semi-quantitative RT-PCR analysis of effect of EGCG and GTP treatment on
MMP-2 and MMP-9 steady state mMRNA levels in human breast cancer cells. Panel A: 2ug of
total RNA was reverse transcribed using random hexamers. 100ng cDNA was used as template for
PCR with gene specific primers for human MMP-2 and MMP-9. GAPDH was used as an internal
control. cDNA from RWPE-1 cell line was used as positive control (+ control). Each experiment was
repeated at least 3 times. Panel B: Graphical representation of MMP-9 band intensity in MCF-7 and
MDA-MB-231 cells as determined using Image J. Bars represent mean + SD (n=3).
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DISCUSSION

TIMP-3 is a ubiquitously expressed, extracellular matrix bound protein that acts
as an endogenous inhibitor of MMPs and inhibits apoptosis, invasion and
angiogenesis (Brew and Nagase, 2010; Cruz-Munoz and Khokha, 2008; Visse and
Nagase, 2003). Reduced expression of TIMP-3 protein was associated with poorly
differentiated and aggressive breast carcinoma of higher nuclear and histological
grades (Mylona et al., 2006). Down-regulation of TIMP-3 expression was
predominantly attributed to promoter DNA hypermethylation however only 20%
breast tumor specimens display TIMP-3 methylation (Bachman et al., 1999; Lui et
al., 2005).

In the studies presented in this chapter, we demonstrated that aberrant histone
modification patterns at the TIMP-3 promoter contributes to its epigenetic
silencing, independent of promoter DNA hypermethylation, at least, in breast
cancer cell lines. Hypermethylation in TIMP-3 promoter was not detected in
breast cancer cell lines used in our study and accordingly, there was no
significant induction in TIMP-3 mRNA levels after treatment with the
demethylating agent 5-Aza-CdR. This observation is supported by another study
which also reported that there was no TIMP-3 hypermethylation in mammary
cancer cell lines (Paz et al., 2003). We showed that treatment of breast cancer
cells with TSA (HDAC inhibitor) and DZNep (histone methylation inhibitor) could
potentially reverse TIMP-3 repression. Furthermore, genetic knockdown studies
confirmed the involvement of class I HDACs in TIMP-3 repression. EZH2, the core
subunit of PRC2 complex catalyzes H3K27me3, which serves as repressive mark
in maintaining the silenced state of several genes during development and
establishing embryonic stem cell identity. Recent findings in breast cancer
implicate that EZH2 protein levels increase through successive stages of
neoplastic transformation, and enhanced EZH2 catalyzed H3K27me3 repressive
mark results in the silencing of various critical tumor suppressor genes
(Bachmann et al., 2006; Collett et al., 2006; Fujii et al., 2008; Yang et al., 2009).
Similarly, abnormally high activity of HDACs has been linked to deacetylation
and aberrant repression of several critical genes in breast cancer (Krusche et al.,
2005; Muller et al., 2013; Stearns et al., 2007). Our studies showed that
decreased TIMP-3 expression in breast cancer cells MCF-7 and MDA-MB-231 is
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associated with elevated EZH2 and class I HDAC levels. ChIP studies
demonstrated that decreased EZH2 and repressive H3K27me3 chromatin
modification and a corresponding increase in H3K9/18Ac by combined DZNep
and TSA treatment de-repress TIMP-3 locus in both breast cancer cell lines.
Recent studies in prostate cancer also demonstrated an inverse correlation
between EZH2 and HDAC-1/2/3 levels to TIMP-3 expression (Shinojima et al.,
2012).

In recent years, GTPs have been demonstrated to elicit a multifunctional effect in
impeding various molecular pathways involved in neoplastic transformation and
metastasis in various cancer types including breast cancer. To our knowledge,
this is the first study to demonstrate that the epigenetic induction of TIMP-3 may
be one of the key mechanisms by which green tea polyphenols suppress
gelatinolytic activity and tumor invasion in breast cancer cells. We also provided
a novel mechanistic insight into the epigenetic regulation of TIMP-3 gene in breast
cancer cells. We demonstrated that GTP and EGCG treatment significantly
decreased EZH2 protein levels and hence its localization and catalytic activity
resulting in decreased H3K27me3 at the promoter region. Also, there was a
significant decrease in HDAC-2 and HDAC-8 levels in MCF-7 and HDAC-1,
HDAC-3 and HDAC-8 levels in MDA-MB-231 cells after treatment with GTP and
EGCG, which may alter the balance between the histone acetyltransferases
(HATs) and HDACs. This perhaps results in the deposition of increased
transcriptionally active H3K9/18Ac at the TIMP-3 promoter. The underlying
mechanism by which green tea polyphenols decrease EZH2 and Class I HDACs in
breast cancer cells was not the focus of the present study and requires further
investigation. However the present findings are in line with previous studies
which suggest that green tea catechins function as potent HDAC inhibitors and
induce cell cycle arrest and apoptosis, by enhancing the proteasomal degradation
of Class I HDACs in prostate cancer cells (Thakur et al.,, 2012). Also, a recent
study reported that EGCG treatment decreased the protein levels of polycomb
group members EZH2 and Bmil in epidermal squamous cell carcinoma cells
(Balasubramanian et al., 2010; Choudhury et al., 2011). It will be interesting to
elucidate the effect of GTP or EGCG on HATs which may change the dynamic
relationship between HDACs and HATs in the tumor cells.
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Furthermore, we demonstrated by gelatin zymography that there was significant
decrease in MMP-2 and MMP-9 activity in conditioned media collected from
EGCG and GTP treated cells for 72h. Similar decrease in gelatinolytic activity was
also observed in conditioned media collected from DZNep and TSA treated cells.
EGCG has been shown to have a multifunctional effect on MMP-2 and MMP-9
including their expression, activation, secretion and the induction of some
inhibitors such as RECK (Farabegoli et al., 2011; Kato et al., 2008; Sen et al.,
2010; Sen et al.,, 2009). Based on previous studies it is arguable that the
decrease in gelatinolytic activity might be due to direct effect of green tea
polyphenols on MMP-2 and MMP-9 expression. But our finding suggests that
MMP-2 mRNA was negligible (not detected) in MCF-7 and MDA-MB-231 cells,
which is consistent with a previous study (Singer et al., 2002). There was no
further inhibitory effect of EGCG or GTP treatment on MMP-2 expression. MMP-9
expression levels also remained unaffected after EGCG or GTP treatment for 72h
in both cell lines. The reason for the divergent findings might have to do with
either variability in sub-clones of cell lines used or different doses of EGCG and
treatment period used during the experiments. Intriguingly, though MMP-2
mRNA levels were found to very low in the cell lines used in our study, the
gelatinolytic activity associated with MMP-2 was detectable in zymography. The
possible reason may be that gelatin zymography can detect as low as 10pg of
MMP-2 (Kleiner and Stetler-Stevenson, 1994). Here, we showed that green tea
polyphenol mediated TIMP-3 induction may play a crucial role in shifting MMP-
TIMP balance towards TIMPs and decrease the elevated gelatinolytic activity
(MMP-2/-9) frequently observed in breast tumors. However, further studies are
needed to define the exact quantitative effect of green tea polyphenol mediated
TIMP-3 induction on the inhibition of MMP-2/-9 activity and the suppression of

cell invasiveness.

Based on our results, we conclude that the in vitro and in vivo anti-invasive
effects of EGCG/GTP reported in breast cancer cells may be due to, in part,
through epigenetic induction of endogenous MMP inhibitor, TIMP-3. Also, our
results provide the first detailed insight into the epigenetic regulatory mechanism
causing TIMP-3 repression in breast cancer, highlighting the role of histone

modifying enzymes EZH2 and HDACSs.
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Breast cancer is one of the leading causes of cancer related deaths among women
worldwide. In this endocrine related cancer, hormonal receptor status (ER, PR
and Her2/neu) is a critical factor determining the clinical outcome of the disease.
Combined estrogen blockade therapy using anti-estrogens and aromatase
inhibitors, leads to tumor regression in the initial stages. However, over the
course of treatment, tumors relapse due to acquisition of hormone refractory
state, rendering the combined estrogen blockade therapy ineffective. The relapsed
tumors eventually metastasize and are the major cause of breast cancer related
mortality. Thus, endocrine resistance and tumor metastasis have emerged as two

major barriers in breast cancer treatment.

In the past few decades, dietary phytochemicals such as EGCG have gained
considerable attention as potential chemopreventive agents with minimum
toxicity and fewer side effects. In breast cancer, the chemopreventive effects of
EGCG were shown to be multifaceted, which involved modulation of a wide range
of cellular targets. Given the central role of ER and estrogen signaling in breast
tumorigenesis, it is of much relevance to study the effect of any potential
therapeutic agent against breast cancer in the light of estrogen action on breast
cancer cells. In this thesis, we addressed the combinatorial effect of EGCG and
E2 on the proliferation, apoptosis, cell cycle, gelatinolytic activity, migration and
invasion of breast cancer cells differing in their ER status. Our studies
demonstrate that EGCG, in the presence or absence of E2, causes a significant
decrease in proliferation, gelatinolytic activity, migration and invasion of breast
cancer cells. EGCG mediated induction of apoptosis in breast cancer cells was
also found to be independent of high exogenous E2 levels and ER status. Our
findings highlight that the ER status or estrogenic stimulation of breast cancer

cells does not affect the efficacy of EGCG.

Probing into the molecular mechanism of EGCG mediated decrease in
gelatinolytic activity, we showed that EGCG significantly inhibits in vitro MMP-2
activity in a dose dependent manner. Furthermore, we showed that divalent
cations have negative effect on EGCG mediated decrease in MMP-2 activity. We
demonstrated that chelating divalent cations from the surrounding medium prior
to treatment with EGCG, significantly improves EGCG’s efficacy. In line with this,
we found that pretreatment of HT1080 conditioned media or purified active MMP-
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2 with EDTA followed by incubation with EGCG significantly enhanced the effect
of EGCG in inhibiting MMP-2. In addition, incubation of EGCG with excess
divalent cations partially reversed EGCG mediated MMP-2 inhibition, highlighting
the fact that divalent cations present in the surrounding environment may mask
the efficacy of EGCG. Known zinc chelators such as EDTA, glycine etc had no
inhibitory effect on MMP-2 activity. Enzyme kinetic studies using MMP-2 specific
fluorogenic substrate revealed that EGCG acts as an uncompetitive inhibitor of
MMP-2 enzyme (Ki=11.69uM). This finding corroborates with the in silico
molecular docking studies carried out by other colleagues in our laboratory
(unpublished data). Molecular docking studies showed that EGCG does not
interfere with the Zn*2 active site like other known MMP inhibitors. It was found
to bind MMP-2 fibronectin type II repeat 3 region, which is required for the
proper positioning of collagen substrate for catalysis. Our findings implicate that
EGCG may emerge as a natural, non-toxic, selective MMP-2 inhibitor targeting
sites which are structurally and functionally non-redundant among other MMP

classes.

Aberrant epigenetic silencing of TIMP-3 gene, that negatively modulates MMP
activity, has been implicated in the pathogenesis and metastasis of breast cancer.
In this thesis work, we demonstrated that GTPs and EGCG mediate epigenetic
induction of TIMP-3 levels and play a key role in suppressing invasiveness and
gelatinolytic activity of MMP-2 and MMP-9 in breast cancer cells. Treatment of
MCF-7 and MDA-MB-231 breast cancer cells with 20pM EGCG and 10pg/ml
GTP for 72h significantly induced TIMP-3 mRNA and protein levels. Interestingly,
investigations into the molecular mechanism revealed that TIMP-3 repression in
breast cancer cells is mediated by the epigenetic silencing mechanism(s) involving
EZH2 and class I HDACs, independent of promoter DNA hypermethylation.
Treatment with GTP and EGCG significantly reduced EZH2 and class I HDAC
protein levels. Furthermore, transcriptional activation of TIMP-3 was found to be
associated with decreased EZH2 localization and H3K27 trimethylation
deposition at the TIMP-3 promoter with a concomitant increase in histone
H3K9/18 acetylation. Our findings unravel the epigenetic mechanism underlying
TIMP-3 induction by GTPs and EGCG, which may at least in part be the
molecular basis for the observed anti-invasive and anti-gelatinolytic effect of

EGCG.
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Chapter VII Conclusion

In summary, the present study provides a new insight into the green tea
catechins mediated modulation of gelatinolytic activity in human breast cancer
cells. To our knowledge, this is the first study to explore the combinatorial effect
of EGCG and E2 on breast cancer cells. The data presented in this thesis provide
strong evidence that the anti-proliferative, anti-gelatinolytic and anti-invasive
effects of EGCG remain independent of the ER status or estrogenic stimulation of
breast cancer cells. We also provided comprehensive insight into the modulation
of in vitro MMP-2 activity by EGCG in a cell free environment. Our data highlight
the negative effect of divalent cations on EGCG mediated inhibition of in vitro
MMP-2 activity. This finding is particularly relevant in the context of in vivo
effects of EGCG, which are observed at concentrations much higher than that
measured in regular green tea consumers. Also, this is the first study to provide
detailed molecular insight into epigenetic regulation of TIMP-3 gene in breast
cancer cells. Our findings implicate that the epigenetic induction of TIMP-3 may
be a key event modulated by green tea polyphenols in restoring the MMP:TIMP

balance to delay breast cancer progression and invasion.
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