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CHAPTER

Introduction

1.1. Introduction

Metastasis is a major hurdle in successful treatment of solid tumors, including those of
the breast. Tumor cells orchestrate a battery of proteolytic enzymes to remodel the matrix,
escape from the tumor environment, and metastasize’”. Apart from the matrix
metalloproteinases (MMPs), there is increasing evidence on the association of overt or
mislocalized expression of cysteine cathepsins with tumorigenesis and metastasis>*. The
presence of cysteine in their active site distinguishes them from other lysosomal serine- or
aspartic-cathepsins™. Cysteine cathepsins hydrolyze proteins within and outside the cell’.
Cathepsins are involved in various cellular processes, such as protein turnover, antigen

presentation, apoptosis, and matrix remodeling®”.

In physiological conditions, activities of cathepsins are controlled by endogenous small
protein inhibitors called cystatins. Cathepsins and cystatins are aberrantly expressed in a wide
variety of tumors'’. Altered expression of cysteine cathepsins or cystatins can tilt the
homeostatic balance to favor extracellular matrix (ECM) remodeling, thereby promoting

disease progression, tumor invasion and metastasis'' .

Cystatin A (CSTA, also known as Stefin A), is a member of cystatin superfamily. CSTA
inhibits the activity of cathepsins B, H and L. These cathepsins have been implicated in

tumor development, progtression and overall survival'™'>'®, It is abundantly expressed in the
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myoepithelial cells and plays a critical role in their ability to resist the malignant transformation
of the luminal epitheliurn”’m. Inverse correlation between levels of cathepsin B and CSTA is

reported in various tumors indicating the potential tumor supptessor role of CSTA™.

Estrogens are the steroid hormones that regulate the growth, differentiation, and
function of target tissues of the reproductive, central nervous, skeletal, cardiovascular and

immune systems” .

Estrogen exerts its action on target tissues by regulating the
transcriptional activity of various genes. Vendrell and co-workers performed cDNA mini-
arrays analysis to detect novel estrogen-regulated genes in MCF-7 derived cell line, in which
CSTA was reported as one of the estrogen suppressed genes”. However, the precise
mechanism of estrogen-mediated regulation of CSTA in breast cancer cells is not understood.
Due to the paucity of literature on CSTA regulation in breast cancer, this purported tumor
suppressor requires further attention. Investigations presented in this thesis were carried out

to fill the lacunae in the understanding of CSTA in terms of hormonal regulation and its role

in breast cancer.

1.2. Aim and scope of the work

About two-thirds of breast tumors are estrogen receptor (ER)- or progesterone
receptor (PR)-positive at the time of diagnosis®™. Prognosis and therapeutic decisions are
based on the status of ER, PR and human epidermal growth factor receptor 2 (HER2)
expression”. Being the second most common endocrine-related cancer, a better
understanding of molecular players in tumor suppression or promotion is required for the
identification of novel prognostic or diagnostic markers in breast cancer. Attempts have been
made earlier to correlate CSTA expression with the known histopathological markers, and the
results from several clinical studies have led to contradictory inferences about the prognostic
value of CSTA™?. This necessitates an independent study on its prognostic potential by

taking into consideration the various molecular subtypes of breast tumors.

Deregulated estrogen—ER signaling is linked with breast cancer development and
progression””. Targeting ER signaling through endoctine therapy has been a preferred
therapeutic option for estrogen-dependent tumors for decades™. Given the critical role of
CSTA in regulating the cysteine proteases in the metastatic cascade, identifying the precise
mechanisms by which cystatin itself is regulated will further the understanding of molecular
mechanisms involved in metastasis. Hence, in the context of breast cancer, it is desirable to

obtain mechanistic insights into the estrogen regulation of CSTA expression.
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Loss of CSTA expression in breast tumors evidently shifts the balance in favor of
cysteine cathepsins, thereby promoting ECM remodeling, tumor invasion, and metastasis**”.
However, the underlying mechanism behind the loss of CSTA expression in breast tumors is
not known. Epigenetic silencing of tumor suppressor genes is a common phenomenon

% Interestingly, members of the cystatin

associated with tumor initiation and progression
superfamily are reported to be epigenetically silenced by DNA methylation in breast,
pancreatic, brain, and lung cancer'’. Recently, Stone and co-workers have found that DNA
hypermethylation of estrogen-responsive enhancers is associated with reduced ESRI1

binding™. The present study examined the impact of DNA methylation on CSTA expression

and regulation.

Inhibition of cathepsin B was initially thought to be the sole function of CSTAY.
Subsequently, other functions such as cell-cell adhesion and apoptosis were attributed to
CSTA**'. Moreovet, in vivo and in vitro studies revealed that CSTA affects tumor growth,
angiogenesis, invasion, and metastasis in lung and esophageal cancer**. However, its precise
role in breast cancer is not yet elucidated. This study addresses the functional role of CSTA

in terms of proliferation, invasion and migration of breast cancer cells.

1.3. Obijectives

The work embodied in the thesis is based on the following objectives,

1. To analyze the expression of CSTA in primary breast tumors.

2. To investigate the mechanism of estrogen-mediated regulation of CSTA expression in
breast cancer cells.

3. To analyze the role of methylation in the expression and regulation of CSTA.

4. To assess the role of CSTA in proliferation, migration and invasion of breast cancer cells.
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2.1. Breast cancer

Breast cancer is the most common cancer among women wotldwide, accounting for
24.2% of all female cancers. It is the leading cause of death due to cancer among women,
followed by lung cancer* (Figure 2.1). International Agency for Research on Cancer (IARC)
estimated 2.1 million new breast cancer cases for the year 2018. This signifies that one in
every four women diagnosed with cancer would be of breast cancer®. In the Indian scenario,
breast cancer accounts for 27.7% of total cancer cases detected among women™. The age-
adjusted rate of breast cancer incidence in India is 25.8 per 100,000 women, with a mortality
of 12.7 per 100,000 women®. Breast cancer is the most common cancer in urban women®’.
It is the second most prevalent cancer in the case of rural women, next to cervical cancer®’.
In the western population, the majority of breast cancer patients are postmenopausal women,

and the peak age of the incidence is between 60 and 70 years**

. Whereas, in India, breast
cancer patients are found a decade younger than breast cancer patients of western countries.
The peak age of incidence in India is between 45 and 50 years* suggesting that breast cancer
occurs in premenopausal age among Indian women. Particularly in Assam, among women,
breast cancer accounts for 16% of total cancer cases, followed by cancer of the gall bladder

(13.6%) and cervix (12.8%). In the Kamrup district of Assam, from 2003 to 2014, the breast

cancer incidence has been significantly increased with an age-adjusted incidence rate of 27.1
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per 100,000 women™. Notably, 54.6% of total breast cancer cases in the Kamrup district
belong to the 30-49 age group™. Though uncommon, breast cancer also affects males
contributing 1% of total breast cancer cases™. Thus, breast cancer is a major global health

concern (Figure 2.2).
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Figure 2.1. Cancer incidence and mortality among women worldwide. Pie charts representing the
estimated number of cancer cases among women of all ages (total: 8,622,539) (A), and estimated number of
cancer-related deaths among women of all ages (total: 4,169,387) (B). Area of each segment in pie charts indicates

the proportion of cancer cases (A) or deaths (B) for each category. Data obtained from GLOBOCAN 2018

(IARC, WHO).
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Figure 2.2. Breast cancer incidence and mortality among women worldwide. Circular packing charts
representing the estimated number of breast cancer cases among women of all ages (Left panel) and estimated
number of breast cancer-related deaths among women of all ages (Right panel) worldwide. Each circle represents
a country and the countries are represented in the different shades of five major colors based on the five
continents. Circles representing the top six countries in breast cancer incidence and mortality are labeled with
the number indicating total breast cancer cases and deaths, respectively. The atea of circles indicates the
proportion of breast cancer cases (A) or deaths (B) in each country. Data obtained from GLOBOCAN 2018
(IARC, WHO).
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2.2. Classification

Breast cancer represents a group of heterogeneous diseases that originates from the
terminal ductal lobular units (TDLU) of the breast with varying pathological features. It is
characterized by the neoplastic transformation and uncontrolled proliferation of cells within

the breast tissue.

Breast cancer is broadly classified, either based on histological and/or cytological
appearance as lobular and ductal carcinoma, or based on invasiveness as invasive and z situ
carcinoma. However, in 2003, the World Health Organization (WHO) defined invasive
carcinomas, precursor lesions, and benign epithelial proliferations into 25 major subtypes and
32 minor subtypes™. Though the histopathological classification has more prognostic value,
molecular markers are useful in therapeutic decisions and prediction of response to targeted
therapies. Over the past 19 years, expression of various molecular markers such as ER, PR
and HER2 were extensively studied in breast tumors™ . Based on their expression, breast
tumors are classified into five major molecular subtypes, namely luminal A, luminal B,
HER2+, basal-like, and normal-like groups”™**. Luminal A and luminal B are ER and/or PR-

positive. HER2+ are ER and/or PR-negative with poor prognosis’”

. The primary
characteristic that distinguishes luminal B from luminal A is the high proliferation index (Ki-
67 staining) and poor prognosis. Basal-like subtype lacks the expression of ER, PR, or HER2.
In 2011 the expert panel of St. Gallen International Breast Cancer Conference redefined the

intrinsic molecular subtypes of breast tumors. Clinicopathologic definition of molecular

subtypes of breast tumors is summarized in Table 2.1,

Table 2.1. Clinicopathologic definition of molecular subtypes of breast tumors.

Molecular subtype Clinicopathologic definition

Luminal A ER and/ot PR positive, HER2 negative, Ki-67"

Luminal B (HER2-negative) ER and/ot PR positive, HER2 negative, Ki-67high

Luminal B (HER2-positive) ER and/or PR positive, HER2 ovet-exptessed or amplified, Ki-G7 high/low

HER2-positive ER and PR negative, HER2 over-expressed or amplified
Basal-like ER and PR negative, HER2 negative

Cancer staging and grading systems are also used in the classification of the tumors to
evaluate the clinical spread of malignancies and to establish suitable therapies. In 1940s, Pierre
Denoix developed tumor-node-metastasis (TNM) staging system for the classification of
malignant tumors. The first clinical-stage classification of cancers of breast and larynx was

published in 1958, Later, Ametican Joint Committee on Cancer (AJCC), in collaboration
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with International Union Against Cancer (UICC), defined staging criteria for various

anatomical sites®

. The internationally accepted TNM system describes the extent of cancer
by defining- 1) tumor size at the primary site (T), ii) the extent of lymph node metastases (N),
and iii) presence or absence of distant metastases (M) of the tumors® T, N, and M are
determined separately and are used to classify the tumors into four stages (I-IV). T is
represented as T1-T4 based on increasing size and spread of the primary tumor. N and M are
represented as 0 or 1 (0-absence of tumor, 1-presence of tumor)®. In the past 60 years, the
TNM system has evolved gradually due to the advances in diagnosis and treatment. Moreover,

non-anatomic prognostic factors are also being explored to be incorporated in the TNM

system to provide the most specific treatment to the patients®.

The histological grading system is used to classify malignancies based on the degree of
differentiation. Low-grade tumors (Grade 1) are well-differentiated, less aggressive with
favorable prognosis. Intermediate grade tumors (Grade 2) are moderately differentiated, and
high-grade tumors (Grade 3) are poorly differentiated, fast-growing with poor prognosis®.
Various scoring systems were developed for grading breast cancer. Among those,
Nottingham Histologic grade (NHG), established by Elston and Ellis, is a widely accepted
system for grading breast tumors. NHG scores tumors from 1 to 3 for each of the three
morphological features: tubule formation, nuclear pleomorphism, and mitotic activity. The
totality of three scores makes the Nottingham Score. Grade 1 is assigned for tumors with a
score of 3 to 5. Grade 2 for the tumors with a score of 6 to 7 and Grade 3 for tumors with a

score of 8-9%.

2.3. Risk factors

Major risk factors for breast cancer include age, genetic make-up, race, obesity, alcohol
consumption, and smoking. Other factors such as nulliparity, eatly puberty, late menopause,
and late pregnancy, were also found to be associated with the incidence of breast cancer®.
For decades, several clinical, epidemiological and experimental studies have provided
substantial evidence that prolonged exposure to endogenous estrogens influences the risk of

breast cancer®”"!.

2.4. Treatment

The main options for breast cancer treatment are surgery, radiotherapy, chemotherapy,

endocrine therapy, and targeted therapy. In the past half-century, significant advancement has
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occurred in breast cancer therapeutics. Radical mastectomy, a surgical method of treating
breast cancer, was substituted by modified radical mastectomy and eventually by breast-
conserving surgery’’. Radiotherapy involves the usage of high-energy X-rays or gamma rays
to eradicate subclinical disease after surgical removal”. In targeted therapy, only cancer cells
are targeted without affecting normal cells. This is achieved by targeting specific
overexpressing markers such as HER2. In 1998, advancement in the treatment of
HER-2/neu overexpressing tumors occutred when the clinical trial with monoclonal anti-
HER2 antibody (trastuzumab) improved the survival of HER2-positive patients’™. Since
targeted or endocrine therapy is ineffective in triple-negative breast cancer (INBC) patients,
cytotoxic chemotherapy is the only effective option”. Chemotherapy regimens comprising of

anthracyclines and taxanes reduce mortality by about one-third™.

Endocrine therapy has its origin back in 1895 when oophorectomy performed by
Beatson in premenopausal breast cancer patients resulted in the complete remission of breast

tumors, and extended survival”’

. This foundation led to the discovery of ovarian hormone,
estrogen in 1923 by Edgar Allen and Edward Doisy™. A seties of studies in the subsequent
decades on estrogen signaling unveiled the potential of endocrine therapy as a treatment
option””"*’. Endocrine therapy has gained more attention over the course of time, as 60-75%

of breast tumors are positive for ER or PR, making it a preferred treatment option for non-

TNBC cases.

Endocrine therapy essentially involves the manipulation of estrogen signaling pathway
using strategies like 1) blocking estrogen synthesis by using aromatase inhibitor (AI) such as
anastrozole or letrozole”, ii) blocking the binding of estrogen to ER with selective estrogen

receptor modulators (SERM) such as tamoxifen or raloxifene®™"

, 1ii) reducing the level of
functional ER with selective estrogen receptor down-regulators (SERD) such as

fulvestrant™(Figure 2.3).
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Figure 2.3. Effect of aromatase inhibitors, SERM and SERD on ER signaling pathway. Aromatase
inhibitors prevent the synthesis of estrogen. SERM blocks the binding of estrogen to ER. SERD accelerates ER
to proteasomal degradation (recreated from Patel and co-workers, 2018°).

2.5. Estrogen

Estrogens are the steroid hormones primarily involved in the development of primary
and secondary sex characteristics in women. Besides, they also play a vital role in maintaining
physiological functions of central nervous, cardiovascular, immune, and musculoskeletal
systems* . The three major forms of physiological estrogens in humans are estrone (E1),
estradiol (E2, 17B-estradiol), and estriol (E3). E2, the most predominant and bioactive form
of estrogen in premenopausal women, is primarily synthesized by the ovary, corpus luteum,
and placenta. In postmenopausal women, E1 is the predominant form and is synthesized in
extragonadal tissues. E3 is the least potent form of estrogen, and it is synthesized by the
placenta during pregnancy®. Estrogen synthesized by the ovary is released in the bloodstream
and acts as an endocrine factor. On the other hand, extragonadal estrogens act locally in
paracrine or intracrine manner at the site of synthesis. Localized estrogen synthesis is vital for
tissue-specific function®”. Unfortunately, estrogens induce catrcinogenesis by three
mechanisms, 1) receptor-mediated stimulation of proliferation, ii) induction of aneuploidy,

and iii) increasing mutation rates via cytochrome P450-mediated metabolic activation™.
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2.6. Estrogen receptors

The physiological and pathological functions of estrogens are mediated by estrogen
receptors (ERs). In the 1950s, Elwood V. Jensen made a significant progress in the field of
hormone action by reporting the evidence for the existence of a receptor for estrogen®*”. In
1986, Green and co-workers cloned ER cDNA for the first time from MCF-7 breast cancer
cells”. Till 1996, ER was considered as the sole signaling receptor of estrogens. However,
Kuiper and co-workers cloned another ER in 1996’ Thereafter, the ER, which was
discovered earlier was referred as ERa, and latter one as ERB. Interestingly, in 1967, Szego
and Davis reported that acute exposure to E2 increases cAMP production in the
ovatiectomized rat”. Later in 1977, Szego and Pietras reported the binding of estrogen to the
plasma membrane of endometrial and liver cells™. In the 1990s, several groups cloned a gene
whose protein product has homology to G-protein coupled receptor superfamily. It was
considered as an orphan receptor since its ligand was not known that time”'"". In the eatly
2000s, this orphan G-protein coupled receptor, GPR30, was suggested to mediate the non-
genomic tesponse in estrogen signaling'”'. Filardo and co-workers demonstrated that E2
activates extracellular signal-regulated kinase 1 (ERK1) and ERK2 in the cells, which
expresses GPR30 but not ERs'””. Further studies resulted in the establishment of GPR30 as
a bona fide ER. Later in 2007, GPR30 was officially named as G-protein coupled estrogen
receptor (GPER) by International Union of Basic and Clinical Pharmacology (IUPHAR)'”.
The binding affinity of E2 towards GPER (K4-3.3 nM) is lower than the binding affinity of
E2 towards ERs (Ka- 0.13 to 0.6 nM)”*!*+1%,

ERs are members of the nuclear receptor superfamily. ERx and ERB share common
structural architecture but differ in the transcriptional targets, tissue distribution, and
functional effects. ERs have five distinct domains (Figure 2.4). N-terminal A/B domain
contains ligand-independent activation function 1 (AF1), which is involved in the
transcriptional activity by interacting with co-activators. C domain is the DNA-binding
domain (DBD), which enables sequence-specific binding of ER to the cognate response
elements. The D domain encompasses hinge region, which is involved in nuclear localization.
The C-terminal E/F domain serves as a ligand-binding domain (LBD) and also contains

activation function 2 (AF2)'".

TH-2369_146106007



Estrogen receptors

FRa NH,( ) ) D | )LE ) COOH

AF-1 AF-2
DBD

LBD

ERB ~m,( JAB D | )| E) cooH

Figure 2.4. Schematic representation of ER« and ER structural and functional domains. ERs contain
five domains: two transctiptional AF domains (AF-1; A/B domain and AF-2; F domain), DBD (C domain),
hinge domain (D domain), LBD (E domain) (recreated from Matthews and co-workers, 2003'”).

Despite having a similar mechanism of action, ER@ has an inhibitory effect on ERa-
mediated transcriptional activation. It is suggested that these antagonizing effects are due to
the difference in the transactivation functions'’. ER-mediated transcriptional activation
requires both the AFs. C-terminal AF-2 is active in both the ERs, but the AF-1 domain of
ERB is 30% identical to ERa'"™ and possesses weaker activity'”. ERo and ERB exhibit
differential responses to the estrogen and anti-estrogens. Ligands such as tamoxifen and
raloxifene act as partial agonists/antagonists for ERa but as pure antagonists for ERB'"’. The
transactivation properties of both the receptors were studied in the context of AP-1 (activator
protein-1) response element. Upon treatment with E2, ERa stimulated transcription of
AP-1 containing reporter gene, while ERB inhibited the transcription of the AP-1 containing

I'CpOftCI' genem

. The differential response of ERa and ER to the same ligands is attributed
to the difference in the AF-1 domain'""'"®. Moreover, co-regulators also determine the
specificity and transcriptional activity of the ERs by selectively interacting with ER« and ERB.
For example, SRC-3 enhances ERa-mediated transcription, but does not affect the ERB-

mediated transcription'®.

Five isoforms of ERB (ERB1, ERB2, ERB3, ERB4 and ERB5) are known''". Most of
the studies have focused on ERB1 and the functional role of other isoforms is not fully
understood. ERB1 is a full-length isoform with intact helix 11 and helix 12. ERB2 has
shortened C-terminus resulting in disoriented helix 12. ERB4 and ERB5 isoforms completely
lack helix 12'". ERB2, ERB4, and ERB5 do not form homodimers. However, they can form
115

a heterodimer with ERB1 and can enhance its transactivation

introduced ERB1 in ERa-positive MCF-7 and T47D cells and assessed the impact of ER3 on

. Chang and co-workers
ERa regulated genes. Interestingly, gene expression analysis revealed that unliganded ER(1

modulates the expression of genes that are generally regulated by estrogen via ERa'"*. ERB2

act as dominant-negative inhibitor of ERa by directing proteasomal degradation of
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ERB2/ER« heterodimers''. Binding affinity of ERB2 for E2 (8 nM) is 8-fold lower as
compared with binding affinity of ERB1 for E2 (1 nM)""". Interestingly, by i vitro experiments,
Poola and co-workers demonstrated that both ERB4 and ERB5 do not bind to E2 but can

bind to estrogen response elements (ERE)'".

Besides the classical estrogen receptors, truncated variants of ERx66 (namely ERa40,
ER«306) are also known. In 2006, Wang and co-workers cloned alternatively spliced variant
of classical ER and termed as ERa36. ER«306 lacks both AF-1 and -2 domain but retains the
DNA- and ligand-binding domain. ER«36 is predominantly present in the plasma membrane
and transduce estrogen-dependent activation of MAPK/ERK pathway'™'*. Several groups
have demonstrated that ERx66-negative breast cancer cell lines (MDA-MB-231 and MDA-
MB-436) and ERa66-negative breast tumors (around 40%) exptress ERx36'**"'*, In ERa66-
negative MDA-MB-231 and MDA-MB-436 cells, E2 stimulated c-Myc and cyclin D1
expression, induced cell proliferation and 7z vive tumor growth. These effects were abrogated
by ERa36 knockdown, suggesting that rapid estrogen signaling occurring via ERa36 can

contribute to the malignant growth of ERx66-negative tumors'®.

ERa46 lacks the N-terminal 173 amino acids coded by the first exon of the ERa gene,
thereby devoid of AF-1. ERa46 expression is reduced in endocrine-resistant breast cancer
cells, and forced expression of ERa46 partially restored responsiveness to tamoxifen'®.
Overexpression of ERx46 in MCF-7 cells inhibits the ER«66-mediated estrogenic induction
of c-fos and cyclin D1. This study suggested that ERx46 antagonizes the proliferative effect
of ERa66 in MCF-7 cells partially by inhibiting ERx66 AF-1 activity'>.

2.7. Estrogen signaling

2.7.1. Genomic pathway

Degradation of unliganded ERs is prevented by its association with heat shock protein
90 (Hsp90)"*°. In the classical model of ER action, binding of the ligand to ERs stimulates
Hsp90 dissociation and subsequent phosphorylation of ER. Phosphorylated ER forms
homo- or hetero-dimers and undergoes nuclear translocation. E2-ER complex, then directly
binds to specific DNA sequences called ERE and modulates gene transcription by interacting

127

with transcriptional machinery and co-regulator proteins ~'. Co-regulators comprise of co-

activators, co-repressors, co-integrators, histone deacetylases and acetyltransferases, and

128

other transcription factors =. Upon binding of an agonist to ER, helix 12 repositions and

aligns over LBD and covers the ligand-bound pocket. This conformation forms the specific
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binding site at AF-2 for consensus LXXILL motif of co-activators. In contrast, binding of an
ER antagonist sterically hinders helix 12 positioning, thereby preventing the formation of co-

128129 Besides the classical

activator binding site and facilitating co-repressor binding
mechanism, ER can also influence the transcriptional activity of genes, which do not contain
functional EREs. Ligand bound-ER binds to other transcription factors such as c-Jun/
activating transcription factor-2 (ATF-2), Jun/Fos, and specificity protein 1 (Sp1) and forms
complexes. These complexes, in turn, binds to AP-1, CRE (cyclic AMP response element),
or Spl sites respectively and modulate gene transcription. This mechanism can also be
activated by ER lacking DBD as it does not involve direct binding of ER to DNA. This

pathway is the non-classical pathway'*""?. The schematic representation of estrogen signaling

pathways is given in Figure 2.5.

In addition to ligand-mediated activation of ER, its activity can be modulated in a
ligand-independent manner by means of phosphorylation of serine and tyrosine residues in
AF-1. Binding of polypeptide growth factors such as insulin-like growth factor-1 (IGF-1) or
epidermal growth factor (EGF) to their respective receptors triggers the activation of various
MAPK and Akt pathways. These kinases, in turn, phosphorylate serine residues (ERa: Ser104,
Ser106, Ser118, Serl67, ERB: Serl106, Serl24) of AF-1 domain. AF1 phosphorylation
stimulates the transcriptional activity of ER by recruiting various co-regulators'”. This
cross-talk with growth factor signaling contributes to the development of endocrine

134

resistance . These three pathways are broadly grouped as the genomic pathway of estrogen

action.

2.7.2. Non-genomic pathway

Estrogen can elicit rapid biological responses that occur in the time frame of seconds
to minutes. This transcription-independent pathway is called non-genomic pathway. The
non-genomic effects of estrogen are mediated by a sub-population of the classical ERs, which
are located at the plasma membrane and GPER. GPER-mediated estrogen action includes
cAMP production, intracellular mobilization of calcium, activation of MAPK signaling,
membrane tyrosine kinase receptor activation and phosphatidylinositol 3,4,5-trisphosphate
synthesis'""""*"". Moreover, activation of GPER with estrogen facilitates secretion of MMP,
which in turn promotes the shedding of heparin-binding EGF-like growth factor (HB-EGF)
from the surface. HB-EGF on binding to epidermal growth factor receptor (EGFR)

promotes receptor dimerization and transactivation of EGFR/MAPK pathway. This pathway
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explains the molecular basis of EGF-like effects of estrogen and ER-independent growth of

tumors' ",
Free E2 Free E2
o [
o o
]

| W

e
[ ) GDP SRC BEGF

Chaperon ER .

HBEGF

ale)

MAPK

dINYD
ase|ahko
a1e|Auspy

——
Free E2
o

TF binding
site

¥

Figure 2.5. Schematic representation of genomic and non-genomic signaling pathways of estrogen.
Red arrows and brown arrows indicate ligand-dependent direct- and indirect-genomic pathways, respectively.
Blue arrows indicate ligand-independent genomic pathway. Green arrows indicate non-genomic pathway.

2.8. Endocrine resistance

Endocrine resistance is a major problem in breast cancer treatment. Advancement in
breast cancer treatment was brought about by the approval of tamoxifen in 1973 for treating
ER-positive breast tumors. Tamoxifen was used alone or in combination with cytotoxic
agents for adjuvant and neoadjuvant therapy'**'*'. Despite the efficacy in regressing the ER-
positive tumors, its success is limited by the acquisition of resistance in a large number of
patients. Clinically, resistance is characterized by relapse of tumor after the completion of
adjuvant therapy in adjuvant setting or progression of disease in neoadjuvant setting.
Pathologically, an increase in tumor grade and proliferation marks the resistance to endocrine
therapy. Studies have postulated several mechanisms for occurrence of endocrine therapy.

Mutation or loss of ER expression occurs in 15-20% resistant tumors. Loss of ER is attributed
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to the aberrant methylation of CpG island or histone deacetylation in the ER locus. I vitro
studies have reported the frequent occurrence of deletion or point mutation in ER gene of
tamoxifen-resistant MCF-7 and T47D breast cancer cells. Moreover, crosstalk with other
growth factor signaling pathways such as EGFR/HER2 signaling, PI3K-Akt-mTOR pathway
majorly contributes to endocrine resistance'*”. Therefore, targeting these signaling molecules
may promote endocrine response with delayed resistance. Interestingly, zz vitro study showed
that the development of tamoxifen resistance in MCF-7 cells is accompanied by transition to

more aggtessive phenotype'®.

2.9. Metastasis

Metastasis is the ultimate cause of breast cancer-associated mortality and remains a
steadfast challenge. It is a complex process characterized by dissemination of individual or
group of cells from the primary tumor to a distant organ. The sequential events in metastasis
are epithelial to mesenchymal transition, disruption of the basement membrane, dissociation
from bulk tumor, localized invasion, intravasation into blood and lymph vessels, circulation
through bloodstream to a distant organ, extravasation, and establishment of secondary
tumor'** (Figure 2.6). Several reports suggested that tumor microenvironment comprising of
surrounding ECM, and stromal cells such as fibroblast, endothelial cells, and immune cells
influence tumorigenesis and progtession of breast tumor'*'*. Interestingly, tumor cells can
also modulate the surrounding microenvironment to promote their growth and survival via a

148

positive feedback loop™™. ECM is a dynamic network with biochemically distinct components

such as proteins, proteoglycans, polysaccharides, and glycoproteins'*’

. ECM is constantly
remodeled in various stages of embryonic and postnatal development involving altered
synthesis or degradation of its components. ECM homeostasis is achieved by controlled
expression and activities of ECM degrading enzymes, which include MMPs, A Disintegrin
and Metalloproteinases (ADAMs), A Disintegrin and Metalloproteinase with Thrombo-
spondin motifs (ADAMTSs), cathepsins, heparanases, matriptases, serine/threonine
proteases, hyaluronidases, urokinase-type plasminogen activators (uPA) and tissue
plasminogen activators (tPA), and their endogenous inhibitors such as cystatins, tissue
inhibitors of metalloproteinases (TIMPs), and plasminogen activator inhibitors (PAIL)'*.

Disruption in the delicate balance between these proteases and their inhibitors has a profound

effect on tumor invasion and metastasis.
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Figure 2.6. The process of tumor metastasis. Sequential events in metastasis are- i) proliferation of tumor
cells in the primary site, ii) local invasion of detached cells, iii) intravasation into blood capillaries, iv) arrest and
extravasation to the secondary site, and v) formation of a secondary tumor (recreated from Gout and co-workers,

2008")

2.10. Cathepsins

The discovery of lysosomes in 1955 by Christian de Duve paved the way for the
discovery and characterization of numerous hydrolases in the past 65 years"™'. Hydrolases,
including proteases, nucleases, lipases, and amylases, are involved in the effectual degradation
of biological macromolecules in the lysosomes. Amidst the 50 lysosomal hydrolases,
proteases of five catalytic types (aspartic, serine, cysteine, threonine and metallo) have gained
importance over the years due to their remarkable role in cell death, protein turnover,

proliferation, migration and invasion'”

Cathepsins are involved in various physiological processes such as propeptide and

prohormone processing, apoptosis, bone remodeling, and reproduction'”’

. Cathepsins, based
on the nucleophilic amino acid at the active site, are categorized as serine cathepsins
(cathepsins A and G), aspartic cathepsins (cathepsins D and E) and cysteine cathepsins
(cathepsins B, C, F, H, K, L, O, S, V, X and W). Except for cathepsin C, which is a 200 kDa

tetrameric protein, cysteine cathepsins are 25-30 kDa monomeric proteins. Most of the

TH-2369_146106007



Cystatins

cysteine cathepsins are endopeptidases (cathepsins F, K, L, O, S, V and W), while cathepsin
C (aminopeptidase) and cathepsin X (carboxypeptidase) are exopeptidases. Though
cathepsins B and H are exopeptidases, they can also perform endopeptidase activity. Tissue-
specific distribution of cathepsins K, S, V and W was observed while other cathepsins are

ubiquitously expressed”.

Full-length cysteine cathepsins consist of signal peptide, propeptide and catalytic
domain. The catalytic domain represents the active enzyme. The signal peptide is responsible
for translocation to endoplasmic reticulum during translation. The propeptide serves as a
reversible inhibitor to prevent premature activation of the catalytic domain'*. Cysteine
cathepsins, which are primarily located in endolysosomal compartments, were initially
thought to be active only in an acidic environment. However, the observed extracellular
activity of cysteine cathepsins indicates that pH is not the sole determinant of their activity”.
In pathological conditions, hypoxia leads to acidification of peri- and extracellular matrix,
which facilitates the degradation of ECM protein by cysteine cathepsins'”. Since ECM is
composed of elastins, collagens, and proteoglycans, cathepsins with collagenolytic and

elastolytic activities are majotly responsible for ECM remodeling.

Proteolytic activity of lysosomal cysteine proteases is regulated by pH, zymogen
activation and endogenous protein inhibitors. Cathepsins are naturally synthesized as inactive
precursors and activated by removal of propeptide by other proteases or by autocatalytic
removal at acidic pH'. Once activated, because of its high concentration in lysosomes,
cathepsins can be distuptive. Hence, its extra lysosomal activities are controlled by protein
inhibitors, cystatins, serpins, and thyropins'™. Cystatins are the endogenous competitive,

reversible inhibitors that prevent the binding of substrate to the active site of cathepsins™'*".

2.11. Cystatins

Back in the eatly 60s, Hayashi and his group reported that cultured rabbit skin explants
release thiol protease and its inhibitor upon stimulation with antigen™®'”. Later cysteine
protease inhibitor was isolated from chicken egg white by Fossum and Whitaker in 1968'".
Keilovit and Tomfigek demonstrated that this egg white protein inhibits bovine cathepsin B

"162 Barrett

and cathepsin C''. Barrett then named this egg white protein as "cystatin
suggested that proteins of the higher organisms with the following characteristics: 1) inhibition
of papain and cathepsin B, ii) molecular weight close to 13 kDa, iii) pI of 4.5 to 6.5 and iv)

the stability to heat and alkali, to be considered under a single homologous family of
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cystatins'®. Subsequently, several groups isolated number of proteins with similar sequence
and characteristics of chicken cystatin from plants, tissues and body fluids of humans and

157163166 Ty the first

animals. These proteins were clustered under cystatin superfamily
International Symposium on Cysteine Proteinases and their Inhibitors (1985), known
cystatins were categorized into three families under cystatin superfamily based on location,
presence of disulfide bond, size, and complexity of polypeptide. Family 1 is called the stefin
family. It comprises of intracellulatly expressed, unglycosylated inhibitors, cystatins A and B
of ~11 kDa. Family 2, is called the cystatin family, includes extracellularly expressed cystatins
C, D, F, E/M, S, SA, and SN, which are in the range of 13-14 kDa. Family 3 is called the
kininogen family. It includes glycosylated inhibitors with the molecular mass in the range of
88-114 kDa. Family 1 cystatin lacks disulfide bonds and signal sequences, while Family 2
contains a signal sequence at the carboxy terminus and disulfide bonds'*™'®. Later, proteins
that do not possess cysteine protease inhibitory activity were also included in cystatin
superfamily due to the presence of cystatin-like domain. They are HRG (histidine-rich
glycoprotein), fetuins, CRP (cystatin-related protein) and CRES (cystatin-related epididymal
spermatogenic)'”.

Members of cystatin superfamily have a common fold of a central helix core, wrapped
by five anti-parallel B-strands. Cystatins inhibits cysteine cathepsins by forming tight
reversible complexes. They bind to the active site of protease via “tripartite wedge”. This
wedge-shaped structure is formed by three conserved motifs (N-terminal region and two
loops between [3-strands) that contain mostly hydrophobic residues. Since the wedge-shaped
structure is complementary to the active-site groove of cathepsins, its binding to the active

site blocks the access of substrates to the active site of the cathepsins'” (Figure 2.7).
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Figure 2.7. Schematic representation of inhibition of cathepsins by cystatins. Cystatins forms ‘tripartite
wedge’ and binds to the active-site groove of cathepsins, thereby blocking the access of collagen to the
cathepsins. This prevents cathepsin-mediated degradation of collagen.

2.12. Cathepsins and cystatins in cancer

Besides the normal physiological functions, several reports have established the
dynamic role of cysteine cathepsins in various pathological conditions. Around 40 years ago,

Poole and co-workers reported the involvement of cathepsin (cathepsin B) in the malignant

171

progression of breast tumors' . Thereafter, aberrant expression, activity, and mislocalization

of various cysteine cathepsins have been reported in many cancers, including melanoma,
breast, colorectal, thyroid, gastric, brain, bladder, prostate and lung cancers'™'”. Altered
expression of cysteine cathepsins tilts the homeostatic balance to favor ECM remodeling,

thereby promoting tumor progression, invasion, and metastasis'' . Therefore, changes in the

expression of cathepsins have diagnostic or prognostic value!™.

Though primarily
intracellular, cysteine cathepsins are detected on the surface of tumor cells or in extracellular

4,175

spaces™ . Surface or extracellular cathepsins facilitate ECM remodeling and invasion of

tumor cells into blood vessels and surrounding tissue!’.

Most of the cysteine cathepsins are upregulated in malignant tumors of various sites of
origin (Table 2.2). Increased expression of cathepsins is often associated with increased
motility and invasion of tumor. Cathepsin B induces the fibroblast-mediated invasion in

177

breast cancer . Cathepsin B is predominantly located in invasive edges of the malignant
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cells' ™. Antibody-mediated blocking of cathepsin H resulted in inhibition of invasion of

179

glioblastoma cell lines'”. Coculture of cathepsin K-negative breast cancer cells with cathepsin

K-expressing fibroblasts promoted invasion, and this effect was abrogated with cathepsin K

inhibitors'®

. Downregulation of cathepsin L retarded the tumor migration and invasion by
inhibiting transforming growth factor-3 (TGF-§)-mediated epithelial-mesenchymal transition
(EMT)"™'. Mutation in cathepsins B or S reduced tumor growth and angiogenesis in mouse

model'*

. Cathepsin X-mediated inactivation of profilin 1, a tumor suppressor, induced
migration and invasiveness of prostate cancer cells'’. The involvement of cathepsins in
dissemination of tumor cells, degradation of ECM components, angiogenesis, cancer

autophagy, and the EMT is extensively studied'”.

Table 2.2. List of differentially expressed cathepsins in cancers.

Cathepsin Cancer type Expression in cancer

B Gastric, lung, colon, ovarian, cervical, bladder, breast, Up
thyroid, melanoma, glioblastoma, hepatocellular carcinoma

B Prostate Down

F Cervical Up

H Prostate, colorectal, breast, melanoma, head and Up
neck carcinoma, glioma

H Melanoma Down

L Breast, lung, gastric, colon, ovarian, pancreatic, head and Up
neck carcinoma, melanoma, glioma

L Prostate Down

K Gastric, breast, lung, prostate, renal, squamous cell Up
carcinoma, basal cell carcinoma, melanoma

K Lung Down

S Gastric, pancreatic islet cell, astrocytoma, hepatocellular Up

carcinoma, glioblastoma, melanoma

X Prostate, gastric, breast, lung, colorectal, melanoma Up

(Adapted from Jedeszko and Sloane 2004, Tan et al., 2013)

Interestingly, one of the deleterious aspects of cysteine cathepsins is its involvement in
drug resistance. Studies showed that drug accumulation in the lysosome is directly
proportional to the extent of tolerance of tumor cells to therapeutic agents. Hydrophobic

weak base drugs upon internalization may get incorporated into lysosomes. Lysosomal

sequestration of the drugs hinders them from reaching the intracellular target effectively'®.

Knocking down of cathepsin L potentiated paclitaxel-induced apoptosis in ovarian cancer

184

cells™. Acquisition of cisplatin or paclitaxel resistance was associated with the upregulation

of cathepsin L in A549 lung cancer cells and silencing of cathepsin L restored

185

chemosensitivity . Most importantly, inhibition of cathepsin L. enhanced the stability and

availability of drug targets such as ER, androgen receptor, histone deacetylase 1 (HDAC1),
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and topoisomerase-lia, resulting in cellular sensitivity to tamoxifen, flutamide, trichostatin A,

186

imatinib, and doxorubicin™. Due to these pathological roles of cathepsins, endogenous

regulation of cathepsins activity is crucial.

In normal cells, an intricate balance is maintained between expression levels of
cathepsins and cystatins. Dysregulated expression of cathepsins, when not balanced by
cystatins, alters cathepsin: cystatin ratio, thereby contributing to malignant progression of
tumors'®’. Studies suggest that inverse correlation exists between the level of cysteine

proteases and cystatins in tumor microenvironment'*

. Moreover, as the tumor proceeds
towards metastatic stage, the level of cystatins in extracellular spaces and cytosol are drastically
reduced in most of the cancers'”. However, both positive and negative roles played by
cystatins A, B, C and F in tumorigenesis and progression are reported'®. Therefore, cystatins

are considered as potential biomarkers for diagnosis or prognosis. Prognostic significance of

cystatins is summarized in Table 2.3.

Table 2.3. Clinical significance of cystatin levels in the prognosis of patients.

Type of cancer Sample Biomarker favfr);l:)ts;i(())zz:)sis
Bladder Utrine Cystatin B Low
Multiple myeloma Serum Cystatin C Low
Non-Hodgkin B-cell lymphoma Serum Cystatin C Low
Glioma Tissue Cystatin A Low
Cystatin C High
Meningioma Tissue Cystatin C High
Breast Tissue Cystatin A High
Cystatin B High
Cathepsin B/ Cystatin B Low
Cystatin M High
Colon and rectum Serum Cystatin B Low
Cystatin C Low
Tissue Cystatin F Low
Esophagus Serum Cystatin C/Cathepsin B High
Tissue Cystatin SN High
Head and neck Tissue Cystatin A High
Cystatin B High
Cystatin C High
Lung Serum Cystatin C/ Cathepsin B Low
Tissue Cystatin A High
Cystatin B High
Prostate Serum Cathepsin B/ Cystatin A Low
Kidney Tissue Cystatin C Low

(Adapted from Breznik et al., 2019)

Lah and co-workers reported that cystatins extract from sarcoma was less effective

against cathepsin B than cystatins extract from non-tumorous liver. Purified CSTA from
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sarcoma showed less ability to inhibit papain, and cathepsin B, H and L.
Cystatin C/cathepsin B ratio is reduced in neoplastic breast tissues compared to the normal
breast tissues”. Low cystatin C expression is associated with reduced overall survival in
prostate cancer patients. Inhibition of cystatin C expression increased the invasiveness of

P! Cystatin M was consistently expressed in normal human breast

prostate cancer (PC3) cells
epithelial cells, whereas its expression was decreased by 86% in invasive ductal carcinoma
(IDC) cells from stage I to IV patients. Complete loss of expression of cystatin M was
observed in two-third of stage IV patients. Severe combined immunodeficient (SCID) mice
implanted with cystatin M expressing breast cancer cells exhibited delayed primary tumor

growth and less metastatic burden. Cystatin M expression in the highly invasive MDA-MB-

231 cells inhibited its proliferation, migration, and matrigel invasion'”.

During tumor development and progression, cystatins regulate several mechanisms and
signaling pathways. In gastric cancer, cystatin B reduces cell proliferation and metastasis by
downmodulating PI3K-Akt-mTOR signaling pathway'”. Further, the silencing of integrin-
linked kinase in gastric carcinoma cells increased cystatin B and reduced invasion via the Akt
pathway'™. Cystatin B protects the cells from both cathepsin-mediated and cathepsin-

1% Cystatin C induced apoptosis in melanoma cells'”. Cystatin E/M

independent apoptosis
increased apoptosis in T-box protein (TBX-2)-expressing breast cancer cells'”’. Several
studies have demonstrated cystatin C as both a positive and negative regulator of tumor
growth. Negative regulation is due to its inhibitory activity against cysteine cathepsins, while
tumor promoter effect is likely to be via proteolysis-independent mechanisms'®. The
expression of cystatin E/M impairs cell growth by inhibiting cathepsin L'’. Cystatin SN
knockdown activates glycogen synthase kinase 33 (GSK3). This results in increased glycogen

accumulation and cell senescence®”.

2.13. Cystatin A (CSTA)

In 1976, the acid cysteine protease inhibitor (ACPI) was first isolated from rat skin™".

Later, Brzin and co-workers isolated a similar protein from human polymorphonuclear
granulocytes and named it as "stefin" after the J. Stefan Institute in Ljubljana'®. Stefin A, also
called cystatin A, belongs to the family-1 of cystatin superfamily and naturally inhibits cysteine
cathepsins B, H, I, S, and papain®***. Cystatin A, encoded by CSTA gene located on
chromosome 3q21.1 (Figure 2.8), is a single polypeptide chain of 98 amino acids with
molecular mass of 11 kDa. It is an acidic protein with isoelectric point ranging from 4.5-

517166168205 Cystatin A (CSTA) is detected in the normal squamous epithelium®”®, follicular
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207 209

dendritic cells in lymphoid tissues®’, thymic cells®”, liver cells””, granulocytes™’, and basal
epithelial cells in the prostate®'. In the epidermis, CSTA is located throughout the supra-basal

layers as diffused cytoplasmic distribution, and synthesized strongly in the granular layer®.
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Figure 2.8. Localization and structure of CSTA gene. A snapshot from UCSC genome browser representing
CSTA locus (red vertical line in upper panel) in chromosome 3. The structure of CSTA gene is graphically
represented in the lower panel. CSTA gene comprises three exons and two introns. The size of the exon and
intron is mentioned in base pairs (bp). Orange arrowheads indicate the start codon and stop codon.

Over the years, several studies have suggested various physiological functions for
CSTA. As a significant contribution, Blaydon and co-workers reported that homozygous
nonsense mutation in CSTA gene results in exfoliative ichthyosis, a skin disorder
characterized by peeling of skin of the palms and soles. This unraveled the role of CSTA in

Y Moreover,

desmosome-mediated cell-cell adhesion in the lower levels of the epidermis
Scott and co-workers reported that Cstal and Csta3 are strongly expressed in neonatal mouse
skin than adult skin, and the expression decreases with age, suggesting its role in the
development of the epidermis*®. CSTA acts as a biochemical skin barrier against mite
allergens by inhibiting mite cysteine proteases Der f 1 and Der p 1*"’. Polymorphism in the
CSTA gene and unstable CSTA mRNA has been associated with atopic dermatitis, a chronic

2 However,

inflammatory skin disease often associated with a defective epidermal barrier
CSTA expression was found to be upregulated in the plaques of psoriasis vulgaris, a skin
disease characterized by hyperproliferation of skin cells, eventually resulting in red, scaly

5. CSTA is suggested as an important player in keratinocyte proliferation and terminal

plaques

differentiation®'.

In addition to its role in adhesion, differentiation, and epidermal protection, CSTA was
reported to have a functional role in apoptosis by inhibiting cathepsin B. Lysosomal
destabilization and release of cathepsins are the characteristic features of apoptosis

27 Forced expression of CSTA in hepatoma cell line prevented bile salt-induced

initiation
cathepsin B activation and apoptosis*. Peri and co-workers have demonstrated that in
Human Epithelial cells (HEp-2), CSTA can inhibit herpes simplex virus-induced apoptosis™®.

Moreover, ultraviolet B-induced procaspase-3 cleavage and activation were abrogated by
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CSTA expression in human keratinocytes. However, no effect was detected in caspase-8 and

caspase-9 activities in CSTA-transfected ultraviolet B irradiated cells*”’

. Kuopio and co-
workers reported that immunostaining of breast neoplasms showed strong positivity for
CSTA in apoptotic bodies™. Recently, Ma and co-workers reported that overexpression of
CSTA in squamous cell carcinoma cells enhances gemcitabine-induced apoptosis. This is

contradictory to previously reported inhibitory role of CSTA in apoptosis*. However, all the

studies reinforce the hypothesis that CSTA is associated with apoptosis.

Besides these physiological roles, most importantly, cystatins protect the host tissue
from catastrophic proteolysis by accidentally released endogenous cathepsins or exogenous

cathepsins of bacterial and viral origin®'®**"**,

2.14. CSTA in cancer

The relationship between CSTA expression with prognosis and cancer progression is
confounding. CSTA expression is downregulated in various cancer, including brain, breast,

1942821122226 " Tn contrast, other

esophageal, lung, prostate, and head and neck carcinoma
studies have reported higher levels of CSTA in breast, colorectal, lung and, head and neck
carcinoma®'™#*!1?*"?% Higher CSTA expression correlated with a better outcome in head and
neck, and breast cancer'”**". CSTA expression was reduced with an increase in tumor grade,
invasiveness and metastatic potential unveiling the tumor suppressor potential of CSTA. On
the other hand, higher expression correlated with shorter or poor survival of glioma
patients™. The confusion about CSTA as a prognostic matker was resolved to some extent
when levels of cathepsins were also considered along with CSTA. In prostate tumors of the
same Gleason score, tumors with high cathepsin B/CSTA ratio wete associated with lymph

230

node metastasis compared to tumors with low cathepsin B/CSTA ratio™. However, this

needs further investigation in other types of cancers.

Studies on ectopic expression or knockdown of CSTA 7 vitro and in vive gives further
understanding of the functional effects of CSTA expression and the underlying mechanism.
Li and co-workers have demonstrated that overexpression of CSTA in cell line model of
esophageal squamous cell carcinoma reduced tumor growth, angiogenesis, and invasion®.
CSTA suppresses tumor growth by modulating MAPK pathway and inhibits EMT in lung
cancer cells. Stable transfection of CSTA in CSTA-negative cells promoted mesenchymal-

epithelial transition (MET)*.
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However, in breast cancer, studies attempting to understand the precise role of CSTA
are limited. In an immunohistochemical study on infiltrative breast carcinomas, Kuopio and
co-workers found CSTA positivity in large tumors with higher mitotic activity. They also
showed that CSTA positivity was associated with an increased risk of death’. Lah and co-
workers found lower CSTA mRNA and protein levels in breast carcinoma compared to their

226 Tevicar and co-

matched control in the majority of the 50 matched pairs under their study
workers reported 1.9-fold higher levels of CSTA in cytosols of primary invasive breast tumors
compared to normal breast parenchyma. However, they did not find a significant association
between CSTA and breast cancer prognostic factors™. Parker and co-workers analyzed CSTA
expression in 142 primary breast tumors and found that CSTA expression not only correlated
with disease-free survival but also dectreased the risk of distant metastasis*. Notwithstanding
the conflicting results, these studies suggest a role for CSTA in breast cancer progression.
More recent studies on 7z vzvo breast tumor metastasis models have provided valuable insights
into the mechanistic role of CSTA in breast tumor progression. Parker and co-workers
showed that CSTA expression and propensity to metastasize were inversely related in 4T1-
derived cell lines, which exhibit varying degrees of metastasis in the syngeneic murine model.
Furthermore, forced expression of CSTA in 4T1.2, a highly metastatic 4T1 line, reduced
spontaneous metastasis to the bone™. Using the same model, Withana and co-workers
showed that knockdown or selective inhibition of cathepsin B could also reduce bone and
lung metastasis”. Moreover, CSTA is considered a myoepithelial cell marker due to its
abundant expression in myoepithelial cells. Myoepithelial cells are natural tumor suppressors
with constitutive expression of protease inhibitors. Targeted loss of CSTA from an
immortalized myoepithelial cell line prevented myoepithelial-induced suppression of
invasion'’. Immunostaining of CSTA showed more expression in normal breast ducts and
low-grade ductal carcinoma 2 sitn (IDCIS) compare to high-grade DCIS denoting the potential

of CSTA to serve as a marker for distinguishing DCIS lesions with low risk of relapse'”.

Taken together, these studies suggest that in breast cancer, CSTA inhibits tumor
invasion and metastasis by inhibiting cathepsin B. Moreover, its tumor suppressor role is

manifested in the tumor microenvironment.

2.15. Regulation of CSTA expression

Understanding CSTA regulation will help in developing novel treatment strategies
based on cystatin function. The gene structure of CSTA comprises three exons and two

introns. The promoter activity of the 5 flanking region of CSTA was demonstrated by
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Takahashi and co-workers®!

. Activation of protein kinase C with TPA (12-O-Tetradecanoyl-
phorbol-13-acetate) stimulated CSTA promoter activity upon binding of c-Jun, JunD, and c-
Fos to the TPA responsive elements (TRE) in its 5 upstream region. Later the same group
reported that CSTA expression is regulated positively by Ras/MEKK1/MKK7/JNK
pathway and negatively by Ras/Raf/MEK1/ERK pathway. TRE in 5’ upstream is critical for

both the positive and negative regulation®”

. The stratified epidermis consists of following
layers assembled upon basement membrane: basal, spinous and granular layers, and the
cornified envelope. CSTA 1is reported to be expressed in the suprabasal layers of the
epidermis®. Notably, though the same signaling molecule (Ras) triggers both the pathways
due to the differential localization of active downstream targets, expression of CSTA varies
between basal and suprabasal layers of the epidermis®. Immunohistochemical analysis
showed the presence of phosphorylated ERK in nuclei of basal layer cells, suggesting that
suppression of CSTA expression in the basal layer is probably due to activation of negatively
influencing Raf-1/MEK1/ERK pathway. On the other hand, phosphorylated JNK was
detected in the nuclei of spinous and granular layers suggesting that activation of

MEKK1/MKK7/JNK pathway stimulates the expression of CSTA in suprabasal layers of

the epidermism.

Calcium has the potential to stimulate terminal differentiation of keratinocytes.
Stimulation of NHK cells with calcium downregulated Raf-1/MEK1/ERK pathway, which
in turn induced the CSTA expression®”. cAMP elevating agent, forskolin also stimulated
CSTA mRNA expression in human keratinocytes™'. However, the mechanism and
significance of this induction remain unknown. Transfection of normal human keratinocyte
cells with AP-2y expressing vectors induced CSTA expression. Further analysis showed that
AP-2y binds to the AP-2 binding site (-75 to -84) of CSTA and induces its expression®”.
Gupta and co-workers reported desmosomal cadherin-mediated regulation of CSTA. Ectopic
expression of desmoglein 2 (Dsg2) in mice induced CSTA expression. Moreover, knockdown
of Dsg2 reduced cell-cell adhesion. Interestingly, the silencing of CSTA further reduced cell-
cell adhesion™*. Identification of Dsg2 binding sites in CSTA gene may give more insights on
cadherin-mediated regulation of CSTA. Another study reported that c-Jun expression was
frequently downregulated in esophageal cancer, and its expression was associated with CSTA.
In vitro chromatin immunoprecipitation assay showed that c-Jun could directly bind to the

promoter region of CSTA and regulate its expression®”.
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Vendrell and co-workers performed cDNA mini-arrays analysis to detect novel
estrogen-regulated genes in MCF-7 derived cell line, in which CSTA was reported as one of
the estrogen suppressed genes”. However, the mechanism behind the E2-mediated

regulation of CSTA is not yet elucidated.

Besides these mechanisms, understanding the epigenetic component of the regulation

of CSTA may further unravel its prognostic and therapeutic value.

2.16. Epigenetic regulation

Chromatic structure determines the organization of genetic information in the cells.
Packaging of chromatin influences the accessibility of DNA, thereby determining the status
of gene expression™’. Epigenetic events ate the changes that result in the modulation of the
gene expression without any alteration in the DNA sequence. In general, epigenetic events
include DNA methylation, histone modifications, nucleosome positioning, and non-coding
RNAs*". During developmental stages, these events provide cellular diversity by regulating
the access of genetic information by cellular machinery™. Failure in the maintenance of
epigenetic marks results in aberrant activation or inhibition of various genes resulting in

pathological conditions, including cancer*.

2.16.1. DNA methylation

DNA methylation involves the addition of a methyl group to the cytosine ring of CpG
dinucleotide. This covalent modification of DNA is catalyzed by enzyme DNA
methyltransferase (DNMT) with S-adenosyl-methionine as a methyl donor. This reaction is
catalyzed by the DNMT family, including DNMT1, DNMT3A and DNMT3B*’. DNMT3A
and DNMT3B are de novo methyltransferases and majotly acts during embryo formation by
establishing the pattern of methylation. DNMT1 are maintenance methyltransferases involved
in the maintenance of methylation patterns in the genome by methylating the newly
synthesized DNA strand after replication®®. Mammalian genome doesn’t have even
distribution of CpG dinucleotides. In some regions, CpGs are densely located, which are

called CpG island. CpG islands occupy approximately 60% of total human gene promoters™”.

DNA methylation suppresses gene transcription by two mechanisms. One way is by
direct interference in the transcription factor binding to their response element due to the
projection of methyl groups to the major groove of DNA*". On the other hand, methylation

of cytosine facilitates the recruitment of methyl-CpG binding proteins (MCBPs) followed by
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HDAC. This results in deacetylation and condensation of chromatin, thereby represses the

241

gene expression” . The schematic representation of DNA methylation-mediated silencing of

gene expression is given in Figure 2.9.

@ Methyl group
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Figure 2.9. Mechanism of DNA methylation-mediated silencing of gene expression. Methylated CpGs
are recognized by MCBPs, followed by the recruitment of HDACs. HDACs deacetylates the histone resulting
in condensation of chromatin, which in turn inhibits transctiption (recreated from Marques-Magalbées and co-workers,
2018%4).

2.16.2. Epigenetic regulation of cystatins in cancer

During tumorigenesis, extensive reprogramming of epigenetic machinery occurs. DNA

methylation was the first epigenetic aberration reported in cancer’?

. Hypermethylation of
tumor suppressor genes is a frequent event in the origin of various tumors. On the other
hand, DNA hypomethylation can contribute to tumorigenesis by three mechanisms:
acquisition of chromosomal instability, loss of genome imprinting, reactivation of

transposable elements. Due to the reversible nature of epigenetic modification, epigenetic

therapy is emerging as a promising option in cancer therapeutics™.

Members of cystatin superfamily are epigenetically silenced through DNA methylation-
dependent mechanisms in various cancers, including breast, brain, and lung cancer'’. In breast
cancer cells, hypermethylation of cystatin M encoding CST6 gene was associated with the loss
of cystatin M expression*. Kim and co-workers reported CST6 as one of the methylation-

246

sensitive genes in malignant glioma™®. Ma and co-workers demonstrated the re-expression of

cystatin B in seven lung cancer cell lines upon global demethylation with 5-aza-2-
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deoxycytidine™’. However, the exact locus of hypermethylation in the CSTB gene was not
identified. Thus, DNA methylation may play a crucial role in the regulation of CSTA and

thereby its role in the genesis and progression of tumors.
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Materials and methods

3.1. Plasticware, chemicals, and reagents

Cell culture plasticware was purchased from Eppendorf (Hamburg, Germany). Cell
culture media, fetal bovine serum (FBS), PowerUp SYBR Green PCR Master Mix, High-
Capacity cDNA Reverse Transcription Kit, ERx siRNA (short interfering RNA) (Cat No.
4392420), scrambled siRNA (Cat No. AM4611), Lipofectamine RNAimax, Lipofectamine
3000, TRIzol reagent and AmpliTaq Gold PCR master mix were from Invitrogen (CA, USA).
Dulbecco's phosphate buffered saline (DPBS), trypsin, penicillin, streptomycin, and charcoal-
stripped FBS (csFBS), mitomycin C, puromycin were from HiMedia (Mumbai, India).
ProteoGuard™ EDTA-Free Protease Inhibitor Cocktail and pMID20 vector were purchased
from Clontech (CA, USA). Monoclonal B-actin (AM4302) antibody and Epi]ET Bisulfite
Conversion Kit were purchased from Thermo Scientific (PA, USA). Polyclonal peptide
affinity-purified CSTA antibody was raised and affinity-purified by Abgenex (Bhubaneshwar,
India). Monoclonal CSTA antibody (ab10442) was from Abcam (Cambridge, UK) and
polyclonal ERa antibody (sc-543) was purchased from Santa Cruz Biotechnology (CA, USA).
PR antibody (8757S), monoclonal ERa antibody (8644S) and EMT Antibody Sampler Kit
(9782T) were from Cell Signaling Technology (Massachusetts, USA). Polyclonal histone H3
antibody (BB-AB0055) and normal rabbit immunoglobin G (IgG) antibody (BB-AB0001)
were purchased from BioBharati LifeScience Pvt. Ltd (Kolkata, India). pPBABE-puro was a
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gift from Hartmut Land & Jay Morgenstern & Bob Weinberg (Addgene plasmid # 1764)°*.
Routine laboratory buffers, solvents and salts were from Merck (Mumbai, India) or SRL

(Mumbeai, India). Details of various ligands and inhibitors used in the present study are given

in Table 3.1.

Table 3.1. Ligands and inhibitors used in this study.

Drugs Catalogue No. CAS No. Company Abbreviation
17B-estradiol E8875 50-28-2 Sigma B2
4-hydroxytamoxifen H7904 68047-06-3  Sigma Tam

Propyl pyrazole triol H6036 263717-53-9  Sigma PPT
5-azacytidine 100821 320-67-2 MP Biomedicals  5-aza
Testosterone propionate 86541 57-85-2 Sigma T
Progesterone P8783 57-83-0 Sigma P4
Fulvestrant 14409 129453-61-8  Sigma Ful
Dexamethasone D4902 50-02-2 Sigma D

3.2. Cell culture and treatments

3.2.1. Cell lines and cell culture

MCF-7, MDA-MB-231, MDA-MB-453, T47D and ZR-75-1 cells were procured from
the National Centre for Cell Science, Pune, India. MCF-7 cells were grown in Dulbecco's
Modified Eagle's Medium (DMEM) with phenol red. T47D, ZR-75-1, MDA-MB-231, and
MDA-MB-453 were grown in Roswell Park Memorial Institute-1640 medium (RPMI-1640)
with phenol red. The media for routine culture were supplemented with 10% (v/v) heat-
inactivated FBS, 100 units/mL penicillin and 100 pg/mL streptomycin (M1 medium) in a
humidified 37 °C incubator with 5% CO.. Since, phenol red is reported to have estrogenic
activity’”, for experiments involving estrogen treatment, phenol red-free DMEM/F12 or
RPMI-1640 media supplemented with heat-inactivated c¢sFBS, 100 units/mL penicillin and
100 pg/mL streptomycin (M2 medium) were used.

3.2.2. Sub-culturing and seeding

When cells were 90% confluent, the monolayer was washed with DPBS, treated with
trypsin-EDTA and incubated until the cells detached from the surface. The cells were
resuspended in 1 mL of M1 medium to inhibit trypsin. 200 pLL of cell suspension was then
reseeded into fresh cultures. For cell counting, 10 pLL of cell suspension was mixed with 10
uL of trypan blue. This mixture was loaded in a hemocytometer and live cells that excluded

the dye were counted. Cells were seeded in culture dishes or plates in varying densities
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according to the surface area, doubling time and treatment duration, as mentioned in

Table 3.2.

Table 3.2. Cell seeding density in this study.

Cell line 35 mm dish/ 6 well plate 100 mm dish

MCEF-7 2 x 105 cells/well 1 x 106 cells/well
MDA-MB-231 4 x 10* cells/well 1 x 105 cells/well
MDA-MB-453 2 x 105 cells/well 1 x 106 cells/well
T47D 2 x 105 cells/well 4 x 105 cells/well
ZR-75-1 2 x 103 cells/well 1 x 106 cells/well

3.2.3. Treatment protocols

Dose-response experiments

MCF-7 cells were cultured till 70-80% confluence in M1 medium. M1 medium was
replaced with M2 medium and incubated for 3 h. Spent M2 medium was removed and
replaced with fresh M2 medium containing the indicated concentration of E2 or ethanol
(vehicle control) and incubated at 37 °C for 72 h. pS2 was used as an indicator of E2 action

in the present work as it is a well-documented estrogen-induced gene*”".

Time-conrse experiments

MCF-7 cells were cultured till 60-70% confluence in M1 medium. M1 medium was
replaced with M2 medium for 3 h. Spent M2 medium was replaced with fresh M2 medium
containing 10 nM E2 and incubated for 24, 48 or 72 h. Cells receiving M2 medium containing
ethanol (vehicle) for 72 h served as controls. Alternatively, MCF-7 cells were also treated with
10 nM E2 for various duration ranging from 6 h to 96 h in which each group had individual
vehicle-treated controls. In both the experiments, fresh M2 medium with 10 nM E2 was

replenished every 48 h.

Effect of various hormones

MCF-7 cells were cultured till 70-80% confluence in M1 medium. M1 medium was
replaced with M2 medium and incubated for 24 h. The spent M2 medium was replaced with
fresh M2 medium containing various hormones and ligands such as E2, PPT, testosterone
propionate, progesterone, dexamethasone and incubated for 24 h. Cells receiving M2 medium

containing ethanol (vehicle) served as controls.
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Effect of tamoxifen

MCEF-7 cells were cultured in M1 medium and when the cells were 70% confluent, M1
medium was replaced with M2 medium. After 24 h, the cells were treated with M2 medium
containing 10 nM E2, 1 uM tamoxifen or both for 24 h. Cells receiving M2 medium containing

ethanol (vehicle) served as control.

Effect of fulvestrant

MCEF-7 cells were cultured in M1 medium and when the cells were 60% confluent, M1
medium was replaced with M2 medium. After 24 h, the cells were treated with M2 medium
containing 100 nM fulvestrant or ethanol for 3 or 24 h. Then, the medium was replaced with

M2 medium containing 10 nM E2 or ethanol and incubated for 24 h.

Global demethylation using 5-aza

MDA-MB-231 or T47D cells were seeded in 100 mm dishes in M1 medium. After
24 h, the cells were treated with M1 medium containing 10 uM 5-aza for 5 days. Fresh M1
medium with 5-aza was replenished every 48 h. Cells treated with DMSO (vehicle) served as

control.

E2 treatment on cells subjected to global demethylation
MDA-MB-231 or T47D cells were treated with 5-aza as described above, followed by
incubation in M2 medium for 4 h. Thereafter, the cells were treated with 10 nM E2 or ethanol

(vehicle) in M2 medium for 24 h.

Treatment of MCE-7 cells with E2 for chromatin immunoprecipitation (ChIP) assay

MCF-7 cells were seeded in 100 mm dishes in M1 medium. When the cells were 70%
confluent, the spent medium was replaced with M2 medium and incubated for 24 h.
Thereafter, the cells were treated with fresh M2 medium containing 10 nM E2 or ethanol

(vehicle). After 24 h, the cells were harvested for ChIP assay.

Effect of ERa knockdown on estrogen modulation of CSTA excpression

MCF-7 cells were cultured in M1 medium. When the cells were 60% confluent, cells
were transfected with ERa siRNA or scrambled siRNA for 24 h, as described in section 3.3.
This was followed by recovery in M2 medium. After 24 h, M2 medium containing 10 nM E2

or ethanol (vehicle) was added and incubated for 24 h.
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3.3. siRNA transfection

MCEF-7 cells were seeded in 6 well plates (4 x 10° cells per well) and incubated for 24 h.
Cells were transfected with siRNA using Lipofectamine RNAIMAX for 24 h according to the
manufacturer’s instructions. siRNA and Lipofectamine RNAIMAX were individually diluted
in Opti-MEM and an equal volume of both the components were mixed and incubated at
room temperature for 10 minutes. 250 uL. of the mixture was added dropwise to each well
and swirled gently. Cells were then incubated for 24 h. Each well of the 6-well plate received

25 pmol of siRNA. In each well, siRNA to reagent ratio of 1:3 (v/v) was maintained.

3.4. Gene expression analysis

3.4.1. Primers

Primers were designed manually by considering the following criteria: length of 18-22
bases, 40-60% of GC content and melting temperature (Tw) of 55-65 °C. Ty, was calculated
using the formula 4 X (G + C) + 2 X (A + T). Primers used for routine RT-PCR and qRT-
PCR were designed to hybridize different exons that are separated by a large intron in order
to avoid amplification from genomic DNA. Details of the primers used in the present study

are given in Appendix L.

3.4.2. Total RNA isolation and cDNA synthesis

Total RNA was extracted from cells using TRIzol (Invitrogen, CA, USA) or similar
reagent prepared in house. The quality of RNA was checked by non-denaturing agarose gel
electrophoresis. Total RNA was quantified using Biospectrometer (Eppendorf, Germany).
2 pg of total RNA obtained from the cells was reverse transcribed using the High-Capacity
cDNA Reverse Transcription kit in a total reaction volume of 20 ul, according to

manufacturer's instructions.

3.4.3. Routine RT-PCR

cDNA equivalent to 20 or 40 ng of total RNA was used as templates in PCR reactions
with gene-specific primers. The PCR products were analyzed on 2% agarose gels and the
images of ethidium bromide-stained bands were captured using Gel Doc™ EZ system or
ChemiDoc XRS+ system (Bio-Rad laboratories, CA, USA). The images of the bands were

processed and quantified with Image]*"

. The background-subtracted, and inverted images are
shown in the Figures. The integrated densities of bands for the genes of interest were

normalized against those obtained for cyclophilin A (CycA), which served as an internal
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control. The normalized band intensities obtained for controls were assigned the value of 1
and those obtained for treatments were expressed relative to control. No-template control
(water control) was included to detect the presence of contaminating DNA. The experiments
were performed in 3 or 4 biological replicates. Each replicate comprising of one dish each for

control and treated cells.

3.4.4. qRT-PCR

cDNA equivalent to 20 ng of RNA was amplified with gene-specific primers
(Appendix I) in 7500 real-time PCR system (Applied Biosystems, CA, US) or Agilent AriaMx
Real-time PCR System (Agilent, CA, US). Reactions were set up using AmpliTaq Gold PCR
master mix (supplemented with 0.6X SYBR Green) or Powerup SYBR Green PCR master
mix. ROX dye was used as passive reference. No-template control (water control) was
included to detect the presence of contaminating DNA. Cyc A served as an internal control.
Each sample was analyzed in triplicates. The expression levels of each gene in test samples
relative to control were analyzed by the AACt method™”. The experiments were performed in
3 or 4 biological replicates. Each replicate comprising of one dish each for control and treated

cells.

3.5. Generation of polyclonal CSTA antibody

CSTA polyclonal antibody generation and peptide affinity purification were performed
by Abgenex Pvt. Ltd. Bhubaneswar. Peptide used for antibody generation was designed using
the software, AbDesigner. Peptide with high antigenicity was selected and chemically
synthesized. The sequence of the peptide is - GQNEDLVLTGYQVDKNKDD. To facilitate
Keyhole Limpet Haemocyanin (KLH, Pierce Cat#77600) conjugation, extra cysteine residue
was added at the N-terminus. KLLH was activated by sulfo-SMCC (Sulfosuccinimidyl 4-(N-
maleimidomethyl) cyclohexane-1-carboxylate) (Pierce cat#22322) and purified by gel
filtration chromatography. Then, it was mixed with peptide for conjugation. After collecting
pre-immune sera, two New Zealand White Rabbits (A and B) were immunized with KILH-
conjugated peptide (200 pg antigen/rabbit in Complete Freund's Adjuvant). This was
followed by five boosters (100 ug antigen/ rabbit in Incomplete Freund's Adjuvant). After
primary immunization, the first batch of immune sera was collected. The second and third

batch of immune sera were collected after 6™ and 7" boosters, respectively.

Hyper-immune serum was affinity-purified using CSTA peptide. CSTA peptide was
covalently linked to Sulfo-Link coupling gel by passing 5 mL of peptide solution through 6
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ml of sulfo-link coupling resin slurry, which was pre-equilibrated with coupling buffer.
Diluted hyper-immune serum was passed through the column and incubated for 4 h at room
temperature. Unbound components were washed and anti-CSTA antibodies were eluted using
low pH elution buffer (50 mM Glycine-HCI, pH 2.7) and neutralized with 100 L
neutralization buffer (1 M Tris-HCI, pH 8.0, 1.5 M NaCl, 1 mM EDTA, 0.5% sodium azide).
The eluted antibody was purified by dialyzing with 1 L. phosphate-buffered saline (PBS).

Sodium azide was then added to the antibody to the final concentration of 0.05%.

Indirect enzyme-linked immunosorbent assay (ELISA) was performed with immune
sera and affinity-purified antibody to check the reactivity. CSTA peptide (200 ng/well) was
coated in a 96-well plate for 2 h at room temperature followed by overnight incubation at
4 °C. Next day, plates were incubated at room temperature for 2 h, followed by washing with
PBS containing 0.05% Tween 20 (PBST). Peptide-coated wells were blocked with 5%
skimmed milk in PBST for 1 h, followed by washing with PBST. Pre-immune serum, hyper-
immune serum or peptide-affinity-purified antibody were diluted (1:5000) with 1% skimmed
milk. 100 pLL was added to each well and incubated for 2 h at room temperature. The wells
were further washed and incubated with 100 uL of horseradish peroxidase (HRP) conjugated
secondary antibody (1:5000) for 1 h at room temperature. After washing, 100 uL. of 1X TMB
(3,3',5,5'-tetramethylbenzidine) /H-O; solution was added to the wells and incubated for 3-5

min in the dark. Then, the absorbance was measutred at 450 nm.

3.6. Western blotting

Total protein was isolated from cells with Laemmli sample buffer, Triton-X lysis buffer
(20 mM HEPES-KOH (pH 7.4), 2 mM EDTA, 250 mM NaCl, 0.1% Triton X-100, 1 mM
DTT, 1X Protease Inhibitor Cocktail) or from organic phase of TRIzol lysates, as per
manufacturer’s instructions. Total protein was then quantified by TCA method™ or Lowry’s
method™". Protein samples (30 pug) wete resolved by 8 or 12% PAGE, transferred to 0.45 um
or 0.22 um nitrocellulose membrane, and blocked with 1% gelatin in tris-buffered saline
containing 0.05% Tween 20 (TBST) for 2 h. Blots were probed with CSTA, ER«, PR, B-actin,
histone H3, or EMT marker antibodies overnight in TBST containing 0.1% gelatin. The blots
were washed with TBST (6 X 5 min). Blots were then probed with anti-rabbit or anti-mouse
HRP-conjugated secondary antibody for 1 h, washed with TBST (6 X 5 min) and developed
using Clarity Western ECL Substrate (Bio-Rad, California, US). Images were captured with
ChemiDoc XRS+ system (Bio-Rad, California, US). B-actin or histone H3 served as an

internal control.
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3.7. Chromatin immunoprecipitation (ChIP)

Cells were fixed with formaldehyde (0.75%) for 10 minutes. The reaction was stopped
by 125 mM glycine for 10 minutes. Cells were washed and scraped with ice-cold DPBS,
pelleted, lysed with lysis buffer (50 mM HEPES pH 7.5, 150 mM KCI, 1 mM EDTA, 10%
glycerol, 0.1% NP-40), and sonicated. Lysates were clarified by centrifugation, and
supernatants containing chromatin were collected. Chromatin samples were precleared with
Protein G plus-Agarose beads precoated with Bovine serum albumin (BSA) and herring
sperm DNA for 2 h. 5% of the pre-cleared chromatin samples were separated as input. The
remaining portions were incubated with ERa antibody or rabbit IgG antibody for 2 or 4 h.
Samples were immunoprecipitated by incubating with 20 pI. of coated beads for 2 h, followed
by centrifugation. Immunoprecipitates were washed with a series of wash buffers™” and eluted
in 300 pL. elution buffer containing proteinase-K for 2 h at 55 °C, and overnight incubation
at 65 °C. Immunoprecipitated DNA was column purified and ERa occupancy was assessed

by PCR with primers specific to pS2 (positive control) or Region 2 of CSTA locus (Appendix
D).

3.8. ChIP-Seq analysis

Raw data of ChIP-Seq experiments were retrieved from Sequence Read Archival (SRA)
and analyzed using Galaxy, a web-based platform®®. ChIP-Seq data (SRA accession ID:
ERPO000380) of chromatin samples from MCF-7 cells treated with E2 (ID: ERR0220206),
tamoxifen (ID: ERR022027) or vehicle (ID: ERR022025) and immuno-precipitated with ERo
was chosen for this study. IgG control ChIP-seq data was used as negative control. Using
FASTQC tool*’, the quality of input reads was assessed. After converting the quality score to
sanger quality type by FASTQ Groomer™, reads were mapped to reference human genome
(hg19) using “Map with Bowtie for Illumina” tool””. Unmapped reads were discarded by
“Filter SAM (Sequence Alignment/Map) or BAM (Binary version of SAM), output SAM or
BAM” tool’. Genomic regions with enriched sequencing reads were identified by MACS
(Model-based analysis of ChIP-Seq) tool*"". Resultant Wig files were converted to bigWig files
using “Wig/BedGraph-to-bigWig” tool and the peaks representing ERa occupancy were

visualized using UCSC genome browser”*”.
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3.9. Bisulfite sequencing

Genomic DNA (gDNA) was isolated from breast cancer cell lines. Two pg of gDNA
was bisulfite converted and purified with EpiJET Bisulfite Conversion Kit. Fifty ng of
converted gDNA was used for PCR with specific primers (Appendix I) that amplified
Region 1 and Region 2 (described in chapter 6), which encompassed few CpG dinucleotides
of the upstream region and intron-2, respectively. The primers were designed to amplify only
the bisulfite converted DNA. Importantly, the priming region did not contain any CpG
dinucleotides. The PCR products were gel purified and cloned in pMD20 vector and
sequenced. The inserts of 12 - 15 independent clones per cell line were sequenced. The
sequencing results were analyzed to determine methylated and unmethylated CpG sites and
represented as lollipop plots. The proportion of CpGs methylated in Region 1 or Region 2

for each cell line was determined.

3.10. Cloning of CSTA ORF in mammalian expression vector

CSTA ORF-specific primers were designed with 25 bp of overlapping vector sequence.
Details of primers are provided in Appendix I. CSTA ORF was amplified using MCF-7 cDNA
as template. Vectors were digested with Ba#HI and Sa/1 and gel purified to remove primer
dimers. Purified insert was cloned in pPBABE-puro vector by incubating 50 ng of vector and
120 ng of insert with Gibson Assembly master mix at 50 °C for 50 minutes*”. Following
incubation, the mixture was transformed into DH5a cells. The clone was confirmed by PCR

followed by Sanger sequencing.

3.11. Establishment of stable cell lines

MDA-MB-231 cells were seeded in 35 mm dish (4 x 10° cells per dish) and incubated
for 24 h. Then, cells were transfected with CSTA expression construct, or empty pBABE-
puro vector using Lipofectamine 3000 as per manufacturer’s instruction for 24 h. 2.5 ug of
DNA was used for transfecting cells per dish. Lipofectamine 3000 and DNA were individually
diluted in Opti-MEM. P3000 enhancer was added to the diluted DNA in the ratio of 2:1. An
equal volume of both the components was mixed and incubated at room temperature for 10
minutes. 250 pl. of the mixture was added dropwise to each well and swirled gently. Cells
were then incubated for 48 h. After 48 h, puromycin (2 pg/mlL) was added to the medium for
the selection of stably transfected cells. Subsequently, colonies were picked and propagated

to obtain cells stably expressing CSTA. Total RNA was extracted from each clone and DNase
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digested to eliminate gDNA contamination followed by qRT-PCR analysis. Similarly, total

protein was isolated and subjected to western blotting analysis to detect the expression levels

of CSTA in different clones.

3.12. Functional assays

3.12.1. MTT assay

Cells were seeded in 96 well plates (5000 cells/well) in M1 medium and grown for
72 h . The spent medium was removed and 100 pL. of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) reagent (0.5 mg/mL) was added, followed by incubation at
37 °C for 3 h. After 3 h, MTT reagent was removed and formazan crystals were dissolved in
100 pl. of DMSO. Absorbance was measured at 570 nm and 690 nm (for background
correction). The difference in the absorbance was considered as a measure of cell

proliferation.

3.12.2. Scratch wound healing assay

Cells were seeded in 35 mm dish (4 x 10° cells per dish) and grown to form a monolayer.
Then the cells were serum-starved with 0.5% serum containing medium for 12 h followed by
mitomycin C (5 pg/mL) treatment for 3.5 h to inhibit cell proliferation. Three scratches were
made in each plate using 200 pLL micropipette tip. Cells were washed to remove detached cells.
Scratches were imaged at 0 h using light microscope at 10X magnification. Fresh medium
containing 0.5% FBS was added and incubated for 24 h. After 24 h, scratches were imaged
again. The extent of wound closure was quantified using Image] software. Relative wound
area was calculated using the formula (A — A4)/Ag, where Ay is the area of wound at 0 h

and A,, is the area of wound after 24 h.

3.12.3. Transwell invasion assay

Transwell invasion assay was performed using Transwell® polycarbonate membrane
cell culture inserts with 8 um membrane (Corning, NY, US). Inserts were coated with collagen
IV (100 ng/mlL in 0.05 N HCI) for 4 h at 37 °C. Cells were seeded (40000 cells per insert) in
the upper chamber of collagen IV-coated transwell insert in serum-free medium and placed
in 24-well plates. The lower chamber contained either serum-free medium or medium
containing 10% FBS. The cells were allowed to migrate through the pores of membrane for
16 h. The upper side of the membrane was wiped with cotton swabs to remove non-migrated

cells. The cells migrated to the other side of the membrane were fixed with paraformaldehyde
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and stained with 0.025% crystal violet. The stained cells were imaged in the microscope and
then crystal violet stain was dissolved in 1% SDS solution at 25 °C for 10 minutes. Absorbance

was measured at 595 nm.

3.13. Survival analysis

Survival analysis was performed by wusing the KM Plotter online tool

(www.kmplot.com)*™. Tumor samples were divided into CSTA-high and CSTA-low groups

using the “auto select best cutoff” option. The association between CSTA expression and
survival was graphically represented as Kaplan-Meier (KM) plots for overall survival (OS),
relapse-free survival (RFS) and distant metastasis-free survival (DMFES) using the default
settings. Survival analysis was also performed for each of the molecular subtypes of breast

tumors, namely luminal A, luminal B, HER2+ and basal.

3.14. TCGA data analysis

The Cancer Genome Atlas (TCGA) is a publicly available cancer genomics project in
which 20,000 primary cancer and matched normal samples across 33 cancer types are
moleculatly characterized””. Gene expression data from RNA-Seq (Illumina HiSeq 2000
RNA Sequencing platform) and methylation data generated with Illumina Infinium® Human
Methylation 450K BeadChip array from TCGA-BRCA (Breast Invasive Carcinoma) dataset
were used for analysis. RNA-Seq data were in terms of logx(RPKM+1) and methylation data
were in terms of beta values. Datasets were accessed through the UCSC Xena browser

(https://xenabrowser.net/)**.

3.14.1. Analysis of CSTA expression in normal breast tissues and primary breast
tumors

Samples were segregated into normal breast tissues and primary breast tumors. CSTA
mRNA expression values corresponding to 113 normal breast tissues and 1095 primary breast
tumors were analyzed by Welch two-sample ~test. The distribution of CSTA expression was

represented as box plots.

3.14.2. Analysis of CSTA expression in different subtypes and stages of breast
tumors

Primary breast tumors were classified based on either molecular subtype (PAMS50) or

stages (AJCC stage). The distribution of CSTA and ERa expression was represented as box
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plots and difference in the mean CSTA and ERa expression in the groups were analyzed by

one-way ANOVA (analysis of variance) followed by Tukey’s HSD.

3.14.3. Analysis of association between CSTA expression and histopathological
parameters

To ascertain the relationship between CSTA and ERx mRNA expression, the primary
breast tumors were divided into two groups, namely ERa-high and ERa-low based on RNA-
Seq data with the median ERa expression value serving as the threshold. The difference in
CSTA expression in these two groups was analyzed by Welch two-sample #test and the
expression data were represented as box plots. Further, tumor samples were also classified as
positive or negative groups based on immunohistochemical expression of ER, PR or HER2.
CSTA expression in these groups were analyzed by Welch two-sample #test. The distribution
of CSTA expression in the groups was represented as box plots. To evaluate the association
of CSTA expression with histopathological parameters, tumors were classified as CSTA-high
and CSTA-low using median value as cut-off and analyzed by non-parametric chi-square test

in Microsoft Excel.

3.14.4. Expression-methylation correlation (EMC) analysis

Methylation data (generated with Illumina Infinium® Human Methylation 450K
BeadChip array) and CSTA expression (RNA-Seq) data were retrieved from TCGA

database®® using the UCSC Xena browser**

. CSTA expression data were available for 1218
samples. Out of these, 873 samples (85 normal and 788 tumors) had both expression and
methylation data. Only the tumor samples were used for analysis. Data were processed in MS
Excel. Correlation between methylation (beta values) and CSTA expression (logx(RPKM+1))
was assessed by Spearman’s rank correlation test. Further, tumors were classified into hyper-
methylated and hypo-methylated based on a threshold beta-value of 0.3. CSTA expression in
hyper-methylated and hypo-methylated tumors was represented as box plots. The difference

in CSTA expression in these two groups was analyzed by Welch two-sample ~test.

3.15. Statistical analysis

All the quantitative data are represented as mean * S.D. Agarose gel images and
chemiluminescence images were quantified by Image] software®'. The association of CSTA
expression with histopathological parameters was analyzed by non-parametric chi-square test.
The difference in the means of two groups was analyzed by Welch two-sample ~test. Multiple

groups were analyzed by one-way ANOVA followed by Tukey’s HSD. Bisulfite sequencing
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data were analyzed for statistical differences in proportions of methylated CpGs for every pair
of cell lines. The total number of CpGs sampled for each cell line was greater than 30.
Methylation at each CpG site was assumed to be independent of the adjacent CpGs. Under
the null hypothesis, the mean of the sampling distribution of the difference in proportions

follows a standard normal (z) distribution. The test statistic d was calculated as,

ki — ks

d =
JEa-06+D

where, k; — k, is the obsetved difference in proportion in a pair of cell lines, k is the
proportion for the pooled data of the pair of cell lines, and n, and n, are the number of CpGs
sampled. The probability of d was obtained from z distribution. The p-value obtained for each
pair of cell lines was subjected to Bonferroni correction. Correlation between methylation
score and CSTA expression was analyzed by Spearman’s correlation test. All the statistical
analyses were performed using R statistical package. In all the statistical tests, p < 0.05 was

considered as significant.
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CHAPTER

CSTA expression in breast cancer

4.1. Introduction

Tumor invasion and metastasis are the major causes of cancer-related mortality. Despite
recent advances in the treatment of cancer, metastasis remains a steadfast challenge attributing
to the death of many cancer patients™’. Proteolytic cleavage of basement membrane and
remodeling of surrounding ECM are prerequisites in invasion and metastasis of solid

tumor3268’269

. Breakdown of normal ECM and replacement with tumor ECM in the
microenvironment primes malignant progression. This is facilitated by matrix-degrading
enzymes such as MMPs, ADAMs, ADAMTSs, cathepsins, heparanases, hyaluronidases,
matriptases, uPA, and tPA. In non-neoplastic conditions, activities of matrix remodeling
enzymes are tightly regulated by their endogenous inhibitors such as TIMPs, PAls, and
cystatins. In pathological conditions including cancer, aberrant expression of proteases for
prolonged period disturbs the intricate balance between proteases and their respective

inhibitors, resulting in degradation of ECM and basement membrane. This, in turn,

contributes to invasion and metastasis'*.

CSTA, a member of the class I family of cystatins, is expressed in diverse cell types and
tissues *"*"»!' Tt is a physiological reversible inhibitor of cysteine cathepsins B, H, L, and
papain. CSTA protects the degradation of cytosolic and cytoskeleton proteins from

accidentally released cathepsins from lysosomes'*. Expression of CSTA is diminished or lost
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in various forms of cancer, including head and neck squamous cell carcinomas™, brain

1. On the other hand, increased

tumors™, prostate'’, and esophageal squamous cell carcinoma
expression and activity, or mislocalization of cathepsins is known in several types of cancer'”.
Dysregulated expression of cysteine cathepsins when not balanced by cystatins are likely to

play an important role in the malignant progression of tumors®”.

Literature presents contradictory views on the role of CSTA in breast cancer. CSTA
mRNA and protein is reduced in the majority of breast carcinoma tissue compared to matched
normal breast tissues’?. Parker and co-workers reported that CSTA expression correlates
with disease-free survival, and distant metastasis-free survival. These studies suggest tumor
suppressor role for CSTA™. On the contrary, based on immunohistochemical analysis,
Kuopio and co-workers’ showed an association of CSTA expression with an aggressive
phenotype. Levicar and co-workers reported a 1.9 fold higher levels of CSTA in cytosols of

primary invasive breast tumors compated to normal breast parenchyma™.

Prediction of clinical outcome is of prime importance in the management of any cancer.
This makes the identification of genomic factors that have a prognostic impact on clinical
outcomes essential. A prognostic factor predicts the chance of recovery from the disease or
the chance of disease relapse”. Matrix remodeling proteases and their inhibitors are
considered as potential prognosticators in survival analysis”*. In line with this, CSTA has been
contemplated as an important prognostic factor’*. However, the reported information of
prognostic value of CSTA is not consistent across the literature. Therefore, to appraise the
prognostic potential of CSTA, in the present study, it was independently assessed by taking

various molecular subtypes into consideration.

Therapeutic decisions for breast cancer are based on the status of ER, PR and HER2
expression”. About two-thirds of breast tumors are ER- or PR-positive”. These molecular
markers are well-defined predictive factors which predicts for responsiveness of tumors to
endocrine therapy””. Howevet, so fat, no study has been done on the association of CSTA

with these molecular markers of breast cancet.

This study mined the TCGA-BRCA data to independently assess the prognostic
potential of CSTA, by analyzing its expression in primary breast tumors, and its association

with histopathological markers.
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4.2. Results

4.2.1. Association of CSTA expression with breast cancer prognosis

To assess the prognostic value of CSTA, survival analysis was performed with respect
to CSTA expression. The Kaplan-Meier survival analysis of TCGA-BRCA data showed that
higher CSTA expression in breast tumors is associated with reduced OS, RFS and DMFS with
hazard ratio of 1.47 (95% CI = 1.17-1.86, p < 0.001), 1.37 (95% CI = 1.22-1.54, p < 0.0001)
and 1.4 (95% CI = 1.14-1.71, p = 0.0012), respectively (Figure 4.1). This analysis was

performed by considering all the tumors irrespective of the tumor subtype.
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Figure 4.1. Kaplan-Meier survival analysis for OS, RFS and DMFS with respect to CSTA. Plots were

generated in using Kaplan-Meier plotter (www.kmplot.com). The breast tumors in each of the groups were
divided into two groups, CSTA-high and CSTA-low using “auto select best cutoff” option.

Survival analyses with respect to CSTA expression in the various molecular subtypes of
breast tumors produced interesting results. CSTA expression was not associated with OS,
RES, or DMFS in HER2+ and basal tumor subtypes. In luminal A, higher CSTA expression
was associated with reduced OS and RFS with hazard ratio of 1.74 (95% CI = 1.21-2.5,p =
0.0027) and 1.36 (95% CI = 1.14-1.62, p = 0.00048), respectively (Figure 4.2). Interestingly,
in luminal B, higher CSTA expression is associated with prolonged OS and DMFS with hazard
ratio of 0.63 (95% CI = 0.43-0.92, p = 0.015) and 0.69 (95% CI = 0.49-0.99, p = 0.041),
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respectively (Figure 4.2). Thus, the effect of CSTA on survival appears to be tumor subtype

dependent.
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Figure 4.2. Kaplan-Meier survival analysis for OS, RFS and DMFS with respect to CSTA in breast
tumors of various molecular subtypes. Plots were generated for molecular subtypes of breast tumors, namely

luminal A, luminal B, HER2+ and basal using Kaplan-Meier plotter. The breast tumors in each of the groups
were divided into two groups, CSTA-high and CSTA-low using “auto select best cutoff’” option.
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4.2.2. Analysis of CSTA expression in normal breast tissues and primary breast
tumors

CSTA expression data (logx(RPKM+1) values) corresponding to normal breast tissues
and primary tumors of TCGA-BRCA dataset was assessed through UCSC Xena browser. The
mean CSTA expression in normal breast tissues (7.85 & 0.82) was significantly higher than in

primary breast tumors (6.52 £ 1.77) (Figure 4.3).
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Figure 4.3. Expression of CSTA mRNA in normal breast tissues and breast tumors. Box plots showing
the distribution of CSTA mRNA expression in normal breast tissues and breast tumors. The difference in the
mean expression values of groups was analyzed by Welch two-sample ~test. p-value is mentioned above the
figure.

4.2.3. Analysis of CSTA expression in molecular subtypes and stages of breast
tumors

CSTA and ERax mRNA expression in molecular subtypes of primary breast tumors was
analyzed. The mean CSTA expression was significantly lower in luminal A (6.12 £ 1.49) and
luminal B (6.38 & 2.03) subtypes compared to HER2+ (7.57 £ 2.23) and basal (7.20 £ 1.64).
The mean ERa expression was significantly higher in luminal A (13.40 £ 1.30) and luminal B
(13.60 £ 1.08) compared to HER2+ (8.31 £ 2.32), and basal (6.50 * 2.10). Mean CSTA
expression in normal-like was significantly higher than luminal A (» < 0.00001) and luminal B
(» < 0.00001). The mean ERa expression in normal-like was lower than luminal A (p <
0.00001) and luminal B (p < 0.00001). The distribution of CSTA and ERa expression in the
molecular subtypes are shown as box plots in Figure 4.4. The data were analyzed by ANOVA
followed by Tukey’s HSD test. The adjusted p-values for the pairwise comparison of group
means are provided in Table 4.1 and 4.2. CSTA expression was analyzed in various stages of
breast cancer. No significant difference in mean CSTA expression across different stages was

observed (Figure 4.5).
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Figure 4.4. Expression of CSTA and ERe mRNA in molecular subtypes of breast tumors. Box plots
showing the distribution of CSTA (A) and ERa (B) mRNA expression in the indicated subtypes of primary
breast tumors. The data were analyzed by ANOVA followed by Tukey’s HSD.

Table 4.1. Analysis of CSTA expression in molecular subtypes of breast tumors.

Comparison Diff Lwr Upr p-adj

HER2+-Basal 0.372329 -0.28845 1.033112 0.5366320
Luminal A-Basal -1.08232 -1.51333 -0.65131 0.0000000
Luminal B-Basal -0.81409 -1.30646 -0.32172 0.0000685
Normal. like-Basal 0.51433 -0.03975 1.068407 0.0834569
Luminal A-HER2+ -1.45465 -2.03985 -0.86945 0.0000000
Luminal B-HER2+ -1.18642 -1.81817 -0.55466 0.0000034
Normal like-HER2+ 0.142001 -0.53895 0.822948 0.9793901
Luminal B-Luminal A 0.268229 -0.11681 0.653265 0.3158598
Normal like-Luminal A 1.596647 1.135318 2.057977 0.0000000
Normal like-Luminal B 1.328418 0.809301 1.847535 0.0000000

Diff: difference between means of the two groups, Lwr, Upr: the lower and the upper end point of the confidence interval
at 95%. p.adj: adjusted p-value. The significant p.adj values are indicated in bold.

Table 4.2. Analysis of ER« expression in molecular subtypes of breast tumors.

Comparison Diff Lwr Upr p-adj

HER2+-Basal 1.805579 1.191903 2.419255 0.0000000
Luminal A-Basal 6.891932 6491646 7.292217 0.0000000
Luminal B-Basal 7.096611 6.639341 7.55388 0.0000000
Normal like-Basal 4755636 4241059 5270213 0.0000000
Luminal A-HER2+ 5.086353 4542872 5.629833 0.0000000
Luminal B-HER2+ 5.291032 4704313 5.87775 0.0000000
Normal like-HER2+ 2.950057 2317655 3.582459 0.0000000
Luminal B-Luminal A 0.204679 -0.15291 0.562266 0.5207686
Normallike-Luminal A, 345 2.56474 170785 0.0000000
Normal like-Luminal B 234097 -2.82308 -1.85887 0.0000000

Diff: difference between means of the two groups, Lwr, Upr: the lower and the upper end point of the confidence interval
at 95%. p.adj: adjusted p-value. The significant p.adj values are indicated in bold.
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Figure 4.5. Expression of CSTA and ERx mRNA in various stages of breast cancer. Box plots showing
the distribution of CSTA (A) and ERa (B) mRNA expression in the different stages of breast cancer. The data
were analyzed by ANOVA followed by Tukey’s HSD.

4.2.4. Association of CSTA expression with histopathological parameters

CSTA expression was analyzed in primary tumors classified based on the
immunohistochemistry (IHC) data for ERa, PR or HER2 status. The boxplots in Figure 4.6B-
D show the distribution of CSTA expression in ER-positive and -negative, PR-positive and -
negative, and HER2-positive and -negative tumors. CSTA expression of ERa-positive tumors
(6.31 £ 1.71) was significantly lower than ERa-negative tumors (7.28 = 1.73) (p < 0.00001).
Similarly, PR-positive tumors (6.27 £ 1.65) expressed significantly lower levels of CSTA
compared to PR-negative tumors (7.06 £ 1.87) (p < 0.00001). However, no significant
difference was observed between HER2-positive tumors (6.76 £ 1.91) and HER2-negative
tumors (6.51 = 1.74) (p = 0.14). Besides the IHC data, tumors were also segregated as ERa-
high and ERa-low based RNA-Seq data using median as cut-off and CSTA expression was
analyzed. CSTA expression in ERa-high tumors (6.00 = 1.69) was significantly lower than
that in ERa-low tumors (7.03 £ 1.70) (p < 0.00001) (Figure 4.6A).

TH-2369_146106007



Resuls

p < 0.00001 p < 0.00001
12 5 : 12 - : :
] [ JR—
c 8 J‘ c E
.2 10+ § .2 10 1
2 | 2
g5 8 | g ®
< i X
6 2 6 | ;
|<£ g < L 1 s
n 4 (|7) 4
©] i O i
24 ° 27 2
ERa-high ERa-low ERa-positive ERa-negative
C D
p <0.00001 ns
12| g 121 g
g - — —— []
c H 8
S 10 E S 10 ' —
§ 8 5 8 i
. x
< 8 ——— < & | |
(== H |<—E : i
N 4. 0 4
O i i O EE—
2 5 24
PR-positive PR-negative HER2-positive HER2-negative

Figure 4.6. Expression of CSTA mRNA in primary breast tumors. Box plots showing the distribution of
CSTA mRNA expression in primary breast tumors: A. ERa-high and ERa-low (tumors were divided based on
RNA-Seq data), B. ER-positive and ER-negative, C. PR-positive and PR-negative, D. HER2-positive and HER2-
negative. Tumors were divided based on IHC data in B-D. The difference in the mean CSTA expression in two
groups was analyzed by Welch two-sample ~test. p-value is mentioned above the panels. ns = not significant

Further, the primary tumors were divided into two groups: CSTA-high and CSTA-low,
using median value as a cutoff. Then, the association of CSTA with histopathological
parameters was analyzed by non-parametric chi-square test. The mean age of patients in the
two groups were not significantly different. CSTA-high tumors were associated with ERa-
negative (70.38%) or PR-negative status (63.98%) (Table 4.3). CSTA-low tumors were more
frequent in luminal A (61.04%), luminal B (55.72%) subtype, while CSTA-high tumors were
frequent in HER2+ and basal subtype. CSTA expression was significantly associated with
ERa (p <0.0001), PR (» < 0.0001), and molecular subtypes (p < 0.0001) of breast cancer. No
significant association of CSTA expression was found with HER2 status or tumor stage

(Table 4.3).
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Table 4.3. Association of CSTA expression with various histopathological parameters.

CSTA-high CSTA-low p-value
Age
Mean * S.D. 57.7+13.0 59.1 £13.2 T: 0.0729
Median 57 59
Range 26-90 26-90
ER«
ERa-positive 353 (44.51) 440 (55.48) <0.0001
ERa-negative 164 (70.38) 69 (29.01)
PR
PR-positive 301 (43.81) 386 (56.18) <0.0001
PR-negative 215 (63.98) 121 (36.01)
HER2
HER2-positive 84 (52.17) 77 (47.82) 0.9860
HER2-negative 290 (52.25) 265 (47.74)
Molecular type
Luminal A 164 (38.95) 257 (61.04) <0.0001
Luminal B 85 (44.27) 107 (55.72)
Basal 97 (68.72) 44 (31.20)
HER2-enriched 48 (71.64) 19 (28.35)
Normal-like 21 (91.30) 2 (8.69)
Tumor Stage
Stage 1 96 (52.74) 86 (47.25) 0.2522
Stage 11 298 (48.85) 312 (51.14)
Stage 111 130 (53.27) 114 (46.72)
Stage IV 8 (42.10) 11 (57.89)
Stage X 4 (28.57) 10 (71.42)

Number within the braces indicates percentage of CSTA-high or -low in various categories. p-values were
obtained from non-parametric chi-square test except for age wherein p-value (T) was obtained from student’s
ttest. In all the tests, p < 0.05 was considered as significant

4.3. Discussion

CSTA is the least studied cystatin. The scanty literature on CSTA presents contradictory
views on its role in breast cancer. Kuopio and co-workers reported association of CSTA
expression with the aggressive phenotype’. On the other hand, a study of an independent
cohort of breast tumors by Parker and co-workers (2008) showed an association of CSTA
with prolonged DMFS™. The ambiguity in the apparent role of CSTA in breast cancer and
its effect on prognosis is evident. Therefore, in this chapter, the prognostic value of CSTA
was independently analyzed by Kaplan-Meier survival analysis with respect to CSTA. Higher
CSTA expression in breast tumors, regardless of the expression of markers, is associated with
reduced OS, RFS and DMFS (Figure 4.1). This is consistent with the reported association of
CSTA expression with the aggressive phenotype and poor prognosis by Kuopio and

co-workers’!.
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Discussion

Survival analyses with respect to CSTA expression of each subtype of breast tumors
produced interesting results. CSTA expression was not associated with OS, RFS or DMFS in
HER2+ and basal tumor subtypes. In luminal A, higher CSTA expression was associated with
reduced OS and RFS (Figure 4.2). This mirrors the results of the survival analysis of the entire
primary tumors data and also emulates the results reported by Kuopio and co-workers’.
Interestingly, in luminal B, higher CSTA expression is associated with prolonged OS and
DMEFS (Figure 4.2). This mirrors the results reported by Parker and co-workers™. Thus, the
effect of CSTA on survival appears to be tumor subtype dependent. The disparate reports on
CSTA are possibly due to the inherent differences in the cohorts under study and the
methodologies. Unlike luminal A, a luminal B subtype has high proliferation index and a
subcategory of luminal B is HER2-positive”. Whether this phenotypic difference is the
underlying reason behind the observed difference in survival of patients with luminal A and

luminal B tumors is a matter of conjecture that must be investigated.

Genes playing dual roles (prevention and promotion) at different stages of disease
progression are known in the literature; for instance, TGF-$ and Runt-related transcription
factor (RUNX) family of proteins®**”. Could CSTA have a dual role in breast cancer
progression depending on the stage or molecular profile of tumors? CSTA expression does
not appear to be very different in various stages of breast tumors (Figure 4.5). However, the
mean CSTA expression was found to be different in the molecular subtypes. Luminal A and
luminal B subtypes expressed lower levels of CSTA compared to HER2+ and basal tumors
(Figure 4.4). The ambiguity in the apparent role of CSTA in breast cancer development and
progression possibly indicates a dual role: as a tumor suppressor and as a promoter of

aggressive phenotype, depending on the breast cancer subtype.

TCGA-BRCA dataset revealed that the mean CSTA expression in normal breast tissues
is significantly higher than that in primary breast tumors (Figure 4.3). A similar observation
was reported by other research groups that the expression of CSTA is lost during
tumorigenesis in different types of cancer, including, prostate, brain, head and neck

(20,178,226,27

cance *. Differential expression of CSTA in normal breast tissues and primary tumors,

and other clinical and 7 vive studies™!°?*

uphold the tumor suppressor role of CSTA in breast
cancer. This may appear to contradict the inference from the survival analyses of breast
tumors irrespective of the molecular subtype (Figure 4.1). However, it is important to note
that differential expression of CSTA in normal breast tissues and primary tumors does not

have any bearing on survival analysis, which is performed on data corresponding to primary
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tumors only. The results of the survival analyses only indicate that subjects with CSTA-low
primary breast tumors are expected to survive longer than those with CSTA-high primary

tumors.

Attempts have been made earlier to correlate CSTA expression with the known
histopathological and clinical markers of breast cancer”. However, despite the fact that
three-quarters of the newly diagnosed breast tumors are ERa-positive®™, the correlation
between CSTA and ERa expression had not been studied. This study demonstrates the
inverse correlation between CSTA and ERa expression in breast tumors. The mean CSTA
expression in ERa-high primary tumors was significantly lower than that observed in ERa-
low primary tumors. Furthermore, the inverse relationship is also apparent from the relative
levels of ERa and CSTA expression in the molecular subtypes of breast tumors (Figure 4.4).
Analysis of the association of CSTA mRNA expression with histopathological parameters
revealed that CSTA was significantly associated with ERa, PR status and with various
molecular subtypes of breast cancer (Table 4.3). Moreover, CSTA-high tumors were more
frequently observed in HER2+ and basal subtype but less in luminal A or luminal B subtype.
Luminal A and luminal B subtypes are ER and PR positive but not basal or HER2+ subtype.
Inverse correlation of CSTA expression with ERa and PR expression may be the undetlying
reason for the frequent occurrence of CSTA-high tumor in HER2+ and basal subtype but

less so in luminal A or luminal B subtype.

Taken together, the present study revealed that the association between CSTA
expression and survival is dependent on molecular subtype of the tumor. Further, this study
provides compelling evidences in favor of a functional link between CSTA and ERa and

offers a rationale for investigating estrogen-mediated regulation of CSTA.
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CHAPTER

Estrogen-mediated regulation of CSTA expression

in breast cancer

5.1. Introduction

Estrogens are a group of steroid hormones that play a fundamental role in the
development and maintenance of female reproductive system. Unfortunately, estrogen is also
a major determinant in the etiology of breast tumors®"**'. Proliferation and metastasis are two
essential features of tumor initiation and progression. Previous studies on the role of estrogen
in breast tumorigenesis have significantly advanced the understanding of its mitogenic
effects®®*. However, beyond abnormal proliferation of breast cancer cells, much remains to
be understood on the role of estrogen in tumor invasion and metastasis. Several studies have
demonstrated the negative impact of estrogen on invasiveness and its reversal by
tamoxifen™**. Estrogen regulates tumor-stromal interaction, which is the molecular basis
286

for ECM homeostasis

MMPY, TIMP1 and TIMP2*"** indicating the perilous role of estrogen in invasion and

. Moreover, estrogen modulates the expression of syndecan, MMP2,

metastatic progression of tumors.
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Results

Over the past five decades, breast cancer mortality has substantially declined though

029 . 1 1
289291 This notable achievement is due to

there is not much reduction in the incidence
increased early-stage detection and treatment, which requires better comprehension of the
molecular basis of breast cancer initiation and progression. Since ECM remodeling is the
crucial event in the tumor progression, understanding the mechanism of estrogenic regulation

on ECM remodeling genes may help in delineating pathways underlying the E2-mediated

regulation of invasion and metastasis.

An earlier report on the gene expression profile of E2-treated MCF-7 breast cancer
cells” formed the basis of this study. A set of 189 E2 regulated ECM remodeling genes were
identified, which includes CSTA, as an estrogen-repressed gene®”. Since CSTA is an ECM
remodeling gene with an inverse relationship with ERa in breast tumors, it is worth elucidating
the mechanism of its regulation by E2 in breast cancer cells. This could provide an
understanding of the probable mechanism by which ECM remodeling genes are regulated by

E2, thereby affecting tumor progression

In this chapter, the mechanism of estrogen-mediated CSTA regulation in breast cancer
cells is presented. Furthermore, the estrogen responsive region in the CSTA locus was

identified using 7 silico and in vitro approaches.

5.2. Results

5.2.1. E2 suppresses CSTA expression in MCF-7 breast cancer cells

To evaluate the dose-dependent effect of E2 on CSTA expression, MCF-7 cells were
treated with different concentrations of E2 (0.1 nM to 100 nM) for 72 h. CSTA expression
was significantly downregulated in all the tested concentrations of E2 to the same extent
(Figure 5.1A). The time-dependent effect of E2 stimulation on the expression of CSTA was
analyzed by treating MCF-7 cells with 10 nM E2 for 24, 48 and 72 h. A significant reduction
in CSTA mRNA was observed in all the tested time points with respect to vehicle treated
control (Figure 5.1B). Alternatively, MCF-7 cells were treated with 10 nM E2 for 6 h to 96
h with individual time-matched vehicle-treated controls. A significant reduction in the CSTA
expression was observed from 12 h onwards. The response was roughly similar in all the

remaining time points (Figure 5.1C).
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Figure 5.1. A time course and dose-response study of the regulation of CSTA by E2. A. MCF-7 cells were
treated with the indicated concentration of E2 or vehicle (control) for 72 h. CSTA and pS2 mRNA levels were
analyzed by semi-quantitative RT-PCR. pS2 was used as positive control for E2 treatment. B. MCF-7 cells were
treated with 10 nM E2 or vehicle (control) for indicated periods. CSTA and pS2 mRNA levels were analyzed by
semi-quantitative RT-PCR. pS2 was used as positive control for E2 treatment. ***p < 0.001, ANOVA followed
by Tukey’s HSD, n = 3. C. MCF-7 cells were treated with 10 nM E2 for indicated periods and each group
contained time-matched control. CSTA mRNA level was assessed by semi-quantitative RT-PCR. C: Control
(vehicle); E: E2; number indicates the duration of treatment in hours. Bars represent mean relative expression *
S.D. of CSTA mRNA with respect to vehicle-treated control. CycA served as an internal control. *p < 0.05, ***p
< 0.001, Welch two-sample ~test, n = 3.
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5.2.2. E2-mediated suppression of CSTA expression in MCF-7 cells involves ER«

Since CSTA expression is significantly suppressed by 12 h of E2 treatment, it was
hypothesized that CSTA is directly regulated via ERx at the transcriptional level. To examine
the involvement of ER« in the E2-mediated suppression of CSTA, MCF-7 cells were treated
with a selective ERa-specific agonist, PPT for 72 h. PPT significantly suppressed CSTA
expression to the same extent as E2 confirming that ERx is involved in the E2-mediated
suppression of CSTA (Figure 5.2A, B). CSTA was not regulated by dexamethasone,

progesterone, and testosterone propionate (Figure 5.2A).

Further, involvement of ERa in the E2-mediated suppression of CSTA was assessed
using tamoxifen (SERM) and fulvestrant (SERD). MCEF-7 cells were treated with 10 nM E2,
1 uM tamoxifen, or both for 24 h. In qRT-PCR analysis, no significant difference in CSTA
expression was observed between E2-treated cells and, E2- and tamoxifen-treated cells.
However, CSTA suppression by E2 in tamoxifen-treated and untreated cells is 42.56% and
73%, respectively, denoting the E2-mediated suppression of CSTA expression is partially

rescued by tamoxifen (Figure 5.3A, bars 1, 2 and 4).

MCF-7 cells were treated with 100 nM fulvestrant for various duration to check the
efficacy of proteasomal degradation of ERa. Western blotting analysis showed 80-84%
reduction of ERa protein in fulvestrant-treated cells for 3 h to 24 h (Appendix II- Figure
A2.1). When MCF-7 cells were pretreated with fulvestrant for 3 h prior to E2 treatment, no
significant difference was observed in the CSTA expression in E2-treated groups with or
without fulvestrant pretreatment (Figure 5.3B, grey-colored bars 2 and 4). CSTA suppression
in E2-treated groups with or without 3 h fulvestrant pretreatment was 80% and 87.22%
respectively (Figure 5.3B, grey-colored bars 2 and 4). Nevertheless, CSTA suppression in E2-
treated groups with or without 24 h fulvestrant pretreatment was 42.59% and 72.65%,
respectively (Figure 5.3B, black-colored bars 2 and 4). This denotes that fulvestrant
pretreatment partially blocks the E2-mediated suppression of CSTA. Interestingly, tamoxifen

or fulvestrant treatment alone induced CSTA expression (Figure 5.3A, B; bars 1 and 3).

MCF-7 cells were transfected with ERa-specific siRNA followed by E2 treatment.
Western blotting analysis showed complete depletion of ERa protein in ERa siRNA
transfected cells compared to scrambled siRNA transfected cells (Figure 5.4A). qRT-PCR
analysis showed that the differences in fold change in CSTA and pS2 mRNA expression post

E2 treatment between scrambled siRNA-treated and ERat siRNA-treated cells was statistically

significant (Welch two-sample #test). ERa siRNA significantly blocked E2-mediated
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suppression of CSTA mRNA (Figure 5.4B). This clearly showed that the E2-mediated
suppression of CSTA involves ERa in MCF-7 cells. Importantly, ERa siRNA alone induced
the levels of CSTA mRNA (Figure 5.4B bars 1 and 3), which mirrors the inverse correlation
between ERa and CSTA expression observed by analysis of TCGA-BRCA data (Figure 4.6A).
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Figure 5.2. Effect of various hormones and ERux-specific agonist on expression of CSTA. A. MCF-7 cells
were treated with various hormones: 10 nM E2, 10 nM dexamethasone (D), 10 nM progesterone (P4), 10 nM
testosterone propionate (T), ERa-specific agonist: 10 nM PPT or vehicle (control) for 72 h and then analyzed
by semi-quantitative RT-PCR. Bars represent mean relative expression £ S.D. of CSTA mRNA with respect to
vehicle-treated control. CycA served as an internal control. WC: Water control. ***p < 0.001, ANOVA followed
by Tukey’s HSD, n = 3. B. MCF-7 cells were treated with 10 nM E2 and 10 nM PPT for 24 h. Total protein was
extracted and subjected to western blotting analysis with custom generated polyclonal CSTA antibody (Appendix

III). Bars represent mean relative expression & S.D. of CSTA protein with B-actin as an internal control. **¥p <
0.001, ANOVA followed by Tukey’s HSD, n = 7.
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Figure 5.3. E2-mediated suppression of CSTA mRNA is blocked by tamoxifen, fulvestrant. A. MCF-7
cells were treated for 24 h with 10 aM E2, 1 pM tamoxifen (Tam) or both. Total RNA was isolated and CSTA
expression was analyzed by qRT-PCR. Bars represent mean relative expression = S.D. of CSTA mRNA with
respect to vehicle-treated control. ¥p < 0.05, **p < 0.01, ANOVA followed by Tukey’s HSD, n = 3. B. MCF-7
cells were pretreated with fulvestrant (Ful) or vehicle for 3 h (grey bars) or 24 h (black bars), followed by
treatment with E2 or vehicle for 24 h. Total RNA was isolated and CSTA expression relative to vehicle-treated
control was analyzed by qRT-PCR. ***p < 0.001, **p <0.01, ANOVA followed by Tukey’s HSD, n = 3. CycA
served as an internal control
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Figure 5.4. E2-mediated suppression of CSTA mRNA is blocked by ER« knockdown. MCF-7 cells were
transfected with scrambled (Scr) or ERa siRNA for 24 h followed by recovery for a period of 24 h. The cells
were then treated with ethanol or 10 nM E2 for 24 h. A. Western blotting analysis of ERa knockdown in
MCEF-7 cells. Total protein was isolated from phenol phase of the RNA extraction reagent prepared in house,
after RNA isolation and subjected to western blotting analysis using ERa antibody. 8-actin served as an internal
control. B. Total RNA was isolated and expression levels of pS2 and CSTA mRNA relative to control (scrambled
siRNA + vehicle-treated) were determined by qRT-PCR. ***p < 0.001, ANOVA followed by Tukey’s HSD,
n = 4. The differences in fold change in CSTA and pS2 mRNA expressions post E2 treatment between
scrambled siRNA-treated and ERa siRNA-treated cells is statistically significant. **p < 0.01, *» < 0.05, Welch
two-sample ~test, n = 4. CycA served as an internal control.

5.2.3. Estrogen enhances ERx occupancy in the intron-2 region of CSTA in MCF-7
cells

In silico analysis of the CSTA locus using JASPAR™ revealed the presence of ERE in
the intron-2 region (Figure 5.5A). ChIP-Seq data of chromatin samples from vehicle-, E2- or
tamoxifen-treated MCF-7 cells, which were immunoprecipitated with ERa-specific antibody,
were retrieved from SRA and analyzed in Galaxy platform. The results were viewed in the
UCSC genome browser. A robust peak of ERx occupancy was observed in the intron-2 region
of CSTA in E2-treated MCF-7 cells (indicated by the red rectangle, Figure 5.5B). This peak
was diminished or negligible in tamoxifen or vehicle-treated MCF-7 cells. Notably, the peak

of ERa binding overlapped with ERE predicted by JASPAR.

ChIP experiments on ethanol (vehicle)- or E2-treated MCF-7 cells using an ERa-

specific antibody was performed to validate the 7 silico observations. Enrichment of the ERE
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containing sequence in the pS2 locus (positive control) following E2 treatment validated the

ChIP protocol (Figure 5.6). As shown in Figure 5.5B, the intron-2 region of CSTA was

enriched in immunoprecipitated chromatin samples from E2-treated MCF-7 cells. These

observations confirm that E2-mediated regulation of CSTA occurs via binding of ER« to the

intron-2 region of CSTA.
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Figure 5.5. Possible involvement of intron-2 in the E2-mediated regulation of CSTA expression.
A. JASPAR analysis of intron-2 of CSTA. B. Analysis of ChIP-seq data in Galaxy platform to study the ERx
occupancy in the CSTA locus in MCF-7 cells treated with vehicle, estrogen (E2) and tamoxifen. E2 treatment

increases the ERa occupancy in the intron-2 region of CSTA (red rectangle)

Water control

10nME2 -

CSTA-Region 2 of intron 2

pS2

Figure 5.6. E2 enhances ERa occupancy in the intron-2 region of CSTA in MCF-7 cells. MCF-7 cells
were treated with E2 for 24 h. Cross-linked chromatin samples from the treated and control cells were
fragmented and immunoprecipitated with polyclonal ERa- or IgG-specific antibodies. Immunoprecipitated
DNA was reverse cross-linked, purified and subjected to PCR analysis using primers flanking the intron-2 ERE
(Region 2). pS2, a known E2 induced gene, served as a positive control. Data shown are representative of three

independent experiments.
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5.2.4. Regulation of CSTA expression by estrogen in other breast cancer cell lines

To understand the universality of the phenomenon of estrogen-mediated suppression
of CSTA in breast cancer cells, two ERa-positive cell lines, T47D and ZR-75-1, were treated
with E2 or PPT. Estrogen-mediated suppression of CSTA mRNA was observed in ZR-75-1
at 48 h post-stimulation (Figure 5.7A). In T47D, estrogen-mediated suppression of CSTA was
not observed (Figure 5.7B).

A
ZR-75-1 B T47D

*

1.2 li 1.2 4

0.6 A

0.4 A

Relative expression
Relative expression

Control E2 PPT Control E2 PPT

Figure 5.7. Differential regulation of CSTA by E2 and PPT in other ERu-positive breast cancer cells.
ZR-75-1 (A) and T47D (B) cells were treated with 10 nM E2 or 10 nM PPT for 48 h. Total RNA was extracted

and CSTA expression was analyzed by gqRT-PCR. Bars represent mean relative expression £ S.D. of CSTA
mRNA with respect to vehicle-treated control. CycA served as an internal control. *¥p» < 0.05, ANOVA followed
by Tukey’s HSD, n = 3.

5.3. Discussion

In this study, the mechanism of E2-mediated suppression of CSTA in breast cancer

cells was investigated. The gene expression profile of E2-treated MCF-7 cells was analyzed

292

previously, in which, CSTA appeared as an estrogen repressed transcript™ . ERa-positive

MCF-7 cells were used as a model system representing luminal A subtype of breast tumor. Ix
vitro experiments to explore the CSTA regulation revealed the time-dependent and dose-
independent manner of suppression of CSTA by E2. Involvement of ERa in the suppression
of CSTA by E2 was investigated by three strategies: i) activating ERo with a specific agonist,
ii) blocking ERa action with SERM, SERD, and iif) ERa knockdown. PPT, an ERo agonist
suppressed CSTA to a same extent as E2. On the other hand, tamoxifen, fulvestrant partially
rescued E2-mediated suppression of CSTA and ERa-specific siRNA significantly blocked
E2-mediated suppression of CSTA. Importantly, blocking ERa itself induced the CSTA
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mRNA expression reinforcing the inverse relationship of CSTA with ER«, as observed in the

analysis of clinical samples of TCGA data.

Further, to investigate the region involved in the E2-mediated suppression of CSTA,
both 7n silico and in vitro approaches were used. JASPAR identified one potential ERE in the
intron-2 region of CSTA. Moreover, analysis of publically available ChIP-Seq data revealed
the enrichment of ERa at intron-2 upon E2 stimulation. This enrichment was not observed
in tamoxifen-treated cells. In addition to that, 7 vitro ChIP experiments also further confirmed
the involvement of intron-2 in the E2-mediated regulation of CSTA. Altogether these data
suggest that ERa on stimulation with E2 regulates CSTA expression by binding to intron-2
region of CSTA.

Suppression of CSTA expression by estrogen in MCF-7 breast cancer cells was
known®"*”; however, this work, for the first time, demonstrated the role of ERa. The
precipitous fall in CSTA mRNA within 24 h of E2 stimulation is noteworthy. Estrogen
induces a mitogenic response in MCF-7 cells. Thus, estrogen-mediated CSTA suppression in
MCEF-7 cells is consistent with the proposed tumor suppressor role for CSTA™. Whether
suppression of CSTA is essential for estrogen-mediated initiation of breast tumorigenesis is a

question worth addressing in future studies.

Metastasis directly impacts survival. CSTA, a cathepsin inhibitor, probably plays a
crucial role in metastasis. However, the possibility of considering CSTA alone as an
independent predictor of metastatic progression needs to be explored. Furthermore, the
metastatic progression of breast tumors overlaps temporally with the acquisition of hormone
independence, which is often associated with loss of ERa expression. Given the inverse
correlation between ERa and CSTA, is increased CSTA expression in some subtypes of
primary breast tumors, an indication of the impending endocrine resistance and metastasis?
In this context, the induction of CSTA mRNA expression by fulvestrant and tamoxifen in
MCF-7 cells is of utmost relevance. Tamoxifen and fulvestrant are used for the treatment of
ERoa-positive and estrogen-responsive breast tumors®. Therefore, given the reported
association of CSTA expression with the aggressive phenotype®, it is worth investigating
whether the endocrine treatment actually promotes aggressive behavior of breast tumors and

metastasis via induction of CSTA expression.

Further, to understand the universality of estrogen-mediated suppression of CSTA,

similar experiments were performed in two ERa-positive breast cancer cell lines, ZR-75-1 and
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T47D. In ZR-75-1, estrogen-mediated suppression of CSTA mRNA was observed at 48 h
post-stimulation. However, the extent of suppression was much less than that observed in
MCF-7 cells. This might be due to the differential expression of ER« in both the cells. ZR-
75-1 express relatively less ERa compared to MCF-7. Eatlier Kolar and co-workers™ have
reported estrogen regulation of CSTA in ZR-75-1 cells. Surprisingly, in T47D, despite having
high levels of ER«, estrogen-mediated suppression of CSTA was not observed. The probable
reason behind the absence of E2-mediated regulation of CSTA expression in T47D cells is

addressed in the next chapter.
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CHAPTER

DNA methylation-dependent expression and

regulation of CSTA

6.1. Introduction

Literature presents contradictory views on the relationship between CSTA expression,
and breast cancer progtression and prognosis’>*****°, However, most of the reports state that
CSTA expression is lost or reduced in malignant tumors compared to benign tumors or
normal tissues™*'"?*?* Forced expression of CSTA reduces migration and invasion in cell

lines, and metastasis in xenograft models™**

, suggesting a possible tumor suppressor role
for CSTA. However, the mechanisms that lead to the loss of CSTA expression in breast

tumors are not known.

Epigenetic silencing of tumor suppressor genes is a common phenomenon associated
with tumor initiation and progtression®*”’. Methylation of tumor suppressor genes is an early
event in the development and progression of tumors. The methylation status of tumor
suppressor genes is a promising marker for the early detection and prognosis of cancer®**”.

Besides the well-known tumor suppressor genes, members of the cystatin superfamily are also

reported to be epigenetically silenced by DNA methylation in breast tumors and malignant
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glioma®>**. The probable effect of DNA methylation in the silencing of CSTA in breast

cancer cells is not yet studied.

In the previous chapter, estrogen-mediated suppression of CSTA expression in breast
cancer cells was demonstrated. Aberration in estrogen signaling is the primary cause of breast

cancer development™

. Estrogen target genes are tightly regulated by interaction between ER
and various co-activators/co-repressors, which also includes DNMTs™!. Putnik and co-
workers have reported the set of genes co-regulated both by DNA methylation and estrogen

regulation in MCF-7 breast cancer cells®?

. DNA hypermethylation of estrogen-responsive
enhancers is associated with reduced ERa binding in tamoxifen-resistant MCF-7 breast cancer
cells™. Therefore, considering the tumor suppressor role of CSTA, it is worth addressing the
plausible connection between DNA methylation and estrogen signaling in the regulation of

CSTA.

In this chapter, the possibility of DNA methylation-dependent silencing of CSTA in
breast cancer cell lines, and breast tumors of the TCGA cohort was explored. CSTA
expression showed an inverse relationship with DNA methylation. Interestingly, estrogen
regulation via ERax and DNA methylation-dependent silencing converges in the intron-2 of

CSTA.

6.2. Results

6.2.1. Differential expression of CSTA in breast cancer cell lines

CSTA mRNA and protein expression in a panel of breast cancer cell lines were analyzed
using RT-PCR and western blotting techniques, respectively. CSTA mRNA expression was
highest in ZR-75-1, followed by MCF-7 cells. T47D cells expressed low but detectable levels
of CSTA mRNA. CSTA mRNA expression in MDA-MB-231 and MDA-MB-453 was
undetectable (Figure 6.1A). CSTA protein expression matched the mRNA expression in these
cell lines (Figure 6.1B). T47D cells expressed the highest levels of ERa, followed by MCF7.
ZR-75-1 cells expressed low but detectable levels of ERa. ERa expression was undetectable

in the remaining cell lines (Figure 6.1A, B).
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Figure 6.1. Expression of CSTA in breast cancer cell lines. A. Total RNA was isolated from the indicated
breast cancer cell lines and subjected to RT-PCR analysis using primers specific for CSTA, ERa, and CycA.
CycA served as an internal control. B. Total protein was isolated from the indicated breast cancer cell lines and
subjected to western blot analysis using primary antibodies specific to CSTA, ERa, and $-actin. -actin served
as an internal control.

6.2.2. 5-azainduces CSTA expression in MDA-MB-231 cells

Treatment with 5-aza, a DNMTT1 inhibitor, causes genome-wide demethylation. The
effect of 5-aza on CSTA expression in MDA-MB-231 cells was tested. As shown in Figure
6.2, 5-aza treatment-induced CSTA mRNA expression. This suggested that low or absence of
CSTA expression in breast cancer cells could be a result of DNA methylation in the CSTA

locus.
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Figure 6.2. 5-aza induces the expression of CSTA mRNA in MDA-MB-231 cells. MDA-MB-231 cells were
treated with DMSO (control) or 10 uM 5-aza for 5 days in M1 medium. Total RNA was isolated and reverse
transcribed. The expression of CSTA was analyzed by routine RT-PCR. BR1, BR2, and BR3 are three biological
replicates. Each biological replicate comprised of one dish each for DMSO and 5-aza treated cells.
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6.2.3. In silico analysis of DNA methylation in the CSTA locus

CSTA does not have CpG islands'!. Methylation data obtained from 450K BeadChip
arrays (ENCODE project) was analyzed to ascertain the status of methylation in five CpGs
in the CSTA locus. The location of these CpGs is indicated by the colored vertical lines in
Figure 6.3A. One of these mapped to the intron-2. Among the remaining (referred to as the
upstream CpGs), two mapped to the exon-1, and two were present in the upstream region
close to the transcription start site. In MCF-7 cells, the four upstream CpGs appeared
methylated. In T47D cells, out of the four upstream CpGs, one was methylated, one was
unmethylated and the remaining two were partially methylated. The intron-2 CpG appeared
unmethylated in MCF-7, but partially methylated in T47D cells (Figure 6.3A). The in silico
analysis indicated that methylation in the intron-2 CpG had an inverse relationship with CSTA

expression in the two cell lines.

6.2.4. Bisulfite sequencing of upstream and intron-2 regions in the CSTA locus

¢DNA was isolated from the panel of breast cancer cells indicated in Figure 6.1. They
were subjected to bisulfite sequencing analysis of Region 1 and Region 2 (Figure 6.3A), which
harbor the CpG dinucleotides interrogated with the ENCODE data. Region 1 and Region 2
have a total of 7 and 3 CpG dinucleotides, respectively. Eighty-four CpGs were interrogated
across 12 independent TA clones in the Region 1. Thirty-nine CpGs were interrogated across
13 independent clones in Region 2. The lollipop models for methylated and unmethylated
CpG sites in Regions -1 and -2 are shown in Figure 6.3B and C, respectively. The proportion
of methylated CpGs in each region in the cell lines was determined. In Region 1,
MDA-MB-453 cells showed the highest proportion of methylated CpGs, followed by
MCF-7, MDA-MB-231, T47D and ZR-75-1, in the decreasing order. In Region 2,
MDA-MB-453 cell showed the highest proportion of methylated CpGs, followed by T47D,
MDA-MB-231, ZR-75-1 and MCF-7 cells, in the decreasing order. There were significant
differences in the proportions of methylated CpGs in both the regions in the indicated pair
of cell lines (Figure 6.3B and C). Generally, methylation in both regions appeared to be

inversely related to CSTA expression in breast cancer cells.
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Figure 6.3. Differential methylation of upstream and intron-2 CpG sites of the CSTA locus in breast
cancer cell lines. A. Snapshot from UCSC genome browser displaying the location of Methylation 450K
BeadChip array probes with respect to the CSTA locus. The colored vertical lines along the MCF-7 and T47D
tracks indicate the extent of methylation of the CpG sites; orange = methylated (beta value >= 0.6), purple =
partially methylated (0.2 < beta value < 0.6), bright blue = unmethylated (0 < beta value <= 0.2). Black solid
rectangles labeled as Region 1 and Region 2 indicate the regions analyzed by bisulfite sequencing. B, C. Bisulfite
sequencing of Region 1 and Region 2, respectively. gDNA samples isolated from the indicated breast cancer cell
lines were bisulfite converted and used for PCR reactions with primers specific to Region 1 and Region 2. The
PCR amplified products were cloned in TA vector and sequenced. The inserts from 12 or 13 independent TA
clones per cell line were analyzed for methylated and unmethylated CpG sites in Region 1 and Region 2,
respectively. The methylation pattern is represented by lollipop plots. Filled circles represent methylated CpGs,
and open circles represent unmethylated CpGs. The numbers below each cell line indicate the proportion of
methylated CpGs. Two proportions from each pair of cell lines were tested for a significant difference. The
indicated p-values are adjusted p-values obtained following Bonferroni correction, which are indicated only for
the pair of cell lines with a significant difference in the proportion of methylated CpGs.
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6.2.5. Upstream CpGs methylation inversely correlates with CSTA expression in
breast tumors

CSTA expression (RNA-Seq; log:(RPKM+1)) and methylation data (generated with
[lumina Infinium® Human Methylation 450K BeadChip array) for the primary breast
tumors in the TCGA breast cancer dataset were accessed using the UCSC Xena browser™®.
Methylation data were available for 4 probes in the CSTA locus. These probes correspond to
the four CpG sites in Region 1 shown in Figure 6.3A. Firstly, probe-wise analysis of the
correlation between methylation (beta value) and CSTA expression in primary tumors was
performed. Methylation at each of the 4 CpG sites inversely correlated with CSTA expression
(Table 6.1). The primary tumors were divided into two groups, namely hypo- and hyper-
methylated, using a beta value of 0.3 as a cut-off. CSTA expression in hypo-methylated tumors
was significantly higher than those in hyper-methylated tumors (Figure 6.4A-D). A composite
methylation score for each sample was generated by averaging the beta values for all the
probes. The composite methylation score correlated inversely with CSTA expression
(p =-0.582, p <0.0001, Figure 6.4E). Furthermore, when the tumors were divided into hypo-
and hyper-methylated groups, based on a cut-off composite methylation score of 0.3, the
hypo-methylated tumors showed significantly higher expression of CSTA compared to

hyper-methylated tumors (Figure 6.4F).

Table 6.1. Correlation between CSTA expression and methylation in CSTA locus in breast tumors of

the TCGA cohortt.
Probe ID Spearman’s p p-value
cg14664412 -0.5482637 < 0.0001
cg18618429 -0.5683092 < 0.0001
cg21932814 -0.4717445 < 0.0001
cg26928972 -0.5154166 < 0.0001

6.2.6. Intron-2 region of CSTA encompasses a potential ERE

In chapter 5, estrogen-mediated suppression of CSTA, which occurs via binding of ER«
to intron-2 region of CSTA, was demonstrated. Analysis of the CSTA locus using JASPAR**
revealed a potential ERE in the intron-2 region. (Figure 5.5 and Figure 5.0). Interestingly, this
ERE was located amidst the differentially methylated CpG sites analyzed in Region 2
(Figure 6.5).
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Figure 6.4. Inverse correlation between CpG methylation and CSTA expression in breast tumors of the
TCGA cohort. A-D. Probe-wise analysis of the correlation between methylation and CSTA expression. The
tumors were segregated into hypo-methylated or hyper-methylated groups based on the threshold beta value of
0.3 for each probe. The distribution of CSTA expression in hypo-methylated and hyper-methylated tumors are
represented as box plots. E-F. A composite methylation score, which is the average beta value of all the probes,
was determined for each tumor sample. The scatter plot of the composite methylation score versus CSTA
expression is shown in E. The tumors were segregated into hypo-methylated or hyper-methylated groups based
on the threshold composite score of 0.3. The distribution of CSTA expression (loga(RPKM+1)) in hypo-
methylated and hyper-methylated tumors is represented as a box plot (F). The difference in mean CSTA
expression in hypo-methylated and hyper-methylated tumors was analyzed by Welch two-sample ~tests.
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TTCTGCTATCAAACTTTTCCTACTGGATCTCAGCCACCGATCCCAGTTCCCTTTTACTTC
CTGGTAGTCTGGCTGTTGATCCCTTTGCTCTGAGGCACTCTAGATTTAAGGTCTTGCCAG
TGATGTGACCTTCTCTATGTATTTCAAGTACCTATCAAGAGGTAGGTGGTAGAATGGAAG
GACCACAAGCTTAGGTGTCAGAGTGTCCTGGGTTTGAACCCTTGTTCAATTTGTTCTATG
GGAAGCTCCTCCTCCTCTCTGAGCCTTCATTCCCTTATCTGCACAATGAGGGTAATAATC
TACTTCGCAGCGTGTTGTGAGGAATAAATAAGCTGGAAATTTATTGAGCACTTATAATTC
ACTATGCACTATTCTAAGAACAGGGCTT

Figure 6.5. In silico analysis of intron-2 region of CSTA locus for potential ER« binding site. The
location of ERE predicted by JASPAR in Region 2 is undetlined. The CpG sites analyzed by bisulfite sequencing
are indicated by bold letters.

6.2.7. Global demethylation restores estrogen regulation of CSTA in MDA-MB-231
and T47D cells

The effect of global demethylation on estrogen regulation of CSTA was studied in
MDA-MB-231 and T47D cells. ERx and CSTA expression in 5-aza-untreated or -pretreated
MDA-MB-231 and T47D cells, which were stimulated with vehicle or 10 nM E2 was
examined. 5-aza caused a significant loss of methylation in Region 2 (» = 0.041 in MDA-MB-
231, p = 0.034 in T47D) (Figure 6.6). As expected, in 5-aza-untreated MDA-MB-231 cells,
ERa protein expression was not detectable after vehicle or E2 treatment (Figure 6.7A, lanes
1 and 2). There was no significant difference in CSTA mRNA expression (Figure 6.7C, bars
1 and 2, ANOVA followed by Tukey’s HSD). On the other hand, in 5-aza-pretreated cells,
an immunoreactive protein was detected on western blots with ERa-specific antibody
(Figure 6.7A, lanes 3 and 4). This immunoreactive protein had a higher molecular mass
compared to the expected 66 kDa for ERa. Notwithstanding this discrepancy, induction of
PR, and further enhancement of its expression with E2 confirmed the generation of a
functional ERa in 5-aza pretreated cells (Figure 6.7A, B, lanes 3 and 4). 5-aza significantly
induced CSTA mRNA expression in MDA-MB-231 cells (Figure 6.7C, bars 1 and 3; ANOVA
followed by Tukey’s HSD). E2 suppressed the 5-aza induced levels of CSTA mRNA, although
the difference was not statistically significant when analyzed by ANOVA. However, the levels
of CSTA mRNA in 5-aza pretreated cells with and without E2 treatment were significantly
different when analyzed by the Welch two-sample ~test in (Figure 6.7C, bars 3 and 4,
p = 0.0098). Western blots failed to demonstrate CSTA protein in MDA-MB-231 cells. E2
treatment resulted in ERa occupancy in intron-2 in 5-aza pretreated cells (Figure 6.7D, lanes
8 and 9). These results show that demethylation of intron-2 CpGs leads to restoration of ERa

and CSTA expression and estrogen suppression of CSTA in MDA-MB-231 cells.

T47D cells express a very low or undetectable level of CSTA. Without 5-aza

pretreatment, T47D cells treated with E2 showed decreased levels of ERa protein and
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increased levels of PR, as expected (Figure 6.8A, B, lanes 1 and 2)*". There was no
observable effect on CSTA protein (Figure 6.8A, lanes 1 and 2). However, an increase in
CSTA mRNA was observed, although the increase was not statistically significant
(Figure 6.8C, bars 1 and 2; ANOVA followed by Tukey’s HSD). 5-aza pretreatment alone
caused a decrease in ERa protein in T47D cells (Figure 6.8A, lanes 1 and 3) in a manner
similar to that reported in MCF-7 cells’”. This also led to increased CSTA (Figure 6.8A, lanes
1 and 3) and decreased PR protein expression (Figure 6.8B, lanes 1 and 3). E2 induction of
PR in 5-aza pretreated T47D cells showed that ERa was functional (Figure 6.8B, lanes 3 and
4). E2 not only enhanced CSTA protein expression (Figure 6.8A, lanes 3 and 4) but also
significantly enhanced CSTA mRNA in 5-aza pretreated cells (Figure 6.8C, bars 1, 3 and 4;
ANOVA followed by Tukey’s HSD). E2 treatment resulted in ERa occupancy in the intron-
2 region in 5-aza treated cells (Figure 6.8D, lanes 9 and 10). These results show that

demethylation of intron-2 CpGs restores estrogen regulation of CSTA in T47D cells.

A B wm T47D
MDA-MB-231 MDA-MB-231 Control 5-aza
Control 5-aza (0.60) (0.38)
(0.59) (0.36) * p=0.034
*p=0.041
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Figure 6.6. 5-aza treatment demethylates Region 2 in MDA-MB-231 and T47D cells. Cells were treated
with 10 uM 5-aza for 5 days. gDNA isolated from treated cells were bisulfite converted and used for PCR
reactions with Region 2-specific primers. The PCR amplified products were cloned in TA vector and sequenced.
13 and 15 independent TA clones were analyzed for methylated and unmethylated CpG sites in Region 2 of
MDA-MB-231 and T47D cells, respectively. The methylation pattern is represented by lollipop plots. Filled
circles represent methylated CpGs, and open circles represent unmethylated CpGs. The proportion of
methylated CpGs are indicated in parentheses. The proportions were tested for significant difference as
described in materials and methods. p-values obtained from Welch two-sample #test are indicated above the
plots.
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Figure 6.7. Global demethylation restores estrogen regulation of CSTA in MDA-MB-231 cells. A-C. Cells
were subjected to global demethylation using 10 uM 5-aza for 5 days. The cells were then stimulated with 10 nM
E2 or ethanol (vehicle) for 24 h. ER and PR expression was analyzed by western blotting (A, B) and CSTA
expression was analyzed by semi-quantitative RT-PCR (C). CycA was used as an internal control in semi-
quantitative RT-PCR. Histone H3 served as an internal control in western blots. CSTA mRNA expression in
the control samples (without 5-aza and E2 treatments) were set to 1 and the expression in the other treatment
groups was expressed relative to the control. Bars represent mean relative expression £ S.D. Data were analyzed
by ANOVA followed by Tukey’s HSD (n = 3). *p < 0.05. D. Cross-linked chromatin samples from the treated
and control cells were fragmented and immunoprecipitated with monoclonal ERa- or IgG-specific antibodies.
Immunoprecipitated DNA was reverse cross-linked, purified and subjected to PCR analysis using primers
specific for Region 2 or pS2. Note the enrichment of the ERE containing sequence in the pS2 locus following
E2 treatment (with 5-aza pretreatment), which validated the ChIP protocol.
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Figure 6.8. Global demethylation restores estrogen regulation of CSTA in T47D cells. A-C. Cells were
subjected to global demethylation using 10 pM 5-aza for 5 days. The cells were then stimulated with 10 nM E2
or ethanol (vehicle) for 24 h. CSTA, ER and PR protein expression was analyzed by western blotting (A, B).
CSTA mRNA expression was analyzed by qRT-PCR (C). CycA was used as an internal control in qRT-PCR.
Histone H3 served as an internal control in western blots. Relative CSTA expression in the control samples
(without 5-aza and E2 treatments) were set to 1 and the expression in the other treatment groups was expressed
relative to the control. Bars represent mean relative expression + S.D. Data were analyzed by ANOVA followed
by Tukey’s HSD (n = 4). ** p < 0.01, **p < 0.001. D. Cross-linked chromatin samples from the treated and
control cells were fragmented and immunoprecipitated with monoclonal ERa- or IgG-specific antibodies.
Immunoprecipitated DNA was reverse cross-linked, purified and subjected to PCR analysis using primers
specific for Region 2 or pS2. Note the enrichment of the ERE containing sequence in the pS2 locus following
E2 treatment, which validated the ChIP protocol.
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Similar experiments in MCF-7 cells showed that global demethylation neither affected
CSTA expression nor affected E2-mediated suppression (Figure 6.9). Without 5-aza
pretreatment, MCF-7 cells treated with E2 showed a significant reduction in CSTA mRNA
(Figure 6.9A, bars 1 and 2) and significant induction in pS2 mRNA (Figure 6.9B, bars 1 and
2). In 5-aza pretreated cells, E2 significantly reduced CSTA mRNA (Figure 6.9A, bars 3 and
4) and induced pS2 mRNA (Figure 6.9B bars 3 and 4). No significant difference in CSTA
(Figure 6.9A, bars 2 and 4) and pS2 expression (Figure 6.9B, bars 2 and 4) was observed in

E2-treated cells with or without 5-aza pretreatment.
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Figure 6.9. E2-mediated suppression of CSTA is unaffected by global demethylation in MCF-7 cells.
A, B. MCF-7 cells were subjected to global demethylation using 10 uM 5-aza for 5 days. The cells were then
stimulated with 10 nM E2 or ethanol (vehicle) for 24 h. CSTA and pS2 expression were analyzed by gqRT-PCR.
CycA was used as an internal control. pS2 was used as positive control for E2 treatment. aRelative CSTA and
pS2 mRNA expression data are represented as bar graphs. The expression in the control samples (without 5-aza
and E2 treatments) was set to 1 and the expression in the other treatment groups was expressed relative to the
control. Bars represent mean relative expression = S.D. Data were analyzed by ANOVA followed by Tukey’s
HSD (n = 4). ** p <0.01, ¥*p < 0.001.

6.3. Discussion

There were two motivating reasons behind this study of the relationship between CSTA
gene expression and methylation in breast cancer. Firstly, CSTA is a proposed tumor
suppressor’’?, and methylation-dependent silencing of tumor suppressors are well known™”.
Recently, Ma and co-workers showed the association between the loss of CSTA expression
in lung cancer cell lines and partial methylation of the CpG dinucleotides in the promoter and
exon-1 regions”. Secondly, Cystatin M, which is also a reversible inhibitor of cathepsins B
and L, is silenced due to methylation of the proximal promoter CpG island in breast cancer
cell lines and primary invasive breast tumors®>""". The present analysis was focused on

CpG methylation on two regions of the CSTA locus. This is the first study to demonstrate
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the inverse relationship between CSTA expression and methylation in the context of breast
cancer. The CSTA locus lacks CpG islands. However, the examples of DNA methylation-

310-316

dependent regulation of CpG island-less genes motivated the investigation of DNA

methylation of CSTA locus.

The conclusions of this study are drawn from results obtained through three different
approaches; a) analysis of CSTA expression and methylation data from the TCGA breast
cancer cohort, b) examination of DNA methylation data (ENCODE project) for the CSTA
locus, and c) bisulfite sequencing of DNA isolated from breast cancer cell lines, which express
differential levels of CSTA. TCGA methylation data was generated using the Infinium
Methylation 450K BeadChip atrays, which do not have probes to interrogate all CpG sites in
the CSTA locus. Due to this limitation, no conclusion could be drawn regarding the
correlation between CSTA expression and methylation of the intron-2 CpGs. Nevertheless,
an inverse correlation between CSTA expression and methylation in the upstream CpG sites
was observed (Figure 6.4E). The ENCODE project data corresponding to MCF-7 and T47D
cells, and the bisulfite sequencing results clearly demonstrated that CSTA expression, and
methylation in the intron-2 CpGs, are inversely correlated. Collectively, these data provide
compelling evidences in favor of DNA methylation-dependent silencing of CSTA in breast
cancer cells. Altered cathepsin B: CSTA ratio in breast tumors is reported. It also correlates
with disease prognosis®”*>**. Ablation or inhibition of cathepsin B also inhibits spine and lung
metastasis in the animal model™. Therefore, it was proposed that DNA methylation-mediated
silencing of CSTA in primary breast tumors tips the cathepsin B/CSTA balance in favor of
cathepsin B, which in turn facilitates tumor invasion and metastasis. A detailed study on the
correlation of DNA methylation in the CSTA locus, and disease progression, treatment

outcome and survival, may uncover its potential as a prognostic marker.

CSTA and ERa mRNA expression in breast tumors of the TCGA cohott are inversely
correlated (Figure 4.6A). This is consistent with the observed induction of CSTA mRNA in
MCEF-7 cells following ERa knockdown (Figure 5.4B). The inverse relationship is reiterated
in the ERa-positive breast cancer cell lines used in this study. ZR-75-1, which has the highest
expression of CSTA, has the least ERa expression, whereas T47D, which has the least
expression of CSTA, has the highest expression of ERa. CSTA and ERa expression levels in
MCF-7 cells are in between these two extremes. Estrogen suppresses CSTA expression in
MCF-7 cells via ERa (Figure 5.5 and Figure 5.6). However, the mechanistic role of ERa was
not known. The prediction of an ERE by JASPAR, the peak of ERa binding revealed by

ChIPseq data, and the validation of increased ERa occupancy in the intron-2 following
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estrogen treatment of MCF-7 cells suggest that estrogen suppresses CSTA expression at the
level of transcription. The precise events post-ERa binding that lead to transcriptional shut-
off are worth addressing in future investigations. However, the mechanism of estrogen-
mediated regulation of CSTA is more complex. Estrogen does not produce similar effects on
CSTA expression in ERa-positive breast cancer cell lines. Estrogen suppresses CSTA
expression in ZR-75-1 cells. However, the extent of suppression is much lower than that
observed in MCF-7 cells. In T47D cells, estrogen does not modulate CSTA expression.
Subsequent analysis revealed the probable reason behind the lack of estrogen-mediated

regulation of CSTA in T47D cells.

Here two specific regions, namely Region 1 and Region 2, that encompass few of the
upstream and intron-2 CpG sites, respectively, were analyzed. While it is worth analyzing
methylation at every CpG site in the CSTA locus, this study shows that intron-2 is the site of
convergence of estrogen regulation and DNA methylation-dependent silencing. Interestingly,
the ERa binding site is located amidst the intron-2 CpGs (Region 2). The global
demethylation experiments with MDA-MB-231 and T47D cells revealed the conflict between
ERa binding and DNA methylation in Region 2. Due to methylation-dependent silencing,
MDA-MB-231 cells do not express ERa’''® and CSTA (Figure 6.1A, B). Global
demethylation in MDA-MB-231 cells established functional ERa (as revealed by PR induction
upon estrogen stimulation), and CSTA mRNA expression (Figure 6.7A, B). Furthermore,
estrogen tends to suppress 5-aza induced CSTA mRNA, resembling estrogen regulation of
CSTA in MCF-7 cells. This was possible because demethylation of Region 2 CpGs made the
intron-2 ERE accessible to ERa. The conflict is also supported by the results from T47D
cells. It must be noted that T47D cells show a significantly greater level of Region 2
methylation than MCF-7 cells, which likely prevents ERa binding to the ERE. This is arguably
the reason why despite detectable levels of CSTA and functional ERa in T47D, estrogen does
not regulate CSTA. 5-aza not only increased CSTA expression in T47D but also made it
amenable to estrogen regulation. Although it is not clear why the direction of CSTA regulation
in T47D is opposite to that observed in MCF-7, MDA-MB-231 and ZR-75-1 cells, these are

enticing evidence that indicates the crucial role of intron-2 in CSTA expression and regulation.

The relationship between DNA methylation and transcription is not a one-way
interaction. In a given genomic locus, the transcriptional activity can limit DNA methylation.
In Arabidopsis, this is evident from the distribution of methylated and transcriptionally active

9

loci’”. Pharmacological inhibition of RNA polymerase II induces repressive histone

modification, which results in epigenetic silencing. It is possible that repressive histone
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modification also leads to DNA methylation. Thurman and co-workers studied methylation
of transcription factor binding sites and transcription factor abundance in DNAse I
hypersensitive sites. They found an inverse correlation between the expression level of a given
transcription factor and methylation of the cognate binding site. This suggests a model of
“passive DNA methylation”. On the other hand, methylation of cytosine residues in CpG
dinucleotides prevents binding of transcription factors to their cognate response elements on
DNA»"* thereby interfering with gene expression. An exception to this model is the binding

325

of Sp1 to the methylated cognate site, leading to enhanced gene transcription™. Alternatively,

326

methylated CpG sites attract MCBPs™. MCBPs, in turn, recruit histone deacetylases and
methylases that cause remodeling and compaction of the local chromatin and transcriptional
shutoff. This is the converse model of methylation-mediated blockade of transcription factor
access. In the context of the interaction between transcriptional activity and transcription
factor binding, ERa is not an exception. Ung and co-workers have analyzed DNA methylation

in relation to ERa expression and binding™’

. They found an inverse correlation between ERa
expression and CpG methylation within ERa binding sites. Methylation of these CpGs was
therefore interpreted as being dependent on ERa activity, consistent with the passive model
of DNA methylation; more the ERa binding, lesser the methylation. Except for T47D, the
cell lines used in this study have patterns of ERa expression and Region 2 methylation that is
consistent with the passive model. However, that methylation of Region 2 in MDA-MB-231
and MDA-MB-453 cells is entirely due to lack of ERa expression, cannot be stated with
certainty. Parallelly, results from T47D cells are consistent with the converse model, wherein
despite ERa expression and detectable levels of CSTA, estrogen could not significantly
modulate CSTA expression. The combined results from MDA-MB-231 and T47D showed

that demethylation could restore estrogen regulation at the CSTA locus. This is most likely

due to the restoration of the ERa access to the ERE.

Taken together, the present study shows that CSTA expression in breast cancer cells is
inversely related to DNA methylation in the CSTA locus. It explains the loss of CSTA
expression in breast tumors. DNA methylation of CSTA may be exploited for predicting
metastatic progression of breast tumors. Furthermore, this study has uncovered an interesting
interplay between ERa binding and transcriptional regulation. The proposed model from this
study is that CSTA expression in breast cancer cells is an integrated result of estrogen

regulation and DNA methylation-dependent silencing converging on the intron-2.
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CHAPTER

Functional role of CSTA in breast cancer

7.1. Introduction

38 Metastasis is the

Metastasis accounts for approximately 90% of cancer-related deaths
major hurdle in the treatment of breast cancer, necessitating therapeutic intervention to
specifically target metastasis. A better understanding of molecular mechanisms of tumor
progression may unravel the key molecules against which therapeutic strategies could be
designed. The basic strategies of intervention are a) blocking the molecules which promote
metastasis using specific antibodies, b) restoring the expression of suppressors, or
) mimicking the function of suppressors using small molecules’”. Besides metallo and setine
proteases, cysteine proteases such as cathepsins are also known to play a causal role in tumor
progression and metastasis. They are involved in invasion either by directly cleaving the ECM

172 Hence,

components or by indirectly activating other proteases such as pro-uPA and MMPs
cystatins are likely to regulate tumor invasion and metastasis by inhibiting cysteine cathepsins.
Besides the cathepsin inhibitory property of CSTA, its involvement in apoptosis and
differentiation makes it an interesting point of investigation for exploring novel avenues in

cystatins-based treatment strategy” .

During tumor progression, polarized epithelial cells undergo multiple biochemical
changes resulting in a mesenchymal cell phenotype with enhanced migratory potential. This

process is called EMT. Members of the cystatin superfamily were proposed to impede EMT
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by inhibiting cathepsin-mediated proteolytic cleavage of ECM components. Cystatin C
inhibits TGF-B induced EMT by antagonizing TGF-B type II receptor in breast cancer™'. In
colon cancer, cystatin D represses the EMT inducers and promotes adhesive phenotype™.
Loss of function mutation in the CSTA gene resulted in impaired cell-cell adhesion™. On the
contrary, cystatin SN promotes tumor migration and invasion by inducing EMT in breast

333

cancer cells™. Nevertheless, the precise role of CSTA in the transition of epithelial to

mesenchymal phenotype during tumor progression in the context of breast cancer is not yet

established.

In the present study, attempts were made to understand the possible role of CSTA in
breast cancer cells by stably expressing CSTA into MDA-MB-231 cells or transiently knocking
down CSTA from MCF-7 cells. This study revealed that CSTA modulates migration and

invasion of breast cancer cells without affecting proliferation.

7.2. Results

7.2.1. Cloning of CSTA ORF into mammalian expression vector

CSTA ORF was amplified from MCF-7 cDNA and cloned along with FLLAG tag into
mammalian expression vector, pPBABE-puro, as described in section 3.10 of chapter 3. The

positive clones were confirmed by PCR (Figure 7.1) and Sanger sequencing (Figure 7.2).
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Figure 7.1. Cloning of CSTA ORF in a mammalian expression vector. A. PCR amplification of CSTA
ORF from cDNA of MCF-7 breast cancer cells. B. Clone confirmation by PCR with CSTA-specific primer.
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Clone 101 CCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCGGCCGGATCCGCCACC 150
Reference 1 - - - 0
Clone 151 ATGATACCTGGAGGCTTATCTGAGGCCAAACCCGCCACTCCAGAAATCCA 200
Frrrrrrrrrrrrrrrrrrr e rrrrr e et e
Reference 1 ATGATACCTGGAGGCTTATCTGAGGCCAAACCCGCCACTCCAGAAATCCA 50
Clone 201 GGAGATTGTTGATAAGGTTAAACCACAGCTTGAAGAAAAAACAAATGAGA 250
Frrrrrrrrrrrrrrrerrr e rrrrr e e e
Reference 51 GGAGATTGTTGATAAGGTTAAACCACAGCTTGAAGAAAAAACAAATGAGA 100
Clone 251 CTTACGGAAAATTGGAAGCTGTGCAGTATAAAACTCAAGTTGTTGCTGGA 300
FEEEErrrrr e e e e e e e e e e e e e e e
Reference 101 CTTACGGAAAATTGGAAGCTGTGCAGTATAAAACTCAAGTTGTTGCTGGA 150
Clone 301 ACAAATTACTACATTAAGGTACGAGCAGGTGATAATAAATATATGCACTT 350
CEEEErrrrr e e e e e e e e e e e e e e e
Reference 151 ACAAATTACTACATTAAGGTACGAGCAGGTGATAATAAATATATGCACTT 200
Clone 351 GAAAGTATTCAAAAGTCTTCCCGGACAAAATGAGGACTTGGTACTTACTG 400
CEEEErrrrr e e e e e e e e e e e e e e
Reference 201 GAAAGTATTCAAAAGTCTTCCCGGACAAAATGAGGACTTGGTACTTACTG 250
Clone 401 GATACCAGGTTGACAAAAACAAGGATGACGAGCTGACGGGCTTTGACTAC 450
CEEEErrrrr e et e e e e e e e e e e e e e
Reference 251 GATACCAGGTTGACAAAAACAAGGATGACGAGCTGACGGGCTTTGACTAC 300
Clone 451 AAAGACGATGACGACAAGTAGGTCGACCCTGTGGAATGTGTGTCAGTTAG 500
FEEEEEEEEr el
Reference 301 AAAGACGATGACGACAAGTAG-———————————————————————————— 321
Clone 501 GGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATG 550
Reference 322 —mm o 321

Figure 7.2. Sanger sequencing of CSTA expression construct. The DNA sequence of the clone (Query)
was compared by pairwise alignment with CSTA mRNA sequence (Reference). Blue colored sequences in the
beginning and the end are the flanking vector sequences.

7.2.2. Generation of MDA-MB-231 cells stably expressing CSTA

MDA-MB-231, a highly invasive cell line, does not express CSTA, which makes it a
suitable model system for assessing the function of CSTA. MDA-MB-231 cells stably
expressing CSTA were generated as described in section 3.11 of chapter 3. Total RNA was
extracted from the cells and gDNA-free RNA was subjected to qRT-PCR analysis. CSTA
mRNA expression was analyzed in 7 clones by qRT-PCR (Figure 7.3A). CSTA protein level
was analyzed in 3 clones (Figure 7.3B). MCF-7 was used as a positive control. Among all
clones, KC7 expressed the highest level of CSTA mRNA and protein. Therefore, the KC7
clone was used in further experiments to evaluate the role of CSTA in proliferation, migration,

and invasion.
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Figure 7.3. Screening of stable cell lines for CSTA expression. Total RNA and protein were extracted from
various clones of MDA-MB-231 stably transfected with CSTA expression construct, mock and parental cells
and subjected to qRT-PCR (A) and western blotting analysis (B). MCF-7 was used as a positive control. Bars
represent the relative expression of CSTA with respect to MCF-7. CycA and B—actin served as an internal control
for qRT-PCR and western blots, respectively.

7.2.3. CSTA expression reduces the migration of MDA-MB-231 cells

The effect of CSTA expression on migration of MDA-MB-231 cells was assessed by
scratch wound assay. Scratches were made on parental, mock, and KC7 monolayers and
imaged at 0 h and 24 h. There was 48% reduction in the wound area in KC7 compared to
parental cells (Figure 7.4A, B). This indicates that CSTA expression reduces migration in
MDA-MB-231 cells. Further, MTT assay was performed on parental, mock, and KC7 cells to
investigate the effect of CSTA expression on proliferation. No significant difference in the
viability of KC7, mock or parental cells was observed (Figure 7.4C). This indicates CSTA

expression does not affect the proliferation in MDA-MB-231 cells.

7.2.4. CSTA expression reduces the invasion of MDA-MB-231 cells

CSTA is the endogenous inhibitor of cathepsin B, an ECM remodeling enzyme
involved in the tumor invasion and metastasis. Therefore, the invasive potential of CSTA
expressing stable transfectants was assessed using serum as a chemoattractant by transwell
invasion assay. Crystal violet staining of the membrane showed that the number of invaded
cells in KC7 was relatively less compared to parental and mock. No invasion was observed in
the cells seeded in the serum-free condition on both sides of the membrane. To obtain
quantitative data, crystal violet stain was dissolved in SDS and absorbance was measured. The
mean absorbance of KC7 samples was significantly less compared to mock or parental clone
samples (p < 0.05). This denotes the potential of CSTA in reducing the invasion of
MDA-MB-231 cells (Figure 7.5A, B).
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Figure 7.4. CSTA overexpression reduced the migration of MDA-MB-231 cells without affecting
proliferation. A, B. Cells were seeded and grown up to confluence. The monolayer was serum-starved, treated
with mitomycin C and scratches were made. Representative images of scratches imaged at 0 h and 24 h (A). The
extent of wound closure was quantified using Image]. Bars represent the mean wound area = S.D. from three
independent experiments (B). ***» <0.001, **» <0.01, ANOVA followed by Tukey’s HSD (n = 3). C. Parental,
mock, stable transfectants were seeded in 96-well plates and grown for 72 hours. After 72 hours of incubation,
MTT reagent was added and incubated for 3 hours. Formazan crystals were dissolved with DMSO and
absorbance was measured at 570 nm and 690 nm. Bars represent the mean absorbance = S.D. (n = 8).
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Figure 7.5. CSTA overexpression inhibited cell invasion in transwell invasion assay. A. Parental, mock,
stable transfectants were seeded in collagen IV coated transwell insert and allowed to invade for 16 h. Cells with
serum-free conditions on both sides of the membrane served as negative control. Representative images of
stained invaded cells in parent, mock and stable transfectants. B. The invaded cells were quantified by dissolving
the stain in 1% SDS. Absorbance was measured at 595 nm and bars represent relative absorbance + S.D.
*p < 0.05, one-way ANOVA followed by Tukey’s test.

7.2.5. Effect of CSTA expression on EMT markers

To explore the effect of CSTA expression on EMT, the expression of EMT markers
were assessed in mock and KC7 cells. Generally, mesenchymal phenotype is characterized by
increased expression of vimentin, transcription factor-8 (TCF-8), Snail, 3-catenin, N-cadherin,
while epithelial phenotype is characterized by increased expression of Zonula occludens-1
(Z0O-1), E-cadherin®™. Western blotting analysis showed that KC7 showed decreased
expression of mesenchymal markers (Vimentin, TCF-8, Snail, 3-catenin and N-cadherin)
(Figure 7.6A-E) and increased expression of epithelial markers (ZO-1) with respect to mock
(Figure 7.0A).
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Figure 7.6. CSTA overexpression altered the expression of EMT markers in stable transfectants. A-E.
MDA-MB-231 cells were stably transfected with CSTA expression construct or pPBABE-puro vector (mock).
Stable transfectants were selected with puromycin. Total protein was extracted from KC7 and mock and

subjected to western blotting analysis with antibodies specific for EMT markers. Histone H3 was used as an
internal control.

7.2.6. Effect of CSTA knockdown on EMT markers

Further, the expression of EMT markers was studied in MCF-7 cells transfected with
scrambled or CSTA siRNA. CSTA knockdown was confirmed at mRNA and protein level
using qRT-PCR and western blotting analysis, respectively. CSTA mRNA was significantly
less (0.25 £ 0.03) in CSTA siRNA transfected cells compared to scrambled siRNA transfected
cells (Figure 7.7A). CSTA protein was also reduced in MCF-7 cells upon transfection with
CSTA siRNA (Figure 7.7B). Western blotting analysis showed increased expression of
mesenchymal markers (Snail and B-catenin) in CSTA siRNA transfected cells (Figure 7.7C,
D) compared to scrambled siRNA transfected cells. On the other hand, decreased expression

of epithelial markers (ZO-1 and E-cadherin) was observed in CSTA siRNA transfected cells
(Figure 7.7B, D).
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Figure 7.7. CSTA knockdown altered the expression of EMT markers. MCF-7 cells were transfected with
scrambled siRNA or CSTA-specific siRNA for 24 h. Total RNA or protein was extracted subjected to qRT-
PCR or western blotting analysis. Bars represent mean relative expression = S.D. of CSTA with CycA mRNA
serving as an internal control. **p < 0.001, Welch two-sample #test, n = 3. Histone H3 served as an internal
control for western blots.

7.3. Discussion

In the present study, the functional role of CSTA in breast cancer was explored using
two breast cancer cell lines, which differ in terms of invasiveness and CSTA expression.
MDA-MB-231, which doesn’t express CSTA, was used for generating CSTA expressing stable
cell lines. On the other hand, since MCF-7 expresses CSTA, it was used in knockdown studies.
The knockdown of CSTA from MCF-7 cells resulted in a mesenchymal phenotype
characterized by an increase in expression of mesenchymal markers and a decrease in epithelial
markers. Overexpression of CSTA in MDA-MB-231 cells resulted in an epithelial pattern of
MET markers expression. Further, overexpression of CSTA reduced invasion and migration
of cells, without affecting proliferation. This inhibitory effect of CSTA on migration indicated

its possible role in MET. A similar observation about other cystatins such as cystatin C, D
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and M are reported suggesting their involvement in inhibiting EMT. Transfection of
cystatin C in melanoma cells (B16F10) reduced motility and 7z vitro invasiveness™. In MDA-
MB-4358 breast cancer cells, overexpression of cystatin M significantly reduced migration and
invasion™. Implantation of cystatin M expressing cells into mice reduced tumor growth and

metastatic burden'”?

. Ectopic expression of cystatin D in colon cancer cells reduced migration
and anchorage-independent growth™. Moreover, in esophageal squamous cell carcinoma
cells, overexpression of CSTA delayed the 7 vitro and in vivo growth and metastasis. This is
primarily through inhibition of cathepsin B activity. Further, a significant reduction in
angiogenesis characterized by reduced factor VIII staining was observed in tumors of CSTA-
expressing xenograft bearing mice®. Forced expression of CSTA in highly metastatic 4T1.2
drastically reduced bone metastasis™. In the same model, when cathepsin B was knockdown
ot selectively inhibited, metastasis to bone and lung was reduced™. These studies hints that
the observed CSTA inhibition of tumor migration invasion is probably due to the inhibition
of cathepsin B. However, in the present study, CSTA expression did not have a profound

effect on the proliferation of breast cancer cells. Nevertheless, its effect on proliferation could

be more appreciable in the tumor microenvironment.

Interestingly, in addition to the primary function of cystatins to regulate cathepsins,
recent evidence indicate cystatins may affect tumor progression in a proteolysis-independent
manner. Ma and co-workers reported that CSTA overexpression induces MET in lung cancer
by inhibiting ERK/MAPK pathway*. Moreover, cystatin C reduces TGF-B-mediated tumor
progression by partly inhibiting smad2, p38 MAPK and ERK1/2 phosphorylation337. Csth, a
gene encoding cystatin D is the putative target of p53. Calcitriol (an active metabolite of
vitamin D) activates p53, which in turn induces cystatin D resulting in the repression of snail,

an EMT inducing transcription factor™®

. One of the striking observations made by Ferrer-
Mayorga and co-workers is the detection of the proportion of cystatin D in the cell nucleus
at the transcriptionally active sites of chromatin. In addition to its regulatory role on RUNX1
(Runt-related transcription factor 1), RUNX2, and MEF2C (myocyte-specific enhancer factor

2C), cystatin D also reduces the secretion of pro-tumor cytokines™.

Considering these results in the light of existing literature, it can be suggested that, like
other cystatins, CSTA is likely to play a crucial role in breast tumor invasion and metastasis
either by inhibiting cathepsin activity directly or by modulating other signaling pathways.
Further investigations on the mechanism behind the inhibition of migration and invasion by

CSTA may unravel its therapeutic potential.
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CHAPTER

Conclusion

T he most perilous attribute of malignant tumors is to metastasize, which directly impacts
survival. The potential of tumor cells to invade and metastasize is based on their ability
to degrade surrounding components of the ECM. Overexpression of proteolytic enzymes is
significantly associated with the metastatic progression of tumors cells. Cathepsins, the
lysosomal cysteine proteases, have been reported to be increasingly expressed in various types
of tumors. Altered expression of cysteine cathepsins tilts the homeostatic balance to favor
ECM remodeling, thereby promoting tumor progression, invasion, and metastasis.
Endogenous inhibitors called cystatins naturally regulate the activity of these proteases. Due
to the inhibitory activity against cysteine cathepsins, cystatins are considered as tumor

suppressofs.

The knowledge of the exact role of cystatins in cancer has been expanding over the
years. However, scanty literature presents contradictory views on the role of the first member
of cystatin superfamily, CSTA, in breast cancer. The possible reason could be the
heterogenicity in the intrinsic subtype of the cohorts. This necessitated an independent study
on its prognostic potential by taking into consideration the various molecular subtypes of
breast tumors. Further, this study attempted a synthesis of the present results and the existing
information to reflect on the ambiguity in the anticipated role of CSTA in breast cancer
development and progression. It also pivots on the regulation of CSTA expression in breast

cancetr.
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Conclusion

In silico analysis of publicly available TCGA data brought about interesting observations.
In luminal A, higher CSTA expression was correlated with reduced survival. While in luminal
B, higher CSTA expression is correlated with prolonged survival. HER2+ and basal tumor
subtypes, CSTA expression, was not associated with survival, indicating that the effect of
CSTA on survival is tumor subtype dependent. This study highlights that the ambiguity in the
apparent role of CSTA in breast cancer development and progression possibly indicates a dual
role: as a tumor suppressor and as a promoter of aggressive phenotype, depending on the
breast cancer molecular subtype. An inverse correlation was observed between CSTA and
ERa expression in primary breast tumors, which provided compelling evidence in favor of a

functional link between CSTA and ERa and offered a rationale for investigating estrogen-

mediated regulation of CSTA.

This study unveils the essential role of ER« in estrogen-mediated suppression of CSTA
expression in breast cancer cells. I vitro experiments showed estrogen suppresses CSTA
expression in MCF-7 and ZR-75-1 cells. Estrogen-mediated suppression of CSTA expression
in breast cancer cells occurs by binding of ERx to the intron-2 region of CSTA. However,
the extent of suppression varies across cell lines. The reason behind the differential effects of
estrogen on CSTA expression in ERa-positive breast cancer cell lines was partially due to
variation in the relative ERa levels in these cell lines. However, in T47D cells which express

high ERa, estrogen did not modulate CSTA expression.

Further, TCGA-BRCA analysis revealed that CSTA expression in primary breast
tumors is significantly less than normal breast tissues. DNA methylation in the intron-2 of
CSTA locus is inversely related to CSTA expression in breast cancer cells, explaining the
reason behind the loss of CSTA expression in breast tumors. This result may be exploited for
predicting CSTA expression in the metastatic progression of breast tumors. Moreover, global
demethylation restores estrogen regulation of CSTA in T47D and MDA-MB-231 cells. This
unveiled the interesting interplay between ERa binding and transcriptional regulation in the
CSTA locus. Therefore, the proposed model of this study is, CSTA expression in breast
cancer cells is an integrated result of estrogen regulation and DNA methylation-dependent

silencing converging on the intron-2.

This study also attempted to understand the possible role of CSTA in breast cancer
using stable cell lines. Overexpression of CSTA in breast cancer cells reduced migration and

invasion of breast cancer cells without affecting proliferation. Moreover, the expression of
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Conclusion

CSTA promoted the epithelial phenotype, and knockdown promoted mesenchymal

phenotype in breast cancer cells.

Taken together, this work offers novel insights into the regulation of CSTA expression
in breast cancer. This is the first study to provide detailed molecular insights into the estrogen-
mediated regulation of CSTA. Further, it provides enough evidence that DNA methylation is
the probable reason for the loss of CSTA expression in breast tumors. This work also
proposes the potential interplay between ERa binding and DNA methylation in the regulation

of CSTA expression.

Considering the subtype-dependent effect of CSTA on survival, CSTA can be used to
predict the tumor relapse and survival of breast cancer patients. Methylation at intron-2 can
serve as a prognostic marker to assess the clinical behavior of breast tumors. Given the critical
role of CSTA in the inhibition of cathepsins, epigenetic restoration of CSTA expression using
pharmacological agents can suppress tumor progression in luminal B tumors. Besides, the
potential of CSTA to downmodulate breast tumor invasion and metastasis has therapeutic

significance and requires further detailed investigation.
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Appendix

Appendix I
List of primers used in this study.
Amplicon
Primer name Sequence length o("’:‘ Purpose
®p) (9
CSTA-F ATCTGAGGCCAAACCCGCC Routine RT-PCR
275 60 d qRT-PCR
CSTA-R AGCCCGTCAGCTCGTCATC ancqits
CycA-F GGGCCGCGTCTCCTTTGAGC Routine RT-PCR
128 60 d qRT-PCR
CycA-R GGCGTGTGAAGTCACCACCC and qR2-
ERa-F GCCCTACTACCTGGAGAA
132 60 Routine RT-PCR
ERa-R CCCTTGTCATTGGTACTGG
pS2-F AATGGCCACCATGGAGAACA
211 56 Routine RT-PCR
pS2-R ATAGAAGCACCAGGGGACCC
pS2-F GGGTCCCCTGGTGCTTCTAT
141 60 qRT-PCR
pS2-R CAGCCGAGCTCTGGGACTAA
CSTA-Region 2-F  TCCTACTGGATCTCAGCCAC
369 60 ChIP
CSTA-Region 2-R GCCCTGTTCTTAGAATAGTGC
pS2-ChIP-F CATTGCCTCCTCTCTGCTCC
423 60 ChIP
pS2-ChIP-R ACTGTTGTCACGGCCAAGCC
Reoion 1.F TAATTTTGATATTATTAGTAAGTT
glon 1 TIGT Bisulfite
489 57 sequencing to
Region 1-R /}A};CAACAATCTCCTAAATTTCTAA amplify Region 1
. TTITTGTTATTAAATTTTTTTTATT
Reglon 2-F GGATT Bisulfite
388 55 sequencing to
Region 2-R AAACCCTATTCTTAAAATAATACA amplify Region 2
TAA
CACTCCTTCTCTAGGCGCCGGCC
CSTA-ORF-F GGATCCGCCACCATGATACCTGG
AGGCTTATCTGAGG Cloning of CSTA
381 66 ORF by Gibson
CTGACACACATTCCACAGGGTCG assembly
ACCTACTTGTCGTCATCGTCTTTG
CSTA-ORF-R TAGTCAAAGCCCGTCAGCTCGTC
AT

F and R indicate sense and anti-sense primers, respectively. Ta - Annealing temperature.
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Figure A2.1. Western blotting analysis of ERx degradation in MCF-7 cells upon fulvestrant treatment.
MCEF-7 cells were treated with 100 nM fulvestrant for indicated periods of time. Total protein was subjected to
western blotting analysis with antibodies specific for ERa and B-actin. The normalized integrated density of
control was assigned the value of 100 and relative ERa levels were determined in fulvestrant-treated cells. Note
that 80% reduction of ERa protein in MCF-7 cells treated with fulvestrant for 3 h with respect to control.
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Appendix III

Quality assessment of custom generated polyclonal CSTA antibody.

Polyclonal CSTA antibody was custom generated and the specificity was tested by
indirect ELISA. Among the three sets of immune sera collected from two rabbits (A and B),
first (Bleed-1) and third set (Bleed-3) was used for indirect ELISA. Third set of immune sera
of rabbit A showed high reactivity. Pre-immune sera were used as negative control. After
affinity purification, purified antibody was validated by ELISA along with the immune sera

and pre-immune sera and the reactivity was slightly increased after affinity purification.

A B
Rabbit A Rabbit B
35 -
3.056 2.989
31 2.745 3.5 1
2.688 2937 2995
4 3 4
g 25 _
S o g 25
Lo
< 8 2 4
® 15 <
Q ® 15 -
(@] 19 a
O 14
0.5 - 0122 0.21 051 0.234
o . — [ 04
PIS  Bleed-1 Bleed-3 PIS Bleed-1 Bleed-3 PIS Bleed-3  Purified

Antibody

Figure A3.1 Indirect ELISA for testing the reactivity of hyper-immune sera and affinity-purified
polyclonal CSTA antibody. A. Hyper-immune sera collected from first and third bleeds of two rabbits (A and
B) were compared with their respective pre-immune sera (PIS) by indirect ELISA as described in the section 3.5
of chapter 3. B. Bleed-3 of rabbit A was affinity-purified using CSTA peptide and the reactivity was tested by
indirect ELISA.

Validation of custom generated polyclonal CSTA antibody

The specificity of custom generated polyclonal CSTA antibody was validated by western
blotting analysis using total protein from MCF-7 and MDA-MB-231 cells. At RNA level,
MCF-7 cells express CSTA but not MDA-MB-231. Western blotting analysis showed a band
of around 15 kDa when probed with immune sera, but not in pre-immune sera. Moreover, it
was observed only in MCF-7, not in MDA-MB-231, which falls in line with the mRNA
expression data. In addition to that, few non-specific bands were observed in both immune
sera and pre-immune sera. Therefore, immune sera were affinity-purified in sulfo-link matrix

using the peptide used for antibody generation.
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Western blotting analysis with affinity-purified antibody showed a prominent 15 kDa band.
Further to confirm the specificity, before probing the blot with affinity-purified antibody, it
was pre-blocked with peptide. Antibody with peptide re-suspension buffer was used as
positive control. When the total protein of MCF-7 cells was probed with peptide blocked-
CSTA antibody, detection of 15 kDa band was blocked, which validates the specificity of the
observed band. The specificity of the antibody was assessed with purified CSTA protein.
Immune sera detected the purified CSTA protein but not pre-immune sera. Moreover, the
reactivity was enhanced when it was probed with affinity-purified CSTA antibody. When the
antibody was pre-blocked by CSTA peptide, purified CSTA protein was not detected. This
further confirms the specificity of custom generated polyclonal antibody for the detection of

CSTA protein.
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Affinity
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Figure A3.2. Validation of custom generated polyclonal CSTA antibody by western blotting. Total

protein of MCF-7 and MDA-MB-231 (A &B) and CSTA purified protein (C) were probed with pre-immune
sera, immune sera (Bleed 3) of rabbit A, affinity-purified antibody or peptide blocked-affinity-purified antibody.

B-actin was used as an internal control.
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