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Introduction
The tumor microenvironment is composed of malignant and immune cells, cytokines,
chemokines and stromal components including extracellular matrix (ECM) and plays an
important role in facilitating cancer progression and metastasis. Interactions between tumor and
immune cells through the soluble factors they secrete inﬂuence the tumor cell survival and
proliferation, integrity of the ECM, invasion, angiogenesis and metastasis [1]. The importance of
macrophages, one of the prominent infiltrating immune cells, in growth and metastasis of breast

cancer is well documented. Macrophages participate in a number of pathophysiological settings,
due to high plasticity of their functional responses. Macrophages populate the microenvironment
of most if not all tumors. They secrete a variety of growth factors, cytokines, chemokines and
enzymes that regulate tumor growth, angiogenesis, invasion and metastasis [2]. The tumor
associated macrophages (TAM)-derived conditioned medium can induce angiogenesis in various
in vivo model systems [3].
Focal macrophage infiltration is an important prognostic factor in breast invasive
carcinoma and reduced survival is associated with high infiltration rates [4]. A large number of
studies indicate that many of the inflammatory components present in the tumor
microenvironment actively support cancer development and progression [1, 2, 5, 6]. But how the
inflammation link operates in breast cancer is still an open question. Breast cancer is no longer
seen as a single disease but rather a multifaceted disease comprised of distinct biological
subtypes with diverse natural history, presenting a varied spectrum of clinical, pathologic and
molecular features with different prognostic and therapeutic implications. Consensus regarding
the definitive prognostic/predictive analysis is yet to be reached, but significant progress
continues to be made in the ongoing search for a specific, rigorous and reproducible method of
identifying successful treatment algorithms utilizing biological markers. The hypothesis of this
study is that macrophages influence the growth and progression of breast cancer. To test this
hypothesis the effect of monocyte and macrophage conditioned media was tested on growth and
migration of breast cancer cells in vitro. The importance of some of the prominent proteins
identified during this in vitro study was also evaluated in archived fibroadenoma and invasive
ductal carcinoma (IDC) samples. The specific aims of the studies included in this thesis are:

1. To study the role of macrophages and inflammatory mediators in growth and
migration of breast cancer cell lines in vitro.
2. To identify the soluble factors secreted by macrophages responsible for tumor
growth promotion.
3. To understand the relationship between inflammatory response, DNA damage and
survival factor signaling pathways in breast cancer by immunohistochemical
labeling of representative markers: iNOS (inflammation), CD68 (macrophage),
pCREB (pro-survival transcription factor), -H2AX (DNA damage) and p53
(tumor suppressor protein) in benign fibroadenomas as well malignant invasive
ductal carcinoma.
4. To identify if any of these proteins could serve as a biomarker of malignancy or
metastasis.
The work embodied in this thesis is divided into four chapters: Chapter 1: General
introduction and review of literature. Chapter 2: Materials and Methods. Chapter 3: Results.
Chapter 4: General Discussion and conclusion. The ‛Results’ chapter is further sub divided into
three sections (3.1): Role of macrophages in non invasive and invasive breast cancer cell lines.
(3.2): Characterization of monocyte and macrophage conditioned media. (3.3): Evaluation of the
expression of biomarkers pCREB, iNOS, CD68, H2AX and p53 proteins in fibroadenoma and
invasive ductal carcinoma by immunohistochemistry.
Chapter 1. This chapter describes the general information on breast cancer and review
of literature on role of macrophages in cancer progression. TAMs promote cancer metastasis
through several mechanisms, including promotion of angiogenesis, induction of tumor growth,
and enhancement of tumor cell migration and invasion. A variety of cytokines and growth

factors, such as tumor necrosis factor (TNF-α), transforming growth factor-β (TGF-β),
hepatocyte growth factor (HGF), epidermal growth factor (EGF) etc., have been implicated in
tumor-stroma cross-talk. The TGF-β-pathway is one of the major pathways altered in tumors,
including breast cancer [7, 8].
Metastasis is a biological cascade of multiple steps: loss of cellular adhesion, increased
motility and invasiveness, entry and survival in the circulation, exit into new tissue and eventual
colonization at a distant site. Mechanisms that induce epithelial mesenchymal transition (EMT)
involve multiple extracellular triggers and intracellular signaling pathways [9-11]. These include
oncogenic signaling [12], Wnt3/β catenin signaling, increased reactive oxygen species (ROS)
[11] as well as DNA damage [10]. This chapter describes the various signaling and survival
pathways involved in macrophage mediated cancer progression. In response to DNA damage or
extracellular signals, expression of several transcription factors like Cyclic AMP (cAMP)
response element binding protein (CREB), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-B), c-fos and c-jun allows the cells to overcome stressful or deleterious
environment. Previous studies have reported the tumor promoting function of CREB in breast
cancer, melanoma, and hepatocellular carcinoma [13-15]. CREB also acts as a proto-oncogene to
regulate hematopoiesis and to contribute to the leukemia phenotype [16, 17]. In melanoma,
CREB activation regulates the expression of many genes important for invasion, inflammation,
and survival including MCAM/MUC18, MMP2, IL-8, and BCL2 [18-20].
Macrophages are a key component of a chronic inflammatory response and constitute
part of the heterogeneous population of cells in tumors. Macrophages and nitric oxide (NO) have
been implicated in the activation of p53 [21] in inflammatory bowel disease (IBD) and the
activation of the Akt pathway in breast cancer [22]. The literature related to different clinical

markers used for breast cancer and their regulatory effect on various cellular processes would
be described in this chapter.
Chapter 2. This chapter describes the details of materials used along with their sources
and common experimental methods used in this study. Detailed

protocols

of

different

techniques and approaches used in this study will be described under three different categories:
(i) cell culture techniques including maintenance of cell lines, preparation of conditioned
medium, colony forming assay, cell cycle analysis, estimation of ROS and RNS, flow cytometric
analysis, immunofluorescence, wound healing, migration assay, si-RNA mediated transfection,
and western blots, (ii) techniques used for characterization of CM like ELISA, 1D and 2D gel
electrophoresis, MALDI analysis and preparation of exosomes and (iii) clinical techniques
including archived breast cancer biopsy sample collection, tissue microarray (TMA) preparation,
IHC labeling, scoring and statistical analysis.
Chapter 3. The results obtained from this study have been presented in three sections.
3.1. Role of macrophages in non invasive and invasive breast cancer cell lines.
In this study, the macrophage – tumor interaction was studied by employing monocyte
conditioned medium (MCM) and macrophage conditioned medium (MCM) treatment to
epithelial breast cancer cell line, MCF7 and invasive breast cancer cell line, MDA-MB-231.
Differential effects of MCM were observed in these two cell lines differing in their invasive
nature. MCM treatment resulted in increased merging of colonies accompanied by EMT
responses in MCF7 cells and larger sized, multinucleated cells resembling senescence type
phenotype in MDA-MB-231 cells. The macrophage conditioned media contained various proinflammatory cytokines like TNF-α, IL-1β and IL-6. These cytokines in turn induced secretion of

TGF-β1 in MCF7 cells. As a multifunctional factor, TGF-β1 is involved in the regulation of
many biological processes and induced concomitant apoptosis and EMT responses in
hepatocytes [23, 24]. It has been referred to as a “double edged sword” because of its dual
function as tumor suppressor and tumor promoter (reviewed in [25]). TGF-β1 caused apoptosis
in some of the cells and significant increase in reactive oxygen species (ROS) and reactive
nitrogen species (RNS) generation in the surviving cells. This oxidative and nitrosative stress
resulted in DNA damage response signaling as observed by expression of phosphorylated ATM
and H2AX proteins. In contrast, there was no increase in apoptosis, ROS, RNS or DNA damage
in MDA-MB-231 cells. CREB, a 43 kDa-basic/leucine zipper (bZip) transcription factor plays
important roles in cell differentiation [26], survival [27, 28], proliferation [17], development
[29], cell cycle progression [30] and glucose metabolism [31]. A significant increase in pCREB
and total CREB was observed in MCM treated MCF7 cells in contrast to MDA-MB-231 cells
where basal level expression of CREB was higher and was unaffected by the treatments. There
was a marked increase in vimentin expression (a EMT marker) as well as increase in migration
of MCF7 cells treated with MCM. MCM induced expression of pCREB and invasion in
MCF7 cells was significantly decreased following neutralization of pro-inflammatory cytokines
(TNF-α, IL-1β and IL-6 in the conditioned media) or treatment with N-acetyl cysteine (NAC) or
inhibitors of iNOS and ATM/ATR. Decreased phosphorylation of pCREB as well as decreased
migration was observed in MCF7 cells with siRNA mediated downregulation of ATM.
3.2. Characterization of monocyte and macrophage conditioned media.
The tumor promoting activities of TAM are the result of the ability to express numerous
mediators, such as growth factors, angiogenic molecules, ECM degrading enzymes,
inflammatory cytokines and chemokines. In order to identify the constituents of the conditioned

media, two approaches were followed. The proteins were precipitated using ammonium sulfate
or concentrated through centricon filtration with a 10 kDa cutoff. The conditioned media
concentrated using centricon filters could not be absorbed onto isoelectric focusing (IEF) strips
or move in the electric field indicating the presence of lipid components. Exosomes are small
membrane vesicles that can be secreted in vitro by most cell types and the general idea is that
they could play roles as “intercellular messengers”, transferring various kinds of informations or
signals between cells. To determine if exosomes secreted by macrophages were involved in the
induction of EMT signals in breast cancer cells, they were purified and the supernatant obtained
following ultra centrifugation was collected and termed as exosomes free conditioned medium
(EFCM). The protein profile of exosomes secreted by monocytes and macrophages were similar
and the exosomes from both cell types was taken up by MCF7 cells indicating that it did not play
a major role in the growth promoting effects exerted by MCM. On the other hand the effect of
EFCM and EFMCM on the growth of MCF7 cells was identical to MCM and MCM. The
EFMCM treatment resulted in decrease in the colony forming ability in MCF7 and MDA-MB231 cells along with an increase in merging of colonies in MCF7 cells. These results thus
confirmed that the soluble mediators present in the CM and not exosomes were responsible for
the observed changes.
Presence of some of the cytokines was detected using ELISA. The cytokines IFN-γ and
TGF-β1 were absent in MCM and MCM whereas the pro inflammatory cytokines like TNF-α,
IL-1β and IL-6 were present only in MCM. In order to further characterize the proteins present
in MCM, the conditioned media were subjected to 2D electrophoresis. The proteins were
precipitated with ammonium sulfate for this purpose. Though the number of proteins observed in
MCM was higher in 1D, this difference was not seen in 2D gel electrophoresis. This could

happen due to proteins with lower or higher pI or multicomplex proteins. Hence the proteins
were separated in 1D gel electrophoresis followed by MALDI analysis of the differentially
expressed proteins The protein samples were subjected to peptide mass fingerprint (PMF)
analysis by MALDI-TOF and protein IDs were generated. The proteins upregulated in MCM
were found to be isoforms of matrix metalloproteinase 1 (MMP1) pre proprotein variant, MMP 9
pre proprotein variant, chitinase-2, plasminogen activator inhibitor-2, myoferlin, L-plastin, dual
specificity protein kinase CLK3, etc. These proteins are known to have their role in breast cancer
growth and progression. TNF-α is an important mediator during the inﬂammatory phase of
wound healing and TNFα stimulates secretion of active MMP-2. Confirmation of the identity of
MMPs was also carried out by gelatin zymography.
3.3. Expression of pCREB, iNOS, CD68, γ-H2AX and p53 protein in fibroadenomas
and invasive ductal carcinoma samples by IHC.
The relationship between inflammatory mediators, DNA damage, survival signaling and
migration was studied in breast cancer cells in vitro. To confirm if these biomarkers have a
practical relevance and can be used to predict malignancy or metastasis, CD68, a macrophage
marker, iNOS, a marker for inflammation, pCREB, a pro-survival transcription factor, -H2AX,
effector of the DNA damage response pathway and p53 as a representative tumor suppressor
protein were assessed in fibroadenoma and invasive ductal carcinoma samples by IHC labeling.
Three cores (2 mm each) from each of these donor samples representing different areas of tumor
were placed on a recipient paraffin block in the form of tissue microarray (TMA).
Tissue sections (5-7 µm thick) were cut from the TMA paraffin embedded blocks on a
microtome and mounted on the slides. After appropriate deparaffinzation, rehydration and
unmasking of the antigens, they were labeled with various antibodies. The images of stained

tissues were taken with Metasystems Imager. Z2 Zeiss microscope enabled with Metaviewer V2
software. The scoring for protein expression for each sample was given as the product of
intensity of labeling and percentage positive cells. The labeling of 91 IDC samples and 23
fibroadenoma samples was carried out. There was a statistically significant increase in iNOS and
CD68 expression (p<0.01) in IDC as compared to fibroadenoma. No such difference was
observed with respect to pCREB as a marker.
Chapter 4. This chapter covers the general discussion and conclusions on the results
obtained in the study. Macrophages play an ambiguous role in cancers. Macrophages and tumor
cells mutually influence each other’s behaviour in majority of cancers, with the tumor cell
attracting macrophages and sustaining their survival and they, in turn, producing a myriad of
factors to promote or regulate tumor growth and angiogenesis. The main finding of this study is
that the pro-inflammatory cytokines secreted by macrophages induce secretion of TGF-β1 in
MCF7 cells. This results in apoptosis in a fraction of cells. In the remaining cells, there is
increase in oxidative stress and DNA damage which trigger CREB mediated survival signaling
inducing EMT responses. The data presented herein not only provide evidence that macrophage
mediated release of soluble factors result in EMT responses in tumor cells but also point out that
a differential effect on tumors depending on their invasive nature. There was a statistically
significant increase in expression of markers CD68 and iNOS in IDC as compared to the
fibroadenoma samples. The expression and correlation of iNOS, CD68, pCREB, -H2AX and
p53 in breast cancer samples will be discussed in this chapter in light of their value as prognostic
or predictive factors and in turn their potential for integration into clinical practice.

Figure1: The schematic representation of the effect of MCM on MCF7 cells
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1.1 Incidence of breast cancer
Breast cancer is the most common cancer in women worldwide. In 2012, 1.7 million
women were diagnosed with breast cancer and 6.3 million five year breast cancer survivors.
Since the 2008 estimates, breast cancer incidence has increased by more than 20%, while
mortality has increased by 14%. Breast cancer is also the most common cause of cancer death
among women (5, 22,000 deaths in 2012) and the most frequently diagnosed cancer among
women in 140 of 184 countries worldwide [1]. It now represents one in four of all cancers in
women (Figure 1).
Incidence

Mortality

Figure 1: Distribution of cancers in the world. The pie charts depict estimated
incidence of all the women’s cancers in the year 2012 and the corresponding cancer related
deaths worldwide [1].
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In India, breast cancer is the most common cancer (followed by cervical cancer) with an
estimated 144,937 new diagnoses. It is the most common cause of cancer-related deaths with
70,218 breast cancer deaths in 2012 [1] (Figure 2). The age-standardized incidence rate for breast
cancer in India is 22.9 per 100,000, one-third that of Western countries although mortality rates
are disproportionately higher [2, 3]. Breast cancer accounts for 27% of all new cancer diagnoses
and 21.5% of all cancer deaths among women in India. Breast cancer in urban areas of India is
three times higher than in rural parts of the country [1].

Figure 2: Distribution of cancers in India. Age-standardised incidence and mortality
rates of most common cancers in India [1].
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1.1.1 Epidemiology of breast cancer in India
In India, the disease peaks at a younger age (e.g. 40-50 years) as suggested by age
incidence rates, as compared to Western countries [4] and as a result, the majority of new
diagnoses occur in pre-menopausal women. Studies have shown a rising trend with steadily
increasing rates since the mid-1980’s [5] [6, 7] with the largest increase observed in Mumbai.
According to National Cancer Registry Programme projections, the number of breast cancer
deaths in India will climb to 106,124 in 2015 and to 123,634 in 2020 (Programme NCR, 2009).
The majority of new cases are advanced stage and locally advanced at the time of diagnosis [8].
The increasing burden of disease may be associated with lifestyle factors such as later age at
marriage, first child birth, reduced breastfeeding and westernization of diet and sedentary
physical activity patterns [9] [10]. Breast cancer rates tend to be higher in women with higher
education and in specific communities that have adopted a more westernized lifestyle, such as
the Christians and the Parsis, and are lowest in the Muslim communities [11]. Differences in the
prevalence of transforming growth factor beta signaling pathway associated gene polymorphisms
(TGF-β1 & TGF-βR1) have also been linked to the lower rates observed in certain subpopulations such as those from western India compared to the Parsis [12].

1.2 Breast cancer and its microenvironment
The normal structure of the breast consists of lobes which arise from multiple lobules and
connect to a common terminal interlobular duct. These ducts then continue to their outlet at the
nipple. Histologically, a single layer of luminal epithelial cells line the lobules and ducts which is
surrounded by transversely oriented myoepithelial cells. The surrounding tissue or stroma is
4
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separated from these structures with a basement membrane. The breach of the basement
membrane distinguishes invasive carcinoma from carcinoma in situ. The surrounding stroma
comprises of extra cellular matrix (ECM) and discrete cells (e.g., fibroblasts, immune cells and
adipocytes) and organized structures (e.g., blood vessels), each of which contribute to the overall
configuration of the local microenvironment [13].
The components of the microenvironment like macrophages, myoepithelial and
endothelial cells and several ECM molecules play critical roles in mammary duct morphogenesis
[14]. Studies on epithelial-mesenchymal interactions in tissue differentiation have demonstrated
that the terminal differentiation of both embryonic and adult epithelia is strongly influenced by
embryonic mesenchyme [15]. In cell culture also, the influence of ECM was observed where
normal mammary epithelial cells formed acini in laminin-rich three-dimensional matrix and
became responsive to lactogenic hormones and capable of milk proteins production [16].
The tumor microenvironment is progressively accepted as a major regulator of
carcinogenesis [17]. Dvorak’s famous assessment ‘tumors are wounds that do not heal’, is being
revisited now at the molecular level with the understanding of the role of tumor micro
environment in cancer progression [18].
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Figure 3: Model of breast cancer progression. Ductal carcinoma in situ (DCIS) is an
intraductal neoplastic proliferation of epithelial cells that is separated from the breast stroma by
an intact layer of basement membrane and myoepithelial cells. Invasive ductal carcinoma is
defined by breakdown of the basement membrane, loss of myoepithelial cells, and invasion of
the tumor cells into the surrounding stroma and the vasculature [19].
Breast tumors evolve through defined stages via sequential progression, starting with
epithelial hyperproliferation to in situ, and later invasive ductal carcinoma, and finally
progressing to metastatic disease [20]. Clinical and experimental studies suggest that invasive
ductal carcinoma (IDC) arise from ductal carcinoma in situ (DCIS) (Figure 3) [19, 21]. In DCIS
lesions, the proliferating neoplastic cells are confined to the duct (Figure 3). The loss of
myoepithelial cell layer and basement membrane is seen in the transition of breast cancer from in
situ to invasive ductal carcinoma which is a critical, but poorly understood step (Figure 3). The
metastatic disease result from the subsequent spread of tumor cells to distant sites and the
components of the tumor microenvironment has been implicated in each of these steps of cancer
progression [22].
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1.3 Clinical classification of breast cancer
1.3.1 Histological basis of breast cancer.
Carcinoma of the breast is considered as a heterogeneous group of diseases. The World
Health Organization has established the formal histological typing for classification of breast
cancer (1982) based upon the histological properties of the cancer and is not an indication of the
origin of the tumor within the breast. The invasive carcinomas, majorly originate from the
terminal duct lobules irrespective of its histological type [23]. It is divided into non invasive or in
situ carcinomas and invasive breast cancer. In situ lesions are defined as the abnormal
proliferation of cells that is not invading into the surrounding basement membrane, whereas
invasive lesions are those in which the cells transgress this membrane.
The prevalence of the different histological types of breast cancer is well documented.
The most common type of invasive breast cancer is of ductal carcinoma of no special type (NST)
followed by lobular carcinoma and the rarer special types of breast cancer (Table 1).
Table 1: WHO classification of Breast carcinoma*

1.

Tumor type

% of presenting lesions

In situ carcinoma

10 %

In situ ductal carcinoma
In situ lobular carcinoma
In situ carcinoma with microinvasion
2.

Infiltrating carcinoma
Infiltrating ductal carcinoma

65 %

Infiltrating lobular carcinoma

10 %
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3.

Carcinoma with particular
clinical manifestations

4.

Pagets disease of the nipple

1%-4%

Inflammatory carcinoma

1%-5%

Others

3 % - 10 %

Medullary carcinoma
Mucoid / colloid carcinoma
Tubular carcinoma
Adenoid cystic carcinoma
* [24]
Ductal carcinoma of no special type (NST) is diagnosed in the lesions which does not
exhibit any histological features. Macroscopically it is seen as a grey or white surface with a
gritty texture on sectioning. The lesion itself may be spiculated or stellate in nature, infiltrating
the surrounding tissue though some lesion may be more circumscribed. Histologically, the cells
can be seen as glandular structures, sheets, cords or trabeculae associated with or without
necrotic areas. The tumor cells themselves can exhibit a range of cytological features in the
nucleus, cytoplasm and differences in mitotic rate.
1.3.2 Tumor grading
Grading system classifies the heterogeneous group of tumors. The grading of a cancer is
a microscopic account of how similar the tumor is to normal breast tissue. The most commonly
recommended and used histological grading system is the Elston and Ellis modification of the
Bloom and Richardson system [25]. This grading system scores a tumor on three components;
tubule formation, nuclear pleomorphism and mitotic rate. These three components are designated
a score (1-3) and the total score determines the overall histological grade. The scoring is
determined as shown in table 2.
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Table 2: Modified Bloom and Richardson Grading System of breast cancer*

S.No.

Characteristics

1.

Tubule Formation

Scores

(% of tumor exhibiting gland formation)

2.

>75% of tumor

1

10- 75% of tumor

2

<10% of tumor

3

Pleomorphism
(Variation in size and shape of nuclei)

3.

Mild

1

Moderate

2

Marked

3

Mitotic activity
<6 mitosis/ 10hpf#

1

7- 15 mitosis/ 10hpf

2

>15 mitosis/ 10hpf

3

Total Score is derived from adding scores for the 3 parameters which varies from 3- 9.
Grade 1 (well differentiated )

3-5

Grade 2 (moderately differentiated)

6-7

Grade 3 (poorly differentiated)

8-9

*[25] # high power field
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1.3.3 Staging of breast cancer
Staging of all types of cancers refers to the grouping of the patients according to their
disease burden. This grouping of patients guides in the treatment of their disease and also allows
the prediction of clinical outcomes as well as comparison of patients for the purpose of research.
The staging of breast cancer is based on the TNM (tumor, nodes and metastases) system. Once
the TNM status has been assessed, the patients are placed in a particular stage group. The TNM
staging is based on both clinical (examination and imaging) and pathological findings.
Table 3: Tumor size groups for breast cancer*

Tumor staging groups

Subset

Description
Tumor 2cm or less.

T1
T1is

In situ disease only.

T1mic

Microinvasion< 0.1cm

T1a

Tumor >0.1cm <0.5cm

T1b

Tumor >0.5cm <1cm

T1c

Tumor >1cm <2cm

T2

Tumor >2cm <5cm

T3

Tumor >5cm

T4

Tumor with extension.
T4a

Chest wall extension not including pectoralis.

T4b

Oedema or ulceration of the skin.

T4c

Both T4a and T4b

T4

Inflammatory carcinoma.

*[26]
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The lymph node stage is determined clinically with examination and imaging but most
commonly assessed after surgical excision of a sample during the surgery on the breast cancer.
Table 4 shows the major pathological lymph node (N) groups and its sub groups.
Distant metastasis (M) is clinically apparent either on physical examination at the point
of diagnosis or on staging imaging such as CT scans of the chest and abdomen or isotope bone
scans. Routine staging imaging tends to be restricted to patients who are lymph node positive or
are going on to chemotherapy. There are only 3 major M groups; MX- metastasis not assessed,
M0- no distant metastasis and M1- distant metastasis present.
The TNM groups are then combined to place the patient into one of the overall staging
groups. These stages of disease range from Stage 0 to Stage 4 (Table 5).
Table 4: Lymph node staging groups for breast cancer*

Node Staging group

Subset

Description

pNX

Regional nodes not available for assessment

pN0

No regional lymph node metastasis.

pN1

Metastasis in 1-3 axillary nodes or internal mammary
nodes (not clinically apparent).
pN1mi

Micro metastasis >0.2mm <2mm.

pN1a

Metastasis in 1-3 axillary nodes.

pN1b

Metastasis in internal mammary nodes.

pN1c

pN1a and pN1b
Metastasis in 4-9 axillary nodes or clinically apparent

pN2

internal mammary nodes.
pN2a

Metastasis in 4-9 axillary nodes (at least 1 deposit
>2.0mm.

pN2b

Clinically apparent internal mammary metastasis in
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absence of axillary.
10 or more involved axillary nodes or internal mammary

pN3

nodes; or 1 or more lateral supraclavicular nodes.
*[26]
Table 5: Staging groups for breast cancer*

Stage Group

Tumor

Nodes

Metastasis

Stage 0

Tis

N0

M0

Stage I

T1

N0

M0

Stage II A

T0

N1

M0

T1

N1

M0

T2

N0

M0

T2

N1

M0

T3

N0

M0

T0

N2

M0

T1

N2

M0

T2

N2

M0

T3

N1

M0

T3

N2

M0

T4

N0

M0

T4

N1

M0

T4

N2

M0

Stage III C

Any T group

N3

M0

Stage IV

Any T group

Any N group

M1

Stage II B

Stage III A

Stage III B

*[26]
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1.3.4 Nottingham Prognostic Index (NPI)
Breast cancer is similar to all types of cancer, in respect of an unpredictable condition and
in uncertainity of the outcome of treatment. The important prognostic factors are lymph node
involvement, tumor size and tumor grade. The Nottingham prognostic index (NPI) [27] is a
predictive index of the clinical outcome of breast cancer which has been devised combining the
following factors: tumor size, node involvement and modified Scarff Bloom Richardson (SBR)
grading system. The NPI can be calculated as:
NPI = 0.2 x tumor size (cm) + lymph node stage + histological tumor grade
The lymph node stage is 1 (if there are no nodes affected), 2 (if up to 3 nodes are
affected) or 3 (if more than 3 nodes are affected). Similarly the tumor grade is scored as 1 (for
grade I), 2 (for a grade II) or 3 (for a grade III).
Applying the formula results in scores which fall into three bands:


a score of less than 3.4 - suggests a good outcome with a 15 year survival in 80% cases.



a score of between 3.4 to 5.4 - suggests an intermediate level with a 15 year survival in
42% cases.



a score of more than 5.4 - suggests a poor outcome with a 15 year survival in 13% cases.
Beside this, there are other important independent prognostic variables like lympho

vascular invasion and estrogen and progesterone receptor status which are useful in determining
the clinical outcome of the breast cancer. The presence or absence of lympho vascular invasion is
considered to be useful in predicting local recurrences.
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1.3.5 Hormone receptor status
1.3.5.a Estrogen and progesterone receptors status: Presence of hormone receptors is
a powerful predictive factor for the likelihood of benefit from adjuvant hormonal therapy
including aromatase inhibitors (e.g., anastrozole, letrozole) and tamoxifen, an oral selective
estrogen receptor modulator [28, 29]. As a prognostic factor, ER and/or PR positivity is
associated with reduced mortality compared to women with ER and/or PR negative disease [30].
Studies support better survival rates in carcinomas with >1% ER positive cells as compared to
carcinomas that are completely devoid of ER [31].
1.3.5.b HER2/neu: Approximately 10% to 34% of invasive breast cancers overexpress
the HER2 receptor. As a prognostic factor, overexpression is associated with increased tumor
aggressiveness, rate of recurrence and mortality in node-positive patients, while a more variable
influence in node-negative patients [32]. It is a strong prognostic factor for relapse and poor
overall survival, particularly in node-positive patients [33]. In all cases of invasive breast
carcinoma, amplification and/or overexpression of the Her2/neu gene is routinely evaluated
using immunohistochemistry and/or fluorescence in-situ hybridization (FISH). As a predictive
factor, Her2/neu status strongly predicts response to treatment with the anti-Her2 monoclonal
antibody trastuzumab, and is predictive of resistance to alkylator-based chemotherapy, need for
higher dose chemotherapy as well as benefit from adjuvant anthracyclines and tamoxifen
resistance [32, 34].
1.3.6 Proliferation rate: Proliferation can be measured by mitotic count which are
included as part of the grading system. Ki-67, a proliferation marker has repeatedly been
confirmed as an independent predictive and prognostic factor in early breast cancer [35]. Breast
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cancer with high Ki-67 expression responds better to chemotherapy [36, 37], but is associated
with poor prognosis.
1.3.7Aneuploidy: Carcinomas with an abnormal DNA content (aneuploidy) have a
slightly worse prognosis as compared to carcinomas with DNA content similar to normal cells.

1.4 Influence of microenvironment on tumor progression.
1.4.1. Myoepithelial cells
The loss of myoepithelial cell layer and basement membrane is a key characteristic of
progression (Figure 1). The inhibition of tumor growth by normal myoepithelial cells is
demonstrated in xenograft studies. The spontaneous progression of DCIS-like lesions to IDC was
efficiently suppressed in MCFDCIS mice xenograft model (resembles human basal-like DCIS)
with the co-injection of normal myoepithelial cells whereas it was augmented with fibroblasts
[38]. The gene expression profiling of myoepithelial cells and immunohistochemical analysis of
luminal epithelial and myoepithelial cells from MCFDCIS xenografts and human breast tissues
identified the specific expression of transforming growth factor β1 (TGF-β1) and hedgehog
pathways. The enhanced invasion was associated with the downregulation of TGFBR2, SMAD4,
or GLI1 in MCFDCIS cells resulting in decreased myoepithelial cells [38]. The precise
mechanism by which loss of the myoepithelial cell layer occurs in tumors is still unanswered.
One assumption is that the signals transduced by tumor epithelial and stromal cells interfere with
differentiation of myoepithelial cells from their progenitors.
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1.4.2. Cancer-associated fibroblasts
The extracellular environment is maintained by the normal fibroblasts through the
production and remodeling of the ECM. Carcinoma-associated fibroblasts (CAFs) are
heterogeneous group of cells, with a subset identified as myofibroblasts expressing alpha smooth
muscle actin (αSMA), fibroblast activation protein (FAP), desmin, S100A4 protein, and Thy-1
[39]. CAFs participate in tumor growth progression and increase tumor angiogenesis via CXCR4
signaling by the secretion of stromal derived factor (SDF)-1/CXCL12 which act in a paracrine
fashion [40]. Co-culture of normal mammary fibroblasts with breast cancer cells ‘stimulate’ the
fibroblasts to secrete HGF and thereby increase tumor promotion [41] as well as invasion via the
paracrine activation of c-Met [42].
Multiple hypotheses have been proposed for the origin of CAFs. One of them is that the
persistent aberrant signaling from tumor epithelial cells modifies the phenotype of native
interstitial fibroblasts to CAF. Alternatively, they can be differentiated from bone marrowderived mesenchymal stem cells which are recruited to the tumor site via endocrine stimulation
by tumor-derived factors [43]. However, a recent study demonstrated that MDA-MB-231
xenografts ‘instigate’ the growth and metastasis of weakly tumorigenic cell lines via the
activation and recruitment of bone marrow-derived hematopoietic cells [44].
1.4.3. Matrix remodeling components
Matrix metalloproteineases (MMPs) are a large family of endopeptidases, which are
synthesized primarily by fibroblasts and contribute to tissue remodeling and wound healing.
MMPs can activate chemokines, cytokines, adhesion molecules, growth factors (such as the
release of insulin-like growth factor from ECM by MMP-3 and -7), or promote angiogenesis (for
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example, activation of angiogenic factors by MMP-1, -2, -9, and -14) besides degrading ECM
components thereby contributing to tumor progression [45].
The abnormal collagen cross-linking in breast tumors results in stiffening of ECM and
contributes to progression as the forces generated by this stiffening lead to enhanced expression
of integrin and growth factors. The collagen cross-linking is promoted by lysyl oxidase, an amine
oxidase commonly expressed in breast tumors and its inhibition in the MMTV-Neu model (in
which the expression of the oncogene neu is driven by the Mouse Mammary Tumor Virus
promoter) of breast cancer, decreases the tumor burden [45]. In addition, elevated expression of
lysyl oxidase-like 2 is associated with worse prognosis in early stage estrogen receptor (ER)negative breast cancers [46].
1.4.4. Leukocytes
The innate immune system consist of different cell subsets which includes natural killer
(NK) cells, dendritic cells (DC), neutrophils, and macrophages (M).The link between
inflammation and cancer with the role of infiltrating leukocytes in tumor development are widely
accepted. The mechanisms mediating immune and tumor cell cross-talk are poorly understood.
The immune cells are one of the most vibrant cell populations in the breast tumor
microenvironment, and are involved in healing wounds and remodeling of breast tissue in
pregnancy and involution [47]. Increased infiltration of leukocytes is observed in DCIS with
focal myoepithelial cell layer disruptions [48], suggesting their role in invasive progression.
The inhibition of tumor formation and organ metastasis in NOD/SCID mice (which lacks
T and B cells as compared to NOD/SCID/γnull (NSG) mice (which lacks T, B, and NK cells)
suggest that NK cells are responsible for inhibiting the formation of progressively growing rapid
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large tumors of breast cancer cells in SCID mice [49]. In breast cancer, although association
between NK-cell infiltration and clinical outcome in patients is not certain, the expression of
NK-cell ligands do play a crucial role in tumor immunoediting and concomitant immune escape
[50]. The clinical prognostic value analysis of activating NK-cell receptor NKG2D ligands MICA/B and ULBP1-5 in early stage breast cancer has revealed that expression of MIC-A/B and
ULBP-2 results in a favorable outcome concerning relapse-free survival [51].
Dendritic cells are key regulators of B and T lymphocyte function because of their
superior ability to capture, process and present tumor-associated antigens [52]. The DC
maturation process determines the presentation of processed tumor antigens and the subsequent
activation of CD4+ and CD8+ T cells [53]. Tumor microenvironment induced DC to differentiate
into regulatory DCs with a CD11clow CD11bhigh Ialow phenotype and elevated expression of IL10, nitric oxide, VEGF, and arginase I which inhibit T-cell proliferation both in vitro and in vivo.
Several studies have shown that tumor-associated DCs can induce regulatory T lymphocytes
(Tregs) (CD4+CD25+FOXP3+) expansion and become not only incapable of inducing specific
immune responses but also immunosuppressive [54, 55]. Furthermore, breast cancer cells have
been reported to promote the differentiation of DCs into a phenotype that expresses IL-10 and
transforming growth factor (TGF-β), which, in turn, induce the expansion of Treg [56].
Tregs and cytokines have also been implicated in the immune cell infiltration of tumors.
Invasive breast cancer associated with an unfavorable prognosis has been reported to exhibit
elevated levels of intratumoral Tregs, with ER/PR negativity and Her2 overexpression [57].
Furthermore, enrichment of Tregs in invasive ductal carcinoma of the breast correlates with
upregulation of interleukin (IL)-17A expression and increased invasive ability [58].
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Recent data have revealed the importance of tumor-infiltrating lymphocytes (TILs) in
regulating the clinical progression of various epithelial cancers [59]. The prognostic power of
intratumoral CD8+ T cells immune-scoring determined by IHC in colorectal cancers has been
shown to be superior to standard tumor staging (AJCC/UICC-TNM classification) methods
[60]). A higher frequency of CD8+ lymphocytes in stroma surrounding the tumor augment an
active cell-mediated anti-tumor immune response against breast tumors and was associated with
better patient survival [61]. The gene expression profiling of breast cancer-associated stroma that
was enriched for cytotoxic CD8+ T cell genes and natural killer cell activity has also revealed a
gene signature predictive of good prognosis (>98% 5-year survival) [62].
Several studies have shown that tumor-associated macrophages (TAMs) facilitate
angiogenesis, ECM degradation, and tumor invasion through activation of epidermal growth
factor receptor signaling, secretion of proteases and paracrine signaling between tumor cells [63,
64]. Loss of macrophages in colony stimulating factor (CSF)-1 deficient mice model (Csf1op/op)
had no effect on tumor initiation but dramatically reduced malignant progression [65]. Similar
responses were seen in xenografts derived from human MCF-7 cells in immuno deficient mice
when treated with either mouse CSF-1 antisense oligonucleotide or small interfering RNAs.
These treatments suppressed mammary tumor growth by decreasing macrophage infiltration,
production of MMPs, vascular endothelial growth factor (VEGF)-A and endothelial cell
proliferation [66]. Besides macrophages, other immune cells have also been implicated in breast
cancer development.
While intratumoral B cells and CD8+ T-cell infiltrates are generally associated with better
prognosis, CD4+ T cells, particularly T-regulatory cells and tumor-associated macrophages
(TAMs) have been associated with worse outcomes. Studies have shown reduced overall
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survival with high levels of macrophages and CD4+ T cells, while high levels of CD8+ T cells
combined with low levels of macrophages and CD4+ T cells correlated with increased overall
survival [64] .

Figure 4: Progression of normal breast tissue to invasive breast cancer. Alterations of the
microenvironment from normal duct to DCIS to IDC. In phenotypically normal tissue, epithelial
structures consist of central luminal epithelial cells enclosed by a continuous basement
membrane, while the primarily collagenous stroma contains fibroblasts, immune cells and
vasculature. The progression to DCIS is characterized by proliferative epithelial cells enclosed in
a still-continuous basement membrane, increased numbers of fibroblasts and immune cell
infiltrate and enhanced angiogenesis. IDC is defined by breakdown of the basement membrane,
loss of myoepithelial cells and invasion of the tumor cells into the surrounding stroma and the
vasculature (Adapted from [22]).
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1.5 Macrophages and its role in cancer
A considerable component of the leukocytic infiltrate in human cancer is tumorassociated macrophages (TAMs). The clinical outcome of the tumor has been associated with the
amount of tumor infiltrating macrophages [67, 68]. Macrophage infiltration is correlated with
poor prognosis in breast cancer [62, 69], Hodgkin’s lymphoma [70], T-cell lymphoma [71],
cervical cancer [72, 73] and uveal melanoma [74]. It is linked with a favorable prognosis in
colorectal and gastric cancer [75-77]. Several studies have demonstrated that the prognostic role
of TAMs in the tumor microenvironment is influenced by their location with respect to tumor
cells [78].
The six classical hallmarks of cancer include abnormal cell growth, avoidance of growthinhibition, resistance to cell death, replication without limitation, maintained angiogenesis and
invasion into circulation through breaching of basement membranes [79]. The growing
knowledge on the biology of cancer has elucidated the role of immune system, specifically
macrophages, on several aspects of tumor biology. Recent studies have accentuated that the cells
of the tumor microenvironment can be assigned as novel hallmarks of cancer, beside the classical
six hallmarks. TAMs as part of the tumor microenvironment have been included as novel
hallmarks of cancer such as tumor-promoting inflammation and avoidance of immune
destruction (reviewed in [80]). Moreover, they are actively involved in all classical six hallmarks
by exerting tumor-sustaining properties [17, 79].
1.5.1 Origin and activation status of macrophages
In general, macrophages are believed to arise from circulating monocytes that emigrate
from blood vessels and differentiate into macrophages in the peripheral tissue. A variety of tissue
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associated macrophages play an important role in tissue homeostasis. The tissue macrophages
generally are considered to exhibit an intrinsic anti-inflammatory phenotype under homeostatic
environment [81]. The tissue macrophages are comprised of langerhans cells in the epidermis,
metallophilic macrophages in the spleen, osteoclast's in the bone, alveolar macrophages in the
lung, kupffer cells in the liver and microglial cells in the central nervous system [82].
Macrophages are subjected to a variety of concurrent stimuli in vivo whereas, single
agent stimulation can polarize the macrophages into pro- or anti-inflammatory macrophages in
vitro. Macrophages are classified into a simplified M1-like and M2-like phenotype according to
the in vitro stimulus cognate to the Th1-Th2 dichotomy in T cell biology [83]. The inflammatory
signals such as interferon, LPS and other bacterial stimuli polarize the macrophages to proinflammatory "classically activated" M1-like phenotype which mediates defense against bacteria,
protozoa and viruses [81]. The "alternatively activated" M2-like phenotype is associated with
wound healing and tissue repair which is induced by IL-4 or IL-13 ("M2a"), LPS or immune
complexes ("M2b"), IL-10 ("M2c") [84, 85].
1.5.2 Tumor Associated Macrophages (TAMs)
Macrophages display an extreme functional plasticity which enables them to integrate
and respond to different stimuli [86]. Distinct macrophage subsets have been described in cancer
as they play a prominent role in tumor malignancy [68, 88, 87]. In human cancer, the residing
macrophages are termed as tumor-associated macrophages (TAMs) as they can neither be
classified into classical activated M1-like or alternatively activated M2-like macrophages.

22

Introduction
1.5.2.a Mechanisms of macrophage recruitment and macrophage polarization
In preinvasive tumorous lesions, macrophages are among the first immune cells to
infiltrate and exert their role during the progression into invasive cancer. The inflammation
associated with cancer aids in recruitment of bone marrow derived cells [17, 89]. The chemotaxis
of monocytes into the tumor environment is shown to be induced by growth factors like CSF-1
(colony stimulating factor 1), vascular endothelial growth factor (VEGF), monocyte chemotactic
protein-1 (MCP-1) as well as several CCL chemokines and other molecules [90]. An
inflammatory Ly6Chi monocyte subset has been shown as the major monocyte subset to localize
into the tumor site giving rise to TAM subsets [91].
Macrophage

colony-stimulating

factor

(M-CSF)

differentiates

monocytes

into

macrophages at the tumor site. The tumor cell-derived factors evoke the polarization of
macrophages into one of the TAM subpopulations. The tumor cell derived mediators which drive
the induction of a TAM related phenotype are M-CSF [92], IL-4, IL-10, IL-6 [92], transforming
growth factor β1 (TGF-β1), prostaglandin E2 (PGE2) [90, 93], hyaluron fragments [94] and
leukemia inhibitory factor (LIF) [92]. In cervical cancer, monocytes are skewed towards a
macrophage phenotype by the production of PGE2 and IL-6 from tumor cells [93, 95].
Though the conditions in the tumor microenvironment are different from infection,
researchers classify TAMs using M1-like/M2-like terminology based on the similarities in
surface marker profiles. Despite the illustration by vast majority of reports that TAM phenotypes
share properties with M2 macrophages, TAM with expression of both M2-like and M1-like
markers have been described [96]. These TAMs show enhanced expression of genes encoding
immunosuppressive cytokines (IL-10, TGF-β1), phagocytosis-related receptors/molecules (Msr2,
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C1q) and inflammatory chemokines (CCL2, CCL5) as well as IFN-inducible chemokines
(Cxcl9, Cxcl10, Cxcl16) [96]. The mixed M1-like (CD14+HLA-DR+) and M2-like
(CD14+CD163+) TAM infiltration [97] have also been studied. These TAMs are associated with
sarcomas as well as carcinoma [91]. In cutaneous squamous cell carcinoma, a mixed population
of TAM is present with some TAMs expressing M2-like markers CD209 and CCL18 and others
expressing M1-like markers STAT1, IL-23, IL-12 and CD127 and few expressing markers of
both M1-like and M2-like macrophages. IL-1, IL-6 and tumor necrosis factor α (TNF-α) are the
typical genes expressed by TAMs [90]. The underlining intracellular pathways activated in
TAMs are still unclear. Several pathways such as Ets-driven transcriptional program as well as a
Wnt-signaling pathway have been shown to be important for specific functions of TAMs and
have been associated with invasion and metastasis in murine breast cancer [98, 99].
1.5.2.b Pro-inflammatory and growth promoting properties of TAMs
Tumor-promoting inflammation and avoidance of immune destruction represent novel
additions to hallmarks of cancer [17]. The activation of different pathways in macrophages
which support tumor cell growth has been studied. Various soluble growth factors, eg. IL-1, IL6, TNF-α, TGF-β1, epidermal growth factor (EGF), platelet-derived growth factor (PDGF)
produced by macrophages participate in tumor cell growth [90]. In chronic inflammation, tumor
cells and inflammatory cells produce TNF-α which promotes cell survival by induction of antiapoptotic molecules via TNFR1 and TNFR2 [100]. EGF plays an important role in murine breast
cancer [101]. TAMs are major producers of EGF and there is interplay between EGF producing
TAMs and EGFR expressing tumor cells, which reciprocally produce M-CSF to support
macrophage survival. IL-6 expression by TAMs is induced by signal transducer and activator of
transcription 3 (STAT3) pathways. This pro-inflammatory cytokine is known to induce
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proliferation of malignant cells [100, 102, 103]. IL-6 has a pivotal role in Kaposi sarcoma,
multiple myeloma, Hodgkin lymphoma, breast cancer, ovarian cancer and others [104-108].
TGF-β has been attributed with opposing roles. TGF-β signaling inhibited tumor growth by
decreasing IL-6 signaling during the late stages of colitis-associated colon cancer [100, 109]
whereas enhanced TGF-β1 secretion is associated with epithelial-mesenchymal transition (EMT)
in carcinoma. Increased levels of adhesion molecules and MMPs during EMT result in higher
invasiveness of epithelial tumor cells resulting in metastasis [109]. TGF-β production by tumor
cells also induces IRAK-1 (Interleukin-1 receptor-associated kinase) a negative regulator of Tolllike receptor signaling, which is part of the immunosuppressive phenotype of TAM [110].
1.5.2.c Immunosuppressive properties of TAMs
In contradiction to the strong inflammatory properties of macrophages, TAMs also exert
immunosuppressive functions. TAMs produce several chemokines which exhibit a growth
promoting influence on tumor cells in cancer rather than provide immunity against pathogens.
TGF-β1, IL-10 and PGE2 derived from the tumor cells downregulate the expression of MHC
class II molecules on TAMs [90]. The direct inhibition of immune responses by TAMs has also
been described [111]. In the tumor microenvironment, IL-10 and TNF-α induce expression of
PD-L1 on the membrane of TAMs which inhibits activated effector T cells through the PD-1
receptor [112].
Another indirect mechanism responsible for creating an anti-inflammatory tumor milieu
is through the recruitment of other non-inflammatory immune cells into the tumor
microenvironment. TAMs produce CCL17 and CCL22 which predominantly attract the Th2 and
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Treg cells [78]. F4/80+ TAMs secrete large amounts of CCL20 which attracts CCR6+Treg cells
to the tumor site in a murine model of colorectal cancer [113].
1.5.2.d Invasion and metastasis promoting properties of TAMs
The invasion and metastasis of tumor cells is supported by various macrophageassociated mechanisms in the tumor microenvironment. TAMs allow tumor cells to invade and
spread locally with the production of MMPs, cathepsins and other proteolytic enzymes which
degrade the extracellular matrix [114, 115]. Invasion, the major hallmark of malignancy is an
essential requirement for metastasis. The PyMT mouse tumor model (in which the expression of
the oncogene is driven by the Mouse Mammary Tumor Virus promoter) study shows that the
tissue invasion capacity of tumor cells is dependent on macrophages. Tumor cells produce CSF-1
and TNF-α which aid in recruitment of MMP- 2, -3, -7 and -9 producing cells. The coordinated
migration of macrophages is prominently accompanied by invasion of tumor cells [116, 117].
Intravital imaging has shown that perivascular macrophages are involved in the extravasation of
mammary tumors [118]. Reduction in the number of tumor cells entering the blood stream can
occur due to inhibition of EGF signaling or destruction of macrophages [90]. Molecular
investigations have revealed that increased Wnt signaling is exhibited in invasive TAMs, a
unique subpopulation of TAMs promoting carcinoma cell motility [99].
EMT plays an important role in invasiveness apart from CSF-1/EGF signaling axis [119].
In a F9-teratocarcinoma model (model for analysis of the molecular mechanisms of
differentiation), the expression of mesenchymal markers was correlated with TAM infiltration
and depletion of macrophages resulted in a decrease of mesenchyme associated genes [120].
Growth of tumor cells in macrophage-conditioned media resulted in EMT and enhanced
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invasiveness. Alternatively, EMT could be induced in cancer cells in vitro by treatment with
TGF-β. Experimental data also suggest that TGF-β1 is the driving force of macrophage-induced
EMT in vivo [109, 120].
1.5.2. e Lymphangiogenesis promoting properties of TAMs
Tumors show either a lymphatic (transport of tumor cells to lymph nodes and ultimately,
to other parts of the body) or a haematogenic (cancer cells detach from the primary site, invade
the vasculature by degradation of the surrounding tissue, migrate to the secondary organ)
metastasis pattern depending on the tumor characteristics. A poor clinical prognosis in most
malignant disease is predicted by the level of lymphangiogenesis. Tumor cells and macrophages
produce excess of lymphangiopoietic vascular endothelial growth factors (VEGF)-C and –D.
Macrophage

infiltration

is

associated

with

peritumoral

lymphangiogenesis

in

lung

adenocarcinoma and cervical cancer [121, 122].
1.5.2.f Angiogenesis promoting properties of TAMs
Several pathways have been described for cancer angiogenesis. Cancer requires
angiogenesis beyond a tumor size of a few millimeters. Angiogenesis is positively correlated
with macrophage infiltration in various studies [123]. Macrophages are adapted to hypoxic
conditions under the control of the transcription factor, hypoxia-inducible factor (HIF) [124].
The neoangiogenesis in cancer development is known as "angiogenic switch" induced by
angiogenic factors, like VEGF. In macrophages, HIF-1 induced under hypoxic conditions
produces pro-angiogenic molecules in the tumor microenvironment. Several macrophage derived
molecules that are directly angiogenic (VEGF, TNF-α, IL-8, CXCL8 and bFGF) and others that
modulate angiogenesis (e.g. MMP2, MMP-7, MMP-9, MMP-12, COX-2) have been
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characterized [90]. VEGF is produced by a specialized subset of TAMs in hypoxic areas of
breast cancer [90].

Figure 5: TAMs in the tumor microenvironment. Growth factors and chemokines attract the
circulating monocytes into the tumor. Monocytes are differentiated to macrophages with the
local presence of M-CSF. Soluble tumor derived factors initiate the polarization of macrophages
into TAMs leading to the expression of molecules that support angiogenesis, tumor growth and
metastasis. Conversely TAMs secrete factors that induce local immune suppression by
recruitment of Treg cells or suppress T cell responses directly (Adapted from [80]).
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1.6 Cytokines involved in cancer development
Cytokines are low-molecular-weight proteins that mediate cell-to-cell communication.
They are synthesized by immune and stromal cells, such as fibroblasts and endothelial cells.
Cytokines regulate proliferation, cell survival, differentiation, immune cell activation, cell
migration and death. Depending on the tumor microenvironment and the balance of pro- and
anti-inflammatory cytokines, can either modulate an anti tumoral response, or can induce cell
transformation and malignancy during chronic inflammation, depending on their relative
concentrations, cytokine receptor expression and the activation state of surrounding cells
(reviewed by [125]).
1.6.1 Tumor Necrosis Factor (TNF-𝛼)
Chronic inflammation can promote malignancy. Tumor necrosis factor (TNF-α)
participates in chronic diseases as an inflammatory mediator and has been implicated in
carcinogenesis [126]. Studies have shown that TNF-α-deficient mice are resistant to
tetradecanoylphorbol-13-acetate- (TPA-) induced skin carcinogenesis. The effect of TNF-α
seems to be more significant in the early stages of carcinogenesis including angiogenesis and
invasion as compared to progression of carcinogenesis [127, 128]. This cytokine is recognized
by two receptors: TNF-α receptor-1 (TNF-αR-1) which is ubiquitously expressed and TNF-αR-2,
expressed mainly in immune cells [129]. Trimerization occurs upon TNF-α binding to TNF-αRs, leading to activation of at least four signaling pathways:


a pro apoptotic pathway induced by caspase-8 interaction with Fas-associated death
domain (FADD);
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an anti apoptotic platform activated by cellular inhibitor of apoptosis protein-1 (cIAP-1)
and interacting with TNF-αR associated factor 2 (TRAF2);



a TRAF2- and JNK-mediated AP-1 signaling pathway; and



a receptor interacting protein (RIP) induced NF-𝜅B [129].
However, there is controversy regarding the role of TNF-α in cancer. Evidences suggest a

double-edged role of this prototypical proinflammatory cytokine in carcinogenesis. An antitumoral response in a murine model of sarcoma was elicited by high concentrations of TNF-α
[130] and in contrast, low but sustained TNF-α production levels can induce a tumor phenotype
[131].
A pro-tumor mechanism of TNF-α is based on the generation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which can induce DNA damage, thereby facilitating
tumorigenesis [132, 133]. TNF-α-mediated inflammation has been linked to cancer in H. pyloripositive gastric lesions. H.pylori-secreted TNF-α -inducing protein (Tip𝛼) increases TNF-α level
in preneoplastic lesions [134]. The exposure of a prolonged TNF-α dose to the organoid model
of normal human ovarian epithelial cells generated a precancerous phenotype. Role of TNF-α in
tumorigenesis in ovarian epithelial cells has been suggested due to the observed structural and
functional changes, like loss of epithelial polarity, cell invasion and overexpression of cancer
markers [135].
The pro- or anti-tumoral TNF-α response within the tumor microenvironment also
depends on its expression site in the tumor. Elevated levels of TNF-α in tumor islets resulted in
high survival rates while increased stromal TNF-α content led to lower survival rates [136].
Studies in oral squamous cell carcinoma suggest that prolonged TNF-α exposure can enhance the
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proportion of cancer stem cell phenotypes, increasing their tumor sphere forming ability, stem
cell-transcription factor expression and tumorigenicity [137].
1.6.2 Interleukin 6 (IL-6)
IL-6 is another proinflammatory cytokine with a typical pro-tumorigenic effect. Elevated
serum IL-6 levels have been detected in patients with systemic cancers as compared to healthy
controls or patients with benign diseases and IL-6 has been proposed as a malignancy predictor
[138].
IL-6 plays a key role in promoting proliferation and inhibiting apoptosis. It acts by
binding to its receptor (IL-6R𝛼) and co-receptor gp130 (glycoprotein 130) which in turn activate
the JAK/STAT signaling pathway of the Janus kinases (JAK) and signal transducers and
activators of transcription (STATs) STAT1 and STAT3 [139]. STATs belong to a family of
transcription factors closely associated with the tumorigenic processes. Several studies have
highlighted the effect of the IL-6/JAK/STAT signaling pathway on cancer initiation and
progression. IL-6 induced tumorigenesis via epigenetic alterations: hypermethylation of tumor
suppressor genes as well as by hypomethylation of retrotransposon long interspersed nuclear
element-1 (LINE-1) in oral squamous cell cancer lines in vitro, which is a frequent event in
various cancers [140]. The stromal fibroblasts in a mouse gastric cancer model have also been
shown to produce IL-6 [141]. The concomitant inhibition of signaling through the IL-6R/STAT3
pathway is required to efficiently induce apoptosis of multiple myeloma cells. [142]. Like TNFα, IL-6 facilitates tumor development by promoting conversion of noncancer cells into tumor
stem cells [143].
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As pro-inflammatory cytokines are partially responsible for tumor induction, an increase
in anti-inflammatory cytokines should limit the risk of cancer and reduce activation of signaling
pathways. Nonetheless, evidence suggests more complex effects of anti-inflammatory cytokines
such as TGF-β and IL-10 on tumor development.
1.6.3. Transforming Growth Factor β (TGF-β)
TGF-β is a powerful pleiotropic cytokine, with immune-suppressing and antiinflammatory properties. TGF-β has a well-documented role in embryogenesis, cell proliferation,
differentiation, apoptosis, adhesion and invasion [144]. Three isoforms have been identified as
TGF-β1, TGF-β2 and TGF-β3. TGF-β binds to the cognate type II receptor (TGF- βRII) which
induces the phosphorylation of type I TGF-β receptor (TGF-βRI) leading to the formation of a
heterotetrameric complex that activates SMAD-dependent transcription [145]. SMAD
transcription factors are structurally formed by a serine and threonine-rich linker region that
connects two MAD (mothers against dpp) homology regions. The differential phosphorylation of
these amino acid residues contributes to various cellular functions, including cytostatic effects,
cell growth, invasion, extracellular matrix synthesis, cell cycle arrest and migration [146]. The
differential phosphorylation of SMAD2 and SMAD3 by TGF-β receptor activation promotes
their translocation into the nucleus, where they form a complex with SMAD4. SMAD4 further
binds to DNA along with other transcription factors and induces gene expression [145]. The role
of TGF-β in cancer is complex and paradoxical, varying by cell type and stage of tumorigenesis.
The endogenous TGF-β–signaling network switch from tumor suppression to promotion of
metastasis during the course of carcinogenic progression has been proposed to be initiated by a
single, defined oncogenic event [147]. TGF-β1 acts as a tumor suppressor in early stages,
inhibiting cell cycle progression and promoting apoptosis. Later, TGF-β1 enhances invasion and
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metastasis by inducing epithelial-mesenchymal transition (EMT) [148]. In cancer induction,
TGF-β exerts a tumor suppressor effect through cyclin-dependent kinase inhibitor (CKI), p21
upregulation and c-Myc downregulation [149]. In a conditional TGF-β RII knock-out mice
model, the highly proliferative epithelia (such as rectal and genital) developed spontaneous
squamous cell carcinomas and showed accelerated Ras mutations, reduced apoptosis and
carcinoma progression [150], suggesting that a deficient TGF-β pathway contributes to
tumorigenesis. There is consistent evidence demonstrating that TGF-β signaling changes are
involved in human cancer. TGF-β receptor deletion or mutations have been associated with
colorectal, prostate, breast and bladder cancer, co-relating with a more invasive and advanced
carcinoma, higher degree of invasion and worse prognosis [151]. On the other hand, increased
TGF-β1 mRNA and protein have also been observed in gastric carcinoma, non-small cell lung
cancer and colorectal and prostate cancer [152].
In the tumor microenvironment, common sources of TGF-β are cancer and stromal cells,
including immune cells and fibroblasts [153]. Bone matrix is also an abundant source of TGF-β
and a common site for metastasis in many cancers, correlating with the tumor-promoting and
invasive effects of this cytokine [154]. Specific therapy targeting this cytokine in advanced
cancer patients has shown promising results in preclinical and clinical studies, using TGF-β
inhibitors, specifically ligand traps, antisense oligonucleotides, receptor kinase inhibitors and
peptide aptamers.
1.6.4. Interleukin 10 (IL-10)
Interleukin 10 (IL-10) is known to be a potent anti-inflammatory cytokine. Almost all
immune cells, including T cells, B cells, monocytes, macrophages, mast cells, granulocytes,
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dendritic cells and keratinocytes produce IL-10 [155]. IL-10 is secreted by tumor-infiltrating
macrophages as well as tumor cells [156, 157]. When IL-10 binds to its receptor, Jak1 and Tyk2
tyrosine kinases phosphorylates an IL-10R intracellular domain. The phosphorylated IL-10R
interaction with STAT1, STAT3 and STAT5, favors STAT translocation into the nucleus and
induction of target gene expression [158]. Both pro- and anti tumoral effects of IL-10 are
indicated in several studies. IL-10 downregulates proinflammatory cytokine expression by
inhibiting NF-κB signaling and therefore can [159] act as an anti tumoral cytokine. IL-10 exerts
anti tumoral activity in gliomas, melanomas and breast and ovarian carcinomas [100], through a
mechanism involving MHC-I downregulation, thus inducing NK-mediated tumor cell lysis
[160]. Due to its immunosuppressive effect on dendritic cells and macrophages, IL-10 can
dampen antigen presentation, cell maturation and differentiation, allowing tumor cells to evade
immune surveillance mechanisms [161]. IL-10 induces a sustained STAT3 phosphorylation and
activation [162]. Through STAT3 activation, IL-10 can also have a pro-tumorigenic effect,
mediated by an autocrine-paracrine loop involving Bcl-2 upregulation and resistance to apoptosis
[163]. Elevated IL-10 levels are associated with poor prognosis in diffuse B cell lymphoma
[164]. Increased production of BAFF, a TNF-α family member having role in tumor growth and
survival through IL-10 expression by tumor cells and tumor-associated macrophages promotes
Burkitt’s lymphoma [165].

1.7 Oxidative stress and cancer
Oxidative stress is implicated in most of the known chronic pathologies [166]. The
frequent occurrence of oxidative changes in biological environments is mainly due to the
constant metabolic activity of mitochondria, which during the process of respiration gives rise to
significant amounts of reactive oxygen species (ROS) (reviewed by [167]). Cells are equipped
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with a wide range of redox sensors, which rapidly trigger the antioxidant defenses to compensate
for the production of pro-oxidants. When the production of ROS is excessive or the antioxidant
defenses are not sufficient, the condition called oxidative stress is established. The excessive
ROS can promptly react with the surrounding cellular structures, resulting in oxidative
modifications of DNA, lipid and protein [166, 168]. In cancer cells, oxidative changes have been
described when compared to normal non-cancerous cells, suggesting a role of oxidative stress in
malignant conditions [169]. Several studies have focused on investigating the redox changes that
take place in solid tumors, especially in breast cancer. Most of the risk factors for breast cancer
development and progression are to some extent implicated with ROS generation [168, 170].
Breast tumors are naturally embedded into an incredibly pro-oxidative environment, as the
mammary gland is surrounded by adipose tissue. Therefore, the exceeding ROS quickly acts on
the lipidic neighborhood yielding several active metabolites that can regulate a wide range of
cellular processes. ROS generation also impacts other cell components, such as the DNA and the
nuclear system of oxidative damage repair. Chemical processes induced by ROS on DNA
provoke significant DNA damage by oxidation, methylation, de-amination and de-purination.
ROS can also affect the DNA repair enzymes by oxidizing its catalytic moieties, which impedes
the correct excision of the affected DNA sequences [166]. The protein machinery is affected by
the high reactivity of ROS with the thiol residues, giving rise to an electrophilic stress status
[166]. Completing this cycle of redox events, nitric oxide (NO) abundantly produced in the
breast tumor environment yields a wide range of nitrogen-derived ROS, mostly peroxynitrite,
driving nitrosative stress [171, 172].
ROS arise as a by-product of mitochondrial oxidative phosphorylation, oxygen
metabolism and NADPH/NADPH oxidase (NOX) functions [173]. The induction of
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carcinogenesis in non-tumorigenic breast cells lead to up-regulation of H-Ras gene expression,
leading to extracellular signal-regulated kinase (ERK) pathway activation, Nox-1 expression and
increased amounts of ROS. Also, increased TNF-α, MMP-2, MMP-9 and reduced E-cadherin
were observed following increase in migratory and invasive activity. Ras-ERK-NOX-ROS
pathway played an important role in both initiation and maintenance of chronically induced
carcinogenesis [174].
The tumor microenvironment releases anti-inflammatory cytokines such as TGF-β.
Boudreau and colleagues have demonstrated that TGF-β treatment of both normal and metastatic
breast epithelial cells results in NOX-dependent superoxide production in the plasma membrane
[175]. ROS-mediated signaling pathways contribute to initiation, promotion and progression of
estrogen-dependent breast tumors [176]. Estrogens also play an important role in oxidative
stress-mediated signaling. Estrogen-induced ROS promote in vitro and in vivo tumor formation
in breast cancer cells [177].
The cellular redox environment is influenced by production of ROS [178]. p53 is a
redox-active transcription factor and its cellular levels determine its biological function. At
physiological levels, p53 positively regulates the expression of antioxidant genes to protect cells
from damaging levels of ROS. At hypo-physiological levels of p53, it decreases basal
transcription of antioxidant genes leading to increased ROS. The unbalanced induction of
antioxidant enzymes by p53, at its hyper-physiological levels can result in oxidative stress [179].
Mitochondrial ROS may direct to inflammasome priming through several pathways such
as inactivation of MAPK phosphatases which lead to sustained MAPK activity. Enhanced
glycolysis in response to low oxygen tension in metastatic breast cancer cells increase HIF1-α as

36

Introduction
compared to non tumorigenic breast cells [180]. The prominent transcription factors that drive
glycolysis are HIF-1 and the oncoprotein Myc [181].

1.8 Nitrosative stress and cancer
Nitric oxide (NO) is a short-lived, endogenously produced gas that acts as a signaling
molecule in the body. In 1987, Ignarro et al. and Palmer et al. simultaneously identified NO as
the endothelium-derived relaxing factor [182, 183]. It is synthesized by nitric oxide synthase
(NOS) enzymes and serves as a key signaling molecule in various physiological processes. The
excessive and unregulated NO synthesis has been implicated as causal or contributing to
pathophysiological conditions including cancer (reviewed in [184]). In various cancers such as
cervical, breast, central nervous system, laryngeal and head and neck cancers, the expression of
NOS has been detected [185-187]. The role of NO has been suggested to modulate different
cancer-related events [188]. Many researchers have indicated that similar to TNF- and TGF-β,
NO may have dual effects in cancer. NO seems to promote tumor growth and proliferation at
certain concentrations measurable in many different types of clinical samples and in contrast to
this, NO also has tumoricidal effects at higher concentrations [189, 190].
In mammalian cells, there are three genes encoding distinct isoforms of NOS– NOS1,
NOS2 and NOS3. They have 51-57% homology between isoforms and different localizations,
regulation, catalytic properties and inhibitor sensitivity. NOS1, also known as nNOS (isoform
first purified and cloned from neuronal tissue) and NOS3 or eNOS (isoform first found in
endothelial cells) are also termed as constitutive since they are expressed continuously in
neurons and endothelial cells, respectively. eNOS and nNOS produce low and transient
concentrations of NO as they are also dependent on a rise in tissue calcium concentration for
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activity. In contrast, NOS2 is an inducible, calcium-independent isoform, also called iNOS.
Induction of NOS2 (iNOS) unlike NOS1 and NOS3, results in continuous production of NO
[191]. It is inducible by immunological stimuli in virtually all nucleated mammalian cells. The
enzyme once induced, continues to produce much higher NO concentrations for many hours or
days.
The tumor suppressor gene p53 is an important regulator of NOS2, which senses raised
cellular NO and inhibits NOS2 by a negative feedback loop [192]. This relationship has
important implications in cancer. NO manifests its biological actions via a wide range of
chemical reactions, contrary to conventional bio-signaling molecules that act by binding to
specific receptor molecules. The precise reactions depend on the concentration of NO and on the
variations in the composition of intra- and extracellular milieu [191]. Cells under normal
physiological conditions produce small but significant amounts of NO contributing to its antiinflammatory effects and antioxidant properties [193, 194]. However, with a high NO
concentration in tissues, iNOS is upregulated and nitration (addition of NO2), nitrosation
(addition of NO+) and oxidation effects are seen [194]. Interaction of NO with O2 or O2- results
in formation of reactive nitrogen species (RNS). Dinitrogen trioxide (N2O3) and peroxynitrite
(ONOO) which constitue RNS can induce two types of chemical stresses, nitrosative and
oxidative. O2- and NO may rapidly interact to produce the potent cytotoxic oxidants peroxynitrite
(ONOO-) and its conjugate acid ONOOH. Peroxynitrite is a powerful oxidant having important
implications in cancer as it oxidizes thiols or thioethers, nitrates tyrosine residues, nitrates and
oxidizes guanosine, degrades carbohydrates, initiates lipid peroxidation and cleaves DNA [195,
196].
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NO has been reported to exert dichotomous effects within the multistage model of cancer
(Tables 6 and 7). It modulates different cancer related events including angiogenesis, apoptosis,
cell cycle, invasion and metastasis [188] (Table 6). NO participates in genotoxic events and
mediates DNA lesions by formation of toxic and mutagenic species, by direct modification of
DNA, or by inhibition of DNA repair mechanisms [197]. DNA strand breaks and different types
of mutations in DNA are also mediated by RNS [197, 198].
Positive correlation has been observed between NO biosynthesis and grade of
malignancy as it increases tumor blood flow and promotes angiogenesis [199]. Nitrotyrosine, a
biomarker of NO, was found to be correlated with VEGF-C expression and lymph node
metastasis in breast cancer suggesting the role of NO in progression of breast carcinoma [200].
Switzer et al. showed that NOS2 expression in human breast tumors is functionally linked to
poor patient survival [201].
Unlike other types of cancer, tumors of the breast are greatly influenced by steroid
hormones. Recent findings implicate NO pathway in some of their effects. Estrogen and
progesterone can regulate NOS and, in turn, the NO produced has profound consequences on
tumor cell homeostasis [202, 203]. It has been found that estrogen stimulates eNOS release in
breast tissue [204] where it acts as a free radical. eNOS expression has been found to be strongly
correlated with estrogen receptor expression in a human breast cancer cell line, suggesting free
radicals as possible causes of breast cancer [204]. Progesterone has been found to activate iNOS
expression. The proliferative effect of estrogen has been shown to be mediated by low levels of
NO produced by eNOS [205]. On the contrary, an increase in apoptosis in response to
progesterone could implicate high levels of NO produced by induction of iNOS expression
[205].
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Table 6: Tumor promoting role of NO in cancer*
Role of nitric oxide (NO)

Mechanism by which NO acts

Genotoxic mechanisms



Toxic and mutagenic species formation.



Direct modification of DNA– strand breaks, oxidation and
deamination of nucleic acids.

Anti apoptotic effects



Inhibition of systems required to repair DNA lesions [198].



GC to AT mutations in p53– loss of its repressor activity.



s-nitrosylation of the cysteine thiol leading to direct
inhibition of caspase activity.



Inhibition of cytochrome c release.



Increase in Bcl-2 expression.



Suppression of ceramide generation.



Activation of cyclooxygenase [206].

Induction and promotion of



Dilatation of arteriolar vessels by eNOS.

angiogenesis



VEGF release and NO stimulation of hyperpermeability of

(iNOS

and

eNOS)

vascular endothelium.


Increased production of PGE2 resulting in increased tumor
vasculature permeability.



Activation of COX-2 which stimulates production of
proangiogenic factors and prostaglandins [207].

Limits

host

immune



Suppression of proliferation and infiltration of leukocytes.
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response against tumor



Low leukocyte-endothelial interaction [195].

Promotes metastasis



Promotion of lymphangiogenesis and spread to lymph
nodes possibly through involvement of VEGF-C.



Upregulation of MMP-2 and −9.



Downregulation of TIMP-2 and-3 [207, 208].

*[181]
Table 7: Tumoricidal role of NO in cancer
Tumoricidal role of NO

Mechanism by which NO acts

Cytostatic and/or cytotoxic



Suppression of cellular respiration

effect on tumor cells



Shift in iron metabolism



Suppression of DNA synthesis



Modulation of proapoptotic proteins like caspases p53.
[206, 209-211].

1.9 DNA Damage Response (DDR), genomic instability and cancer
Over 30 years ago, it was established that the cells within a tumor are derived from a
single genetically unstable cell and that population as a whole continues to acquire further
chromosomal abnormalities over time [212]. The precise mechanisms of acquisition of these
abnormalities are still unclear. The presence of a specific type of genomic instability, termed as
chromosomal instability (CIN) is often characterized in hereditary cancers. In these cancers, CIN
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can often be attributed to mutation in DNA repair genes [213]. Microsatellite instability (MIN), a
second form of genomic instability, is also associated with defects in DNA repair [214].
However, in non-hereditary sporadic tumors, the picture is less clear.
Pro-inflammatory leukocytes release genotoxic reactive oxygen and nitrogen species,
which lead to genomic instability and growth-promoting alterations in the genome of the
surrounding incipient cancer cells. In addition, activated leukocytes also secrete a number of
growth-promoting cytokines, including IL-4, IL-6, IL-10, TGF-β and TNF-α, further fueling the
oncogenic process through various mechanisms. Furthermore, established tumors have also been
shown to maintain an inflammatory microenvironment further promoting malignant
transformation and tumor maintenance.
A complex system of damage detection and repair is required in order to preserve the
integrity of the genome. This system is termed the DNA damage response (DDR) and comprises
of : DNA damage recognition, signals transduction through appropriate pathways and the
activation of cellular responses ranging from DNA repair and chromatin remodeling to cell death
activation if the irreparable damage is encountered [215, 216].
1.9.1 Damage signaling
Damage sensing is linked to an intricate signal transduction cascade that induces cell
cycle arrest which provides an extended time to allow completion of lesion removal prior to
replication or cell division [217, 218] (reviewed in [219]). The cell cycle can be arrested at the
G1/S transition, within the S-phase, or at the G2/M transition depending on the nature of the
DNA injury and the phase of the cell cycle in which the lesion is encountered [220].
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Alternatively, apoptosis is triggered in order to protect the organism from potentially harmful
cells, when too many injuries are encountered [221].
The recruitment of phosphatidyl inositol 3-kinase (PI3K)- ATM (Ataxia Telangiectasia
mutated) following double strand breaks (DSBs) is mediated by the Mre11/Rad50/NBS1 (MRN)
complex [222] in response to chromatin decondensation and relaxation of the double helix
torsional stress [223]. This initiator kinase phosphorylates a large number of adaptor/transducer
proteins, carrying the ATM-consensus sequence [224]. Multiple proteins that are phosphorylated
by ATM include the tumor suppressor protein p53, structural maintenance of chromosomes
(SMC) 1, (engages the S phase checkpoint), the breast and ovarian cancer susceptibility protein
(BRCA1) and the checkpoint kinase Chk2 [225, 226].
Single-strand DNA (ssDNA) is formed by replication collapse caused by bulky lesions
which induces the retraction of the replication fork. Replication Protein-A (RPA) binds to
ssDNA and recruits ATM related protein (ATR) via its association with ATR interacting protein
(ATRIP) and activates the checkpoint kinase Chk1 [227]. RPA covered ssDNA also triggers the
Rad17-dependent loading of the RAD9-HUS1-RAD1 (9-1-1 complex), which is an important
transducer of checkpoint activation upon DNA damage [228].
IR-induced DSBs also activates, a third PI3 kinase, DNA-dependent DNA repair protein
kinase (DNA-PK, composed of its catalytic subunit DNA-PKcs and a regulatory Ku70/80
heterodimer). DNA-PKcs is essential for NHEJ in higher eukaryotes [229] and additionally
functions in telomere maintenance and induction of apoptosis [230].
When genomic insults are encountered, a complicated set of different emergency
strategies are called into action. Although many of the individual players are identified and the
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downstream signaling cascades have been studied, their respective interactions and
communication is still to be resolved.
1.9.2 DDR and -H2AX
The phosphorylation of the histone H2A-variant H2AX is the most prominent DDRassociated covalent histone modification in response to DNA damage by the checkpoint kinases
ATM, ATR and DNA-PKcs.
H2AX is a histone H2A variant that constitutes 2–25% of mammalian histone H2A
depending on the organism and cell type [231, 232]. H2AX is composed of a central globular
domain, flanked by N-terminal and C-terminal tails which have sites for a variety of posttranslational modifications such as acetylation, biotinylation, phosphorylation, methylation and
ubiquitination [231, 233, 234]. H2AX is structurally similar to other H2A species except for the
presence of a unique COOH terminal tail, containing a serine, four residues from the C terminus
(omega-4) and its position as well as the surrounding motif is highly conserved [232]. The
proteins responsible for the phosphorylation of the H2AX omega-4 serine are members of the
PI3 kinase family, including ATM, ATR and DNA-PK [235, 236]. Upon DSB induction, one of
these kinases phosphorylates many molecules of H2AX in chromatin regions varying from a few
megabases (Mbp) to many tens of Mbp flanking the lesion [237, 238]. This phosphorylation
event is dynamic, complex process and depends on interactions between MDC1, H2AX, ATM
and other kinases [239]. These -H2AX foci co-localize with most of the DSB associated DDR
factors and are thought to serve as docking sites for recruiting and retaining DNA repair and
signaling factors to DSBs.
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The amplified response of DDR is easily detected using antibodies to -H2AX,
manifesting discrete nuclear foci that may be utilized to enumerate the number of DSBs in a cell
and/or to examine the co-localization of other DNA repair proteins to the sites of double-strand
damage [240]. This is a sensitive technique for detecting DNA double-strand damage in cells
which reveals the presence of -H2AX foci in the nuclei of intact primary and cultured cancer
cells, as well as in tissues [237, 241, 242]. These foci are believed to represent lesions arising
from various kinds of endogenous and exogenous stress [243, 244]. -H2AX has recently been
identified as a potentially useful biomarker with clinical implications because of the sensitivity
and utility of -H2AX detection of DNA DSBs.
Mice lacking H2AX are radiation-sensitive and exhibit several features associated with
defective DDR but they are only partially defective in DSB repair and are not fully compromised
in checkpoint activation [245]. This notion argues that this impressive structural organization of
-H2AX into large molecular assemblies only makes the DDR process more efficient but is not
essential for DDR.
1.9.3 DDR and p53
p53 is a key player in the tumor suppressive DNA damage response. The TP53 tumor
suppressor gene is located on the small arm of chromosome 17, consists of 11 exons and encodes
a 53 KD protein with 393 amino acids, which is a cell cycle regulatory nuclear phosphoprotein.
p53 is normally expressed at a low level in cells (reviewed by [246]).
p53 was the first tumor suppressor gene described in 1979 and functions to eliminate and
inhibit the proliferation of abnormal cells, thereby preventing neoplastic development [247]. It is
a negative regulator of cell cycle [248]. Abrogation of the negative growth regulatory functions
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of p53 occurs in many, perhaps all, human tumors [247]. p53, a tumor suppressor protein is
essential for preventing inappropriate cell proliferation and maintains genome integrity following
genotoxic stress [247, 249].
Mice lacking the critical DDR gene TP53, are highly tumor-prone and regularly succumb
to neoplastic disease [250]. Patients suffering from Li-Fraumeni syndrome, caused by germline
mutations in the TP53 gene, are characterized by the development of multiple tumors early in life
[251]. p53 gene is often found to be genetically altered in tumors and is one of the most
frequently inactivated genes in human cancers [252]. Various mechanisms, including mutations
within the gene itself, lesions that prevent its activation, or mutations of downstream mediators
inhihit the function of p53 tumor suppressor in cancers [249]. Acquired mutations in the p53
gene are found in all major types of human cancers [253]. Mutation of the p53 gene is the most
common genetic alteration in human cancer, affecting more than 50% of all tumors [254-256].
p53 mutations in breast cancers occur in only 20% of cases [257, 258]. Tumors carrying p53
mutations are more aggressive and correlate with poor prognosis for treatment. Thus, the loss of
functional p53 during tumorigenesis likely represents an essential step in the switch to an
angiogenic phenotype that is displayed by aggressive tumors [256].
A variety of target genes that are transcriptionally controlled by p53 have been identified
as this mechanism of p53-mediated checkpoint responses is highly conserved and is involved in
a complex signaling network [259]. The physiologically best understood p53-mediated
checkpoint responses are probably induction of p21 and BH3-only proteins [259, 260]. The cell
cycle inhibitor p21 binds and inhibits cyclin dependent kinases (CDKs), thus preventing
progression through the cell cycle. In contrast, BH3-only proteins such as p53 upregulated
modulator of apoptosis (PUMA) as well as the BH domain proteins Bcl-2-associated protein X
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(Bax) and Bcl-2 antagonist/killer (Bak), are potent activators of apoptosis [261]. Both,
senescence and apoptosis are potent tumor suppressive mechanisms that ultimately prevent the
(neoplastic) proliferation of damaged cells.
1.9.3.a p53 interaction with the immune system
While the different p53-dependent cellular outcomes are largely the result of cell
autonomous signaling cascades, p53 signaling also involves non-cell autonomous and systemic
mechanisms. A widespread apoptosis or senescence is observed with reactivation of functional
p53 in pre-existing p53-deficient tumors. This reactivation triggered lymphomas to apoptosis,
while senescence was the primary response in sarcomas and liver carcinomas [262, 263]. Mice
carrying liver carcinomas revealed an intimate relationship between p53 signaling and
recruitment and activation of the innate immune system [263]. In liver carcinomas, p53
reactivation-induced senescence was

associated with upregulation of a number of pro-

inflammatory cytokines including CSF-1 and MCP-1, Chemokine CXC motif ligand (CXCL)1,
and IL-15 which attract macrophages, neutrophils and natural killer cells, respectively [263].
These mRNAs were also induced by p53 reactivation in cultured hepatoma cells, indicating their
specific expression in tumor cells.
Tumor cells utilize survival mechanisms integrating extracellular signals in response to
changes in environment with specific changes in gene expression. In response to DNA damage
or extracellular signals, expression of several transcription factors like CREB, NF-B, c-fos and
c-jun allows the cells to overcome stressful or deleterious environment and play a critical
regulatory role as integrators of diverse signaling pathways with selective induction of gene
expression [264-267].
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NF-κB transcription factors act as crucial players in an elaborate system that allows cells
to adapt and respond to environmental changes, a process pivotal for survival. Activation of NFκB is through a large number of diverse external stimuli and NF-κB regulated expression of
various genes play important and conserved roles in immune and stress responses and impact
processes such as apoptosis, proliferation, differentiation and development [268]. AP1 (jun/fos)
transcription factors (c-jun, junB, junD, c-fos, FosB, Fra-1 and Fra-2) are important drivers of
cancer development [269]. The signaling cascade consists of upstream regulator proteins (novel
protein kinase c and Ras), a MAPK module (MEKK1, MEK3 and p38δ) and AP1 transcription
factors. Differentiation stimulus causes activation of this cascade and lead to sequential
phosphorylation and activation of kinases in the MAPK module which in turn increases AP1
transcription factor level and binding to the DNA response element in the target gene. This leads
to increased target gene transcription [270-273].

1.10 cAMP Response Element Binding Protein (CREB)
CREB is a 43-kDa leucine zipper transcription factor that belongs to the CREB/ATF
family and regulates proliferation, differentiation and survival in a variety of cell types [274,
275] (reviewed in [276]). CREB contains a kinase-inducible domain (KID), two glutamine rich
domains and a basic leucine zipper (bZIP) domain. The transactivation and phosphorylation of
CREB occurs at KID and glutamine-rich domains [274, 275]. Various kinases phosphorylate a
serine 133 (Ser-133) residue within the KID domain and this phosphorylation promotes the
interaction of CREB with a number of transcription co-activators, particularly the histone
acetyltransferases- CREB-binding protein (CBP) or p300 [277, 278]. Various stimuli such as
growth factors, neurotransmitters, stress signals that increase intracellular cAMP or calcium
levels phosphorylate and activate CREB. Nuclear translocation of transducer of regulated CREB
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activity (TORC) coactivators also activate CREB by phosphorylation at Ser-133 [279, 280].
Activated CREB family member proteins bind to the cAMP response elements (CRE), promote
the recruitment of co-activators such as CBP/p300 and thus initiate the transcriptional machinery
and induce CREB target genes [281].
1.10.1 Phosphorylation and activation of CREB
Phosphorylation is one of the most important post-translational modifications that
modulates the charge, activity, stability, cellular localization and downstream signal
transduction, or have impact on crosstalk of proteins through other modifications [282]. CREB
was one of the first transcription factors shown to be regulated by phosphorylation and act as an
intracellular signaling second messenger in cells [274, 283, 284]. CREB is phosphorylated by
forskolin mediated by the cAMP-dependent protein kinase (PKA) in vitro [283]. CREB is
phosphorylated at Ser-133 by various kinases including ribosomal protein S6 kinase (pp90RSK),
protein kinase C (PKC), protein kinase B/AKT and mitogen- and stress activated protein kinase
(MSK-1) [274, 285]. Numerous stimuli such as neurotransmitters, growth factors or stress
signals that increase intracellular cAMP or calcium levels were found to activate CREB in cells.
Phosphorylation of CREB is induced by different growth factors such as mast/stem cell growth
factor, basic fibroblast growth factor and granulocyte-macrophage colony-stimulating factor
(GM-CSF) [286, 287]. CREB, when activated, dimerizes and binds to the promoter regions of its
target gene containing CRE site, TGACGTCA, or CRE half sites CGTCA/TGACG and for
CREB-mediated transcription, pCREB promotes the recruitment of its transcriptional
coactivators CBP/p300. Thus, CREB can regulate various cellular mechanisms through
modulation of its target genes.

49

Introduction

Figure 6: Activation of CREB. CREB can be phosphorylated by a variety of kinases in
response to mitogen, calcium and stress dependent signals. Phosphorylation on Ser-133 promotes
CREB to recruit transcriptional co-activators that induce transcription of a variety of
intermediate early response genes [285-288].
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1.10.2 CREB target genes
The broad array of CREB functions was revealed by genome-wide analysis occupying
approximately 4,000 in vivo promoter sites. It plays an important role in controlling cell cycle
regulators such as Ras, 14-3-3, cyclins and heat-shock proteins [289, 290]. Consistent with this,
CREB is involved in a variety of cellular functions, including cell proliferation, survival,
apoptosis, differentiation, metabolism, glucose homeostasis, hematopoiesis, immune response,
and neuronal activities such as memory and learning [291, 292].
Regulation of transcription factors such as c-fos and MEIS1, which contain CREB
binding motif on their promoters is modulated by phosphorylation of CREB at Ser-133 [293295]. CRE binding sites are critical for c-fos transcription [293]. CREB can induce MEIS1
expression in normal and malignant hematopoietic cells [294]. The importance of CREB in
metabolism has been suggested as numerous CRE containing genes were found to function in
metabolic regulation [296]. Moreover, genes regulating immune response including IL-2 and IL6, also possess consensus sites for CREB binding and can be modulated by CREB [297].
1.10.2.a Cell cycle and proliferation regulators
CREB has an impact on cell proliferation as it is capable of binding and regulating the
promoter regions of cell cycle genes such as cyclin A, D1 and D2 [298, 299]. Both PI3K and
CREB can regulate cyclin D2 promoter activity [299]. Phosphorylation of CREB at Ser-133 is
critical for IL-2 induced cyclin D2 transactivation and the CREB-binding site in cyclin D2
promoter is important for its activity.
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1.10.2.b Growth factors and signaling modulators
The proliferation and maturation of myeloid progenitor cells is stimulated with both GMCSF and IL-3 as each of them can activate signaling pathways involving a CREB binding site of
the early growth response-1 gene (egr-1) promoter [300]. GM-CSF induces CREB
phosphorylation and egr-1 transcription by activating pp90RSK through a MEK-dependent
signaling pathway in myeloid cell line (TF-1) [301].
1.10.2.c Cell survival regulation
The role of CREB in cell survival has been described in a number of tissues.
Neurotrophins such as nerve growth factor (NGF) induces phosphorylation of CREB at Ser-133
which in turn induces genes that confer specificity to neurotrophin signals and promote the
survival and differentiation of neurons [302]. Moreover, NGF and other neurotrophins activate
Bcl-2 in a CREB-dependent fashion and overexpression of pro-survival factors like Bcl-2
reduces the death-promoting effects [303].
1.10.3 CREB and cancer
CREB signaling is associated with cancer development and poor clinical outcome in
leukemogenesis, breast cancer and melanoma. CREB induces the transcription of aromatase in
breast adipose mesenchymal cells. Increased levels of aromatase lead to increased estrogen
levels, which have been implicated in breast cancer. Aromatase inhibitors, such as exemestane
and anastrazole are currently used to treat breast cancer [304]. As an example of positive
feedback regulation, estrogen causes CREB to bind and activate the cyclin D1 promoter [305].
The activation of CREB may further contribute to carcinogenesis by activating cyclin D1, which
causes cells to progress through the cell cycle [305]. In MCF7 cells, dominant negative CREB
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has been shown to block the transcription of Bcl-2 which implicates CREB as being protooncogenic as Bcl-2 blocks apoptosis [306].

1.11 Research hypothesis
As reviewed above, the tumor microenvironment plays crucial and versatile roles in
tumor progression. Therapeutic targeting of the tumor stroma therefore holds great promise for
improved cancer management. However, the success of such therapies highly depends on careful
identification and characterization of the multiple players and molecular processes involved in
the various steps of tumor progression. The research hypothesis for this PhD dissertation is that
“Macrophage induced oxidative and nitrosative stress act as mediators in promoting growth and
progression of breast cancer”.

1.12 Objectives of the present study
The objectives of the present study are:


To study the role of macrophages and inflammatory mediators in growth and migration
of breast cancer cell lines.



To identify the soluble factors secreted by macrophages responsible for tumor growth
promotion.



To understand the relationship between inflammatory response, DNA damage and
survival factor signaling pathways in benign and malignant breast cancer.
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CHAPTER 2
MATERIALS AND METHODS
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The studies reported in this dissertation include (i) in vitro experiments carried out to
assess the role of macrophages in growth and migration of breast cancer cells using conditioned
medium (MCM) (ii) identification of constituents of macrophage conditioned medium (iii)
evaluation of markers selected on the basis of in vitro study in benign fibroadenoma and invasive
ductal carcinoma patient samples using immunohistochemistry. The common methodologies
employed in (i) and (ii) include techniques like ELISA, clonogenic assay, real time PCR etc.
Apart from this, methodologies like flow cytometry and 2D PAGE and MALDI analysis were
exclusively used in (i) and (ii) respectively. Tissue microarray was constructed using the patient
samples and antibody labelling was carried out for immunohistochemistry for (iii). The various
methods followed through the course of the study are described in detail in this chapter.

2.1 Techniques employed in in vitro cell culture.
2.1.1 Cell culture
The breast adenocarcinoma cell lines used in this study MCF7 and MDA-MB-231 are
derived from epithelial tissue cancers of mammary gland origin. MCF7 breast cancer cell line
was derived from an in situ carcinoma, i.e. the cancerous cells that had not yet invaded
surrounding tissues. It is hormone responsive, as it expresses estrogen and progesterone
receptors. MDA-MB-231 breast cancer line was derived from a metastatic carcinoma and is not
hormone sensitive; so, blocking estrogen receptor in these cells will not inhibit the growth. This
cell line also expresses epidermal growth factor (EGF), an oncogene. In comparision to MCF7
cells, MDA-MB-231 cells grow faster and are more resistant to drug therapies.
Human breast adenocarcinoma cell lines - MCF7 (ATCC Number HTB-22, isolated in
1970 from a 69-year-old Caucasian woman and established in 1973 by Herbert Soule and co55
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workers) and MDA-MB-231 (ATCC Number HTB-26, established in 1973 by Cailleau et al.)
were obtained from National Centre for Cell Sciences, Pune, India. These cell lines were
maintained in Dulbecco's Modified Eagle's medium (DMEM) (high glucose- 4mM L-glutamine,
4.5 g/L glucose and 3.7g/L sodium bicarbonate in 25 mM HEPES buffer with sodium pyruvate)
supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin and 100 µg/ml of
streptomycin (complete medium). Cells were passaged 2-3 times a week on attaining confluence
by treatment with trypsin-EDTA (0.25% porcine trypsin, 0.02% EDTA) solution. The resulting
single cell suspension was diluted 1:2 or 1:3, re-suspended in complete medium and was
incubated in a humidified atmosphere at 37°C in 5% CO2 or used for further experiments.
A monocyte cell line U937 (ATCC Number CRL-1953, established by Sundström and
Nillson in 1975) of human histiocytic lymphoma origin was also obtained from National Centre
for Cell Sciences, Pune, India. The cell line was maintained in RPMI 1640 medium (4mM Lglutamine, 2 g/L glucose and 2 g/L sodium bicarbonate in 25 mM HEPES buffer) supplemented
with 10 % FBS in humidified incubators at 37°C with 5 % CO2 atmosphere. The cells were subcultured at a cell density between 1 X 105 to 2 X 106 cells/ ml. Cell viability was estimated
regularly by trypan blue dye exclusion.
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Table 8: Cell lines used in the in vitro study
Cell Line

MCF 7

MDA-MB- 231

U937

Origin:

Human breast

Human breast cancer cell Human

cancer cell line

line

leukemia cell line

Ethnicity:

Caucasian

Caucasian

Caucasian

Gender:

Female

Female

Male

Age:

69 years

51 years

37 years

Isolation date:

1970

1973

1975

Morphology:

Epithelial cell type

Epithelial cell type

Myeloid cell type

Derived from

Pleural effusion

Pleural effusion

Pleural effusion

Estrogen receptor:

Positive

Negative

Her2/ ERBB2:

Positive

Negative

Antigen Expression:

Negative

epidermal growth factor

monocytic

metastatic site:

(EGF),

transforming

growth factor alpha (TGF
alpha)
p53 status:

Wild type

Mutant

Mutant

Cell lines were cryopreserved using 10% dimethyl sulfoxide (DMSO) and stored in liquid
nitrogen. The cells were revived by thawing the frozen stocks and washing twice with about 30
ml of medium, to remove all traces of DMSO, prior to re-suspension in DMEM with 20 % FBS,
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100 U/ml penicillin and 100 μg/ml streptomycin in T25 flasks. Cells were maintained in
humidified incubators with 5 % CO2 at 370C. For cryopreservation, about 3 X 106 cells were
suspended in 1 ml of freezing mixture (45 % DMEM, 45 % FBS and 10% DMSO) in freezing
vials. The freezing vials were stored at -800C for about 48 hrs and subsequently stored in liquid
nitrogen at -1960C.
2.1.2 Collection of conditioned media from U937 cells
For the preparation of monocyte conditioned medium (MCM), U937 cells were plated in
a density of 2 X 105 cells/ml in 24 well plates in complete media for 24 hr at 370C. After 24 hr,
culture supernatant was collected. U937 cells were differentiated to macrophages with 160 nM
phorbol 12-myristate 13-acetate (PMA) treatment for 48 h [307, 308]. The adherent cells (M)
were washed with phosphate buffer saline (PBS) to remove PMA and were further cultured in
serum containing growth medium for another 24 hr. The culture supernatants were used as
macrophage conditioned medium (MCM). The conditioned media were filtered using 0.22 µm
membranes and stored at -200C. MCF7 and MDA-MB-231 cells were treated with 10% of MCM
and MCM in the entire study.
2.1.3 Clonogenic assay
Clonogenic assay or colony formation assay is an in vitro cell survival assay based on the
ability of a single cell to grow into a colony [309]. The colony is defined to consist of at least 50
cells. The assay essentially tests every cell in the population for its ability to undergo "unlimited"
division. Only a fraction of seeded cells retain the capacity to produce colonies. Before or after
treatment, cells are seeded out in appropriate dilutions to form colonies in 1-3 weeks.
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To measure colony forming ability of cells, MCF7 and MDA-MB-231 cells were seeded
at a density of 103 cells/ml in 6 well plates in complete medium. Twenty four hr later, cells were
incubated with MCM or MCM for a period of 6 days. Once colonies were formed, cells were
washed with PBS and fixed with methanol: acetone (7:3) at -200C. Fixed colonies were stained
with crystal violet (0.5% w/v). The stained colonies were counted using GelcountTM cell counter
(Oxford Optronix) and data were analyzed by GelcountTM software. Each experiment was carried
out in triplicates/group and was repeated three times. Cells not treated with any supernatant
served as controls.
For antibody neutralization experiments, MCM was pre-treated with 1g of anti-TNF-α,
IL-1β, IL-6 alone or in combination for 3 hr at 370C. The treated CM was filtered through 0.22
M filter prior to treatment of MCF7 cells.
2.1.4 Assay for apoptosis
Cell-cycle analysis employs flow cytometry to distinguish cells in different phases of
the cell cycle. Before analysis, the cells are permeabilised and treated with a fluorescent dye,
usually propidium iodide (PI) that stains DNA quantitatively as it binds stoichiometrically to
nucleic acids and the ﬂuorescence emission is proportional to DNA (and RNA, which has to be
removed if DNA is to be measured) content of a cell. In 1991, Nicolette et al. reported that
apoptotic cells, but not necrotic ones, have reduced DNA staining with a variety of
fluorochromes. Therefore, the presence of cells with DNA content lower than that of G1-cells
(hypodiploid or sub-G1 peaks) has been considered a marker of cell death by apoptosis. When
apoptotic cells are stained with PI and analyzed in a ﬂow cytometer, they display a broad
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hypodiploid (sub-G1) peak, which can be easily discriminated from the narrow peak of cells with
normal (diploid) DNA content in the red ﬂuorescence channels.
MCF7 and MDA-MB-231 cells were seeded at a density of 104 cells/ml in 6 well plates
in complete medium. Twenty four hr later, cells were treated with MCM or MCM and
incubated for a period of 5 days. The cells were subsequently trypsinized, washed twice with
cold PBS and fixed in ice cold ethanol (70 %) at -20°C O/N. Cells were washed with PBS
and re-suspended in 50 μg/ml propidium iodide and 50 μg/ml RNase A at 370C for 30 min.
Twenty thousand cells were acquired in a Partec CyFlow® Space flow cytometer using FloMax
2.1™ software and data were analysed using FCS Express™ software. Cells with less than G1
DNA content were enumerated as apoptotic cells.
2.1.5 Immunofluorescence analysis
Immunofluorescence is a powerful technique that utilizes fluorescent dye conjugated
antibodies to detect specific antigens and allows visualization of target molecule distribution
throughout the sample.
MCF7 and MDA-MB-231 cells (104/ml) grown on sterile glass coverslips were incubated
with MCM or MCM for 5 days. For antibody neutralization experiments, MCM was pretreated with 1g of anti-TNF-α, IL-1β, IL-6 alone or in combination for 3 hr at 370C. The treated
CM was filtered through 0.22 M filter prior to treatment of MCF7 cells. For treatment with
inhibitors, the cells were treated with MCM or MCM alone or in presence of pharmacological
inhibitors of signaling, N-acetyl cysteine (NAC) (5 mM, antioxidant), 1400W (10 µM, a specific
iNOS inhibitor) or CGK733 (2 µM, a selective inhibitor of ATR and ATM kinases). After
treatment for 5 days, the cells were permeabilized with methanol: acetone (7:3) for 20 min at 60
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20°C for intracellular labeling of proteins. After 30 min of treatment with blocking buffer (10%
FBS in PBS), cells were incubated with primary antibodies (1 µg/106 cells) directed against
pCREB, CREB, pATM, -H2AX or vimentin for 1 hr at room temperature (RT). The cells were
then stained with Alexa Fluor 488 conjugated secondary antibody for 30 min. Cells labeled only
with the secondary antibody served as a negative control. After three PBS washes, the coverslips
were mounted on glass slides with anti-fade mountant containing 4-, 6-diamidino-2 phenylindole
(DAPI). Images were acquired using a Nikon Eclipse Ti™ inverted microscope equipped with a
Nikon digital camera using NIS elements™ software. The fluorescence intensity of the cells was
quantitated using Image J software in a minimum of 50 cells.
2.1.6. Intracellular labeling for flow cytometry
MCF7 and MDA-MB-231 cells (104/ml) were incubated with MCM or MCM for 5
days. For measuring intracellular TGF-β1 expression in MCF7 cells following MCM treatment,
the cells were incubated with Golgi plug™ (a protein transport inhibitor) for 4 hr prior to
harvesting for flow cytometric analysis. Cells were harvested using trypsin and fixed with 1 ml
of 70% ethanol in -20°C O/N. Cells were further washed with PBS and non-specific binding was
blocked with blocking buffer (5% FBS in PBS) for 30 min. The cells were incubated with
primary antibodies (1 µg/106 cells) directed against anti-pan-TGF-β1, -H2AX, Bax, Bcl2 or
iNOS intracellular antigens diluted in blocking buffer for 1 hr at RT. After three washes with
PBS, the cells were incubated with Alexa Fluor 488 conjugated secondary antibody for 30 min.
Cells labeled only with secondary antibody served as a negative control. Twenty thousand cells
were acquired in a Partec CyFlow® Space flow cytometer using FloMax 2.1™ software and data
were analysed using FCS Express™ software.
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2.1.7 Detection of reactive oxygen and nitrogen species (ROS and RNS)
The cell permeant reagent 2’,7’ –dichlorofluorescin diacetate (DCFDA), is a fluorogenic
dye that measures hydroxyl, peroxyl and other reactive oxygen species (ROS) activity within the
cell. After diffusion into the cell, DCFDA is deacetylated by cellular esterases to a nonfluorescent compound, which is later oxidized by ROS into 2’, 7’ –dichlorofluorescein (DCF).
DCF is a highly fluorescent compound which can be detected with maximum excitation and
emission spectra of 488 nm and 525 nm respectively [310].
4-amino-5- methylamino-2‘,7‘-difluorofluorescein diacetate (DAF-FMDA) permeates
into living cells and is rapidly transformed into DAF-FM by cytosolic esterases, which is then
oxidized by NO to a benzotriazole product accompanied by increased fluorescence detected with
maximum excitation and emission spectra of 488 nm and 525 nm respectively [311].
MCF7 and MDA-MB-231 cells were seeded at a density of 104 cells/ml in a 6 well plate
in complete medium. Twenty four hr later, cells were incubated with MCM or MCM for 24 hr,
48 hr and 5 days. Cells were treated with 20 µM DCF DA for detection of ROS and 10 µM
DAF-FM for detection of RNS for 30 min at 37ºC. Cells were subsequently harvested using
trypsin, washed with PBS and acquired in flow cytometer and data were analyzed by FCS
Express™ software.
2.1.8 Detection of changes in mitochondrial membrane potential (m)
Mitochondrial membrane potential, Δψm, is an important parameter of mitochondrial
function. 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine iodide (JC-1) is a
lipophilic, cationic dye that can selectively enter into mitochondria and reversibly change color
from green to red as the membrane potential increases. In healthy cells with high mitochondrial
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Δψm, JC-1 spontaneously forms complexes known as J-aggregates with intense red fluorescence
(measured in FL2 channel). On the other hand, in apoptotic or unhealthy cells with low Δψm,
JC-1 remains in the monomeric form, which shows only green fluorescence (measured in FL1
channel) [312].
To study the effect of MCM on mitochondrial membrane potential, MCF7 and MDAMB-231, cells were plated at density of 104cells/ml and were treated for 5 days. The cells were
washed with PBS and labeled with 1 µM JC-1 for 30 min at 37°C. The cells were subsequently
harvested, acquired in Cyflow Space flow cytometer and the data were analyzed by FCS
Express™ software. Change in mitochondrial membrane potential (FL2/FL1 ratio) was
quantified.
2.1.9 Western blotting
Western Blotting (also called immunoblotting) is a technique used for analysis of
individual proteins in a protein mixture. The technique has three elements: (1) separation by size,
(2) transfer to a solid support and (3) marking target protein using a appropriate primary and
secondary antibody to visualize [313, 314]. The changes in expression of pro and anti-apoptotic
proteins (Bcl2 family), MAPK signaling proteins and DNA damage markers in MCF7 and
MDA-MB-231 cells treated with MCM were studied with western blotting.
The cells were lysed in 100 μl of 1X gel loading buffer supplemented with phosphatase
inhibitor, 1 mM sodium orthovanadate and protease inhibitor cocktail. The cells were incubated
on ice for 30 min and then heated at 980C for 10 min and the lysates were then stored at -200C.
The proteins were separated in 8-12 % SDS PAGE gel using Tris- glycine electrophoresis
buffer. A pre-stained molecular weight marker was included in every gel. The separated proteins
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were transferred to polyvinylidene fluoride (PVDF) membrane using wet blotting technique
using a Tris-glycine transfer buffer. Following transfer, proteins on the membrane were stained
with ponceau S stain to check for the efficiency of transfer. The membrane was blocked in 5%
skim milk in PBS with 0.05% Tween 20 (PBST) for 1 hr at RT and then probed with primary
antibody for 3 hr at RT or O/N at 40C. The primary antibody dilutions used were 1:10,000 for H2AX, 1:5000 for ERK2, 1:5,000 for Bax and Bcl2 and 1:1000 for all the other antibodies in 4%
BSA with 0.01% sodium azide in PBST. The membranes were washed thrice with PBST for 15
min each and probed with HRP-conjugated anti-mouse or rabbit IgG antibody (in 5% non-fat
milk in PBST). The bands were developed on X ray film using chemilumescent substrate. The
quantitation of protein bands was performed using Image J software.
2.1.10 Generation of ATM KD cells
RNA interference (RNAi) is the process of sequence specific, post-transcriptional gene
silencing in animals and plants, induced by double- stranded RNA (dsRNA) that triggers the
degradation of complementary mRNA. In eukaryotic organisms, in vivo or in vitro generated
long double-stranded RNAs are cleaved into 21 -23 nucleotide long short interfering RNAs
(siRNA) by a RNAse III like enzyme activity called DICER [315]. The siRNA is then taken up
by the RNA-induced silencing complex (RISC), which anneals one of the siRNA strands to the
complementary region of the mRNA and finally cleaves the mRNA [316].
The expression of ATM was downregulated using RNA silencing approaches. For this
purpose, 2 X 105 cells were seeded in 35 mm dish in antibiotic free medium with 10% FBS. The
commercially available 19-25 nt scrambled or ATM specific siRNA (h), designed to knock down
gene expression was reconstituted in 330 µL of siRNA diluents (1 µg RNA contain 20-80

64

Materials and Methods
picomols and 8 µL of reconstituted siRNA contain 1 µg RNA). The cells were transfected with 1
µg of double-stranded RNA oligonucleotides targeting ATM using X-treme GENE transfection
reagent. X-treme GENE siRNA transfection reagent (μL): siRNA (μg) ratio was 10:1. After 72 h
of culture, cell lysates were prepared 15 min following exposure to 5 Gy  radiation. The down
regulation of ATM was confirmed using immunoflouresence.
2.1.11 In vitro scratch assay- wound healing
The mobility of breast cancer cells in presence of MCM and MCM was assessed by
wound healing assay. MCF7 and MDA-MB-231 cells (2X104cells/ ml) were grown in medium
containing MCM or MCM for 5 days. After formation of a confluent monolayer, wounds were
created using a sterile pipette tip and the cells were incubated with serum free media. The cells
were stained with calcein AM and images of the wound were acquired using a Nikon Eclipse
Ti™ microscope equipped with a Nikon digital camera as 0 hr micrograph. The ability of cells to
migrate into the wound area was assessed by comparing micrographs at 0 and 24 hr along the
wounded area. The number of cells in the wounded area was enumerated using CellProfiler TM
image analysis software (Broad Institute).
2.1.12 Migration assay
Migration of MCF7 and MDA-MB-231 cells was studied using polycarbonate inserts of
8.0 µm pore size PET track- etched membrane placed in the wells of tissue culture plate [317].
The cells (105/100 μL) were seeded in the top chamber of each transwell and allowed to migrate
for 72 hr. The bottom chamber contained MCM or MCM alone or along with NAC (5 mM),
1400W (10 µM) or CGK733 (2 µM) or in combination. For antibody neutralization experiments,
MCM was pre- treated with 1g of anti-TNF-α, IL-1β, IL-6 alone or in combination for 3 hr at
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370C. The treated CM was filtered through 0.22 M filter prior to treatment of MCF7 cells. The
cells on the upper side of the membrane were removed with a cotton swab. The membranes were
fixed in methanol: acetone (7:3) for 20 min at -200C and stained with crystal violet for 5 min.
Images were acquired using a Nikon Eclipse Ti™ inverted microscope equipped with a Nikon
digital camera using NIS elements™ software. The number of cells that migrated to the lower
surface of the membrane was counted using CellProfilerTM image analysis software.
2.2.13 Estimation of mRNA levels by real time PCR
The expression of TGF-β1, TGF-β2, TGF-β3, TGF-βRI, TGF-βRII, IL-6, EGFR, ICAM1, ezrin, radixin and moesin genes in MCM and MCM treated MCF7 cells was assessed using
real-time PCR.
Total RNA was isolated from one million cells (MCM and MCM treated MCF7 cells)
using RNA isolation kit (HiPurA™ Total RNA Miniprep Purification Spin Kit, HiMedia, India).
RNA purification procedure using miniprep spin columns comprises of three steps viz,
adsorption of RNA to the membrane, removal of residual contaminants and elution of pure RNA.
RNA concentration was determined by measuring its absorbance at wavelength of
A260nm/A280nm (PicodropTM spectrophotometer). A260nm/A280nm ratio gives an estimate of
the purity of the RNA. Pure RNA solutions have an optical density ratio of 2.0. Optical density
values less than 1.5 indicates ethanol or protein contamination. The RNA sample then was stored
at -80ºC for future use.
Reverse transcription leads to synthesis of complementary strand of DNA from RNA. It
is followed by polymerase chain reaction (PCR) and the two processes together are known as
RT- PCR. One microgram of total RNA was reverse transcribed to cDNA in a reaction
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containing random hexanucleotide primers, dNTPs and reverse transriptase using first strand
cDNA synthesis kit (Roche, Germany). The reaction mixture was incubated at 25°C for 10 min
and then 50ºC for 1hr to commence cDNA synthesis followed by incubation at 85ºC for 5
minutes to inactivate RNase. The cDNA was diluted to 1:10 in PCR water (distilled, deionised
and UV- treated H2O) and the samples were stored at -20ºC until required or used for PCR
amplification.
Real time quantitative polymerase chain reaction (QPCR) was developed in1992 which
allows quantification of DNA, cDNA, or RNA templates as the products accumulates with each
cycle of amplification. It is based on the detection of a fluorescent reporter molecule that
increases as PCR product accumulates with each cycle of amplification (the level of fluorescence
detected is directly proportional to the PCR product yield). The level of fluorescence is
continuously monitored through the software and hence the term ‘real-time’. Fluorescent reporter
molecules include dyes that bind double-stranded DNA (i.e. SYBR® Green I) or sequence–
specific probes (i.e. Molecular Beacons®, Amplifluor® probes, Scorpions® probes or TaqMan®
Probes). SYBR Green I binds to all double–stranded DNA and is monitored by measuring the
increase in fluorescence throughout the cycle.
Equal amount of cDNA (0.5 μl) was used for PCR amplification of GAPDH as
housekeeping gene and other target genes using 2.5 pmoles of gene specific primers (table 11).
Real-time PCR was carried out in Light Cycler 480 (Roche, Germany). All reactions were
performed with SYBR green I in PCR mix and in triplicates.
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Table 9: List of primers used in the study

S. No.
1.

Gene

GAPDH

Primer Sequence
Forward: 5′-ATGACATCAAGAAGGTGGTG-3′

Reference
[318]

Reverse: 5′-CATACCAGGAAATGAGCTTG-3′
2.

TGF-β1

Forward: 5′-GGCCCTGCCCCTACATTT -3′

[319]

Reverse: 5′-CCGGGTTATGCTGGTTGTACA-3′
3.

TGF-β2

Forward: 5′-TCAAGAGGGATCTAGGGTGGAA -3′

[319]

Reverse: 5′-GGCAGCTCCAGCACAGAA -3′
4.

TGF-β3

Forward: 5′-CAGCTCTAAGCGGAATGAGCAG -3′

[319]

Reverse: 5′-TATAGCGCTGTTTGGCAATGTG -3′
5.

TGF-βRI

Forward: 5′-AAGTCATCACCTGGCCTTGGT-3′

[319]

Reverse: 5′-TGCGGTTGTGGCAGATATAGAC-3′
6.

TGF-βRII

Forward: 5′-AATATCCTCTGAAGAACGACCTAA-3′

[319]

Reverse: 5′-TCCCACCTGCCCACTGTTA-3′
7.

IL-6

Forward: 5′-TCTCCACAAGCGCCTTCG-3′

[320]

Reverse: 5′-CTCAGGGCTGAGATGCCG-3′
8.

EGFR

Forward: 5′-GTGACCGTTTGGGAGTTGATGA-3′

[321]

Reverse: 5′-GGCTGAGGGAGGCGTTCTC-3′
9.

ICAM-1

Forward: 5′-CTGCAGACAGTGACCATC-3′

[322]

Reverse: 5′-GTCCAGTTTCCCGGACAA-3′
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10. Ezrin

Forward: 5′-GTTTTCCCCAGTTGTAATAGTGCC -3′

[323]

Reverse: 5′-TCCGTAATTCAATCAGTCCTGC-3′
11. Radixin

Forward: 5′-CGAGGAAGAACGTGTAACCGAA -3′

[323]

Reverse: 5′-TCTTGGTTTCATCTCTGGCTTG -3′
12. Moesin

Forward: 5′-TGTAAACCAGAGAGCTGCTGG -3′

[323]

Reverse: 5′-GAAGAGCACACATGAGACAGAGAA -3′

The data obtained by QPCR was analyzed using software tool, REST© (relative
expression software tool). The two groups were compared, with up to 16 data points in a sample
and 16 in a control group, for reference and up to four target genes. The average fold changes
were calculated by differences in threshold cycles (Ct) between pairs of samples compared. The
mathematical model used was based on the PCR efficiencies and the mean crossing point
deviation between the sample and control group.

2.2 Techniques employed in characterization of conditioned medium.
2.2.1 Enzyme-linked immunosorbent assay (ELISA)
ELISA uses a solid-phase enzyme immunoassay (EIA) to detect the presence of antigen,
in a liquid sample [324]. The pro inflammatory cytokines present in the conditioned medium
were quantitated using commercially available cytokine sandwich ELISA kits.
For this assay, capture antibody (2 μg/ml) diluted in bicarbonate-coating buffer (1:250)
was added to the wells of enhanced protein binding 96 well - ELISA plates. The plates were
sealed to prevent evaporation and incubated O/N at 4°C. The unbound capture antibody was

69

Materials and Methods
aspirated and wells were washed 3 times with buffer (PBS with 0.05% Tween 20, PBST). The
non-specific binding was treated blocked with buffer containing 10% FBS (blocking buffer)
and incubated at RT for 1 hr. The wells were washed thrice with PBST. Replicates of
standards/ samples diluted in blocking buffer were added to the wells and incubated at RT for
2 hr. The wells were subsequently washed again with PBST. For detection, biotinylated anti cytokine detection antibody (1 μg/ml) diluted in blocking buffer was added to each well for 1hr
at RT followed by PBST washes. Streptavidin-HRP conjugate (1 μg/ml) was added to each
well and incubated for 30 min at RT followed by thorough washes with PBST. TMB substrate
was added to each well and incubated for 20-30 min at RT in dark. The reaction was stopped
using 0.2M sulfuric acid. The absorbance of the plate was measured within 30 min in a
microtitre plate reader set at 450 nm with wave length correction parameter set at 540 nm.
Standard curves were generated from mean ± S.E.M. of O.D. absorbance values of recombinant
cytokine standards. The amount of cytokine in each well was estimated from the standard curve
for the cytokines.
Table 10: Standard range of cytokine ELISA
S.No

Cytokine

Standard range

1.

TNF-α

7.8 pg/ml -500 pg/ml

2.

IL-1β

3.9 pg/ml -250 pg/ml

3.

IL-6

4.7 pg/ml -300 pg/ml

4.

TGF-β1

5.

IFN-

62.5 pg/ml -4000 pg/ml
4.7 pg/ml -300 pg/ml
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2.2.2 Collection of CM for 1D and 2D sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)
Serum free conditioned media were generated from monocytes and macrophages for
secretome analysis since the presence of FBS proteins will mask the low abundance secreted
proteins. U937 cells were plated in density of 1 X 106 cells/ml in T-75 flask in serum free media
for 24 hr at 37ºC. Monocytes were differentiated to macrophages as described before and were
further cultured in serum free medium for 24 hr at 37°C. The culture supernatants were filtered
using 0.22 µm membranes and were stored at -196°C in presence of protease (PS) and
phosphatase inhibitors (PIC) till further processing. Around 40 ml of culture supernatant was
concentrated 40 fold by two methods: (1) ammonium sulphate precipitation and (2) membrane
ultracentrifugation with centricon tubes (10 kD cut off)
Ammonium sulfate ((NH4)2SO4) precipitation is a classic first step to fractionate proteins
by causing perturbations in the solvent with respect to ionic strength (Green and Hughes, 1955).
It is performed to remove components in cell culture supernatant that may interfere with
downstream purification methods. The major advantage to this method is that it causes the
reversible precipitation of the protein and is non-denaturing to the protein structure. In brief, the
CM was subjected to 10% ammonium sulfate (w/v) cut by slowly adding solid (NH4)2SO4 while
gently stirring at 4°C for 30 min. The CM was centrifuged at 4000 g for 15 min and supernatant
was subjected to further 80% ammonium sulfate (w/v) cut with gentle stirring at 4°C for 1hr in
which the protein of interest is “salted out”. The CM was then centrifuged at 4000 g for 15 min
in which precipitate was collected and the remaining supernatant that may contain additional
“contaminating” proteins was discarded. The precipitate was dissolved in 1mM Tris (pH 8)
and unwanted small molecules such as salts, reducing agents etc were removed by dialysis (10
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kD cut off) O/N at 4°C. The samples were then concentrated to 1 ml by centricon tube
ultrafiltration.
The CM was also concentrated by centricon tube ultrafiltration method. The process of
ultrafiltration uses semi-permeable membranes and pressure to separate molecular species on the
basis of size and shape. The centricon consist of a sample filter unit (10 kD cut off) and a
filtration collection tube. The sample was loaded in the filter unit, placed in the collection tube
and concentrated by ultrafiltration at 4000 g for 15 min. The concentrated samples were then
washed with 1mM Tris for buffer exchange. The samples were stored at -80°C in presence of
PIC&PS.
2.2.3 Protein estimation by Lowry method
The protein content in concentrated CM was estimated by Lowry’s method (1951). The
method combines the reactions of copper ions with the peptide bonds under alkaline conditions
(the Biuret test) with the oxidation of aromatic protein residues. For estimation of proteins, 500
μl of diluted proteins (10 μl unknown protein sample in 490 μl water and 2-25 μg standards)
were mixed with 500 μl Folin-Ciocalteau’s reagent to make a total volume of 1 ml. The samples
were incubated in dark for 10 min. Two fifty μl of Folin-Ciocalteau’s reagent was then added in
each tube and samples were incubated for 30 min in dark. Absorbance was measured at 750 nm
and the concentration of the unknown protein samples was estimated using the standard graph
prepared using bovine serum albumin.
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2.2.4 One- dimensional SDS-PAGE gel electrophoresis
SDS-PAGE is used to separate proteins with relative molecular mass [325]. Twenty five
μg of concentrated protein samples were separated on 10% SDS-PAGE gels as described earlier.
The gel was washed with D/W and stained with Coomassie Brilliant Blue-250 (0.1% w/v) for 20
min with gentle agitation. This was compatible with downstream processing such as mass
spectrometry analysis after protein digestion. The gel was placed in destaining solution (80%
water, 10% methanol & 10% glacial acetic acid). The destaining solution was replenished
several times until background of the gel was fully destained. Images of Coomassie Brilliant
Blue-stained gels were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM
software (Syngene, UK).
2.2.5 Silver staining of SDS-PAGE gel
Silver staining is used to detect proteins after electrophoretic separation on
polyacrylamide gels and has excellent sensitivity (detection of protein in nanogram range) [326].
Ten μg of concentrated protein samples were separated on 10% SDS-PAGE gels as described
earlier.
The gel was washed in D/W and was treated with fixative solution (50% methanol, 12%
acetic Acid, 0.5 ml 37% formaldehyde/L) for 1 hr or more. The gel was washed thrice with 50 %
methanol for 20 min each. The gel was sensitized in 0.02% sodium thiosulfate for 1 min and
washed thrice with water for 20 sec each. The gel was then impregnated with cold 0.2% silver
nitrate solution (2g/L AgNO3, 0.75 ml of 37% formaldehyde/L) for 20 min and rinsed twice with
distilled water. The gel was treated with chilled 6% developing solution (60g/L Na2CO3, 0.5 ml
37% formaldehyde/L, 4 mg/L Na2S2O3.5H2O) till the bands appeared. The gel was then washed
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with water and the reaction was terminated with stop solution (50% methanol and 12% acetic
acid). The gel was stored in 1% acetic acid till further processing. Images of silver stained gels
were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM software (Syngene,
UK).
2.2.6 Two - dimensional gel electrophoresis
Proteome analysis is a direct measure of protein in terms of their presence and relative
abundance. One of the greatest challenges of proteome analysis is the reproducible fractionation
of the complex protein mixtures while retaining the qualitative and quantitative relationships.
Currently, 2-D PAGE is the only method that can handle this task. The mixture of proteins is
separated by two properties viz. isoelectric point and protein mass [327]. Proteomic analysis was
carried out in collaboration with Dr. Bhakti Basu, Molecular Biology Division, BARC. The
different steps for 2-D is given below:
Sample Preparation: The concentrated CM samples were further reduced to 2 µL in a
speed vac concentrator were incubated with 98 µL of 2D rehydration buffer (8 M urea,
1 M thiourea, 2% CHAPS, 15 mM DTT, 2% IPG buffer, traces of bromphenol blue) for 30 min
at RT. Equal amount of samples were loaded on rehydration/equilibriation trays along the back
edge of the tray channels. The IPG strips were gently placed using the forceps onto the samples
without introduction of bubbles. The “+ terminal” & “pH 4-10 marked side” was positioned at
the left side of the tray. The strips were overlaid with 2-3 ml of mineral oil to prevent
evaporation during rehydration process. This method allows even distribution of the samples
along the length of the strip. The tray was covered and left on the leveled bench O/N for
rehydration and loading of protein samples on the IPG strips.
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Isoelectric Focusing: One-dimensional protein separation was performed with the
Protean Isoelectric Focusing Cell (Bio-Rad, India) at 200C. The rehydration IPG strips were
placed in a clean and dry Protean IEF focusing tray of the same size and paper wicks were placed
at both ends of the channels corresponding to wire electrodes. The paper wicks were wet with 8
µL of nanopure water. The IPG strips were carefully lifted using forceps and mineral oil was
drained by holding the strips vertically for about 7-8 sec. The strip was transferred to the
corresponding channel in the focusing tray and was covered with 2-3 ml of fresh mineral oil. The
lid was placed on the tray which was placed into the Protean IEF cell. The run parameters for 11
cm strip at 200 C with a max current of 50 µA per strip was 8000 V with maximum volt-hour set
at 30000 V-hr in rapid ramp. After completion of electrophoresis run IPG strips were stored at 800 C.
IPG Equilibration: The frozen strips stored at -80°C were thawed for 10-15 min at RT.
The strips were incubated with equilibration buffer I (6 M urea, 50 mM Tris, pH 6.8, 30%
glycerol, 4% SDS, 20 mM DTT) for 15 min with gentle shaking. The equilibration buffer I was
decanted and strips were further incubated with equilibration buffer II (6 M urea, 50 mM Tris,
pH 6.8, 30% glycerol, 4% SDS and 4.5% iodoacetamide) for 15 min with gentle shaking. The
equilibration buffer II was decanted. The strips were washed with running buffer for 10 min.
SDS-PAGE: SDS resolving gel (12%) was prepared as described in Annexure. The strip
was laid on top of the resolving gel with 1 strip/gel and the prestained molecular weight marker
was loaded onto the last well of the gel. The agarose solution with bromophenol blue (BPB) was
overlaid on the IPG well of the gel. The gel was run in 1X tris/glycine/SDS running buffer and
migration of BPB was monitored to check the progress of electrophoresis.
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Staining of the gel: The gel was stained with Coomassie Brilliant blue and destained as
described in 2.2.4. Images of Coomassie Brilliant Blue-stained gels were acquired by Dyversity6 gel imager (Syngene, UK) using GeneSnapTM software (Syngene, UK).

Figure 7: Procedure summary for 2-D SDS PAGE.
2.2.7 In gel trypsin digestion
In-gel proteolytic digestion of separated proteins is performed to cleave the protein of
interest present within the polyacrylamide matrix. In-gel digestion is a multi step procedure
including spot selection, spot excision, stain removal, reduction, alkylation, proteolytic cleavage
and finally extraction of the peptides.
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The proteins of interest separated in 1D or 2D PAGE were marked on the gel image. The
gel was washed twice with distilled water for 10 min each. The spots of interest were excised
from the gel into 1 mm cube pieces. The excised pieces were transferred to 1.5 ml microfuge
tube. For destaining, the gel particles were washed with M/Q H2O followed by treatment with 50
mM NH4HCO3/Acetonitrile (ACN) (1:1, v/v) for 15 min, rehydration in 50 mM NH4HCO3 for 5
min and addition of equal volume of ACN. The supernatant was removed after 15 min of
incubation and 25 µL ACN was further added to cover the gel particle. The gel pieces were
shrunk in presence of ACN and dried down in vacuum centrifugation.
For the reduction step, the gel particles were incubated in 10 mM DTT/ 50 mM
NH4HCO3 at 56°C for 45 min. The samples were brought to RT and excess liquid was removed.
The gel particles were alkylated by incubation with freshly prepared 55 mM iodoacetamide
(IAA)/50 mM NH4HCO3 for 30 min at RT in dark. After removing IAA, gel particles were
washed twice with 50 mM NH4HCO3/ ACN (1:1, v/v) for 15 min each and again with ACN for
15 min. The gel pieces were shrunk in presence of ACN and dried down in vacuum centrifuge.
The proteolytic cleavage of proteins in the gel particle was carried out with 20 ng of
freshly prepared enzyme solution (in 25 mM NH4HCO3) at 4°C for 30 min. Four µL of 25 mM
NH4HCO3 with 9% ACN was further added on the gel particle and was incubated at 37°C for
O/N.
For peptide extraction, the gel particle was vortexed with 0.1 % trifluoroacetic acid
(TFA) for 15 min. The extract was collected in a separate microfuge tube. Twenty-five µL of
0.1% TFA: ACN (1:1) was added to the gel particle and vortexed for 15 min. The extract was
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collected and pooled in the tube. The gel particles were further vortexed with 25 µL ACN for 15
min. The extracts were pooled together and were reduced to 4-5 µL by vacuum centrifugation.

Figure 8: Procedure summary for in-gel trypsin digestion.
2.2.8 MALDI analysis
The eluted polypeptides were co-crystallized with α-cyano-4-hydroxycinnamic acid
(CHCA) (5 mg/mL in 0.1% TFA with 50% ACN) matrix on the target plate (384-well Opti-TOF
stainless steel plate) (Bruker Daltonics, Germany).The MALDI TOF/TOF UltraFlexIII mass
spectrometer was externally calibrated using peptide calibration mix I (Bruker Daltonics).
Peptide mass was calibrated with help of 13 externally spotted standard calibration mixture. The
analysis was carried out in positive ion reflector mode and the mass spectra were acquired with
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standard TOF-MS protocol in the mass range of 600–4500 Da. The laser was set to fire 150
times per spot. Peak list was generated using FlexAnalysisTM software 3.0 (Bruker Daltonics).
The mass spectra were imported into the database search engine (BioTools v3.1 connected to
Mascot, Version 2.2.04, Matrix Science). Mascot searches were conducted using the NCBI non
redundant database (released Jan 2012 or later) with the settings given in table 11.
Table 11: Parameters and settings for Mascot searches using NCBI database
Parameters

Settings

Number of missed cleavages permitted

One

Fixed modifications

Carbamidomethyl on cysteine

Variable modification

Oxidation on methionine residue

Peptide tolerance

100 ppm

Enzyme

Trypsin

Peptide charge

+1

Known contaminating peaks excluded

Matrix,

keratin,

trypsin,

cytokeranine,

coomassie and zinc finger

A Mascot score of >65 with a minimum of 10 peptide matches was considered to be a
significant identification (p < 0.05).
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2.2.9 Zymography
Zymography also referred to as substrate zymography, is an established technique for the
routine detection and quantitation of various activities of proteases, such as gelatinase. This
technique provides reliable identification of proteases based on the molecular mass of their
inactive and active forms after gel electrophoresis [328]. It is applied to study matrix metallo
proteases (MMPs) whose expression is enhanced during tumor invasion and metastasis. The CM
protein samples were prepared in 2X sample loading buffer by incubation at RT for 10 min.
Resolving polyacrylamide gel (8%) was prepared with either 3 mg/ml gelatin or 5 mg/ml casein
as described in Annexure. The protein samples were loaded along with pre stained molecular
weight marker. The gel was run with 1X tris/glycine/SDS running buffer and migration of BPB
was monitored to check the progress of electrophoresis. The gel was washed in renaturing buffer
(2.5% Triton X-100 in H2O, freshly prepared) for 30 min at RT. The gel was placed in
developing buffer for 30 min at RT was further incubated in fresh developing buffer for O/N at
RT. The gel was then stained with fresh Coomassie Blue solution (5 %) for 1-3 hrs and destained
as described earlier in 2.2.4. The area of protease activity appeared as a clear band against a dark
blue background where the protease has digested the substrate (gelatin or casein). Images of
zymograms were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM
software (Syngene, UK). The gel was dried for storage.
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2.2.10 Preparation of exosome like vesicles
Exosomes are small vesicles secreted by most cell types in culture. Isolation of exosomes
from cell culture medium was carried out with multiple ultracentrifugation steps [329].
Preparation of exosome free serum: The serum added to the cell culture medium was
first depleted of exosomes by ultracentrifugation at 120 000 x g for 3 hr at 4 °C.
U937 cells were grown in exosome-free serum containing medium. MCM and MCM
collected as described earlier in 2.1.2 were centrifuged at 16 500 x g for 20 min at 4 °C to
remove cells and debris. The supernatant was filtered through a 0.22 μm filter to remove
particles larger than 200 nm were centrifuged at 120000 x g for 100 min at 4 °C. The supernatant
was discarded and the pellet contained exosomes. The exosome enriched pellet was further
washed with PBS at 120000 x g for 100 min at 4°C.
2.2.11 Uptake of PKH-26 labeled exosomes
To study the uptake of the exosomes by cancer cells, they were labeled with PKH26 Red
Fluorescent Cell Linker Kit (Sigma, USA). The kit uses a proprietary membrane labeling
technology to stably incorporate a yellow-orange fluorescent dye (PKH-26) into the lipid region
of the cell membrane. In brief, 1 ml of diluent C was added to the exosomes resuspended in
minimum volume of PBS. PKH-26 dye (2µL) diluted in 1 ml of diluent C was added to the
exosomes. The reagents were thoroughly mixed with pipette for 30 sec and the reaction was
stopped with serum containing medium. The labeled exosomes were washed with PBS by
centrifugation at 120000 x g for 100 min at 4°C and were filtered with 0.22 μm filter.
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MCF7 cells were treated with PKH-26 labeled exosomes and incubated in complete
medium O/N at 37°C. The cells were washed thoroughly and were observed under fluorescence
microscope.

2.3 Techniques employed in clinical study
2.3.1 Sample collection
The breast cancer samples used in this study were archived samples from pathology unit
of BARC hospital from March 2002 to Oct 2012, a retrospective study of 115 paraffin blocks of
breast tissue. Ninety one samples of malignant IDC breast lesions and 24 samples of benign
fibroadenoma were included in the study. Immunohistochemical studies of human tissue biopsies
were approved by the BARC Medical Ethics Committee (BHMEC 5/08) and samples were
processed anonymously. Formalin-fixed paraffin-embedded sample blocks were used in this
study. This was carried out in collaboration with Dr. Susan Cherian, Head Pathology Unit,
Medical Division, BARC Hospital. Hematoxylin and eosin (H&E) stained sections were reexamined by two pathologists. The clinical information regarding age, largest diameter of tumor,
grade, stage, LN status, vessel space invasion and hormone receptor status were obtained from
the available histological reports.
2.3.2 Preparation of Tissue Micro Array (TMA)
TMA was prepared using archived breast cancer biopsy samples. H & E labeled tissue
samples were scanned by pathologists from BARC hospital (Dr. Susan Cherian and Dr. Nitin
Chikhale) and areas were marked on slides having tumor mass with and without infiltrating cells.
The 2 mm cores were lifted from the donor block for TMA preparation manually with biopsy
syringe and were placed in the TMA recipient block. Three cores from each sample representing
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tumor mass and infiltrating cells were taken out. The cores in the TMA were placed in
asymmetric manner marked with proper orientation of samples. Each TMA contained 3
representing cores from 10-12 samples block and 10 such blocks were prepared.

Figure 9: Representative TMA slide.
2.3.3 Preparation of sections on poly-L-lysine coated slide
The glass slides were treated with cleaning solution (10% NaOH solution in 96%
ethanol) for 2 hr with gentle agitation. The slides were then rinsed four times with M/Q water.
The slides were kept in freshly prepared poly-L-lysine solution (0.01% w/v) for 5-10 min in
gentle orbital shaker. The slides were dried at 370C and then stored for 2 weeks for ageing before
placing the sections. The paraffin embedded TMAs were sectioned in microtome and 5µm
sections were mounted on poly-L-lysine coated slide. The mounted slides were incubated at
56°C in oven for O/N.
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2.3.4 Immunohistochemistry
Immunohistochemistry (IHC) combines anatomical, immunological and biochemical
techniques to identify discrete tissue components by the interaction of target antigens with
specific antibodies tagged with a visible label (Albert Coons, 1941). IHC makes it possible to
visualize the distribution and localization of specific cellular components within cells and in the
proper tissue context.
Five µm sections were deparaffinized by three consecutive treatments in xylene for 5 min
each and then rehydrated with decreasing grades of alcohol (100 %, 95% and 80% alcohol) for 5
min each. The slides were then washed with distilled water for 10 min. The endogenous
peroxides were quenched with 3% H2O2 in methanol (peroxidase suppressor) for 20 min at RT.
Antigen retrieval or unmasking of the epitopes was carried out in microwave oven for 20 min (10
min at 800 W power and remaining 10 min at 600W power) with sodium citrate buffer (pH 6).
The slides were cooled down to RT and washed with 1X PBS. Reagents from vectastain elite
ABC (Avidin-Biotin Complex) kit were used to perform immunohistochemistry of sections. The
tissue sections were covered with blocking solution (1:100 horse serum) for 30 min at RT. The
sections were treated with primary antibody in blocking solution (anti pCREB (1:200), anti
CREB (1:250), anti -H2AX (1:100), anti p53 (1:50) and anti iNOS (1:100)) for 1 hr at RT.
Negative control slides were treated with blocking solution for another 1 hr. The slides were then
washed with 1X PBS for 5 min. The sections were covered with universal secondary antibody
solution (1:50) for 30-40 min at RT and then washed with 1X PBS. The sections were incubated
with ABC solution for 1 hr at RT and then washed with 1X PBS. Metal enhanced DAB reagent
was used as the substrate of horseradish peroxidase (HRP) which deposits a specific brown stain.
The slides were washed with distilled water for 5 min followed by counterstaining with
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haemtoxylin for 30 sec and thorough washing with distilled water. The slides were then
dehydrated with increasing concentration of alcohol (80%, 95% and 100%) and then cleared with
xylene twice for 5 min each. The sections were then mounted with DPX mountant and covered
with coverslips.
2.3.5 Image acquisition.
The images of stained tissues were taken with Metasystems Imager. Z2 Zeiss microscope
enabled with MetaviewerTM V2 software. The image of each slide (4 GB) generated was
analysed using Vslide MetaviewerTM software. (Dr. Kishore Amin’s Lab, ACTREC).
2.3.6 Data analysis
For each section, one negative control was used which was treated exactly the same way
except for the treatment with primary antibody. The slide’s images were analyzed and the
staining was independently evaluated by two different observers. Every sample (5-7
images/sample) was given a score in which the total intensity of staining (no staining = 0; low
level = 1; medium staining = 2; strong staining = 3) and the percentage of stained cells (0% = 0;
under 10% = 1; 11-50% = 2; 51-80% = 3; over 80% = 4) was multiplied. Using this system, the
maximum score is 12 (with over 80% of the cells showing strong staining) [330]. Cellular
localization (cytoplasm or nucleus or both) and tissue distribution (stroma, infiltrating cells) were
determined by visual inspection of all the images. The nuclear staining in the tumor cells was
counted for determining distribution of -H2AX, p53, CREB and pCREB and cytoplasmic
staining was considered in iNOS labeled samples.
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2.3.7 Bio-informatic analysis using Oncomine
ONCOMINE is a cancer microarray database with 700+ independent datasets and webbased data-mining platform aimed at facilitating discovery from genome-wide expression
analyses.

ONCOMINE

(www.oncomine.org)

was

developed

in

Chinnaiyan lab

at

University of Michigan led by Compendia co-founder, Dan Rhodes. This database facilitates
differential expression analysis comparing most major types of cancer with respective normal
tissues as well as a variety of cancer subtypes. Clinical and pathology-based analyses are also
available. Data can be queried and visualized for a selected gene across all analyses or for
multiple genes in a selected analysis facilitating rapid interpretation of a gene’s potential role in
cancer.
2.3.8 Statistical analysis
All results are expressed as mean ± S.E.M. Statistical difference between means was
assessed using independent Student’s t test, with a ‘p’ value less than 0.05 considered significant.
For immunohistochemistry data analysis, descriptive data that included frequency
(number of cases with score range 0-12), mean, median and standard deviation were determined
for all the groups. Since the assessment of staining was done based on the scores, a
nonparametric method, the Mann-Whitney test, was used for comparing the distributions of
ranks in two unpaired groups. The nonparametric Spearman's rho correlation coefficient was
used to analyze associations between pairs of markers. The chi square or Fisher’s exact test was
used to compare the expression of marker in different clinicopathological groups of IDC
patients. For all the tests, a value of p less than or equal to 0.05 was considered statistically
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significant. All the statistical analysis was performed using GraphPadTM Prism 6 software
(Version 6.05) and Microsoft Excel software.
Table 12: Statistical tools employed in the study
S.No

Data to be analyzed

1. Expression

of

bio-marker

in

different

Statistical test used
clinico-

Chi- Square Test

pathological groups of IDC based on scores when all
expected values are greater than 1.0 and at least 20% of
the expected values are greater than 5
2. Expression

of

bio-marker

in

different

clinico-

Fisher’s exact test

pathological groups of IDC based on scores with small
sample size and 2X2 contingency table where exact p value
is calculated
3. Comparion of the distributions of scores in two

Mann-Whitney Test

unpaired groups
4. Comparion of the distributions of scores in more than

Kruskal-Wallis Test

two unpaired groups
5. Associations between pairs of markers

Spearman's Rho
Correlation Coefficient
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Breast cancer is a multifaceted disease comprised of distinct biological subtypes with
a varied spectrum of clinical, pathological and molecular features that have different
prognostic

and

therapeutic

implications.

Consensus

regarding

the

definitive

prognostic/predictive marker is yet to be reached, but research is ongoing for understanding
the role of all the different constituents of the tumor microenvironment. One important
constituent that actively support cancer development and progression are the inflammatory
components. But how the inflammation link operates in breast cancer is still an open
question. Macrophages are the most important source of inflammation and focal macrophage
infiltration is an important prognostic factor in breast invasive carcinoma and reduced
survival is associated with high infiltration rates [331].
The results chapter is subdivided into three parts. Part I describes the findings of the
role of macrophages in growth and migration of breast cancer cells in vitro. The breast cancer
cell lines MCF7 and MDA-MB-231 were used as a model system to study the effects of
macrophage conditioned medium. TGF-β1-ROS-ATM-CREB mediated signaling axis was
identified to play a major role in macrophage mediated migration of human breast cancer
MCF7 cells. In part II of the results chapter, the soluble cytokines present in the conditioned
medium were identified using ELISA. The novel proteins present in macrophage conditioned
medium

were

identified

by

2-D

electrophoresis

and

MALDI-TOF.

Matrix

metalloproteineases 1 and 9 were amongst the proteins identified from these studies and their
expression was confirmed using gelatin zymography. In part III of the results chapter, the
expression of some selected markers identified in the in vitro study was studied in invasive
ductal carcinoma (IDC) and benign fibroadenoma tissue samples. The markers chosen for the
immunohistochemistry studies were p53, -H2AX, iNOS, pCREB and CREB. Amongst the
markers studied, iNOS and CREB expression was significantly higher in IDC as compared to
fibroadenoma.
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CHAPTER 3.1
Role of macrophages in growth and
migration of breast cancer cell lines.
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Interactions between tumor and immune cells and the soluble factors they secrete,
inﬂuence the tumor cell survival and proliferation, integrity of the ECM, invasion, angiogenesis
and metastasis. The macrophage – tumor interaction was studied by employing monocyte
conditioned medium (MCM) and macrophage conditioned medium (MCM) treatment to
epithelial breast cancer cell line, MCF7 and invasive breast cancer cell line, MDA-MB-231.
3.1.1. Differential modulation of growth pattern of breast cancer cells MCF7 and
MDA- MB-231 by MCM
3.1.1.1 Changes in colony forming capacity
To assess the effect of macrophages on growth of breast cancer, MCF7 and MDA-MB231 cells were treated with MCM or MCM. Treatment with MCM resulted in decreased
colony forming ability of both breast cancer cell lines (Figure10a and 10c). There was greater
than 2 fold decrease in the number of colonies in MCF7 cells and more than 3 fold decrease in
the number of colonies in MDA-MB-231 cells (P<0.01; Figure 10b and 10d).

a.

b.

MCF7
**
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MDA-MB-231

c.

d.
**

Figure 10: MCM decreases colony forming ability of breast cancer cells. MCF7 and MDAMB-231 cells were grown for 6 days in presence of MCM or MCM. Once colonies were
formed, cells were washed with PBS and fixed with cold methanol: acetone (7:3). Fixed colonies
were stained with crystal violet. (a, c) Photomicrograph of the plate in duplicates. (b, d) Number
of colonies were quantified in Oxford optronix gelcountTM using GelcountTM software. Data
from one representative experiment is shown. The experiment was repeated three times.
**P<0.01.
3.1.1.2 Changes in morphology of breast cancer cells
When the colonies were observed microscopically, distinct changes in colony forming
pattern were seen with MCM treatment. In MCF7 cells, though there was decrease in the
number of colonies following MCM treatment, the smaller colonies had merged with each other
forming a network. In contrast, colonies were compact and distinctly separated in MCM and
untreated cells (Figure 11a). This was also accompanied by a decrease in number of cells
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(Figure11b). These observations were also validated by the change in scatter properties of MCF7
cells treated with MCM. There were two distinct populations, viable cells with higher FSC and
dead cells with lower FSC and SSC (Figure11c). Apoptotic cells are characterized by lower FSC
and SSC [332].

a.
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Figure 11: MCM induced distinct changes in MCF7 cells morphology. (a) Photomicrograph
(10X) of MCF7 colonies showing alterations in morphology following MCM and MCM
treatment. Images were acquired using a Nikon Eclipse Ti™ inverted microscope equipped with
a Nikon digital camera using NIS elements™ software. (b) The cell number was ascertained on
day 8 following treatment with conditioned media using haemtocytometer. (c) The forward and
side scatter properties of the cells were analyzed by acquiring twenty thousand cells in Partec
Cyflow space flow cytometer and analysed using FCS Express™ software. *P<0.05.
However, in MDA-MB-231, though the number of colonies was fewer, the cells were
larger in size and had not merged with the neighboring colonies like MCF7 cells (Figure12a).
The increased size was substantiated by the presence of population with increased FSC and SSC
in MDA-MB-231 cells treated with MCM (Figure 12b).

a.
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Figure 12: MCM induced distinct changes in MDA-MB-231 morphology. (a)
Photomicrograph (10X) of MDA-MB-231 colonies showing alterations in morphology. Images
were acquired using a Nikon Eclipse Ti™ inverted microscope equipped with a Nikon digital
camera using NIS elements™ software. (b) The forward and side scatter properties of the cells
were analyzed by acquiring twenty thousand cells in Partec Cyflow space flow cytometer and
analysed using FCS ExpressTM software.
3.1.2 Effect of MCM on apoptosis
The role of apoptosis was studied in MCF7 and MDA-MB-231 cells after MCM and
MCM treatment, since a decrease in cell number and clonogenic ability was observed. There
was a marginal increase in cell death in MCM treated MCF7 cells, 24 hr after treatment which
gradually increased up to three fold by 48 hr and remained high until 5 days of treatment
(P<0.05; Figure 13a). In contrast, there was no increase in cells undergoing apoptosis in MDAMB-231 cells even after 5 days of MCM treatment (Figure 13b).
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Figure 13: MCM increased MCF7 cell apoptosis. Cells were fixed and stained with
propidium iodide on days 1-5 after treatment. Twenty thousand cells were acquired in Cyflow
space flow cytometer and results were analysed using CyflogicTM software. Cells with less than
G1 DNA content were enumerated as apoptotic cells. (a) Percent apoptosis in MCF7 cells. (b)
Percent apoptosis in MDA-MB-231 cells. *P<0.05. NS- Not Significant
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3.1. 3 Effect of MCM on mitochondrial membrane potential
Changes in mitochondrial membrane potential (m) were further examined in these
breast cancer cells treated with MCM and MCM since depolarization of the mitochondrial
membrane is established to be part of the mitochondria-mediated apoptotic pathway [333]. m
was determined by flow cytometry using the fluorescent dye JC-1 and fluorescence was analyzed
as ratio of FL-2 (585 nm) /FL-1 (525 nm). Mitochondrial membrane potential has a critical role
in intrinsic pathway of apoptosis with initiating cascade of apoptosis linked to m dissipation
[334]. In MCF7 cells, the FL2/FL1 fluorescence ratio of JC-1 increased following treatment with
MCM as compared to MCM treated and untreated cells (P<0.01; Figure 14). This intrinsic ratio
(basal level between the two cell lines) was higher in MDA-MB-231 cells as compared to MCF7
cells and was not significantly altered following treatment with MCM (Figure14).
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Figure 14: Effect of MCM on mitochondrial membrane potential in MCF7 and MDAMB-231 cells. MCF7 and MDA-MB-231 cells were plated at a density of 104cells/ml and were
treated with MCM or MCM for 5 days. The cells were labeled with 1 µM JC-1 for 30 min and
then harvested. Twenty thousand cells were acquired in Cyflow Space flow cytometer and the
data were analyzed by FCS ExpressTM software. A change in mitochondrial membrane potential
was expressed as ratio of mean fluorescence intensity (MFI) (FL2)/MFI (FL1). **P<0.01; NSNot significant
3.1.4 Effect of MCM on expression of pro-apoptotic and anti-apoptotic proteins
The expression of pro-apoptotic and anti-apoptotic proteins was evaluated in MCF7 and
MDA-MB-231 cells treated with MCM. Differences in the basal level expression of these
proteins were observed amongst the two cell lines, with MCF7 having higher expression of proapoptotic protein Bax whereas

MDA-MB-231 containing a higher level of anti-apoptotic

protein, Bcl-2 (Figure 15a). These results were confirmed by flow cytometric analysis of Bax
and Bcl2 in both the cell lines (Figure 15 b-e). In MCF-7, the expression of Bcl-2 decreased
following MCM treatment corresponding to the increase in apoptosis observed (Figure15 a, c).
However, under the same conditions Bax levels also reduced (Figure 15 a, b). This was observed
by western blot as well as flow cytometry. In MDA-MB-231 cells, MCM treatment resulted in
a marginal decrease of Bax (Figure15 a, d), with an increase in Bcl-2 expression (Figure15 a, e).
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Figure 15: Effect of MCM on expression of pro- and anti- apoptotic proteins. (a) Western
blot analysis of pro-apoptotic and anti-apoptotic proteins using specific antibodies. Cells were
treated with MCM and MCM for 5 days and whole cell extract was prepared using lysis buffer.
The numbers below the blots represent the ratio of expression of the specific gene to the loading
control (ERK-2) quantified using ImageJ software for gel analysis. (b) MCF7 cells were treated
with MCM or MCM for 5 days and labeled with anti-Bax antibody. Twenty thousand cells
were acquired in Cyflow Space flow cytometer and the data were analyzed by FCS ExpressTM
software. Flow cytometric analysis of Bax expression in MCF7 cells. Flow cytometric analysis
of (c) Bcl-2 expression in MCF-7 cells. (d) Bax expression in MDA-MB-231 cells (e) Bcl-2
expression in MDA-MB-231 cells. Numbers in histogram represent % positive cells. Mean
fluorescence intensity is given in paranthesis.
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3.1.5 Effect of MCM on activation of MAPKs in MCF7 cells
The changes in signal transduction induced in MCF7 cells by MCM treatment, were
evaluated by studying the phosphorylation of SAPK, p38 and ERK-2 using specific antibodies.
These MAPK proteins are activated by environmental stress, inflammatory cytokines as well as
growth factors. MCM treatment in MCF7 did not cause appreciable change in phosphorylation
of p38 but it resulted in activation of SAPK/JNK and ERK 1/2 (Figure 16).

Figure 16: Effect of MCM on MAPKs phosphorylation in MCF7 cells. MCF7 cells were
treated with MCM and MCM for 5 days. The cells were lysed and whole cell extracts were
used for immunoblotting with antibodies against phospho-MAPKs. The numbers below the blots
represent the ratio of expression of the specific gene to the loading control (ERK-2) quantified
using ImageJ software for gel analysis.

102

Role of macrophages
3.1.6 MCM increased TGF-β1 and IL-6 secretion with up regulation of TGF-β1
and EGFR in MCF7 cells
A variety of cytokines and growth factors, such as tumor necrosis factor (TNF-α),
transforming growth factor-β (TGF-β), hepatocyte growth factor (HGF), epidermal growth factor
(EGF) etc., have been implicated in tumor-stroma cross-talk. The TGF-β-pathway is one of the
major pathways altered in tumors, including breast cancer [335, 336]. TGF-β1 levels were
estimated in supernatant of MCF7 cells treated with MCM and MCM. This was undetectable in
the control cells as well as MCM treated cells. However there was a significant increase (P<0.01)
in MCF7 cells treated with MCM (Figure 17a). This was confirmed by detection of intracellular
accumulation of TGF-β1. There was no change in the intracellular levels of TGF-β1 between
untreated and MCM treated MCF7 cells. Inhibition of protein secretion using Golgi plug™, did
not alter the levels of TGF-β1 in untreated (32%) and MCM treated cells (33%). However, there
was an increase in the percentage of cells expressing intracellular TGF-β1 (50%) in MCM
treated cells (Figure 17b).
Expression of TGF-β1 and IL-6 transcripts was assessed in MCF7 cells treated with
MCM and MCM by real-time PCR. The fold increase in cytokines transcripts was determined
by calculating the ratio of normalized expression of these cytokines in MCF7 cells treated with
MCM to that in MCM treated MCF7 cells. GAPDH was used as a reference gene. MCM
treated MCF7 cells showed 4 fold increase in TGF-β1 mRNA and 6 fold increase in IL-6 mRNA
as compared to MCM treated MCF7 cells (Figure 17c). This upregulation seems to be specific
since there was no change in expression of TGF-β2 and TGF-β3 with MCM treatment. In
parallel to increase in TGF-β1, an up regulation of receptors TGFβRII and EGFR was also
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observed. There was 1.2 fold increase in TGFβRII expression and 1.7 fold increase in EGFR
expression in MCM treated cell as compared to MCM treated MCF7 cells (Figure 17d).
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Figure 17: Secretion of TGF-β1 in MCF7 cells treated with MCM. (a) Secretion of TGF-β1
in the supernatant of MCF7 cells treated with MCM or MCM was assessed on day 5 by ELISA.
(b) MCF7 cells were treated with MCM or MCM for 5 days and were labeled with anti-TGF-β1
antibody. Cells were acquired in Cyflow Space flow cytometer and data were analyzed by FCS
Express™ software. (c) mRNA levels of TGF-β1 and IL-6 in MCM or MCM treated MCF7
cells were assessed by real-time PCR. (d) mRNA levels of TGFβRII and EGFR in MCM or
MCM treated MCF7 cells were determined by real-time PCR. Ratios of these cytokines and
receptors (relative to GAPDH) in MCM treated MCF7 cells in comparison to MCM treated
MCF7 cells have been shown. Statistical analysis was carried out using REST software.
*P<0.05; **P<0.01; ***P<0.001.
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3.1.7 Increase in TGF-β1 is associated with increase in oxidative stress and DNA
damage in MCF7 cells
As a multifunctional factor, TGF-β1 is involved in the regulation of many biological
processes and induced concomitant apoptosis in some of the cells and significant increase in
reactive oxygen species (ROS) and reactive nitrogen species (RNS) generation in the surviving
cells. The oxidative and nitrosative stress as well as DNA damage response signaling was
studied in breast cancer cells treated with MCM and MCM.
3.1.7.1 MCM increased ROS generation in MCF7 cells
TGF-β1 has been known to increase production of ROS in cancer cells [337]. ROS
generation was therefore, estimated in breast cancer cells following treatment with MCM by
using specific fluorescent dye, DCFDA. The cell permeable fluorogenic probe 2’, 7’- DCFH-DA
diffuses into cells and is deacetylated by cellular esterases to non-fluorescent 2’, 7’- DCFH,
which is rapidly oxidized to highly fluorescent DCF by ROS. The fluorescence intensity is
proportional to the ROS levels within the cell cytosol. Treatment of MCF7 cells with MCM
resulted in a gradual increase in ROS generation with 70% increase observed on day 5 (P<0.01;
Figure18a-d). However, in parallel experiments conducted in MDA-MB-231 cells, there was no
change in generation of ROS measured on day 5 (Figure 18e, f).
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Figure 18: Estimation of ROS generation in breast cancer cells. Breast cancer cells MCF7
and MDA-MB-231 were incubated with 10% MCM or MCM for 24 hr, 48 hr and 5 days. Cells
were labeled with DCFDA (20 µM) for 30 min and then were harvested. Twenty thousand cells

107

Role of macrophages
were acquired in Cyflow Space flow cytometer and the data were analyzed by FCS ExpressTM
software. DCF-DA fluorescence in MCF7 cells (a) 24 hr (b) 48 hr (c, d) 5 days after treatment.
(e, f) DCF-DA fluorescence in MDA-MB-231 on day 5 after treatment. The experiment was
repeated three times.* P<0.05. NS- Not significant
3.1.7.2 MCM increased iNOS expression and RNS generation in MCF7 cells
iNOS, presumably induced by inflammatory cytokines TNF-α, IL-1β and IFN-γ,
produces larger amounts of NO which mediates its effect mainly due to conversion to reactive
nitrogen species (RNS). NO reacts with the superoxide anion, yielding the potent oxidant
peroxynitrite. RNS production in tumor cells is dependent upon the NO derived from iNOS.
Treatment of MCF7 cells with MCM resulted in increased expression of iNOS. The iNOS
positive MCF7 cells increased from 25% to 65% upon MCM treatment with MFI increasing
from 155 to 369 (Figure 19a). RNS generation was estimated in breast cancer cells following
treatment with MCM by using fluorescent probe DAF-FM. This dye is cell-permeant and
passively diffuses across cellular membranes. Once inside cells, it is deacetylated by intracellular
esterases to become non fluorescent DAF-FM which react with NO to form a fluorescent
benzotriazole. The fluorescence intensity is proportional to RNS levels within the cell cytosol.
When MCF7 cells were treated with MCM, there was a gradual increase in the generation of
RNS corresponding to the increase in expression of iNOS. There was a 20% surge in RNS
generation in 24 hr which further increased to more than 2 folds in 48hr and remained high until
5 days of treatment (Figure 19b-e). In MDA-MB-231 cells, there was no change observed in
generation of RNS even after 5 days of MCM and MCM treatment (Figure19f, g).
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Figure 19: Estimation of iNOS expression and RNS generation in breast cancer cells.
Breast cancer cells MCF7 and MDA-MB-231 were incubated with MCM or MCM for 5 days.
(a) iNOS expression in MCF7 cells. The numbers in each histogram of figure.19a represent
percentage positive cells and the median fluorescence intensity is given in parenthesis. Cells
were labeled with 10 µM DAF FM for 30 min and the cells were harvested. Twenty thousand
cells were acquired in Cyflow Space flow cytometer and the data were analyzed by FCS
ExpressTM software. (b) DAF fluorescence in MCF7 cells at 24 hr (c) 48 hr (d, e) on day 5 after
treatment. (f, g) DAF fluorescence in MDA-MB-231 on day 5 after treatment. Data from one
representative experiment is shown. The experiment was repeated three times. *P<0.05. NS- Not
significant.
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3.1.8 MCM increased oxidative stress induced DNA damage response in MCF7
cells
Persistent increase in the level of ROS and RNS in cells leads to oxidative stress.
Exposure of tumor cells to oxidative stress causes double-stranded DNA breaks (DSBs),
triggering DNA damage response through activation of the ataxia telangiectasia mutated (ATM)
kinase, which induces cell-cycle arrest and also promotes DNA repair to maintain chromosome
stability. When activated, ATM undergoes auto phosphorylation at Ser1989 and phosphorylates
the histone variant H2AX at Ser139 around DSBs, which also recruits other DNA repair proteins
to sites of DNA damage. The phosphorylated histone H2AX (known as -H2AX) and the
recruited DNA repair proteins form discrete nuclear foci at DSBs, providing surrogate markers to
characterize the dynamic process of DNA repair [338].The DNA damage response was assessed
in MCF7 cells by monitoring the expression of pATM, - H2AX as well as PARP. In the
untreated and MCM treated MCF7 cells, there was no labeling for pATM or -H2AX. However,
following MCM treatment, there was an increase in the expression of pATM (Figure 20a) as
well as -H2AX foci (Figure 20b). A majority of the cells showed DNA damage and the foci
were very intense in some of the cells indicating complex DNA damage. This was confirmed by
western blot as well as flow cytometry (Figure 20c, d). MFI of - H2AX labelled MCF7 cells
increased from 62.50 to 83.44 after treatment with MCM (Figure 20d) as compared to that of
cells treated with MCM. When the expression of PARP was assessed by western blot, full-length
PARP was present in all the treatment groups, whereas the cleaved PARP was seen only in
MCM treated MCF7 cells (Figure 20e).
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Figure 20: Oxidative stress increased DNA damage response in MCF7 cells. MCF7 cells
(104 cells/ml) were grown on coverslips and treated with MCM or MCM for 5 days. The cells
were labeled with (a) anti-phospho ATM and (b) anti--H2AX primary antibody. The nuclei
were counterstained with DAPI and visualized in a fluorescence microscope. Images were
acquired using a Nikon Eclipse Ti™ inverted microscope equipped with a Nikon digital camera
using NIS elements™ software. (c) Representative western blot of - H2AX in MCF7 whole-cell
extracts. The expression of ERK-2 served as internal loading control. The numbers below the
blots represent the ratio of expression of the specific gene to the loading control (ERK-2)
quantified using ImageJ software for gel analysis. (d) Flow cytometric analysis of - H2AX
expression in MCF7 cells. The numbers in each histogram represent percentage positive cells
and the median fluorescence intensity is given in parenthesis.Twenty thousand cells were
acquired in Cyflow Space flow cytometer and the data were analyzed by FCS ExpressTM
software. (e) Western blot demonstrating PARP cleavage in MCF7 and MDA-MB-231 wholecell extracts. The expression of ERK-2 served as internal loading control. The experiment was
repeated three times.
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3.1.9 MCM increased CREB phosphorylation in MCF7 cells
Deregulation of the response to ROS or DNA damage could result in activation of
survival pathways leading to EMT [337, 339]. One of the important survival pathways that get
activated is mediated by the transcription factor CREB. Hence the effect of MCM was assessed
on the phosphorylation as well as expression of total CREB. The 43 kDa-basic/leucine zipper
(bZip) transcription factor CREB plays important roles in cell differentiation, survival and cell
proliferation [333]. There was a difference in the basal level of expression of pCREB (Figure
21a, 21c and 21b, 21d) between the two cell lines. There was no labelling in control MCF7 cells
(Figure 21a and 21c) whereas control MDA-MB-231 cells were positive for pCREB (Figure 21b
and 21d). However, upon treatment with MCM, MCF7 cells showed a dramatic increase in
phosphorylation of CREB (Figure 21a, 21c). This was in contrast with MDA-MB-231 cells
where the higher levels present in the untreated cells did not further change after treatment with
MCM (Figure 21b, 21d).
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Figure 21: MCM induced phoshorylation of CREB in MCF7 cells. MCF7 and MDA-MB231 cells were incubated with MCM or MCM for 5 days. The cells were labeled with pCREB
antibody and visualized in a fluorescence microscope. Images were acquired using a Nikon
Eclipse Ti™ inverted microscope equipped with a Nikon digital camera using NIS elements™
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software. The intensity of pCREB labeling was quantified using Image J software in a minimum
of 50 cells. Expression of (a, c) pCREB in MCF7, (b, d) pCREB in MDA-MB-231. Data from
one representative experiment is shown. The experiment was repeated three times.*P<0.05. NSNot significant
A difference in the basal level of expression of total CREB was also observed between
the two cell lines (Figure 22a, 22c and 22b, 22d).There was no CREB labeling in control MCF7
cells (Figure 22a and 22c) whereas control MDA-MB-231 cells were positive for CREB (Figure
22b and 22d).However, upon treatment with MCM, MCF7 cells showed a significant increase
in total CREB (P<0.05) (Figure 22a and 22c).
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Figure 22: MCM induced expression of CREB in MCF7 cells. MCF7 and MDA-MB-231
cells were incubated with MCM or MCM for 5 days. The cells were labeled with the antiCREB antibody and visualized in a fluorescence microscope. Images were acquired using a
Nikon Eclipse Ti™ inverted microscope equipped with a Nikon digital camera using NIS
elements™ software. The intensity of CREB labeling was quantified using Image J software in a
minimum of 50 cells. Expression of CREB in (a, c) MCF7 and (b, d) MDA-MB-231. Data from
one representative experiment are shown. The experiment was repeated three times. *P<0.05.
NS- Not significant
3.1.10 MCM induced EMT responses in MCF7 cells
CREB binding proteins (CBP) mediate interactions between β-catenin and transforming
growth factor-β signaling pathways and participate in regulation of EMT. Hence the effect of
MCM treatment on vimentin expression and EMT response were studied in MCF7 cells.
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3.1.10.1 MCM increased vimentin expression in MCF7 cells
The expression of TGF-β1 downstream protein vimentin, well known marker of EMT
[340] was increased in MCF7 cells after treatment with MCM (Figure 23a) whereas in MDAMB-231 cells, it was not affected though the basal expression was very high (Figure 23b).

a.

b.

Figure 23. MCM induced expression of vimentin in MCF7 cells. MCF7 and MDA-MB-231
cells (104 cells/ml) were grown on coverslips and treated for 5 days. The cells were labeled with
anti-vimentin primary antibody and alexa fluor 488 conjugated anti mouse IgG. The nuclei were
counterstained with DAPI and visualized in a fluorescence microscope. Images were acquired
using a Nikon Eclipse Ti™ inverted microscope equipped with a Nikon digital camera using NIS
elements™ software. Vimentin expression in (a) MCF7 cells and (b) MDA-MB-231 cells.
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3.1.10.2 MCM increased migration of MCF7 cells
EMT responses lead to changes in migratory properties of cells. These changes were
evaluated using two well established in vitro model systems, the wound healing assay as well as
transwell migration assay. MCM treatment resulted in increased closure of the wound area
(Figure 24a, b) as well as migration through the transwell in MCF7 cells (Figure 24c, d). In
MCF7 cells, there was a 4 fold augmentation in the cells moving into the wound area (P<0.01;
Figure 24b) and 6 fold increase in the cells migrating through the transwell following MCM
treatment (P<0.01; Figure 24d). However, in highly invasive MDA-MB-231 cells, the treatment
did not further enhance cell migration (Figure 24e and 24f).
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Figure 24: MCM induced EMT responses in MCF7 cells. (a) MCF7 cells were grown in
presence of MCM or MCM for 5 days. After formation of a confluent monolayer, wounds were
created using a sterile pipette tip and the cells were incubated with serum free media for 24 hr.
The cells were stained with calcein AM and images of wound were acquired using a Nikon
Eclipse Ti™ inverted microscope equipped with a Nikon digital camera using NIS elements™
software. (b)The number of cells in the wounded area calculated using CellProfilerTM image
analysis software. Migration was assessed by plating cells in the top chamber of transwell inserts
(8 µm) that were allowed to migrate for 72 hr. The bottom chamber contained MCM or MCM.
The cells on the upper side of the membrane were removed with a cotton swab. The membranes
were fixed in methanol: acetone (7:3) for 20 min and stained with crystal violet for 5 min (c)
Photomicrograph of migrated MCF7 cells (d) The number of migrated MCF7 cells (e)
Photomicrograph of migrated MDA-MB-231 and (f) The number of migrated MDA-MB-231
cells. Images from a representative experiment are shown. The migrated cells to the lower
surface of the membrane were counted in ten randomly selected fields by light microscopy using
CellProfilerTM software. **P<0.01. NS- Not significant.
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3.1.11 Inhibition of ROS, RNS or DNA damage abrogated phosphorylation of
CREB
The signaling pathways leading to MCM induced phosphorylation of CREB were
delineated by assessing the ability of various ROS, RNS and DNA damage inhibitors to block
this activation.
3.1.11.1 Effect of ROS, RNS and DNA damage inhibitors on phosphorylation of
CREB in MCF7 cells
To characterize the signaling pathways leading to activation of survival factor, pCREB in
MCF7, inhibitors of ROS, RNS or DNA damage response were employed. N-acetyl cysteine
(NAC) was used to scavenge ROS. The NOS inhibitors, 1400W, a specific inhibitor of iNOS as
well as L-NG-monomethyl arginine (L NMMA) and NG-nitro-L-arginine (L-NNA) were also
used. CGK733, an inhibitor of ATM/ATR was used to inhibit DNA damage response. Pretreatment with inhibitors of ROS, RNS or DNA damage substantially decreased phosphorylation
of CREB induced by MCM treatment (Figure 25a, b). The intensity of pCREB expression in
cells was quantitated using ImageJ software. There was a 70% decrease in the intensity of
pCREB labeling on pre-treatment with 1400W (P<0.01), 3 fold decrease with NAC (P<0.01) and
>2 fold reduction with CGK733 (P<0.01) (Figure 25b). Inhibition of iNOS with other inhibitors
like NG-nitro-L-arginine (L-NNA), L-NG-monomethyl arginine citrate (L-NMMA) also resulted
in diminished phosphorylation of CREB (Figure 25b).
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Figure 25: Inhibition of MCM induced phosphorylation of CREB in MCF7 cells by ROS,
RNS and DNA damage inhibitors. MCF7 cells were pretreated with NAC (5 mM), 1400W (10
µM), CGK733 (2 M), L NMMA (5 μM) or L NNA (5 μM) followed by 10% MCM or MCM
for 5 days. The cells were labeled with pCREB antibody and visualized in a fluorescence
microscope. (a) Images were acquired using a Nikon Eclipse Ti™ inverted microscope equipped
with a Nikon digital camera using NIS elements™ software. Images from a representative
experiment are shown. (b) The intensity of pCREB labeling was quantified using Image J
software in a minimum of 50 cells. **P<0.01.
3.1.11.2 Effect of ATM knock down on pCREB expression in MCF7 cells
To validate the effects of CGK733 (ATM/ATR inhibitor) on abrogation of pCREB
expression, ATM was transiently knocked down (ATM KD) with ATM siRNA. A non-targeting
scrambled siRNA (scr control) was also used as control. The knockdown of ATM expression
was validated using immunofluorescence (Figure 26a). There was a 40% decrease in pATM
labeling in ATMKD cells 30 min after exposure to 5 Gy ionizing radiation as compared to the
ATM scr cells (Figure 26a). A 30% decrease in phosphorylation of CREB was observed in ATM
KD cells as compared to ATM scr cells in presence of MCM (P<0.01) (Figure 26b).
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Figure 26:

Inhibition of CREB phosphorylation in ATM-KD MCF7 cells. ATM was

transiently knocked down in MCF7 cells using specific siRNA. (a) Validation of ATM KD by
immunoflourescence labeling of pATM 30 min after exposure to 5Gy ionizing radiation (c)
Control scr cells and ATM KD cells were treated with MCM for 5 days, labeled with pCREB
antibody and visualized in a fluorescence microscope. (d) The intensity of pCREB expression
was quantified using Image J software in a minimum of 50 cells. **P<0.01.
3.1.12 Inhibition of ROS, RNS or DNA damage abrogated migration in MCF7 cells
There was increased in vitro invasion of MCF7 cells with MCM treatment. To
determine the association between CREB phosphorylation and migration of cells, the inhibitors
of ROS, RNS generation and DNA damage response were used in a transwell assay. Inhibition
of ROS, RNS or DNA damage pathways using these inhibitors abrogated the MCM induced
migration in MCF7 cells. There was a 3 fold reduction in migration with NAC treatment, 25%
decrease with 1400W treatment and 50 % reduction with CGK733 (P<0.01, Figure 27a). The pre
treatment with combination of NAC and 1400W resulted in more than 3 fold decrease in
migration (P<0.01, Figure 27a). A significant decrease in migration of ATM KD MCF7 cells
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following MCM treatment as compared to the scrambled siRNA treated control cells was also
observed (P<0.01, Figure 27b).
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Figure 27: Abrogation of MCM induced migration of MCF7 cells by inhibitors of ROS,
RNS and DNA damage. Migration of MCF7 was assessed by plating cells (105) in the top
chamber of transwell inserts that were allowed to migrate for 72 hr. (a) The bottom chamber
contained MCM or MCM supplemented with NAC (5 mM), 1400W (10 M) or CGK733 (2
M). The number of cells that migrated to the lower surface of the membrane was counted in ten
randomly selected fields by light microscopy using CellProfilerTM software. (b) MCM induced
migration in ATM scr and ATM KD cells. Data from one representative experiment is shown.
The experiment was repeated three times. **P<0.01
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CHAPTER 3.2
Characterization of monocyte and
macrophage conditioned media
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The tumor promoting activity of macrophages is attributed to its ability to express
numerous mediators, such as growth factors, angiogenic molecules, ECM degrading enzymes,
inflammatory cytokines and chemokines. Studies presented in this dissertation have
demonstrated that MCM treatment resulted in differential growth patterns in breast cancer cell
lines MCF7 and MDA-MB-231. MCM treatment induced TGF-β1 in MCF7 cells, which
activated pCREB signaling, epithelial-mesenchymal-transition (EMT) responses and enhanced
migration. This section describes the identification of soluble factors secreted by macrophages
responsible for tumor growth promotion.
3.2.1 Protein profile of conditioned media
One dimensional separation of proteins:
MCM and MCM were collected from U937 cells and were concentrated 40 fold in
presence of protease and phosphatase inhibitors. Differential expression of proteins was observed
in 1D-SDS PAGE of MCM and MCM’s concentrated proteins. An additional protein of around
90 kD was seen in MCM (Figure 28a).
Two dimensional separation of proteins:
In order to further characterize the proteins present in MCM, the conditioned media
were subjected to 2D electrophoresis. The samples were prepared by ammonium sulphate
precipitation or centricon filtration. The proteins concentrated by centricon filtration could not be
absorbed on to the IPG strips during isoelectric focusing and hence proteins were not separated.
Ionic contaminants or lipids are known to interfere with isoelectric focusing of proteins resulting
in poor 2-D gel resolution and reproducibility. Hence the proteins were precipitated with
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ammonium sulfate to remove lipids and other contaminants. Though in 1D PAGE, the number of
differential proteins observed in MCM was higher, this difference was not very clearly seen in
2D gel electrophoresis (Figure 28a, b). A few proteins of 40-50 kD mass was seen upregulated in
MCM as compared to MCM. Since, the IPG strip of pH range 3-10 was used, proteins with
lower and higher pI that might not have absorbed onto the strip or the proteins might have
formed multi protein complexes which could have also interfered with the 2D gel
electrophoresis.

a.
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b.

Figure 28: Protein profile of conditioned media. (a) MCM and MCM were collected and
treated with protease and phosphatase inhibitors prior to protein concentration by ammonium
sulphate precipitation followed by dialysis (cutoff 10 kD). Ten and twenty five µg of total
proteins were run on 10% SDS PAGE and stained using Coomassie blue. (b) CM was further
concentrated to 5 µl and then suspended in rehydration buffer consisting of urea, CHAPS and
DTT for 1 hr. The rehydrated proteins were placed on IPG strip (11 cm; pH range 3-10) for O/N.
The first dimensional iso-electric focusing (IEF) run was performed on strips and then further
resolved on 10% SDS PAGE. Images of Coomassie Brilliant Blue-stained gels were acquired by
Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM software (Syngene, UK).
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3.2.2 MCM did not exert growth promoting effects through exosomes
The proteins in the conditioned media concentrated using centricon filters could not
absorb onto IPG strips and thus did not separate in the electric field during IEF as opposed to
proteins which were concentrated by ammonium sulphate precipitation. This indicated the
presence of lipid components in the CM. Exosomes are small lipid membrane vesicles that are
secreted in vitro by most cell types and they play roles as “intercellular messengers”. To
determine if exosomes were secreted by macrophages and were involved in the induction of
EMT signals in breast cancer cells, they were purified from MCM and MCM. The exosomes
were collected by ultracentrifugation and the supernatant obtained was termed as exosome free
conditioned medium (EFCM). MCF7 cells were treated with PKH-26 labeled exosomes obtained
from MCM and MCM. The uptake of exosomes could be visualised in both treatment, showing
that the exosomes were present in both MCM and MCM and was taken up equally by MCF7
cells (Figure. 29a). The obtained exosomes were subjected to 1D PAGE to identify differential
induction of proteins. The protein profile of exosomes secreted by monocytes and macrophages
was similar with no differential pattern seen (Figure 29b). The ability of monocyte and
macrophage’s EFCM to interfere with the growth of breast cancer cells was assessed by colony
forming assay. Treatment with EFMCM resulted in decrease in the colony forming ability of
MCF7 and MDA-MB-231 cells. There was an increase in merging of colonies in MCF7 cells
corroborating with the previous results of MCM and MCM (Figure 29c-f). These results
confirmed that exosomes did not play a major role in the growth promoting effects exerted by
MCM and the soluble mediators present in the CM rather than exosomes were responsible for
the observed changes.
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a.

b.
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c.

d.

e.

f.

Figure 29: No role of exosomes in growth promoting effects of MCM. (a) Exosomes were
prepared by culturing U937 cells in exosome free serum containing medium. The exosomes were
isolated from CM by ultracentrifugation for 100 min at 12 0,000 x g. The resulting exosome
pellet was stained with lipid labeling dye PKH-26. MCF7 cells were treated for 16 hr with the
labeled exosomes and their uptake by cellswas visualized by fluorescence microscopy. Images
were acquired using a Nikon Eclipse Ti inverted microscope equipped with a Nikon digital
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camera using NIS elementsTM software. (b) Exosome proteins isolated from MCM and MCM
(10 µg) were subjected to 1D SDS PAGE and the gel was silver stained. Images of silver-stained
gels were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM software
(Syngene, UK). (c, d) Clonogenic assay was carried out by treating MCF7 and MDA-MB-231
cells with 10% EFCM for 7 days. Photomicrograph of the colonies in duplicates. (e, f) Histogram
representing number of colonies quantified in Oxford optronix gelcountTM using GelcountTM
software. *P<0.05
3.2.3 Secretion of pro inflammatory cytokines by macrophages
The soluble mediators present in the conditioned media were estimated as exosomes did
not have any role in MCM induced changes in MCF7 cells. Secretion of cytokines like TNF-α,
IL-1β, IL-6, IFN-  and TGF-β1 was assessed by ELISA. All cytokines were undetectable in
MCM and pro-inflammatory cytokines TNF-α (300-700 pg/ml), IL-1 β (700-900 pg/ml) and IL-6
(400- 600 pg/ml) were induced several fold in MCM (Figure 30). IFN-  and TGF-β1 were not
present in MCM also (Figure 30).
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Figure 30: Estimation of cytokines in MCM and MCM. The cytokines TNF-α, IL-1β, IL-6,
IFN-γ and TGF-β1 were estimated in MCM and MCM by ELISA. Cytokines were estimated in
MCM independently collected from three different experiments.
3.2.4 Neutralization of pro-inflammatory cytokines abrogated MCM induced
changes in colony morphology
To assess the role of the pro inflammatory cytokines TNF-α, IL-1β and IL-6 present in
MCM in mediating alterations of growth pattern of MCF7 cells, these cytokines were
neutralized using anti TNF-α, anti IL-1β and anti IL-6 antibodies for 4 hr prior to treatment to
MCF7 cells. The neutralization of TNF-α, IL-1β and IL-6 abrogated the changes in colony
morphology induced by MCM as well as reduction in colony numbers (Figure 31a, b). The
scattering of cells and inability to form colonies in presence of MCM was inhibited and
compact colonies were observed when any one of the pro-inflammatory cytokines were
neutralized (Figure 31a).
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a.

b.

c.
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Figure 31: Effect of neutralization of pro inflammatory cytokines on MCM treated MCF7
cells. MCM was treated with anti TNF-α, anti IL-1β or anti IL-6 antibodies (1µg) for 4 hr at
37°C prior to treatment of MCF7 cells for 6 days. The neutralizing antibodies were again
supplemented on day 3. Colonies were fixed and stained with crystal violet. Images were
acquired using a Nikon Eclipse Ti inverted microscope equipped with a Nikon digital camera
using NIS elementsTM software. (a) Bright field images of the colonies (b) Crystal violet stained
colonies (c) Number of colonies was quantified in Oxford optronix gelcountTM using GelcountTM
software. Data from one representative experiment is shown. **P<0.01***P<0.001.
3.2.5 Neutralization of pro-inflammatory cytokines abrogates MCM induced
phosphorylation of CREB and migration in MCF7
The cytokines TNF-α, IL-1β and IL-6 were neutralized in MCM using the respective
antibodies for 4 hr prior to treatment of MCF7 cells to assess their role in cytokine mediated
activation of pCREB. Neutralization of the cytokines by pre-treatment of MCM with the
respective antibodies alone or in combination resulted in abrogation of the increase in pCREB
expression (Figure 32a; p<0.01), confirming the role of these pro-inflammatory cytokines in
upregulation of pCREB. Neutralization of all three cytokines did not lead to any additive effect
indicating the redundant function of these cytokines. Neutralization of the cytokines alone or in
combination resulted in reduction in migration of MCF7 cells through transwell inserts as
compared to MCM treated cells (Figure 32b, c; p<0.01)
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a.

b.

c.
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Figure 32: Effect of neutralization of pro-inflammatory cytokines in MCM in pCREB
expression. (a) MCF7 cells were grown on coverslips and treated with cytokine neutralized
MCM for 5 days. The samples were labeled with pCREB antibody and counterstained with
DAPI. Images were acquired using a Nikon Eclipse Ti inverted microscope equipped with a
Nikon digital camera using NIS elementsTM software. The intensity of pCREB labeling was
quantified using Image J software in a minimum of 50 cells **p<0.01. (b) Migration of MCF7
cells in presence of neutralizing antibodies and (c) the number of migrated MCF7 cells was
assessed by plating cells in the top chamber of transwell inserts (8 µm) and allowed to migrate
for 72 hr. Images from a representative experiment are shown. The migrated cells to the lower
surface of the membrane were counted in ten randomly selected fields by light microscopy using
CellProfilerTM software. ***P<0.001.
3.2.6. MALDI-TOF analysis of differentially expressed proteins
Proteomic analysis of differentially expressed proteins, observed in one dimensional
PAGE of MCM and MCM was carried out (Figure 33).
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a.

b.

Figure 33: One dimensional PAGE of MCM and MCM proteins for MALDI-TOF
analysis. MCM and MCM were collected and treated with protease and phosphatase inhibitors
prior to protein concentration by ammonium sulphate precipitation followed by dialysis (cutoff
10 kD). Hundred and ten µg of total proteins were run on 10% SDS PAGE and stained using (a)
coomassie blue and (b) silver staining respectively. Images of coomassie blue and silver stained
gels were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM software
(Syngene, UK).
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The proteins present in MCM and MCM were identified with Peptide Mass
Fingerprinting (PMF) through MALDI-TOF. Mascot searches were conducted using the NCBI
non redundant database (released Jan 2012 or later) with the following settings: Number of
missed cleavages permitted was one; fixed modifications such as carbamidomethyl on cysteine,
variable modification of oxidation on methionine residue; peptide tolerance of 100 ppm, enzyme
used as trypsin and a peptide charge setting as +1. A Mascot score of >65 with a minimum of 10
peptide matches was considered to be a significant identification (p < 0.05). A total of 25
proteins were identified from MCM and MCM by peptide mass fingerprinting by MALDITOF.
Seven proteins differentially expressed in MCM were selected for MALDI analysis
(Figure 33). The R16 protein was not identified from the NCBI data base analysis. The six
proteins that were identified by MALDI-TOF include moesin, plastin-2 isoform, glucose-6
phosphate isomerase, β-actin, aldolase A and ferritin light polypeptide. These proteins play the
functional role in cell-cell recognition and signaling, cell motility and cytoskeleton regulation
(Table 13).
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Table 13: Differentially upregulated proteins identified in MCM
Spot

Protein

NCBI ID

no.

R11

Moesin

gi 119625804

Identifica

No.

-tion

matched

scores

peptides

161

28

of Mol. Wt.

Function

(kD)

66.6

Cell-cell

recognition

and

signaling, cell movement
R12

Plastin-2 isoform 16

gi 114651551

R13

Glucose-6 phosphate gi 296080693

221

32

70.8

Actin cytoskeleton regulator

81

14

64.5

Glycolytic

isomerase isoform 1
R14

Actin, beta, partial

enzyme,

endothelial cell motility
gi 14250401

124

15

41.3

Cell motility, structure and
integrity

R15

Aldolase A

gi 119600342

83

13

40.2

Cytoskeleton rearrangement,
cell

motility,

protein

membrane

trafficking

and

recycling
R35

Ferritin
polypeptide

light gi 171702853

86

6

10.3

Intracellular

iron

protein

Seventeen proteins differentially expressed in MCM were selected for MALDI analysis.
Eleven upregulated MCM proteins were identiified by MALDI-TOF (Figure 33). Four proteins
could not be identified in NCBI data base. The proteins identified include matrix
metalloproteinase 1 (MMP-1) pre proprotein, annexin V, GAPDH, chitinase 3 like protein,
plasminogen activator inhibitor2, myoferlin, plastin 2, CLK-3 isoform, metalloproteinase 9
(MMP-9) preproprotein and nitric oxide synthase. The majority of proteins play a functional role
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in tissue remodeling, breakdown of extracellular matrix, membrane trafficking and cell migration
(Table 14).
Table 14: Differentially upregulated proteins identified in MCM
Spot

Protein

NCBI ID

no.

R17

MMP 1 preproprotein gi 62897673

Identifi

No.

of Mol.

cat-ion

matched

Wt.

scores

peptides

(kD)

76

11

46.6

variant
R18

Annexin V mutant

Function

Breakdown of extracellular matrix,
tissue remodelling

gi 157831404

66

9

35.8

Membrane trafficking, membrane
cytoskeleton anchorage, ion channel
activity and regulation

R19

Glyceraldehyde-3-

gi 378404908

84

10

31.6

phosphate

Glycolytic function, initiation signal
for cellular apoptosis

dehydrogenase isofom
2
R20

Chitinase3 like protein gi 144226251

117

16

42.9

1
R21

Plasminogen activator gi 4505595

Inflammation

and

tissue

remodelling
130

24

46.8

inhibitor 2

Maintainance of tissue homeostasis,
invasion and remodeling of fetal
and uterine tissue

R23

MMP 1 preproprotein gi 62897673

160

20

46.6

variant
R24

MMP 1 preproprotein gi 62897673
variant

Breakdown of extracellular matrix,
tissue remodelling

136

17

46.6

Breakdown of extracellular matrix,
tissue remodelling
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R25

MMP 1 preproprotein gi 62897673

68

12

46.6

variant
R26

Myoferlin

Breakdown of extracellular matrix,
tissue remodelling

gi 6731237

65

19

23.1

Regulator of EGFR activity in
breast cancer, plasma membrane
fusion, repair, endocytosis

R27

Plastin-2

gi 167614506

127

20

70.8

Actin

binding

protein,

cell

migration, PKA signaling
R28

Dual specificity protein gi 194097436

72

16

74.2

kinase CLK-3 isoform

Protein serine/ threonin/ tyrosine
kinase activity, regulation of RNA
splicing

R29

Dynamin 2 isoform 4 gi 62088006

63

10

55.3

variant

Membrane

trafficking,

cell

signaling, cytokinesis, regulating
actin assembly

R30

MMP 9 preproprotein gi 74272287

162

22

79.4

variant

Breakdown of extracellular matrix,
angiogenesis, wound healing, cell
migration, tissue remodelling .

R32

Nitric oxide synthase

gi 951319

48

11

16.2

Cellular signaling molecule

3.2.7 Validation of MMP-1 and MMP-9 in MCM
MALDI-TOF analysis of MCM proteins revealed the upregulation of MMP-1 pre
proprotein and MMP-9 pre proprotein. These proteins play an important role in cancer cell
migration and invasion. The expression of proteolytic enzymes like MMPs is studied through the
functional assay ‘zymography’ by detecting

the degradation of

gelatin, casein or other

substrates from various biological sources with one dimensional gel electrophoresis of proteins.
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The clear band in the gel corresponding to the molecular weight of the MMP-1 in casein
zymogram was observed (Figure 34a). In gelatin zymogram, the gelatinase activity of MMP-9
was seen as the clear band at 92 kD (Figure 34b). No band was observed with MCM proteins
indicating the absence of proteinase activity (Figure 34).

b

a.

. b.

Figure 34: Expression of MMP-1 and MMP-9 in MCM. The conditioned media were
collected and treated with protease and phosphatase inhibitors prior to protein concentration by
ammonium sulphate precipitation followed by dialysis (cutoff 10 kD). Ten µg of MCM and
MCM treated with non reducing sample buffer were run on 8% SDS PAGE consisting of (a) 50
mg/ml casein and (b) 30 mg/ml gelatin as substrate respectively. Images of coomassie blue
stained zymograms were acquired by Dyversity-6 gel imager (Syngene, UK) using GeneSnapTM
software (Syngene, UK).
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3.2.8. MCM increases expression of ezrin, radixin and moesin (ERM) in MCF7
cells
MCM treatment resulted in increased cell migration and motility of MCF7 cells.The
proteins identified by MALDI-TOF in MCM have a functional role in actin binding, regulation
of cytoskeleton rearrangement, cell migration and invasion. Ezrin, radixin and moesin (ERM)
proteins as well as ICAM-1 link cortical actin to the plasma membrane and coordinate cellular
events that require cytoskeletal rearrangement, including cell division, migration and invasion.
To determine if ERM proteins and ICAM-1 have any role in migration of MCF7 cells with
MCM treatment, the transcript level of these proteins was estimated in these cells by real-time
PCR. The relative expression of cytokines was determined by calculating the ratio of normalised
expression of ERM mRNA in MCM treated MCF7 cells to that in MCM treated MCF7 cells.
GAPDH was used as a reference gene. There was a 1.794, 1.761, 1.945 and 3.399 fold increase
in radixin, ezrin, moesin and ICAM-1 expression respectively with MCM treatment in MCF7
cells as compared to MCM treatment (Figure 35).
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Figure 35: Expression of Radixin, ezrin, moesin and ICAM-1 in MCM treated MCF7. The
mRNA levels of ERM proteins in MCM treated MCF7 was estimated by real-time PCR. Ratios
of the normalized expression of these proteins were calculated in MCM treated cells to MCM
treated

MCF7

cells

and

significance

analysis

carried

out

using

RESTTM

software.*P<0.05***P<0.001
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CHAPTER 3.3
Immunohistochemical evaluation of
iNOS, p53, -H2AX, CREB and pCREB
expression in benign fibroadenoma and
invasive ductal carcinoma
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Macrophage – tumor interaction was studied in vitro by employing MCM and MCM
treatment to epithelial breast cancer cell line, MCF7 and invasive breast cancer cell line, MDAMB-231. Differential effects of MCM were observed in these two cell lines differing in their
invasive nature. The macrophage conditioned media contained various pro-inflammatory
cytokines like TNF-α, IL-1β and IL-6. These cytokines in turn induced secretion of TGF-β1 in
MCF7 cells. TGF-β1 caused apoptosis in some of the cells and significant increase in ROS and
RNS generation in the surviving cells. This oxidative and nitrosative stress resulted in DNA
damage response signaling as observed by expression of phosphorylated ATM and H2AX
proteins. A significant increase in pCREB and total CREB labeling was observed in MCM
treated MCF7 cells in contrast to MDA-MB-231 cells where basal level expression of CREB was
higher and was unaffected by the treatments. There was a marked increase in vimentin
expression (a EMT marker) as well as increase in migration of MCF7 cells treated with MCM.
Taking clues from this study, the expression of some of these proteins were evaluated in
clinical samples (benign fibroadenoma and invasive ductal breast carcinomas (IDC). Expression
of proteins iNOS, p53, -H2AX, CREB and pCREB were found to be crucial for increased
migration in p53 positive MCF7 cells. The expressions of these chosen biomarkers were studied
using specific antibodies by immunohistochemistry.
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3.3.1 Patient’s clinic-pathological characteristics
A retrospective study was performed on patient’s biopsy samples enrolled from 2002
to 2012 in BARC Hospital, Mumbai which included 91 patients, diagnosed with invasive
ductal breast carcinoma (IDC) after the pathology examination and 24 patients diagnosed with
fibroadenoma (benign tumor). The research plan was approved by the Institutional Medical
Ethics Committee (BHMEC 5/08). Data from patients with invasive ductal carcinoma of breast
were classified according to age, tumor grade, tumor size, TNM stage, lymph node status as well
as vessel space invasion.
3.3.1.1 Age
The age of IDC patients ranged from 28 to 77 years with a mean of 58.10±10.48 years.
The peak age frequency was in the age category of 56-70 years at the time of diagnosis
(Figure 36). The age of benign fibroadenoma patients ranged from 20-66 years.

Figure 36: Bar chart showing the distribution of the IDC patients according to the age at
the time of diagnosis.
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3.3.1.2 Tumor grade
The invasive ductal carcinoma samples were graded according to the Nottingham
modification of the Bloom and Richardson system. According to the grading of tumor, 16% IDC
samples were grade I; 37% were grade II and 47% were grade III (Figure 37).

Tumor grade

Figure 37: Distribution of infiltrative ductal carcinoma of breast according to Bloom
Richardson grading system.
3.3.1.3 Tumor size
The tumor size was recorded from the initial pathology report. The tumor size ranged
from 5 mm to 90 mm with a mean of 36 mm. The IDC samples were divided according to the
tumor size into staging groups of T1 (tumor size <20 mm), T2 (tumor size 20-50 mm), T3 (tumor
size >50 mm). Eight samples belonged to (8.79%) T1 group, 71 (78.02%) to T2 group and 12
samples (13.18%) toT3 group (Table 15).
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Table 15: Distribution of IDC samples according to tumor size at the time of diagnosis
T size

Number (%)

T1 <20mm

8 (8.79%)

T2 20-50mm

71 (78.02%)

T3 >50mm

12 (13.18%)

3.3.1.4 TNM stage
The frequency of distribution of IDC patients according to pathological TNM staging
were 5.8%, 58.1% and 36.1% for Stage I, Stage II and Stage III respectively (Table 16).
Table 16: Distribution of IDC samples according to TNM stages at the time of diagnosis

TNM tumor stage

Number (%)

Stage I

5 (5.8%)

Stage II

50 (58.1%)

Stage III

31 (36.1%)
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3.3.1.5 Lymph node status
The histological examination of the axillary lymph nodes showed that 41% of cases had
no lymph node invasion while 59% of cases had positive lymph node tumor invasion
(Figure 38).

Figure 38: Distribution of infiltrative ductal carcinoma of breast samples according to the
involvement of lymph nodes.
3.3.1.6 Vessel space invasion (VSI)
The presence or absence of vessel space invasion was reported in all 91 cancer
samples. Vessel space invasion was present in 31 (28.2%) of the 91 IDC samples.
3.3.1.7 Correlation of pathological features
The relationship between each of the clinico-pathological features was compared as
shown in table 17. In this study, the patient’s tumor size correlated with the patient’s age at
diagnosis (p<0.05) and tumor stage (p<0.05), since the advanced stage patients had a larger
tumor size. The stage of the tumor also correlated with LN metastasis positivity (p<0.0001). The
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advanced stage samples were LN Mets positive. VSI positivity was associated with high grade
tumors (p<0.05).
Table 17: Correlation between the clinico-pathological features

* The Chi-square statistic is significant at the 0.05 level. ** The Chi-square statistic is
significant at the 0.01 level. **** The Chi-square statistic is significant at the <0.0001 level. (a):
The Chi-square test is not performed for this sub-table because row and column variables are
identical. (T.size = tumor size group, LN mets = Lymph Node Metastasis and VSI= vessel space
involvement). Df- Degree of freedom.
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3.3.2 Status of hormone receptor expression
3.3.2.1 Expression of estrogen and progesterone receptor (ER & PR)
The status of ER and PR was known in 88 IDC patient samples. Dual positive receptor
expression was observed in 56.8% samples whereas dual negative receptor expression was
observed in 32.95% samples. This is summarized in table 18.
Table 18: Expression of ER and PR status in IDC patients

3.3.2.2 Expression of Her-2/neu receptor
Her-2/neu receptor expression was studied in 86 IDC patients and was positive in 40.69%
samples and negative in 59.3% samples. Expression of Her-2/neu and its co-expression with ER
and PR are summarized in table 19. In this study, 8.53% of IDC samples constituted the triple
positive (ER+/PR+/Her-2+) as well as triple negative cancer (ER-/PR-/Her-2-) population.
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Table 19: Expression of Her-2/neu receptor and its coexpression with ER and PR in IDC
samples

3.3.2.3 Correlation of clinico-pathological features with receptor status
The samples, earlier classified based on clinico-pathological features, were also classified
based on the hormone receptor status as summarized in table 20. The relationship between
hormone receptors and the clinico-pathological features of the IDC samples was compared as
shown in table 21. The ER+ tumors were significantly related to low grade tumors (p<0.01) and
smaller size tumors (p<0.01). The Fisher’s exact analysis also demonstrated a significant
relationship between ER+ and PR+ samples (p<0.001). An inverse correlation between ER+ and
HER-2/neu+ tumors was seen (p<0.001). PR expression was significantly associated with low
grade tumors (p<0.01). PR expression correlated significantly with ER (p<0.001) and negatively
correlated to HER-2/neu expression in IDC samples (p< 0.001). A significant inverse
relationship between HER-2/Neu expression with ER (p<0.001) and PR (p<0.001) status was
observed.
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Table 20: Distribution of patients with clinico-pathological characteristics as well as status
of hormone receptor expression
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Table 21: Correlation between receptor status and pathological features

* The Chi-square/ Fisher’s exact statistic is significant at the 0.05 level. ** The Chisquare/ Fisher’s exact statistic is significant at the 0.01 level. **** The Chi-square/ Fisher’s
exact statistic is significant at the <0.0001 level. (a) The test is not performed for this sub-table
because row and column variables are identical. (T. size = tumor size group, LN mets = Lymph
Node Metastasis and VSI= vessel space involvement). Df- Degree of freedom
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3.3.2.4 Immunohistochemistry data and statistical analysis of biomarkers
The “Remmele score” (IRS, immunoreactive score according to Remmele and Stegner,
1987) was used to score the expression of all markers in the samples. Two parameters were used
in this score; intensity of immunoreactivity of the cytoplasmic staining and the proportion of the
reactive tumor cells that are positive to biomarker. Every sample (5-7 images/sample) was given
a score in which the total intensity of staining (no staining = 0; low level = 1; medium staining =
2; strong staining = 3) and the percentage of stained cells (0% = 0; under 10% = 1; 11-50% = 2;
51-80% = 3; over 80% = 4) was multiplied [330]. Using this system, the maximum score is 12
(with over 80% of the cells showing strong staining). Cellular localization (cytoplasm or nucleus
or both) and tissue distribution (stroma, infiltrating cells) were determined by visual inspection
of all the images. The nuclear staining in the tumor cells was counted for determining
distribution of -H2AX, p53, CREB and pCREB and cytoplasmic staining was considered in
iNOS labeled samples. Figure 39 shows representative fibroadenoma images with nuclear and
cytoplasmic intensity 0, 1 and 2.

a.
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b.

Figure 39: Representative images of benign fibroadenoma with different staining
intensities (nuclear and cytoplasmic). (a) Representative fibroadenoma images with nuclear
(p53) intensity 0, 1, 2 and 3. (b) Representative fibroadenoma images with cytoplasmic (iNOS)
intensity 0, 1, and 2. The top panel represents the 10X image and bottom panel represents the 40
X image of the same field.
The descriptive data that included frequency (number of cases with score range 0-12), the
mean, median and standard deviation were determined for all the groups. Since the assessment of
staining was done based on the scores, a nonparametric method, the Mann-Whitney test, was
used for pair wise comparisons and the Kruskal –Wallis test was used to study variance in more
than 2 groups. The nonparametric Spearman's rho correlation coefficient was used to analyze
associations between pairs of markers. The chi square test or Fisher’s exact test was used to
compare the expression of marker in different clinico-pathological groups of IDC patients. Chisquare calculations are valid when all expected values are greater than 1.0 and at least 20% of the
expected values are greater than 5. With small sample size and 2X2 contingency table, Fisher’s
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exact test is considered instead of Chi-square test as it calculates an exact p value whereas latter
calculates an approximation. For all the tests, a value of p less than or equal to 0.05 was
considered statistically significant.
3.3.3 Expression of iNOS by immunohistochemistry
Several human cancers have been reported to express iNOS. An increased expression of
iNOS in tumor cells was demonstrated for breast, ovarian [341], prostate [342], gastric [343],
colorectal [344] and head and neck cancers [345], as well as in non-epithelial malignancies like
sarcomas [346]. Tumoral iNOS expression has been associated with stage, histological
differentiation, cell proliferation, induced angiogenesis, p53 expression or mutation and survival
[345, 347]. This study was undertaken to investigate the expression of iNOS in benign
fibroadenomas and invasive ductal carcinomas of the breast. The expression of iNOS was
studied in 23 benign fibroadenoma and 91 IDC samples. The expression of iNOS was observed
in stromal cells and also in a high proportion of tumor cells. Expression of iNOS in tumor cells
was mostly cytoplasmic and sometimes nuclear. Figure 40 shows the representative images with
iNOS intensity 1, 2 and 3.
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Figure 40: Representative images of iNOS expression with different staining intensities
(intensity 1, intensity 2 and intensity 3). The top panel represents the 10X image and bottom
panel represents the 40 X image of the same field.
3.3.3.1 iNOS expression in benign fibroadenoma and IDC samples
iNOS staining was observed in tumor cells as well as stromal cells (Figure 40).
Occasional faint granular colouring was seen in inflammatory cells present in the samples. iNOS
expression was studied in 23 benign fibroadenoma and 91 IDC samples. The median score in
benign fibroadenoma sample was 6 (range 0-8) whereas the median iNOS score in malignant
samples was 9.33 (range 4-12). The distribution of iNOS scores in benign fibroadenoma and IDC
group differed significantly (Mann Whitney U score=310.5, p value <0.0001, two tailed) (Figure
41a). Bioinformatic analysis was carried out using Oncomine (www.oncomine.com, Oncomine
Research Premium Edition) to assess transcript levels of iNOS in breast cancer database
applying fold change ≥ 2 and p ≤ 0.01 as thresholds. iNOS mRNA was significantly upregulated
in invasive breast carcinoma (53 IDC samples) as compared to normal breast tissue (6 cases),
(t-test=13.511, p value <0.0001, two tailed, fold change=2.53) [62] (Figure 41b). The data base
constitutes of many studies which compare iNOS expression between different carcinoma
subtypes. Data from some of the studies show the fold change of 1.064 (p=0.064) between
normal and breast carcinoma [348], fold change of 1.803 (p=0.025) between breast
adenocarcinoma and mucinous breast carcinoma [349] and fold change of 1.176 (p=0.037) in
breast adenocarcinoma and ductal breast carcinoma [350].
The lower IHC scores (0-6) were classified as weak iNOS expression and higher scores
(7-12) as strong iNOS expression in the tumor cells. iNOS score was low in 11 (12.6%) and high
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in 76 (87.3%) malignant tumors. In benign fibroadenoma samples, 12 (52.17%) samples had
weak iNOS expression and 11 (47.82%) samples had strong iNOS expression. The iNOS scores
were significantly higher in malignant IDC as compared to the benign fibroadenoma group
(Fisher’s exact test, p=0.0001, two tailed) (Figure 41c).
a
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b.
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Figure 41: Expression of iNOS in benign fibroadenoma and invasive breast carcinoma
(benign fibroadenoma=23 samples, IDC=91 samples). (a) Median iNOS score in benign
fibroadenoma as compared to IDC group (Mann Whitney U score=310.5, p value <0.0001, two
tailed). The bar represent the median value along with range of distribution of iNOS scores (b)
Oncomine data set for transcript levels of iNOS in normal breast tissue and breast cancer
samples (t-test=13.511, p value <0.0001, two tailed, fold change=2.53) [62]. (c) Proportion of
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benign fibroadenoma and IDC patients with weak or strong iNOS expression (Fisher’s exact test,
p=0.0001, two tailed). *** The Mann Whitney U / Fisher’s exact statistic is significant at the
0.001 level.

3.3.3.2 iNOS expression and its association with clinico-pathological features
The distribution of iNOS scores and the relationship with the clinico-pathological
features of proportion of samples with weak or strong iNOS expression scores was analysed by
chi square/ Fisher’s exact analysis and is summarized in table 23. The distribution of iNOS score
in malignant samples differing in clinico-pathological features was studied by non parametric
one way ANOVA (Mann Whitney U test or Kruskal Wallis test) and is summarized in table 24.
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Table 22: Distribution and correlation between the clinico-pathological features and iNOS
scores.
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Table 23: Correlation between the clinico-pathological features and iNOS scores with
Mann Whitney U or Kruskal Wallis analysis
Clinico-pathological

Patients

Median

features

(N)

score

16

8.667

8.666±0.544

69

9.333

8.855±0.218

T1

7

9

8.8334±0.771

T2

71

9.333

8.836±0.231

T3

9

9.333

9.266±0.511

I

12

9.333

8.512±0.466

II

30

9

9.253±0.365

III

37

9.333

8.705±0.304

I

5

10

9±0.966

II

49

9.333

8.97±0.272

III

31

9.333

8.67±0.318

LN Mets Positive

53

9.333

8.761±0.263

Negative

34

9.333

8.962±0.306

Positive

27

9.333

8.851±0.358

Negative

60

9.333

8.905±0.248

+

52

8.666

8.678±0.263

-

29

9.333

9.187±0.327

Age

≤50
>50

T. Siz

Grade

Stage

VSI

ER

Mean score

Test

Test’s

P value

score

Mann Whitney U

509

0.6311

Kruskal-Wallis

0.377

0.828

Kruskal-Wallis

1.239

0.538

Kruskal-Wallis

0.789

0.673

Mann Whitney U

834

0.560

Mann Whitney U

736.5

0.851

Mann Whitney U

631.5

0.226
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PR

Her2/neu

+

53

8.666

8.741±0.269

-

28

9.333

9.087±0.312

+

32

9.333

8.930±0.347

-

50

8.666

8.815±0.258

Mann Whitney U

659.5

0.412

Mann Whitney U

725.5

0.572

There was no direct correlation between iNOS expression and age of IDC patients
(p=0.6812, two tailed) (Table 22). A significant difference in iNOS scores distribution was not
observed when scores of IDC patients were compared between age groups <50 and >50 (Mann
Whitney U score=509, p value =0.631, two tailed). The median iNOS score was 8.66 and 9.33
for age groups <50 and >50 respectively (Table 23).
No significant relationship was observed between iNOS expression and tumor size (Chi
square score=1.1233, p=0.9402, two tailed). The median iNOS scores of T1 tumor size was 9, T2
tumor size was 9.33 and T3 tumor size was 9.33. An insignificant difference in iNOS scores
distribution was observed when scores of IDC patients were compared between different tumor
size (Kruskal Wallis score=0.377, p value =0.828, two tailed) (Table 23).
There was no direct correlation between iNOS expression and tumor grade of IDC
patients (Chi square score=1.572, p=0.4556, two tailed) (Table 22). When iNOS expression was
compared in malignant patients with different tumor grades no significant difference was
observed (Kruskal Wallis score=1.239, p value =0.538, two tailed). The median iNOS scores
observed for Grade I, II and III patients were 9.33, 9 and 9.33 respectively (Table 23).
No significant correlation was observed between iNOS expression and tumor TNM
staging of IDC patients (p=0.1982, two tailed) (Table 22). High expression of iNOS was seen in
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80% of stage I patients, 91.8% of stage II patients and 80.6 % stage III patients. An insignificant
difference in distribution of iNOS scores was observed between different TNM staging groups
(Kruskal Wallis score=0.789, p value =0.673, two tailed) (Table 23). The median iNOS scores of
Stage I tumor was 10, Stage II tumor was 9.33 and Stage III tumor was 9.33.
A direct correlation was not observed with iNOS expression and lymph node
involvement (p=0.1894, two tailed) (Table 22). The median iNOS scores of patients with and
without lymph node involvement was 9.33. When distribution of iNOS score was compared
between malignant samples differing in lymph node status, an insignificant difference was
observed, (Mann Whitney U score=834, p value =0.564, two tailed) (Table 23).
There was no direct correlation between iNOS expression and vessel space invasion in
IDC samples (p=1.000, two tailed) (Table 22). An insignificant difference was observed when
distribution of iNOS score was compared between malignant samples with different vessel space
invasion (Mann Whitney U score=736.5, p value =0.851, two tailed).
There was no direct correlation between iNOS expression and ER receptor status of IDC
patients (p=0.7149, two tailed). The median iNOS scores of patients with positive ER and
negative ER status were 8.66 and 9.33 respectively. A direct correlation was not observed with
iNOS expression and PR status (p=1.000, two tailed). When distribution of iNOS score was
compared between malignant samples with different PR status an insignificant difference was
observed (Mann Whitney U score=659.5, p value =0.412, two tailed).
No significant correlation was observed between iNOS expression and Her-2/neu status
of IDC patients (p=0.3020, two tailed). High expression of iNOS was seen in 84.3% of Her2/neu + patients and 92 % of Her-2/neu- patients. An insignificant difference in distribution of
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iNOS scores was observed when IDC patients with different Her2/neu status were compared
(Mann Whitney U score=725.5, p value =0.572, two tailed) (Table 23).
3.3.4 Expression of p53 by immunohistochemistry
The loss of normal p53 tumor suppressor gene function due to genetic alterations is a
major factor behind human cancers. TP53 is the gene most often mutated in human cancer,
occurring in over 50% of the malignant tumors. Mutated p53 is unable to bind DNA and thus
cannot function as a transcription factor. p53 can be inactivated in many ways resulting in
possible over expression and alterations in the downstream target genes, complexing with other
proteins, or abnormal degradation. The half life of wt p53 is short, with the protein degrading in
20-30 minutes. Genetic or other structural changes transform the wt p53 conformation, resulting
in stabilization and accumulation in the cells and allowing its immunohistochemical detection
[259, 351]. There have been reports of a positive prognostic value of p53 detected by
immunohistochemistry. For instance, expression of mutant p53 protein was associated with early
disease recurrence and early death in node negative breast cancer [352]. The accumulation of
p53 was significantly associated with increased risk of progression to malignant breast cancer in
women with benign breast disease [353]. Figure 42 shows the representative images with
absence of p53 staining as well as p53 intensity 1, 2 and 3.
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Figure 42: Representative images of p53 expression with different staining
intensities (intensity 1, intensity 2 and intensity 3). The top panel represents the 10X image
and bottom panel represents the 40 X image of the same field.
3.3.4.1 p53 expression in benign fibroadenoma and IDC samples
Heterogeneous nuclear p53 staining was observed in tumor cells (Figure 42). The p53
expression was studied in 22 benign fibroadenoma and 76 IDC samples. Seventeen out of 22
(77.27%) benign fibroadenoma and 57 out of 76 (75%) IDC samples were positive for p53
labeling. The median score in benign fibroadenoma samples was 1.75 (range 0-6) and that of
IDC samples was 3 (range 0-12). The distribution of p53 score in benign fibroadenoma and IDC
group did not differ significantly (Mann Whitney U score=638, p value 0.089, two tailed)
(Figure 43a). Bioinformatic analysis was carried out using Oncomine (www.oncomine.com,
Oncomine Research Premium Edition) to assess mRNA levels of p53 expression in breast cancer
database applying fold change ≥ 2 and p ≤ 0.01 as thresholds. p53 was significantly upregulated
in invasive breast carcinoma (19 samples) as compared to normal breast tissue (3 samples), (ttest=2.434, p value=0.039, two tailed, fold change=2.321) [354] (Figure 43b). The data base also
consisted of other studies comparing p53 expression amongst different carcinoma subtypes.
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Some studies in the database show the fold change of 1.029 (p=0.007) between breast
adenocarcinoma and medullary breast cancer [348], fold change of 1.126 (p=0.017) between
breast adenocarcinoma and lobular breast carcinoma [349] and fold change of 1.256 (p=0.038) in
normal and ductal breast carcinoma [350].
The lower IHC scores (0-6) were classified as weak and higher scores (7-12) as strong
p53 expression in the tumor cells. The obtained p53 score was low in 50 (65.78%) and high in 26
(34.21%) malignant tumors. In benign fibroadenoma samples, 22 (100%) samples had weak p53
expression and none of the samples had strong p53 expression. The proportion of patients with
strong p53 scores was significantly higer in IDC group as compared to fibroadenoma samples
(Fisher’s exact test, p=0.0006, two tailed) (Figure 43c).

a.

b.

c.

***
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Figure 43: Expression of p53 in benign fibroadenoma and invasive breast carcinoma
(benign fibroadenoma=22 samples, IDC =76 samples). (a) Median p53 scores distribution in
benign fibroadenoma and IDC groups (Mann Whitney U score=638, p value = 0.089, two tailed).
The bar represent median value along with the range of distribution of p53 scores (b) Oncomine
data set for mRNA levels of p53 in normal breast tissue and breast cancer (t-test=2.434, p
value=0.039, two tailed, fold change=2.321). (c) Proportion of fibroadenoma and IDC patients
with weak or strong p53 (p=0.0006, two tailed) (Figure 44c). * The Mann Whitney U statistic is
significant at the 0.05 level. *** The Fisher’s exact test statistic is significant at the 0.001 level.
3.3.4.2 p53 expression and its association with clinicopathological features
The distribution of scores and relationship between the clinico-pathological features with
proportion of samples with weak or strong p53 expression scores as analysed by chi square/
Fisher’s exact analysis is summarized in table 24. The distribution of p53 score in IDC samples
with different clinico-pathological features was studied with non parametric one way ANOVA
(Mann Whitney U test or Kruskal Wallis test) and is summarized in table 25.
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Table 24: Summary table showing the distribution and correlation between the clinicopathological features and p53 scores

*The Fisher’s exact statistic is significant at the 0.05 level. ** The Fisher’s exact statistic
is significant at the 0.01 level.
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Table 25: Summary table showing the correlation between the clinico-pathological features
and p53 scores distribution with Mann Whitney U or Kruskal Wallis analysis
Clinico-pathological

Patients

Median

features

(N)

score

25-40

5

10

7.3±2.165

41-55

24

3

4.645±0.837

56-70

37

4

4.445±0.739

71-85

8

1

3.875±1.716

T1

6

1.5

1.5±0.621

T2

55

3

4.609±0.548

T3

11

6

5.909±1.404

I

11

1

2.818±1.285

II

26

3

4.076±0.824

III

33

6

5.742±0.774

I

5

2

3±1.788

II

44

3

4.59±0.664

III

26

6

5.173±0.870

44

3.5

4.659±0.641

Negative

32

2

4.578±0.814

Positive

23

3

4.239±0.781

Negative

49

3

4.693±0.438

Age

T. Size

Grade

Stage

LN Mets Positive

VSI

Mean score

Test

Test’s

P value

score

Kruskal-Wallis

2.818

0.420

Kruskal-Wallis

3.136

0.2084

Kruskal-Wallis

4.743

0.0933

Kruskal-Wallis

0.760

0.683

Mann Whitney U

693

0.909

Mann Whitney U

542

0.796
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ER

PR

Her2/neu

+

44

1.5

3.477±0.587

-

26

7

6.326±0.813

+

45

2

3.4±0.541

-

25

8

6.8±0.881

+

28

8

6.392±0.758

-

42

1.5

3.297±0.595

Mann Whitney U

349

0.0056
**

Mann Whitney U

344.5

0.006
**

Mann Whitney U

348.5

0.003
**

** The Mann Whitney U statistic is significant at the 0.01 level.
No direct correlation was observed between p53 expression and age of IDC patients (Chi
square score=2.330, p=0.5068, two tailed) (Table 24). The median p53 scores of different
group’s viz. age 25-40, 41-55, 56-70 and above 70 were 10, 3, 4 and 1 respectively. Though p53
expression showed a decreasing trend with increase in patient’s age, no significant difference in
p53 scores was observed between the different age groups (Kruskal Wallis score= 2.818, p value
= 0.420, two tailed) (Table 25).
There was no direct significant relationship between p53 expression and tumor size (Chi
square score=1.855, p=0.3956, two tailed) (Table 24). An insignificant difference in distribution
of p53 scores was observed between IDC samples of different tumor size groups (Kruskal Wallis
score=3.136, p value =0.208, two tailed).
The median p53 scores of grade I tumors was 1, grade II tumors was 3 and grade III
tumors was 6. Although the scores had increasing trend with higher tumor grade, this difference
was not statistically significant (Kruskal Wallis score= 4.743, p value = 0.0933, two tailed)
(Table 25). No direct correlation was observed between p53 expression and tumor grade of IDC
patients (Chi square score= 4.781, p=0.0916, two tailed) (Table 24).
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No correlation was observed between p53 expression and tumor TNM staging of IDC
samples (Chi square score= 0.403, p=0.8063, two tailed) (Table 24). An insignificant difference
in distribution of p53 scores between IDC samples of different TNM staging groups were
compared (Kruskal Wallis score=0.760, p value =0.683, two tailed). However, the stage I
patients had lowest p53 scores and stage III patients had highest p53 expression scores (Table
25).
No significant correlation was observed between p53 expression and lymph node
involvement (p=1.000, two tailed) (Table 24). When distribution of p53 score was compared in
malignant samples differing in lymph node status, an insignificant difference was observed
(Mann Whitney U score=693, p value =0.909, two tailed).
There was no direct correlation between p53 expression and vessel space invasion in IDC
samples (p=0.5940, two tailed) (Table 24). An insignificant difference was observed when
distribution of p53 score was compared in malignant samples with different vessel space
invasion (Mann Whitney U score=542, p value =0.796, two tailed) (Table 25).
There was a direct correlation between p53 expression and ER status of IDC samples
(p=0.0384, two tailed) (Table 24). “Strong” p53 labeling was observed in 10 out of 43 patients
with ER+ status and 13 out of 26 (50%) patients with ER- status. The median p53 scores of
patients with positive ER status and negative ER status was 1.5 and 7 respectively. A significant
difference in the distribution of p53 expression scores was observed with respect to ER+ and ERstatus of IDC samples (Mann Whitney U score=349, p value =0.0056, two tailed) (Table 25;
Figure 44a).
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A direct correlation was observed with p53 expression and PR status (p=0.0079, two
tailed) (Table 24). Strong p53 labeling was observed in 10 out of 45 patients with positive PR
status and 14 out of 25 patients with negative PR status. The median p53 scores of patients with
both PR+ and PR- status were 2 and 8 respectively. When distribution of p53 score was
compared between malignant samples differing in PR status, a significant difference was
observed as PR- samples had higher p53 expression (Mann Whitney U score=344.5, p value
=0.006, two tailed) (Table 25; Figure 44b).
A significant correlation was observed between p53 expression and Her-2/neu status of
IDC samples (p=0.0095, two tailed) (Table 24). “Strong” expression of p53 was seen in 53.5%
of Her2/neu + patients and 21.4 % of Her2/neu- patients. A significant difference in distribution
of p53 scores was observed when IDC patients with different Her2/neu status were compared
(Mann Whitney U score=348.5, p value =0.003, two tailed). The median p53 scores of
Her2/neu+ patient was 8 and Her2/neu- patients was 1.5 (Table 25; Figure 44c).
The median p53 scores of patients with ER+PR+Her2+ was 1, ER+PR+Her2- was 1, ERPR-Her2+ was 9 and ER-PR-Her2- was 0.75. The p53 expression scores were highest in ER-PRHer2+ group whereas ER-PR-Her2- group showed lowest p53 expression (Figure 44d).

a.

b.

c
.
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Figure 44: Expression of p53 in IDC patients of different receptor status. p53 score
distribution is compared in IDC samples with different (a) ER status (Mann Whitney U
score=349, p value =0.0056, two tailed). (b) PR status (Mann Whitney U score=344.5, p value
=0.006, two tailed). (c) Her-2/neu status (Mann Whitney U score=348.5, p value =0.003, two
tailed). (d) different ER, PR and Her2/neu receptor status. * The Mann-Whitney U statistic is
significant at the 0.05 level. ** The Mann-Whitney U statistic is significant at the <0.01 level.
3.3.5 Expression of -H2AX by immunohistochemistry
Histone H2AX phosphorylation on serine 139 (producing -H2AX) is a sensitive marker
for DNA double-strand breaks (DSBs). DSBs may lead to cancer but, paradoxically, are also
used to kill cancer cells. Detection of -H2AX to determine the extent of DSB induction may
help to detect precancerous cells, cancers staging, for monitoring the effectiveness of cancer
therapies and development of novel anticancer drugs. The nuclear labeling in tumor cells was
studied for -H2AX expression. Figure 45 shows the representative images with absence of H2AX staining as well as -H2AX intensity 1and 2.
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Figure 45: Representative images of -H2AX expression with different staining intensities
(intensity 0, intensity 1 and intensity 2). The top panel represents the 10X image and bottom
panel represents the 40 X image of the same field.
3.3.5.1 -H2AX expression in benign fibroadenoma and IDC samples
The nuclear -H2AX staining was observed in tumor cells (Figure 45). The -H2AX
expression was studied in 22 benign fibroadenoma and 82 IDC samples. None of the
fibroadenoma samples were negative for -H2AX expression whereas 19 out of 82 (23.17%)
IDC samples were negative for -H2AX labeling. The median -H2AX score was same in both
groups (4) but with different range in benign fibroadenoma (range 1-6) and IDC (range 0-12).
The distribution of -H2AX score in benign fibroadenoma and IDC group did not differ
significantly (Mann Whitney U score=887, p value= 0.9063, two tailed) (Figure 46a).
Bioinformatic analysis was carried out using Oncomine (www.oncomine.com, Oncomine
Research Premium Edition) to assess changes in transcript levels of histone variant H2AX in
breast cancer database applying fold change ≥ 2 and p ≤ 0.01 as thresholds. H2AX mRNA was
significantly upregulated in IDC data sets (1556 cases) as compared to normal breast tissue (144
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cases), (t-test=28.241, p value< 0.0001, two tailed, fold change=1.481) [348] (Figure 46b). The
data base also consisted of many studies comparing H2AX expression in different carcinoma
subtypes. Some of the studies in the database show a fold change of 2.588 (p<0.0001) between
normal and invasive breast carcinoma (TCGA Breast Statstics, 2010) and fold change of 1.226
(p=0.017) in adenocarcinoma and ductal breast carcinoma [355]. All these studies thus
demonstrate that apart from post translational modifications of H2AX, which is monitored as H2AX, this gene is upregulated at the transcriptional level also in many cancers.
The IHC lower scores (0-6) were classified as weak -H2AX expression and
higher scores (7-12) as strong -H2AX expression in the tumor cells. The obtained -H2AX
score was low in 68 (83%) samples and high in 14 (17%) malignant tumors. In fibroadenoma
samples, 22 (100%) samples had weak -H2AX expression and none of the samples had strong
H2AX expression. The proportion of patients with strong -H2AX scores were significantly
higher in IDC group as compared to benign fibroadenoma samples (Fisher’s exact test,
p=0.0374, two tailed) (Figure 46c).

a.

b.
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Figure 46: Expression of -H2AX in benign fibroadenoma and invasive ductal carcinoma
samples (benign fibroadenoma=22 samples, IDC=82 samples). (a) Median -H2AX score
along with range of distribution in benign fibroadenoma and IDC groups (Mann Whitney U
score=887, p value= 0.9063, two tailed). (b) Oncomine data set for the mRNA levels of histone
variant H2AX in breast cancer and normal samples (t-test=28.241, p value< 0.0001, two tailed,
fold change=1.481) [348]. (c) Proportion of benign fibroadenoma and IDC patients with weak or
strong -H2AX expression (p=0.0374, two tailed). *** The Fisher’s exact statistic is significant
at the 0.001 level.
3.3.5.2 -H2AX expression and its association with clinicopathological features
The distribution of scores and relationship between the proportion of patients with weak
or strong -H2AX expression with the clinico-pathological features as analysed by chi square/
Fisher’s exact analysis is summarized in table 26. The distribution of -H2AX score in IDC
patient groups differing in clinico-pathological features studied with non parametric one way
ANOVA (Mann Whitney U test or Kruskal Wallis test) is summarized in table 27.
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Table 26: Summary table showing the distribution and correlation between the clinicopathological features and -H2AX scores
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Table 27: Summary table showing the correlation between the clinico-pathological features
and -H2AX scores distribution with Mann Whitney U or Kruskal Wallis analysis
Clinico-pathological

Patients

Median

features

(N)

score

25-40

5

3

3.4±0.812

41-55

24

3.5

3.312±0.610

56-70

39

4

4.384±0.500

71-85

8

6

6.562±1.43

T1

6

4.5

5±1.511

T2

59

4

3.788±0.368

T3

9

4

4.111±1.101

I

10

4.25

4.3±0.916

II

25

3

3.1±0.664

III

36

4

4.5±0.534

I

5

6

5.8±1.959

II

43

4

3.872±0.490

III

28

4

4.214±0.594

44

4

3.931±0.466

Negative

33

4

4.348±0.584

Positive

24

4

3.812±0.527

Negative

50

4

3.98±0.438

Age

T. Size

Grade

Stage

LN Mets Positive

VSI

Mean score

Test

Test’s

P value

score

Kruskal-Wallis

5.052

0.1681

Kruskal-Wallis

0.5447

0.7616

Kruskal-Wallis

3.697

0.157

Kruskal-Wallis

1.140

0.565

Mann Whitney U

687

0.687

Mann Whitney U

593.5

0.972
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ER

PR

Her2/neu

+

45

4

4.066±0.452

-

27

4

3.611±0.503

+

45

4

3.722±0.382

-

27

4

4.185±0.645

+

29

3

3.551±0.643

-

43

4

4.127±0.363

Mann Whitney U

594.5

0.881

Mann Whitney U

570

0.664

Mann Whitney U

539

0.328

No direct correlation was observed between -H2AX expression and age of IDC patients
(Chi square score=3.122, p=0.3732, two tailed) (Table 26). The median -H2AX scores of
different groups viz. age 25-40, 41-55, 56-70 and above 70 were 3, 3.5, 4 and 6 respectively.
Though an increasing trend in the -H2AX expression score was seen corresponding to an
increase in patient’s age, it was not found to be statistically significant (Kruskal Wallis score=
5.052, p value = 0.1681, two tailed) (Table 27).
There was no significant relationship between -H2AX expression and tumor size (Chi
square score=1.250, p=0.5487, two tailed) (Table 26). An insignificant difference in distribution
of -H2AX was observed when scores of IDC patients in different tumor size groups were
compared (Kruskal Wallis score=5.447, p value =0.761, two tailed) (Table 27).
When distribution of -H2AX scores of patients with different tumor grades were
compared, an insignificant difference was observed (Kruskal Wallis score= 3.697, p value =
0.157, two tailed) (Table 27). No direct correlation was observed between -H2AX expression
and tumor grade of IDC patients (Chi square score= 1.687, p=0.430, two tailed) (Figure 50c)
(Table 26).
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No significant correlation was observed between -H2AX expression and TNM staging
of patients (p=0.3507, two tailed) (Table 26). An insignificant difference was observed when H2AX scores of IDC samples in different TNM staging groups were compared (Kruskal Wallis
score=1.140, p value =0.565, two tailed). However, the stage I patients had the highest -H2AX
expression (Table 27).
No significant correlation was observed with -H2AX expression and lymph node
involvement (p=0.2193, two tailed) (Table 26). When distribution of -H2AX score was
compared in malignant samples with different lymph node status an insignificant difference was
observed (Mann Whitney U score=637, p value =0.687, two tailed) (Table 27). There was no
direct correlation between -H2AX expression and vessel space invasion in IDC samples
(p=0.5346, two tailed) (Table 26).
There was no direct correlation between -H2AX expression and ER status of IDC
samples (p=0.7317, two tailed) (Table 26). A significant difference in the distribution of -H2AX
expression scores was not observed with respect to ER+ and ER- status of IDC samples (Mann
Whitney U score=594.5, p value =0.881, two tailed) (Table 27).
A direct correlation was not observed with -H2AX expression and PR status (p=0.7156,
two tailed). A significant correlation was not observed between -H2AX expression and Her2/neu status of IDC samples (p=0.7468, two tailed) (Table 26).
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3.3.6 Expression of pCREB by immunohistochemistry
CREB functions as a regulator of the expression of several genes in response to
hormones, ion fluxes, growth factors and stress signals [356]. Accumulating evidences show that
CREB is overexpressed in several neoplastic cancers, functions as an important oncogene that
promotes tumor cell growth and is involved in the proliferation, survival and metastasis of tumor
cells [357]. Figure 47 shows the representative images with absence of pCREB staining as well
as intensity 1, 2 and 3.

Figure 47: Representative images of pCREB expression with different staining intensities
(intensity 1, intensity 2 and intensity 3). The top panel represents the 10X image and bottom
panel represents the 40 X image of the same field.
3.3.6.1 pCREB expression in benign fibroadenoma and IDC samples
Heterogeneous nuclear pCREB staining was observed in tumor cells (Figure 47). pCREB
expression was studied in 21 benign fibroadenoma samples and 85 IDC samples. All (100%)
fibroadenoma samples were positive for pCREB expression whereas 77 out of 85 (90.2%) IDC
samples were positive for pCREB labeling. None of the fibroadenoma samples were negative for
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pCREB expression while 8 out of 85 (9.8%) IDC samples were negative for pCREB. The
median pCREB score in benign fibroadenoma samples was 7.33 (range 1-9) and in IDC samples
was 6.66 (range 0-12). The distribution of pCREB score in benign fibroadenoma and malignant
group did not differ significantly (Mann Whitney U score=835, p value 0.651, two tailed)
(Figure 48a).
The lower IHC scores (0-6) were classified as weak pCREB expression and higher scores
(7-12) as strong pCREB expression in the tumor cells. The obtained pCREB score was low in 40
(47.05%) and high in 45 (52.95%) malignant tumors. In benign fibroadenoma samples, 8 (38%)
samples had weak pCREB expression whereas 62% samples showed strong pCREB expression.
Though the mean pCREB score in fibroadenoma patients was slightly higher than IDC patients,
the highest pCREB score of 12 was seen in IDC samples where 10% samples had a score of 12.
The proportion of patients with strong pCREB scores was not significantly higher in IDC group
as compared to benign fibroadenoma samples (Fisher’s exact test, p=0.6252, two tailed) (Figure
48b).
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Figure 48: Expression of pCREB in benign fibroadenoma and invasive ductal carcinoma
cases (benign fibroadenoma=21 samples, IDC =85 samples). (a) Median pCREB score
distribution along with distribution of scores in benign fibroadenoma and malignant groups
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(Mann Whitney U score=835, p value 0.651, two tailed). The bar represent median value along
with the range of distribution of pCREB scores (b) Proportion of benign fibroadenoma and IDC
patients with weak or strong pCREB expression (p=0.6252, two tailed).
3.3.6.2 pCREB expression and its association with clinico-pathological features
The distribution of scores and relationship of proportion of patients with weak or strong
pCREB expression with the clinico-pathological features was analysed by chi square / Fisher’s
exact analysis and is summarized in table 28 and 29. The distribution of pCREB score in IDC
patient groups differing in clinico-pathological features studied with non parametric one way
ANOVA (Mann Whitney U test or Kruskal Wallis test) is summarized in table 30.
Table 28: Distribution and correlation between the TNM stage and pCREB

* The Chi-square statistic is significant at the 0.05 level.
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Table 29: Summary table showing the distribution and correlation between the clinicopathological features and pCREB scores
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Table 30: Summary table showing the correlation between the clinico-pathological features
and pCREB scores distribution with Mann Whitney U or Kruskal Wallis analysis
Clinico-pathological

Patients

Median

features

(N)

score

25-40

5

6.11

6.022±1.904

41-55

25

7.22

6.239±0.663

56-70

41

6.66

6.331±0.606

71-85

8

7

6.774±1.150

T1

6

11.333

10.805±0.586

T2

62

6.388

6.111±0.415

T3

10

3.527

4.888±1.348

I

12

6.33

5.930±1.036

II

28

8

7.263±0.726

III

35

6.66

6.054±0.593

I

5

9.166

8.788±1.498

II

46

7.111

6.267±0.599

III

29

6.666

6.394±0.556

49

6.66

6.607±0.476

Negative

32

6.83

6.129±0.726

Positive

25

6

6.434±0.658

Negative

53

6.66

6.259±0.248

Age

T. Size

Grade

Stage

LN Mets Positive

VSI

Mean score

Test

Test’s

P value

score

Kruskal-Wallis

0.1658

0.9829

Kruskal-Wallis

11.59

0.003
**

Kruskal-Wallis

2.412

0.299

Kruskal-Wallis

2.047

0.359

Mann Whitney U

749.5

0.741

Mann Whitney U

644

0.845
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ER

PR

Her2/neu

+

48

6.66

6.684±0.535

-

28

6.83

5.528±0.658

+

49

7.22

6.694±0.515

-

28

9.33

5.466±0.626

+

29

6.66

5.815±0.694

-

47

6.66

6.531±0.492

Mann Whitney U

550.5

0.1922

Mann Whitney U

533

0.164

Mann Whitney U

607

0.428

** The Kruskal-Wallis statistic is significant at the 0.01 level.
No correlation was observed between pCREB expression and age of IDC patients (Chi
square score=0.654, p=0.8846, two tailed) (Table 29). There was no direct significant
relationship between pCREB expression and tumor size (Chi square score=3.801, p=0.1495, two
tailed) (Table 30). The median pCREB scores of T1 tumor size was 11.33, T2 tumor size was
6.38 and T3 tumor size was 3.52. A significant difference in distribution of pCREB scores was
observed amongst different tumor size groups (Kruskal Wallis score=11.59, p value =0.003, two
tailed) (Table 30). An inverse correlation between tumor size and pCREB was observed.
No direct correlation was observed between pCREB expression and tumor grade of IDC
patients (Chi square score= 1.992, p=0.7372, two tailed) (Table 29). The median pCREB scores
of grade I tumors was 1, grade II tumors was 3 and grade III tumors was 6. When distribution of
pCREB scores of patients was compared between patients with different grades, an insignificant
difference was observed (Kruskal Wallis score= 4.743, p value = 0.0933, two tailed) (Table 30).
An inverse correlation was observed with pCREB expression and tumor TNM staging of IDC
samples (Chi square score= 9.552, p=0.0487, two tailed) (Table 28). The median pCREB scores
of stage I tumor was 9.16, stage II tumor was 7.11 and stage III tumor was 6.66. The highest
pCREB expression was seen in stage I samples whereas stage III samples showed the lowest
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pCREB expression. An insignificant difference was observed between pCREB score distribution
of IDC samples of different TNM staging groups (Kruskal Wallis score=2.047, p value =0.359,
two tailed) (Table 30).
No significant correlation was observed between pCREB expression and lymph node
involvement (p=1.000, two tailed). There was no direct correlation between pCREB expression
and vessel space invasion in IDC samples (p=0.8136, two tailed) (Table 29).
There was no direct correlation between pCREB expression and ER status of IDC
samples (p=1.000, two tailed) (Table 29). A significant difference in the distribution of pCREB
expression scores was not observed with respect to ER+ and ER- status of IDC samples (Mann
Whitney U score=550.5, p value =0.1922, two tailed) (Table 30). A direct correlation was not
observed with pCREB expression and PR status (p=0.8098, two tailed) (Table 29).
An insignificant correlation was observed between pCREB expression and Her-2/neu
status of IDC samples (p=1.000, two tailed) (Table 29).
3.3.7 Expression of CREB by immunohistochemistry
The cyclic-AMP response element binding (CREB) protein has been shown to have an
important role in cell survival, proliferation, growth and differentiation, in both normal and
cancer cells. This molecule has been extensively studied in relation to stress response [358],
memory [359] and in solid tumors, both benign and malignant [360]. CREB overexpression in
transgenic animals imparts oncogenic properties to cells in various tissues and aberrant CREB
expression is associated with tumors [361]. Sofi et al reported that the expression of CREB in
tumor bearing breast adipose tissue is higher than the normal breast adipose tissue [356]. CREB
is highly expressed and constitutively activated in patient glioma tissue and this activation
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closely correlated with tumor grade [361]. Pathologically, CREB protein has been demonstrated
to be upregulated in several human malignancies and act as an important oncogene [290]. Figure
49 shows the representative images with absence of CREB staining as well as CREB intensity 1,
2 and 3.

Figure 49: Representative images of CREB expression with different staining intensities
(intensity 1, intensity 2 and intensity 3). The top panel represents the 10X image and bottom
panel represents the 40 X image of the same field.
3.3.7.1 CREB expression in benign fibroadenoma and IDC samples
Nuclear staining of CREB was mostly restricted to tumor cells (Figure 49). A faint
nuclear staining was seen in inflammatory cells present in the samples. CREB expression was
studied in 22 benign fibroadenoma and 80 IDC samples. The median CREB score of
fibroadenoma was 2 (range 0-8) and those of malignant IDC was 4 (range 0-12). CREB score
distribution in benign fibroadenoma and IDC group differed significantly (Mann Whitney U
score=641, p value = 0.0499, two tailed) (Figure 50a). Bioinformatic analysis was also carried
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out using Oncomine (www.oncomine.com, Oncomine Research Premium Edition) to assess
mRNA levels of CREB in breast cancer database applying fold change ≥ 2 and p ≤ 0.01 as
thresholds. CREB mRNA was significantly upregulated in invasive breast carcinoma (13 cases)
in data sets as compared to normal breast tissue (2 cases), (t-test=7.762, p value =0.004, two
tailed, fold change=2.53) [354] (Figure 50b).
The lower IHC scores (0-6) were classified as weak CREB expression and higher scores
(7-12) as strong CREB expression in the tumor cells. CREB score was low in 62 (75.6%) and
high in 20 (24.4%) malignant tumors. In benign fibroadenoma samples, 20 (90.9%) samples had
weak CREB expression and 2 (8.9%) samples had strong CREB expression. The CREB scores
were not significantly higher in malignant IDC group as compared to benign fibroadenoma
samples Fisher’s exact test, p=0.1493, two tailed) (Figure 50c).
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Figure 50: Expression of CREB in benign fibroadenoma and invasive ductal carcinoma
samples (benign fibroadenoma=22 samples, IDC=82 samples). (a) Median CREB score in
benign fibroadenoma and IDC samples (Mann Whitney U score=641, p value = 0.0499, two
tailed). The bar represents the median value along with the range of distribution of CREB scores.
(b) Oncomine data set for the expression of CREB mRNA in normal breast tissue and breast
cancer samples (t-test=7.762, p value =0.004, two tailed, fold change=2.53) [354]. (c) Proportion
of benign fibroadenoma and malignant patients with weak and strong CREB expression
(p=0.1493, two tailed). * The Mann Whitney U statistic is significant at the 0.05 level. *** The
Mann Whitney U statistic is significant at the 0.001 level.
3.3.7.2 CREB expression and its association with clinicopathological features
The distribution of scores and relationship between proportion of patients with weak or
strong CREB expression scores with the clinico-pathological features as analysed by chi square/
Fisher’s exact analysis is summarized in table 31. The distribution of CREB score in malignant
patient groups differing in clinico-pathological features was studied by non parametric one way
ANOVA (Mann Whitney U test or Kruskal Wallis test) and is summarized in table 32.
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Table 31: Summary table showing the distribution and correlation between the clinicopathological features and CREB scores

195

Immunohistochemical evaluation of biomarkers
Table 32: Summary table showing the correlation between the clinico-pathological features
and CREB scores distribution with Mann Whitney U or Kruskal Wallis analysis
Clinico-pathological

Patients

Median

features

(N)

score

≤50

16

4

4.343±0.783

>50

63

4

3.936±0.396

T1

5

8

6.9±1.048

T2

62

3

3.572±0.386

T3

8

5.25

5.562±1.061

I

10

2.5

3.8±0.994

II

30

3

3.8±0.568

III

36

4

4.25±0.515

I

4

5

5±1.549

II

45

3

3.5±0.467

III

29

4.5

4.568±0.556

LN Mets Positive

48

4

4.010±0.425

Negative

31

4

4.032±0.603

Positive

25

4

4.1±0.582

Negative

50

3

3.96±0.455

+

45

3

3.844±0.468

-

28

4

4.035±0.547

Age

T. Size

Grade

Stage

VSI

ER

Mean score

Test

Test’s

P value

score

Mann Whitney U

461

0.602

Kruskal-Wallis

6.854

0.0325
*

Kruskal-Wallis

0.516

0.772

Kruskal-Wallis

3.386

0.184

Mann Whitney U

718

0.795

Mann Whitney U

592

0.712

Mann Whitney U

596

0.701
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PR

Her2/neu

+

45

3

3.7±0.4624

-

28

4

4.267±0.565

+

28

4

4.07±0.583

-

45

3

3.822±0.446

Mann Whitney U

552

0.3760

Mann Whitney U

608

0.8047

* The Kruskal-Wallis statistic is significant at the 0.05 level.
There was no direct correlation between CREB expression and age of IDC patients (Chi
square score=0.7833, p=0.3761, two tailed) (Table 31). A significant difference in distribution of
CREB scores was not observed between IDC patients of age group <50 and those in age group
>50 (Mann Whitney U score=461, p value =0.602, two tailed) (Table 32).
No significant relationship was observed between CREB expression and tumor size (Chi
square score=3.870, p=0.1445, two tailed) (Table 31). A significant difference in distribution of
CREB scores was observed when different tumor groups were compared (Kruskal Wallis
score=6.854, p value =0.0325, two tailed). The median CREB scores of T1 tumor size was 8, T2
tumor size was 3 and T3 tumor size was 5.25 (Table 32).
There was no correlation between CREB expression and tumor grade of IDC patients
(Chi square score=0.291, p=0.8642, two tailed) (Table 31). The median CREB scores observed
for grade I tumors was 2.5, grade II tumors was 3 and grade III tumors was 4.
No significant correlation was observed between CREB expression and tumor TNM
staging of IDC patients (p=1.000, two tailed) (Table 31). An insignificant difference in
distribution of CREB was observed when CREB scores of IDC patients in different TNM staging
groups were compared (Kruskal Wallis score=3.386, p value =0.184, two tailed) (Table 32).
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A direct correlation was not observed with CREB expression and lymph node
involvement (p=0.4303, two tailed) (Table 31). When distribution of CREB score was compared
between malignant samples with different lymph node status, an insignificant difference was
observed (Mann Whitney U score=718, p value =0.795, two tailed) (Table 32). There was no
correlation between CREB expression and vessel space invasion in IDC samples (p=0.3902, two
tailed) (Table 31).
There was no correlation between CREB expression and ER status of IDC patients
(p=0.5700, two tailed) (Table 31). A direct correlation was not observed with CREB expression
and PR status (p=1.000, two tailed) (Table 31). When distribution of CREB score was compared
between malignant samples with different PR status an insignificant difference was observed
(Mann Whitney U score=552, p value =0.376, two tailed) (Table 32).
No significant correlation was observed between CREB expression and Her-2/neu status
of IDC patients (p=0.7837, two tailed) (Table 31).
3.3.8 Corelation between expression of markers in IDC samples
The correlation between expression of different markers in IDC samples was studied.
High coincidental expression of iNOS and p53 protein was observed (spearsman r
coefficient=0.3461, p=0.0025) indicating that the greater the iNOS expression, the higher the
p53 expression (Figure 51a). A significant correlation between p53 expression and CREB
expression in IDC samples was also observed (spearsman r coefficient =0.2670, p=0.0277)
(Figure 51b).
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a.

b.

Figure 51: Correlation between the expression of markers. (a) Positive correlation between
iNOS and p53 expression was seen in IDC samples (spearsman r coefficient=0.3461, p=0.0025).
(b) p53 and CREB expression in IDC samples was positively correlated (spearsman r coefficient
=0.2670, p=0.0277).
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4.1 Discussion
Breast cancer accounts for 23% of all newly occurring cancers in women worldwide
and represents 13.7% of all cancer deaths. It is the most frequent cancer in both developed
and developing regions as well as the most frequent cause of cancer death [1].
Though lot of effort has gone into uncovering the genetic drivers responsible for
breast cancer initiation and progression [362], the important role of tumor microenvironment
is increasingly being recognized. The tumor microenvironment consists of different cell types
that interact with each other and influence tumor initiation, growth and metastasis. In breast
cancer, the tumor–stroma interactions are dynamic networks which take place between
epithelial cells and the microenvironment consisting of stromal cells that include fibroblasts,
innate and adaptive immune cells, adipocytes, vasculature and specialized mesenchymal cells
[363, 364]. Immune cells represent a major component of the tumor microenvironment and
consist of monocytes/macrophages, neutrophils, eosinophils, mast cells and lymphocytes
[124]. Tumor-infiltrating immune cells were originally regarded as cytotoxic to the tumor
cells; however, current findings support that such tumor-associated leukocytes have a dual
role and can either contribute to cancer initiation, proliferation, metastasis due to immune
tolerance, or can result in tumor suppression [365, 366]. The tumor associated macrophages
(TAMs) represent the largest population of these immune cells and have been ascribed a dual
role depending on the phenotype and secreted factors [124]. A vast amount of secretome
including cytokines and growth factors is released both by the cancer and cells in the tumor
microenvironment. The ECM in tumor microenvironment contains the secretome, constituted
by proteins, receptors, proteoglycans and adhesive molecules as well as a milieu of secreted
proteins including cytokines, chemokines, growth factors, angiogenesis factors and proteases
at its surroundings [364, 367].
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In the present studies, the TGF-β1-ROS-ATM-CREB pathway responsible for the
increased migration of tumor cells was identified by studying the in vitro interaction of
macrophage secretome and the tumor cells. This was achieved by employing MCM and
MCM treatment to tumorigenic but noninvasive epithelial breast cancer cell line, MCF7 and
invasive breast cancer cell line, MDA-MB-231. These two cell lines differ in their invasive
nature as well as in several aspects including the p53 status, caspase 3 expression and
estrogen receptor status [368]. Though both cell lines showed decreased clonogenic ability
with MCM treatment, the mechanism behind this and other effects related to migration
turned out to be dramatically different. Smaller merging colonies resulting in increased
migration in one cell line (MCF7) and large multinucleated cells resembling senescent
phenotype in the other (MDA-MB-231).
Cellular senescence is one of the many links between aging and cancer [369]. Though
senescent cells fail to proliferate, they remain metabolically active and may secrete cytokines
including IL-6, IL-8, IL-1α and IL-1β [370, 371]. Though a senescent phenotype was induced
by MCM in invasive MDA-MB-231 cells, increased secretion of pro-inflammatory
cytokines was not observed. But since only a limited number of cytokines were assessed,
secretion of other factors leading to this phenotype cannot be ruled out. In contrast, the
present study has identified that the network of secreted cytokines are the major players in the
interaction of macrophages with MCF7 cells resulting in EMT responses.
The next quest was to identify this cytokine network between macrophages and tumor
cells responsible for the observed changes. Pro-inflammatory cytokines like TNF-α, IL-1β
and IL-6 were detected in the MCM. Though TGF-β1 was not secreted by both monocytes
and macrophages, the interaction of other pro-inflammatory cytokines with cancer cells
resulted in TGF-β1 secretion. Interestingly, the pro-inflammatory cytokine cocktail present in
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MCM increased apoptosis only in MCF7 cells as opposed to MDA-MB-231 (ER/PR
negative cell line). TNF-α has been shown to decrease ER dependent gene expression and
cell survival [372] (Lu et al 2006) and induce apoptosis in MCF-7 cells [373, 374]. On the
other hand, MDA-MB-231 cells express higher levels of anti-apoptotic proteins as
demonstrated by these studies as well as by others [375, 376]. The Bcl-2 family of proteins
comprises a number of related proteins whose expression has been shown to regulate
apoptosis [377]. This family includes antiapoptotic members (Bcl-2, Mcl-1 and Bcl-XL) and
proapoptotic

members

(Bax,

Bid,

Bad

etc)

whose

individual

expression

and

heterodimerization with each other regulate the sensitivity of cells to apoptosis. Bcl-2
overexpression inhibit apoptosis, whereas, a predominance of Bax over Bcl-2 accelerates cell
death upon apoptotic stimuli [378]. This differential effect observed between the two cell
lines could thus be combination of these factors like status of ER expression as well as the
balance in pro and anti apoptotic proteins which alters their response to pro-inflammatory
cytokines.
Though apoptosis was increased in MCF7 cells with MCM treatment, involvement
of pro-apoptotic proteins Bax, Bad, truncated Bid, Bim and Puma were ruled out. Since Bax
levels did not change, TNF-α induced apoptosis could have been through a RIP dependent
mechanism [379]. In addition, PARP cleavage was also observed in these cells. Though
MCF7 cells are caspase 3 deficient, TGF-β1 has been known to induce PARP cleavage as an
independent event dissociated with cell apoptosis [380]. MCM induced apoptosis in MCF7
cells might be inititated by TNF-α itself through a RIP dependent mechanism or could be the
effect of the induced TGF-β1. Both cytokines together also could have increased the
susceptibility of MCF7 cells to undergo aoptosis.
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Induction of various cytokines by TNF-α has been reported in different cell types:
TGF-β1 in lung fibroblasts [381], IL-6 and TGF-β2 in breast cancer cells [382], IL-8 in
endothelial cells [383], IL-1 and IL-6 in cardiac fibroblasts [384]. In the current study, there
was no detectable secretion of TGF-β1 in the supernatant of MCF7 although about 30% of
MCF7 cells were positive for intracellular TGF-β1. However, with MCM treatment of
MCF7 cells, there was increased secretion of TGF-β1 as well as intracellular accumulation in
presence of Golgi plug™. This upregulation seems to be at the transcriptional level as
observed by an increase in mRNA of TGF-β1 and TGF-βRII and specific to TGF-β1 as there
was no increase in mRNA of TGF-β2, TGF-β3 and TGF- βRI. The levels of TGF-β1, TGFβ2, TGF- βRI, TGF- βRII mRNA have been correlated with increasing invasive ability of a
panel of breast cancer cell lines, with MCF7 having the lowest levels [385]. TNF-α produced
by the activated macrophages accelerated TGF-β1 driven EMT in colon carcinoma [386] and
enhanced recruitment of TAMs generated EMT-promoting microenvironment by increasing
expression of TGF-β, PDGF and EGF in the mouse MMTV-PyMT mammary tumor model
(in which the expression of the Polyoma Virus Middle T antigen oncogene is driven by the
Mouse Mammary Tumor Virus promoter) [120].
TGF-β shows powerful cytostatic activity in normal mammary epithelial cells
(MECs), but this ability is frequently inactivated in malignant MECs and leads to the
acquisition of oncogenic activity in developing and progressing mammary tumors [153, 387].
This switch in TGF-β function is referred to as the “TGF-β Paradox”. This is supported by a
variety of genetic and epigenetic events that ultimately underlie the adverse prognosis
associated with elevated TGF-β production in developing mammary carcinomas [388].
Induction of TGF-β1 by MCF7 cells was associated with the downstream events of
increase in oxidative stress, DNA damage and CREB mediated survival signaling. This
paradox of increased apoptosis in a group of cells and redox, DNA damage mediated survival
204

Discussion
signaling in the remaining cells seems to be characteristic of TGF-β1. This has also been
demonstrated in hepatocytes [389] and the choice of cells to undergo apoptosis or EMT
responses depended on the cell cycle stage. TGF-β1 induced apoptosis in cells synchronized
at G2/M phase and EMT responses in unsynchronized cells and cells at G1/S phase of the cell
cycle [385]. Data from the present studies further confirm that apoptosis as well as EMT
responses can be observed at the same time in a population of breast cancer cells, though
changes in specific cell cycle stages were not studied. The gene expression signatures
associated with the TGF-β signaling has been linked to the acquisition of EMT and stem celllike phenotypes by breast cancer cells [390, 391].
A significant increase in EGF receptors was also observed along with TGF-βRII in
MCF7 cells following MCM treatment. Activation of these receptors resulted in activation
of SAPK/JNK and ERK 1/2 MAP kinase as compared to untreated cells and those treated
with MCM. However an appreciable change in phosphorylation of p38 was not observed with
MCM treatment of MCF7 cells. TGF-β1 signals through complexes of type II (TRII) and
type I (TRI) receptors. Upon ligand binding, TRII receptors phosphorylate and activate the
TRI receptors, which then activate regulatory Smads such as Smad2 and Smad3 via
phosphorylation [145]. Phosphorylated Smads form complexes with regulatory Smads,
translocate into the nucleus and regulate the transcription of TGF-β1 target genes. Smad4
cooperates with other transcription factors, such as FoxH1, Mixer, Runx-related proteins and
E2F, as well as transcriptional co-activators (e.g., p300 and CBP) and co-repressors (e.g., SKI
and SnoN, pro-oncoproteins) in the regulation of target genes [392, 393]. TGF-β1 signaling
also activates signal transducers other than Smads, such as ERK1/2 MAP kinases, p38 MAP
kinase (p38 MAPK), PI3 kinase and Rho-like GTPases [394, 395]. Synergistic signaling by
EGF and TGF-β1 could have resulted in enhanced SAPK/JNK and ERK1/2 phosphorylation.
The combined effect of these two ligands on activation of ERK1/2 and subsequently MMP205
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9 function resulting in increased cell migration has been demonstrated [396]. Thus the present
studies clearly demonstrate macrophage mediated upregulation of TGF- β1 signaling in
MCF7 cells.
In addition to activation of MAPK pathways, there was an increase in redox signaling
in MCF7 cells as demonstrated by augmentation in ROS and RNS generation. Increased ROS
and RNS production was observed only in MCF7 cells and not in MDA-MB-231 cells
following MCM treatment again showing that this could be specific downstream effect of
TGF- β1. ROS and RNS play important roles in regulation of cell survival. ROS include
radical species such as superoxide (O2−) and hydroxyl radical (HO•), along with non-radical
species such as hydrogen peroxide (H2O2). ROS arise as a by-product of mitochondrial
oxidative phosphorylation, oxygen metabolism and NADPH/NADPH oxidase (NOX) [397,
398]. RNS include nitric oxide (NO•) and peroxynitrite (ONOO−) and are generated through
specific nitric oxide synthase isoenzymes (reviewed in [399]).
In general, moderate levels of ROS/RNS function as signals to promote cell
proliferation and survival, whereas severe increase of ROS/RNS induces cell death. The high
metabolic rate of cancer cells drives their intracellular ROS up to an intermediate level,
resulting in a shift in redox balance. ROS can also activate STAT3, MAPK and PI3K
signaling pathways triggerring secretion of other growth factors that can induce cell
proliferation, aggressiveness phenotype and apoptosis inhibition in the estrogen-responsive
breast cells. [400].
Boudreau and colleagues have demonstrated that in both normal and metastatic breast
epithelial cells, TGF-β treatment resulted in NOX-dependent superoxide production in the
plasma membrane [175]. In contrast, studies have also demonstrated that expression of iNOS
and secretion of NO antagonized TGF-β1 induced apoptosis and EMT in hepatocytes [401].
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This again highlights the differences in TGF-β1 mediated signaling in normal and malignant
cells (hepatocytes vs breast adenocarcinoma).
This oxidative stress resulted in DNA damage response signaling only in MCF7 cells
as compared to MDA-MB-231 cells. The generation of ROS and RNS elevates the
probability of oxidative DNA lesions. ATM is regarded as the major regulator of the cellular
response to DNA double strand breaks (DSBs). Furthermore, ATM can also be activated
directly by oxidative stress independent of DSBs by a mechanism distinct from MRN/DSBdependent activation [402]. The observed ATM activation following MCM treatment could
thus be directly activated by oxidative stress in a MRN independent pathway or as a result of
MRN dependent DNA damage response. The basal level expression of ATM was higher in
MDA-MB-231 cells which remained unchanged with the treatments. Phosphorylation of
histone H2AX is performed by kinases of the PI3K family DNA-PK and ATM [403]. In the
untreated and MCM treated MCF7 cells, there was no labeling of -H2AX. However,
following MCM treatment, there was an increased formation of intense -H2AX-foci
intense foci indicating complex DNA damage. -H2AX as well as other components of the
DNA repair pathways are detectable in close vicinity to the DSBs soon after DNA damage
[404]. The associated conformational changes of these proteins in turn recruit transducer and
effector proteins responsible for the DNA damage response signaling. The earliest event in
this process is histone poly (ADPribosylation), in which the poly (ADP-ribose) polymerases
(PARP1, PARP2 and PARP3) catalyze the formation of poly (ADP-ribose) (PAR) and their
covalent linkage to lysines in core histone proteins [405, 406]. PARP cleavage, a
characteristic feature of apoptosis was observed only in MCM treated MCF7 cells. This
again highlights the dichotomy of responses observed following TGF-β1 induction. PARP
cleavage is typically associated with apoptosis, whereas pATM or -H2AX could result in
DNA damage response and survival. This co-existence of PARP cleavage with pATM and 207
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H2AX could be similar to the parallel induction of apoptosis as well as EMT responses in
different groups of cells by TGF-β1.
Along with redox signaling and DNA damage responses, MCF7 cells treated with
MCM also displayed higher FL2/FL1 ratio of mitochondrial membrane potential. This basal
level ratio was higher in MDA-MB-231 cells which did not further change on MCM
treatment indicating membrane hyperpolarization. Subpopulations of cells with signiﬁcant
stable variations in intrinsic Δm have been described within primary mammary tumor and
in both primary and metastatic colonic tumor [407]. This hyperpolarization could be due to
mitochondrial biogenesis which has been reported to increase in response to DNA damage.
DNA topoisomerase II-targeting anticancer drugs like doxorubicin, mitoxantrone and
etoposide, known inducers of DNA damage, also upregulate the abundance of mitochondria
[408]. ROS may perturb mitochondrial homeostasis through two opposing effects. First, ROS
can damage mitochondria leading to the production of more ROS and more defective
mitochondria via a vicious cycle. Second, ROS can also induce mitochondrial biogenesis
through a DNA damage/ATM/AMPK pathway and therefore ameliorate the ROS-mediated
vicious cycle. The results presented in this dissertation support the second phenomenon. Cells
with increased mitochondrial membrane potential as well as those with increased nitric oxide
exhibited phenotypic properties consistent with promotion of tumor cell survival and
expansion including secretion of angiogenic factors [200, 407]. These results strongly suggest
that the increased Δm could play an important role in the increased invasion observed in
MCF7 cells following treatment with MCM. These changes of hyperpolarization instead of
hypopolarization (characteristic of apoptotic cells) of mitochondrial membrane potential
along with no changes observed in expression of Bax/Bcl-2 family members not only
confirms Bax independent cell death mechanism but reaffirms the dichotomy of responses in
the cells.
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In response to DNA damage or extracellular signals, expression of several
transcription factors like CREB, NF-B, c-fos and c-jun allows the cells to overcome
stressful or deleterious environment [264-267]. In the present studies, DNA damage response
along with MAPK signaling was observed in MCM treated MCF7 cells. This resulted in
significant increase in pCREB and total CREB in these cells in contrast to MDA- MB- 231
cells where basal level expression of CREB was higher and was unaffected by macrophage
treatment. CREB (cyclic AMP (cAMP) response element binding protein) belongs to the
basic/leucine zipper (bZIP) superfamily of transcription factors, which include CREB and the
closely related factors CREM (cAMP response element modulator) and ATF-1 (activating
transcription factor 1) [409]. Studies have shown that CREB, a 43 kDa bZip transcription
factor plays an important role in cell differentiation, survival, proliferation, development, cell
cycle progression and glucose metabolism [288, 303, 410, 411]. Canonical activation of
CREB occurs in response to cAMP, which induces PKA-dependent Ser-133 phosphorylation
[412]. The phosphorylation of CREB on Ser-133 promotes recruitment of additional proteins
or co-activators like CBP [277] and p300 [413]. In addition to its regulation by metabolic and
growth signals, CREB is also a target of the DNA damage response [266, 414]. CREB is
activated by cAMP, growth factors, hormones, retinoids, cytokines and prostaglandins via
multiple signaling pathways, including the cAMP/protein kinase A, PI3K/Akt, extracellular
signal-regulated kinase (ERK)/p90 ribosomal S6 kinase and p38/mitogen- and stressactivated protein kinase pathways [274, 276]. cAMP may as well support the metastatic
activity of TGF-β1 on triple-negative breast cancers. Triple-negative breast cancers from
which MDA-MB-231 cells were derived, show higher metastatic potential, where the TGFβ/Smad3 pathway is more active [415].
Increased CREB stability as a result of phosphorylation of CREB on ser-133 has been
reported [416]. We also observed increased total CREB expression in MCF7 cells following
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MCM treatment whereas the basal levels were high in MDA-MB-231 cells. These results
implicate the stabilization of total CREB due to phosphorylation on ser-133. These data also
confirm earlier report on differences between these two cell lines in terms of total CREB
expression [417].
The term epithelial to mesenchymal transition (EMT) describes a multi-step event
during which cells lose numerous epithelial characteristics and gain the properties typical for
mesenchymal cells. Transitions in cell phenotype from epithelial to mesenchymal (EMT) or
mesenchymal to epithelial (MET), play a crucial role during embryonic development and
tumorigenesis and require complex changes in gene expression, cell architecture and
migratory and invasive behavior. Studies on human and mouse tumors suggest that the same
molecular processes that drive developmental EMT are reactivated in the tumor cell to drive
tumor progression towards invasive metastatic carcinomas [418].
A marked increase in vimentin expression as well as in vitro migration was found in
MCF7 cells treated with MCM whereas MDA-MB-231, a highly invasive cell line had
higher basal level expression of vimentin which did not futher increase with the treatment. A
rapid increase in expression of mesenchymal markers vimentin and fibronectin has been
demonstrated after TGF-β treatment of HMECs [418]. One of the essential molecules for
formation and maintenance of the epithelial phenotype is the adhesion molecule E-cadherin
(encoded by Cdh1) which is typically located at cell-cell adhesion junctions. Loss of Ecadherin is consistently observed during EMT and is currently regarded as a hallmark of
EMT [419]. At the same time, up regulation of Snail, Slug, vimentin and fibronectin leads to
acquisition of motility and invasive properties and allows the cells to migrate through the
extracellular matrix and form metastases at distant sites [420]. EMT regulators like the
transcription factors SNAIL/SLUG and TWIST, the homeobox protein SIX1 along with
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interconnecting signaling pathways including Wnt, TGF-β and other growth factors are
implicated in mammary development and in breast cancer [421, 422].
The results discussed so far thus implicate that the pro-inflammatory cytokine cocktail
found in MCM induce a TGF-β1/ROS/ATM/CREB signaling axis in MCF7 cells. This
effect seems to be differential and not observed in MDA-MB-231 cells probably due to a
difference in estrogen receptor status or due to higher expression of anti-apoptotic proteins.
To confirm if indeed this is the signaling pathway induced by macrophages resulting in EMT
responses and increased migration, multiple approaches were followed. (1) Neutralization of
pro-inflammatory cytokines TNF-α, IL-1β and IL-6 in MCM (2) Use of ROS scavenging
agents like NAC or specific inhibitors of iNOS or ATM (3) Use of ATM knock down cells.
The ability of all these agents to block this pathway was tested in two endpoints assays.
These were (1) MCM induced pCREB expression (2) MCM induced increased migration
in MCF7 cells. All three treatments of antibody neutralization, inhibitor treatment as well as
ATM KD were very effective in decreasing MCM induced CREB phosphorylation as well
as increased migration confirming that this indeed is the pathway activated by macrophages
that resulted in EMT responses in MCF7 cells.
The growth and progression of breast tumor cells depend not only on their malignant
potential, but also on the multidirectional interactions of secreted substances (secretome),
including extracelluar matrix (ECM), produced by all the cell types including tumor, stroma,
endothelial cells and immune cells within the local microenvironment. A permissive tumor
microenvironment is required for successful progression and metastasis of tumor cells [423].
The mixture of multiple proteins and peptides released either from tumor or host cells
constitute the secretome and are crucial for the communication between the tumor cells and
their microenvironment [424]. The identification of proteins or peptides released into the
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medium of tumor cells or immune cells cultured in vitro is the most common method for
determining a secretome. However, the secretory pattern of cells in vitro might be different
from the in vivo secretome. In the present study, the MCM and MCM were employed to
study the tumor-immune cell interaction.
Apart from the pro-inflammatory cytokines detected by ELISA, attempts were made
to identify other key players in MCM. This was carried out by 1D and 2D electrophoresis of
MCM and MCM in which a differential pattern of secreted proteins was observed. When
these proteins in CM were concentrated by ultrafiltration, they did not absorb onto IPG strips
and remained immobile in the electric field during IEF in contrast to proteins that were
concentrated by ammonium sulphate precipitation. This indicated the presence of lipid
components in the CM when they were concentrated by ultrafiltration. Cancer cells and TME
are known to communicate with each other not only via direct contact (by adhesion factors)
but also by secreted paracrine factors (released factors) such as secreted proteins (cytokines
and pro-angiogenic factors), nucleic acids and extracellular vesicles (EVs) [425]. Among the
released factors, EVs represent a new paradigm of intercellular communications [426]. EVs
have a size range of 50 to 1000 nm and are further categorized into microvesicles/apoptotic
bodies, membrane particles, exosome like vesicles and exosomes based on their size, origin
and molecular composition [427]. Exosomes are multivesicular body-derived vesicles of 50
to100 nm in diameter and were first described as such by Johnstone et al., in 1987 [428].
These vesicles contain a wide range of functional proteins, mRNAs and miRNAs and are
actively secreted via exocytosis from almost all cell types including dendritic cells,
lymphocytes and tumor cells [429]. Though exosmoes were purified from both MCM and
MCM, they did not play any role in the MCM induced effects observed in MCF7 cells.
This was confirmed by two ways: (1) Similar uptake of labeled exosomes obtained from both
MCM and MCM by MCF7 cells; (2) The effect of EFMCM treatment in clonogenic assay
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was similar to MCM. These results conclusively demonstrated that only soluble factors and
not exosomes that played a major role in macrophage induced EMT responses of MCF7 cells
in this study.
In addition to proinflammatory cytokines in MCM, MALDI/TOF analysis identified
six upregulated proteins in MCM and eleven upregulated proteins in MCM. The proteins
identified in MCM were moesin, plastin-2 isoform 16, glucose-6 phosphate isomerase
isoform 1, actin, aldolase A and ferritin light polypeptide and they play a functional role in
cell-cell recognition and signaling, cell motility and cytoskeleton regulation.
The proteins identified in secretome of macrophages were matrix metalloproteinase 1
(MMP-1) preproprotein, annexin V, GAPDH, chitinase 3 like protein, plasminogen activator
inhibitor 2, myoferlin, plastin 2, CLK-3 isoform, metalloproteinase 9 (MMP-9) preproprotein
and nitric oxide synthase. The majority of these proteins play a functional role of tissue
remodeling, breakdown of extracellular matrix, membrane trafficking and cell migration.
Even though many secreted proteins still remain to be determined, the biological activities of
the proteins identified so far have provided us with a glimpse of the biological processes that
can be initiated by proteins present in the tumor microenvironment.
The functional activity of MMP-1 and MMP-9 proteins identified in macrophage
secretome was confirmed through zymography. A clear band was observed in MCM
corresponding to the molecular weight of the MMP-1 and MMP-9. MMPs are a family of
structural and functionally related endopeptidases. They are secreted as inactive zymogens
and are activated by other activated MMPs or serine proteases outside the cell (e.g trypsin,
plasmin, kallikrein) [430]. Increased expression and activity of MMP-2 and -9 in tumors has
been associated with the degradation of basement membranes, an essential step in tumor
invasion and with the tumor grade [431] as well as reduced survival in breast cancer patients
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[432]. Studies have also demonstrated a basal level difference in expression of MMP-1,
MMP-3 and MMP-13 in breast cancer cell lines. The highly invasive MDA-MB-231 cell line
with a higher level of MMP-1, MMP-3 and MMP-13 expression may play a key role in the
invasiveness of these cells through basement membranes [433].
Apart from MMPs, the other proteins identified by MALDI-TOF in MCM also had
functional role in actin binding, regulation of cytoskeleton rearrangement and cell migration
and invasion. Chitinase-3-like protein 1 (CHI3L1) identified in MCM, also known as YKL40, is a glycoprotein secreted by activated macrophages, chondrocytes, neutrophils and
synovial cells. It plays a role in the process of inflammation and tissue remodeling and has
been linked to activation of the Akt pro-survival (anti-apoptotic) signaling pathway and
promotion of angiogenesis through VEGF-dependent and independent pathways [434].
Elevated level of YKL-40 has been suggested as a biomarker of disease severity as it
correlated strongly with stage and outcome of various types of cancer [435].
Another protein PAI-1 present in MCM, is a physiological inhibitor of urokinasetype plasminogen activator (uPA), a serine protease involved in the promotion of cellular deadhesion, migration/invasion and activation of plasmin from plasminogen [436, 437].
Increased levels of this protease are associated with a poor prognosis of breast cancer [438].
Myoferlin, also present in MCM is a member of the ferlin family of proteins that
participate in plasma membrane fusion, repair and endocytosis, vesicle trafficking and cell
motility [439, 440]. Myoferlin also participates in the stabilization of several receptor
tyrosine kinases [441].
L-plastin was differentially upregulated in MCM. A number of experiments
performed with macrophages and polymorphonuclear neutrophils (PMN) point to a role for

214

Discussion
L-plastin in regulating integrin mediated adhesion [442, 443]. From many in vitro and in vivo
studies, there are indications that L-plastin plays a role in tumor cell motility [444].
The protein Dynamin was identified in exclusively upregulated in MCM. A large
GTPase dynamin, is required for endocytic vesicle formation and regulates the actin
cytoskeleton [445]. This has been suggested to be a novel antimitotic drug target for the
treatment of cancer because the methyl ammonium bromide (MiTMAB) dynamin inhibitors
exclusively block the abscission phase of cytokinesis, inhibits cell proliferation and reduce
viability [446].
Since all identified proteins point toward cytoskeletal reorganization, the expression
of some proteins with such functions like ezrin, radixin and moesin were studied in MCF7
cells treated with MCM. A significant increase in cytoskeleton associated proteins ezrin,
radixin and moesin expression was observed in MCF7 cells with MCM treatment as
compared to MCM treatment. Similar MCM induced upregulation of these proteins has also
been reported in [447]. ERM (ezrin, moesin and radixin) belongs to a larger protein family,
known as FERM (4.1 protein, Ezrin, Radixin, Moesin) [448, 449]. These proteins are
cytoskeleton associated and have traditionally been known as molecules involved in
maintaining the integrity and morphology of cells. They are also involved in the regulation of
the migration of the cells and organizing the ruffling of the membrane. They have also been
suggested to be candidate molecules in directional cell movement including that of cancer
cells [450]. Ezrin has been shown to co-operate with c-Src in mammary cancer cells and
regulate cell-cell contact and migration [451]. Moesin acts as a potential epithelialmesenchymal transition (EMT) marker in breast and pancreatic cancer, and the expression
level of moesin is linked to tumor size, invasion, and differentiation of oral squamous cell
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carcinoma [452]. The expression level of radixin is found to be significantly increased in
colon tumor tissues [453].
Though in vitro studies employing either conditioned media or co-culture can give a
glimpse of the interaction that occur in the tumor microenvironment, the ultimate test of the
hypothesis is validation of these markers in clinical samples. So taking clues from the in vitro
study, expression of a set of chosen markers were validated in benign and malignant breast
cancer. Pathologists have known for decades that breast cancer cannot be described as a
single disease and heterogeneity based on tumor morphology, location, grade and lymph node
metastasis, expression of hormone and growth factor receptors is well documented. However,
in addition to heterogeneity between tumors, it is becoming increasingly appreciated that a
high degree of molecular and morphological heterogeneity exists even within tumors, further
complicating the development of therapeutic strategies and our understanding of disease
progression. Through the use of gene expression profiling and other genomics approaches,
the complexity and heterogeneity of breast cancer has been confirmed and emerging evidence
has indicated that the tumor microenvironment plays a pivotal role in driving tumor
heterogeneity.
ONCOMINE, a cancer microarray database and web-based data-mining platform
aimed at facilitating discovery from genome-wide expression analyses. Differential
expression analyses comparing breast cancer with respective normal tissues as well as a
variety of cancer subtypes and clinical-based and pathology-based analyses was studied for
iNOS, p53, H2AX and CREB. The data base constitutes of many studies which compare
markers expression between different carcinoma subtypes. iNOS and p53 mRNA was
significantly upregulated in invasive breast carcinoma as compared to normal breast tissue.
Studies in the database for H2AX expression show a fold change of 2.588 (p<0.0001)
between normal and invasive breast carcinoma (TCGA Breast Statstics, 2010) and fold
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change of 1.226 (p=0.017) in adenocarcinoma and ductal breast carcinoma. CREB mRNA
was significantly upregulated in invasive breast carcinoma in data sets as compared to normal
breast tissue.
In the present study, the expression of iNOS, p53, -H2AX, pCREB and CREB were
found to be crucial for increased migration in ER/PR positive MCF7 cells. Hence these
markers were chosen for IHC analysis. CD68, a macrophage marker also was studied in these
samples. However the labeling with the antibody clone (KP-1) seemed to be non specific and
hence was not included in further analysis.
Invasive ductal carcinoma not otherwise specified (IDC NOS) was found to be the
most common type in Indian population (88%) followed by infiltrating lobular carcinoma
(3.7%), colloid carcinoma (1.1%) and ductal carcinoma in situ (DCIS) (1.1%) and
metaplastic types (0.9%) [454]. In the present studies, 24 benign fibroadenoma samples and
91 IDC samples were studied for expression of these markers.
The incidence of breast cancer has been consistently increasing and it is estimated that
it has risen by 50% between 1965 and 1985 [455]. The rise in incidence of 0.5-2% per annum
has been seen across all regions of India and in all age groups but more so in the younger age
groups (<45 years). More than 80% of Indian patients are reported to be younger than 60
years of age [6]. In this study, the age of IDC patients ranged from 28-77 years with a mean
of 58.10±10.48 years. The demographics recorded show that patients in the study group were
largely representative of

overall population of breast cancer patients. The

peak

age

frequency was in the age category of 56-70 years at the time of diagnosis. In Indian
population, the average age of breast cancer patients is reported to be 50–53 years in various
population-based studies [456]. While the majority of breast cancer patients in western
countries are postmenopausal and in their 60s and 70s, the picture is quite different in India
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with pre-menopausal patients constituting about 50% of all patients [457]. In this study,
37.5% patients were below 55 yrs age and 62.5% patients were above 55 yrs age.
The majority of breast cancers diagnosed in the study were grade III cancers (47%)
with grade I and grade II cancers representing 16% and 37% of the cases. Reports also
suggest that in Indian population the majority of patients are detected with grade III disease
[458]. Grade of cancer is an important prognostic factor and is used as one of the components
of the Nottingham Prognostic Index (NPI).
The tumor size was recorded in each case and there was a wide range from 5 mm to
90 mm with a mean of 36 mm. The cancers were divided into size groups according to the
TNM staging system. The majority of tumors in the group were T2 cancers (20-50 mm).
Though the average tumor size in Indian population is reported to be 54 mm and this
presentation is similar in many other developing countries [459]. In this study, the patient’s
tumor size significantly correlated with the patient’s age at diagnosis (p=0.0288) and tumor
stage (p=0.0031), as patients detected with advanced stage had larger tumor size.
The frequency of distribution of IDC patients according to pathological TNM staging
was 5.8%, 58.1% and 36.1% for Stage I, Stage II and Stage III respectively. This was
consistent with data from Indian breast cancer patients where in Stage I: 1–8%; Stage II: 23–
58%; Stage III: 29–52 % patients were recorded [460]. The data from the present studies also
correlated with the Mumbai’s breast cancer statistics which had reported around 7% patients
with stage I, 57% patients with stage II and 28% patients with stage III cancer. In the present
work, the patient’s stage correlated with tumor size (p=0.0305) and LN metastasis positivity
(p<0.0001). The advanced stage samples were LM Mets positive.
Though not used in the NPI, lympho-vascular vessel space invasion (VSI) is
recognised as an independent prognostic indicator. The presence of VSI is important when
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making decisions regarding adjuvant therapy. In this study, 28.2% of IDC samples were VSI
positive. The patient’s data show that VSI positivity was associated with high grade tumors
(p=0.0406).
Lymph node status is established as the single most significant prognostic factors in
invasive breast cancers [461]. The lymph node status was positive in 59% of IDC samples in
the study and it correlated well with the stage of the tumor. The pathological feature of this
study group conformed to expectations and standards set by previous studies in breast cancer
[462].
In this study group, 61.36% of the IDC samples were ER positive and 68% were PR
positive. ER status has been established to be an important factor in breast cancer correlating
to pathological features and overall survival. Estrogen (ER) and progesterone receptors (PR)
are found positive in only 20-45% of Indian patients. ER-positive rates were reported to be
lower in Indian patients than those in western countries as not all patients in India undergo
hormonal receptor testing as evident from the study in Delhi which showed only 35.5% of
patients had receptor testing [463]. At TMH Mumbai, the ER+ status was found in 33% and
PR+ in 46% of patients [458]. Comparatively, in this study higher percentage of ER positive
samples was noted. In the present dissertation, the ER positive tumors were significantly
related to low grade tumors (p=0.0124) and smaller size tumors (p=0.0436). These results
agree with previously published work [30, 464, 465] and it is now widely agreed that ER
status is an independent prognostic marker of disease outcome. The results also demonstrated
a significant relationship between ER positive and PR positive cancers (p<0.0001)
confirming that progesterone receptors expression could be induced by estrogen [466]. As the
PR gene transcription is regulated by estrogen, PR expression has been considered to be a
marker of functioning ER [467]. PR expression was significantly associated with low grade
tumors (p=0.0042).This study showed an inverse correlation between ER positive and Her2
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positive tumors (p<0.0001). This was in concordance with the previous studies [468], though
it is suggested that this relationship or predictive power of ER status or Her2 status is more
apparent in the elderly patients [469]. When considering PR correlation with other receptors,
it was clear that it was significantly associated with ER (p<0.0001) and like ER it was also
negatively correlated to Her-2 (p< 0.0001).
In this study, it was seen that the majority of the tumors were ER/PR double positive
(56.8%) or ER/PR double negative (32.95%). The other 2 groups, ER+ve/PR-ve (4.54%) and
ER-ve/PR+ve (5.68%) were too small. In larger studies, it has been suggested that ER/PR
double positive cancers are more responsive to hormonal therapy and hence have a better
outcome when compared to ER+ve/PR-ve cancers. This again is based on the theory that PR
represented a functioning ER signaling system [470].
It is generally accepted that Her2/neu over expression is a marker of increased tumor
aggressiveness [471] and in many studies Her2/neu over-expression has been related to a
poorer overall survival. In this study, Her2/neu was over expressed in 40.69% of the cases.
As with the previous receptors, the correlation of Her2/neu expression with the other
pathological features of the tumors was also studied and the over expression of Her2/neu was
not significantly associated with any of the clinico-pathological feature. It is widely reported
that Her2/neu over expression is inversely associated with ER/PR expression [472]. The
results from the present study are in agreement with a significant inverse relationship
between Her2/neu expression with ER (p<0.0001) and PR (p<0.0001) status.
ER, PR and Her-2/Neu receptor negative breast cancer (triple negative), is
biologically aggressive cancer phenotype which is

resistant to conventional cytotoxic

chemotherapy treatment and is associated with reduced survival compared to other subtypes
of breast cancer [473]. In this study, 8.53% samples were triple negative cancer.
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In this dissertation, expression of iNOS, p53, γ-H2AX, pCREB and CREB was
studied in benign fibroadenoma and IDC samples. iNOS was the first NOS isoform
implicated in the macrophage-mediated tumor killing process and as a consequence this
isoform has been at the center of attention for study of its expression in cancer. In this study,
23 benign fibroadenoma samples and 91 breast cancer samples were analyzed using IHC for
the expression of iNOS. The samples were scored according to the cytoplasmic location of
the iNOS. The significant outcome of the present study has been to identify differences
between iNOS expression in benign fibroadenoma and malignant samples with varying
stages and grades of breast tumors.
The iNOS scores were significantly higher in malignant samples as compared to
benign fibroadenoma group (p=0.0001). Strong iNOS expression was seen in 47.82% of
benign fibroadenoma samples as compared to 87.3% of malignant tumors. Differences in
iNOS expression between benign and malignant samples suggest a role for NO in breast
carcinogenesis. The present study has demonstrated increased expression of iNOS in
malignant tumors as compared to benign samples. Expression of NOS has been reported in
malignant tissue derived from gynecological, breast, central nervous system, gastric and
colorectal tumors and its role in cancer progression is suggested [186, 187, 474]. Reports on
the activity of NOS in breast cancer have been conflicting, with different or completely
opposing findings being reported. Most authors reported the presence of NOS activity in
carcinoma [186, 475-477]. Among these, some reported higher NOS activity in malignant
than in benign breast tissue [186, 476, 477]. A positive correlation between NOS activity and
tumour grade is also reported [186, 476, 477] whereas others have also reported the reverse
[478]. These paradoxical results may be explained by the fact that at low concentrations,
nitric oxide has a tumor promoting effect, whereas at higher concentrations, it has antitumour
activity. Although Loibl et al had demonstrated that none of the benign lesions were positive
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for iNOS, in the present study, the benign samples were iNOS positive although with low
expression. These results draws parallel with an ovarian cancer study which showed that
though a majority of malignant samples had NOS activity, iNOS was also detected at lower
levels in non cancer samples [479].
A significant association of iNOS expression was not observed with other clinico
pathological characteristics of IDC samples in this study. Previous reports indicated that
elevated NOS2 expression may be linked to a high grade and poor prognosis in breast cancer
[480, 481] and also to poor outcome in other human epithelial cancers. There was a
statistically significant higher expression of iNOS in IDC as compared to the benign
fibroadenoma samples. Although our hypothesis was that iNOS may be a marker to detect
malignant disease and metastasis, these results with limited number of samples demonstrate
that it would be useful to differentiate benign and malignant tumors. In this study, there was
no association between iNOS positivity and hormone receptor expression. Larger sample size
is needed to confirm any such association as there are chances that it can be missed in studies
with smaller sample size.
NO has proangiogenic activities [207] and also promotes carcinogenesis through the
inactivation of wild-type p53 function, by either causing loss of DNA-binding activity [482]
and/or selecting for mutant p53 [483]. In the current study, p53 expression status in benign
and malignant samples was evaluted. Although p53 antibody used in this study could not
differentiate wild-type p53 from mutant p53, previous studies have indicated that p53 protein
detected by immunohistochemistry is representative of mostly mutant p53 along with
accumulation of p53 and is an indicator for a loss of p53 tumor suppressor function. The p53
accumulation is caused by both mutations and protein-protein interactions [484]. High
coincidental expression of iNOS and p53 protein was observed (spearsman r
coefficient=0.3461, p=0.0025). Rajnkova et al., reported that increased expression of iNOS
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may promote gastric cancer progression by providing a selective growth advantage to tumor
cells with non-functioning p53 [485]. Thus p53 protein accumulation may also be important
event to enhance breast carcinogenesis. Mutations in the tumor suppressor gene p53 are
present in 18%–25% of primary breast carcinomas [486]. p53 expression was studied in 22
benign fibroadenoma and 76 IDC samples. Similar % of samples from both groups were
positive for p53 (77.27% of benign fibroadenoma and 75 % of IDC samples). The mean p53
score in in fibroadenoma samples was 2.227±0.349 and that of malignant samples was
4.625±0.502. Although p53 expression was higher in IDC samples, this was not found to be
statistically significant. .
Studies have reported that p53 mutation does not impact the outcome of early breast
cancer and that the evidence is not strong enough for p53 status to be recommended as a
routine marker in clinical practice [487]. In contrast to this, some studies have indicated that
abnormal p53 immunohistochemical expression, or p53-positive status, was associated with
more aggressive tumor features, a higher tumor grade, negative estrogen and progesterone
receptor (ER/PR) status and the more aggressive basal subtype [488]. Breast tumors
expressing high levels of p53 are more frequently ER-negative and PR-negative. They are
also associated with a high proliferation rate, high histological and nuclear grades, aneuploidy
and poorer survival. Consistent with earlier reports, in this study, higher p53 expression was
seen along with negative estrogen (p=0.0384) and progesterone receptor (p=0.0079) status. A
high p53 level is frequently observed in tumors over-expressing as Her-2/neu [489]. In
accordance to this, higher p53 expression was seen in Her2/ neu positive samples (p=0.0095).
The mean p53 scores of patients with ER+PR+Her2+ was 2.3±3.27, ER+PR+Her2- was
3.15±4.06, ER-PR-Her2+ was 7.25±4.39 and ER-PR-Her2- was 1±1. p53 expression scores
were highest in ER-PR-Her2+ group whereas ER-PR-Her2- group showed lowest p53
expression. A co-existence of HER2/neu over-expression and p53 protein accumulation has
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been suggested to be a strong prognostic molecular marker in breast cancer [490].
Insignificant association of p53 expression with age, tumor size, grade, stage, LM mets and
VSI was observed.
p53 is a key player in the tumor suppressive DNA damage response (DDR) and is
mutationally inactivated in approximately 50% of human cancers. Cellular responses to DNA
damage are mediated through highly conserved DNA damage checkpoint mechanisms that
are important for tumor suppression by arresting cell cycle progression, or evoking cellular
senescence and apoptosis [491]. As a result of DNA DSBs in eukaryotic cells, the serine
amino acid at position 139 of the H2AX proteins is phosphorylated in response to DNA
damage [232]. Detection of -H2AX foci has been used as a biomarker for aging and cancer,
as a biodosimeter for drug effects and radiation exposure in chemo- and radiotherapy
respectively [492, 493].The aim of the study was to assess the expression of -H2AX in a
cohort of 23 benign fibroadenoma and 82 IDC patients and correlate its expression with
clinico-pathological parameters.
Nuclear -H2AX staining was observed in tumor cells. All of the benign
fibroadenoma samples were positive for -H2AX expression while 77% of IDC samples were
positive for -H2AX labeling. Though the IDC samples showed higher mean -H2AX
expression scores, it was statistically insignificant from -H2AX expression scores of benign
fibroadenoma samples. Similar differences in expression of -H2AX has been observed in a
study with benign nevus and malignant melanoma cases [494].
As DNA damage gradually accumulates during lifetime, both the likelihood of
oncogenic transformation as well as tissue dysfunction and degeneration increases with age.
The increasing trend in the -H2AX expression score was seen with increase in patient’s age,
although not differing statistically. The median -H2AX scores of different groups viz. age
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25-40, 41-55, 56-70 and above 70 were 3, 3.5, 4 and 6 respectively. No direct significant
association was observed with -H2AX expression and tumor size, grade, stage, LN Mets and
VSI.
The -H2AX expression scores were highest in triple negative (ER-PR-Her2-) group
whereas triple positive (ER+PR+Her2+) group showed lowest -H2AX expression. This was
in accordance with reported data that triple negative breast cancers display more endogenous
-H2AX expression [495] and that his subset of cancers has a higher incidence of aberrations
in components of the DNA damage repair pathway [495, 496].
Studies have shown that CREB may act as a positive or negative transcription
regulator in various human benign and malignant conditions [410, 497-499]. It has been
reported that CREB may act as a positive transcription regulator of aromatase and hence
increased estrogen synthesis in breast cancer cells [356]. However, despite the extensive
work on aromatase, little information is available on the expression and role of CREB in
human breast cancer. Kovach et al had reported that total CREB and phosphorylated CREB
(pCREB) proteins were both significantly elevated in hepato cellular carcinoma versus
normal liver [500]. In resting cells, CREB exists in an unphosphorylated state that is
transcriptionally inactive but can bind to DNA. Upon activation, CREB becomes
phosphorylated, which induces its transcriptional activity by promoting its interaction with
the 256-kDa coactivator protein CREB binding protein (CBP).
The aim of this study was to investigate the correlation of pCREB and CREB
expression between benign fiboadenoma and IDC together with clinico-pathological
characteristics of IDC samples. In the current study, CREB expression was studied in 22
benign fibroadenoma and 82 IDC samples. The median pCREB score in benign
fibroadenoma samples was 7.33 whereas median pCREB score in malignant samples was
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6.66. The pCREB score distribution in benign fibroadenoma and malignant group did not
differ significantly. The median score in benign fibroadenoma was 2 as compared to that of 4
in malignant samples. CREB score distribution in benign fibroadenoma and malignant group
differed significantly (Mann Whitney U test, p value = 0.0499). A significant correlation
between p53 expression and CREB expression in IDC samples was also observed (spearsman
r coefficient =0.2670, p=0.0277).
Though an insignificant association was observed with tumor grade and patient’s age
with pCREB and CREB expression, a significant association with tumor size was seen with
CREB. An inverse correlation was also observed with pCREB expression and tumor TNM
staging of IDC samples (p=0.0487). The median pCREB scores of Stage I tumor was 9.16,
Stage II tumor was 7.11 and Stage III tumor was 6.66. The highest pCREB expression was
seen in Stage I samples whereas Stage III samples showed the lowest pCREB expression. An
insignificant difference in CREB scores distribution was observed when CREB scores of IDC
patients in different TNM staging groups were compared. The median CREB scores of Stage
I tumor was 5, Stage II tumor was 3 and Stage III tumor was 4.5.
CREB and pCREB expression was not correlated with lymph node metastasis, VSI
and hormone receptors levels in IDC samples. This may be attributed to the small sample size
that has limited the ability to derive statistically significant results and correct for differences
in subgroup characteristics.
The findings reported herein emphasize that macrophages can induce change in tumor
cells resulting in increased migratory properties. Macrophage mediated pro-inflammatory
cytokines induce TGF-β1 further driving the ROS/ATM/CREB signalling axis in tumor cells
ultimately resulting in increased migration. This has been conclusively proven in this
dissertation by blocking the pathway at every step which ultimately leads to abrogation of
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MCM induced pCREB as well as migration. The effect of these macrophages seems to be
differential since the highly invasive MDA-MB-231 cells already having a high basal level of
this signaling axis seems to be tolerant to further induction.
The complexity of cell-cell interaction by soluble factors is further exemplified by the
fact that apart from the pro-inflammatory cytokines that induce TGF-β1/ROS/ATM/CREB
signaling axis, there are many proteins present in the secretome of the macrophages. One
interesting fact that emerges from this study is the identification of proteins involved in
breakdown of extracellular matrix, membrane trafficking, cytoskeletal re-organization and
cell migration in macrophage secretome further strengthening our hypothesis that
macrophages secreted factors result in increased migration of tumor cells.
The crucial players of this macrophage –tumor cell interaction identified from the in
vitro study were also subjected to validation in clinical samples. The most significant result
from this study is that iNOS and CREB expression were significantly correlated with the
malignancy of disease. There was also a significant positive correlation of p53 with iNOS as
well as CREB in malignant samples. Expression of pCREB was significantly but inversely
associated with the staging of the IDC samples and p53 expression was significantly
associated with expression of hormone receptors.
The findings reported in this dissertation emphasize the importance of soluble factors
or cytokines in the tumor microenvironment. It also reiterates the role of cytokine signaling
network between the macrophages and the tumor cells. The study provides framework for
targeting the stromal factors for effective control of tumor growth and metastasis. The
proteomic studies gives a glimpse into the complexity of the tumor microenvironment and
have given an insight of the many different proteins present in the tumor microenvironment
that could affect the behavior of the cancer cells apart from the major players. This
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knowledge of the stromal factors can also lead to predictive prognostic assays as well as
improvement of cancer therapeutics. The potential markes, iNOS and CREB were
significantly overexpressed in malignant breast cancer as compared to the benign disease. It
would be interesting if these markers can be used along with the existing set of diagnostic
markers that can determine course of therapy as well as responsiveness to different drugs. As
seen from the in vitro study, some of these markers are promising targets for cancer
therapeutics. Additional data with survival status of patients as well as greater sample size
can confirm if these markers can be used for prognosis as well.
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4.2 Summary
Macrophages and tumor cells mutually influence each other’s behaviour in majority of
cancers, with the tumor cell attracting macrophages and sustaining their survival and they, in
turn, producing a myriad of factors to promote or regulate tumor growth and angiogenesis. The
main finding of this study is that the pro-inflammatory cytokine cocktail of TNF-α, IL-1β and
IL-6 secreted by macrophages induce secretion of TGF-β1 in MCF7 cells. This results in
dichotomy of responses with apoptosis in a fraction of cells and activation of MAPK pathway,
increase in redox signalling and DNA damage response, in the remaining cells. All these events
triggered CREB mediated survival signaling inducing EMT responses. Blocking of all the
upstream events resulted in abrogation of MCM induced pCREB expression and migration
further confirming our hypothesis. Interesting information that emerged from these studies is that
some breast cancer cell types could be refractory to the effect of macrophage induced signaling
that resulted in increased migration.
Apart from the proinflammatory cytokines, many other crucial players were identified in
macrophage secretome that also could contribute to EMT changes in MCF7 cells. All these
proteins play a functional role in tissue remodeling, breakdown of extracellular matrix,
membrane trafficking and cell migration.
The significance of these markers identified from the in vitro study was also validated in
clinical benign fibroadenoma and IDC samples. In IDC, the patient’s tumor size correlated with
the patient’s age at diagnosis (p<0.05) and tumor stage (p<0.01). The stage of tumor correlated
with tumor size (p<0.01) and LN metastasis positivity (p<0.0001). The patient’s data also
showed that VSI positivity was associated with high grade tumors (p<0.05).
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ER+ tumors were significantly related to low grade tumors (p<0.01) and smaller size
tumors (p<0.01). PR expression was significantly associated with low grade tumors (p<0.01). ER
expression correlated significantly with PR (p<0.0001) and negatively correlated to HER-2/neu
expression in IDC samples (p< 0.0001).
A statistically significant higher expression of iNOS and CREB was observed in IDC
samples as compared to the benign fibroadenoma samples. A significant association of iNOS
expression was not observed with other clinico pathological characteristics of IDC samples in
this study. High coincidental expression of iNOS and p53 protein accumulation was observed
(spearsman r coefficient=0.3461, p=0.0025). Although the p53 expression was higher in IDC
samples, this was not found to be statistically significant. A higher p53 expression was seen
along with negative ER (p=0.0384) and PR (p=0.0079) status. A higher p53 expression was seen
in Her-2/ neu positive samples (p=0.0095).
Though the IDC samples showed higher mean -H2AX expression scores, it was
statistically insignificant from -H2AX expression scores of benign fibroadenoma samples. No
direct significant association was observed with -H2AX expression and tumor size, grade, stage,
LN Mets and VSI.
The CREB score distribution in malignant and benign fibroadenoma group differed
significantly (Mann Whitney U test, p=0.0499). A significant correlation between p53 expression
and CREB expression in IDC samples was observed (spearsman r coefficient =0.2670,
p=0.0277).
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In summary, this comprehensive study of macrophage-tumor interactions may provide
new diagnostic markers as well as unique therapeutic opportunities directed at the
microenvironment to improve patient response to therapies and improve survival rates.

Figure 52: Schematic representation of the effect of MCM on MCF7 cells. Proinflammatory cytokines TNF-α, IL-1β and IL-6 along with MMP-1, -9 and other proteins
secreted by macrophages induce secretion of TGF-β1 in MCF7 cells. This results in apoptosis in
a fraction of cells. In the remaining cells, there is activation of ROS/ATM/CREB signalling axis
resulting in EMT responses.
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4.3. Conclusions
The major conclusions of the present dissertation are as follows:


Macrophage conditioned medium (MCM) containing elevated levels of cytokines TNFα, IL-1β and IL-6 had a differential effect on non-invasive (MCF7) and highly invasive
(MDA-MB-231) breast cancer cell lines.



MCM induced the secretion of TGF-β1 and IL-6 in MCF7 cells.



MCM decreased colony numbers in both the cell lines but it was associated with
increase in apoptosis, ROS and RNS generation only in MCF7 cells.



MCM had a differential effect on mitochondrial membrane potential in MCF7 and
MDA-MB-231 cell lines with hyperpolarization in the former and no significant effect on
latter.



Activation of MAPK pathway and upregulation of EGFR observed in MCF7 cells with
MCM treatment.



Increased phosporylation of ATM and H2AX as well as PARP cleavage following
MCM treatment was observed in MCF7 cells and not in MDA-MB-231 cells.



Increased phosphorylation of CREB and stabilization of total CREB protein was
observed in MCF7 cells following treatment with MCM. In contrast, expression of
pCREB was higher in MDA-MB-231 cells which did not change further with MCM
treatment.



Neutralization of TNF-α, IL-1β and IL-6 in MCM or pre-treatment with inhibitors of
ROS, RNS or DNA damage as well as ATM knockdown abrogated the MCM induced
expression of pCREB as well as migration through a transwell insert.
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Apart from pro-inflammatory cytokines, numerous proteins were identified by MALDITOF analysis which had a functional role of tissue remodeling, breakdown of
extracellular matrix, membrane trafficking and cell migration.



Bioinformatics analysis demonstrated transcript level upregulation of proteins like iNOS,
p53, H2AX and CREB in invasive breast cancer as compared to normal breast tissue.



In clinical samples, iNOS and CREB expression were significantly higher in IDC as
compared to benign fibroadenoma.



The expression of p53 was positively correlated with iNOS and CREB in IDC.



p53 expression was associated with hormone receptors in IDC.



pCREB expression in IDC was inversely associated with the staging of the tumor.



iNOS and CREB can be potential diagnostic biomarker to detect invasive ductal
carcinoma.

Figure 53: Summary chart of in vitro observations in MCF7 cells with MCM treatment.
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4.4 Future directions
A logical extension of this work would require the following:


Identification of the key players in the TGF-β1-ROS-ATM-CREB signaling pathway
induced by MCM in MCF7 cells.



Studying the interaction of SMAD pathway and TGF-β receptors with key transcription
factors such as ATF2, Jun, JunB, JunD, Sp1, Sp3, Fos, Mixer, Runx etc.



Study of the effect of TFG-β1 on the cell cycle regulation in the synchronized cells.



Elucidation of the downstream mediators of CREB signaling by silencing CREB or by
inhibition of its phosphorylation.



To study the role of in vitro differentiated macrophages of M1 and M2 phenotypes from
peripheral blood monocyte on MCF7 and MDA-MB-231 cell line.



To further identify the macrophage mediated signaling pathway in tumor bearing mouse
models and to study the CREB signaling under in-vivo conditions.



The study of clinical markers such as chemokine receptors CXCR4; chemokine ligands
CCL2 and 5; growth factors EGF, HGF, IGF and TGF-β; immunosuppressive Treg cells
markers FOXP3 or micro RNA such as miR-497, miR-373 in light of their value as
prognostic or predictive factors. To study their expression and its correlation with clinicpathological parameters as well as 5 years survival data to identify their potential for
integration into clinical practice.
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6.1 Antibodies and Chemicals
6.1.1 Fine chemicals

Name

Source

Catalogue number

1400W-inhibitor of iNOS

W4262

2-(5-Bromo-2-pyridylazo)-5-

180017

(diethylamino)phenol (BP blue stain)
2-Mercaptoethanol

M6250

3-[(3-

C9426

Cholamidopropyl)dimethylammonio]1-propanesulfonate
Acetonitrile (ACN)

Sigma (St. Louis, MO,

271004

Acrylamide

USA)

A3553

Ammonium persulfate

A3678

Ammonium Sulphate

A4418

Bovine Serum Albumin

A2153

Bradford reagent

B6916

Brilliant Blue G

B0770

Calcein AM

Life technologies,

C3100MP

Invitrogen (Grand Island,
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NY, USA)
CGK733
Crystal Violet

C9867
Sigma

(St.

Louis,

C3886

MO,USA)
D.P.X Mountant

HiMedia (Mumbai, India)

RM655

DAF-FM-DA

Molecular

D-23842261

probes,

Invitrogen (Grand Island,
NY, USA)
Dimethylsulfoxide (DMSO)

Sigma (St. Louis, MO,

D2650

USA)
Dithiothreitol (DTT)

D0632

Ethylenediaminetetraacetic

E6758

acid(EDTA)
Glycine

Sigma (St. Louis, MO,

G8898

Gycerol

USA)

G5516

H2DCF-DA

D6883

Haematoxylin (Harris)

HiMedia (Mumbai, India)

S034-500ML

HRP chemiluminescent substrate

Millipore (Billerica, MA,

WBKLS0500

USA)
Hydrogen Peroxide Solution 30% Thermo Fisher Scientific
w/V

(Waltham, MA, USA)

Igepal (NP-40)

Sigma (St. Louis, MO,

18755

I7771
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Iodoacetamide (IAA)

USA)

I1149

JC-1 dye

Molecular probes,

T3168

Invitrogen (Grand Island,
NY, USA)
LM agarose

Trevigen (Gaithersburg,

4250-050-02

MD,USA)
Metal enhanced DAB Substrate Kit

Thermo Fisher Scientific

35065

(Waltham, MA, USA)
Non-fat milk

HiMedia (Mumbai, India)

M530

PD 98059

Sigma (St. Louis, MO,

P215

USA)
Peroxidase Suppressor

Thermo Fisher Scientific

35000PI

(Waltham, MA, USA)
Phosphatase inhibitor cocktail tablets

Roche Applied Science

4 906 837 001 262

(Germany)
PI

P4170

PKH26 Red Fluorescent Cell Linker

PKH26GL

Kit

Sigma (St. Louis, MO,

PMA

USA)

P8139

Poly-L-lysine hydrochloride

P9404

Ponceau S solution

P7170

Pre-stained Molecular weight marker

Bio-rad

(Hercules,

CA,

161-0325

USA)
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Protease inhibitor cocktail tablets

Roche Applied Science

11 873 580 001

(Germany)
ProteoGel IPG Equilibration Buffer

I 7281

RNase A

R6513

SDS

Sigma (St. Louis, MO,

L3771

Sodium azide

USA)

S2002

Sodium bicarbonate

S5761

SYBR green

S9430

TEMED

Sigma (St. Louis, MO,

T9281

Thiourea

USA)

T8656

Tri Sodium Citrate

AR

Cemico

Fine

Chemicals
Trifluoroacetic acid (TFA)

T6508

Tris base

T1503

TrisHCl

Sigma (St. Louis, MO,

T3253

Triton X 100

USA)

X100

Tween 20

P2287

Urea

U5378

α-Cyano-4-hydroxycinnamic

acid

03841

(CHCA matrix)
6.1.2 Antibodies
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Name

Source

Catalogue number

Alexa Fluor 488 Donkey AntiMouse Antibody

A-21202
Life technologies,
Invitrogen (Grand Island,

Alexa

Fluor

488

Donkey NY, USA)

A-21206263

Anti-Rabbit Antibody
Anti- ERK 2 (D-2)

Santa Cruz Biotechnology

(Mouse monoclonal)

(Santa Cruz, CA)

Anti-CREB antibody (clone Cell Signalling Technology
48H2)
Anti-iNOS

sc-1647

9197

(Danvers,MA)
(Mouse Santa Cruz Biotechnology

monoclonal)

sc-7271

(Santa Cruz, CA)

Anti-mouse FITC antibody

F2012
Sigma (St. Louis, MO, USA)

Anti-Mouse IgG HRP

A-9044

Anti-p53 (Mouse monoclonal)

Santa Cruz Biotechnology

sc-126264

(Santa Cruz, CA)
Anti-PARP
polyclonal)

(Rabbit Cell Signalling Technology
(Danvers, MA)

Anti-phospho ATM (ser 1981, Upstate
clone 10H11.E12;)

9542L

cell

signaling

05-740

solutions (Lake Placid, NY,
USA)
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Anti-phospho CREB (S133,

9198

clone 87G3)

Cell Signalling Technology

Anti-Phospho p53 (Ser15)

(Danvers,MA)

9284S

Santa Cruz Biotechnology

sc 2030

(Rabbit polyclonal)
Anti-Rabbit IgG HRP

(Santa Cruz, CA)
Anti-TGF-β, pan

Sigma (St. Louis, MO, USA)

T9429

Anti-vimentin antibody

Santa Cruz Biotechnology

sc 6260

(clone V-9)

(Santa Cruz, CA)

Anti-γH2AX

(Ser

139) Upstate Millipore (Billerica,

(Mouse monoclonal)

05-636

MA, USA)

Human IFN-γ ELISA Set

555142

Human IL-1β ELISA Set

557953

Human IL-6 ELISA Set

BD

Biosciences

Human TGF-β1 ELISA Set

Lakes, NJ, USA)

(Franklin

555220
559119

Human TNF-α ELISA Set

555212

Phospho MAPK Family

9910

Antibody Sampler Kit

Cell Signalling Technology

Pro-Apoptosis Bcl-2

(Danvers,MA)

9942

Pro-Survival Bcl-2 Family

Cell Signalling Technology

9941

Antibody Sampler Kit

(Danvers,MA)

Family Antibody Sampler Kit

Vectastain

Elite

ABC

kit Vector Laboratories (CA, US)

PK-6200
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6.1.3 Tissue culture reagents

Name

Source

Catalogue number

DMEM

AL151A

Heat inactivated fetal bovine

RM9955-100ML

serum
Penicillin-Streptomycin

HiMedia (Mumbai, India)

P4333

RPMI-1640

AL060A

Trypsin-EDTA solution

T3924

6.1.4 Molecular biology reagents

Name
ATM siRNA (h)

Source
Santa Cruz Biotechnology

Catalogue number
sc-29761

(Santa Cruz, CA)
cDNA synthesis kit

Roche Applied Science

11 483 188 001

(Germany)
Control siRNA-A

Santa Cruz Biotechnology

sc-37007

(Santa Cruz, CA)
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Deoxynucleotides Set

5 Prime GmbH (Hilden,

2201230266

Deutschland)
Golgi Plug, Protein transport BD
inhibitor

(Franklin

555029

Lakes, NJ, USA)

LightCycler®

480

SYBR Roche Applied Science

Green I Master
PerfectPure

Biosciences

RNA

04707516001

(Germany)
isolation 5 Prime GmbH (Hilden,

2302340

Kit

Deutschland)

Primers

Sigma (St. Louis, MO, USA)

Taq polymerase

Invitrogen (Grand Island,

10342-053

NY, USA)
X-tremeGENE Transfection

Roche Applied Science

Reagent

(Germany)

04476093001

6.1.5 Miscellaneous

Name

Source

Catalogue number

Amicon® Ultra-4 Centrifugal Millipore (Billerica, MA,
Filter Units

USA)

Cell culture inserts (8 μm)

BD Biosciences (Franklin

UFC800308

353097

Lakes, NJ, USA)
PVDF membranes

Millipore

(Billerica,

MA,

1PVH00010
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ReadyStrip IPG Strips, 11 cm, Bio-rad (Hercules, CA, USA)

163-2015

pH 3-10

6.2 Buffers and solutions
A. Phosphate Buffered Saline (PBS): 0.8 % NaCl, 2.7 mM KCl, 10 mM phosphate, pH
7.4
B. PBST: 0.05 % Tween 20 in PBS
C. Flowcytometry: Propidium Iodide (PI) Solution: 50 μg/ml PI, 50 μg/ml RNAase A in
PBS
D. SDS-PAGE:
1. Whole cell lysis buffer: 50 mMTris.Cl (pH 6.8), 100 mM DTT, 2 % SDS, 0.1 %
bromophenol blue, 10 % Glycerol, protease inhibitor cocktail and phosphatase inhibitor cocktail
2. 30% acrylamide mix: 29 % acrylamide, 1 % N,N'-Methylene bisacrylamide
3. Tris-Glycine Electrophoresis Buffer: 25 mM Tris base, 250 mM glycine (pH8.3) and 0.1 %
SDS.
4. Transfer Buffer: 39 mM glycine, 48 mM Tris base and 10 % Methanol
5. 10 % SDS
6. SDS PAGE gels:
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Components

Resolving Gels (10 ml)
10 %

12 %

Water

4

3.3

30 % Acrylamide Mix

3.3

4

1.5 M Tris (pH 8.8)

2.5

2.5

10 % SDS

0.1

0.1

10 % APS

0.1

0.1

TEMED

0.004

0.004

5 % Stacking Gel (5 ml)
Water

3.4

30 % Acrylamide Mix

0.83

1.5 M Tris (pH 6.8)

0.63

10 % SDS

0.05

10 % APS

0.05

TEMED

0.005

E: Silver Staining
Fixative solution: 50% methanol, 12% acetic Acid, 0.5 ml 37% formaldehyde/L
Sensitizer: 0.02% sodium thiosulfate
Silver Nitrate Solution: 2g/L AgNO3, 0.75 ml of 37% formaldehyde/L
Developing Solution: 60g/L Na2CO3, 0.5 ml 37% formaldehyde/L, 4 mg/L Na2S2O3.5H2O
Stop Solution: 50% methanol and 12% acetic acid
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F: ELISA
Coating carbonate buffer: 0.15 M sodium carbonate, 0.35 M sodium bicarbonate, pH 9.6
Phosphate Buffered Saline (PBS): 0.8 % NaCl, 2.7 mM KCl, 10 mM phosphate, pH 7.4
Blocking buffer: PBS, 1% BSA
Wash solution: PBS, 0.05% Tween-20
Dilution buffer: PBS, 0.05% Tween-20, 0.1% BSA
Stop Solution: 3 M HCl
G: Two dimensional SDS PAGE:
Rehydration Buffer: 8 M urea, 1 M thiourea, 2% CHAPS, 15 mM DTT, 2% IPG buffer, traces of
bromphenol blue
Equilibration Buffer I: 6 M urea, 50 mM Tris, pH 6.8, 30% glycerol, 4% SDS, 20 mM DTT
Equilibration Buffer II: 6 M urea, 50 mM Tris, pH 6.8, 30% glycerol, 4% SDS, and 4.5%
iodoacetamide
H:MALDI
Destaining buffer: 50 mM NH4HCO3/Acetonitrile (ACN) (1:1, v/v)
Reduction buffer: 10 mM DTT in 50 mM NH4HCO3
Alkylation buffer: 55 mM IAA in 50 mM NH4HCO3
Washing buffer: 50 mM NH4HCO3/ ACN (1:1, v/v)
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Proteolytic cleavage buffer: Freshly prepared trypsin solution (20 ng in 25 mM NH4HCO3)
Peptide extraction buffer: (a) 0.1 % TFA, (b) 0.1% TFA: CAN and (c) ACN
Co-crystallized with CHCA : 5 mg/mL CHCA in 0.1% TFA with 50% ACN
I: Zymography:
2X sample loading buffer: 125 mM Tris-HCl, 20% glycerol, 4% SDS, and 0.005% bromophenol
blue, pH 6.8
Renaturing Buffer: 2.5% Triton X-100 in H2O, freshly prepared
Developing Buffer (10X): 500 mM Tris-HCl, 2 M NaCl, 50 mM CaCl2, and 0.2% NP-40, pH 7.8
Staining solution: 0.5% Coomassie blue R-250, 5% methanol and 10% acetic acid in dH2O.
Destaining solution: 10% methanol, 10% acetic acid in dH2O.
J: Immunohistochemistry:
Peroxidase Suppressor: 3% H2O2 in methanol
Sodium Citrate Buffer: 10mM Sodium Citrate, 0.05% Tween 20, pH 6.0
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