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Matrix metalloproteinases (MMPs) are a family of zinc endopeptidases capable
of digesting the extracellular matrix (ECM), which is essential for tissue
structure and transmitting messages between cells. MMPs play an important
role in cancer, controlling cell migration, proliferation, apoptosis, regulation of
tumour expansion, angiogenesis and invasion. Previous research has indicated
high expression of MT1-MMP in breast cancers suggesting a potential role in
tumour progression. Our results confirm that 3D multicellular tumour spheroids
(MCTS) using phenotype-specific breast cancer cell lines are a valuable
experimental model of the tumour microenvironment.
Optimisation of MCTS culture growth conditions using different breast cancer
cell lines (MCF-7, T47D, MDA-MB-468 and MDA-MB-231) was performed.
Unexpected detection of MT1-MMP in MCF-7 MCTS warranted further
investigation. MT1-MMP expression in different micro-environmental conditions,
including hypoxia and nutrient deprivation (serum-free induced autophagy) were
measured in MCF-7 monolayer cultures and MCTS models using
immunofluorescence (IF), immunohistochemistry (IHC) and western blot (WB).
MT1-MMP expression was rapidly and irreversibly up-regulated in MCF-7
breast cancer cells under conditions of stress (hypoxia and autophagy)
compared to normal conditions suggesting an important role of the culture
environment on cells behaviour and protein expression.
We employed isobaric tags for relative and absolute quantitation (iTRAQ)
technology to correlate MT1-MMP increase with proteomic profiles in MCF-7
breast cancer cell grown under hypoxic, serum-free and 3D MCTS conditions.
More than 3500 proteins were identified, which were clustered into groups
based on response to unique or shared microenvironment changes. Hypoxic
monolayer and spheroid cells exhibited changes in anaerobic metabolism and
lipid synthesis, respectively, whereas autophagy resulted in up-regulation of
cellular component disassembly. The result indicated multiple drivers of MT1MMP expression in MCF-7 cells.
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1 Chapter 1- Introduction
1.1Breast cancer
1.1.1 Breast cancer epidemiology
Breast cancer is one of the most commonly diagnosed cancer types in women
and considered the second leading cause of increased mortality in women
worldwide (Li et al. 2014; Mehner et al. 2014; Assent et al. 2015). It has been
estimated that there were more than 1.7 million new cases of breast cancer
worldwide accounting for 25% of all cancers types, among women in 2012
(DeSantis et al. 2015).
Breast cancer incidence rates around the world vary a great deal. The highest
breast cancer incidence rates continue to be detected in high-income countries,
including countries in Northern America, Australia, and Northern and Western
Europe, with intermediate rates in Central and Eastern Europe, Southern
America, and the Caribbean, while the lowest incidence rates observed

in

Middle and Eastern Africa, Eastern and South-Central Asia, and Central
America (Figure 1-1). The wide geographic and temporal differences in breast
cancer rates and trends mirror variances in the patterns of risk factors and
access to and availability of early detection and timely treatment (DeSantis et al.
2015).

3

Continents of the world

Figure 1-1: Age-standardized female breast cancer mortality rates for select registries,
2008–2012. Figure adapted from (DeSantis et al. 2015)

can Association for Cancer Research
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A recent worldwide study of cancer survival found that breast cancer 5-year net
survival ranged from 53% in South Africa to 89% in the United States (Allemani
et al. 2015). In general, high ratios in low- and middle-income countries reflect
the large proportion of women presenting with advanced disease and limited
access to affordable quality cancer treatment (El Saghir et al. 2011).
However, late diagnoses in developing countries dramatically contributed to
mortality (Sharma et al. 2012). In many low-income countries, screening is
neither cost-effective nor feasible, and access to healthcare is limited, thus the
majority of breast cancer patients are diagnosed with advanced stage disease;
For example, during 2009–2010, 76% of breast cancer patients in Nigeria were
diagnosed with stage III or IV breast cancer (Unger-Saldaña 2014).
The lowest breast cancer ratios were observed in Northern America,
Australia/New Zealand, and in Western and Northern Europe reflecting
moderate death rates despite high incidence rates. Countries with lower breast
cancer death rates despite higher incidence rates in part reflect the more
constructive survival as a result of earlier stage at diagnosis and greater access
to effective cancer treatments (Youlden et al. 2012)
Breast cancer is often thought of as something that only affects women, but it
does occur in men can get it in rare cases (Quinn et al. 2012). Breast cancer
incident in men is about 100 times lower than that in women. The lifetime risk of
breast cancer is 1 in 1,000 for men and the incidence has remained relatively
stable over the last 30 years.

5

1.1.1 Breast cancer risk factors and causes
We still know little about the exact cause(s) of most breast cancers, and hence it
is a big problem to prevent exposure of women to possible risks. By identifying
those at high risk, health services can provide measures such as
chemoprophylaxis and lifestyle changes (Copson et al. 2013). Several
environmental, genetic, and lifestyle factors have led to increased incidence of
breast cancer (Dumalaon-Canaria et al. 2014).
World Health Organization have indicated that more than 30% of cancer deaths
could be prevented by modifying or avoiding key behavioural or lifestyle-related
risk factors (Bode and Dong 2009). Many risk factors for breast cancer, such as
menarche at an early age and menopause increasing age play an important role
(Hankinson et al. 2004).
Age is a major factor, with incidence in women over 65 years was 0.322%,
increasing to 0.375% in those over 85, compared to 0.060% in the under 65
(Yancik et al. 1989).
Furthermore the use of preventative hormones during pregnancy, nulliparity as
well as obesity after menopause are all factors of increased risk. Also hormone
replacement therapy, physical inactivity and alcohol consumption have been
reported as risk factors. On the contrary, having children and breastfeeding can
be one of the prevention factors (Torre et al. 2015).
Mutations are suspected to contribute to the complex relationship between
ageing and breast cancer. These can be induced mutations in DNA that
generate oncogenes, or mutations of tumour suppressor genes, such as BRCA1
and BRCA2, which are involved in repairing breaks in double-stranded DNA (Loi
et al. 2018). Certain BRCA mutations confer a life-time risk of breast cancer
of>90%. However, other mutations in this gene are found less frequently in
6

breast cancer patients than in controls and so are thought to confer protection
against breast cancer (Vijg and van Orsouw 2002). Each gene mutation has
only a modest effect on risk (10 to 20%), but when combined have a larger
impact (SH Bouwens et al. 2012)
While this upward trend in breast cancer occurrence is probably related primarily
to diet and reproductive capacity, evidence from genetic testing has also shown
an increased incidence in patients with BRCA1 and BRCA2 mutations. Germline
mutations (BRAC) that are associated with familial breast cancer have been
identified in other genes, including TP53, PTEN, ATM, CHEK2, NBS1, RAD50,
BRIP, and PALB2 (Walsh and King 2007).

There are indications that strategies to reduce the risk of cancer in populations
with such mutations are effective (Domchek and Weber 2006). Therefore, it is
very important to identify individuals who have to undergo genetic tests to detect
mutations. Although it is theoretically possible to analyse mutations officially in
all patients, it would be difficult and costly process (full sequencing of BRCA1
and BRCA2 costs about the US $ 3000 in North America. Most family history
clinics offer such tests to patients presenting with high-risk features such as
early breast cancer or a family history compatible with gene mutations (Amir et
al. 2010).

1.1.2 Breast cancer classification
By using DNA microarrays of gene expression analysis, breast cancer can be
divided into at least five sub-types that are luminal A, luminal B, basal-like, and
Claudin-low (“Triple –negative”) and human epidermal growth factor receptor 2
(HER2) overexpression (Xu et al. 2015). These phenotypes correlate with
7

differential expression of three receptors - estrogen ER, progesterone PR, and
human epidermal growth factor receptor 2 (HER2) (Table1-1) and respond
differently to therapy (Holliday and Speirs 2011; McMahon et al. 2012)

Table 1-1: Breast cancer phenotypes

Ki67 expression (indicator of a large proportion of actively dividing cells) in MCF-7, MDA-MB-231,
MDA-MB-453 and T47D cells (cell lines used in this project), ER estrogen , PR progesterone, and
(HER2) human epidermal growth factor receptor 2 (Holliday and Speirs 2011).

These molecular patterns may best be represented as gradients of
expression, as opposed to a discrete 'on' or 'off' state of expression. The
differentiation imposed by BRCA1 loss and HER2 amplification in cancer is
correlated by their different locations in normal mammary cell development
(Figure 1-2) (Prat and Perou 2009; McMahon et al. 2012). With increased gene
expression screening, further stratification of the disease has arisen. The lack of
demonstrable expression of receptor ER, PR, and HER2 occurs in 15-20% of all
8

breast cancers and is known as ‘‘triple–negative’’ breast cancer (TNBCs)
(Audeh 2014). The recently identified claudin-low subtype, is a rare TNBC
subtype, distinctly different from basal-like, present in humans and mice, and
is characterized by the expression of mesenchymal and stem cell-associated
genes and the lack of expression of claudin-3, claudin-4, claudin-7, Ecadherin, EpCAM and mucin-1 (Hennessy et al. 2009)

Figure 1-2: Model of the human mammary epithelial hierarchy linked to cancer subtype..
(a)Sub populations of normal breast tissue and potential cells of origin for the intrinsic
subtypes of breast cancer; these cells may represent a stage of developmental arrest for a
tumour with an origin earlier in the differentiation grading or the transformation of a cell type
at one specific stage of development. (b) The various breast tumour subtypes molecularly
compared to subpopulations from normal breast tissue. (c) The defining expression patterns
of luminal, mesenchymal or claudin-low, and basal-like cells. Figure adapted from (Prat and
Perou 2009)

Breast cancer can also be classified depending on the way the cancer cells
appear under the microscope. Sometimes, different cancer cell types occur
together in the same tumour or may appear as a mixture of invasive and in-situ
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malignancies. These definitions relate to stages of the disease as well as
location, e.g. ductal or lobular (Figure 1-3) (Bombonati and Sgroi 2011).
The normal construction of the mammary gland consists of two layers of
epithelial cells. The innermost layer consists of polarised luminal cells
surrounded by an outer layer of basal cells, which come into contact with the
basement membrane. Breast cancer progresses gradually from benign
epithelial atypia and atypical ductal hyperplasia (ADH) to malignant ductal
carcinoma in situ (DCIS), or less frequently, in lobular carcinoma in situ (LCIS)
and ultimately to invasive ductal carcinoma (IDC) or invasive lobular carcinoma
(Chatterjee and McCaffrey 2014).
Cancer can be further defined according to its level structures, in three levels
(the cancer cell, the primary tumour, and the systemic disease). On each level,
cancer restricts the normal functions and activities associated with that levels
structure. At the lowest level, the main functions controlled cell renewal and
proliferation. In sequence, deregulation of cell proliferation is a condition for
carcinogenesis (Hanahan and Weinberg 2000).
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Stages

Figure 1-3: Breast cancer stages progression.
The changes stages in breast cancer duct layers comparing with the normal duct. Figure
adapted from (Chatterjee and McCaffrey 2014).
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1.1.3 Breast cancer diagnosis and treatment
Unfortunately, the two most influential risk factors for the development of breast
cancer (age and family history) are non-modifiable. This, coupled with the
alarming fact that more than 75% of women with breast cancer have no
identifiable risk factors, dictates the necessity for universal screening (Smalley
2003).
To reduce morbidity and mortality, efforts have focused primarily on early
detection using screening methods, which include breast self-examination
(BSE), clinical breast examination (CBE), and mammographic imaging
(Humphrey et al. 2003)

Furthermore, breast cancer patient treatment and survival depends on different
factors, including age at diagnosis, tumour stage, tumour grade, ER, PR and
HER2 status, also social and economic factors and other non-cancer related
clinical conditions such as pre-existing health status, functional status, and
social connections (Cedolini et al. 2014). The significant differences in survival
among women with breast cancer subtypes originate in part from the availability
of appropriate molecularly targeted adjuvant therapies and in part from the
essential aggressiveness of the cancer subtypes.

Breast cancer treatment aims to destroy the primary tumour and to eliminate
micrometastases at an early stage so that more women will survive without a
recurrence of the disease. However, it remains a major clinical challenge with
significant mortality as well as treatment-associated morbidity (Giuliani and
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Bonetti 2015). Based on the diagnosis, the treatment options are determined by
the presence or absence of three key receptors; ER, PR, and HER2, as well as
clinical staging defined by size, lymph node involvement and tumour histology
(Jo-Anne de la et al. 2014).
Treatments for breast cancer include endocrine therapy, chemotherapy, and
possibly surgery and radiation therapy.

1.1.3.1 Chemotherapy
Systemic preoperative chemotherapy is used in conjunction with surgery and
radiotherapy to treat locally advanced breast cancer patients. The framework of
current chemotherapy regimens involves the administration of anthracyclines
and taxanes (paclitaxel, docetaxel) sequentially or simultaneously up to 8
cycles. Advantages of neoadjuvant treatment include in vivo evaluation of
therapeutic response with a reduction in the magnitude of primary and focal
metastasis. Neoadjuvant chemotherapy for surgical breast cancer is used for
women seeking breast conservation that is not a suitable for such treatment at
the time of diagnosis. The use of neoadjuvant therapy in operable breast cancer
patients shows a survival rate comparable to that of breast cancer adjuvant
treatment (Rapoport et al. 2014).

1.1.3.2 Endocrine therapy
Tamoxifen (TAM) is the most established and most-prescribed selective
estrogen-receptor modulator (SERM). However, several significant adverse
effects have been described after long-term TAM treatment (Chen et al. 2014).
For example, treatment with TAM for five years can cause endometrial cancer
and thromboembolic disease, with treatment for an additional five years likely to
increase these side-effects (Davies et al. 2013). Toremifene (TOR) is equally
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effective, has a similar mechanism and safety profile to TAM in the treatment of
ER +ve breast cancer patients (Chaturvedi et al. 2013).

1.1.3.3 Immunotherapy
Immumotherapy is another

treatment

method

including the antibody,

trastuzumab (Herceptin), which is administered to patients with HER2-positive
tumours (Kauraniemi et al. 2003). HER2-positive cancers tend to be more
aggressive, and determining whether the cancer has high levels of the HER2
protein (about one-in-five breast cancers) influences the choice of treatment.
Trastuzumab is a drug specifically available for these patients and works by
binding to HER2 receptors on the surface of breast cancer cells and blocking
them from receiving growth signals. By blocking the signals, Trastuzumab can
slow or stop the growth of breast cancers (Maria et al. 2018).

However, application of immunotherapy builds up tolerance mechanisms, which
can become more intricate, and the immune system has less possibility to
respond a tumour. Therefore, for these patients to achieve satisfactory clinical
results, it may be necessary to combine treatments using established drugs
targeting different cancer mechanisms, such as endocrine therapy, tyrosine
kinase receptor inhibitors, or chemotherapy (Milani et al. 2014).

1.1.3.4 Vaccine treatment
Today, the growing understanding of breast cancer increases the interest of
developing an active vaccine for breast cancer. For example, E75 (NelipepimutS) is a human leukocyte antigen (HLA)-A2/A3-restricted immunogenic peptide
derived from the HER2 protein. Nelipepimut-S, with granulocyte–macrophage
colony-stimulating factor (GM-CSF), has proven safe and appears to have
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efficacy in clinical trials of vaccinated breast cancer patients to prevent disease
recurrence (Mittendorf et al. 2014).

1.1.3.5 Targeted therapies
With the increasing use of targeted therapies in oncology, molecular profiling
methods, to detect the expression of specific proteins or genes, need to be
optimized to provide the most effective treatment regimen (Canonici et al.
2018). Although there are well established targeted therapies for some types of
breast cancer, e.g. to ER and HER2, others such as triple negative breast
cancer depend on established cytotoxic treatment, with a lower success rate
and increased side effects. The micro-environment, such as the extracellular
matrix, regions of hypoxia and vascularisation, are a part of the dynamic
changes as tumour grows and invades (see section 1.3.1). These events
represent new opportunities for therapeutic intervention as we understand the
molecular processes involved.
Within the ICT, the work of Loadman, Falconer, Gill and their teams identified a
series of compounds, including ICT2588 as vascular disrupting agents (VDAs)
(Gill et al. 2014). ICT2588 is a prodrug comprising a short peptide cleavable by
MT1-MMP and a “war-head” or cytotoxic compound (azademethyl colchicine, a
colchicine derivative) which is released only where active MT1-MMP is
expressed, (Atkinson et al. 2010b) (Figure 1-4). Therefore, ICT2588 metabolism
by MT1-MMP specifically within the tumour reduces side effects of the warhead. MT1-MMP has been shown to be increased in a number cancers and has
prognostic value as a biomarker of poor survival (Aloraifi et al. 2015) (see
section 1.4.4.2). However, the expression of MT1-MMP in breast cancer subtypes, particular in changing micro-environments is less well understood.
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Figure 1-4: Structure of ICT2588 (Atkinson et al. 2010b)

1.2 Tumour microenvironment
Tumours consist of more components than just cancer cells. The tumour
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microenvironment
consists
of an insoluble extracellular matrix (ECM), a stroma

composed of fibroblasts, adipocytes, endothelial and resident immune cells, and
a multitude of growth factors and cytokines (Figure 1-5) (Nagelkerke et al. 2015)
(Upreti et al. 2013)
Different tumour cells

Figure 1-5: The primary tumour microenvironment.
The primary tumour microenvironment consists of tumour cells surrounded by normal epithelial
cells, mesenchymal stem cells (MSC); endothelial progenitor cells (EPCs) and various bone
marrow-derived cells. Figure adapted from (BMDC) (Upreti et al. 2013)
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Although cancer has been considered as a progression of genetic mutations in
an aberrant tissue mass, tumours are increasingly viewed as tissues
functionally interconnected with the surrounding microenvironment (Egeblad et
al. 2010). These mutations lead to the acquisition of key hallmarks such as
uncontrolled growth, evasion of apoptosis, and/or stimulation of angiogenesis
(Spill et al. 2016). Furthermore, the majority of cancer-related deaths are
caused not by a primary tumour, but by distant metastasis. Hence,
understanding the ability of cancer cells to become migratory and invade into
surrounding tissues and distant organs is an important consideration (Correia
and Bissell 2012). Cancer progression is more than changes in the cancer cells
themselves, with modifications in the tumour microenvironment also playing a
critical role (Hanahan and Weinberg 2000).

1.2.1 Extracellular matrix composition
The ECM is composed of a complex mixture of components, including proteins,
glycoproteins, proteoglycans and polysaccharides, which contribute to the
stiffness of a tumour and are subject to massive rearrangement during
tumourigenesis (Brownridge et al. 2012) (Figure 1-6) (Boundless-Biology 2015)
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ECM

Figure 1-6: The extracellular matrix composition is made up of proteins and
carbohydrates (Boundless-Biology 2015) .

Although many single ECM components have been identified as relevant
markers in breast carcinoma progression, evaluation and targeting of a single
molecule appear to have limited usefulness in predicting disease outcome or
improving therapeutic benefit. A possible explanation might rest in the large
number of ECM components, which, even if redundant, collectively contribute to
distinctive physical, biochemical and biomechanical properties of the tumour
microenvironment (Bonnans et al. 2014). The development of new therapeutic
interventions targeting tumour function will lead to further studies to define how
the biochemical and biophysical properties of the ECM differ according to its
molecular signature, and whether the signal from the matrix to the cells
depends primarily on ECM features or whether the tumour cell differentiation
status contributes (Giussani et al. 2015).

Tumour progression requires a continually evolving network of interactions
between neoplastic cells and ECM, which requires extensive proteolytic activity.
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This phenomenon also occurs in physiological events such as embryo
development and wound healing, leading to structural disruption of ECM
components, and in turn modulates cell survival, proliferation, and migration.
The principal enzymes that degrade the ECM are matrix metalloproteinases
(MMPs) (Pupa et al. 2002).

1.2.2 Cell-matrix interaction in breast cancer
The interactions between tumour cells and ECM features in tumour progression
appear to be a key force affecting breast cancer development (Lindner et al.
2015). The protein, Secreted Protein Acidic and Rich in Cysteine (SPARC) has
been shown to modulate ECM molecular events in breast cancer tissue through
interaction with collagen, laminin, vascular endothelial growth factor (VEGF),
and platelet-derived growth factor (PDGF) (Maurer et al. 1995; Watkins et al.
2005). SPARC affects tumour progression through regulation of integrin-linked
kinases and acts in the immune response and immune surveillance against
tumours (Tai and Tang 2008).
The clinical outcome from metagene analysis showed that this matrix cellular
protein was significantly associated with poor prognosis in patients with basallike and HER2-positive breast tumours and in the case of patients, the SPARC
signature was related to resistance to chemotherapy, supporting the relevance
of the ECM structural framework in determining the patient outcome (Watkins et
al. 2005).
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1.3 Cancer cell heterogeneity within environmental
changes
Within a tumour or in in situ models, such as multi-cellular tumour spheroids
(MCTS), micro-environmental changes, hypoxia, autophagy, and apoptosis
cause cancer cells to evolve to the new conditions. This is most in evident by
changes in gene expression.

1.3.1 The influence of hypoxia in breast cancer
Hypoxia plays an important intracellular role in cancer and is recognised as
an inducer of tumour angiogenesis and metastasis (Subarsky and Hill 2003).
In human breast cancer, tumours contain regions of hypoxia in which cells that
are located far from a functional blood vessel have significantly reduced oxygen
concentrations compared to normal mammary tissue (Semenza 2010). The
oxygenation status of solid tumours has been measured and shown to have a
mean partial pressure of oxygen (PO2) in breast tumours ranging from 0.3-1.9
% with a median value of 1.3 %, compared with 6.8 % in normal human breast
tissue (Vaupel et al. 2007).
Also, evidence suggests that the oxygen (O2) content of tumour tissue is an
important determinant of metastasis (Barnhart and Simon 2007). Intratumoral
hypoxia has been identified as an opposing indicator for patient prognosis
independent of other histopathological parameters.
The expression of more than 800 genes involved in angiogenesis, glucose
utilization, resistance to oxidative stress, cell proliferation, resistance to
apoptosis, invasion and metastasis occurs due to increased activity of the
hypoxia-inducible factors (HIFs), HIF-1 and HIF-2 (Semenza 2012; Chaturvedi
et al. 2013). In breast cancer, hypoxia induces the expression of lysyl oxidase
(LOX), a secreted protein that remodels collagen at sites of metastatic niche
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formation. In addition to LOX, breast cancers also express LOX-like proteins 2
and 4. LOX, LOXL2, and LOXL4 are all HIF-1-regulated genes (Erler et al.
2009).
The abundance of HIFs is controlled via three O2-dependent prolyl hydroxylase
enzymes, PHD1, PHD2 and PHD3. Decreased PHD under hypoxic conditions
resulted in HIF-1α accumulation and dimerisation with HIF-1β (Kaelin and
Ratcliffe 2008), (Schödel et al. 2011) leading to alterations in EGFR, AKT, PI3K,
PTEN, mTOR, TP53 and HER2 signalling pathways (Chaturvedi et al. 2013).
HIF-1 was also shown to play a crucial role in the hematogenous metastasis of
breast cancer to the lungs (Wong et al. 2011a). An increase in the level of HIF1α protein in tumour biopsies is associated with increased risk of metastasis
and mortality in node-negative and node-positive, human epidermal growth
factor receptor 2-positive (HER2+), estrogen receptor-positive (ER+) and
unselected breast cancer patients (Giatromanolaki et al. 2004). HIF-2α is also
O2 regulated, dimerising with HIF-1β, and its expression is associated with
breast cancer metastasis and mortality (Buffa et al. 2010). The transcriptional
activation of HIF-target gene products indicate involvement in every step of the
metastatic process (Figure1- 7) (Chaturvedi et al. 2013)
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Breast cancer metastasis

, IL8

Figure 1-7: Hypoxia-inducible factors promote breast cancer metastasis. Hypoxia in a
primary tumour promotes HIF-1α stabilisation in breast cancer cells, leading to increased
transcription of genes encoding proteins that regulate breast cancer metastasis.
Ɨ: Gene in which a functional hypoxia response element has been identified.
ECM: Extracellular matrix; EMT: Epithelial-mesenchymal transition. The genes in hypoxia have
demonstrated clinical relevance in breast cancer prognosis. Genes in bold promote
spontaneous metastasis in experimental mouse models of breast cancer. Figure adapted from
(Chaturvedi et al. 2013).
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1.3.2 Autophagy and apoptosis in breast cancer tumour
One of the major features of cancer is the uncontrolled and infinite proliferation
of cells. This means that cancer cells have obtained self-sufficiency in growth
signals, are insensitive to growth-inhibitory signals and continuously escape
death (apoptosis) (Vander Heiden et al. 2009).
Autophagy could be defined as a self-degradation mechanism by which cells
recycle their own cytoplasmic constituents and dispose of excess or defective
organelles to the lysosomes (Ganapathy et al. 2009), resulting in protein and
ATP synthesis (Shintani and Klionsky 2004), under the adverse conditions of
the extracellular environments (i.e., hypoxia, nutrient deprivation, and reduced
growth factors). Cancer cells survive through angiogenesis and anaerobic
glycolysis (Giatromanolaki et al. 2004), but these processes are not sufficiently
provided because of the high metabolic stresses of proliferating malignant
neoplasms (Jain 2003).
In tumour cells, hypoxia and nutrient deprivation cannot be tolerated without
existing new angiogenesis and shifting from oxidative phosphorylation to
anaerobic glycolysis (Szablewski 2013). Prolonged autophagy results in cell
death. Cells nevertheless continue to use it as an adaptation mechanism to
various stresses (Yorimitsu and Klionsky 2005).
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1.4 Matrix metalloproteinases
MMPs are zinc-dependent endopeptidases play a key role in remodelling the
ECM proteins (Rosenthal and Matrisian 2006; DeCoux et al. 2014). The
breakdown of these components is essential for many physiological processes
such as embryonic development, morphogenesis, reproduction, and tissue
restoration and remodelling (Zítka et al. 2010). Additionally, MMPs participate in
pathological

processes

such

as

arthritis,

cancer,

cardiovascular

and

neurological diseases (Gialeli et al. 2011).

1.4.1 Matrix metalloproteinase structure and classification
There are 24 known members of the MMP family identified in vertebrates,
including 23 in humans sharing common function and structural components,
including a hydrophobic signal peptide for secretion (Klein and Bischoff 2011), a
pro-peptide domain for enzyme latency, a catalytic domain with a highly
conserved zinc-binding site (for the majority of MMPs) and a hemopexin-like Cterminal domain (HPX) linked to the catalytic domain via a flexible hinge region
(Figure 1-8). The hallmark of the MMP family is the catalytic domain, a compact
globular domain of 160–170 amino acids featuring a highly conserved
HExxHxxGxxH zinc-binding motif, responsible for chelating the catalyticallyessential zinc ion at the enzyme active site (Radisky and Radisky 2010). MMP
activation is by a “cysteine switch” (Van Wart and Birkedal-Hansen 1990) as
they are mostly secreted by cells in a latent pro-form in which a cysteine
sulfhydryl group in the amino-terminal pro-domain interacts with the zinc ion and
blocks the active site. Removal of the pro-peptide (approximately 10 kDa) from
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the active site by proteolysis leads to activation of the enzyme (Kleifeld et al.
2000).

Figure 1-8: Structures of the MMPs.
Most MMPs contain a pro-peptide domain, a catalytic domain, a linker (hinge-region) and a
HPX domain. The hinge region in MMP-9 is heavily O-glycosylated. The three furin-activated
MMPs and all of the membrane-anchored MMPs have a basic RX [K ⁄ R] R motif at the Cterminal end of their pro-domains. This motif can be cleaved inside the cells by furin-like
proteinases. The two gelatinases (MMP-2 and -9) contain three FnII -like repeats in their
catalytic domain, N-terminal to the catalytic Zinc-binding site. Four of the six MT-MMPs are
anchored to the cell membranes through a type I transmembrane domain and the other two
through a glycosylphosphatidylinositol moiety. The seventh membrane-anchored MMP, MMP23, has an N-terminal type II transmembrane domain. The two minimal domain MMPs and
MMP-23 lack the HPX domain and, in the latter enzyme, this domain is replaced by a C-terminal
cysteine array (Ca) and an immunoglobulin-like (Ig) domain (Hadler-Olsen et al. 2011).
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Structural and functional features also distinguish MMPs into different classes.
MMPs can be classified by their substrate specificity (Table 1-2), into six main
groups collagenase, gelatinases, stromelysins, matrilysins, metalloelastase,
membrane–type (MT-MMPs) and others (Hemmann et al. 2007; Karthikeyan et
al. 2012). They can also be stratified by cellular localisation, membrane binding
and regulation, defining them as having different functions (Ogura et al. 2014).
MMPs can also modify other substrates involved in the degradation and
remodelling of the extracellular matrix (ECM), such as cytokines, chemokines,
anti-microbial peptides, growth factor receptors, cell-cell and cell-matrix
adhesion molecules thereby having an additional regulatory role in the invasion,
immunity, tissue repair, differentiation, and cell transformation (Chambers and
Matrisian 1997), (Das et al. 2008).
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Table 1-2: Matrix Metalloproteinase classification according to substrate,

Collagenase

Gelatinase

Stromelysin

Matrilysin

Membrane type
(MT)

Others

MMP-1

MMP-2

MMP-3

MMP-7

MMP-14

MMP-12

MMP-8

MMP-9

MMP-10

MMP-26

MMP-15

MMP-20
MMP-28

MMP-13

MMP-11

MMP-16

MMP-18

MMP-19

MMP-17
MMP-24
MMP-27

MMP enzymes vary in their specificity for different collagens. MMP-1, MMP-8
and MMP-13 (collagenase-1, -2 and -3 respectively) are capable of cleaving
fibrillar collagens. MMP-2 and MMP-14 (MT1-MMP) can also cleave at this site
(Cawston and Young 2010), but also vary in their specificity for different
collagens. MMP-13 prefers to cleave type II collagen whereas MMP-1 and
MMP-8 prefer type III and I. Gelatinases (MMP-2 and MMP-9) can degrade
type-IV and V collagen and elastin, whereas stromelysins (MMP-3 and MMP10) are responsible for the remaining ECM proteins. Membrane-type MT-MMPs
participate in the activation of other MMPs, thus contributing to collagen
cleavage indirectly in numerous diseases, including cancer (Cawston and
Young 2010; Verma et al. 2014; Yousef et al. 2014) .
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1.4.2 Matrix metalloproteinase biological activity
Under physiological conditions, the activity of MMPs is carefully regulated to
prevent changes in the tissues. This physiological balance seems to change in
the case of cancer that allows cancer cells to invade into the tissues (Kohrmann
et al. 2009). MMPs are secreted as proenzymes and then activated outside the
cell through the catalytic removal of their prodomain by other proteases in the
ECM (e.g. trypsin, plasmin and MT-MMPs) (Davies 2014; Nissinen and Kahari
2014). This activity is controlled, to prevent the excessive degradation of ECM,
by inhibition of MMP activity, and this process is carried out by tissue inhibitors
of metalloproteinase (TIMPs), which bind to the active site of the MMP catalytic
domain (Nieuwesteeg et al. 2014).
There are four TIMPs, named TIMP-1 to TIMP-4, at least one of which can
inhibit each MMP in spite of the differences regarding bond strength, reversibly
binding MMPs in a 1: 1 stoichiometry. TIMPs are naturally occurring proteins
that specifically inhibit matrix metalloproteinases MMPs, hence maintaining
balance between matrix destruction and formation. An imbalance between
MMPs and the associated TIMPs may play a substantial role in the invasive
phenotype of malignant tumours (Wojtowicz-Praga et al. 1997).
Degradation of basement membrane and ECM components by MMPs is one of
the mechanisms by which angiogenesis is promoted, through the disruption of
the basement membrane allowing the migration of endothelial cells from
existing vessels to those that are newly created. MMPs play a key role in
releasing ECM-bound factors and increasing their bioavailability which is
considered an essential mechanism in angiogenesis stimulated by VEGF
(vascular endothelial growth factor) (Yadav et al. 2014).
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1.4.3 Matrix metalloproteinase in cancer
Matrix metalloproteinases (MMPs) can regulate the tumour microenvironment,
and their expression and activation are increased in almost all human cancers
compared with normal tissue (Werb 1997). In many pathological settings and
especially in cancer, the regulation of matrix metalloproteinase is missing, due
to overexpression of MMPs, leading to tumour genesis and tumour metastasis
(Radisky and Radisky 2010).
Moreover, MMPs play a complex and vital role as cancer progresses through
different stages. Their activity and their effects are summarised in Table1-3
(Gialeli et al. 2011). They modulate cellular growth by cleaving different cellular
components (e.g. Insulin growth factor - IGF, and transforming growth factor-β TGF-β). Insulin-like growth factor-1 (IGF-1) is an effective mitogen that induces
angiogenesis and skeletal muscle regeneration,

while MMPs promote

angiogenesis by degradation of ECM components such as collagen I, collagen
IV, fibrin, etc. (Chaturvedi et al. 2013).
MMPs play a significant role in promoting the resistance of cancer cells by
recruiting tumour-specific T-lymphocytes, natural kill (NK) cells, neutrophils and
macrophages (Sheu et al. 2001). MMPs can shed interleukin-2 receptor-a from
the cell surface of T-lymphocytes, thereby suppressing cell proliferation.
Furthermore, as a result of active MMPs, TGF-, a significant suppressor of Tlymphocytes, is released with the resulting lymphocyte reaction against cancer
cells (Gorelik and Flavell 2001).
Cytokines and chemokines are abundant secreted proteins with growth,
differentiation, and activation functions that regulate and determine the nature of
immune responses, control immune cell trafficking and the cellular arrangement
29

of immune organs (Borish and Steinke 2003; Gialeli et al. 2011). Many studies
have shown the ability of MMPs, especially MMP-7 and -8 to efficiently cleave
several members of the CC (β-chemokine) and CXC (α-chemokine) chemokine
subfamilies or to regulate their mobilization, affecting leukocyte infiltration and
migration (Ben-Yosef et al. 2002).
MMPs have been detected in breast cancer tissue with different expression
levels. They are most frequently produced by stromal cells, such as fibroblasts
and inflammatory cells, surrounding the cancer cells (Davies 2014). In general,
their concentration increases linearly with tumour progression (Herszenyi et al.
2014).
According to clinical studies on the expression of matrix metalloproteinases,
fourteen members showed a significantly differentially increased expression in
breast cancer tissue over normal tissue and also were associated with breast
cancer development. Subsequently, all fourteen MMPs are nominated for future
functional analyses and as potential targets for new therapeutic agents despite
disappointing first clinical trials using MMP-inhibitors. (Kohrmann, Kammerer et
al. 2009).
Since MMPs play a significant role in tumour invasion and metastasis (Strongin
2010), inhibition of their activity is a possible therapeutic approach to block
spreading of cancer (Aoki et al. 2005). With the recent recognition that MMPs
can have protective roles in cancer, the concept of elevated expression of an
MMP always being associated with worsened disease outcome is not always
valid (Dufour and Overall 2013).
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Several studies have shown that the diagnosis and prognosis of tumour cases
could be indicated by MMPs as markers in specific types of cancer, because
overexpression of MMPs in different tumour types occurs compared to normal
tissue (Galliera et al. 2015) (Table1-3). MMPs are most commonly reported to
be dysregulated in breast, lung, and prostate cancers. This includes MMP-1,
MMP-2, MMP-9 and MMP-11with promising possibilities to serve as biomarkers
with indicative and predictive capacity (Alaseem et al. 2017). Therefore, MMPs
are considered as promising targets for cancer therapy because of their
significant involvement in malignant pathologies. Understanding the expression
of MMPs and their inhibitors could help to change current cancer therapy
towards more specific and patient-friendly approaches (Rydlova et al. 2008).
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Table 1-3: Key matrix metalloproteinases and their role in cancer progression, their
activity and roles
MMPs role

Activity

Effect role

1. Cancer cell invasion
Proteolytic

Degrade physical barriers

MT1-MMP, MMP-2 and MMP-9

2. Cancer cell proliferation

a-Cleavage of IGF-binding proteins

a-MMP-1, -2, -3, -7, -9, -11, -19

b-Activation of TGF-β

b-MMP-9, -2, -14

c-Shedding of HB-EGF

Proliferation

c-MMP-7 (anchored to CD44)

3. Cancer cell apoptosis
MMP-7
Cleavage of Fas ligand

Anti-apoptotic

a-Degradation of COL-IV, perlecan; release of
VEGF and bFGF, respectively

a-Up-regulation of
angiogenesis

b-Degradation of COL-IV, COL-XVIII, perlecan;
generation of tumstatin, endostatin,

b-Downregulation of
angiogenesis

4. Tumour angiogenesis and
vasculogenesis
a-MMP-2,-9

b-MMP-3, -10, -11 MMP-1, -8, 13

angiostatin and endorepellin, respectively

5. Cell adhesion, migration, and
epithelial to mesenchymal
transition
a-MMP-2,MT1-MMP
b-MMP-2, -3, -9, -13, -14
c-MMP-1, -7
d-MMP-28

abcd-

Degradation of COL-IV; generation of cryptic
peptides
Degradation of laminin-5; generation of
cryptic peptides
Over-expression; related to EMT
Shedding of E-cadherin, Proteolytic
activation of TGF-β

ab-

Promote migration
Induction of EMT; cell
migration
c &d- Powerful inducer of
EMT; cell migration

6.Immune surveillance
abcd-

MMP-9
MMP-9, -2, -14
MMP-7, -11, -1,-8,-3
MMP-7, -8

a- Shedding of interleukin-2 receptor-a by Tlymphocytes surface
b- Release of active TGF-b
c- Release of a1-proteinase inhibitor
d- Cleavage of α and β-chemokines or
regulation of their mobilization

a- Suppress T-lymphocyte
proliferation
b- Suppress T-lymphocyte
reaction against cancer
cells
c- Decrease cancer cell
sensitivity to NK cells
d- Affect leukocyte
inﬁltration and migration

Insulin-like growth factors (IGFs), transforming growth factor beta (TGF-), (EGFR)-epidermal growth
factor receptor, (HB-EGF)heparin-binding EGF, (VEGF) vascular endothelial growth factor, (b FGF) basic
ﬁbroblast growth factor,(Fas)First apoptosis signal, COL-IV, COL-XVIII collagen type IV, XVIII respectively
(EMT) epithelial to mesenchymal transition, (NK) natural killer
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1.4.4 Membrane-type matrix metalloproteinase
A subset of six MMPs with a hydrophobic moiety at the C-terminus, enabling
anchoring to the plasma membrane of cells, distinguishes the membrane-type
(MT-MMPs) group (Table 1-4). The hydrophobic sequences of MT1-, MT2-,
MT3-, and MT5-MMP constitute a transmembrane domain (Cao et al. 1995).
The proteins additionally share a characteristic short cytoplasmic tail of 20
amino acids that contain conserved motifs which play a possible role in
regulation. In contrast, hydrophobic stretches of MT4-MMP and MT6-MMP are
located at the very end of the carboxyl terminus, and act as a signal for
cleavage and transfer to the glycosylphosphatidylinositol (GPI) anchor (Kojima
et al. 2000).

Membrane-type matrix metalloproteinases (MT-MMPs) play an essential role in
the motion of many cell types. MT1-MMP is one of the most extensively
investigated enzymes because it is widely expressed in tumours and frequently
associated with enhanced tumourigenicity of many cancer types (Williams and
Coppolino 2011). However, there is limited information about how MT1MMP/MMP-14 expression is regulated in the plasma membrane. Detaching
membrane-tethered MT1-MMP/MMP-14 from the cell surface compromises its
activity but could contribute to its regulation (Rossé et al. 2014). MT-MMPs are
capable of auto-catalytic activation as well as by other proteinases such as
serine and metalloproteinases which are involved in the activation of pro-MMPs,
affecting the nature of the enzyme form in both the cell surface and the cellular
space (Kamioka et al. 2011).
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Table 1-4: Membrane-type MMPs. Membrane-bound MMPs anchored by GPI or a
transmembrane domain (TM)

Members

Alias

ECM targets

Other targets

MMP-14

MT1-MMP (TM)

Collagens I, II, and III;
gelatins, aggrecan;
fibronectin; Laminin;
fibrin

Pro-MMP-2; pro MMP13; CD44; MCP-3; tissue
transglutaminase

MMP-15

MT2-MMP (TM)

Fibronectin; laminin;
tenascin; nidogen
Aggrecan; perlecan

Pro-MMP-2; tissue
transglutaminase

MMP-16

MT3-MMP (TM)

CollagenIII; fibronectin;
Gelatine

Pro-MMP-2; Tissue
transglutaminase

MMP-17

MT4-MMP (GPI)

Gelatine; fibrinogen

Pro-MMP-2

MMP-24

MT5-MMP (TM)

Fibrin; gelatine

Pro-MMP-2

MMP-27

MT6-MMP (GPI )

Gelatine ;collagen IV;
Fibrin;
Fibronectin; laminin

34

1.4.4.1Membrane-type 1 matrix metalloproteinase structure
MT1-MMP/MMP-14 was the first membrane-type MMP identified and was
characterised as a specific activator of proMMP-2 (pro-gelatinase A) at the cell
surface (Sato et al. 1994). MT1-MMP is widely expressed, and its presence has
been documented in multiple cell types (Lafleur et al. 2009). For MT1-MMP to
exhibit proteolytic function on the cell surface, an essential amino acid motif
(RXKR) at the C-terminal end of the pro-peptide is cleaved by furin, a serine
proteinase belonging to the convertase family, or by related enzymes ,to
generate the active form (Figure 1-9)(Pahwa et al. 2014).

Figure 1-9: Structural domains of MT1-MMP
The catalytic (CAT) and hemopexin-like (HPX) domains are familiar to most MMPs, while the
transmembrane (TM) and cytoplasmic (CT) domains are unique to MT-MMPs. (Pahwa et al.
2014)
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1.4.4.2 Role of MT1-MMP in cancer
Transmembrane MT-MMPs (MT1, 2, 3, and 5) play a pivotal role in many
tumourigenic processes, and their expression is raised in a wide range of
tumours (Genís et al. 2006), Significantly MT1-MMP, the prototypic member of
this family, has a crucial role in tumorigenesis (Plaisier et al. 2004), particularly
tumour cell dissemination and metastasis (Yana and Seiki 2002).
The expression of MT1-MMP is associated with different poor prognosis in
patients with breast cancer, as well as advanced neuroblastoma, small cell lung
cancer, tongue squamous cell carcinoma, head and neck carcinoma, bladder
cancer, and ovarian cancer (Lafleur et al. 2009). As a result, increased tumour
cell expression of MT1-MMP enhances tumour growth, invasion, and
metastasis (Tomari et al. 2009). Migrated cells in invasive cancer frequently
express CD44, the hyaluronan receptor CD44H and matrix metalloproteinase
type 1 (MT1-MMP) degrading the pericellular extracellular matrix and acting as
a processing enzyme for CD44H releasing the factor as a soluble 70 kDa
fragment. Also, this processing event stimulates cell motilityexpression of
CD44H or MT1-MMP alone does not stimulate cell motility, however (Kajita et
al. 2001).

Present studies indicated that a selective MT1-MMP knock-down (siRNA)
reduced cancer cell motility and tumour growth in human melanoma,
fibrosarcoma, tongue squamous cell carcinoma, oral carcinoma, and breast
carcinoma cell line (Suojanen et al. 2009). For example, in gastric cancer,
knock down of MT1-MMP by small interfering RNA (siRNA) reduced the
capabability of cells to invade. Furthermore, inducing the expression of MT136

MMP into non-malignant cells and knockdown of MT1-MMP had no effect on
gastric cell proliferation, but significantly suppressed the cell migration and
invasion (Aloraifi et al. 2015).
The expression of MT1-MMP has been found to regulate expression of the
autophagy biomarker Bcl-2/adenovirus E1B 19 kDa interacting protein 3
(BNIP3), the overexpression of a full-length MT1-MMP recombinant protein led
to increased BNIP3 gene and protein expressions (Pratt et al. 2012). The
cytoplasmic domain of MT1-MMP was also found to be necessary for
transducing STAT3 (signal transducers and activators of transcription
phosphorylation). BNIP3 can also act as an inducer of autophagy in many cell
types and under different environmental conditions including hypoxia (Azad et
al. 2008).

1.1.1.1 MT1-MMP in breast cancer
MT1-MMP protein expression in breast cancer was inversely correlated to
overall patient survival. The overexpression of MT1-MMP was considered to be
a significant predictor of an unfavourable prognosis for breast cancer patients:
patients had a shorter survival time (Aloraifi et al. 2015).
Several in vitro and in vivo models have described the potential role of MT1MMP in cancer. Data from human breast cancer xenograft (HBC) cell lines and
HBC tissues into the mammary fat pad (MFP) or bone of immunocompromised
mice indicate marked and consistent upregulation of stromal (mouse) MT1‐MMP
expression in all xenografts studied, irrespective of implantation in the MFP or
bone environments (Lafleur et al. 2005a).
In metastatic breast tumour cell line MDA-MB-231, the expression of MT1-MMP
has been found to be very high, which is influenced by the extracellular matrix
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metalloprotease inducer (EMMPRIN) and is also related to clinical outcome and
survival in breast cancer patients (Jiang et al. 2006). Human breast carcinoma
cell surface-associated MT1-MMP, through being activated by proMMP2,
stimulates TCIPA (tumour cell induced platelet aggregation), which may
contribute to the deposit and aggregation of breast cancer cells (Rozanov et al.
2004).
Collagen influences the fate of epithelial cells by inducing apoptosis. Previous
studies demonstrate that membrane type-1 matrix metalloproteinase (MT1MMP/MMP-14) afford breast cancer cells the ability to escape apoptosis when
embedded in a collagen gel and after orthotropic implantation in vivo.
While in the absence of MT1-MMP proteolysis, type I collagen triggers
apoptosis by inducing the expression of the pro-apoptotic Bcl-2-interacting killer
in luminal-like breast cancer cells. These findings expose a new mechanism
whereby MT1-MMP activity promotes tumour progression by avoiding apoptosis
(Maquoi et al. 2011; Assent et al. 2015).

In breast cancer, hypoxia induces invasion through the degradation of the
extracellular matrix (ECM) by proteases, integrin adhesion and cell motility
(Semenza 2002). Hypoxia may also influence the ability of breast cancer cells to
activate pro invasive protease cascades in estrogen-receptor-negative, highly
invasive breast cancer cell lines MDA-MB-435 and MDA-MB-231. Blocking MT1MMP or MMP-2 either by using antibodies, siRNAs, or MMP inhibitors, was
effective in reducing the hypoxia-induced invasion, whereas other protease
inhibitors had no effect. Serum-free reconstitution experiments confirmed the
involvement of the MT1-MMP/MMP-2/TIMP-2 complex in this hypoxia-induced
response (Munoz-Najar et al. 2006).
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1.4.4.3 MT1-MMP as therapeutic target
MT1-MMP is highly expressed in a panel of solid human tumours that make it a
potential molecular target for anticancer drugs (Shiryaev et al. 2013) (Kaimal et
al. 2013). Strategies for targeted therapeutics have mainly focused on the use
of an antibody or ligand-based agents to inhibit MT1-MMP function (Kumar et
al. 2013). Looking for an alternative approach, it is of interest to employ
endogenous proteins as drug delivery carriers. TIMP2 shows specific interaction
with MT1-MMP (Stetler-Stevenson 2008) and was prepared as a conjugate with
lidamycin (LDM), an extremely potent cytotoxic antitumor antibiotic via a highly
active enediyne (AE). MT1-MMP binding to the active fusion protein was
investigated in its therapeutic efficacy against human esophageal carcinoma
(KYSE150) xenograft and a human fibrosarcoma (HT1080) xenograft modelin
nude mice. The result of this study suggested that TIMP2 might serve as a
guided carrier for targeted therapeutics (Xu et al. 2015).
Furthermore, many in vitro and in vivo studies have reported the crucial role for
MT1-MMP in tumour angiogenesis, suggesting that MT1-MMP is not only
universally required for angiogenesis, but also for the regulation and
participation of MT1-MMP in angiogenesis, which may depend on the nature of
the angiogenic stimulus (Plaisier et al. 2004). One study has shown that
lipopolysaccharide (LPS) seems to induce the formation of capillary tubes by
human or mouse endothelial cells (ECs) in an MT1-MMP-independent manner”
“similarly to the chemokine stromal cell-derived factor-1 (SDF-1)/CXCL12,.
Therefore, the therapeutic potential of this is demonstrated by MT1-MMP–
selective antibody inhibition of angiogenesis and tumour progression.The
unique localization tethered to the cell surface, strongly supports its potential as
a target for therapeutic exploitation in cancer (Genís et al. 2006).
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Today researchers have more knowledge about the gene changes in cells that
cause cancer; therefore they have been able to develop innovative drugs that
specifically target these changes, such as towards blood vessels fuelling tumour
growth. (Brannon-Peppas and Blanchette 2012).
Cancer therapeutic agents exploiting specific protein tumour phenotypes
provide significant opportunities to improve cancer treatment. The activity of
ICT2588 against colorectal, lung, breast, and prostate tumours supports its
widespread therapeutic potential and activation in clinical tumours associated
with MT1- MMP expression For example, ICT2588 is a vascular disrupting
agent (VDA) azademethylcolchicine conjugate developed for optimal hydrolysis
with matrix metalloproteinase MT1- MMP inside a tumour (Atkinson et al.
2010a). ICT2588 was designed to selectively deliver the VDA, colchicine
analogues to the tumour through activation by membrane-type MMPs (MTMMPs)

endopeptidases

specifically

located

within

the

tumour

microenvironment. ICT2588 demonstrates tumour specific metabolism to
convert an inactive “smart bomb” into its active chemotherapeutic metabolite,
and has shown significant promise (Atkinson et al. 2010b).
The substantial growth delay observed following administration of ICT2588
vascular disruption agents (VDA) in vivo indicates that expression of MT1-MMP
within the tumour microenvironment provides an additional dimension to the
therapeutic response. This indication of an integral role for the tumour
microenvironment in activation of ICT2588 is also useful in terms of cancer
therapy (Gill et al. 2014).
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1.5 Aims and Objectives
Several studies of different cancer types have shown that specific matrix
metalloproteinases (MMPs) are prognostic and diagnostic markers, and
therapeutic targets due to their overexpression compared to normal tissue.
Literature indicates high expression of MT1-MMP, in particular, in breast
cancers suggesting a potential role in tumour progression as models of tumour
microenvironment.

My objective is to confirm the expression of selected

members of the MT-MMP sub family (MT1-MMP, MT2-MMP, and MT3-MMP) in
2D monolayers and 3D multicellular tumour spheroids (MCTS) for identification
of

phenotype-specific breast cancer cells which could then be used for

screening candidate drugs targeting these enzymes.
Initial stages of target identification are traditionally carried out using in vitro
model systems; however, more reliable models will mimic the in vivo situation
as much as possible. The physiological microenvironment of a solid tumour
differs significantly from that of normal tissues. MCTS mimic many of the key
features within the physiological microenvironment of solid tumours. As such,
the exploration of MCTS compared to 2D cultures may reveal whether it is
suitable model for MT-MMP therapeutic intervention.
Specifically, the objectives of this research were:
1.

Optimization of best methods to form spheroids for each breast cancer
cell with different phenotype by using different cell numbers, different
methods (Hanging drop, spinner flask and non-treated round bottom 96
well plates) and examining the effect of supplements (methylcellulose
and ECM gel) (Chapter 2).
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2. Comparison the expression of MT-MMPs (MT1-MMP, MT2-MMP and
MT3-MMP) in breast cancer cell line 2D monolayers and 3D multicellular
tumour

spheroids

(MCTS)

using

different

techniques

(Immunofluorescence IF, Immunohistochemistry IHC, Flow cytometry
FACS and Western blot WB) (Chapter 3).
3. Investigation the impact of cell culture microenvironment changes
(hypoxic and serum-free conditions) on MT1-MMP expression in breast
cancer cell lines (Chapter 4).
4. Using an iTRAQ proteomics strategy, to exploration and comparison of
protein expression within 2D MCF-7 cell cultures grown under changing
microenvironment conditions and between different regions of MCF-7
MCTS. In addition, a targeted proteomics approach by Parallel-Reaction
Monitoring (PRM) mass spectrometry was used to assay for MT1-MMP
expression in MCF-7 cells

grown in different conditions (normoxic,

hypoxic, and serum-free) (Chapter 5).
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2 Chapter 2- Multicellular tumour spheroid model
(MCTS)
2.1

Introduction

2.1.1

Advantages and disadvantages of MCTS

MCTS model reflects the 3D cellular context and therapeutically relevant
pathophysiological gradients of in vivo tumours in contrast to classical
monolayer-based models (Hirschhaeuser et al. 2010). Despite the availability of
several

methods

to

study

the

characteristic

of

the

solid

tumours

microenvironment, including the use of biopsy material from patients, animal
models, and two-dimensional in vitro cell cultures, none precisely replicates in
vivo cancer biology (Sutherland et al. 1970). The complexity of a malignant
tumour micro-environmental condition such as hypoxia or nutrient deficiency
can be artificially induced in cultures however, the characteristic regional pattern
of tumours will always be incomplete however (Friedrich et al. 2007). This
leaves a remarkable difference between in vitro cultures and in vivo tumours
that can be partially filled by the use of three-dimensional cell cultures
(spheroids) (Nagelkerke et al. 2013). Multicellular tumour spheroids (MCTS)
have been used to study breast cancer biology.
Growing cell lines as 3D spheroids mimics a solid tumour regarding oxygen and
nutrient diffusion better than monolayer cultures. However, as there is no blood
supply in spheroids in vivo preclinical models are still required to achieve a
better understanding of how efficient the therapeutic agents are in reducing
cancer progression. Nevertheless, 3D spheroid culture can be considered an in
vitro technique that is closer to the in vivo setting original and enhances cellbased preclinical evaluation of compounds (Nagelkerke et al. 2013).
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2.1.2 MCTS formation in breast cancer cells
The morphology of breast cancer cells when grown as monolayers or 3D
cultures showed distinct differences. A panel of breast cancer cell lines
exhibited non-distinct morphology while culturing them as monolayers. Since 3D
cultures were grown on top of laminin-rich ECM (lrECM), they adopted
morphologies which can be classified into four types: round, mass, grape-like
and stellate morphologies (Kenny et al. 2007; Akins Jr et al. 2009; Cheng et al.
2018) (Figure 2-1 and Table 2-1) which classified the breast cancer cell lines
according to their shape in 3D culture.

Breast cancer Spheroids shapes

Figure 2-1: Breast cancer morphologies in 3D culture fall into four distinct groups. A
board of breast cancer cell lines was cultured in three dimensions and grouped into four distinct
morphologies. A schematic and key descriptors of each morphology are shown in addition to
phase contrast and F-actin and nuclear fluorescence images of representative cell lines of each
morphology: for Round, S1 is shown; Mass, BT-474; Grape-like, SK-BR-3; and Stellate, MDAMB-231. Scale bars: phase contrast, 50 mm; fluorescence, 20 mm. Figure adapted from(Kenny
et al. 2007)
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Table 2-1: Morphology of different breast cancer cell lines in 3D culture *

Round

Mass

Grape-like

Stellate

HCC1500

BT-474

AU565

BT-549

MCF-12A

BT-483

CAMA-1

Hs578T

MDA-MB-415

HCC70

MDA-MB-361

MDA-MB-231

MPE-600

HCC1569

MDA-MB-453

MDA-MB-436

S1

MCF-7

MDA-MB-468

T4-2

SK-BR3

T-47D

UACC-812
ZR-75-1
ZR-75-B



Highlighted cells were established in this study.

A correlation between cell morphology and factors such as tissue invasiveness,
and differential ability to metastasize was observed. For example, cell lines with
grape-like morphology (AU565, CAMA-1, MDA-MB-361, etc.) formed loosely
associated colonies, with reduced cell-to-cell adhesion which may correlate with
their highly metastatic potential as a tumour progresses (Kenny et al. 2007).
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2.1.3 Sequential layers of MCTS
The conventional view of the internal structure of MCTS is that there are three
regions which are formed as a result of nutrient-limited growth (Sutherland
1988), comprising the central necrotic, the inner quiescent, hypoxic and the
outer proliferating regions that mimic the microenvironment of solid humantumours (Figure 2-2).
Tumour spheroids have demonstrated in vitro several structures of in vivo solid
cancer tissues (Cukierman et al. 2001).

The heterogeneous spheroid structure is formed by cell motion and the
progress of cells through their cell cycle, which is generally considered to
consist of four phases of proliferate growth: the growth phase (G1), a phase of
DNA synthesis (S), a period before cell division (G2) and mitosis (M); and a
single phase of quiescent behaviour (G0). Many therapeutic strategies for
controlling tumour growth try to find how to manipulate the rate at which cells
are transferred between these phases: for example, by either decreasing the
proliferation rate or increasing the rate of apoptosis (Tindall and Please 2007;
Yamada and Cukierman 2007). There are two ways cells can undergo cell
death; either by necrosis or apoptosis. The rate of progress from one phase to
another is dependent on the local environment and the cell type (Tindall and
Please 2007).
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vs.

Figure 2-2: A comparison between 3D spheroid and tumour micro-regions.
Cells were grown in 3D cultures much more closely resemble the cells growing within living
tumours. Figure adapted from (Kunz-Schughart 1999)

2.1.4 Microenvironment /Hypoxia in MCTS model
MCTS models have been used to study clinically relevant aspects of tumour
biology, including hypoxia, protein expression patterns within tumours, and
responses to therapeutics (Leek et al. 2016). In vivo experiments studying
hypoxia are challenging due to the high degree of variation in oxygen tensions
within and amongst tumours, and a limited ability to ultimately identify regions of
chronic versus acute hypoxia (Hammond et al. 2014). For this reason, there
may be a disconnect between in vitro studies and the complex environment of a
tumour. Therefore, MCTS may contribute to bridging this gap (Riffle and Hegde
2017).
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2.2 Objectives of the research outlined in chapter


Our research objective in this chapter was to create a 3D MCTS model
from different phenotype breast cancer cells with different phenotype
(Luminal A, HER2 and claudin-low) and optimise the best method to form
these spheroids by using different techniques.



Use this model to explore the expression of different MT-MMPs (MT1MMP, MT2-MMP and MT3-MMP)

2.3 Materials and methods
2.3.1 Material
Dulbecco's modified Eagle's medium (DMEM), glutamine, sodium pyruvate,
penicillin, streptomycin, foetal bovine serum (FBS), phosphate-buffered saline
(PBS), Insulin solution human, trypsin, Accutase® solution, methylcellulose and
ECM Gel from Engelbreth-Holm-Swarm murine sarcoma were purchased from
Sigma-Aldrich UK.

2.3.2 Methods
2.3.2.1 Cell culture
The breast cancer cell lines used were MCF-7 (ATCC HTB-22), T47D (ATCC
HTB-133), MDA-MB-231 (ATCC HTB-26) and MDA-MB-453 (ATCC HTB-129)
and fibrosarcoma cells HT1080 (ATCC® CCL-121™), which was used as a
positive control for MT1-MMP protein. All cell lines were cultured at 5% CO2,
95% air and 100% humidity at 37°C, using complete DMEM media, which
comprised foetal bovine serum (FBS, 50 mL), 10% (v/v) sodium pyruvate (5 mL)
and 0.01 mg/ml insulin to DMEM media (500 mL).
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2.3.2.2 Passaging cell lines
When cells were 75% confluent, they were washed twice using 10 ml of
Phosphate buffer saline (PBS) before adding 2 ml of 0.25% trypsin/EDTA for 5
min in 37°C incubator to detach the cells from the flask. Trypsin was inactivated
by 10 ml of complete medium. The cell suspension was transferred to a 20 ml
universal tube and centrifuged at 1000g relative centrifugal force (RCF) for 5
min. Afterwards, media was carefully removed; 10 ml of fresh medium added to
the cell pellet and mixed by vortex to re-suspend the cells. Then, 1 ml of the cell

suspension was added to another 9 ml of complete medium in a new 75 cm 2
flask and kept in the incubator at 37oC, 5% CO2 and 100% humidity.

2.3.2.3 Determination of the cell concentration
The cell concentration was determined using a hemocytometer; 10μl of cell
suspension was transferred to each chamber of the hemocytometer by pipetting
under the coverslip, allowing the chamber to be filled by capillary action. Under
the light microscope, using the 10X objective lens and focusing on the gridlines
of the chamber, the cells were counted in the central region and the four
squares of the corners of each chamber. Cells that were on the grid lines were
counted only if they lay on the top and right-hand lines of each square. The cell
concentration was then calculated according to the following equation:
Cells/ml = Average number of cells in one large square × 104 *
* 104 = is the conversion factor to convert 10-4 ml (volume of one large square)
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2.3.2.4 Cell line growth curves
Growth curves were prepared to assess whether cells utilized in experiments
were within the log phase (exponential growth phase). When cell lines reached
70–80% of confluence, suspension cells were poured in 20ml tubes and
centrifuged for 5 minutes at 1000 RCF. The supernatant was removed, and 10
ml of fresh medium was added to re-suspend cells by shaking, then 10μl of
suspension cells was placed in the chamber of the hemocytometer to count the
number of cells for concentrations (1×104 cell/ml) as described above.
For growth curve determination, five T25 flasks of cell concentration (1×104
cells/ml) were prepared to add 10 ml of each set of suspension cells on days 1,
2, 3, 4, and 7. Each day, the flask was counted for each concentration, and the
growth curves plotted. The growth curves were evaluated in triplicate
experiments.

2.3.2.5 Spheroid formation in different breast cancer cell line
2.3.2.5.1 Optimization of best concentration for breast cancer cells to form
spheroids
Different concentrations of cell suspension were used to determine the optimum
to form typical spheroids according to the spheroid size and the time required to
form them, using the hanging drop method. Initially, a cell suspension of each
cell line at a different concentration of cells was prepared (Table 2-2), either
supplemented with 20% methylcellulose (MCF-7 and T47D) or 10% ECM gel
(MDA-MB-231 and MDA-MB-453). Then, 30 μl of cell suspension was
transferred using a multichannel pipette and seeded on the lid of 60 mm Petri
dishes. PBS (5 ml) was added to the bottom of the dish to prevent dehydration
of the drops. The lid was then inverted carefully on top of the PBS filled dish
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(Figure 2-3) and left in the incubator at 37°C and 5% CO 2 overnight. Next day
the diameter of 20 spheroids was measured under the microscope using a light
microscope using an eyepiece graticule (calibrated using a stage micrometer at
the same magnification). 20 µl of the medium was added to each spheroid drop
by micropipette and renewed every second day by removing 30 µl of media and
add 20µl new media. Photographs were taken using a 20X objective lens on
Lumascope microscope.

Table 2-2: Concentrations used to prepare spheroids.
Equivalent conc. of
cell/ml

Number of cell/30μl
cells
4

5

10

3.33×10

5000

1.66×10

2000

0.66×10

1000

3.33×10

500

1.66×10

5
5
4
4

Figure 2-3: Schematic illustration of the rotating a cell culture plate with hanging drops
when microscopically imaging aggregates. (Nagelkerke et al. 2013)
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Different methods were used for spheroid formation to determine which was
best for consistency (uniform shape) and compactness (structural stability). A
number of spheroids were collected with each technique using different breast
cancer cells phenotypes.

2.3.2.5.1.1 Hanging Drop method
See protocol described in 2.3.2.5
2.3.2.5.1.2 Spinner flask method
Three-dimensional (3D) MCTS were generated from different breast cancer cell
lines using the spinner flask culture technique (O'Connor, 1999). Cells were
seeded in 250 ml spinner flasks at a concentration of 4×10 6 cells in 100 ml
complete DMEM, incubated at 37ºC on a magnetic stirrer plate (Techne, Bibby
Scientific Limited, Stafford, UK) and stirred at 60 rpm. The medium was added
to make up 250 ml and renewed every two days. Photographs were taken using
a 20X objective lens on a Lumascope microscope.
2.3.2.5.1.3 Non-treated round bottom 96 well plate
In this method, dependent on the cell concentration after collecting cells, 12 ml
suspensions were prepared with 104 cells/100 µl supplemented either with 20%
methylcellulose or 10% ECM gel, depending on the cell type. Cells suspensions
(100 µl) were added to each well in the plate using a multichannel micropipette,
centrifuge the plate for 20 min /1000 RCF then keep it in the incubator at 37 oC.
Media was changed each 2-3 days by taking out 100 µl and adding a new 100
µl aliquot.
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2.3.2.5.2 The spheroids growth curve for different breast cancer cell lines
Determination of spheroid growth was performed by measuring the spheroids
diameter every second day. The diameter of 20 spheroids was measured by a
light microscope using an eyepiece graticule (calibrated using a stage
micrometre at the same magnification). Measurements were plotted as a graph
with the mean of the diameters of at least 20 spheroids on the Y-axis and time
(days) on the X-axis.
2.3.2.5.3 Supplement effect on forming spheroids
Two different materials were used to create a compact spheroid depending on
the breast cancer cell type:
2.3.2.5.3.1 Methylcellulose
The preparation of methylcellulose solution is essential for obtaining welldefined,

rounded

spheroids

and

to

enhance

cell

matrix

assembly.

Methylcellulose (6 g) was autoclaved in a 500 ml flask containing a magnetic
stirrer. The autoclaved methylcellulose was then mixed in preheated in 250 ml
of medium at 60°C for 30 min. Then, an additional 250 ml medium was added
and stirred for a further 30 min at room temperature. The methylcellulose
solution was left for 1-2 h at 4°C to ensure a complete solution. The 500 ml of
methylcellulose solution was then centrifuged (5000 g, 2 h, RT). The clear
highly viscous supernatant was kept at 4°C.
2.3.2.5.3.2 Extracellular matrix gel (ECM)
The major classes of molecules that regulate cellular development and function
include growth and differentiation factors, cell adhesion molecules, and
components of the extracellular matrix (ECM). The major constituents of the
ECM include collagens, non-collagenous glycoproteins, and proteoglycans.
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ECM gel was diluted up to 10% with chilled (2-8 °C) Dulbecco's Modified
Eagle's Medium (DMEM). Dilution was necessary before addition to the medium
in cases where the gel was still gelatinous when cold.

2.4 Results
2.4.1 Cell line growth curves in monolayer cultures
Growth curves were measured to identify the lag, log and saturation phases, to
analyse the cellular growth and determine the optimum time for their use in
assays (Figure 2-4). All the cell lines exhibited similar growth curves began
exponential growth from the day 1 to day 4 or 5 after which cells entered into
slower rate as they neared confluency. MCF-7 achieved the highest density at
(1.9x105 cells/ml), whereas T47D was only approximately half of this throughout
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Figure 2-4: Cell lines growth curves. Breast cancer cell lines (MCF-7, T47D, MDA-MB-231
and MDA-MB-453) (n = 3)
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2.4.2 Optimization of breast cancer cell concentration to form
spheroids
The hanging-drop method was used to investigate the best cell seeding
numbers for forming spheroids with different breast cancer cells (MCF-7, T47D,
MDA-MB-231 and MDA-MB-453) according to the compactness and spheroids
size growing for five days. Results indicated that seeding (104 cells/30 µl)
produced the biggest spheroid diameter after 5 days, and it was the optimum
concentration for all cell lines (Figure 2-5). With all the cell lines, the more cells
that were used for seeding, the larger the spheroids formed. T47D spheroids,
however, were consistently smaller than those for the other cell lines.

Figure 2-5: Identification of the best concentration of cells to form spheroid. Spheroids
formation in different breast cancer cells (MCF-7, T47D, MDA-MB-231, and MDA-MB-453)
4
using hanging drop method and different seeding cell number - 500, 1000, 2000 or 10 /30µl
(n=3).
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2.4.3 Spheroids formation methods
2.4.3.1 Hanging Drop method
The hanging-drop method was used to form spheroids for different breast
cancer cells (MCF-7, T47D, MDA-MB-231 and MDA-MB-453) over five day
period (Figure 2-6). Different cell lines showed a variation in shape,
compactness and size between the spheroids. Methylcellulose was added as a
supplement for MCF-7 and T47D cells while ECM gel was added for MDA-MB231 and MDA-MB-453, which formed only loosely aggregated cells without this
supplement. MCF-7 and T47D spheroids were more spherical and compact

MDA-MB-453

MDA-MB-231

T47D

MCF-7

compared with MDA-MB-231 and MDA-MB-453 spheroids.

Figure 2-6: Spheroid formation in MCF-7, T47D, MDA-MB-231 and MDA-MB-453 breast
cancer cells – hanging-drop method. Magnification was X20 by Lumascope microscope with
scale bar 100µm (n = 3).
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2.4.3.2 Spinner flask method
MCF-7 spheroids reached a size of approximately 400 µm diameter and T47D
around 250 µm after 3 days (Figure 2-7). Leaving the spheroids longer was not
beneficial dues to the inconsistent size and shape. This method was suitable for
these cells but not for MDA-MB231 and MDA-MB-453 as it was not possible to
form spheroids in these cells without adding the ECM gel as supplement.

MCF-7

T47D

Figure 2-7: Spheroids formation with MCF-7 and T47D breast cancer cells – Spinner flask
method. Magnification was 20X by Lumascope microscope with scale bar 100µm. (n=2)

2.4.3.3 Non-treated round bottom 96 well plate
Data results for each cell line (MCF-7, T47D, MDA-MB-231 or MDA-MB-453)
indicated that spheroid diameter increased gradually from day 1 to day 10,
though the diameter varied (Figure 2-8). MCF-7 cells achieved the largest
diameter reaching approximately 1400 μm by day 10 compared to T47D cells
which were the smallest at 700 μm. All the cell lines, except MDA-MB-453,

exhibited differential layers with increasing time and spheroid size. Furthermore,
all the cell lines exhibited exponential growth during the first 8 days with the
MCF-7 spheroids growing fastest, the MDA-MB-231, MDA-MD-453 and T47D
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(Figure 2-6). Growing the spheroids for more than 10 days did not significantly
change their size or micro-heterogeneity (data not shown).

Day3

Day7

Day10

MDA-MB-453

MDA-MB-231

T47D

MCF-7

Day1

Figure 2-8: Time course for growing spheroids using MCF-7, T47D, MDA-MB-231, and
MDA-MB-453 breast cancer cells in round bottom 96 well plate method. Magnification was
20X by Lumascope microscope with scale bar 200µm. (n=3)
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MDA-MB-231
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MDA-MB-453
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Day3

Day5

Day7
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Figure 2-9: MCF-7, T47D, MDA-MB-231 and MDA-MB-453 breast cancer spheroids growth
curves. For non-treated 96 well plate methods. Growth curve represents the average of at
least 20 spheroids, and error bars are SD.

2.4.4 Effect of supplement on spheroid formation
The 3D morphology of breast cancer cell lines can be classified into different
types of 3D suspension: compact spheroids, stable aggregates and loose
association of cells. Four breast cancer cell lines tested MCF7, T-47D, MDAMB-231 and MDA-MB-453, spontaneously formed spheroids in suspension in a
non-treated round bottom 96-well plate within a 24hr culture period. The MCF-7
and T47D cells form spheroids with and without adding any additives, but they
were more compact when 20% of methylcellulose was added as a supplement.
In contrast, MDA-MB-231 and MDA-MB-453 cells formed just loose aggregates
without any additives or and uncompacted spheroids with 20% methylcellulose,
but they formed compact spheroids when 10% of the ECM gel was added as a
supplement to the cell suspension (Figure 2-10).
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With
supplement

µµ

MDA-MB-453

MDA-MB-231

T47D

MCF-7

Without
supplement

Figure 2-10: The effect of supplements (20% methylcellulose for MCF-7 and T47D cell
line and 10% of ECM gel for MDA-MB-231 and MDA-MB-453) on spheroid morphology of
MCF-7, T47D, and MDA-MB-231 and MDA-MB-453 breast cancer lines. Magnification was
20X by Lumascope microscope with scale bar 200µm. (n=3)
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2.5 Discussion
Recently three-dimensional (3D) models had proved a beter representation of
the microenvironment of living tissues compared to the behaviour of cells in 2D
cultures. 3D models allow us to study specific factors under more
physiologically relevant conditions concerning dimensionality, architecture and
cell polarity (Yamada and Cukierman 2007). At the same time, the complexity
and diversity of in vivo ECM organisation and molecular composition cannot be
easily mimicked in vitro (Even-Ram and Yamada 2005).
Different techniques are available to culture cancer cells as spheroids as
reviewed in (Kim et al. 2004; Kunz-Schughart et al. 2004; Hegedüs et al. 2008;
Hirschhaeuser et al. 2010). We have employed several techniques to produce
spheroids of different breast cancer cell lines, MCF-7, T47D, MDA-MB-231 and
MDA-MB-453. Remarkably, we found that some regularly used methods do not
yield the compact, uniformly shaped spheroids we were looking for. To culture
spheroids, cells must adhere to each other instead of to the substratum on
which they are plated. This can be achieved both mechanically, by continuous
movement of the cells (spinner culture) or by defying gravity (hanging drop
technique), and using a non-adhesive method (non-treated 96 well plate).Each
method had its advantages and disadvantages (Table 2-3).
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(Table 2-3): Advantages and disadvantages of different methods.
Spheroids culture
methods
1.

Spinner flask

Advantage


cultures

2.

Hanging drop
technique



Disadvantage

spheroids can be
produced on a large
scale



Easy to do








Form a small scale of
spheroids
difficult to change the media
for each spheroid
short time producible



require specialized equipment



3.

non-treated 96
well plate






spheroids can be
produced on a large
scale
generated uniform
spheroids in size and
shape
easy way to change the
media
long-time producible

mechanical forces exerted on
the cells may cause damage
require specialized equipment
generated different spheroids
in size and shape

Using a spinner flask method resulted in non-uniform spheroids for MCF-7 and
T47D cells compared with 96-well plate method. In contrast, no spheroids were
form by MDA-MB-231and MDA-MB-453 cell line after three days. Similar results
were shown in other methods: as they just form loos aggregates without adding
any supplement as adhering factor (methyl cellulose or ECM gel). Our results
confirmed the results found by Kim and Friedrich (Kim et al. 2004; Friedrich et
al. 2007), as they use agarose as the non-adherent substrate in 96-wells plates,
and also agree with the result presented by (Ivascu and Kubbies 2006) as they
used eight different breast cancer cell line including the same cells that we had
used. Interestingly their results presented that all cell lines except MCF7 and
T47D formed spheroids

in the presence of 2.5% reconstituted basement

membrane rBM.
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Recent studies showed that the spontaneous formation of spheroids in the
absence of additives is limited to a number of specific breast cancer cell lines
(Nagelkerke et al. 2013). The majority grow only as aggregates with loose cellcell contacts when cultured in 3D. Using matrigel reconstituted basement
membrane (rBM, Matrigel™) to the culture medium prior to centrifugation, most
effectively induced compact spheroid formation (Ivascu and Kubbies 2006).
Methylcellulose 0.24% (w/v) has previously been used for preparation of
spheroids from MCF-7 (Nagelkerke et al. 2013) and 2.5% reconstituted
basement membrane (Matrigel) for MDA-MB-231 and MDA-MB-453 cells
(Ivascu and Kubbies 2006).

Also ECM gel had been used as a supplement to support formation of breast
cancer spheroids (Kenny et al. 2007) as verified by our results to use (10%) of
ECM gel for MDA-MB-231 and MDA-MB-453 spheroid preparation in nontreated round bottom 96 well plates provided greater consistency in size and
shape compared to the other method, and produced sufficient spheroids for
subsequent analyses (IHC and proteomics). This method also offered greater
flexibility for further optimisation, such as addition of supplements, to enable all
the cell lines to be grown as spheroids.
Therefore, the 96-well plate method was used for further studies of microenvironmental heterogeneity in spheroids and their impact on MT-MMP
expression (Ivascu and Kubbies 2006).
Overall, we identified the 96-well breast cancer spheroid preparation method as
the optimal approach for working with different phenotypic cell lines, provide 3D
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structures of regular size and shape with clear cellular heterogeneity developing
over a period of 10 days and could be produced in sufficient quantities for
further experiments – immunohistochemistry (Chapter 3) and proteomics
(Chapter 5).
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3 Chapter 3- Comparison of MT-MMP expression in
breast cancer cells 2D mono layer and 3D MCTS
cultures
3.1 Introduction
3.1.1 Breast cancer in a panel of breast cancer cell lines
Human breast tumours are histologically complex tissues, containing a
diversity of cell types as well as the carcinoma cells, with each cell signal
transduction and regulatory system converting information from the cell's
identity to its environmental status, thus controlling the level of expression of
every gene in the genome (Perou et al. 2000).
Breast cancer gene expression profiles have been widely applied with a diverse
number of clusters being matched into various phenotypes. For example, 84
cell lines have been characterised based on the status of three essential
receptors conventionally used for breast cancer subtyping; i.e. estrogen
receptor (ER), progesterone receptor (PR), and human epithelial receptor 2
(HER2) (Dai et al. 2017).
Breast cancer cells can also classified accoriding to their sub-type using the
terms, luminal A (e.g MCF-7), luminal B e.g. BT474, HER2 positive e.g. MDAMB-453 and triple negative subtypes e.g. MDA-MB-231. Additional sub-classes
for triple negative cells being basal A and basal B indicates further complexity,
with the former being more luminal-like and basal B being more basal-like. For
example, MDA-MB-468 is classified as basal A (Neve et al. 2006), while it is
described as weakly luminal by others (Lacroix et al. 2004). Whereas Hs578T
and MDA-MB-231 are grouped as basal B (Kao et al. 2009), then characterized
further as claudin-low (Siroy et al. 2013), or even mesenchymal-like (Charafe65

Jauffret et al. 2005), metaplastic breast cancer MBC and interferon-rich. The
most frequently used breast cancer classification structure mapped the cell line
subtyping nomenclatures from different literature sources (Figure 3-1). (Dai et
al. 2017) The morphological features of the subtypes in tumours and cell lines
according well, with luminal tumours having better prognosis and luminal cell
lines less aggressive than that in triple negative tumours and cell lines.

MCF-7

BT474

MDA-MB-453

MDA-MB-231

Figure 3-1: Subtyping comparison between breast cancer cell lines and tumours. Figure
adapted from (Dai et al. 2017)

3.1.2 Expression of MT-MMPs in breast cancer
Breast cancer tissue has been shown to contain most MMPs (Heppner et al.
1996; Bartsch et al. 2003). Three members of the membrane-type MMP sub
family (MT-MMPs), MT1-MMP, MT2-MMP, and MT3-MMP are thought to be
activators of matrix metalloproteinase 2 (proMMP-2, pro-gelatinase A) in breast
cancer tissues (Puente et al. 1996). Activation of proMMP-2 is one of the critical
steps in invasion and metastasis of various human carcinomas which result in
the degradation of the ECM surrounding cancer cells and blood vessels (Ueno
et al. 1997).
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MT-MMPs have equally been proposed to play a key role in cancer progression
and particularly to pre-cellular proteolysis due to their membrane-associated
localization (Gillian and Hideaki 2011). Using RT-PCR, MT1-MMP, MT2-MMP
and MT3-MMP expression was identified presented in different human breast
cancer (HBC) xenografts and primary tissues when inoculated into the
mammary fat pad (MFP) or bone of immunocompromised mice (Lafleur et al.
2005b).

3.1.2.1 Expression of MT1-MMP in breast cancer
Of the MT-MMPs, by far most research has focused on MT1-MMP. MT1-MMP is
highly expressed in all human cancer types, including lung (Shiomi and Okada
2003), breast (Shiomi and Okada 2003), colon (Okada et al. 1995), cervical
cancer (De Vicente et al. 2007) and prostate cancer (Wang et al. 2014),
suggesting a potential role in tumour progression (Gialeli et al. 2011). The
finding of MT1-MMP transcripts in stromal cells in the vicinity of lung and breast
tumour cells emphasises the cooperation between these cells and cancer cells
for the expression of MT-MMP and in tumour invasion in vivo (Polette et al.
1996).
Specific pre-invasive tumour cells can produce soluble factor(s) which induce
MT1-MMP production by the surrounding stroma leading to degradation of
basement membrane and ECM components, directly and via MMP-2 activation
and hence facilitate the invasion of these tumour cells (Yao et al. 2013).
A number of in vitro and in vivo models have suggested a potential role for MT1MMP in cancer. In human breast cancer xenograft model, breast tumours
induced MT1-MMP production from stromal cells (Lafleur et al. 2005b).
Extracellular matrix metalloprotease inducer (EMMPRIN) which can induce the
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expression of MT1-MMP has been found to be highly positive in metastatic
breast tumour cells and related to the clinical outcome of patients in breast
cancer and with survival of the patients (Reimers et al. 2004).
A study by Aoraifi et al. indicated that the mRNA and protein level of MT1-MMP
was significantly increased in in 53 breast cancer specimens. The highest
expression of MT1-MMP was found in those specimens showing lymph node
metastasis and/or lymph vessel invasion, and distant metastasis of breast
cancer patients. Moreover, results suggested that MT1-MMP was a significant
prognostic factor for breast cancer (Aloraifi et al. 2015).
The expression of cancer cell-associated MT1-MMP also correlated with blood
vessel invasion (BVI). In a study of 102 breast cancer biopsies, MT1-MMP
downregulation in TNBC cells was linked to decreased lung metastasis without
affecting primary tumour growth. This study established that MT1-MMP activity
in breast tumours was essential for BVI, but not lymphatic vessel invasion (LVI)
and that MT1-MMP should be further explored as a predictor and therapeutic
target of haematogenous metastasis in TNBC patients (Perentes et al. 2011;
Aloraifi et al. 2015).
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3.2 Objectives of this chapter


In this chapter aimed to investigate the expression of three members of
membrane-type metalloproteinase sub family: MT1-MMP, MT2-MMP and
MT3-MMP, in phenotype-specific breast cancer cells using 2D, 3D and
xenograft models.

3.3 Materials and Methods
3.3.1 Material
The materials used for cell culture and spheroids formation are as described in
section (2.3.1); APES (3-aminopropyltriethoxysilane), Triton X-100 were
purchased from Sigma-Aldrich

3.3.2 Methods
3.3.2.1 Expression of MT-MMPs in 2D monolayer breast cancer
cell lines
A range of methods was used to detect the expression of MT1-MMP, MT2-MMP
and MT3-MMP in cell lines grown under different conditions, including
immunofluorescence (IF), immunohistochemistry (IHC), flow cytometry and
western blotting (WB).
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3.3.2.1.1 Immunofluorescence for MT1-MMP, MT2-MMP AND MT3-MMP
expression in different breast cancer cell line
Immunofluorescence (IF) methods use fluorescent antibodies to detect specific
proteins and their localisation in cells (Odell and Cook 2013). Here, IF was used
for detecting the expression of MT1-MMP, MT2-MMP, MT3-MMP, hypoxic
marker, carbonic anhydrase IX (CA-IX) and autophagy marker, LC3 (Table 3-1).

Cells (MCF-7, MDA-MB-231, MDA-MB-453, T47D and HT1080) were grown as
previously described (Chapter 2, section 2.3.2.1), suspended at a density of
3 x 105 cells/ml and seeded on autoclaved coverslips in 6-well plates.
The following day, cells were washed with PBS twice, and fixed with cold
methanol for 10-15 minutes at 4°C. The methanol was removed and the cells
left to air dry. Coverslips were used immediately or kept at -20° C until ready to
use.
On the day of the experiment, coverslips were taken from the -20° C freezer;
allowed to equilibrate to room temperature and rehydrated by immersion in PBS
for 5 min. This step was repeated twice. For each 6-well plate, the cells on the
coverslips of 3 plate wells were permeabilised using (0.1% (v/v) Triton X-100 in
PBS) for 15 min at RT and the other 3 plate wells without Triton X-100 to
compare protein expression under each condition. Consequently, cells were
blocked to prevent non-specific binding by incubating for 1 h with 1.5% (v/v)
normal serum. Blocking serum was chosen from species where the secondary
antibody was raised (Table 3-1).
After blocking, cells were stained with primary antibody overnight at 4°C. Cells
were washed with PBS solution 3 times for 2 min each, the secondary antibody
added and left for 1 hr at RT. The cells were washed with PBS 3 times for 2
min. each. One drop of mounting media containing DAPI (Vectashield, Vector
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Laboratories) was added to microscope slides for nucleus staining,the
coverslips were added on top of the DAPI-mounting medium and left to dry for
1-2 hr at 4°C. A Leica DM 2000 fluorescence microscope was used to take
images.
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Table 3-1: Primary and secondary antibodies for IF and IHC

Antibody

Host
species of
primary
antibody

Technique
Used for

Source of
Primary
antibody

Primary
antibody
dilution

Catalogue
No.

Host
species
secondary antibody

of

Source of
Secondary
antibody

secondary
antibody
dilution

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

Catalogue No.

Donkey anti rabbit
Alexa fluor 546,
MT1-MMP

Monoclonal
rabbit

IF,IHC
and FACS

Abcam

1:200,1:200,
1:100
respectively

ab51074

Goat anti rabbit
Alexa fluor 488,
Biotinylated anti rabbit

MT1-MMP

Polyclonal
rabbit

IF,IHC

Abcam

1:200

ab3644

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

MT2-MMP

Polyclonal
rabbit

IF,IHC

Novus

1:200

NB6001486

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

MT3-MMP

Polyclonal
rabbit

IF,IHC

Novus

1:200

NBP167634

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

CA-IX

Polyclonal
rabbit

IF,IHC

Novus

1:200

NB100417

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

LC3

Polyclonal
rabbit

IF

ABGENT

1:100

AP1802a

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

CASP3

Polyclonal
rabbit

IHC

Cell
Signaling

1:150

#9661

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

Ki67

Polyclonal
rabbit

IHC

CHEMICO
N

1:500

AB9260

=

Life technologies,
Vector

1:200,1:150

(A10040,A11034),
BA-1000

72

3.3.2.1.2 Western blot for MT1-MMP, MT2-MMP and MT3-MMP expression
in different breast cancer cell lines

Western blotting is a technique used to detect specific proteins in a given
sample or extract after their separation using polyacrylamide gel electrophoresis
(PAGE) (Chen et al. 2014). This process includes sample preparation, gel
electrophoresis, a transfer from gel to the membrane (nitrocellulose or
polyvinylidene fluoride PVD), and immunostaining for protein detection.
Protocols required optimisation, including: a selection of membrane, selection of
blocking buffer (5% Skimmed milk or 3% BSA) and the primary antibody
concentration for each protein. This technique was used to detect semiquantitative levels of MT1-MMP, MT2-MMP and MT3-MMP in protein extracts
from different monolayer breast cancer cell monolayer (MCF-7, T47D, MDAMB-231 and MDA-MB-453), in the MT-MMP positive control HT-1080
fibrosarcoma cell line, and in MCF-7 spheroids layers.
3.3.2.1.2.1 Sample preparation
The selected cells lines were cultured and harvested as outlined in section
2.3.2.1. The cells pellet suspended in 150-200 μl RIPA lysis buffer [50 mM TrisHCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate SDS]. Cell suspensions
were kept on ice for 15-20 min, followed by sonication (10 seconds, 3 cycles at
power 10) twice using a Status US70 sonicating probe (Philips Harris Scientific,
UK); between the two sonication steps, samples were kept on ice for the 30
sec. Samples were centrifuged at 14,000 RCF for 20 min at 4ºC. Supernatants
were removed to new eppendorf tubes.
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3.3.2.1.2.2 Bradford assay
The total protein concentration in each sample was measured using a protein
assay kit (Thermo Scientific Pierce) according to the Bradford

protocol

(Bradford, 1976), which relies on the linear relationship between absorption and
the amount of Coomassie dye bound to the proteins present in the lysate.
A standard graph was established by preparing serial dilutions of bovine serum
albumin (BSA) ranging from (0.05 -1.5 mg/ml) in a final volume of 100 µl of
distilled water (dH2O). The blank consisted of distilled water (100 µl). The cell
lysate samples were diluted 20 times in distilled water in a final volume of 100
µl. Bradford reagent (1.5 ml) was then added to all samples, mixed by vortexing
and then incubated for 15 min. at RT.
The sample absorbance at 595nm was measured using a Cary 50 Bio UV
Visible spectrophotometer (Varian Ltd, UK). The absorbance was read three
times with the resulting absorbance expressed as a mean of the three readings.
The standard curve was automatically plotted (Figure 3-2) and each sample
protein concentration determined from the linear regression equation of the
standard graph. Once the protein concentration of the samples was established,
each sample was divided into 50 μg aliquots.
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y = 0.8139x
R² = 0.9959
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Figure 3-2: Representative calibration graph for protein concentration using Bradford
assay. Data points signify the mean ± SD (n=3).

3.3.2.1.2.3 Polyacrylamide gel preparation
The gel loading assembly (Bio-Rad, Hemel Hempstead, UK) was cleaned with
70% ethanol and assembled as directed by the manufacturer’s instructions.
Unless otherwise stated chemicals used in this section were sourced from BioRad. SDS-PAGE gels were used to separate protein samples according to their
electrophoretic mobility, using the Mini-Protean II system (Bio-Rad). The
percentage of the resolving gel was selected by the molecular weight (M.wt) of
the protein to be immuno-detected (Table 3-2).
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Table 3-2: SDS PAGE acrylamide composition for western blot

Protein size (kDa)

Gel percentage %

4-40

20

12-45

15

10-70

12.5

15-100

10

25-200

8

in most cases, a 12% resolving gel was prepared and pipetted into the
assembled apparatus (Table 3-3). Approximately 1 ml of isobutanol was
carefully layered on top of the resolving gel, and the gel left for 20 minutes to
polymerise. The isobutanol was removed, and the top of the gel rinsed twice
with methanol. A stacking gel (6%) was prepared and pipetted above the
resolving gel (Table 3-4). A 10-well comb was inserted, and the gel allowed
polymerise at room temperature for at least 30 min. The comb was then
removed, and the gel apparatus transferred to an electrophoresis buffer tank
(Bio-Rad) filled with 1x running electrophoresis buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3).

Table 3-3: Resolving gel reagents contents

12 % Resolving Gel

Total volume - ml

H2O

1.9

30% acrylamide mix

1.7

1.5 M Tris-HCl (pH 8.8)

1.3

10% SDS (GE Healthcare)
10% ammonium
persulfate

0.05

TEMED

0.002
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0.05

Table 3-4: Stacking gel reagents contents

6% Stacking Gel

Total volume - ml

H2O

1.95

30% acrylamide mix

1

1.5 M Tris-HCl (pH 8.8)

1.95

10% SDS (GE Healthcare)

0.05

10% ammonium persulfate

0.05

TEMED

0.004

3.3.2.1.2.4 Sample preparation
Samples, equivalent to 30 μg of protein, were mixed with 10 μL of SDS
reducing buffer (Laemmli buffer; 63mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS,
0.0005% bromophenol blue and 0.1% β-mercaptoethanol) and heated to 70°C
for 15 minutes. Denatured lysates were diluted with HPLC grade water to derive
a consistent volume before loading to SDS polyacrylamide gels, with a 6% (v/v)
stacking gel and 12 % (v/v) separating gel in electrophoresis buffer (25 mM Tris,
193 mM glycine, 0.1% SDS). Denatured lysates and 10μl of Precision plus
Protein Standard (Fisher Scientific UK, 10-250 kDa) were resolved with a MiniPROTEAN 3 Cell system (Bio-Rad) for 10 min at 80 V and then 1 hr for 150 V.
3.3.2.1.2.5 Coomassie Blue stain
Coomassie Blue (0.25 g) was dissolved in a solution (90 ml) containing a 1:1
ratio of methanol: distilled H2O, 11% glacial acetic acid and then filtered. The
SDS-PAGE gel was immersed in at least 5 volumes of the stain for a minimum
of 4 hours on a shaking platform. The gel was destained with a solution
containing a 1:1 ratio of methanol: distilled H2O, 11% glacial acetic acid, for 24
hours at RT on a rocker, with a single change after 30 minutes.
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3.3.2.1.2.6 Western blotting
Following SDS-PAGE, the separated proteins were then transferred to a
nitrocellulose membrane (Amersham Biosciences, Amersham, UK) in transfer
buffer (10% of 10x transfer buffer [190mM Tris, 1.92M glycine and 1% SDS] in
20% ethanol and 70% distilled H2O) at 300 mA for 90 min. The blotted
nitrocellulose membrane was washed with TBS-Tween 20 (10% TBS Buffer pH
7.6 + 500 µl Tween-20). The membrane was incubated with either (5% w/v milk
or 3% w/v [BSA] in TBS-Tween 20 buffer) to block the non-specific protein
binding with gentle rocking. The membranes were then exposed to primary
antibodies in (5% w/v milk or 3%BSA) at 4ºC on a shaker overnight (Table 3-5).
The membrane was then washed with TBST (3 × 5 min) and subsequently
incubated with 5 ml of 5% blocking solution containing horseradish peroxidase
(HRP)-based secondary antibody (Table 3-5) for 1 h on a shaker. Finally, the
membrane was washed with TBST (3 × 5 min) and ready for detection.
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Table 3-5: Primary and secondary antibodies used for western blot

Antigen
Molecular
weight
kDa

Blocking
Solution (w/v)

Primary
antibody
dilution

Source of
Primary
antibody

secondary
antibody
dilution

Host species of
secondary
antibody

Source of
secondary
antibody

MT1-MMP

Monoclonal
rabbit

65,66

3% BSA

1:250

Abcam

1:3000

Goat anti Rabbit

Dako

MT2-MMP

Polyclonal
rabbit

76

5% skim milk

1:200

Novus

1:2000

Goat anti Rabbit

Dako

MT3-MMP

Polyclonal
rabbit

52.5

5% skim milk

1:250

Novus

1:2000

Goat anti Rabbit

Dako

CA-IX

Polyclonal
rabbit

32,55

5% skim milk

1:500

Novus

1:2000

Goat anti Rabbit

Dako

β-actin

Monoclonal
mouse

42

5% skim milk

1:10,000

Abcam

1:10,000

Goat anti Mouse

Dako

Antibody

Host
species

79

3.3.2.1.2.7 Enhanced chemiluminescent detection
To develop the membrane the enhanced chemiluminescent system (Roche)
was used. The detection solution was prepared according to the manufacturer’s
instructions (equal volume of solution A and solution B were mixed in Eppendorf
tube). Excess washing buffer was drained off, and the prepared detection
solution was pipetted on the membrane with the blotted protein side up.
Following incubation at room temperature for 1 min, excess detection reagent
was removed, and the membrane then placed on X-ray film (Amersham
hyperfilmTM ECL, GE Healthcare) before being developed using all Ilford
developer and fixer solutions (film in Developing solution: 2 min, film washed in
d.H2O 2min, film put in Fixing solution: 2 min and finally film washed with
d.H2O). The same membrane was washed with TBST (3 × 5 min) and re-blotted
with primary and secondary antibodies, to detect actin protein (Table 3-5).
3.3.2.1.2.8 Data analysis
Relative quantification of band intensity was calculated using either GelAnalyzer
2010a software or Image J software. The expression level of a target protein
was normalised to the actin protein of the same sample.

3.3.2.1.3 Flow cytometry (FACS) for MT1-MMP in MCF-7 breast cancer cell
line
Flow cytometry was used for quantitative analysis MT1-MMP expression in
(MCF-7 and HT-1080) cells to confirm the results of immunofluorescence and
western blot. Indirect labelling requires two incubation steps: first with the
primary antibody, then with suitable secondary antibody (Table 3-1). The
secondary antibody has a dye (FITC or TRITC) that was used to detect protein
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expression by the Fluorescence-Activated Cell Sorting (FACS) machine
(FACSCaliburTM, Becton Dickinson)
At 60-70 % confluency, cells were washed twice with PBS, collected by
adding 2-3 ml of trypsin and the spin down. Approximately 5 x 105 cells were
transferred to a FACS tube, re-suspended in 100 ul of 4% Paraformaldehyde
(PFA) for 5-10 min at RT, centrifuged, the supernatant removed, and cells

washed twice with 1% w/v (BSA)/PBS. In the next step cells were incubated
with (100 l) primary anti-MT1-MMP (1: 100 µl diluted with 1% BSA/ PBS)
incubated for 1 h in the dark at 4°C, for control cells just kept with 1% BSA.
Then cells washed three times with cold PBS with spinning at 1000 RCF for 5
min between each wash. After that fluorochrome-labelled secondary antibody
(1:500µl diluted with 1% BSA/PBS) was added and incubated for 30 min in
the dark at 4°C. Finally, cells were spun down, washed three times with PBS
for 2 min each, 1ml of 1% w/v BSA/PBS added to cells, and the suspension
cells immediately stored in the dark until required for analysis.
For analysis on FACScaliburTM, cells were distinguished from debris by
forward and scatter parameters. Positive and negative antibody staining was
determined by log fluorescence in the FL1 channel as secondary antibodies
conjugated to FITC used. Histogram and statistics were performed using Cell
Quest software (Flow Cytometry Network).
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3.3.2.2 Expression of MT1-MMP, MT2-MMP and MT3-MMP in
breast cancer spheroids
Expression of membrane MT1-MMP, MT2-MMP and MT3-MMP was detected
in MCF-7, MDA-MB-231, MDA-MB-453 AND T47D breast cancer spheroid
sections by using IHC, IF and WB techniques.
3.3.2.2.1 Spheroid processing
3.3.2.2.1.1 Fixation and paraffin embedding of spheroids
After spheroid formation (section 2.3.2.5.1.3) using non-treated 96-well
methods, spheroids were transferred to a 20 ml universal tube and allowed to
sediment. Media was removed, and 2-3 ml of PBS solution added to wash
spheroids (repeat 2 times). The spheroids were fixed by adding 2-3 ml of
Bouin’s solution (fixative agent) for 75 min. The Bouin’s solution was drained
off, and spheroids were washed with 3 ml of 70% ethanol several times.
Spheroids were left in 70% ethanol at 4°C until required for the embedding step.
For embedding, 70% ethanol was removed, and spheroids immersed in 90%
ethanol for an hour. Subsequently, the spheroids were covered with absolute
ethanol, for one hour, which was replaced with xylene for a further hour
(repeated twice). Afterwards, spheroids were transferred to embedding moulds
(rhombus bottom) with a minimum amount of xylene, covered with melted
paraffin and left in the oven at 68°C for 30 min. The paraffin/xylene mixture was
removed after 30 min and replaced with paraffin, twice for 30 min each time and
then left for 1 hour in the oven. Finally, spheroids were centred in the middle of
the mould, covered with fresh paraffin and left for 5 min in the oven to allow
them to settle. Moulds were transferred to a cold plate overnight and then kept
in the freezer at -20°C.
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3.3.2.2.1.2 APES coated slides
Slides were immersed in acetone for 2 minutes, drained and incubated in 4%
(APES) solution (prepared by dissolving APES in acetone) for 2 min, and then
slides were left to dry and washed twice in running water for 2 minutes.
Afterwards, slides were left to dry at R.T overnight at 37oC.
3.3.2.2.1.3 Sectioning
Spheroids were sectioned (5 µm thick) using a microtome (Leica RM2155) and
collected on coated slides. The sections were allowed to dry on a hot plate at
37°C for at least 2 h. Subsequently, sections were subjected to immunostaining
for protein detection.
3.3.2.2.2 Histology of spheroids
3.3.2.2.2.1 Haematoxylin and Eosin Staining (H&E)
H&E is a useful all-purpose stain to detect different tissue structures. The two
dyes, haematoxylin and eosin, exploit differences in the chemistry of the tissue
to stain various components differentially.
Procedure steps for H&E staining (Sigma) for Formalin Fixed Paraffin
Embedding (FFPE) sections include: dewax and rehydrate the spheroids
sections; for the dewax step, spheroids sections immersed sequentially for 5
min in 100% Xylene (two times), and 50% Xylene-Ethanol. For rehydration of
spheroids sections, slides were incubated for 5 minutes in sequential solutions
of Absolute ethanol (two times), 90% ethanol and finally 70% ethanol.
The slides were first stained in Harris haematoxylin for 10 min followed by
washing in running tap water; the next step is to put in acid alcohol (0.5% HCl in
70% ethanol) for 5 secs (this step removes excess haematoxylin from the cells
leaving the nuclei stained red but not cytoplasm). The slides were washed
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briefly in tap water. Then, using Scott’s tap water substitute (this is strongly
alkaline), the sections were stained blue after 1-2 min, counterstained in 1%
aqueous Eosin for 1-2 min followed by washing briefly in tap water and drained
for 1 min to let excess water run out. Finally, the sections were dehydrated by
incubation for a 3 min sequence in absolute ethanol (twice), 50%
xylene/ethanol, xylene then clean xylene for 5 min. The last step was
slidemounting using diphenyl xylene (BDH) (DPX) medium.
3.3.2.2.2.2 Immunohistochemistry (IHC) staining
Immunohistochemistry (IHC)

is

a

potent

method

for

localising

specific antigens in formalin-fixed, paraffin-embedded (FFPE) tissues based on
antigen-antibody interaction (Schacht and Kern 2015). The method was follows:
i.

Deparaffinised and dehydrated sections sequentially by; immersing in
xylene (10 min)(repeat twice), 50% xylene/ethanol (5 min), 100% ethanol
(10 min) (repeat double), 90% ethanol (2 min), 70% ethanol (2 min), and
distilled water (5 min).

ii.

Retrieval of antigenic sites, masked by protein cross-links as a result of
formalin fixation, was achieved with the heat induced epitope retrieval
(HIER) method using 10 mM citrate buffer (pH 6.0) in a microwavable
container, wrapped with pierced cling film and heated at 600 W (mediumhigh power for 20 min), with topping up of citrate buffer when necessary.
This was allowed to cool down for 30 min. This was followed by two
washed in 50 mM Tris buffer sulphate (TBS) (pH 7.55) for 5 min.

iii.

The quenching of endogenous peroxidase was performed by incubation
of slides for 15 min in 3% hydrogen peroxide (H2O2), freshly prepared in
distilled water.
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iv.

After the nonspecific binding being blocked with normal serum 1.5% in
50mM TBS for 30 min, excess serum was removed, then the sections
were covered with 100 µl of a primary antibody according to (Table 3-1)
and incubated overnight at 4ºC in a humidity chamber. Negative controls
were incubated with 1.5% normal serum for the same period of the time.
Next day, sections were washed off with TBS for three times for 3 min
each.

v.

The slides were covered with biotinylated secondary antibody (Table 3-1)
incubation for 30 min at RT. Meanwhile, ABC reagent (Avidin-Biotin
Complex) working solution of peroxidase labelled streptavidin (prepared
by mixing 10 ul solution A +10 ul solution B in 1 ml of 50mM TBS) and
mixed. The secondary antibody was washed 3 times by 50 mM TBS
solution (3 min each).

vi.

Sections were dried and incubated with ABC reagent for 30 min. The
slides were rinsed with 50 mM TBS for 10min.

vii.

Section colour was developed by using a DAB detection kit (Vector
Laboratories) for 2 min (DAB solution was prepared by mixing 2.5 ml of
distilled water, 1 drop of buffer stock solution 2 drops of DAB and 1 drop
of H2O2), with the residual DAB washed off into bleach. Sections were
counterstained in Harris’ haematoxylin for 20 seconds, washed well in
tap water and put in Scott’s tap water for 2 min. Finally, sections were
dehydrated and cleared in 70% ethanol, followed by 90% ethanol. Slides
were mounted using diphenylxylene (DPX) from (BDH) slide mount
medium. Pictures were taken by using a Leica microscope.
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3.3.2.2.2.2.1 Hypoxia detection in MCTS by pimonidazole HCl (PIM)
treatment
Hypoxia

detection

was

performed

using

Hypoxyprobe™-1

Green

kit.

Pimonidazole, the active compound of Hypoxyprobe, forms stable adducts with
proteins in hypoxic cells. MCF-7 Day 7 (D7) spheroids were transferred to 1.5
ml microcentrifuge tubes. Spheroids were treated with pimonidazole dissolved
in the culture media (100 μM) for 2 h at 37°C and then processed as described
in section 3.3.2.1.1, except that BSA blocking was performed for 1h in a moist
box at RT.
Pimonidazole adducts were detected by incubating sections with FITC
conjugated MAb1 (monoclonal mouse antibody provided in the Hypoxyprobe™1 Green kit) and diluted (1/150) in 5% BSA for 2 h at 37°C. After that they were
washed with TBS (3 × 3 min), and DNA was stained using DAPI
(VECTASHIELD Mounting Medium with DAPI, Vector). FITC (green) and DAPI
(blue) fluorescent signals for spheroids sections were acquired on a Leica
microscope.
3.3.2.2.2.3 Dual staining for MT1-MMP and hypoxia in MCF-7 spheroid
section by IF
To detect the expression of MT1-MMP inside the MCF-7 spheroids in parallel to
a hypoxic marker, we used IF (section 3.3.2.1.1) but with a double staining
method. Spheroid sections were incubated with a different secondary antibody
colour (FITCI, TRITCI) and species of the secondary antibody, and used a
separate blocking serum, making it easier to distinguish each primary antibody
by IF (Table 3-1).
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Spheroid sections were dehydrated with antigen retrieval as previously
described in section 3.3.2.2.2. (i) and (ii), followed by blocking sections with
1.5% serum in TBS solution for 30 min at RT, then incubated with first primary
antibody overnight at 4°C in the moist box. Sections were washed 3 times with
TBS, and then the secondary antibody added and incubated for 1hr in the dark
in the moist box (Table 3-1).
For the next primary antibody; sections were washed 3 times with TBS, then
blocked with 1.5% serum for the second secondary antibody for 30 min in the
dark at the moist box. Sections were incubated with second primary antibody for
at RT, washed 3 times with TBS, incubated with second secondary antibody for
1hr in the dark at RT and then washed 3 times with TBS.
For nuclear staining 1 drop of DAPI was added on each coverslip and the
section, left for 2hr in the dark at 4°C. Pictures were taken with the IF Leica
microscope.
3.3.2.2.3 Isolation of different layers from MCTS
Once spheroids had reached a diameter of approximately 650-750μm the cell
layers were separated using an Accutase treatment, adapted from a previously
described method (Knowles and Phillips 2001). The first step was the isolation
of the outer most surface layer cells (SL), which was achieved by incubating the
mature spheroids with an Accutase solution 2-3ml. Once the supernatant
became cloudy, the accurate solution was diluted and inactivated with complete
medium. The supernatant was collected in a new tube and centrifuged to pellet
the cells. The spheroids were washed twice using PBS solution, and the whole
procedure was repeated twice. The cell pellet from the second Accutase step
was combined with the first cell pellet, which was defined as the surface layer.
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To isolate the cells from the intermediate region and separate proliferating
surface layer from the peri-necrotic region (PN), further sequential Accutase
treatments were carried out, removing the outer layers of the spheroid which
contained the aerobic cells (cells were collected and defined as the intermediate
region). Following the removal of approximately 10-12 layers of cells (the
number of which is dependent on original spheroid size) the remainder of the
spheroids, containing only the PN region and necrotic core (NC), were gently
homogenised by light vortex mixing. This homogenization results in the bursting
and fragmentation of the PN region (Figure 3-3). These fragments were
separated from the necrotic core (which contains non-adherent cells) by
sedimentation. The fragments were washed three times with PBS. The necrotic
core cells were collected separately by centrifugation at 14.1 RCF. The
diameter of spheroids was measured (as described in section 2.3.2.5.1) at each
stage of the sequential Accutase procedure.

SL
PN

Spheroid Diameter
=750 µm 20

NC

A

B

C

SL cells

PN cells

NC cells

Figure 3-3: sequentialy isolated layers from MCF-7 spheroids. A. cells separated from surface
layer SL. B. cells separated from peri-necrotic layer PN. C. cells collected as necrotic core NC
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3.3.2.3 Breast cancer xenograft model
MCF-7 xenografts from Balb-C- Athymic nude mice provided by Patricia Cooper
(ICT, University of Bradford) were also used to evaluate the expression of MT1MMP, MM2-MMP and MT3-MMP. H&E staining and evaluation of the hypoxic
region by using carbonic anhydrase antibody CA-IX were undertaken by IHC

3.4 Results
3.4.1 Expression of MT1-MMP, MT2-MMP and MT3-MMP in
different breast cancer cell lines
3.4.1.1Expression of MT1-MMP by IF
MT1-MMP expression was detected by IF in the HT-1080 positive control and
the breast cell lines except MCF-7 (Figure 3-4). Strongest intensity was
observed in MDA-MB-453, MDA-MB-231 and HT1080, with much weaker levels
in T47D. Addition of Triton-X100 was used to demonstrate the change in
position of proteins inside the cells. All cell types, except MCF-7, showed
membrane staining without Triton X-100 and cytoplasmic staining with Triton X100 (Figure 3-5).
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MT1-MMP

Figure 3-4: Expression of MT1-MMP in breast cancer cell lines and HT-1080 fibrosarcoma
cells. MT1-MMP FITC (green fluorescence with anti-MT1-MMP antibody [ab51074]), DAPI used
for nucleus staining (blue) Scale bar 100 µm, n=3.
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MDA-MB-453

MDA-MB-231

T47D

MCF-7
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Figure 3-5: The expressions of MT1-MMP in different breast cancer cells and HT1080 with
and without using Triton X-100. MT1-MMP FITC (green fluorescence with anti-MT1-MMP
antibody [ab51074]), DAPI used for nucleus staining (blue) Scale bar 100 µm, n=3.
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3.4.1.2 Expression of MT2-MMP and MT3-MMP by IF
Positive expression of MT2-MMP and MT3-MMP was identified in all four breast
cancer cell lines (MCF-7, T47D, MDA-MB-231 and MDA-MB-453) (Figures 3-6
and 3-7).

DAPI

Overlay

MDA-MB-453

MDA-MB-231

T47D

MCF-7

MT2-MMP

Figure 3-6: Expression of MT2-MMP in different breast cancer cells using IF.
MT2-MMP expression (TRITC red fluorescence), anti MT2-MMP antibody [NB600]), DAPI
nucleus staining (blue). Scale bar 100µm, n=3
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Figure 3-7: Expression of MT3-MMP in different breast cancer cells using IF.
MT3-MMP expression staining (TRITC red fluorescence. anti MT3-MMP antibody [NBP167634]). DAPI nucleus staining (blue). Scale bar 100 µm, n=3
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3.4.1.3 Determination of MT1-MMP expression inHT-1080 and
MCF-7 cells by western blot
MCF-7 cells showed absence of MT1-MMP expression compared with HT1080
and confirmed the IF result. The active form at a molecular weight of 66 kDa
was predominantly (Figure 3-8).

pro-MT1-MMP
active MT1-MMP
β-actin

Figure 3-8: Expression of MT1-MMP in MCF-7 cells by WB.
MT1-MMP detected using anti-MT1-MMP antibody (ab51074), β-actin used as standard protein
(n=3).
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3.4.1.4 Determination of MT1-MMP expression in MCF-7 and HT1080 cells by Flow cytometry
FACS analysis verified the IF and WB results with an absence of expression of
MT1-MMP in MCF-7 cells identified compared to HT-1080 (Figure 3-9).
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Figure 3-9: Expression of MT1-MMP in MCF-7 and HT-1080 using FACS.
MT1-MMP detected using anti-MT1-MMP antibody (ab51074). The mean value average of
fluorescence intensity for test and control of each cell line (MCF-7 and HT-1080) (n=2, p value
<0.01)
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3.4.1.5 The effect of cell harvesting agents on the relative
expression of MT1-MMP
WB was performed to check the impact of Trypsin or Accutase on MT1-MMP
expression when harvesting cells. The relative amount of MT1-MMP to β-actin
in HT-1080 and MDA-MB-231 was determined . WB showed that pro- and
active MT1-MMP yields were considerably higher (relative to beta-actin) in both
HT-1080 and MDA-MB-231 cells when using Accutase compared to trypsin
(Figure 3-10). This indicated that the latter was degrading MT1-MMP and could
have a detrimental effect on its detection in all biological samples, not only cell
lines.

Pro-MT1-MMP
Active MT1-MMP

β-actin
{Cells harvest with Trypsin}
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Harvest with
Trypsin

1
0.8
0.6
0.4
0.2
0

HT1080

MDA-MB-231

Figure 3-10: The expression of MT1-MMP after cell harvesting using trypsin and
Accutase. MT1-MMP detected using anti-MT1-MMP antibody (ab51074). The relative amount
of MT1-MMP expression to β-actin in each cell was determined to (n=2) (p value<0.05)
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3.4.1.6 Expression of MT1-MMP, MT2-MMP and MT3-MMP in
different breast cancer cells by WB
MT2-MMP and MT3-MMP in MCF-7, T47D, MDA-MB-231 and MDA-MB453exhibited positive expression (Figure 3-11), confirming the previous IF
results, and MDA-MB-231 showed the lowest expression for MT2-MMP. MT1MMP absence in MCF-7 represents a unique observation compared to other
MT-MMPs and other breast cancer cell lines tested.
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0.4
0.2
0

Figure 3-4: Expression of MT1-MMP, MT2-MMP and MT3-MMP in breast cancer cell lines
using WB. MT1-MMP detected using anti-MT1-MMP antibody (ab51074). Relative expression
of each MT-MMP was determined relative to β-actin (n=2).
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3.4.1.7 Immunohistochemistry staining for different markers in
different breast cancer spheroids.
To understand changes in protein expression across the micro-environmentally
different regions of the spheroids, four biomarkers were analysed in addition to
MT1-MMP - H&E staining to show the cells structures inside the spheroids, Ki67
to represent the proliferating region (surface layer, SL), CA-IX for the hypoxic
region (peri-necrotic region, PN) and caspase 3 for the apoptotic necrotic core
(NC). MCF-7, T47D, MDA-MB-231 and MDA-MB-453 spheroid IHC was
performed on the third (D3) and seventh day (D7) of culturing (Figure 3-12, 313, 3-14, 3-15) respectivelly . Spheroid size was measured in the process are
harvesting for IHC. On D3 MCF-7, T47D, MDA-MB-231 and MDA-MB-453
exhibited diameters of 600, 400, 500 and 450 µm (± 20 µm) respectively and D7
1000, 600, 900 and 850 (± 20µm) respectively. Spheroids sections were used to
observe cells morphological changes that might have occurred in the larger,
older spheroids due to nutrient deficiency and necrosis. In general, H&E
staining for all spheroid types at D3, indicated cells inside PN and NC region
were compact and healthy as they had mitotic nucleus and there was no
evidence of necrosis. All sections from D7 indicated cells in the centre had
started to die and there was a necrotic area emerging especially in T47D, MDAMB-231 and MDA-MB-453 spheroids (Figures 3-13, 3-14, 3-15) respectively.
In MCF-7 spheroids, Ki67 was expressed throughout the sections at D3, but
was only detected in the proliferating surface layer as the spheroids increased
in size (D7) (Figure 3-12). Similar results were observed in T47D, MDA-MB-231
and MDA-MB-453 spheroids (Figures 3-13, 3-14, 3-15) respectively. CA-IX
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expression occurred in the PN and NC regions of the spheroids. CA-IX
exhibited weaker staining in all spheroids at D3 compared to D7, though
evidence of hypoxia was emerging in T47D and MDA-MB-231 at the earlier
stage (Figure 3-13, 3-14) respectivelly. CASP3 expression varied between the
spheroids types. MCF-7, MDA-MB-231 and MDA-MB-453 exhibited few cells
stained with this marker at D3 in line with the generally healthier appearance
(H&E staining) (Figure 3-12,3-14, 3-15) respectively . By comparison, all three
cell lines contained apoptopic cells in the spheroid centre at D7 T47D was
negative for CASP3 at both D3 and D7 section (Figure 3-13).
The MT-MMP expression varied depending on the spheroid type. In contrast to
all the previous analyses of MCF-7 monolayers, spheroids were observed to
express MT1-MMP at D3 and D7. At D3 it was detected across all regions,
while in D7 sections the expression occurred primarily in the proliferating
surface compared to the peri-necrotic and the necrotic region (Figure 3-12).
MT2-MMP and MT3-MMP were observed in MCF-7 spheroids similar to
monolayer cultures, however, region-specific expression was observed, limited
to the peri-necrotic or hypoxic region, as defined by CA-IX expression, and the
opposite of MT1-MMP (Figure 3-12). T47D, MDA-MB-231 and MDA-MB-453
spheroids, all exhibited MT1-MMP, MT2-MMP and MT3-MMP expression.
MDA-MB-231 exhibited similar expression to MCF-7 for each MT-MMP at D3
and D7 (Figure 3-14) T47D and MDA-MB-453 showed positive results across all
regions of spheroids in D3, whereas in the former cell line expression was
marginalised to the peri-necrotic and necrotic region at D7. The latter retained
strong expression throughout the spheroid regions and strong staining in the
proliferating surface compared to the peri-necrotic and necrotic region for D7
sections for these spheroids (Figure 3-12, 3-13).
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Figure 3-5: Immunohistochemistry staining for MCF-7 spheroids.
Black arrows indicate the stain area for region-specific markers. Yellow, red and blue arrows in D7 sections indicate regions of varying MT1-MMP
staining intensity. The control is staining in the absence of primary antibody. Magnification of 20X and 40X were used.
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Figure 3-6: Immunohistochemistry staining for T47D spheroids.
Black arrows indicate the stain area for region-specific markers or MT1-MMP staining intensity in D7 sections. The control is staining in the absence of
primary antibody. Magnification of 20X and 40X were used
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Figure 3-7: Immunohistochemistry staining for MDA-MB-231 spheroid . Black arrows indicate thestain area for region-specific markers or MT1MMP staining intensity in D7 sections. The control is staining in the absence of primary antibody. Magnification of 20X and 40X were used
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Figure 3-8: Immunohistochemistry staining for MDA-MB-453 spheroids.
Black arrows indicate the stain area for region-specific markers. The control is staining in the absence of primary antibody. Magnification of 20X and
40X were used
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3.4.1.8 Expression of MT1-MMP, MT2-MMP and MT3-MMP in
breast cancer spheroids by WB

Expression of MT1-MMP, MT2-MMP and MT3-MMP in breast cancer spheroids
was further investigated by western blotting (Figure 3-16). MT-MMP expression
in T47D, MDA-MB-231 and MDA-MB-453 total spheroid extracts was similar to
that observed in monolayer cultures. The MT1-MMP immunoblot for MCF-7
spheroids, however results confirmed the IHC results and was in complete
contrast to monolayers. Both pro- and active forms were detected for MT1-MMP
and MT3-MMP in all cell lines whereas MT2-MMP was predominantly present
as the active form, except in MDA-MB-453 cells, where some pro MT2-MM was
observed..
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Figure 3-9: Expression of MT1-MMP, MT2-MMP and MT3-MMP in MCF7, T47D, MDA-MB231 and MDA-MB-453 breast cancer spheroids by WB.
MT1-MMP, MT2-MMP and MT3-MMP antibodies used as in (Table 3-5). β-actin was used as
standard protein (n=2).
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3.4.1.9 Expression of MT1-MMP in MCF-7 spheroids associated
with the hypoxic marker
The unexpected expression of MT1-MMP in MCF-7 spheroids was explored
further using triple IF marker strategies. The results again confirm the
expression of MT1-MMP across the spheroids with higher levels in the
proliferating surface layer. Expression of MT1-MMP was detected in MCF-7
spheroids in parallel with hypoxic markers, using PIM treatment and a CA-IX
hypoxic marker (Figure 3-17). In both experiments, hypoxia staining correlated
with the peri-necrotic layer (PN) more than the surface layer (SL), while MT1MMP expression was more evident in the SL than PN and NC regions.
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Figure 3-17: Triple staining for MT1-MMP with two different hypoxic markers (PIM and
CA-IX) in MCF-7 D7 spheroids. Exp.1. MT1-MMP (red), PIM treatment (green) and DAPI used
for nucleus stain (blue). Exp. 2. MT1-MMP (green stain), CA-IX (red stain), DAPI (blue).
SL=surface layer, PN=peri-necrotic layer and NC-necrotic layer. Scale bar =100µm. n=3
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3.4.1.10

Isolation of sequential layers of MCF-7 spheroids

3.4.1.10.1

Expression profiling of MT1-MMP, MT2-MMP and MT3-MMP in

different layers of MCF-7 spheroids
The expression of MT-MMPs across MCF-7 spheroid regions (SL, PN and NC)
was undertaken to verify the region-specific expression detected by IHC. The
active form of MT-MMPs was detected rather than the pro-form, most likely due
to continued exposure of cells to Accutase in the sequential removal of spheroid
layers (Figure 3-18). MT1-MMP was expressed at higher levels in the PN layer
than in the SL completely absent in the NC. MT2- MMP and MT3-MMP were
expressed in all layers, with higher levels in SL and PN compared to NC, in
agreement with the IHC results previously obtained.
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Figure 3-18: Expression of MT1-MMP, MT2-MMP and MT3-MMP in different regions of
MCF-7 spheroids. SL=surface layer, PN=peri-necrotic layer and NC-necrotic layer. MT-MMP
levels relative to β-actin as standard protein. n=2.
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3.4.1.10.2
Expression profiling of hypoxic marker CA-IX in a different
layer of MCF-7 spheroids by WB
Hypoxia was demonstrated in each layer of MCF-7 spheroids by using CA-IX
marker (Figure 3-19). The relative amount of CA-IX isomers in PN layer was
higher than SL and NC layers as expected verifying previous IHC and IF results
and confirmed separation of distinct spheroid regions of varying physiological
features.

58kDa

CA-IX
33kDa

β-actin

1
0.9

Relative CA-IX

0.8
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Figure 3-10: Detection of hypoxia in a sequential layer of MCF-7 spheroids using CA-IX.
The relative amount of CA-IX isomers (33, 58 kDa) to β-actin in each layer of MCF-7 spheroids
(SL, PN, NC).
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3.4.2 Breast cancer xenograft models
3.4.2.1 Histology of MCF-7 xenograft including MT1-MMP, Ki67,
H&E staining and hypoxic marker CA-IX
Breast cancer xenografts grown in Balb-C-Athymic nude mice were used to
determine if the expression of MT1-MMP occurred in this more complex MCF-7
model. Initially, IHC was performed to identify markers of proliferation (Ki67)
and hypoxia (CA-IX), along with H&E staining. Ki67 and H&E results revealed
the morphology of the xenograft sections in which the apoptotic cells appeared
insignificant in the necrotic area (Figure 3-20), and hypoxic staining increased
from the rim toward the central necrotic region.
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Figure 3-11: IHC of human MCF-7 xenograft tissue(grown in mice).
Magnification 20X and 40X. The red, green and yellow arrow indicates regions of varying
marker intensity.
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3.4.2.2 Detection of MT1-MMP in MCF-7 xenograft
Expression of MT1-MMP was detected in a xenograft model using IHC and IF
(Figure 3-21). Positive expression was observed via both techniques compared
to the control section (without primary antibody). In IHC, MT1-MMP staining was
higher in the surface layer and decreased toward the centre, especially near the
necrotic area.

5X

20X SL

20X PN&NC

20X Control

MT1MMP

MT1-MMP

DAPI

Overlay

Test

Cont.

Figure 3-12: Expression of MT1-MMP in MCF-7 xenograft sections by IHC and IF. IHC
magnification 5X and 20X. Arrows (yellow, green and red represent SL, PN and NC regions
respectively. IF magnification 20X
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3.5 Discussion
3.5.1 MT-MMP expression in 2D monolayer cultures
We successfully demonstrated the expression of MT1-MMP, MT2-MMP and
MT3-MMP in breast cancer cell lines using immunohistochemistry (IHC),
immunofluorescence (IF) and Western blotting (WB). MT2-MMP and MT3-MMP
were expressed in all monolayer cultures of MCF-7, T47D, MDA-MB-453 and
MDA-MD-231 (Bartsch et al. 2003). Previously, MT2-MMP and MT3-MMP were
detected in MDA-MB-231 cells that express potentially carcinogenic genes and
factors which indicate invasiveness (Hegedüs et al. 2008).

MT1-MMP expression in monolayer cultures seemed to be phenotype specific,
with levels increasing relative to aggressive phenotype (Kousidou et al. 2005).
Hence, MCF-7 (a differentiated Luminal A cell line) was negative for MT1-MMP
by Western blotting, with levels increasing through T47D (Luminal B), MDA-MB453 (HER2 positive luminal progenitor) to the highest levels in MDA-MB-231 (a
basal-like cell line, with stem cell-like properties). There is extensive research
demonstrating that MCF-7 has been used as an MT1-MMP-negative cell line,
often as a control for MDA-MB-231 where it is constitutively expressed (Sounni
et al. 2002; Rozanov et al. 2004; Chernov et al. 2009).

3.5.2 MT-MMP expression in 3D multi-cellular tumour spheroids
The analysis of MT-MMPs in 3D spheroids was anticipated to follow a similar
pattern, but providing information about specific cancer–associated microenvironmental expression. In the case of MT2-MMP and MT3-MMP, spheroids
for all four cell lines exhibited expression. In MCF-7 cells MT2-MMP, MT3-MMP
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exhibited higher levels in the peri-necrotic region than in the proliferation region,
indicating an increase associated with hypoxia/necrosis/apoptosis, whereas in
other cell line there was no significant differentiated expression . On the other
hand, MT3-MMP was expressed in the proliferation and peri-necrotic regions of
T47D, MDA-MB-231 and MDA-MB-453 cells and less so in necrotic region in all
these spheroids.
Interestingly, this was the first time MT2-MMP and MT3-MMP have been
investigated in 3D breast cancer spheroids model
MT1-MMP in breast cancer spheroids was also expected to reveal a similar
correlation with monolayer cultures. It was therefore surprising that MT1-MMP
was detected in MCF-7 spheroids, and verified by a number of methods (IHC,
IF and WB). The hypoxic region which induced the expression of MT1-MMP
and the associated deficiency of nutrients and Oxygen (hypoxia) induced the
MT1-MMP protein expression (Noda et al. 2005; Sun et al. 2015).
It has been proven previously that overexpression of MT1-MMP under hypoxic
conditions in a poorly invasive breast cancer cell line (T47D) promoted hypoxiainduced invasion and MMP-2 activation. According to these results, cell surface
accumulation and activation of MT1-MMP without apparent regulation at the
mRNA or protein levels had indicated a post-translational adaptive response to
hypoxia (Munoz-Najar et al. 2006).
Moreover, the role of MT1-MMP in changing the phenotype of the cell has been
previously demonstrated. When MCF-7 non-invasive breast cancer cells were
transfected cell with YB-1 (member of the cold shock domain family, with
complex roles in DNA structure, gene transcription and translation). It induced
an anaplastic, invasive and metastatic phenotype through a relatively subtle
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alteration in the cellular localization and internalization dynamics of MT1-MMP
(Lovett et al. 2010).

3.5.3 Implications for 2D vs 3D cell culture models
A fundamental observation from this research is the importance of
understanding the difference between 2D and 3D cell culture models in the
interpretation of cancer-associated mechanisms. The results also highlight the
importance of 3D cell culture in the drug discovery pipeline as a model to
identify the best drug candidate. In vitro multi-cellular 3D spheroid assay has
been widely adopted in the drug discovery research due to their easy handling,
and better prediction characteristics, though monolayer assays still predominate
(Jin et al. 2010; Lama et al. 2013).
Cell lines grown as 3D spheroids mimic a tumour, with respect to regarding
oxygen and nutrient diffusion, better than monolayer cultures. However, as
there is no blood supply in spheroids, xenografts would still be needed for a
better understanding of how efficient therapeutic agents are in reducing cancer
progression. Nevertheless, 3D spheroid culture is considered as an in vitro
technique that is closer to the “real thing” and moves a forward towards the
preclinical evaluation of compounds in vivo (Nagelkerke et al. 2013).
The differences between the behaviour of cells in 2D culture and 3D models,
which better represent the microenvironment of solid tumours, have resulted in
an increase in spheroid applications. 3D cultures allow the study of specific
factors

under

more

appropriate

physiological

conditions

concerning

dimensionality, architecture and cell polarity. At the same time, however, the
complexity and diversity of in vivo ECM organisation and molecular composition
cannot be easily simulated in vitro (Even-Ram and Yamada 2005).
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3.5.4 Conclusions
Changing the microenvironment of growing cells from 2D to 3D played a
crucial role and affected the expression of MT1-MMP in MCF-7. This could be
due to increased cell-cell interaction or increased cell stress brought on by
oxygen (hypoxia) or nutrient deprivation (autophagy). The impact of these
factors on MT1-MMP expression in MCF-7 will be the subject of further
investigation in the next chapter.
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4 Chapter 4- Impact of the cell culture environment on
the expression of the MT1-MMP protein in MCF-7
breast cancer cell line
4.1 Introduction
MT1-MMP expression was unexpectedly observed in the negative cell line
MCF-7, when grown as MCTSs (Chapter 3). On the basis of this, MT1-MMP
expression in MCF-7 cells was explored in controlled conditions associated with
micro-environment change, i.e. in an oxygen-limited chamber (hypoxia) or
serum-free condition (autophagy).

4.1.1 Effect of hypoxia on breast cancer tumours
In most solid tumours, including breast cancer, there are areas of low oxygen
availability or hypoxia (Rundqvist and Johnson 2013), where O2 partial
pressures of 0.2–1 mmHg have decreased beyond the threshold required for
normal cell function (Riffle and Hegde 2017). Hypoxic regions develop due to a
combination of rapid oxygen deficiency, insufficient vascularisation and suboptimal tumour blood flow (Hockel and Vaupel 2001).
The MCF-7 breast cancer cell line is ER-positive, and some ER-associated
genes such as centrosomal serine/threonine kinase STK15/BTAK were
upregulated in response to hypoxia (Bando et al. 2003). Overexpression of
BTAK was only detected in MCF-7 cells under hypoxic conditions. BTAK is
known to induce centrosome amplification, which results in chromosomal
instability in cell culture (Yasuo et al. 2001). Rapid proliferation of perivascular
tumour cells can reduce the availability of oxygen and prevent sufficient
oxygenation of subsequent cell layers (Wagner et al. 2011). While intracellular
oxygen is used in a variety of reactions, most consumption is required for the
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production of ATP through glucose metabolism. Oxygen acts as a terminal
electron receptor during oxidative phosphorylation. Also, the physical distance
between cancer cells and blood vessels influences the development of hypoxia
(Hammond et al. 2014).
In breast cancer, cells adapt to hypoxic conditions by increasing levels of
hypoxia-inducible factors (HIFs), and primary tumour biopsies with increased
HIF expression levels are at increased risk of metastasis. Meanwhile, 90% of
breast cancer deaths. are the result of metastasis, primarily to the bone, lungs,
liver, brain and regional lymph nodes. Hence, hypoxia is a critical step in
disease progression (Wong et al. 2011b).
MCF-7 cells have been used to study HIF-1α knockdown by shRNA which leads
to reduced tumorigenicity and indicates a combination of both anti-HIF-1
strategy and traditional chemotherapy could improve cancer treatment (BodzonKulakowska et al. 2007). Hypoxia is associated with increased resistance to all
modalities of cancer treatment, including chemotherapy, radiotherapy and direct
surgery (Wilson and Hay 2011) and correlates with poor patient prognosis
(Figure 4-1).
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Figure 4-1: Tumour microenvironment and hypoxia.
Limited oxygen supply to the tumour cells distal to the blood vessels, forming regions of hypoxia
(Ramachandran et al. 2015).

Autophagy is another mechanism caused by changes in the tumour
microenvironment and is increased in cells faced with metabolic stresses
including growth factor withdrawal, nutrient deprivation and hypoxia (Lum et al.
2005). Under specific experimental conditions, stress-induced autophagy can
result in the death of cancer cells in traditional two-dimensional cultures. It can
also contribute significantly to the survival of sub-groups of cells within the
tumour microenvironment (El Saghir et al. 2011).

4.1.2 Oxygen and nutrient deprivation in breast cancer tumour
Environmental conditions influence the regulation of gene expression by stromal
cells within a tumour. When a tumour grows too large, it must respond and
adapt to a limited nutrient environment (Giordano and Johnson 2001).
Neoplastic progression involves genetic changes that allow malignant cells to
ignore standard growth controls. The growth of these cells is dependent on the
speed of delivery of oxygen and nutrients (such as glucose and amino acids)
and the rate of removal of waste products (such as CO 2 and lactic acid) (Vaupel
and Hockel 2000).
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Breast cancer cells respond to glucose and amino acid deprivation by
increasing the expression of proangiogenic factors, e.g. vascular endothelial
growth factor (VEGF) and interleukin-8 (IL-8 or CXCL8) which play a vital role in
tumour vascularisation, invasiveness and metastasis (Ferrara 2001), thereby
attempting to increase the supply of nutrients or migration to a nutrient-rich
environment (Marjon et al. 2004).

4.2 Aims
Having observed MT1-MMP expression in MCF-7 spheroids containing regions
of hypoxia and nutrient deprivation, it was important to understand if MT1-MMP
levels could be manipulated within controlled micro-environmental conditions.
Our aim wasto investigate the impact of hypoxia (low oxygen chamber) and
autophagy (serum free, SF) on MT1-MMP expression in MCF-7 monolayer
cultures using immunofluorescence (IF), western blotting and reverse
transcription PCR to assess possible changes.

4.3 Material and methods
4.3.1 Materials
For cell culture and western blotting, the same materials were used as
described in section 3.2.1. For the qRT-PCR experiments, a RNA/Protein
purification Plus kit from NORGEN BIOTEK CORP and mRNA MT1-MMP kit
from Primer Design were used.
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4.3.2 Methods
4.3.2.1 Cell culture
The methods used were as described in section 3.2.2.1

4.3.2.2 MCF-7 cells cultured in normoxic,
autophagic (serum-free) conditions

hypoxic

and

Expression of MT1-MMP was detected in MCF-7 breast cancer cell growth in
(normoxia, Hypoxia and serum-free medium) by IF, WB and PCR (Table 4-1).
4.3.2.2.1 MT1-MMP expression in MCF-7 cells under normoxic conditions
The expression of MT1-MMP in MCF-7 breast cancer cells, grown in normal
conditions (DMEM media, 10% FBS, 37oC, 5% CO2, 95% airand 100%
humidity), was detected by IF as described in section 3.3.2.1.1

Table 4-1: Summary table of Hypoxia and Serum-Free experiments.

Experim en
t condition

O2, %

Tim e, hrs

Serum
(FBS), %

Analysis
IF

Hypoxia vs
Norm oxia

Notes*

4.3.2.2.1

PCR

0.1, 1, 3, 21

24

10

MT1-MMP

3.3.2.1.1

1, 21

24, 48

10

MT1-MMP

3.3.2.1.1

1, 21

24

10

MT1-MMP
CA-IX

1, 21
1, 21

Norm oxia
vs Serum Free

WB

Method
Section

4, 8, 12, 24,
and 48
0.25, 0.5,
1.0

10
10

1, 21

0.5,1, 24

10

21

24

0, 10

21
21

4, 8, 12, 24
and 48
0.25, 0.5,
1.0

0, 10
0, 10

3.3.2.1.1

MT1-MMP
CA-IX

3.3.2.1.2

MT1-MMP
CA-IX
MT-1MMP
CA-IX

3.3.2.1.1
3.3.2.1.1
MT1-MMP

MT1-MMP
LC3
MT1-MMP
LC3
MT1-MMP
LC3

* variations from the original method
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4.3.2.2..2

MT1-MMP

4.3.2.3
3.3.2.1.1
3.3.2.1.2
3.3.2.1.1
3.3.2.1.1

4.3.2.2.3

4.3.2.2.2 MCF-7 cells in varying hypoxic (pO2 and exposure time)
conditions
MCF-7 cells were seeded on coverslips in 6-well plates, incubated overnight at
normal conditions (normoxia - DMEM media, 10% FBS, 37oC, 5% CO2 and
100% humidity) to attache to the coverslips. One plate was kept under normoxic
conditions (control, 21% O2) while other plates were exposed to varying hypoxic
environments (0.1, 1 or 3% O2, (92-94% N2 ), 5% CO2 and 100% humidity) with
varying exposure times, in parallel experiments. Media and PBS, were placed
in the hypoxic chamber (Whitley H35 hypoxystation,) 24 hprior to use, to adapt
to low oxygen conditions. The culture medium, with the MCF-7 cells, was
replaced with fresh hypoxia adapted DMEM. The cells were incubated for 48hr
(Table 4-1) in the hypoxic chamber or under equivalent normoxic conditions.
The medium was removed from the cells incubated in the hypoxia chamber,
and the cells washed two times with hypoxia-adapted PBS solution. The cells
were fixed with 100% methanol for 15 to 20 min at -20°C and plates stored at 20°C until ready for IF staining (Table4-1). Normoxic control cells were washed
two times with normal PBS and cells fixed and stored as described above. MT1MMP and CA-IX IF detection as described in sections 3.3.2.1.1
For WB experiments, 4 ×105 cell/ml were grown in 75 ml flasks, either in the
hypoxic chamber with 1% O2 or under normoxic conditions for 24 or 48 h, then
cell pellets collected and stored at -20oC for subsequent WB analysis (Table41).
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4.3.2.2.3 Detection of MT1-MMP expression in MCF-7 breast cancer cells
grown in serum-free media by IF and WB
MCF-7 cells (3 x105) cells were seeded on coverslips in 6 well plates and
incubated at normal conditions (DMEM media, 10% FBS at 37oC, 5% CO2 and
100% humidity) for 24 h. The medium was replaced with serum-free DMEM for
autophagy experiments or with fresh 10% FBS containing medium (for
controls). Experiment and control plates were incubated at 37 oC, 5% CO2 and
100% humidity for 24 to 48hr. Cells were then washed three times with PBS
and fixed with 100% methanol for 15 to 20 min at -20°C until ready for MT1MMP and LC3 IF analysis (Table 4-1).
For WB, cells (4 x106) were grown in a 75 ml flask in serum-free medium or
10% FBS for 24h. Cell pellets were collected and stored as describe above
(Table 4-1)
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4.3.2.3 Detection of MT1-MMP gene expresion in MCF-7 cells
using quantitative real-time polymerase chain reaction
(qRT-PCR)
Gene expression of MT1-MMP was investigated by qRT-PCR in MCF-7 breast
cancer cells grown in normoxic or hypoxic conditions (1% O2) over a time
course of 30 min, 1 h and 24 h.
4.3.2.3.1 Cell harvesting
MCF-7 cells exposed to normoxic or hypoxic conditions were washed with PBS
and detached from the flask surface using Accutase solution. Cells (2×106)
were collected in a 20 ml universal tube and centrifuged at 1,000 RCF for 5 min.
The medium was discarded, and the cell pellet washed with 1 ml PBS. The cell
suspension was transferred to a 1.5 ml micro centrifuge tube and centrifuged for
5 min at 3,000 RCF. After centrifugation, PBS was discarded and the pellet
processed by the qRT-PCR procedure.
4.3.2.3.2 qRT-PCR for MT1-MMP in MCF-7 cells
4.3.2.3.2.1 RNA/Protein purification
i.

Cells lysis and Genomic DNA Removal

The RNA/Protein purification plus Kit have been used and following the steps
according to the manufacturers protocol. In brief: cells were disrupted in the
lysis buffer and homogenised using vortex for 15 seconds. The entire pellet was
completely dissolved before proceeding to the next step. A genomic DNA
(gDNA) removal column was assembled with collection tubes, up to 600 µL of
the prepared lysate was applied onto the column and centrifuged at 5,200 x g
(~8,000 rpm) for 1 minute. The flow through was retained for RNA and protein
purification.
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The flow through contained the RNA and proteins and was stored on ice or at 20°C until the RNA Purification protocol was carried out.
ii.

Total RNA extraction and quantification

The following steps were applied up sample binding RNA to the column; 60 µL
of 96 – 100 % Ethanol was added to every 100 µL of flow through from Step i,
which was mixed by vortex. RNA/Protein then assembled by purification column
with one of the provided collection tubes; 600 µL of the lysate was applied with
the ethanol onto the column and centrifuged for 1 minute at ≥ 3,500 x g (~6,000
rpm). The entire lysate volume was passed through into the collection tube by
inspecting the column. If the whole lysate volume had not passed, need to spin
for an additional minute at 14,000 x g (~14,000 rpm). The flow through retained
for protein purification step, as the flow through contained the proteins it should
be stored on ice or at -20°C until the protein purification protocol was carried
out.
Depending on the lysate volume, the previous steps repeated if necessary. The
collected flow through was combined and retained in the same microcentrifuge
tube. The spin column was reassembled with the collection tube.
iii.

RNA Wash

Washing Solution A (supplied with the Kit) (400 µl) was applied to the column
and centrifuged at ≥ 3,500 x g (~6,000 rpm) for 1 minute. The entire wash
solution was passed through into the collection tube. If the whole wash volume
had not passed, it was spun for an additional minute at 14,000 x g (~14,000
rpm). The flow through from this step was discarded and reassembles the
column with the collection tube. this step was repeated twice. Then the column
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was spun for 2 minutes at 14,000 x g (~14,000 rpm) to thoroughly dry the
resin.
iv. RNA Elution
The column was placed into a fresh 1.7 mL Elution tube (supplied with the kit)
and 50 µL of Elution. Solution A was added to the column. The column and
tube were centrifuged for 2 minutes at 200 x g (~2,000 rpm), followed by 1
minute at 14,000 x g (~14,000 rpm). For maximum RNA recovery, particularly
for samples that were known to contain large amounts of RNA, it was
recommended that a second elution was performed into a separate
microcentrifuge tube (previous steps repeated). The purified RNA sample was
stored at –20°C in the short term or at –70°C for the long-term. The column
was retained for recovery of MCF-7 proteins.
v.

Isolate Total Proteins from All Cell Types

At this point, the proteins that were present in the flow through from the RNA
Binding Steps could be processed by column purification. The flow-through
from the RNA Binding Steps was transferred to a separate microcentrifuge
tube. For every 100 µL of flow through, it was diluted with 100 µL of molecular
biology grade water: 8 µL (or 40 µL for an entire flow through of 480 µL) of
Binding Buffer A was added for every 100 µL of flow through, contents mixed
well.
For the Protein Binding step; 600 µl of the pH-adjusted protein sample was
applied onto the column; and centrifuged for 2 minutes at 5,200 x g (~8,000
rpm). The spin column was reassembled with its collection tube. Depending on
sample volume, the previous steps were repeated until the entire protein
sample had been loaded onto the column.
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Then there was a column wash step; wash solution C (500 µl) was applied to
the column and centrifuged for 2 minutes at 5,200 x g (8000 rpm). The flowthrough was discarded the dry spin column was reassembled with a collection
tube. For protein elution (Protein Neutraliser) (9.3 µl) was added to a fresh 1.7
mL elution tube. The spin column was transferred from the column wash
procedure into the elution tube. 100 µl of elution buffer C (10 mM sodium
phosphate pH 12.5) was applied to the column,which was and centrifuge for 2
minutes at 5,200 x g (8000 rpm) to elute bound proteins.
4.3.2.3.3 Complementary DNA synthesis
Single-stranded cDNA was synthesised from total RNA in 20 μl reaction
volumes using a Nano Script 2RT Kit (primer design) by adding the following
annealing components (Table 4-2).
Table 4-2: Annealing step components

Component
RNA template (1- 2μg)

One reaction
μl
2.57 μl ≡ 1 μg

RT primer mix for reverse transcription

1.0

RNAse/DNAse free water

6.43

Total volume

10 μl

The samples were heated to 65°C for 5 minutes and reactions carried out in an
MJ Research PTC-200 Peltier thermal cycler. Samples were then cooled on ice.
For the extension step the following composition was prepared (Table 4-3)
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Table 4-3: Extension step component

Component

One reaction
μl
5.0
Nano Script 2 4 X reaction
buffer
1.0
dNTP mix 10mM
RNAse /DNAse free water

3.0

Nano Script2 enzyme

1.0
10 μl

Total volume

This 10 μl of the sample was collected with the previous 10.μl from annealing
step, mixed and vortexed. Then heated at 42°C for 20 minutes using an MJ
Research PTC-200 Peltier thermal cycler. It was cooled down to 4°C. The
complementary DNA(cDNA) sample was now ready to use (as stored at -20°C).

4.3.2.3.4 qRT-PCR sample set up
The qRT-PCR sample was set up in a 96-well plate (MicroAmpTM) in triplicate
for MT1-MMP and β-actin in a UV-irradiated hood of a 7500 RT-PCR System
(Applied Biosystems, UK). The assay was performed using 20 μl reactions
consisting of 1 μl of forward and reverse primers mix for the target genes MT1MMP and reference housekeeping gene β-actin. Primer Design 2x Precision
Plus MasterMix (10 μl), 6 μl of RNase/DNAse free water (Primer Design) and 3
μl of diluted cDNA (cDNA reactions diluted 2:10 [20 μl of cDNA and 80 μl of
water]) were mixed.
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4.3.2.3.5 Data analysis

The qRT-PCR assay chosen in this study was based on measuring
fluorescence. SYBR Green fluorescent reporter molecule was used. The
fluorescence intensity increases proportionally with each amplification cycle in
response to the amplified target concentration, with the RT-PCR instrument
systems (7500 Applied Biosystem) collecting data for each sample during each
PCR cycle. The first cycle at which the amplification generated fluorescence
can be detected as being above the ambient background signal was called the
“Ct” or threshold cycle. The numerical value of the Ct was inversely related to
the amount of target in the reaction (i.e., the lower the Ct, the higher the amount
of target) (Schmittgen et al., 2008).
Relative quantification (RQ) was used to evaluate the expression of the gene of
interest in comparison to the housekeeping gene β-actin. The ΔCt method was
used to calculate the relative expression of the gene of interest. This method
uses Ct values and inversely correlates with gene expression (the highest ΔCt
value is the lowest expression). The ΔCt values were calculated using the
following equation, and these values were compared between samples being
analysed:
ΔCt (sample) = Ct gene of interest - Ct internal control gene
The 2-ΔΔCt method was used to compare the fold change of gene expression
between cells exposed to hypoxic conditions and cells exposed to normoxic
conditions (control cells). The ΔCt value firstly calculated for each sample or
control cells using the following equation:
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ΔCt (sample) = Ct gene of interest - Ct internal control gene
ΔCt (control cells) = Ct gene of interest - Ct internal control gene.
Next, the ΔΔCt value for each sample was calculated using the following
equation:
ΔΔCt = ΔCt (sample) - ΔCt (control cells)
Finally, the ΔΔCt formula was used to estimate the normalised fold differences
between hypoxia and normoxia exposed cells (Fold change = ΔΔCt).
4.3.2.3.5.1 Statistical analysis
The significance of results was assessed through a comparison of means using
two-tailed student t-test. Results expressed as the mean ± standard deviation. P
values were calculated to determine the statistical significance of the results.

4.3.3 Results
To gain further understanding of MT1-MMP expression in MCF-7 spheroids, 2D
cultures were investigated under controlled conditions of hypoxia and nutrient
deprivation

4.3.3.1 Expression of MT1-MMP in MCF-7 cells in Normoxic and
Hypoxic conditions
Using IF, MCF-7 cells exhibited a significant increase in MT1-MMP expression
under hypoxic conditions compared to normal conditions and the 1 o antibodynegative control (Figure 4-2). Staining indicates expression primarily in the
plasma membrane. The hypoxia marker, CA-IX, verified that cells were
exhibiting the effect of hypoxia in identical conditions to those for the
measurement of MT1-MMP (Figure 4-3).
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Figure 4-2: Expression of MT1-MMP in MCF-7 cells under hypoxia 0.1% O2 and normoxia.
MT1-MMP. IF detected by the anti-MT1-MMP antibody (ab51074)(TRITC red fluorescence),
white arrows indicate plasma membrane staining. Nuclear staining with DAPI (blue). Scale bar
500µm. n=3
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Figure 4-3: Expression of the CAIX hypoxic marker in MCF-7 cells under hypoxia 1% O2.
CA-IX expression was detected by IF using NB100-417 antibody (NOVUS)(green). Nuclear
stain (blue) by DAPI. Controls are in the absence of primary antibody. Scale bar 500 µm. n=3
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As 0.1% O2 represents extremely harsh conditions, MCF-7 MT1-MMP
expression was examined under varying hypoxic conditions (0.1, 1 and 3% O2).
IF showed that MT1-MMP was expressed under all conditions (Figure 4-4 A, B
and C).

DAPI

OVERLAY

Test

MT1-MMP

Test

Control

A
0.1% O2

Test

Control

B
1% O2

Control
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3% O2

Figure 4-4: MT1-MMP expression in MCF-7 in different hypoxic conditions. A. 0.1%O2
hypoxia B.1%O2 hypoxia C.3% O2 hypoxia. Expression of MT1-MMP in MCF-7 under each
hypoxic concentration incubated for 24h detected by the anti-MT1-MMP antibody (ab51074)
(TRITC red fluorescence). Nuclear staining (blue) with DAPI, Scale bar 500 µm. n=3
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4.3.3.2 Time course studies of MCF-7 cells grown in hypoxic
conditions
Initially, MT1-MMP expression under hypoxic conditions (1% O2) was
investigated at 24 and 48 hours. IF results indicated positive expression for
MT1-MMP at both time points, and it was absent in normoxia (Figure 4-5 A).
WB results confirm these observations (HT-1080 cells were used as a positive
control). The amount of MT1-MMP, relative to β-actin, increased with time
(Figure 4-5 B). In contrast, cells grown in normoxic conditions remained
negative for MT1-MMP in both IF and WB.
Expression of MT1-MMP and CA-IX in MCF-7 cells was further investigated by
IF at 2, 4, 8, 12 and 24h under hypoxic conditions. Positive expression of MT1MMP in MCF-7 cells was detected at all time points. Also CA-IX exhibited a
similar pattern over the time course, confirming the cells were hypoxic (Figure
4-6A). |Similar expression was observed for the other detection time points
(Figure 4-6B and 4-6C)
As MT1-MMP expression occurred at the earliest time point of 2 hours, an even
shorter time course of hypoxia was undertaken. MT1-MMP expression was
observed at 60 minutes, but not at 15 or 30 minutes (Figure 4-7A)., The same
results were observed for CA-IX indicating
hypoxia (Figure 4-7B).

135

the rapid up-regulation of the
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Figure 4-5: Expression of MT1-MMP in MCF-7 cells grown for 24 and 48 hours under
hypoxic conditions (1% O2). A: IF of MT1-MMP (anti-MT1-MMP antibody, ab51074) (TRITC
red fluorescence). Nuclear staining (blue) with DAPI, Scale bar 500µm, n=3. B:WB analysis of
MT1-MMP (anti-MT1-MMP antibody. ab51074) and β-actin, with relative expression levels
under each condition.
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Figure 4-6: Time course of MT1-MMP and CAIX expression in MCF-7 cells. A: MT1-MMP
(ab51074, red) and CA-IX (NB100-417 antibody, green) at 2h exposure to hypoxia, B: MT1MMP expression at 4, 8, 12 and 24hr exposure to hypoxia, C: CA-IX at 4, 8, 12 and
24hexposure to hypoxia. Nuclear stain (blue) with DAPI. scale bar 500 µm n=2.
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Figure 4-7: MT1-MMP expression and CA-IX expression in MCF-7 cells over a short time
course of hypoxia exposure. A- MT1-MMP (anti-MT1-MMP antibody, ab51074, red). B- CA-IX
(NB100-417 antibody, green). Nuclear stain (blue) with DAPI. Scale bar 500 µm. n=2
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4.3.3.3 Expression of MT1-MMP and autophagy marker LC3 in
MCF-7 cells grown in complete media and serum-free
media (SF)
MT1- MMP expression was increased in MCF-7 cells grown in nutrient depriving
serum-free media for 24 h (Figure 4-8). Autophagy marker LC3 was also
positively expressed in the cytoplasm in MCF-7 cells grown in serum-free media
confirming autophagic conditions has been achieved, which correlated with
MT1-MMP expression (Figure 4-9).

Figure 4-8: MT1-MMP expression in MCF-7 cells grown in nutrient rich (with serum) and
nutrient deficient (without serum) conditions. MT1-MMP detected by IF using anti-MT1MMP antibody (ab51074) (TRITC red fluorescence) Nuclear stain (blue) with DAPI. Controlswithout primary antibody. Scale bar 500 µm. n=2
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Figure 4-9: Expression of LC3 autophagy marker in MCF-7 cells grown in nutrient rich
(with serum) and nutrient deficient (without serum) conditions.LC3 detected using LC3
antibody APG8B (ABGENT) (FITC green fluorescence).Nuclear staining (blue) with DAPI.
Controls without primary antibody. Scale bar 500 µm. n=2
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4.3.3.4Time course study of MT1-MMP and LC3 expression in
MCF-7 grown in serum-free media (SF)
Similar to the hypoxia study, MCF-7 cells were exposed to nutrient deficient
conditions (serum-free) in a time course (Figure 4-10A, B, C) to induce
autophagy and examine MT1-MMP expression by IF. As with hypoxia, MT1MMP and the autophagy marker, LC3, were rapidly up-regulated as early as 2
hours into serum-free treatment (Figure 4-10A).
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Figure 4-10: MT1-MMP and LC3 expression in MCF-7 cells exposed to serum-free(SF)
media over a time course of 24 hours. A- MT1-MMP and LC3 at2hr SF, B- MT1-MMP (antiMT1-MMP antibody, ab51074), red)at 4, 8, 12 and 24hr SF, C- LC3 (APG8B antibody, green)
at 4, 8, 12 and 24h SF. Nuclear staining (blue) with DAPI. Scale bar 500 µm. n=2
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Short time exposures again suggested the very early appearance of MT1-MMP
expression after 1 hour (Figure 4-11A). However, LC3 was not detected at 60
minutes, suggesting a slower expression rate at different mechanism of upregulation (Figure 4-11 B).
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Figure 4-11: MT1-MMP expression and LC3 expression in MCF-7 cells in a short time
exposure to serum free SF conditions. A- MT1-MMP (anti-MT1-MMP antibody, ab51074,
red). B- LC3 (APG8B antibody, green). Nuclear staining (blue) with DAPI. Scale bar 500 µm,
n=2.
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4.3.3.5 Reversal time course study for MT1-MMPs and CAIX
expression in MCF-7
Having consistently observed rapid onset of MT1-MMP expression in MCF-7
cells under hypoxic conditions, the reversibility of this “switch-on” was analysed.
Following a 24 hour exposure to hypoxia (1% O2), MCF-7 cells were incubated
under normal oxygen conditions for up to 72 hours. Neither MT1-MMP or CA-IX
were down-regulated on re-introduction to normoxia (Figure 4-12 A,B),
indicating the possibility that change in the cell phenotype was irreversible.
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Figure 4-12: MT1-MMP and CA-IX expression in MCF-7 cells on returning to normoxia
conditions. A- MT1-MMP (anti-MT1-MMP antibody, ab51074, red). B- CA-IX (NB100-417
antibody, green) Nuclear staining (blue) with DAPI. Scale bar 500 µm. n=2

147

4.3.3.6 Reversal time course study for MT1-MMP and LC3
expression in MCF-7 exposed to serum free media
In an analogous experiment, MCF-7 cells were grown in serum-free conditions
for 24 hours, then serum re-introduced for up to 72 hours. Again, MT1-MMP
expression remained after 72 hours in serum suggesting a permanent change
(Figure 4-13A). LC3 expression on the other hand was disappeared
immediately (Figure 4-13B). These results suggest that the increased MT1MMP expression mechanism maybe related in the hypoxia and autophagic
environments, but based on the LC3 response that there maybe more than one
autophagic switch occurring in MCF-7 cells.
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Figure 4-13: Reversibility of MT1-MMP and LC3 expression in MCF-7 cells on re-exposure
to serum. A- MT1-MMP (anti-MT1-MMP antibody, ab51074, red). B- LC3 (APG8B antibody,
green). Nuclear staining (blue) with DAP.IScale bar 500 µm, n=2.
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4.3.3.7 MT1-MMP expression in MCF-7 cells cultured under
different conditions by Western blotting
MT1-MMP up-regulation under hypoxic and serum-free conditions was further
verified by Western blotting. In both environments, the active form of the
enzyme was detected rather than latent MT1-MMP (as compared to MT1-MMP
positive control, HT-1080) (Figure 4-14).
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Figure 4-14: Expression of MT1-MMP in MCF-7 cells grown in hypoxic and serum-free
media (SF). MT1-MMP detected with anti-MT1-MMP antibody, ab51074 and relative to βactin. N=normoxia, H= hypoxia 1% O2, SF= serum free.
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4.3.3.8 MT1-MMP expression in hypoxic MCF-7 cells using a
second antibody
A second anti-MT1-MMP antibody (ab3644) was used to verify the results
obtained with anti-MT1-MMP antibody, ab51074, which had been used
extensive for IF, IHC and western blotting in these studies. The second antiMT1-MMP confirmed the increased expression of MT1-MMP in MCF-7 cells
under hypoxic and serum-free (autophagic) conditions (Figure 4-15).
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Figure 4-15: MT1-MMP IF analysis in MCF-7 grown in hypoxic and serum-free conditions
using a second anti-MT1-MMP antibody. MT1-MMP (anti-MT1-MMP antibody, ab3644, red).
Nuclear staining (blue) with DAPI. Scale bar 500 µm. n=2
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4.3.3.9

qRT-PCR results

4.3.3.9.1 MT1-MMP mRNA expression in MCF-7 cells grown in normoxia
and hypoxia (1% O2) conditions
A relative quantification (RQ) qRT PCR method was used to detect and
compare MT1-MMP expression at the mRNA level in MCF-7 cells grown under
normoxic and hypoxic conditions. A significant increase in MT1-MMP mRNA
levels was observed (Figure 4-16) in hypoxic cells within 60 minutes, in line with
appearance of protein levels detected by IF. There was a considerably lower
impact on mRNA levels under normoxic conditions. Protein recovered from the
MCF-7 extracts used for mRNA preparation were subjected to western blot
analysis. MT1-MMP protein was detected after 1 hour exposure to hypoxia (but
not after 30 minutes), again aligned with the expression of MT1-MMP mRNA
(Figure 4-17).
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Figure 4-16: Relative quantification (RQ) of MT1-MMP mRNA in MCF-7 cells by qRT-PCR.
p value= ** p<0.01 for RQ, n=3.
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Figure 4-17: Detection of MT1-MMP protein extracted from MCF-7 cells used for mRNA
preparation. MT1-MMP detected with anti-MT1-MMP antibody, ab51074. β-actin used as
standard protein. n=1
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4.3.4 Discussion
The purpose of the research in this chapter was to explore stress-related microenvironmental conditions that could lead to MT1-MMP expression in MCF-7
cells and verify spheroid data reported in the previous chapter3. Hence, MCF-7
cells were exposed to hypoxia or autophagy (nutrient deprivation by removal of
serum)and MT1-MMP protein (IF/WB) and mRNA (qRT PCR) expression was
analysed along with established markers of hypoxia and autophagy.
Clinical and experimental data have provided evidence for a relation between
the tumour microenvironment and metastatic disease. The solid tumour
microenvironment contains regions of high acidity and deprived oxygenation.
Rising evidence from clinical and experimental studies points to an essential
role for hypoxia in metastatic progression (Subarsky and Hill 2003).

MCF-7 cells are accepted as an MT1-MMP negative or poorly expressing cell
line. It is a model of differentiated breast cancer with low migration and invasive
potential for comparison with those which are metastatic (Atkinson et al. 2010b;
Zhang et al. 2018). Here, we have established stress conditions (hypoxia and
autophagy) that induce the expression of MT1-MMP, which has not previously
been reported.
The inducible nature of MT1-MMP expression in MCF-7 spheroids, a Luminal A
phenotype cell line, was in sharp contrast to other breast cancer spheroids
(T47D – Luminal B, MDA-MB-453 – HER2 positive, and MDA-MB-231 – basallike), where expression was constitutive under all conditions of cell growth.
We have shown that MT1-MMP expression in MCF-7 breast cancer cells was
dramatically increased by hypoxia compared with normoxia. A number of
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studies have shown that hypoxia can regulate MT1-MMP at the transcriptional
level in different cell systems, including endothelial cells, bone-marrowderived stromal cells (MSCs) and choroid-retinal endothelial cells (Ben-Yosef et
al. 2002; Annabi et al. 2003; Ottino et al. 2004). A study in renal carcinoma
cells deficient in the tumour suppressor Von Hippel Lindau (VHL) protein and
expressing high levels of endogenous HIF-2α induced MT1-MMP mRNA
expression. Indeed, two putative HIF-binding sites have been found in the
MT1-MMP promoter (Petrella et al. 2005).

Hypoxia

induces

an

increased

invasive

capacity

in

a

variety

of

adenocarcinomas by up-regulation of secreted gelatinases (MMP 2 and MMP9) (Brat et al. 2004). Colonic (SW1222), breast (MDA-MB-231), and pancreatic
(PSN-1) tumour cell lines were exposed to hypoxia (1% O2/94% N2/5% CO2) for
periods of up to 24 hours without loss of cell viability. All three cell lines
exhibited increased invasiveness over 72 h (p < 0.01 all groups), which
correlated with a significant increase MMP2 and MMP9 levels in SW1222 and
PSN-1. MDA-MB-231 showed a rise in MMP 9 expression. MT1-MMP–
mediated activation of pro-MMP-2 which was involved in the angiogenic and
proteolytic activities (Ridgway et al. 2005)
The increased MT1-MMP mRNA levels we observed under hypoxic conditions
correspond with previous studies, as MT1-MMP mRNA levels in retinal glial
cells under hypoxic increased approximately 2.3-fold after 24 hours, whereas a
2-fold increase was observed in MDA-MB-231 cells after 12 hours, both similar
to our observations in MCF-7 (2.8-fold) (Noda et al. 2005). Although VEGFR-1
and -2 were not detectable in retinal glial cells in normoxia, the expression of
VEGFR-2 was prompted only in the hypoxic condition. The involvement of
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VEGFR-2 in the hypoxia-induced expression of MT1-MMP in retinal glial cells is
supported by data presented that this induction was abrogated in the presence
of SU1498, a selective inhibitor of VEGFR-2 (Kondo et al. 2002; Ottino et al.
2004).
Our time course results showed that MT1-MMP expression in MCF-7 cells was
exhibited within a short time under hypoxia. Also, a consistent CAIX positive
expression was

demonstrated in a smiliarly short time. This situation

remarkably changed when MCF-7 cells were reserveed from hypoxia back to
normoxia. In a time course study belong to 72hr. MT1-MMP and CAIX
expression presented in MCF-7 cells even after cells transfer to a normoxic
condition. This suggested the

effect of growing cells in hypoxic conditions

affected the behaviour of the cell and this change in cells could be related to the
expression of the MT1-MMP protein.
MCF-7 transfected with YB-1, a member of the cold shock domain family, with
roles in DNA structure, gene transcription and translation, had profound effects
on the cellular phenotype, including increased expressing of MT1 MMP. YB-1+
MCF-7 cells were anaplastic and formed tumours characterised by aggressive
local

invasion

and

metastases.

This

suggested

that

YB-1-mediated

development of an invasive phenotype was dependent upon the activity of MT1MMP (Lovett et al. 2010). The irreversible expression of MT1-MMP in MCF-7
cells following hypoxia and autophagic exposure warrant further investigation
for invasive and migration properties in the future, to determine the
consequences of this phenotypic change. The autophagy mechanism for MT1MMP maybe slightly different from that of the autophagic marker LC3. In the
case of the former expression was irreversibly up-regulated, whereas the latter
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was downregulated when returning to serum-containing medium as quickly it
was induced in serum-free conditions.
In contrast, LC3 autophagy marker expression was negative in reversal MCF-7
cells as autophagy is a cytoprotective mechanism that protects cells exposed to
situations of metabolic stress, such as nutrient deprivation (Scarlatti et al. 2008)
(Mann and Wilm 1994; Eskelinen 2005). Many of the features associated
cancer cells, induction of autophagy serves as an adaptive response that can
lead to chemoresistance mechanisms and increased cell survival, with high
cellular MT1-MMP levels (Pratt et al. 2012).
Furthermore, it has been proved that the interactions between tumour cells and
the extracellular matrix (ECM) strongly influence tumour development, affecting
cell survival, proliferation and migration (Juliano 2002). Many of these
interactions are mediated through the integrin family of cell surface receptors.
Fibronectin and its integrin receptors (e.g. α5β1 and αvβ3) play essential roles
in tumour development through increasing the extracellular MT1-MMP activity
(Munshi and Stack 2006). Das et al observed MT1-MMP expression in MCF-7
grown serum-free conditions, which was increased by the addition of
fibronectin. Active MT1-MMP, in this scenario, was linked to increased MMP-2
and MMP-9 expression and consequentially increased MCF-7 invasiveness,
however, this was not directly associated with autophagy. (Das et al. 2008)
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5 Chapter 5- Quantitative proteomics study for MCF-7
monolayer cells under different environment
conditions and MCF-7 and when grown as
multicellular tumour spheroid
5.1

Introduction

The term “proteome” refers to the protein complement of the genome, and the
term “proteomics” is the systematic analysis of those proteins (List et al. 2008).
Proteomics is often applied to recognise patterns of expression at a given time
in response to a given stimulus, and can also be used to discover functional
protein networks that exist at the cell, tissue, or whole organism level (Gavin et
al. 2002). Since proteins control the vast majority of cellular functions, the
search for accurate identification of protein forms and their biological function is
invaluable (Niehrs and Pollet 1999). With the genomic sequence data available
today, the field of proteomics has become the main focus for the identification
and characterisation of cellular gene products (proteins) present, absent or
altered in relative amounts in a given environment (Baltimore 2001).
Proteomics aims to describe proteins to obtain a more organised view of biology
and looks at how proteins are expressed, work and interact, how they are
adapted after translation and how they can contribute as specific biomarkers for
a disease. Proteins are responsible for the function of biological systems and
cellular phenotypes. Cancer cells express proteins that distinguish them from
normal cells and consequently proteomics can play a major role in
understanding oncogenic mechanisms (Graves and Haystead 2002).
One of the main analytical methods in proteomics is mass spectrometry (MS).
The development of ionisation techniques now allows almost any compound to
be studied by MS. For peptide and protein analysis in proteomics, MS has
160

unique advantages, including sensitivity, specificity, throughput and speed,
making it an essential component for biomarker discovery. The best use of
these technologies depends on the desired goal, such as protein identification,
characterisation of post-translation modifications or determination of proteinprotein interactions. Proteomics-based strategies for cancer diagnosis and
prognosis include the analysis of complex mixtures such as tissue and liquid
biopsies. Proteomics can also be applied to understanding cancer mechanisms
and therefore is appropriate for analysing MCF-7 responses to microenvironmental changes such as hypoxia and autophagy.

5.1.1 Proteomics workflow
The proteomics process involves a number of steps; preparation of biological
samples including protein extraction, conversion of proteins to peptides by
controlled protease digestion chromatographic and/or electrophoretic separation
of peptide mixtures, MS and MS/MS analysis, identification of peptides and their
parent proteins through database searching and bioinformatics interpretation of
proteomic content and expression changes (Domon and Aebersold 2010)
(Figure 5-1). Visualization of the proteome requires multidimensional separation
approaches before protein identification due to the wide dynamic range of
protein expression levels exemplified by plasma which has been shown to
comprise protein concentrations that vary by 12 orders of magnitude (Anderson
and Anderson 1998; Hair et al. 1998).
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Figure 5-1:Workflow demonstrating typical proteomic experiment (Domon and Aebersold
2010)

5.1.2 Protein isolation
Before proteomic studies, proteins must be isolated from the large mixture of
other molecules present in biological samples. The method of isolation depends
on the type of biological sample (tissue, cell line or bio fluid) under investigation
and influences the subsequent preparation of proteins. Protein extraction can
be performed on cultured cell lines and tissues by three methods; mechanical,
chemical, enzymatic, individually, and/or in combination. Chemical based
extraction methods involve the use of organic solvents or detergent (e.g. SDS,
CHAPS, Triton X-100) (Wiśniewski et al. 2009).
Mechanical extraction methods have an advantage over chemical methods,
because they can maintain the activity of the protein of interest but yield less
protein compared to chemical-based methods (Moore et al. 2016). There are
different types of mechanical methods such as freeze-thawing, cryopulverization, sonication, and use of electrical homogenizers or blenders (Rial162

Otero et al. 2007), but the choice of method depends on different factors; type
of biological material, cellular location, stability and post extraction analysis.
The most common protein extraction method for whole proteome analysis is a
combination of detergent and sonication (Bodzon-Kulakowska et al. 2007).
Using this approach, samples are first solubilised in extraction buffer (detergent
and protease inhibiters, which to prevent protein degradation by endogenous
proteases), followed by probe sonication to disrupt the cells membranes by
high-frequency sound waves (Bodzon-Kulakowska et al. 2007).

5.1.3 Protein fractionation
Separation at the protein level is useful for analysing proteins from specific subcellular organelles or for proteins of a specific molecular weight range. In
proteomics, 1D and 2D PAGE can be considered as methods of preparatory
separation and not only as traditional analytical tools. 2D gels are most
commonly used in comparative studies, while one-dimensional gels are widely
used for in-gel protein digests with subsequent peptide-based liquid
chromatography (LC) separation methods, to provide overall 2D separation
before mass spectrometry analysis (O'Farrell 2014).
Various LC protein fractionation methods are available including ion exchange
chromatography, hydrophobic interaction chromatography (List et al. 2008),
which can be used to separate proteins depending on charge, hydrophobicity or
size, respectively. Affinity chromatography, which utilises an interaction
between a specific immobilised ligand or antibody that binds to a protein or
protein family of interest, provides a powerful alternative for enriching targeted
proteins groups, such as protein kinases (Simpson et al. 2003). A nonchromatographic method such as immunoprecipitation,
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subsequent re-

solubilisation and subcellular fractionation can also be used to separate proteins
either on their own or as part of a multi-dimensional separation approach
(Romero et al. 2015). The separation methods incorporated into any protocol
will be dependent on the sample type as well as the overall objectives of the
project.

5.1.4 Digestion
The sensitivity and mass accuracy of mass spectrometers are directly
correlated to the size of the peptide or protein. Typically, the optimal mass for
peptides to enable efficient fractionation by MS/MS is between 1-5 kDa. Also,
peptides are more readily ionised than intact proteins. It is therefore desirable to
digest the proteins into peptides for MS and MS/MS using specific proteases
(Shevchenko et al. 2007). Trypsin is the most commonly used enzyme for this
purpose. Trypsin hydrolyses proteins at the C-terminal side of lysine (K) and
arginine (R) (unless these residues are adjacent to the N-terminal side of
proline) (Olsen et al. 2004). There are other approaches to protein degradation
including chemical (e.g. CNBr and formic acid) and protease (e.g. Arg-C-endo
proteinase) based methods.

5.1.5 Peptide Separation
Several sequential separation techniques are often required to reduce the
complexity of samples for mass spectrometric analysis. In these cases, the
methods that differentiate the peptides take advantage of varying physical
properties. Proteomics MS is usually achieved by sequential methods of liquid
chromatography such as ion exchange chromatography (IEC) (Wen et al. 2000)
followed by nanoreverse phase high performance liquid chromatography (RP
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HPLC). RP HPLC also enables concentration of peptides before their analysis
by MS (Bondarenko et al. 2002) (Issaq et al. 2005).

5.1.6 Mass Spectrometry
There are specific mass spectrometry techniques used for proteomics (Azad et
al. 2008). Mass spectrometers comprise three parts; the ion source, which
volatises and ionises proteins or peptides for mass spectrometric analysis), the
mass analyser, which separates the ions based on their mass-to-charge ratio
(m/z), and the detector, which reads the number of ions with each m/z value).

5.1.6.1 Ion Sources
There are different techniques to volatilise and ionise proteins or peptides for
mass spectrometric analysis, for example, matrix assisted laser desorption
ionisation mass spectrometry (MALDI-MS) and electrospray ionisation (ESI).
MALDI MS is a widely used technique for determining the intact mass of a wide
range of chemicals and biomolecules, but also has exceptional capabilities
for MS

and

MS/MS

of

peptides.

Compared

to

other

ionisation

techniques, MALDI-MS offers a high tolerance of salts and other common buffer
components, and a wide mass range (up to 500kDa). MALDI is most frequently
coupled with a time-of-flight (TOF) analyser, and tandem TOF/TOF-MS
instruments to enable rapid and efficient fragmentation of peptide ions,
facilitating peptide sequencing and identity. Routine detection limits for peptides
are in the picomole to femtomole range (Wendy 2014).
Electrospray ionisation (ESI) is a technique in which the analysis is in a solution
and converted into multiply charged ions in the gas phase for analysis by mass
spectrometry. The ionisation process generates small droplets of solvents
containing the molecule of interest. As the droplet decomposes, the protons in
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the droplet interact with the basic positions of the molecule, resulting in the
formation of multiply charged ions (Figure 5-2). A 50,000 Da protein may
typically have 30 to 50 or more protons so that the m/z of the molecule achieved
is approximately 1000 to 2000 m/z, a range that can be achieved by most ESIMS devices. Gas phase ions are transferred to the analyser under the influence
of differential low pressures and electric fields, at the interface leading to the
mass analyser (Kebarle 2000).

Figure 5-2: Electrospray ionization. Adapted from http://www.ich.ucl.ac.uk

The multiple charges on the gaseous phase peptides reduce the mass/charge
ratio of molecular weight from tens of thousands to thousands. ESI is typically
coupled with a triple quadrupole, an ion trap, a hybrid quadrupole-TOF (QTOF)
or an Orbitrap. The ability to perform MS in tandem (MS/MS) after ESI has
revolutionised proteomics because this can be used to fragment peptides and
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find information on the amino acid sequence directly. ESI offers significant
advantages in ease of coupling to separation techniques such as RP HPLC,
allowing in-line analysis of peptide mixtures (Desiderio 2013).

5.1.6.2 Mass Analysers
The mass analyser separates the molecular ions according to their mass-tocharge ratio after their generation by the ion source. There is a range of mass
analysers currently used in commercial instruments, including, time of flight
(TOF), Q-TOF, QQQ, ion trap, Orbitrap and Fourier Transform Mass
Spectrometry (FTMS). TOF analysers use a field-free region, within which, the
time the ions take to pass from the ionisation point (e.g. laser pulse trigger in
the case of MALDI) until they reach the detector is determined (Haag 2016).

Ion cyclotron resonance (ICR) is used in Fourier transforms mass analysers;
appying the Lorentz force law, which uses the frequency of the cycling ions to
determine their mass-to-charge ratio. The Orbitrap is a variation of Fourier
transforming mass analysers which uses the frequency of oscillating ions to
assess their mass-to-charge ratio. Some mass analysers also contain
quadrupoles (Q), which apply a combination of constant DC and radio
frequencies to generate oscillating AC electric fields and focus specific ions
(Paul and Steinwedel 1953).

5.1.6.3 MS and MS/MS analysis
After ionisation, the mass-to-charge ratio of the charged peptides within the
sample

is

determined.

Originally,

protein

identification

through

mass

spectrometry analysis was achieved using the peptide mass finger (PMF)
approach (Henzel et al. 1993) most frequently using a MALDI mass
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spectrometer. However, with increasing database size, PMF data is often
insufficient for confident protein identification. To overcome this issue tandem
mass spectrometry (MS/MS) analysis of peptides to generate sequence-specific
fragments was developed (Mann and Wilm 1994). MS/MS generated by LCcoupled ESI MS systems provide a rapid and efficient automated method for
peptide analysis in protein identification and post-translational modification
characterisation (McCormack et al. 1997). Within the mass spectrometer, each
precursor (peptide) is isolated by applying a mass filter, typically using a
quadrupole, subjected to fragmentation and the fragments separated in a
second analyser. This process is known as MS/MS or MS2, producing
secondary or daughter ions representative of the structure of the peptide
(Washburn et al. 2001).

5.1.6.4 Detectors
Detectors represent the final section of a mass spectrometer and function
principally by recording either the current or charge produced when an ion
reaches and collides with its surface. To increase signal intensity, amplification
is often necessary. Microchannel plate detectors are usually used in modern
commercial instruments. In FTMS and Orbitraps, the detector consists of a pair
of metal surfaces within the mass analyser/ion trap region into which the ions
pass as they oscillate. No direct current is produced, only a weak AC image
current is produced in a circuit between the electrodes (Dubois et al. 1999).

5.1.6.5 Peptide fragmentation (MS, MS/MS)
Typically, the peptides resulting from a trypsin-digested protein mixture are
separated using LC, and the fractions analysed by MS/MS. In this method, the
peptides loaded into the first MS analyser are separated based on their m/z
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ratio. Those ions that are required for further analysis are sequentially directed
into a collision cell where collision with an inert gas results in fragmentation
mainly at the peptide bonds, creating a sequence of fragments associated with
the order of amino acids.
The fragmented ions are separated according to their m/z ratio in the second
MS analyser. Since the mass spectrometer can identify amino acids by
measuring the exact differences in the molecular weights of these fragments,
the peptide sequence can be deduced. By comparing the sequences provided
in databases, we determine the identity of the peptide and therefore of the
protein from which it was derived (Peng et al. 2003).
When the charge is held in the N-terminus of the peptide residue, the ion
fragments are called transitions a, b and c, and x, y, z when the charge is held
at the C terminal (Figure 5-3). This method of ion nomenclature was initially
proposed by (Sundqvist et al. 1984) and later modified by (Johnson et al. 1987).
This information is then used to identify the peptide in a method known as the
peptide fragment fingerprint.
There are three common methods for fragmenting peptides; collision-induced
dissociation (CID), high energy collision dissociation (HCD) and electron
transfer dissociation (ETD). HCD is achieved by introducing nitrogen gas in the
ion trap producing smaller peptides fragments and CID is performed with helium
gas, producing larger fragments of the peptide being analysed (Nilsson 2016).
HCD or CID mainly produces two fragments types; N-terminal ‘b’ ions, and the
C-terminal ‘y’ ions. ETD induces fragmentation by transferring electrons in an
ionic reaction between the peptide cation and the reactive radical anion
(electron carrier - fluoranthene 202 m/z) ETD induces fission at the C-N-R bond
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of O=C-NH-R peptide bond while CID and HCD produce at the C-N bond of the
O=C-N-H peptide bond (Figure5-3) (Zhurov et al. 2013).

Figure 5-3: Peptide backbone fragmentation: peptide structure, selected tandem mass
spectrometric (MS/MS) techniques, and fragment ion nomenclature (Zhurov et al. 2013).

5.1.7 Protein Identification
When the mass spectrometer has acquired MS or MS/MS data for the analysed
peptides, this information is compared with sequences within a protein or
genome database, such as UniProt. Specific search algorithms have been
developed for this purpose including mascot (Perkins et al. 1999), which uses a
probability-based approach to score the degree of agreement between in silico
sequence data with that of the experimentally derived data. Mascot uses a
development of the Mows algorithm (Pappin et al. 1993). A Mascot score is
defined as ‘the absolute probability that the observed match is a random event’
(Koenig et al. 2008) and can be applied to both PMF(MS) and PFF(MS/MS)
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data. Taking into account the numerous search parameters (e.g. species,
fragment ion mass tolerance, parent ion mass tolerance, variable modifications)
(Chamrad et al. 2004), the MASCOT search algorithm generates a threshold
cut off score, which represents a 95% confidence level (p-value = 0.05) for the
peptide and protein identities. The failure to detect a particular protein using MS
does not confirm the absence of this protein in the sample analysed. The
peptides associated with this protein may be below the detection threshold due
to amount of sample used or signal suppression in MS.

5.1.8 Qualitative Proteomics
The original purpose of proteomics as a research area was to identify all
proteome components, to create databases of complete proteins in specific
biological systems. This qualitative approach to proteomics continues with
considerable efforts, particularly in the generation of Human Protein Atlas using
a non-MS based approach (Persson et al. 2006; Law et al. 2015).

5.1.9 Quantitative Proteomics
Over

the

last

20

years,

MS-based proteomics has

emerged

as

an

important analytical method for protein research, particularly for protein
quantification (Cheng et al. 2018). Currently, the use of proteomics is of
greatest interest in the examination of relative changes in a proteome by
comparing different biological and experimental conditions (Otto et al. 2014). In
the past, relative quantitation of proteins has been achieved, by Western
blotting (Taylor et al. 2013) or the use of protein stains (Oda et al. 1999),
however these methods are low throughput and inaccurate by comparison to
mass spectrometry (Shevchenko et al. 2007). As a versatile quantification tool,
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MS supports both relative and absolute protein measurement at a large scale
(Table 5-1). In relative quantification there are two main approaches; stable
isotope label-based and label-free quantification. Label-free approaches are
based on data inherently acquired during individual LC-MS experiments,
whereas label-based approaches are based on combining quantitation into a
single LC MS workflow.

Table 5-1: Mass Spectrometric Techniques for Large-Scale Relative and
Absolute Proteome Quantification (Adapted from (Cheng et al. 2018)

Abbreviation

Full Name of the Technique

Quantification
Level

Accuracy

Reproducibility

Relative
Quantification

2DE

Spots on gel
(intensity)

middle-high

middle

MS1 (intensity)
MS2 (tag
intensity)
MS2 (tag
intensity)

high

high

middle-high

middle-high

middle-high

middle-high

MS1 (intensity)
MS2 (spectral
counts)

high

high

low

middle

label-free quantification/MS1-based
sequential windowed acquisition of all
theoretical MS2

MS1 (intensity)

middle-high

high

MS2 (intensity)

high

high

selected (multiple) reaction monitoring

MS2 (intensity)

high

high

exponentially modified protein
abundance index

middle

middle

middle

middle

APEX

normalized spectral abundance factor
absolute protein expression
measurements

MS2 (spectral
counts)
MS2 (spectral
counts)
MS2 (spectral
counts)

middle

middle

IBAQ

intensity-based absolute quantification

MS1 (intensity)

middle-high

middle-high

ALF

absolute label free quantification
proteome ruler based on MS signal of
histones

MS1 or MS2

middle-high

middle-high

MS1 (intensity)

middle-high

middle-high

ICAT
iTRAQ
TMT
SILAC
LFQ-spectral
counting
LFQ-MS1
SWATH-MS (DIA)
SRM/MRM
Absolute
quantification

emPAI
NASF

Proteome ruler

two-dimensional gel electrophoresis
isotope-coded affinity tag
isobaric tag for relative and absolute
quantification
tandem mass tag
stable isotope labelling by amino
acids in cell culture
label-free quantification/ spectral
counting
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5.1.9.1 Isobaric tags for relative and absolute quantitation
Isobaric tags for relative and absolute quantitation (iTRAQ) reagents were
developed to provide a non-discriminative protein quantification method (Ross
et al. 2004)(Figure 5-4). The reagents react with lysine residues and peptide Ntermini. In its original form, four different tags were created to allow for 4-plex
analysis. Each reagent consists of an NHS (N-hydroxysuccinimide) ester
peptide reactive group, N-methyl piperazine reporter group and a carbonyl
balancer moiety. The overall mass of each of the four iTRAQ reagent tags
remains constant at 145Da; however, each reagent contains a different reporter
group and balancing group mass, ranging from 114-117 Da and 28-31 Da,
respectively. There are also reagent kits for 8 samples (iTRAQ 8-plex).

iTRAQ peptides are quantified in the MS/MS mode. During the initial MS scan
the same peptide labelled with different iTRAQ reporter reagents (from different
samples) appears as a single peak. This allows samples to be combined as
quantitative information is obtained during MS/MS analysis (Boersema et al.
2009). Quantitation is achieved following the liberation of the iTRAQ reporter
groups by fragmentation of the parent ions during MS/MS analysis. The peak
area of each reporter group for a peptide is used to quantify the relative levels
of that peptide in four samples using the 4-plex chemistry. Ratios can be
generated to compare the same peptide from different samples. The median of
each reporter ion area, which is representative of each of the samples, for the
peptides associated with a particular protein, is used to quantify its level
compared to the other samples represented by the other reporter ions.

By determining ratios at the peptide level, iTRAQ generates multiple
quantitative measures for any protein, providing increased confidence in the
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overall relative levels when comparing samples. The opportunity to multiplex
sample analysis represents a significant benefit of iTRAQ as a quantitative
strategy

Figure 5-4: iTRAQ structure. A, a diagram display of the components of the multiplexed
isobaric tagging chemistry. B The reporter group ranges in mass from m/z 114.1 to 117.1, while
the balance group varies in mass from 28 to 31 Da, such that the combined mass remains
constant (145.1 Da) for each of the four reagents. C, an illustration of the isotopic tagging used
to arrive at four isobaric combinations with four different reporter group masses. A mixture of
four identical peptides each labelled with one member of the multiplex set appears as a single,
unresolved precursor ion in MS (equal m/z). (Ross et al. 2004)
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5.1.9.2 Parallel reaction monitoring (PRM)
PRM is defined as high-resolution multiple reaction monitoring (MRM) or target
MS/MS (Ronsein et al. 2015) and is another strategy that can be exploited for
quantitation on high-performance MS platforms (Peterson et al. 2012). The
PRM assay is a potent tool for targeted peptide or metabolite quantification, as
well as a method which serves as an alternative for an MRM assay.
In this approach, a peptide is selected which ideally is unique for the protein of
interest. Following ionisation of the experimental sample, only the mass of the
specific peptides of interest are selected for fragmentation. The specific
fragments are selected for quantitation and used to compare the relative
abundance with a synthetic version of the peptide analysed in the same
experiment (Peterson et al. 2012).
As the absolute amount of the synthetic peptides is known; the total amount of
the naturally occurring peptide within the experimental sample can be
determined.
5.1.9.2.1 PRM Data analysis
Skyline® software (Broudy et al. 2014) was used to analyse PRM data. The
PRM MS files are compiled into a single high-performance dataset. To obtain
reliable quantitative results, fragment ions with m/z greater than the precursor
m/z should be used to provide greater selectivity (Frohlich and Arnold 2011).
These ions are less prone to interference from single charge precursors since
individually charged ions cannot produce fragments with a higher m/z of the
precursor. Also, selected ion fragments ideally should have a high intensity
(Schilling et al. 2015). The peptides are quantified by extracting the peak areas
of the ion from qualified fragments using tight mass tolerances (typically 5-10
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ppm). The regions of the ion peaks are then integrated from the elution profile
and used for quantification of peptides (Rauniyar 2015).

5.2 Aims and objectives
Significant change in MT1-MMP expression in MCF-7 cells was detected as
described in Chapters 3, 4, and 5, when they were exposed to conditions of
stress (Hypoxia or SF) or grown in 3D spheroids. Proteomics provides a novel
approach to investigate the protein profiles of these cells under identical
conditions, and to begin to determine the underlying mechanisms and biological
processes related to MT1-MMP expression. Hence, the following experiments
were performed:


Use an iTRAQ proteomics strategy, to explore and quantify the proteins
changed in MCF-7 cells grown under different micro-environmental
conditions (hypoxia, SF, and MCTS) relative to normal conditions.



Use a targeted proteomics approach by parallel-reaction monitoring (PRM)
to assay for specific MT1-MMP peptides in MCF-7 cells grown in different
micro-environmental conditions.
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5.3 Material and methods
5.3.1 Materials
Sodium

dodecyl

sulphate

(SDS),

Tris

(hydroxymethyl)

aminomethane

hydrochloride (Tris-HCl), glycine, sodium bicarbonate (NaHCO3), magnesium
chloride (MgCl2), sodium chloride (NaCl), sodium deoxycholate (DOC), 3-[(3cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), N,N,N’,N’tetramethylethylenediamine (TEMED) urea, thiourea, glycerol, bromophenol
blue,

ammonium

persulfate,

triethylammonium

bicarbonate

(TEAB),

iodoacetamide, PhastGel® Blue R, HPLC grade water, methanol, acetonitrile
(MeCN), acetone and formic acid (FA) were purchased from Sigma-Aldrich
(Poole, UK).
Tween 20 (Tween), 2-mercaptoethanol, sodium azide, acetic acid, dimethyl
sulfoxide (DMSO) and dithiothreitol (DTT), 30% w/v acrylamide, phosphate
buffered saline pH 7.4 (PBS), trifluoroacetic acid (TFA) were purchased from
Fisher Scientific UK. Proteomics grade trypsin and protease inhibitor cocktail
were obtained from Roche Diagnostics GmbH, Germany. iTRAQ 4-plex isobaric
labelling reagent kit was purchased from SCIEX,Warrington,UK.

5.3.2 Methods
5.3.2.1 Proteomics sample preparation
MCF-7 cells were grown in a different micro-environments as described
prevously (hypoxia – section 4.3.2.2, serum-free media – section 4.3.2.2.3 and
as MCTS – section 2.1.2.).
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5.3.2.2 Protein extraction and determination
Protein extraction from MCF-7 cells and protein concentration determination
were performed as described previously (section 3.3.2.1.2.1) and respectively)
and the total amount of protein determined with the Bradford assay (section
3.3.2.1.2.2)

5.3.2.3 iTRAQ reagent labelling
This method combines different steps to prepare peptides for LC-MS.
5.3.2.3.1 Protein Precipitation
Each protein extract (200μg of protein) from MCF-7 cell lines in different culture
conditions (normoxia monolayer, hypoxia monolayer, SF monolayer, 3D MCTS)
was precipitated overnight with 100% chilled acetone at −20°C and centrifuged
for 20 min at 13,400 rpm at 4°C.
5.3.2.3.2 Reduction, alkylation and trypsin digestion

Pellets were resuspended in 20µl of 8M urea in 400mM ammonium
bicarbonate, mildly vortex mixed to solubilise the samples and centrifuged for 1
min at 13,400 rpm at room temperature. The protein concentration was remeasured with the Bradford assay (section 3.3.2.1.2.2) to check the efficiency
of acetone precipitation.
Identical aliquots (80 µg) of each protein sample were reduced with 50 mM
dithiothreitol (DTT) at 60

o

C for 15 mins and alkylated with 100 mM

iodoacetamide (IAA) at room temperature, in the dark, for 20 min. MS-grade
trypsin (Fisher Scientific UK) was used to digest proteins at a protease-toprotein ratio of 1:10 (w/w) at 37°C for 20 hr. The reactions were stopped by
freezing at -20°C. Before iTRAQ labelling, each sample was desalted on an
Isolute C18 desalting column and lyophilised.
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5.3.2.3.3 MALDI MS of trypsin digestions
The effectiveness of trypsin digestion was indiecated by MALDI MS. A 1 μl
aliquot of each digest was diluted 10-fold in 9 μl 10% v/v acetonitrile (ACN).
Sample (0.5 μL) was spotted with 2 x 0.5 μl saturated solution of α-cyano-4hydroxycinnamic acid (CHCA in 30% v/v ACN, 0.05% TFA) using the sandwich
preparation method on a MALDI Target Plate (MTP Anchorchip 800/384
massive target T (Bruker Daltonics). Peptide calibration mix II was prepared by
[fresh stock Pep calibrant II+125 μl TA30 (30:70) v/v acetonitrile, 0.1% TFA)]
was also spotted on the target plate to calibrate the instrument. The samples
were analysed on the Ultraflex II (Bruker Daltonics). MS spectra were acquired
and visualised using FlexControl v3.4 and FlexAnalysis v3.4 software,
respectively.
5.3.2.3.4 iTRAQ labelling
All lyophilised peptides were resuspended in 1M TEAB 0.1% SDS, vortex and
centrifuged for 1 min at 13,400 rpm at room temperature. Samples were
incubated with one of the iTRAQ 4-plex label (114, 115, 116, 117) (Table 5-2).
For this, each iTRAQ reagent solubilised in 70 µl of 100% ethanol, vortex
mixed, centrifuged for 1 min, then added to the sample for 2 h at RT. The
labelled peptides were then combined, desalted on an Isolute C 18 desalting
column and the eluate lyophilized (48°C, aqueous mode) until fully dry.
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Table 5-2: iTRAQ labelling of samples

Samples labelled

iTRAQ

MCF-7 mono (MO)

114

MCF-7 hypoxia

115

MCF-7 SF

116

MCF-7 MCTS

117

5.3.2.3.5 Strong cation exchange (SCX) fractionation
The combined sample was resuspended in 600 μL SCX loading buffer (10 mM
KH2PO4 in 25% ACN, 0.01% w/v sodium azide, adjusted to pH3), added to an
Isolate SCX column (Kinesis Ltd, UK) pre-wetted with HPLC grade water and
allowed to flow through under passive hydrostatic pressure. Peptides were then
eluted stepwise in 12 fractions with successive 500 μL volumes of elution buffer,
using a potassium chloride from 30 mM to 1000mM (Table 5-3). Sample
fractions were diluted with 1.5 ml solvent A (2% v/v ACN, 0.05% v/v FA),
desalted on an Isolute C18 desalting column and lyophilised (48°C, aqueous
mode) until dry and stored at -20oC.
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Table 5-3: Strong Cation Exchange Elution Buffer (KCl) Concentrations
Elution fraction
number

KCl concentration
mM

E1

30

E2

60

E3

90

E4

120

E5

150

E6

180

E7

250

E8

300

E9

350

E10

500

E11

700

E12

1000

5.3.2.4 Orbitrap Fusion mass spectrometry
Lyophilized peptide fractions were individually reconstituted in 10-30 μl of
loading mobile phase (2% ACN, 0.1% FA) and 2-3 μl loaded at 25 μl/minute for
4 minutes onto a C18 PepMap100 trapping cartridge (5 mm × 300 μm ID, 5 μm
particle) (Thermo Scientific) in loading mobile phase, using a Dionex Ultimate
3000 (Thermo Scientific). After peptide loading, the trapping cartridge was
brought in-line with an Acclaim PepMap 100 column (25 cm or 50 cm × 75 μm
ID, 2 μm particle) equilibrated in mobile phase A (2% ACN, 0.1% FA) at a flow
rate of 300 nl/minute. Peptides were eluted using a 120-minute gradient 5 to 90%
mobile phases B (80% ACN, 0.1% FA) (Table 5-4).
Peptide elution was directly coupled to electrospray ionisation (ESI) at 2.0 to 2.4
kV using a steel emitter (Thermo Scientific) and characterised with an Orbitrap
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Fusion mass spectrometer (Thermo Scientific). MS analysis of eluting peptides
was conducted through Xcalibur 4.0 with Foundation 3.1 SP1 (Thermo
Scientific) on Orbitrap Fusion, between 350 and 1500 m/z at 120,000 mass
resolution, with the maximum injection time was 100 millisecond (ms). All MS2
acquisition was performed on the Ion-trap, in top speed mode with 3s cycle
time, a dynamic exclusion (±5 ppm) of 50-60 seconds, intensity threshold 5000,
with charge states 2+ to 7+ were sequentially fragmented by collision-induced
dissociation (CID) with a normalized collision energy (NCE) of 35%. A maximum
of 200 ms ion injection time was allowed. Additionally, the Polysiloxane
(C2H6SiO) at 445.12003 was used as an MS lock-mass for accurate mass
analysis.
Automated Synchronous Precursor Selection (SPS) for the MS3 setting was
used for quantification of the iTRAQ isobaric mass tags, at 30000 resolution in
the orbitrap, with a scan range 100-500 m/z, maximum injection time 105 ms
and 65% high-energy collisional dissociation (HCD).
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Table 5-4: iTRAQ and PRM HPLC conditions for Orbitrap Fusion analysis

Instrument

Experiment

Trap-column

Analytical
column

Solvent
A

Solvent
B

Total
run
time
(min)

Orbitrap
Fusion

iTRAQ 4plex
and PRM

C18,300 µm ×
5 mm,5µm
diameter

C18,75µm×25cm
,2µm diameter,

2% ACN,
0.1% FA

80%
MeCN,
0.1% FA

120
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Gradient
time (min)

0
5
65
85
90

Gradient
%
Solvent B

Column
cleaning

Equilibratio
n of column

5
10
25
45
90

15min
with 90%
Solvent B

15min with
5% Solvent
B

5.3.2.5 MS data processing
Orbitrap Fusion data was examined using Proteome Discoverer 2.1 software,
with Mascot version 2.4 (Matrix Science, U.K.) search engine against SwissProt
version 2016 (containing 552,259 human protein sequences) and with search
parameters: trypsin digestion, 2 missed cleavages, variable modification of
methionine oxidation, fixed modifications of cysteine (carbamidomethylation)
and iTRAQ (lysine and N-termini). A precursor mass tolerance of 10 ppm and
fragmentation mass tolerance of 0.6 Da were selected. The confidence interval
threshold was set to a p-value <0.05, which was equal to Mascot score of ≥22
on Orbitrap Fusion. iTRAQ labelling efficiency was determined by searching
MS/MS data using iTRAQ as a variable modification (iTRAQ ratios were relative
to MCF-7 mono layer - Hypoxia/Mono [115/114], SF/Mono [116/114] and
MCTS/Mono [117/114]) performing a survey of labelled and non-labelled
peptides in the 20 highest scoring proteins from individual LC−MS experiments.
Non-redundant protein profiles for each test were created in Proteome
Discoverer by combining the corresponding LC−MS datasets. The list of protein
identifications was assessed manually, and all proteins defined as Master
Protein Candidates that could not be differentiated from Master Proteins (i.e. no
unique peptides) were removed.
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5.3.2.6 Statistical analysis
The median ratio for each cell line was determined for each set of ratios
(hypoxia/monolayer, HY: NO [115/114], serum-free/ monolayer, SF/NO
[116/114] and 3D spheroid/monlayer, MCTS/NO [117/114]). The ratio of the
individual proteins was normalised (relative to the median) to allow for possible
experimental variations and enable comparison between cell lines and across
multiple MS analyses. The ratios were then converted to log2. Excel (Microsoft)
was used to graphically display the data. Significantly up-regulated and down
regulated proteins for each experimental condition (hypoxia/monolayer, HY:
NO, serum-free/monolayer, SF/NO and 3D spheroid/monolayer, MCTS/NO)
were defined as those with ratio>± standard deviation of Log2 median. All
proteins were then divided into groups for cluster analysis according to the
annotation (up-regulated [u], down-regulated [d] and not changed [n]).
Protein-protein (PPI) interactions and network associations for significantly
modified

components

were

performed
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with

STRING

software.

5.3.2.7 Parallel reaction monitoring (PRM)
MT1-MMP peptides were selected based on an in house (NIST-IT) Orbitrap
Fusion analysis of the MDA-MB-231 cell line (data not shown) and on online
data provided by Peptide Atlas (www.peptideatlas.org) (Figure 5-5)

MSPAPRPPRCLLLPLLTLGTALASLGSAQSSSFSPEAWLQQYGY
LPPGDLRTHTQRSPQSLSAAIAAMQKFYGLQVTGKADADTMKA
MRRPRCGVPDKFGAEIKANVRRKRYAIQGLKWQHNEITFCIQNYT
PKVGEYATYEAIRKAFRVWESATPLRFREVPYAYIREGHEKQADIM
IFFAEGFHGDSTPFDGEGGFLAHAYFPGPNIGGDTHFDSAEPWTV
RNEDLNGNDIFLVAVHELGHALGLEHSSDPSAIMAPFYQWMDTE
NFVLPDDDRRGIQQLYGGESGFPTKMPPQPRTTSRPSVPDKPKN
PTYGPNICDGNFDTVAMLRGEMFVFKERWFWRVRNNQVMDGYP
MPIGQFWRGLPASINTAYERKDGKFVFFKGDKHWVFDEASLEPG
YPKHIKELGRGLPTDKIDAALFWMPNGKTYFFRGNKYYRFNEEL
RAVDSEYPKNIKVWEGIPESPRGSFMGSDEVFTYFYKGNKYWKF
NNQKLKVEPGYPKSALRDWMGCPSGGRPDEGTEEETEVIIIEVDE
EGGGAVSAAAVVLPVLLLLLVLAVGLAVFFFRRHGTPRRLLYCQR
SLLDKV

Figure 5-5: MT1-MMP protein sequence. Proteotypic peptides used for PRM analysis
highlighted in red

Peptide sequences, precursor m/z and average molecular weight (avg. MWt)
and retention time, were also determined by data analysis in Skyline
(www.agilent.com) for the targeted peptides (Table 5-5).
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Table 5-5: Proteotypic peptides for the MT1-MMP PRM/MS assay (Skyline).

MT1-MMP(MMP-14)

Target
Protein

Peptide
No

Peptide sequence

Avg. MWt

Precursor
m/z

RT
(min)

Precursor
charge state

1

GLPASINTAYER

1290.66

646.3357

19.1 ±0.1

+2
+2

2

VGEYATYEAIR

1270.62

708.3680

18.3 ±0.3
+2

3

VWEGIPESPR

1168.59

657.3521

21.4 ±0.2

4

VWESATPLR

1057.56

601.8361

17.7 ±0.3
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+2

5.3.2.7.1 Sample preparation for PRM analysis
In-gel digestion of Coomassie Blue-stained proteins was used to identify MT1MMP in MCF-7 cells using the following procedure. Initially, SDS PAGE of
MCF-7 cell extracts from different conditions (Normoxia, Hypoxia and SF) was
prepared as previously described for Western blotting (section 4.3.2.2.3). The
equivalent MT1-MMP band from the Coomassie Blue gel to that detected by
Western blotting was excised. The gel bands were digested with trypsin using
the Shevchenko method (Shevchenko et al. 2007) using consecutive
acetonitrile and 25 mM ammonium bicarbonate washes as follows; to each
excised gel band, 50 µl of acetonitrile was added, left for at least 15 min, the
supernatant removed and rehydrate for 15 minutes by adding 10 µl of 25 mM
NH4HCO3. Then, 100 µl acetonitrile was added for 15 minutes and the process
of dehydration and rehydration repeated three times. All liquid was removed
and gel pieces left to dry at RT (approximately 20-30 min). Gel pieces were
rehydrated in 50 µl of freshly prepared 25mM dithiothreitol (DTT) for 20 minutes
at 56°C. The gel pieces were allowed to cool to room temperature and any
residual liquid removed. Freshly prepared 50mM Iodoacetamide (IAA) (in 25
mM ammonium bicarbonate) added (50 µl) and left for 20 minutes at room
temperature in the dark.
The supernatant was removed; the bands rehydrate for at least 15 minutes by
adding 10 µl of 25 mM ambic, and then dehydrated with 100 µl acetonitrile for
15 min. The supernatant was decanted, 50µl acetonitrile added for 15 min and
the gel bands dried in a vacuum centrifuge (make) for 2 minutes. The dried
bands were re-suspended in 10 µl to 20 µl of 10ng/µl trypsin in 25 mM
ammonium bicarbonate, depending on gel size. Digestions were incubated at
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28C for 16-24 hours. On completion of digestion, all samples were spun down
in a centrifuge.
The digest liquid was removed from around the gel to a new 0.5 ml Eppendorf
tube, 50 µl of 100% acetonitrile was added to the gel slice, vortex mixed and left
for 15 minutes at RT. The gel bands were centrifuged and the supernatant
transferred to the tube from the previous step. Ammonium bicarbonate (25
mM, 5 µl) was added, left for 10 minutes at RT and 50 µl of 100% acetonitrile
add to the gel slice and prepared as described above. These steps were
repeated two times. The total extracts were lyophilised and stored with the
residual gels at -20oC. For each mass spectrophotometer run, samples were resuspending in 10 µl of 10% acetonitrile, 0.01% TFA, and analysed on the
Orbitrap Fusion as described previously (section 5.2.2.4).

189

5.4 Results
5.4.1.1 Quantitative comparison of proteome of MCF-7 breast
cell lines cultured in different conditions
An iTRAQ-based quantitative study was performed using MCF-7 breast cancer
cell lines grown in different micro-environmental conditions (hypoxia, serum-free
and a MCTS) compared with normoxia monolayer (2D) cell cultures.
From 2D LC MS analysis on the Orbitrap Fusion, a total of 3553 proteins were
detected for iTRAQ labelling MCF-7 in different culture conditions (hypoxia, SF
and MCTS) of which 3518 were identified with two or more peptides and at least
2 iTRAQ measurements. For the purpose of quantitative analysis, only the latter
group of proteins was considered further. Changes in expression were
determined using the following ratio’s Hypoxia/Normoxia (HY/NO) = 115/114,
Serum

free/Normoxia

(SF/NO)

=

116/114

and

Multicellular

tumour

spheroids/Normoxia (MCTS/NO) =117/114. Significantly changed proteins were
defined as those with log2 values >1.0 (up-regulated) or <1.0 (down-regulated)
(Table

5-6). By far the majority of proteins identified and quantified

(approximately 90%) were not changed in any one of the conditions compared
to normal MCF-7 monolayers. The largest numbers of proteins up- or downregulated were those affected by hypoxia, whilst MCTS had the lowest number
of changes overall. In the latter case, this may be due to heterogeneous
population of cells present in spheroids and the impact of changes within any
one group of cells (proliferating, hypoxic, autophagic or necrotic) being diluted.
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Table 1-6: Up- and down-regulated proteins in MCF-7 cells cultured in different
conditions [hypoxia (HY), serum-free (SF) and MCTS] in relative to normoxic MCF-7 mono
layer cells (NO)

Response

HY/NO
115/114

SF/NO
116/114

MCTS/NO
117/114

Up-regulated

241

160

167

Down -regulated

177

123

74

5.4.1.1.1 Cluster analysis of response profiles
To explore expression patterns within the dataset as whole, proteins that were
increased or decreased uniquely or commonly in one or more of the three
conditions were grouped to identify trends and as a preview to biological
interpretation. Proteins were clustered into 27 response modes. The most
common cluster (49% of all the proteins quantified) was that comprising
proteins with no significant changes in all three conditions compared to
normoxia (nnn) (Table 5-7 and Figure 5-6). The next most abundant clusters,
were those significantly changed and associated with unique conditions or all
three of the micro-environmental changes to which the MCF-7 cells were
exposed – up-regulated (e.g. uuu, unn, nun) or down-regulated (e.g. ddd, ddn,
nnd). The least populous groups are those that indicate seemingly erratic
changes (e.g. nud, dun), most likely due to inaccuracies in iTRAQ quantitation.
The most significant clusters were subject to STRING software analysis, which
provided Protein-Protein interaction (PPI) enrichment p-values indicative of
significant gene ontological relationships (Table 5-8). We selected the main
clusters associated with hypoxia e.g. (unn) in which u refers to upregulated in
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hypoxia and nn non change in serum free and multicellular tumor spheroids
respectively (Table 5-5 unn, dnn) and autophagy (SF) (Table 5-5 nun,ndn) to
determine if proteins were associated with specific biological processes
(p<0.05). For example, proteins uniquely up-regulated in hypoxia (unn) were
strongly linked to cellular component organization or biogenesis related
proteins, cellular amino acid metabolic processes and carboxylic acid metabolic
processes. A similar approach was undertaken for clusters of proteins which
were increased (uuu) or downregulated (ddd) in all micro-environmental
conditions (Table 5-7).
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Table 5-7: Cluster analysis for MCF-7 proteins significantly changed under different
culture conditions

Responses No of proteins PPI enrichment p-value
uuu
uun
uud

118
15
2

1.88 × 10-9

unu

137

< 1.0 × 10-16

unn
und
udu
udn
udd

241
5
3
27
15

< 1.0 × 10-16

nuu

211

4.44 × 10-16

nun
nud

160
1

6.49 × 10-5

nnu
nnn
nnd
ndu
ndn

167
1733
74
2
123

< 1.0 × 10-16

ndd
duu
dun
dnu

99
7
16
2

4.44 × 10-16

dnn
dnd
ddu
ddn

177
64
1
24

< 1.0 × 10-16

ddd
Total

94
3518

3.71× 10-6

0.0481
0.0481
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Figure 5-6: Response profiles for proteins that are indicated as changed in MCF-7 cells cultured in a different conditions in relative to MCF-7
mono layer cells in Normoxia. A. Up-regulated in (HY, SF MCTS), B. Down-regulated in (HY, SF MCTS), C. No change in all, D. Up-regulated in HY,
E. up-regulated in SF, F. up-regulated in MCTS, G. down-regulated in HY, H. down-regulated in SF, I. down-regulated in MCTS
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Table 5-8: Biological processes associated with protein uniquely and significantly up- or down-regulated clusters in hypoxia
(unn, dnn) or autophagy (nun, ndn) and up- (uuu) or down-regulated (ddd) in all three conditions
Cluster
condition

Up in all

Abbrevi
ation

uuu

unn

No. of proteins
in cluster

PPI enrichment
p-value

118

<1.88 × 10 -9

241

16

< 1.0 × 10 -

Unique in
hypoxia
dnn

nun

177

< 1.0× 10 -16

160

-5

<6.49 × 10

Unique in
autophagy
(SF)

Down in all

ndn

123

<0.0481

ddd

94

<3.71× 10-6-

Biological process
































Small molecule metabolic process
Cellular component organization or biogenesis
Single- organism metabolic process
Cellular component organization
Organelle organization
Cellular metabolic process
Cellular component organization
Cellular component organization or biogenesis
Cellular amino acid metabolic process
Carboxylic acid metabolic process
Cellular localization
Nucleobase-containing compound metabolic process
Nitrogen compound metabolic process
Gene expression
Respiratory electron transport chain
Cellular nitrogen compound metabolic process
Mitochondrion organization
Cellular metabolic process
Organic substance metabolic process
Primary metabolic process
Metabolic process
Macromolecular complex subunit organization
Organo nitrogen compound metabolic process
Nitrogen compound metabolic process
Cellular protein complex disassembly
Protein complex subunit organization
Protein poly ubiquitination
Regulation of cellular amino acid metabolic process
Positive regulation of proteolysis involved in cellular
protein catabolic process,
Anaphase-promoting complex-dependent proteasome
ubiquitin-dependent protein catabolic process,
Positive regulation of protein catabolic process
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No of component,
FDR
p value
33 , [p<0.001]
51, [p<0.001]
44 , [p<0.01]
47, [p<0. 01]
34, [p<0. 01]
64, [p<0. 01]
101, [p<0.001]
103, [p<0.001]
22, p [p<0.001]
33, [p<0.001]
54, [p<0.001]
64, [p<0.001]
74, [p<0.001]
60, [p<0.001]
10, [p<0.001]
72, [p<0.001]
16, [p<0.001]
90, [p<0.001]
88, [p<0.01]
85, [p<0.01]
91, [p<0.01]
30, [p<0.01]
26, [p<0.01]
53, [p<0.05
9, [p<0.05]
22, [p<0.05]
11, 5 [p<0.001]
7, [p<0.001]
9, [p<0.001]
7, [p<0.001]
10, [p<0.001]

Up- or down-regulation protein clusters associated with hypoxia or serum-free
(autophagic) conditions were subject to further STRING and UniProt KB
analysis.
STRING analysis showed high Protein-protein enrichment PPI for uniquely upregulated proteins under hypoxic conditions (Figure 5-7).

From this it was

possible to determine that proteins associated with HIF-1α pathway, anaerobic
pentose phosphate pathway)(PPP), and NADPH and glutathione metabolism
were increased (Table 5-9)
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Figure 5-7: STRING map of MCF-7 proteins uniquely up-regulated in hypoxia (unn) PPI
<1.0e-16 p-value.
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Table 5-9: Pathways affected by hypoxia (unn) in MCF-7 cells

Pathways affected by Hypoxia

Genes related to up-regulated response in hypoxia
in MCF-7 cells

HIF-1α

Anaerobic
PPP

NADPH
production

Glutathione

Gene

Log2
ratio

Gene

Log2
ratio

Gene

Log2
ratio

Gene

Log2
ratio

mTOR

+1.89

PFKL

+1.25

ALDH1A3

+3.57

GCLM

+1.5

MAPK1

+1.23

PFKP

+1.96

ALDH3A1

+3.02

GCLC

+2.06

MAPK9

+1.33

DERA

+1.72

ALDH3A2

+1.84

GSTP1

+3.88

NFKB1

+0.85

PRPS2

+1.01

ALDH9A1

+1.78

PGD

+1.83

+1.74

PGD

+1.83

LDHA

+2.47

+1.20

PGM1

+1.91

LDHB

+4.09

PFKL

+1.25

H6PD

+1.26

LDHA

+2.47

PRPS1

+1.97

LDHB

+4.09

FBP1

-2.57

EGFR

+2.66

FBP2

-2.17

TFRC

+1.83

EIF4EBP1

-1.15

SLC2A1
(GLUT1)
EGLN1
(PHD)

198

5.4.1.2 Parallel reaction monitoring (PRM) of MT1-MMP peptides
Four selected peptides of MT1-MMP that were detected in house (NIST-IT) a
previous MDA-MB-231 proteomics study on the Orbitrap Fusion were used as a
reference for identification of MT1-MMP in MCF-7. Triplicate analysis of
peptides, GLPASINTAYER, VGEYATYEAIR, VWEGIPESPR, VWESATPLR
provided optimised retention times (RT), and peak areas comparable to the
Skyline library (Figures 5-8 and 5-9).
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Figure 5-8: MT1-MMP peptide GLPASINTAYER detected in MDA-MB-231 three times by MS. Data analysis by Skyline presented different
fragments intensity (y8, y7, y6, y3, y10, b6) with transition value m/z for each as showed in top graphs of the figure.
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Figure 5-9: MT1-MMP peptides, A. VGEYATYEAIR, B. VWESATPLR and C. VWEGIPESPR, detected in MDA-MB-231 a reference cells. Data
analysis by Skyline presented different fragments intensity (y8, y7, y6, y3, y10, b6) with transition value m/z and retention time for each peptide.
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MCF-7 protein extracts (normoxia, hypoxia and serum-free) were run in
duplicate on SDS PAGE for (a) staining with Coomassie blue (Figure 5-10A)
and for (b) MT1-MMP Western blotting (Figure 5-10B). No apparent difference
was observed in the Coomassie blue stained MCF-7 extracts, whereas MT1MMP

expression

showed

a

clear

difference

between

normoxic

and

hypoxic/serum-free conditions. The 66 kDa band was excised from each lane

Proteomic
PRM
(Figure 5-10 C) for study
in-gel trypsinby
digestion
and subsequent PRM analysis.
A
B

C

65 KDa

Figure 5-10: Protein extracts from MCF-7 cells grown in different conditions - normoxia
(N), hypoxia (H) and serum-free (SF) by WB. A. Coomassie blue staining, B. MT1-MMP
Gel
expression. C. following band excision •from
thedigestion
Coomassie stained gel.

• Peptide extraction
• Sample analysis by Orbitrap
• Skyline
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None

of

the

signature

peptides

(GLPASINTAYER,

VGEYATYEAIR,

VWESATPLR and VWEGIPESPR) were found in MCF-7 in normoxia, whereas,
all four peptides were detected in hypoxic, serum-free and MDA-MB-231
normoxic (positive control for MT1-MMP) conditions (Figure 5-11, 5-12, 5-13 ).
Overall, the highest levels were detected in the MCF-7 SF sample relative to

Fragment area

MDA-MB-231 (Figure 5-14)

3500000
3000000
2500000
2000000
1500000
1000000
500000
0

GLPASINTAYER

MDA-MB-231

MCF-7 Mono

MCF-7 Hypoxia

MCF-7 SF

Figure 5-11: MT1-MMP (GLPASINTAYER) peptide analysis in different MCF-7 cells under
conditions (hypoxia and SF) and in MDA-MB-231 (n=3). Total fragment area in each sample,
Retention time profiles for peptide fragments.
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Fragment area

2500000

VGEYATYEAIR

2000000

1500000
1000000
500000
0

MDA-MB-231

MCF-7 Mono

MCF-7 SF

MCF-7 Hypoxia

Figure 5-12: MT1-MMP (VGEYATYEAIR) peptide analysis in different MCF-7 cells
conditions (hypoxia and SF) and in MDA-MB-231 (n=3). Total fragment area in each sample,
Retention time profiles for peptide fragments.
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Fragment area

3000000

VWESATPLR

2500000
2000000
1500000
1000000
500000
0

MDA-MB-231

MCF-7 Mono

MCF-7 Hypoxia

MCF-7 SF

Figure 5-13: MT1-MMP (VWESATPLR) peptide analysis in different MCF-7 cells
conditions (hypoxia and SF) and in MDA-MB-231 (n=3). Total fragment area in each sample,
Retention time profiles for peptide fragments.
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Fragment area

2500000.0

VWEGIPESPR

2000000.0
1500000.0
1000000.0
500000.0

0.0
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MDA-MB-231

MCF-7 SF

MCF-7 Hypoxia

Figure 5-14:MT1-MMP (VWEGIPESPR) peptide analysis in different MCF-7 cells
conditions (hypoxia and SF) and in MDA-MB-231 (n=3). Total fragment area in each
samples, Retention time profiles for peptide fragments.
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Total Fragments in each cells type
Total fragments area

10000000

VWESATPLR

VWEGIPESPR

8000000

VGEYATYEAIR
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GLPASINTAYER

4000000
2000000
0

Figure 5-15: Total fragments areas for four peptides in different MCF-7 cell conditions
(normoxia, hypoxia and SF) compared to MDA-MB-231.
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5.5 Discussion
Cancer progression is more than just changes in the cells themselves. Equally
changes in the tumour microenvironment have also been shown to play a
critical role in tumour development and progression as well as in drug targeting
and efficacy. The aim of this proteomic study was to gain insights into the
effects of microenvironment conditions on MCF-7 molecular, cellular, biological
functions and processes. We employed an iTRAQ approach to identify the
protein responses in MCF-7 breast cancer cells grown under hypoxic and
serum-free conditions as well as 3D spheroids, and investigated the changes in
protein profile in each state.

Many hypoxia-related proteins in our data were increased in these clusters
associated with hypoxia-treated MCF-7 cells. The most notable changes
occurred in multiple metabolic pathways (Figure 5-16), such as glycolysis,
HIF1α, PPP, NADPH and glutathione metabolism. Previous data has been
shown that hypoxia promotes anabolic processes such as lipid and glycogen
synthesis, via HIF-1 (Pescador et al. 2010; Huang et al. 2014).
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Figure 5-16: Metabolic pathways active in proliferating cells are directly controlled by
signalling pathways involving known oncogenes and tumour suppressor genes(Vander
Heiden et al. 2009). Red arrows refer to the up-regulated pathways affected by hypoxia in
MCF-7 cells.

There were a number of proteins whose roles could be linked to hypoxia and
up-regulation of MT1-MMP. Among the proteins uniquely increased under
hypoxic conditions (unn), was basigin (log2 = +1.08), also known as
extracellular matrix metalloproteinase inducer (EMMPRIN), which has a role in
tumour progression by inducing MMP expression in adjacent fibroblasts
resulting in extracellular matrix degradation. Basigin up-regulated MT1-MMP
expression, itself increases levels of extracellular Basigin in a regulatory
feedback mechanism (Knutti et al. 2015).
Epithelial discoidin domain-containing receptor 1 (DDR1) is a tyrosine kinase
associated with remodelling of the extracellular matrix, cell migration,
differentiation, survival and cell proliferation. On binding fibrillar collagen, SRC
signal transduction leads to MMP, including MT1-MMP, up-regulation, but also
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as an inducer of apoptosis (Assent et al. 2015) DDR1 was increased in hypoxia
and spheroids (log2 +1.14 and +0.77), indicating that inactivation of its apoptotic
activity may be at the PTM level.

Proteins that were increased in hypoxic, autophagic and spheroid conditions
(511 proteins) were compared with the basal-like and Claudin-low signatures
(590 proteins) from a breast cancer cell line dataset previously generated by
Sadr-ul Shaheed in MDA-MB-231 cells. This revealed that 122 proteins were
common to both sets, including EGFR, CD44, ALDH1A3, LDHA, and LDHB,
mTOR, clathrin heavy chain and lactotransferrin. STRING analysis of the
common proteins indicated a significant PPI enrichment p-value of < 1.0 × 10-16,
strongly associating MCF-7 changes under hypoxia with a more aggressive
phenotype.
Hypoxia has previously been shown to induce MT1-MMP expression in HK-2
renal cells as a model of interstitial fibrosis in the advanced-stage of chronic
kidney disease (Cheng et al. 2018). Indeed, MT1-MMP plays a critical role in
regulating HIF activity by inhibiting Mint3 (Munc18-1-interacting protein 3) in a
non-proteolytic function. Mint3 inhibits HIF1 inhibitor, which in turn interact and
inhibits HIF1 by transcriptional repression. Hence, MT1-MMP has in indirect
impact on increased glucose metabolism in the Warburg effect, which was
evident by the increase in anaerobic metabolism enzymes (PFKL, PFKP,
DERA, PRPS2, PGD, PGM1, H6PD, PRPS1) and hypoxia associated genes
(mTOR, SFN, MAPK1, MAPK9, EGLN1 [PHD], HIF1AN[FIH1]) (Cheng et al.
2018).
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Among the down-regulated proteins under hypoxic conditions were ATPase
mitochondrial proteins ATPIF1, ATP5J, ATP13A1 and ATP2A2 In hypoxia. The
mitochondrial O2 consumption rate and ATP production are reduced, which
hinders inter alia active transport in tumour cells. Specifically, major effects of
the reduced production of ATP are ( collapse of Na+ and K+ gradients,
depolarization of membranes, cellular uptake of Cl−, cell swelling, increased
cytosolic Ca

2+

concentration, and finally and decreased cytosolic pH, resulting

in intracellular acidosis in tumour cells) (Höckel and Vaupel 2001; Chen et al.
2014). Hsp72, which is essential for mitotic spindle assembly in cancer cells,
(Sampson et al. 2017) and GTPBP3 which is associated with a metabolic
reprogramming, mediate the activation of the hypoxia inducible factor 1 (HIF-1)
(Boutoual et al. 2018).

Recently, autophagy has been shown to increase glycolysis (Lock et al. 2011)
and has been implicated in the regulation of lipid metabolism (Singh et al.
2009). Monocarboxylate transporter isoform 1 (MCT1) was up-regulated under
autophagic

conditions

and

plays

a

key

role

in

mediating

lactate

transportation(Zhang et al. 2018)
Our data also showed up-regulated proteins related to lipids metabolism (e.g.
SGPL1) in autophagy. Sphingosine-1-phosphate lyase 1 (SGPL1) elevated
stress-induced ceramide production and apoptosis, which could follow on from
autophagy should the cell remain stressed.
Notably sphingolipid metabolism occurs in several organelles that contribute to
autophagosome biogenesis to suggest that local changes in sphingolipids may
autophagy (Young and Wang 2018).
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Mitochondrial trafficking, Miro1 and Miro2 Rho-GTPases, which regulate
mitochondrial transport (Lopez-Domenech et al. 2018) were down-regulated in
under autophagy.

MT1-MMP was not detected in the iTRAQ experiment. Therefore, a targeted
approach using PRM of peptides specific to MT1-MMP was investigated. PRM
studies facilitated a hypothesis-driven approach focusing uniquely on
predefined peptides. PRM is a new and useful quantification method performed
on an Orbitrap Fusion mass spectrometer at a high resolution and with a high
mass accuracy. PRM analysis verified that MT1-MMP was increased under
conditions of stress as we reported in previously using IF, IHC, Western blotting
and qRT PCR (Chapters 3 and 4). MT1-MMP induction correlated with proteins,
pathways, molecular mechanisms and biological processes that were upregulated by hypoxic and autophagic conditions identified by iTRAQ analysis.
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6 Chapter 6- General Discussion, Summary and Future
work
6.1 Discussion
A major impact of my project was the previously unobserved up-regulation of
MT1-MMP protein in MCF-7 culture under conditions of stress and in 3D
spheroids, verified by multiple techniques (IHC, IF, WB, PCR and PRM MS).
Extention of these findings to total proteomic analysis further identified
molecular changes in key signalling pathways associated with stem-cellness
and more aggressive breast cancer phenotypes. In addition, MT1-MMP
expression was shown to be irreversible. This represents a paradigm shift, (a) in
the consideration of MCF-7 a stable cell line representative of Luminal A
phenotype and differentiated breast cancer, and (b) highlights the challenges of
using 2D monolayer cultures for cancer research studies and extrapolating
experimental

observations

to

in

vivo

translation,

particularly

in

drug

development.

It is essential to identify clinically relevant targets and develop new targeted
therapies to improve the outcomes of breast cancer treatment. Increased
expression of MT1-MMP leads to increased metastasis in cancer models and is
also associated with poor prognosis in human breast cancer patients (Mylona et
al. 2007). Hence, targeting invasive processes, such as extracellular matrix
(ECM) degradation, could improve outcomes in breast cancer (Venning et al.
2015). The high levels of MT1-MMP on the surface of metastatic cancer cells
make it an excellent target for cancer therapy development (Poincloux et al.
2009)
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In vitro multi-cellular 3D spheroid tumour models have been confirmed to be
more physiologically relevant models of oncoblastic tissue. Tumour cells in 3D
spheroids

incorporate

cell-cell

interactions

and

micro-environmental

heterogeneity, and adopt different morphologies compared to the cells in 2D
monolayer cultures (Djordjevic and Lange 2006). These differences cause
changes in cell behaviour and affect the expression of protein that more
realistically represent in vivo oncogenic events. This was demonstrated by
specific differential expression of MT1-MMP and in the global proteomes of
MCF-7 cells grown in monolayers and MCTS (Chapter 5 section 5.3.1.1). More
precisely, cancer cells in 2D culture display an abnormal spread morphology,
while cancer cells in 3D culture show a clustered, spheroid morphology that is
similar to in vivo tumours (Ivascu and Kubbies 2006). The growth rate of tumour
cells in 3D culture better reproduces in vivo tumours, as different to those in 2D
culture (Wong et al. 2011b). Also, the nutrients and oxygen in 3D models need
to penetrate the multi-cellular layers of spheroids to sustain cell growth, a
feature that replicate the in vivo distribution system. In contrast, 2D cultured
cells are exposed to additional nutrition and oxygen, and reproduce faster than
in vivo tumours (Ferrara 2001). Consequently,cancer cells cultured in the 3D
model show variances in anti-cancer drug sensitivities compared to cells in 2D
culture. For example, a sequence of complementary assays was recognised for
assessing the in vitro efficacy of docetaxel (DTX)-loaded block copolymer
micelles (BCM+DTX) and Taxotere® in 3-D multicellular tumour spheroid
(MCTS) cultures (Mikhail et al. 2013). Spheroids were found to be significantly
more resistant to treatment than monolayer cultures in a cell line dependent
manner. Furthermore, administration of a tumour-penetrating peptide improves
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the therapeutic efficacy of paclitaxel in a lung cancer 3D spheroid model (Gupta
et al. 2017).
Today, 2D cell culture is widely used in anti-cancer drug screening processes,
and these assays reduce animal usage and costs in drug development (Sharma
et al. 2010). In spite of that this highly artificial cellular environment and does
not accurately mimic three-dimensional (3D) in vivo tumour environment, in
which the cancer cells exist (Pampaloni et al. 2007).
Our results demonstrate that different phenotypic breast cancer cell lines were
successfully cultured as MCTS. A 3D multi-cellular spheroid (MCTS) assay with
different breast cancer cells mimicking the aspects of in vivo–like tumour growth
was developed and standardised. Cells showed evidence of hypoxia and a
necrotic core simulating conditions found in solid tumours, verifying previous
work on the colorectal cancer cell line HT29 (McMahon et al. 2012).

6.2 Summary
MMPs proteolytic activity has already been proposed as an early indicator of
lymph-node metastases and prognosis. Literature which investigated the high
amount of expression of MT-MMP in breast cancers suggested a potential role
of this enzyme in tumour progression. The finding of MT-MMP transcripts in
stromal cells in breast tumours emphasises the cooperation between the former
and the latter, for the expression of MT-MMP and tumour invasiveness. Our
results confirm the expression of MT1-MMP in breast cancer 3D MCTS, as
models of tumour microenvironment that can be used for screening candidate
drugs targeting this enzyme.
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Further characterisation will be undertaken to show differential expression of
MT1-MMP across regions of the MCTS before evaluating drugs for penetration
and target inhibition. Changing the microenvironment of MCF-7 breast cancer
cells grown in 2D cultures significantly affected the expression of MT1-MMP. On
the other hand, MT1-MMP expression in MCF-7 spheroids prevailed in the
proliferating surface (SL) and peri-necrotic regions (PN) but much less so in the
necrotic core (NC), suggesting other non-stress related mechanisms associated
with cell-cell interactions are also important and should be investigated.

A proteomic study for MCF-7 cells under different conditions provided an insight
into of how protein activity under each situation. Analysis of the bioinformatics
relation between these proteins provides valuable information to understand the
effect of cell growing environment on cell biology.
The application of PRM in several biological studies has shown that it is a
powerful direct method for quantitative proteomics. The popularity of the PRM
method can be attributed to the specific, sensitive, direct and straightforward
methods of data acquisition, since the complete MS/MS spectra of each target
are detected with high resolution and high mass accuracy.
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6.3 Future work:


Stressed MCF-7 cells (grown under hypoxic or autophagic conditions) or
cultured as 3D spheroids represent a unique model and can be used for
screening MT1-MMP targeted drugs such as ICT2588 in the development
of new breast cancer therapeutics.



Create more sophisticated 3D spheroid model, by co-culture of different
cells such as fibroblasts with tumour cells, and use this model in follow up
study.



Further tests on irreversibly, phenotypically modified MCF-7 cells compared
to wild type such as growth curves, invasive assays and the changes in
established markers, ER, PR, and HER2,

will provide

a

better

understanding of how the “new” cell line compares to other established
aggressive phenotypes such basal-like.


Test the level of reversibility of cells that upregulated MT1-MMP expression
following stress (Hypoxia or SF): monitoring cells in normal conditions for
considerably more than 72 h to determine any change in MT1-MMP
expression.



Use another cell line with negative expression of MT1-MMP in normal
conditions and determine the effect of changing the culture environments
(Hypoxia or Serum free) on these cells.



Evaluate other Luminal A and Luminal B cell lines, as well as other MT1MMP-negative cancers, for MT1-MMP and proteomics changes correlating
with hypoxia and autophagy. Determine if MCF-7 is unique or whether there
are common molecular changes across the cell lines of the same
phenotype.
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Develop a PRM-based MT1-MMP mass spectrometric assay for screening
breast tissue biopsies to determine which patients are suitable for MT1MMP targeted treatment.
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