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Summary
Triple negative breast cancer (TNBC) is an aggressive form of breast cancer,
which accounts for 15-20% of this disease and is currently treated with
genotoxic chemotherapy. The BCL2 (B-cell lymphoma 2) family of proteins
controls the process of Mitochondrial Outer Membrane Permeabilization
(MOMP), which is required for the activation of the mitochondrial apoptosis
pathway in response to genotoxic agents. We previously developed a
deterministic systems model of BCL2 protein interactions, DR_MOMP that
calculates the sensitivity of cells to undergo mitochondrial apoptosis. Here,
we determined whether DR_MOMP predicts responses of TNBC cells to
genotoxic agents and the re-sensitization of resistant cells by BCL2
inhibitors. Using absolute protein levels of BAX, BAK, BCL2, BCL(X)L and
MCL1 as input for DR_MOMP, we found a strong correlation between model
predictions and responses of a panel of TNBC cells to cisplatin (R2 = 0.96)
and paclitaxel treatments (R2 = 0.94). This outperformed single protein
correlations (best performer BCL(X)L) and BCL2 proteins ratio).
Recently, several reports highlighted the function of BCL2 proteins in the
regulation of other cellular aspects, such as metabolism. In this work, we
used a single cell time-lapse microscopy approach to analyse the
contribution of BCL2 and BCL(X)L in the regulation of breast cancer
bioenergetics. We studied the ATP and the mitochondrial membrane
potential kinetics of breast cancer cells under different conditions. We found
that overexpression of BCL2 and BCL(X)L led to a metabolic advantage of
ER+ breast cancer cells, which is potentially linked to increased tumour
progression.
Additionally, we observed that the treatment with BCL2 selective inhibitors,
which have now entered clinical trials, alters mitochondrial metabolism and
dynamics. We further demonstrate that combination treatment of BCL2
antagonists with a glycolytic inhibitor, 2-deoxy-D-glucose, is a potential
treatment for ER+ and TN breast cancer.
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CHAPTER I - Introduction

1.1 General overview
Breast cancer is a heterogeneous disease, highly present among the female
population, with around 1.7 million new cases diagnosed worldwide in 2012
(http://tinyurl.com/j4enqu3). Breast cancer is widely spread in Europe as well,
with 464,000 new cases diagnosed in 2012 (Ferlay et al., 2013). In the last
30 years the percentages of new cases have increased dramatically
worldwide, from 640,000 in 1980 to more than 1.6 million in 2010. This
condition was responsible for more than 508,000 deaths in 2011, placing
breast cancer as the second most common cause of cancer-related deaths
(14%) among women (https://tinyurl.com/yclpf6xg). Growing rates of breast
cancer cases are observed in line with industrialisation, urbanisation, and
also with the increase of facilities and technologies for early detection. By
comparison, the rates in Western Europe are nearly five times higher than
that in Eastern Africa (http://tinyurl.com/oqwd6do).
Several risk factors have been found to be associated with breast cancer; a
detailed list is presented in Table 1.1.
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Table 1.1: Risk factors for breast cancer. Among the established risks in the
development of breast cancer, age has the highest incidence. Every 10 years the
incidence increases until menopause. Geographical location and age at menarche
and menopause are important factors as well. Nevertheless, environment has a
higher impact than genetic predisposition (McPherson et al., 2000).

Factor

Relative
risk

Higher risk group

Age

>10

Elderly

Geographical Location

5

Developed Country

Age at menarche

3

Menarche before age 11

Age at menopause

2

Menopause after age 54

Age at first full
pregnancy

3

First child in early 40s

Family history

≥2

Breast cancer in first degree
relative when young

Previous benign disease

4-5

Atypical hyperplasia

Cancer in other breast

>4

Socioeconomic group

2

Groups I and II

Diet

1.5

High intake of saturated fat

Body weight
premenopausal

0.7

Body mass index >35

Body weight
postmenopausal

2

Body mass index >35

Alcohol consumption

1.3

Excessive intake

Exposure to ionising
radiation

3

Abnormal exposure in young
females after age 10

Oral contraceptive usage

1.24

Current use

Hormone replacement
therapy

1.35

Use for ≥ 10 years

Diethylstilbestrol

2

Use during pregnancy
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1.2 Normal breast
The breast is a glandular organ, present in all class of Mammalia, whose
function is the production of milk. The mammary glands in human females
are placed upon the anterior and lateral parts of the chest wall (atop the
pectoralis muscle), extending from the second intercostal space (Lemaine
and Simmons, 2013). Stem cell (SC) activity in breast initiates at
approximately the third week of age, in the terminal end buds (TEB, Fig.1.1)
(Williams and Daniel, 1983). These structures are formed by a mass of body
cells, encircled by a layer of ‘cap cells’, resulting in the growing tips of the
extending ducts (Smalley and Ashworth, 2003). As the ducts elongate and
the terminal end bud proceed forward, the separation of cells into keratin
K19-positive luminal epithelial and a keratin K14-positive basal/myoepithelial
lineage has already started. Moreover, a third cell type with luminal epithelial
features that express basal and luminal markers is also generated (Howard
and Gusterson, 2000). Breast SCs are usually estrogen receptor (ER) and
progesterone receptor (PR) negative and often express other receptors, such
as peptide growth factors (TGF-and EGF) (Dontu et al., 2004, Ponti et al.,
2006). By the age of 18 the human breast is fully developed with all the
functional structures: the inner, luminal cells of the alveoli will produce the
milk, whereas the outer, myoepithelial/basal contractile cells (characterized
by the expression of keratins 5/6 and 17) squeeze the milk out of the alveoli
and down the ducts.
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Figure 1.1: Cellular composition of the terminal end bud. The TEBs is the final
part of a duct, with an inner luminal epithelial cell layers and an outer myoepithelial
cell layers that move through the fat pad. The cap cells at the tip of the TEB are able
to generate transit cells of a myoepithelial lineage on the outer side. Alternatively,
transit cells (known as 'body cells') of a luminal epithelial lineage, form the central
mass. The lumen is shaped through the apoptosis of the central body cells while the
outer cells differentiate into luminal epithelial cells (Smalley and Ashworth, 2003).

1.3 Breast cancer
Breast cancer is defined as a heterogeneous group of neoplasms,
originating from the epithelial cells lining the milk ducts (ductal cancers),
cells lining the lobules (lobular cancers) or a small number that start in other
tissues. This disease occurs almost entirely in women, but men can also
develop breast cancer. Nearly all breast cancers are adenocarcinomas,
either ductal or lobular, and a large group of them are classified as invasive.
Invasive ductal carcinoma (IDC) is the most common type of breast cancer
and accounts for 65% of all invasive breast cancers; by the time is
diagnosed, it has already broke through the ducts wall, into the fatty tissue
(Makki, 2015). Although this can affect women at any age, it is more
common in women from 55 years of age or older (http://tinyurl.com/obdogfj).
On the other hand, invasive lobular breast (ILC) cancer is less common and
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affects about 10-15% of all women with breast cancer (Yoder et al., 2007). It
can occur at any age and is more frequent in women within the 45-55 year
age group (Dossus and Benusiglio, 2015). Both IDC and ILC metastasize to
other parts of the female body. Ductal and lobular carcinoma in situ (DCIS
and LCIS correspondingly) are both considered non-invasive breast cancer.
DCIS is usually classified as an early form of breast cancer and, if not
treated, may become invasive (Espina and Liotta, 2011). LCIS is represented
instead by areas of abnormal cell growth and is investigated as a neoplasia.
It is usually diagnosed before menopause, and less than 10% of women
have a chance to develop LCIS (Simpson et al., 2003). Other types of breast
cancer are less common and include inflammatory breast cancer, Paget
disease of the nipple, medullary and tubular carcinoma and angiosarcoma.
1.3.1 Molecular classification of breast cancer
Development of new sequencing technologies has allowed molecular
profiling of breast cancer, and led to a more sophisticated molecular
classification of tumours, beyond the traditional receptor subtype criteria.
Human breast tumours are histologically complex tissues, and the cellular
and molecular heterogeneity involves a large set of genes with roles in cell
growth, death and differentiation. Classical clinical subtypes are ER+, human
epidermal growth factor receptor 2 (HER2) amplified and TNBC, based on
the expression of specific receptors. However, more than 10 years ago, two
different studies showed the variations in gene expression of breast tumour,
leading to the first identification of breast cancer molecular subtypes (Perou
et al., 2000, Sorlie et al., 2001). Based on this information, breast tumours
are classified into 3 major intrinsic subtypes: luminal-like, HER2+, basal-like
(Sorlie et al., 2001). In the same study, two main branches were described
and during the years this classification has improved with the addition of new
markers. The first class encompasses the basal-like, HER2+ and normal
breast subtypes with low or no expression of ER and different transcriptional
factors, typically expressed in the luminal cluster. As expected, the basal-like
subtype has been found to express the keratins 5/6, 14 and 17 with the
addition of P-cadherin, caveolins 1 and 2, nestin, INPP4b, and EGFR (Arnes
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et al., 2005, Asleh-Aburaya et al., 2017, Nielsen et al., 2004, Parry et al.,
2008, Pinilla et al., 2006, Savage et al., 2008).
HER2+ tumours are present in 20% of cases and are characterised by
ERBB2 amplification and overexpression, with the consequent dependency
on HER2 signalling. Other genes, such as GRB7 (Growth Factor Receptor
Bound Protein 7) and PGAP3 (Post-GPI Attachment to Proteins 3) have
been found co-expressed, as they are part of the same amplicon (Dai et al.,
2014, Perou et al., 2000). This malignancy has a bad prognosis, but HER2
target-directed therapies are available (Mendes et al., 2015).
In the basal like subgroup, a category of tumours that are ER-, PR- and
HER2- with a significant overlap of basal-like features is found as well. These
tumours are named triple negative breast cancer (TNBC) and have the lower
percentage of frequency (10%-15%). Molecular markers, typically expressed
by these tumours, are EGFR, androgen receptor, interferon/immunoglobulin
genes and C-KIT (Bertucci et al., 2008, Nielsen et al., 2004). Patients with
TNBC have the poorest clinical outcomes after chemotherapy than patients
with breast cancers of other subtypes, and a far shorter disease-free survival
and overall survival (OS) (Dent et al., 2007, Sorlie et al., 2001). There are no
molecular-targeted therapies for TNBC and 20% of these tumours benefit
from standard chemotherapeutic agents (Polyak, 2011).
The second branch is defined by luminal A, B and C subtypes. Luminal
tumours comprise around the 70% of all breast cancer, and are typically ER
and PR positive, displaying high levels of Globin Transcription Factor 1,
hepatocyte nuclear factor 3, X-box binding protein 1 and expression of
cytokeratins 8/18 (Sorlie et al., 2001). These tumours are dependent on
estrogen for growth and, therefore, respond to endocrine therapy and
generally have good prognosis (Reinert and Barrios, 2015).
Another subtype, termed claudin-low, was discovered few years ago and
included in the original molecular classification (Herschkowitz et al., 2007).
These tumours have a lower incidence, between 7 and 14%, with an
intermediate prognosis (Herschkowitz et al., 2007, Sabatier et al., 2014).
Additionally, a recent study on 2,000 breast tumours re-defined the intrinsic
subtypes and classified breast cancer into 10 molecular subtypes (Curtis et
al., 2012).
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Several hypotheses attempted to clarify the high heterogeneity found in
breast cancer. In general, luminal tumours may originate from luminal
lineage-committed progenitors, while basal-like cancer generate from less
differentiated stem cells. However, it has been observed that genetic or
epigenetic events that interchange cellular phenotypes patterns can turn
luminal progenitors into precursors of basal-like tumours (Chaffer et al.,
2011, Proia et al., 2011). This heterogeneity is due to the presence of cancer
cells with variable phenotypes, such as different degrees of basal-like and
luminal features, as highlighted in Fig. 1.2 (Polyak, 2011). Nonetheless, the
subtype-specific genes mentioned before, improved considerably the
diagnosis and classification of this disease.

Figure 1.2: Snapshot of Breast cancer heterogeneity. Intrinsic classification of
breast cancer identifies 3 subgroups based on receptor status. Around 70% of these
tumours are dependent on estrogen for growth. HER2+ accounts for the 20% of
breast tumours and have luminal features. TNBC represents only the 10% and are
ER, PR and HER2 negative. However, standard intrinsic classification does not
summarize the distribution of breast cancer molecular subtypes observed (Prat and
Perou, 2011).
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1.3.2 Therapeutic options for breast cancer
All the experimental data collected to date, allowed the development of new
therapies against breast cancer subtypes. The use of cytotoxic
chemotherapy and biological therapy has made significant improvements in
patient survival. The development of trastuzumab, a humanised monoclonal
antibody against HER2, is an example of how a rationally designed biological
target can be successfully used in large randomised clinical trials and
became a widely accepted standard therapy (Bartsch et al., 2007). Hormone
therapy, for the treatment of ER+ breast cancer, is another example. It is a
mainstay adjuvant therapy that reduces risk of relapse after surgery. It is also
administered neoadjuvantly (pre-surgery) or in some cases of advanced
breast cancer that has metastasised. Tamoxifen, a drug blocking estrogen
receptor, has shown to reduce cancer recurrence after surgery (Davies et al.,
2013). Despite the efficacy of current therapies, treatment relapse still occurs
and treatment of metastatic diseases is still a major challenge. TNBC
presents another major problem as there is no preferred chemotherapy
standard of treatment and no molecular targeted therapy has been
developed yet. Typical chemo-regimens used for the treatment of this breast
cancer subtype include a mix of drugs that target DNA (such as
Anthracycline drugs and platinum agent), taxane drug class and
antimetabolite compounds (Wahba and El-Hadaad, 2015). Anthracyclines,
such as doxorubicin, have been described to have several mechanism of
action but they mainly act on DNA (Minotti et al., 2004). Platinum drugs
crosslink with the purine bases and cause DNA damage as well (Dasari and
Tchounwou, 2014). The second class (taxanes) are natural diterpenes with
the ability to stabilise microtubules and block cell cycle progression (Abal et
al., 2003). In contrast, antimetabolites arrest certain biosynthetic pathways
since are incorporated in essential macromolecules. The best characterized
drug in this class is 5-fluorouracil (5-FU) which is widely used in combination
therapies. 5-FU enters the cells and is transformed in secondary metabolites
whose action is to inhibit RNA synthesis (Longley et al., 2003). An example
of regimen considered standard therapy for early breast cancer patients is
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CMF that contains Cyclophosphamide, Methotrexate and Fluorouracil
(Hassan et al., 2010).
However, recent studies, discovered new druggable targets or developed
approaches to find new combination therapies. Recently TNK2, a nonreceptor tyrosine kinase whose mutation/amplification has been linked with
different cancers, has been found to be overexpressed in TNBC (Wu et al.,
2016). Knockdown of this protein reduced aggressiveness, and treatment
with a small molecule inhibitor decreased growth of TNBC cell lines (Wu et
al., 2016). Another study successfully used bromodomain and extra-terminal
protein inhibitors to suppress TNBC growth (Sahni et al., 2016). Other novel
targets include cell cycle and apoptosis regulator 1 (CARP-1). Newly
developed mimetics against CARP-1 proved to inhibit TNBC cell growth and
to enhance the efficacy of Doxorubicin/Adriamycin dependent DNA damageinduced apoptosis (Cheriyan et al., 2016). Additionally, cyclin-dependent
kinase 4 and MDM2-binding protein have been described to be important for
survival and resistance of TNBC, and targeted therapies are being
developed and tested (Dai et al., 2016, Grieb et al., 2014).
1.4 Hallmarks of cancer
The extensive research in cancer biology has contributed to better
understand how this disease starts, progresses and affects the human
physiology at a general level. This allowed unravelling the complexity of
human cancers. However, this complexity is still increasing due to the huge
amount of data generated every year. The rising of a cancer malignancy is a
clonal process, based on a Darwinian selection which involves many steps
(Cahill et al., 1999). During the evolution of a cancer population, one or
several mutations can occur, and different pathways are altered as a
consequence. The plasticity and the ability of cancer cells to evade
homeostasis regulation result in their aggressiveness. The traits, involved in
this process, were enumerated in a review that shaped the field as it is now
(Hanahan and Weinberg, 2000). The acquisition of these features regulates
cancer growth and more importantly, accounts for the heterogeneity of
cancer subtypes.
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The first 6 traits described were self-sufficiency in growth signals,
insensitivity to growth-inhibitory signals, evasion of programmed cell death,
limitless replicative potential, sustained angiogenesis, and tissue invasion
and metastasis (Hanahan and Weinberg, 2000). The acquisition of such
characteristics is driven by several mechanisms. The main one is
represented by genomic instability, which rearranges the cell’s DNA and
creates random mutations (Shen, 2011). An emerging factor that contributes
to the progression of pre-malignant lesions is the cellular microenvironment
(Quail and Joyce, 2013).
In addition to the first hallmarks, new elements emerged as compelling
attributes in the development and sustainment of cancers. These include
tumour promoting inflammation, evasion from immune system and
reprogramming of cellular bioenergetics (Hanahan and Weinberg, 2011).
Throughout this study, we will focus and further discuss two molecular traits,
such as cell death and metabolism, which are the main aspects investigated
in this thesis.
1.5 Programmed cell death
The process of apoptosis, a form of programmed cell death, is a crucial
phenomenon within biological systems that occurs due to internal or external
stimuli. The term was first introduced in a publication by Kerr, Wyllie and
Currie and has greek origin meaning "falling off", in analogy to leaves falling
off trees (Kerr et al., 1972). This death mechanism has a series of
recognisable features such as blebbing, cell shrinkage (cells are smaller in
size, cytoplasm is dense and the organelles are more tightly packed),
nuclear fragmentation (with peripherally aggregation under the nuclear
membrane), chromatin condensation and fragmentation. Blebbing is defined
as the protrusion of plasma membrane caused by the contraction of
actomyosin and the surge of cytosol into the bleb. Subsequently, there is the
formation of an apoptotic body which is constituted by cytoplasm with tightly
packed organelles with or without nuclear fragments. These bodies are
finally phagocytized by macrophages, parenchymal cells (both preventing
secondary necrosis), or neoplastic cells and degraded within
phagolysosomes. Thus, apoptotic cells do not show membrane disruption or
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release of cellular constituents. As a consequence, no inflammatory
response is associated with the process of apoptosis or with the removal of
apoptotic cells (Elmore, 2007). An alternative type of cell death mechanism,
called necrosis, is considered a toxic process, with an energy independent
mode of death and characterized by karyolysis, cell swelling, swollen or
ruptured mitochondria and disruption of organelle membranes (Golstein and
Kroemer, 2007). Due to its importance in a variety of biological processes,
programmed cell death is a widespread phenomenon, occurring in all kind of
metazoans such as in mammals, insects, nematodes and cnidarians (Tittel
and Steller, 2000).
Recently different new modalities of programmed cell death that differ from
apoptosis have been described. Necroptosis is a programmed form of
necrosis regulated by receptor interacting protein kinase-3 (RIPK3) and is
executed by disrupting plasma membrane and mitochondrial network (Cho et
al., 2009, He et al., 2009, Pasparakis and Vandenabeele, 2015). A form of
inflammatory cell death has been described with the term “pyroptosis”. This
death mechanism depends on caspase 1 and 5 and shares some
morphological aspects with apoptosis (Tait et al., 2014). Chromatin
undergoes condensation but in this case the nucleus is not disrupted and
membrane forms the typical apoptotic bodies that will eventually swell
leaking the content in the extracellular space. Finally several pores will form
on the membrane of pyroptotic cells causing swelling (Fink and Cookson,
2006). Thus Annexin V can be used to recognize pyroptosis since it will
enters the cells and bind to phosphatidyl serine (PS) as opposed to
apoptosis where it is translocated on the outer leaflet of the plasma
membrane (Fink and Cookson, 2006, Watson et al., 2000). Another form of
cell death recently discovered is ferroptosis. The main mediators of
ferroptosis are iron metabolism and lipid peroxidation and several drugs can
induce this process. Main morphological features include detached cells,
altered mitochondrial morphology and cristae and no chromatin
condensation (Xie et al., 2016).
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1.5.1 Functional and physiological roles of apoptosis
Apoptosis plays an essential role in maintaining the tissue homeostasis. In
the adult human body, around 50 million cells die each day, thus an
inflammatory-silent death mode is necessary for organism’s survival (Dove,
2001). Furthermore, apoptosis is particularly important during embryogenesis
and development, where many cells are produced in excess and eventually
undergo programmed cell death, to sculpture organs and tissues. As an
example, massive cell death occurs during early development of the nervous
system. A surplus of neuronal cells is produced; only those capable of
connecting with the target tissue or with other neuronal cells of the central
and peripheral nervous systems, receive adequate survival factors (such as
peptide grow factor). The remaining cells undergo apoptotic death and
removal (Dekkers and Barde, 2013). Moreover, it has been shown that
knockout mice for key apoptotic proteins display severe neural tube closure
defects (Cecconi et al., 1998, Kuida et al., 1998). Another important role of
apoptosis in homeostasis regulation is within the immune system. Several
million of B- and T-cells are generated every day, and the majority (more
than 95%) of those dies during maturation (Marsden and Strasser, 2003).
Apoptosis is also involved in the removal of cells with severely damaged
DNA that cannot be appropriately repaired (Chao et al., 2012).
1.5.2 Apoptosis in the pathologies of the human body
Dysfunction or deregulation of the apoptotic program is implicated in a
variety of pathological conditions including autoimmune disorders,
neurodegenerative disease, ischemic damage and many types of cancer.
Cellular signalling pathways are involved in conserving the functionality of
neuronal networks. In the case of disease or injury, one or more populations
of neurons can experience excessive death as seen in Alzheimer’s disease
and Parkinson’s disease, two chronic neurological disorders, which affects
behaviour, memory and cognition (Bredesen, 2008). Moreover, programmed
cell death has been implicated in several immune diseases such as systemic
lupus erythematosus and autoimmune thyroid diseases. For instance, in
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rheumatoid arthritis, the synovial cells affected will gain resistance to
apoptosis allowing the survival of autoreactive B and T cells (Eguchi, 2001).
One of the most important discoveries, accomplished in the field of cell
death, is that the genes that control it have a profound effect on the
malignant phenotype of cancers. It is now clear that some oncogenic
mutations disrupt apoptosis, leading to tumour initiation, progression or
metastasis, three important steps in carcinogenesis (Fernald and Kurokawa,
2013). p53, an important tumour suppressor, was the first gene of his class
to be linked to apoptosis. This protein blocks cellular proliferation by inducing
cell cycle arrest and apoptosis in response to cellular stresses such as DNA
damage, hypoxia, and oncogene activation. Hence, this transcriptional factor
is a vital element to the organism protection against defective cells through
the control of genome stability (Fridman and Lowe, 2003). Mutations that
occur in this gene are associated to the majority of human tumours and are
often linked with advanced tumour stage and poor patient prognosis as a
consequence of non-functional process of apoptosis (Rivlin et al., 2011).
Besides the cellular stresses mentioned before, further extracellular and
intracellular signals, such as growth/survival factor depletion, loss of cellmatrix interactions, telomere malfunction and inappropriate proliferative
signals, appear to be important to trigger apoptosis and impede tumour
development. Cells acquiring apoptosis defects can survive these stresses,
leading to their clonal expansion within the tumour and become more
genomically unstable. Disruption of apoptosis also contributes to tumour
metastasis. In order to spread, a tumour cell must acquire the ability to
survive in the bloodstream, invade and develop useful connections with
foreign tissue (Leber and Efferth, 2009). Deregulation of the apoptotic
program enables the malignant cell not only to survive the selection
pressure, but also to develop new ways to escape cell death (Su et al.,
2015).
1.5.3 Molecular Pathways
As a conserved process, apoptosis has evolved different pathways,
regulated by several proteins (Fig. 1.3). Therefore, depending on the
situation, cells will respond differently to apoptotic stimuli.
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The main pathways of apoptosis are classified as:


Extrinsic pathway;



Intrinsic pathway;



Granzyme B (GrB) induced pathway.

The extrinsic signalling pathway involves transmembrane receptormediated interactions, including the tumour necrosis factor (TNF)/nerve
growth factor (NGF) receptor superfamily, death receptors such as Fas,
TRAILR1 (DR4/5) and caspases 8 and 10, which activates the rest of the
downstream caspases leading to apoptosis. Generally trimerization of the
receptors (CD95 or TRAILR1) takes place with the binding of the ligand and
the subsequent formation of death domains clusters. Fas-associated Death
Domain containing protein (FADD) is an adaptor recruited at these clusters
(Walczak and Krammer, 2000), and through its death effector domain forms
a death inducing signalling complex (DISC), with the activation of caspase 8
(Kischkel et al., 1995) and subsequently the activation of downstream
effector caspases.
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Figure 1.3: Molecular Pathways of Apoptosis. The extrinsic apoptotic pathway
starts at the cell membrane, with the triggering of special transmembrane receptor
that lead to the activation of caspase 8 and 10. The intrinsic pathway take place at
the mitochondrial level and it is regulated by BCL2 proteins. These proteins act
upstream MOMP process by regulating the formation of the permeability transition
pore (http://www.cellsignal.com/).

The intrinsic pathway, also named the mitochondria-mediated pathway, is
characterized by the mitochondrial outer membrane permeabilization
(MOMP) as a result of the induction mediated by numerous cytotoxic stimuli
and pro-apoptotic molecules. This phenomenon is regulated by proteins from
the BCL2 family and mitochondrial lipids (Joza et al., 2001).
On the other hand, the GrB pathway is activated upon a pathogen infection.
GrB is a serine protease, which is involved in cytotoxic granule-mediated
apoptosis, a mechanism triggered by cytotoxic T lymphocytes (CTL) and
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natural killer (NK) cells, to clear the tissues and eliminate any allogeneic,
virally infected or pro-tumorigenic cells (Rousalova and Krepela, 2010). The
secretory granules are transported by microtubules originated from the
centrosome and released through an intracellular cleft, after recognition of
the infected cell by CTLs and NK cells (Stinchcombe et al., 2006). The
granules are loaded with GrB, perforin and smaller amounts of different types
of granzymes such as A, H, K and M which activate pro-caspases 3 and 7 or
target mitochondria (Adrain et al., 2005, Cullen and Martin, 2008, Mahrus
and Craik, 2005, Metkar et al., 2003).
1.5.4 Caspases
All three pathways converge to the activation of a family of cysteine-aspartic
proteases, called caspases, which are the main effectors of programmed cell
death. These enzymes are divided into three classes: two are mediators of
the final phase of apoptosis and one is involved in the inflammatory process
(Tait and Green, 2010). The initiating caspase subgroup (caspases 2, 8, 9
and 10), which role is to cleave and activate the executioner caspases,
possess large prodomains, a large (p20) and a small (p10) subunit
(Blanchard et al., 1999, Fuentes-Prior and Salvesen, 2004, Schweizer et al.,
2003). Executioner caspases (3, 6, and 7) are synthesized as homodimers
with shorter prodomains, as shown in Fig 1.4. Both classes are translated as
inactive monomeric pro-enzymes. The active initiator caspase is obtained by
dimerization and auto-activation (Baliga et al., 2004, Boatright et al., 2003,
Pop et al., 2006). The executioner procaspases are then cleaved by initiator
caspases, between the large and the small subunit, leading to a
conformational change with the two active sites coming together to form the
mature protease (Parrish et al., 2013). Single activated executioner
caspases cleave and activate other caspases to complete apoptosis initiation
(Parrish et al., 2013). Finally, activated executioner caspases cleave their
target proteins at specific aspartate residues. Among these are many
cytoskeletal and structural proteins, components of cell–cell adherens
junctions, apoptosis and cell cycle regulators. Other substrates include DNA
binding proteins, DNA repair and synthesis complexes and signal
transduction and transcription-translation proteins (Fischer et al., 2003).
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Figure 1.4: Caspases involved in apoptosis and their activation mechanism.
Caspases (Cys-Asp acid proteases) cleave their substrates after the Asp residue in
short X-X-X-Asp motifs. Initiator caspases are responsible for self-, BID and initiator
caspases cleavage. Conversely, initiator caspases possess hundreds of different
targets (Tait and Green, 2010).

1.6 BCL2 family of proteins
The BCL2 (B-cell CLL/lymphoma 2) family of proteins is the master regulator
of the intrinsic apoptosis pathway. There are three different subclasses in
this family (Fig 1.5):


BCL2 subfamily (anti-apoptotic): BCL2, BCL(X)L, BCLW, MCL1, A1
and BCL-B;



BAX subfamily (pro-apoptotic): BAX, BAK and BOK;



BH3 subfamily (pro-apoptotic): BAD, BID, BIK, HRK, BIM, NOXA,
PUMA and BMF.
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Figure 1.5: BCL2 family proteins composition. The BCL2 family proteins is
composed of different anti-apoptotic and pro-apoptotic members that share a
common domain called BCL2 Homology (BH), which provide for the protein-protein
interaction network. Most of these proteins have also a transmembrane domain that
direct the localisation to the different organelle membranes (Lessene et al., 2008).

BCL2 family members share a class of 4 conserved domains called BCL2
homology (BH) domains (BH1, BH2, BH3, and BH4). The structural fold,
common among anti-apoptotic members and pro-apoptotic Bcl-2-associated
X protein (BAX), Bcl-2 homologous antagonist killer (BAK) and possibly Bcl-2
related ovarian killer (BOK), consists of 7 amphipathic α helices (comprising
of all BH domains) that form a globular protein around a hydrophobic helix
(α5) (Czabotar et al., 2014). The remaining members (BH3 subfamily),
possess only the central short (9 - 16 residues) BH3 domain, with a
disordered structure that folds upon binding to the corresponding BCL2
protein partners (Kvansakul and Hinds, 2014).
The C-terminal amino acids, also termed transmembrane domain (TMD),
encode a stretch of hydrophobic amino acids, followed by two charged
residues, essential for membrane docking (Petros et al., 2004). Several of
these proteins reside mainly on the cytoplasmic face of the mitochondrial
outer membrane (OMM). However, some family members are also found on
the nuclear envelop (BCL2), the endoplasmic reticulum (BCL2 and BCLXL),
the inner mitochondrial membrane (BCL2 and BCL(X)L) and the
mitochondrial matrix (MCL1) (Akao et al., 1994, Portier and Taglialatela,
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2006, Gotow et al., 2000, Alavian et al., 2011). Mutagenesis studies have
confirmed that the hydrophobic C-terminal region allows post-translational
insertion into membranes, with the bulk of the BCL2 proteins oriented
towards the cytosol (Gross et al., 1999). Recent studies suggested that the
TMD of BCL2 proteins has high affinity for mitochondrial membranes, and
that cardiolipin (a specific lipid of mitochondria) helps the docking process
(Andreu-Fernandez et al., 2014). BAX represents an exception, since is
localized as an inactive monomer in the cytosol of healthy cells, even though
has a C-terminal hydrophobic domain for membrane insertion, which is
normally protected within the protein’s hydrophobic groove (Vogel et al.,
2012, Wolter et al., 1997). BH3 proteins such as BIM are thought to activate
BAX and guide its insertion in mitochondrial membranes (Walensky and
Gavathiotis, 2011). Recently, it has been shown that BAX protein exists in a
dynamic equilibrium between the mitochondria and the cytosol, and that
death signals increase the fraction of mitochondrial BAX over the cytosolic
inactive form (Schellenberg et al., 2013). The retro-translocation from the
mitochondria to the cytosol is mediated by TMD of BCL(X)L through the
interaction with the Voltage-Dependent Anion Channel 2 (VDAC2) (Edlich et
al., 2011, Lauterwasser et al., 2016, Todt et al., 2013).
1.6.1 Physiological role of BCL2 proteins
The different genes in this family have either pro- or anti-apoptotic activities,
and have been studied intensively due to their physiological importance in
mitochondrial biology regulation, as well as their contribution to several
diseases (Hardwick and Soane, 2013). The molecular pathway involving
these proteins is located immediately upstream of cellular damage, where
family members control MOMP. The balance between these proteins and the
complex interaction network established among them, determine if the cell
commits to apoptosis or aborts the process (Reed, 1994). In the earlies ’80,
the founding member of this family, the BCL2 proto-oncogene, has been
discovered while studying the chromosomal breakpoint of t(14;18) in human
B-cell lymphomas (Tsujimoto and Croce, 1986, Tsujimoto et al., 1984). After
cloning of BCL2 and through extensive research, several other members
have been discovered. To date, around 25 genes have been identified.
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Several studies highlighted the relevance of BCL2 proteins in apoptosis
regulation using mouse models. Mice lacking BCL2 completed embryonic
development, but failed to stabilize their immune system, and died due to
polycystic kidney disease after 2-3 weeks after birth (Kamada et al., 1995,
Nakayama et al., 1993, Veis et al., 1993). Both deficiency in BCL(X)L or
MCL1 resulted in embryonic lethality at day E13.5 and E3.5 respectively, due
to elevated levels of apoptosis of different cell types (Motoyama et al., 1995,
Rinkenberger et al., 2000). On the other hand, BAX deficient mice have been
found to be viable but sterile, due to impaired spermatogenesis (Knudson et
al., 1995). Instead, BAK deficient mice did not display any developmental
abnormalities (Lindsten et al., 2000). Indeed, generation of bax−/−bak−/−
mice led to the perinatal death of most animals; the few mice that survived
into adulthood showed developmental problems such as the presence of
interdigital webs, imperforate vaginas in females, multiple neurologic and
hematopoietic abnormalities (Lindsten et al., 2000).
1.6.2 Interactions and mechanism of action of BCL2 proteins
Pro- and anti-apoptotic BCL2 proteins are able to hetero-dimerize: the BH1,
BH2 and BH3 domains, specifically alpha-helices 2, 3, 4 and 5 form a
hydrophobic cleft to which a BH3 amphipathic α-helix can bind (Petros et al.,
2004). This BH3 cleft has a key role for all dimerization within the family, and
the integrity of this hydrophobic groove is required for both anti-apoptotic
activity and for the binding of these ones to their pro-apoptotic partners
(Sattler et al., 1997, Yin et al., 1994).
BH3 domains are composed of four conserved hydrophobic residues,
spaced at intervals of three to four residues apart, positioned on one face of
the amphipathic α-helix (Muchmore et al., 1996). Each of the four conserved
hydrophobic residues insert into a distinct pocket in the hydrophobic groove
of the target anti-apoptotic protein, forming a salt bridge between an Asp
residue on the BH3 domain and an Arg residue on the BH1 domain (Petros
et al., 2000, Czabotar et al., 2007, Liu et al., 2003). Mutation of these
residues reduces the affinity of BH3 proteins for their targets, thus
compromising their pro-apoptotic activity.
Several apoptotic stimuli can trigger the response of particular BH3-only
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proteins and these have been elucidated through genetic studies. BIM is an
important sentinel that prevents autoimmunity, and it is required for deleting
auto-reactive B- and T- cells and for the termination of acute T-cell
responses (Bouillet et al., 2002). Both PUMA (Nakano and Vousden,
2001) and NOXA (Oda et al., 2000) are transcriptionally up-regulated by
tumour-suppressor p53 in response to DNA damage. BAD contributes to
apoptosis in mammary epithelial cells deprived of epidermal growth factor
(Ranger et al., 2003), while BID participates in the apoptosis of fibroblasts
and hepatocytes induced by death receptors (Yin et al., 1999).
The regulatory mechanism of the activation of BAX and BAK by the other
components of the BCL2 family remains controversial. To date, it is clear that
overexpressing BCL2 or BCL(X)L blocks the activity of BAX and BAK in
apoptotic cells (Antonsson et al., 2001), and that BH3-only proteins can act
on BAX or BAK to induce cell death (Cheng et al., 2001). However, these
observations are linked to different models. The original notion dictates that
once activated, all BH3-only proteins trigger apoptosis through a common
mode of action, while several recent reports have demonstrated that different
types of BH3-only proteins can be distinguished (Chen et al., 2005b). In the
direct activation model, all BH3-only proteins possess the capacity to bind
BCL2 anti-apoptotic proteins and only few (BIM, tBID, and PUMA) also have
the capacity to directly bind and activate BAX and BAK. The BH3-only
proteins that lack the capacity to directly activate BAX and BAK (such as
BAD, BIK, HRK, NOXA), termed "sensitizers", are able to induce apoptosis
through the binding to anti-apoptotic proteins and displacing direct activators,
in order to activate BAX and BAK indirectly (Kuwana et al., 2005, Letai et al.,
2002). On the other hand the indirect activation model states that antiapoptotic proteins bind to BAX and BAK avoiding their activation. The
induction of BH3 only proteins will modify this equilibrium by sequestering
anti-apoptotic members and leading to BAX/BAK activation (Jabbour et al.,
2009, Willis et al., 2007). It has been recently proposed a hierarchical model
for pro-apoptotic proteins activation; BIM, BID, NOXA, PUMA (activators)
trigger BAX/BAK BH3 exposure and activation. Then, the activators BH3only proteins, sequester anti-apoptotic BCL2s, causing the formation of
BAX/BAK oligomers at the OMM (Chen et al., 2015b).
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Figure 1.6: Graphical scheme of intrinsic apoptosis activation. The direct
activation model requires an activation step for BAK and BAX triggered by BH3 only
proteins. The indirect activation model considers BAX and BAK as constitutively
active. In both models active BAK and BAX are bound and inhibited by antiapoptotic proteins such as BCL2, BCL(X)L and MCL1. BH3-only proteins unleash
BAK and BAX by sequestering them from anti-apoptotic proteins. In the unified
model both models contribute to BAX/BAK activation (Czabotar et al., 2014).

This interaction network is further regulated on many levels: BAK is engaged
in complexes with MCL1, BCL(X)L and A1, while BAX is blocked by all antiapoptotic proteins (Willis et al., 2005). However, in healthy cells, this
interaction doesn’t occur due to the different cellular localization; in fact BCL2
is membrane-bound, while BAX is predominantly soluble and monomeric
(Edlich, 2015). On a molecular level this interaction involves the binding of
BH3-contained in pro-apoptotic BAX and BAK into the hydrophobic groove
on the surface of BCL(X)L or BCL2. To expose these residues, a
conformational change of BAX is required in which alpha helix 9 disengages
from the binding groove and alpha helix 2 rotates about its axis to expose
these key residues. This conformational change is analogous to the change
proposed for BAK based on homology modeling studies (Antignani and
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Youle, 2006). Unlike BAX, BAK is normally associated with membranes in
healthy cells, including the mitochondrial outer membrane, through direct
interactions with BCL2 anti-apoptotic proteins (Edlich, 2015). Nevertheless,
in non-transformed cells it was shown that in the absence of a death signal
the combined loss of BCL(X)L and MCL1 induced apoptosis with no further
need of activator BH3-only proteins (Senft et al., 2015).
BCL2 proteins also engage an interaction network at the membrane level
through their TMDs. A recent study highlighted the ability of BAX, BCL2 and
BCL(X)L TMD to mediate and independent homo- and heterooligomerization in biological membranes in healthy cells and during
apoptosis (Andreu-Fernández et al., 2017). Hence the complexity in the
different pattern of localization, activity and binding of BCL2 proteins
emphasize the fine regulation of the intrinsic pathway. However, to date, a
general model considering all the different variables has not yet been
developed.
1.6.3 The process of MOMP
An important step during intrinsic apoptosis pathway is represented by
MOMP, with the consequent release of apoptogenic proteins from the
intermembrane mitochondrial space (IMS). Once apoptosis is triggered, BAX
and BAK are converted into homo-oligomers, leading to the formation of
pores and the release of cytochrome c into the cytosol (Czabotar et al.,
2014). It has been proposed that BAX has two activation sites: one located
on its hydrophobic pocket and another one present between helices a1 and 6
(Westphal et al., 2011). In the case of BAK a single activation site on the
canonical hydrophobic groove is present (Leshchiner et al., 2013,
Moldoveanu et al., 2006). There are two models which explain this release:
one hypothesis is that activated BAX and BAK both directly or indirectly
influence the biophysical properties of an existing mitochondrial pore (Green
and Kroemer, 2004). Alternatively, the second hypothesis postulates that the
aggregates of BAX and BAK may themselves breach the integrity of the
mitochondrial outer membrane, through the formation of a pore, to allow the
release of cytochrome c. A functional pore is constituted by hexamers of
BAX and/or BAK (Martinez-Caballero et al., 2009).The exact mechanism
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employed by these two proteins to disrupt the membrane integrity is still
under debate. One mechanism proposed that α-5 and -6 helices of BAX and
BAK insert and span the OMM (Fuertes et al., 2010, Garcia-Saez et al.,
2006). Another model showed how these two helices lie on the bilayer
membrane and alter its integrity, by applying a surface tension and a
curvature (Westphal et al., 2014). Additionally, a recent study highlighted that
oligomeric BAX decrease the force necessary to break the mitochondrial
membrane, opposed to monomeric BAX (Unsay et al., 2017). Single cell
imaging study demonstrated that MOMP is initiated when a small fraction of
BAX is activated and that following the first pore formation, additional ones
are formed rapidly (Dussmann et al., 2009).
In addition to pores formation, during MOMP, several other changes can
contribute to alter the mitochondrial structure with the release of apoptotic
factors. A potentially important step is the translocation of cardiolipin (CL)
from the internal mitochondrial membrane (IMM) to the OMM (Garcia
Fernandez et al., 2002, Kagan et al., 2005) mediated by phospholipid
scramblase 3 (He et al., 2007). Moreover, several other lipid species, such
as lysophosphatidyl-choline and phosphatidylinositol, increase or decrease
depending on the apoptotic stimulus (Crimi and Esposti, 2011). A second
important change is represented by remodelling of mitochondrial cristae
triggered by specific proteins such as Optic Atrophy Protein 1 (Opa1). During
MOMP, Opa1 remodels the cristae and mediates cristae junction opening to
allows the release of cytochrome c which is bound to the cristae (Ow et al.,
2008, Scorrano et al., 2002), thanks to different electrostatic interaction
between lysine residues and CL (Kostrzewa et al., 2000, Rytomaa and
Kinnunen, 1994, Sinibaldi et al., 2013).
Upon MOMP activation, the release of apoptogenic factors is triggered. Two
main groups of normally mitochondrial sequestered pro-apoptotic proteins
are released into the cytosol from the IMS. These proteins are able to trigger
the execution of cell death, by promoting caspase activation or by acting as
caspase-independent death effectors. A group of pro-apoptotic proteins such
Apoptosis-inducing factor (AIF), CAD (Susin et al., 2000) and endonuclease
G (Li et al., 2001) act on a late event that occurs after the cell has committed
to die. The other group consists of cytochrome c, Smac/DIABLO (Du et al.,
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2000), and the serine protease HtrA2/Omi (van Loo et al., 2002).
Smac/DIABLO and HtrA2/Omi promotes apoptosis by inhibiting IAP
(inhibitors of apoptosis proteins) activity.
Cytochrome c release occurs in one step and can be initiated at different
point in a cell to propagate across the cell. This process is rapid and is
completed within minutes (Bhola et al., 2009, Goldstein et al., 2000, Luetjens
et al., 2001, Rehm et al., 2009). When cytochrome c is released from the
mitochondria, it binds to and activates Apaf-1, which then recruits
procaspase-9 and dATP/ATP, forming the apoptosome leading to the
caspase-dependent mitochondrial pathway.
1.6.4 BCL2 proteins as prognostic markers in cancer biology
BCL2 proteins have been described as fundamental mediators of cancer
progression (Delbridge and Strasser, 2015). Early studies pointed out that
BCL2, in cooperation with myc, induced proliferation and tumorigenesis of Bcell precursors (Vaux et al., 1988). Additionally, BCL2 overexpression has
been linked to several types of cancers, including melanoma, neuroblastoma
and chronic lymphocytic leukaemia (Castle et al., 1993, Eberle and Hossini,
2008, Iervolino et al., 2002, Pepper et al., 1998, Trisciuoglio et al., 2005).
Higher levels of other anti-apoptotic genes, such as MCL1 and BCL(X)L,
have been found in breast, lung and bone cancer (Beroukhim et al., 2010,
Smith et al., 2006). Moreover, BCL(X)L overexpression has been connected
to colon cancer and progression of tongue carcinoma (Scherr et al., 2016,
Zhang et al., 2014). Pro apoptotic members BAX and BAK also participate to
breast cancer progression at different stages (Eguchi et al., 2000, Kholoussi
et al., 2014). Given the central role of BCL2 proteins regulation of MOMP,
overexpression of anti-apoptotic members protect cells from a variety of
chemotherapeutic agents and radiation (Huang et al., 1997, Lindemann et
al., 2007, Reiner et al., 2015, Strasser et al., 1994).
1.7 Cellular Metabolism
Cellular metabolism involves a series of complex reactions catalysed in
different compartments of the cells that enables organisms to transduce
energy from one form to another. This chemical energy is also used to
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synthesize complex macromolecules from simple precursors, and to create
electrical gradients. In the last century, there has been a constant and
increasing interest in studying cellular metabolism, to better understand how
certain types of diseases affect human beings. A big area of cancer research
is focused on learning how cancer cell metabolism works, in order to find
new therapeutic options.
Organisms acquire energy through catabolism of nutrient molecules and
transfer this energy to generate energy-rich compounds such as adenosine
triphosphate (ATP). This is part of the core metabolism that processes
nutrients like carbohydrates, fatty acids, and amino acids, essential for
cellular homeostasis and macromolecule synthesis (Lehninger et al., 2008).
Thus core metabolism can be divided into three classes: synthesis of simple
molecules or polymerization into more complex macromolecules
(anabolism); degradation of molecules to obtain energy (catabolism); and
elimination of toxic waste produced by the other classes (Lehninger et al.,
2008). Between 1920 and 1960, several biochemists unravelled the main
reactions and pathways involved in the three classes mentioned above.
These pathway included glycolysis (Embden, Meyerhof, and Parnas),
respiration (Warburg), the tricarboxylic acid (TCA), and urea cycles (Krebs),
glycogen catabolism (Cori and Cori), oxidative phosphorylation (Mitchell),
and the supremacy of ATP in energy transfer reactions (Lipmann)
(DeBerardinis and Thompson, 2012).
1.7.1 ATP properties and production
ATP was first discovered in 1929 by chemist Karl Lohmann who isolated this
molecule from liver and muscle extract (Lohmann, 1929).
ATP is composed of a molecule of adenosine esterified to three phosphate
groups. It is highly soluble in water and stable in solutions between pH 6.8
and 7.4, but is rapidly hydrolysed to adenosine diphosphate (ADP) and
phosphate (Pi) at extreme pH, since the bond strength between the
phosphate groups is less than the strength of the hydration bonds. In living
cells, the ATP concentration range of 1-10mM and the ratio of ATP to ADP is
maintained constant, with ATP concentrations fivefold higher than ADP
(Lehninger et al., 2008). Therefore, this displacement from equilibrium leads
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to a release of a large amount of free energy when cells hydrolyse ATP (Beis
and Newsholme, 1975).
ATP provides energy to a reaction by group transfer: the phosphate (Pi),
pyrophosphate (PPi) or adenylate moiety is first transferred to a substrate
molecule or enzyme by covalent bond, with a subsequent increase of the
free-energy content, and in a second step the transferred group is displaced.
It has to be considered that even if ATP is thermodynamically unstable in
aqueous solution and thus a good phosphoryl group donor, it is kinetically
stable and the cleavage of the phosphoanhydride bond requires an enzyme
to lower the activation energy of the group transfer. ATP can also provide
energy to cycle proteins between two different structural conformations by
noncovalent binding and hydrolysis into ADP and Pi (Groban et al., 2006).
ATP also function as a signalling molecule at the extracellular level, where it
can be recognised by purinergic receptors in the central and peripheral
nervous system (Abbracchio et al., 2009). A similar function of ATP is also
found at the intracellular level, through the activity of kinases that catalyse
phosphate transfer reactions and through adenylate cyclase that mediates
the production of cyclic AMP (which triggers calcium signalling) (Fimia and
Sassone-Corsi, 2001). ATP is also employed in the synthesis of nucleic
acids: in RNA, adenosine is derived from ATP while in DNA it is first reduced
to deoxyribonucleotide (dATP) before the incorporation into the helix (Joyce
and Steitz, 1995).
Energy production also known as cellular respiration can be divided into
three main pathways: glycolysis, the mitochondrial TCA cycle and the
mitochondrial electron transport chain (ETC). All of these routes are highly
interlinked and cells are usually able to compensate for deficiency in one of
the three routes for a short time.
1.7.2 Glycolysis
Glycolysis is a highly conserved pathway that occurs in different types of
cells in nearly all organisms with only minor variations, and is considered the
most ancient metabolic pathway (Romano and Conway, 1996). The series of
reactions that take place in glycolysis enable the oxidation of one molecule of
glucose to two molecules of pyruvic acid (or pyruvate) with the liberation of
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ATP. Glycolysis take places in all the cell of the human body and the
enzymes responsible for the reactions are found in the cytosolic fraction;
cells lacking mitochondria such as erythrocytes, cornea and lens rely on this
pathway in order to produce the energy needed (Akram, 2013). Depending
on the oxygen presence in the different cell types, pyruvate can be either
reduced to lactate (in anaerobic conditions) or oxidized to CO2 and H2O (in
aerobic conditions). Different metabolites generated during glycolysis are
then used in other processes. As an example pyruvate can be converted into
acetyl-CoA and CO2 and be used in the mitochondrial TCA cycle with the
complete oxidation to CO2 and H2O and the production of more ATP. AcetylCoA is also used to produce fatty acids, and pyruvate can be consumed in
the synthesis of the amino acid alanine. Additionally, the coenzyme
nicotinamide adenine dinucleotide (NAD), a by-product of glycolysis is
reduced to NADH from NAD+ in the TCA cycle and fuels the ETC.
The ten reactions in the glycolytic pathway can be sorted in two different
phases:
1. Preparatory (or investment) phase in which ATP is consumed;
2. Payoff phase in which ATP is formed.
In the first reaction of the investment phase a molecule of ATP complexed to
Mg2+ (MgATP2-) is used to phosphorylate glucose at carbon six (C-6) through
an irreversible reaction mediated by hexokinase leading to glucose-6phosphate (G6P). G6P is then isomerized reversibly by phosphoglucose
isomerase into fructose-6-phosphate (F6P), which is phosphorylated by
phosphofructokinase-1 to yield fructose-1,6-bisphosphate, subsequently
cleaved by an aldolase. This reaction produces dihydroxyacetone phosphate
(DHAP) and glyceraldehyde 3-phosphate (G3P); only G3P can enter the
payoff phase, thus DHAP is converted to G3P which forms 1,3bisphosphoglycerate with the production of NADH. The next step carried out
by phosphoglycerate kinase transfer Pi to ADP generating ATP and 3phosphoglycerate. The remaining reactions will terminate in the production of
a second molecule of ATP and one molecule of pyruvate. The net amount of
energy molecules produced from one glucose molecule is two ATPs and two
NADHs (Nelson and Cox, 2013).
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Figure 1.7: Overview of the glycolysis pathway. A total amount of ten reactions
are catalysed in the cytosol to yield a net production of two molecules of ATP, two of
NADH and pyruvate.

1.7.3 ETC and Oxidative Phosphorylation (OXPHOS) pathway
While glycolysis offers a rapid source of energy, the increase of atmospheric
oxygen (about 2.4–2.3 billion years ago) allowed cells to use OXPHOS, a
more efficient pathway which produces a total of 36 molecules of ATP.
However, the core metabolism still integrates all essential pathways together,
as glycolysis provides for the production of pyruvate that is used by
OXPHOS together with NADH, or oxidised to acetyl-CoA to enter TCA cycle.
The mitochondrial ETC accounts for the majority (around 80%) of ATP
production in physiological conditions by complete oxidation of NADH to H20,
CO2 and NH3 (Zheng, 2012). OXPHOS is carried out by 5 enzymatic
complexes in the IMM and accomplishes a series of redox reactions by
transferring electrons from donor to acceptor molecules; in this process
reducing agents such as NADH are used to donate electrons, and protons
(H+) are pumped from the matrix to the IMS to generate an electrochemical
gradient (Papa et al., 2012). The first protein complex in the ETC is the
NADH-coenzyme Q oxidoreductase (or complex I), the largest enzyme in the
OXPHOS pathway with a molecular weight of 1000 kDa and 45 different
subunits in mammals (Yagi and Matsuno-Yagi, 2003, Carroll et al., 2006).
This enzyme catalyses the oxidation of NADH by donating two electrons to
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flavin mononucleotide (FMN). These electrons are subsequently passed to a
series of iron-sulfur clusters and converged into ubiquinone in the
membrane. During this process, four protons are pumped from the matrix to
the IMS and another two protons are used to reduce ubiquinone to ubiquinol
(QH2) (Yagi and Matsuno-Yagi, 2003). A second entry point for electrons is
provided by succinate dehydrogenase (or complex II), an enzyme with four
protein subunits, a bound flavin adenine dinucleotide (FAD) cofactor, iron–
sulfur clusters, and a heme group (Yankovskaya et al., 2003). This complex
catalyses the oxidation of succinate to fumarate, and reduces ubiquinone to
quinol. A third electron entry point is the Electron transfer flavoprotein (ETF)ubiquinone oxidoreductase that accepts electrons from ETF in the
mitochondrial matrix, and reduces ubiquinone (Ramsay et al., 1987). All the
electrons gathered from the different entry points are then transferred by
ubiquinone to Q-cytochrome c oxidoreductase (complex III). This is a 240
kDa complex made of 11 different subunits (Hatefi, 1985, Schagger et al.,
1995), an [2Fe-2S] iron–sulfur cluster, one cytochrome (cyt) c1 and two b
cytochromes (Iwata et al., 1998). Electrons are taken by cyt b, moved to the
iron-sulfur complex and cyt c1 (Meinhardt and Ohnishi, 1992) through a
reaction mechanism named Q cycle and transferred to cytochrome c with the
net gain of two protons to the IMS gradient. The final step of the ETC is
mediated by cytochrome c oxidase (or complex IV) that catalyses the
oxidation of cyt c with the parallel reduction of molecular oxygen (the final
electron acceptor) to two molecules of water and the pumping of four more
protons into the gradient (Yoshikawa et al., 2006). The electrochemical
proton gradient generated during the ETC preserves the free energy
produced by the electron flow, which is then consumed by F1F0 ATP
synthase to drive the synthesis of ATP from ADP and Pi following the
reaction:
𝐴𝐷𝑃 + 𝑃𝑖 + 3𝐻𝑃+ → 𝐴𝑇𝑃 + 3𝐻𝑁+

(1)

In mammals ATP synthase comprises 16 subunits encoded by mitochondrial
and nuclear DNA assembled in two domains, a globular soluble catalytic
section (F1) in the matrix and a membrane channel section (F0). Proton flow
converts the H+ gradient from the intermembrane space (P) to the matrix (N)
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into mechano-chemical energy driving the rotation of one subunit of F0
causing a conformational change with an increase in the affinity for ADP and
Pi and the release of ATP (Sambongi et al., 1999, Panke et al., 2000,
Tsunoda et al., 2001). Reaction (1) can be reverted by pumping H+ from the
matrix to the IMS coupled to ATP hydrolysis.

Figure 1.8: Overview of the ETC. The four complexes responsible for the ETC
resides in the IMM and the protons gradient generated during electron transport is
used by complex V to generate ATP (Granata et al., 2009).

1.7.4 Mitochondrial function and structure
The complex mitochondrial structure is deeply linked to the bioenergetics
function performed by this organelle at the physiological level. Two types of
membranes are found in mitochondria: an external named OMM and the
IMM which separates the intermembrane space from the mitochondrial
matrix. Both membranes differ in their lipid composition and structure: the
OMM is enriched in phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and phosphatidylinositol and, in smaller amounts, phosphatidylserine
(PS) and CL, while in the IMM mainly contains CL and PE (Colbeau et al.,
1971, de Kroon et al., 1997, Hovius et al., 1993). The IMM is characterized
by invaginations called cristae, linked through narrow tubular segments
(cristae junctions) of varying length to the peripheral surface of the inner
membrane, but also to one another, creating the ‘intracristae’ space
(Mannella et al., 2001). Cristae morphology is regulated by several proteins
including prohibitins (Tatsuta et al., 2005), mitofilin (John et al., 2005) and
Opa1 (Frezza et al., 2006). However, the IMM topology is considered to be
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highly dynamic, due to ongoing membrane fusion and fission processes
(Mannella, 2006). It was proposed that cristae have different physiological
properties compared to the peripheral IMM and are enriched in complexes of
oxidative phosphorylation (Vogel et al., 2006).
Mitochondria are highly dynamic organelles. Their shape and morphology
are regulated by enzymatic processes. Mitochondrial fusion and fission are
important in maintaining a healthy pool of mitochondria since structural
abnormalities lead to bioenergetics defects (Chen et al., 2005a),
compromised autophagy control systems (Twig and Shirihai, 2011) and
accumulation of mitochondrial DNA damage (Chen et al., 2010). These
membrane remodelling activities are mediated by dynamin-related proteins 1
(Drp1), mitofusin (Mfn) 1 and 2 and Opa1.
Drp1 is the key regulator of mitochondrial fission, the splitting of one
mitochondrion in two or more smaller mitochondria. When recruited on the
OMM by human fission protein 1 (Fis1), Drp1, together with other structural
bending proteins, forms oligomeric rings around the membrane to fragment it
(Detmer and Chan, 2007, McBride and Soubannier, 2010). OMM fusion is
mediated through different steps by Mfn which initiates the tethering of two
different mitochondria while Opa1 proceed to IMM fusion (Galloway et al.,
2012).
Functional mitochondria in healthy mammalian cells are tubular and form a
complex interlinked network (Wasilewski and Scorrano, 2009). During
apoptosis mitochondria become fragmented and round (Arnoult, 2007).
During necrosis mitochondria swell (Laporte et al., 2007), and during
autophagy, an elongated form of this organelle appears. In the last years a
toroidal/donut shape has also been discovered; this feature can emerge
under certain types of metabolic stress in an attempt by the mitochondria to
recover (Ahmad et al., 2013, Liu and Hajnoczky, 2011).
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Figure 1.9: Schematic illustration showing the processes involved in the
mitochondrial dynamics. The fission protein Drp1 self-oligomerizes and mediate
the scission machinery around the OMM. This protein is recruited at the OMM by
Fis1 (mammalian ortholog of yeast Fis1p). The fusion process involves three
phases: docking, OMM fusion and IMM fusion. Mfn1 and 2 are important factors in
docking and fusion. Opa1 is involved in the formation of cristae junctions during
IMM fusion.

1.7.5 Cancer metabolism
One of the major features of cancer cells is their ability to sustain elevated
growth rates. Thus, an altered metabolism is an essential property of most
cancer cells. One of the first scientists to focus on cancer cells metabolism
was Otto Warburg. He originally proposed that cancer cells have increased
levels of aerobic glycolysis due to impairments in the OXPHOS pathway (the
so called “Warburg effect”); the pyruvate derived from glycolysis is then
converted to lactate by lactate dehydrogenase and secreted (Warburg et al.,
1927). Even though the Warburg effect is a widespread phenomenon
associated with cancer, recently this notion has been challenged by the fact
that the OXPHOS function is still retained by tumours. In addition, cancer
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cells are heterogeneous and different from the tissue of origin and even in
the same malignant population the metabolic profile can vary; cancer cells
can also adapt easily to changes in the surrounding environment due to their
plasticity (Lu et al., 2015). Due to these differences it has been observed that
not all cancer type depend on glycolysis with estimated levels of glycolytic
ATP production varying between 1-64% (Zu and Guppy, 2004). Several
studies showed that mitochondrial OXPHOS is still intact in cancer cells and
that active glycolysis suppresses OXPHOS (Koppenol et al., 2011, Griguer et
al., 2005, Scott et al., 2011). In HeLa and breast cancer MCF7 cell lines it
has been observed that OXPHOS contributes to 79 and 91% ATP generation
respectively, and that under hypoxia there is a reduction to 29 and 36%
(Rodriguez-Enriquez et al., 2010). A retrospective review also showed that
even though glycolysis has a key role in metabolism, cancer cells use a
mixture of the glycolysis and OXPHOS for energy production (MorenoSanchez et al., 2007). The increasing amount of evidence in contrast with
aerobic glycolysis as the primary source of energy supply in cancer cells, led
to the postulation of the reverse Warburg effect. In this case, it was shown
that epithelial cancer cells induce aerobic glycolysis in carcinoma associated
fibroblasts which subsequently produces intermediates for TCA and
OXPHOS (Bonuccelli et al., 2010, Pavlides et al., 2009).
To summarize cancer cells use aerobic glycolysis while maintaining active
OXPHOS; the reason behind this behaviour depends on several
characteristics of cancer. Tumour cells need a fast source of ATP production
and intermediates for biosynthesis of macromolecules: glycolysis can meet
both requirements, and is therefore more suitable for actively growing tissues
(Vander Heiden et al., 2009, Berridge et al., 2010). Overly efficient
production of ATP, mediated by OXPHOS, will stop glycolysis through
phosphofructokinase 1 inhibition. Glycolysis also offers an advantage in
hypoxic conditions since lactate is produced and released in the extracellular
space contributing to an acidic environment that favours metastasis and the
invasion properties of cancer cells (Gatenby and Gillies, 2008, Vaupel,
2010).
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1.8 Aim of the study
Breast cancer cells showing therapeutic resistance, frequently have an
intrinsic deficiency in their ability to initiate or execute apoptosis (Marquette
and Nabell, 2012). Our group previously developed a systems model of
BCL2 family control of apoptosis, named DR_MOMP (Lindner et al., 2013,
Lindner et al., 2016). This model has been translated, for the first time, into
the clinical setting and achieved excellent prognostic rates in determining
colorectal cancer patient responsiveness to chemotherapy, outperforming
statistical approaches (Lindner et al., 2016).
Emerging studies in the field of cell death, pointed out the ability of BCL2
proteins to regulate different aspects of mitochondrial biology, such as
metabolism (Gross, 2016). Furthermore, due to the recent development of
selective BCL2 inhibitors, a deeper understanding of secondary effects of
such compounds on cancer cells is needed.
Therefore, the aims of this study are:


To test, improve and validate the prognostic power of DR_MOMP in
predicting cytotoxic responses in breast cancer cells in vitro;



To develop approaches to re-wire survival networks to enhance the
cellular susceptibility to mitochondrial apoptosis in breast cancer cells
by using BCL2 proteins selective inhibitors;



To improve and extend the model to include novel data on BCL2
family protein regulation of cellular bioenergetics;



To investigate secondary effects of BCL2 inhibitors on mitochondrial
metabolism and to study a new combinational therapy that acts on
cellular bioenergetics.

Specific details and rationale of each objective are explained in the following
result chapters.
The data presented in this thesis offer insights into the predictive potential of
DR_MOMP in TNBC and further highlight secondary function of BCL2
proteins, not related to cell death regulation.
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The final goal of this project is to develop a new patient stratification tool and
novel therapies, especially for these patients that suffer from resistant types
of breast cancer, such as TNBC.
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2.1 Materials
2.1.1 Reagents
A list of reagents used throughout the study is provided in Table 2.1.
Table 2.1: List of reagents used.
Reagent
Fetal bovine serum (FBS)
Fetal Bovine Serum, dialysed
RPMI 1640
DMEM 4.5 g/L Glucose
DMEM/F-12 (1X)
Opti-MEM
SILAC™ RPMI 1640 Flex Media
Hanks Balanced Salt Solution
Phosphate Buffered saline
(PBS) tablets
HEPES (1M)
L - Glutamine
L-Arginine
L-Lysine
Phenol Red solution
Penicillin / Streptomycin
Trypsin EDTA Solution
Distilled water, sterile
4-Nitrophenyl phosphate
disodium salt hexahydrate
Dimethyl sulfoxide (DMSO)
LB agar
LB broth
Insuline from bovine pancreas
Sodium azide
Sodium pyruvate solution
D-Glucose (45%)
Lactate
Tetramethylrhodamine methyl
ester (TMRM)
Bovine Serum Albumin
(BSA)
Thiazolyl Blue Tetrazolium
Bromide (MTT)
Lipofectamine 2000
carbonyl cyanide 4(trifluoromethoxy)
phenylhydrazone (FCCP)
Oligomycin from Streptomyces
diastatochromogenes
Paraformaldehyde solution
(PFA), 4%
Ampicilin

Cat.no.
F7524
26400036
R0883-500 mL
BE12-604F
31330-038
31985-047
A2494201
H9269-500ML

Manufacturer
Sigma-Aldrich
Thermo Scientific
Sigma-Aldrich
Lonza
Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich

P4417-100TAB

Sigma-Aldrich

15630056
G7513-100ML
A8094-25G
L8662-25G
P0290-100ML
P0781-100ML
T4049
I5230-089

Thermo Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Gibco

N4645-1G

Sigma-Aldrich

D8418-500ML
L3027-1KG
L3022-1KG
I-5500-100MG
71289-50G
S8636-100ML
G8769-100ML
71716-1G

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

T668

Invitrogen

9048-46-8

Thermo Scientific

M2128-1G

Sigma-Aldrich

11668019

Invitrogen

C2920-10MG

Sigma-Aldrich

O4876-5MG

Sigma-Aldrich

I9943 1LT

Affymetrix

10044-25G

Sigma-Aldrich
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Reagent
Crystal Violet
40% acrylamide
Ammonium Persulfate (APS)
Hydrochloric acid
Acetic Acid, glacial
Tetramethyl –
ethylenediamine (TEMED)
TRIS
Sodium dodecyl sulfate (SDS)
Sodium deoxycholate
Sodium chloride (NaCl)
Sodium Hydroxide (NaOH)
Sodium Acetate
Triton X-100
Ethylene glycol-bis(2aminoethylether)-N,N,N′,N′tetraacetic acid (EGTA)
Sucrose
Tween-20
Ponceau red
IGEPAL® CA-630
Milk Powder
ProLong Gold Antifade
Mountant
Page ruler protein ladder
MitoTracker™ Red CMXRos
CaCl2
Protease Inhibitor
Phosphatase Inhibitor 2
Phosphatase Inhibitor 3
bisBenzimide Hoechst 33258
Propidium Iodide
ECL Immobilon Western
Chemiluminescent HRP
Substrate
Cisplatin
Paclitaxel
2-Deoxy-D-glucose (2DG)
ABT199
WEHI-539

Cat.no.
HT901-8FOZ
A7168
A3678-100G
258148-4L
695092-500ML

Manufacturer
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

T9281-25ML

Sigma-Aldrich

T1503-5KG
L3771-1KG
D6750-25G
S3014-1KG
S8045-500G
71193-1KG
T8532-500ML

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

E3889-25G

Sigma-Aldrich

84097-1KG
P2287-500ML
P7170-1L
18896-100ML
3023036

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Marvel

P36935

Invitrogen

26620
M7512
21098-500G
P8340
P5726
P0044
B2883-25MG
P4864-10ML

Fermentas
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

WBKLS0500

Millipore

S1166-50mg
S1150-10mg
D8375-1G
GDC-0199
CS-1686

Selleckchem
Selleckchem
Sigma-Aldrich
Active Biochem
Chem Scene
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2.1.2 Equipment
Table 2.2: List of equipment used.
Equipment

Manufacturer

Cell Culture flasks (T25, T75, T175)

Starstedt

Cell culture well plates (6, 24)
96 well cell culture plate Cellstar
96 well plate Optical bottom black
Culture-Inserts 4 Well
Cell Scraper
Tube roller
Electrophoresis Chamber
Semi-dry transfer cell
Power supply
High-Current Power Supply
Nitrocellulose membrane
Chemiluminescent Imager
Plate Reader with gas control unit
ThermoMixer
Benchtop centrifuge
Centrifuge
Refrigerated Centrifuge
Nanodrop
Tissue homogenizer ULTRA-TURRAX
T25 Basic
Flow Cytometer
Epifluorescence Microscope
Laser scanning confocal microscope
High content screening microscope
Menzel Microscope slide 26x76x1mm
Cover slips 13mm
Mr. Frosty

Starstedt
Greiner Bio-One
Thermo Scientific
Ibidi
Starstedt
Stuart
BioRad
BioRad
Biorad
Biorad
GE Healthcare
FujiFilm
BMG Labtech
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Thermo Scientific

Catalogue
number/Model
83.3910.002,
83.3911.002,
83.3912.002
83.3920, 83.3922
655180
1169106
80469
83.1830
SRT9
Mini-Protean Tetra
TransBlot SD
PowerPac Basic
PowerPac HC
10600043
LAS 3000
CLARIOStar®
Thermomixer comfort
5415D
5810
5810R
2000c

IKA

2953000

Partec
Carl Zeiss
Carl Zeiss
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

CyFlow ML
Axiovert 200M
LSM 710
Cellomics Arrayscan VTI
12114682
630-1846
5100-0001

2.1.3 Kits
Table 2.3: List of commercial kit used.
Kit

Manufacturer

Micro BCA™ Protein Assay Kit
CellTiter-Glo® Luminescent Cell Viability
Assay
Annexin V-FITC Apoptosis Kit
NucleoBond® Xtra Maxi EF
Glass bottom dish (35x10) 22mm aperture
Glass bottom dish (35x10) 12mm aperture
ATP synthase Enzyme Activity Microplate
Assay Kit

Thermo Scientific

Catalogue
number
23235

Promega

G7570

BioVision
Macherey-Nagel
WillCo Wells
WillCo Wells

K101-400
740424-50
Kit-3522
Kit-3512

Abcam

ab109714
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2.2 Methods
2.2.1 Introduction
All chemicals and materials used were of the highest quality and purity
commercially available.
2.3 Cell Culture
2.3.1 Cell culture practice
All cell culture work was carried out in a sterile laminar flow cabinet. Before
use, the cabinet and all items placed inside were sprayed with a 70%
solution of Industrial methylated spirits. Strict aseptic techniques were
applied while working with all cell cultures. Before and after use the cabinet
was incubated in ultra violet light for 15 minutes.
2.3.2 Cell Culture conditions
Different cell lines were used throughout this project including 8 TNBC breast
cancer cell lines, 3 ER+ cell lines and 1 cervical cancer cell line.
TNBC cell lines were obtained from Dr. Norma O’Donovan (National Institute
for Cellular Biotechnology, Dublin City University). HCC1937, HCC1143,
MDA-MB-231, MDA-MB-468 were cultured in RPMI-1640 supplemented with
10% FBS, 1% L-Glutamine and 1% Penicilin/Streptomicin. BT549 cells were
cultured in RPMI-1640 medium containing 10% FBS, 1% L-Glutamine, 1%
Penicilin/Streptomicin, supplemented with 0.023 UI Insulin and 10 mM
HEPES. DMEM supplemented with 10% FBS, 1% L-Glutamine was used for
HDQ-P1, HeLa and CAL-85-1 (with the addition of 1 mM pyruvate). BT20
breast cancer cells were cultured in DMEM/F12 (1:1) supplemented with
10% FBS, 1% L-Glutamine. MCF7-pSFFV cells were obtained from Prof.
Donat Kögel (Experimental Neurosurgery, Neuroscience Center, Frankfurt
University); MCF7-BCL2 and MCF7-BCL(X)L overexpressing cell lines were
kindly provided by Prof. Markus Rehm (Institute of Cell Biology and
Immunology, University of Stuttgart, and dept. of Physiology and Medical
Physics, Royal College of Surgeons in Ireland) and cultured in RPMI-1640
supplemented with 10% FBS, 1% L-Glutamine and
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1%Penicillin/Streptomycin. All cell lines were authenticated by STR typing
from Source Bioscience (Nottingham, United Kingdom). A list of TNBC cell
line features is present in Table 2.4.
Table 2.4: List of TNBC cell lines features. 5 TNBC cells in this study were
isolated from IDC or adenocarcinoma patients, in either primary tumours or pleural
effusion (from ATCC - https://www.lgcstandards-atcc.org). Basal subtype was
obtained from Neve et al (Neve et al., 2006). A full list of mutations was obtained
from COSMIC database (http://cancer.sanger.ac.uk/cosmic).

Cell Line

Pathology

Origin

Patient

Molecular
Classification

BT20

IDC

Primary
Tumor

74-year
old,
caucasian

Basal A

HCC1937

IDC

Primary
Tumor

24-year
old,
caucasian

Basal A

HCC1143

IDC

Primary
Tumor

52-year
old,
caucasian

Basal A

adenocarcinoma

Pleural
Effusion

51-year
old,
caucasian

Basal B

adenocarcinoma

Pleural
Effusion

51-year
old,
black

Basal A

HDQ-P1

IDC

Primary
Tumor

50-year
old,
caucasian

/

TP53

CAL-85-1

adenocarcinoma

Primary
Tumor

35-year old

/

RB1, TP53

BT549

IDC

72-year old

/

PTEN,
RB1, TP53

MDA-MB231

MDA-MB468

Mutations
CDKN2,
PIK3CA,
TP53
BRCA1,
TP53,
MAPL1,
MDC1
TP53
BRAF,
CDKN2A,
KRAS,
NF2, TP53,
PDGFRA
PTEN,
RB1,
SMAD4,
TP53

2.3.3 Sub-culture of cells
Cells were sub-cultured when the monolayer reached approximately 80%
confluency. Growth media and trypsin used in this procedure were warmed
to 37 ºC in a pre-heated water bath. Waste media was removed via
aspiration and cells were washed with sterile 1X Hank's Balanced Salt
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Solution (HBSS). Cells were enzymatically detached from the surface of the
tissue culture vessel following addition of an appropriate volume of 1X
Trypsin-EDTA; 4 mL for a t175 flask, 2 mL for a t75 flask and 1 mL for a t25
flask. Upon visual confirmation of total detachment, the enzyme was
inactivated by adding a volume of growth medium 10 times that of the
trypsin. The cells were then pipetted to avoid clumping and distributed at the
required density in an appropriate culture vessel.
2.3.4 Cell counting
Harvested cells were counted using a haemocytometer. Cells were
trypsinised, pelleted at 201 x g for 3 minutes, and re-suspended in either 5
mL or 10 mL of cell culture medium. 10 µL of the cell suspension was placed
on the haemocytometer under a coverslip and counted under a phase
contrast microscope. Cells were counted in the four corner grids and the
mean cell count multiplied by 104. Through this method, a value representing
the number of cells per mL in the cell suspension was obtained. Cells were
then seeded at the required density.
2.3.5 Preparation of cell stocks
Cells at a confluency of approximately 80% were harvested and from a t75
flask and placed into a 15 mL falcon tube. Tubes were then centrifuged at
201 x g for 3 minutes to pellet the cells. The media was then aspirated and
the pellet resuspended in a solution containing FBS with 10%
Dimethylsulfoxide (DMSO) and transferred to a cryovial. Cryovials were then
placed into a freezing container (Mr Frosty; Thermo Scientific, Waltham, MA,
USA) filled with isopropanol which was subsequently placed at -80 ºC. This
allowed freezing to occur over the course of several hours with a decrease in
1 ºC per minute. Cell stocks were then stored at temperatures below -180 ºC
in a liquid nitrogen tank.
2.4 Plasmid vectors and DNA based methods
The ATeam1.03-nD/nA/pcDNA3 and MitoATeam1.03 probes were kindly
provided by Dr. Hiroyuki Noji (Osaka University). These fluorescent reporters
are highly specific and sensitive probes to measure levels of cytosolic and
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mitochondrial ATP respectively. The ATP binding is mediated by the ε
subunit (14 kDa) of the bacterial FoF1-ATP synthase which has several
advantages, such as the very high specificity for ATP over the other
nucleotides, the binding to the ATP without its hydrolyzation, and the signal
is pH insensitive around physiological pH. After ATP binding, the ε subunit
undergoes a conformational change into a folded form which enables large
dynamic range of the FRET signal (Imamura et al., 2009).

Figure 2.1: ATeam plasmid map. ATeam FRET probe has been cloned inside a
pcDNA3 backbone plasmid for mammalian expression, and carries an ampicillin
resistance for bacterial selection (from Addgene - https://www.addgene.org/51958).

The FLX1.8MitoKaede was a gift from Geoffrey Owens (Addgene plasmid #
28133); this fluorescent protein was isolated from the stony coral
Trachyphylia geoffroyi (Ando et al., 2002). Exposure of Kaede to 405nm light
induces a peptide cleavage and subsequent formation of a double bond
within the Kaede chromophore to change its excitation and emission
wavelengths (Mizuno et al., 2003). The change is from green to red

62

CHAPTER II – Materials and Methods

fluorescence and can be detected easily with a conventional fluorescence
microscope. A mitochondrial targeting sequence, from subunit VIII of
cytochrome c oxidase, was added to the Kaede protein in order to study
mitochondrial fusion dynamics (Owens and Walcott, 2012).

Figure 2.2: mitoKaede plasmid map. MitoKaede probe has been cloned inside an
FLX1.8CMV backbone plasmid for mammalian expression, and carries an ampicillin
resistance for bacterial selection (from Addgene - https://www.addgene.org/28133).

2.4.1 Bacterial transformation and plasmid DNA purification
Bacterial transformation protocols are used for the uptake of foreign DNA
into bacterial cells, to allow amplification or manipulation of the plasmid of
interest. The foreign DNA has an origin of replication, recognised by the host
cell DNA polymerases, and has been engineered to carry genes for antibiotic
resistance, which enables the selection of the bacterial population with the
selected plasmid. Calcium chloride treated bacteria are employed to produce
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competent cells, which are capable of DNA uptake following a heat shock
step.
One day prior to the transformation, Luria-Bertani (LB) broth (15.5 g/L) and
LB agar (35 g/L) were prepared. Ampicillin (100 μg/mL) was added to agar
containing medium and was poured into Petri dishes, filling approximately
1/3 of the dish in a clean area, using a Bunsen burner.
Prior to transformation of bacteria, sterile LB broth was allowed to warm to
room temperature. DH5α competent cells were used for transformation; 1 μL
of plasmid DNA was added to the Eppendorf tubes containing 100 μL of
competent DH5α bacteria. This procedure was carried out for both Ateam
and mitoAteam probes (Fig. 2.1). After gentle mixing, bacteria were
incubated for 10 min on ice. Following this incubation, cells were heat
shocked for 45 sec at 42 °C and immediately placed back on ice for 2 min. In
order to help the bacterial cells to recover from the heat shock, 500 μL of LB
broth was subsequently added, and the cells incubated for 1 h at 37 °C with
gentle shaking. After 1 hour, the tubes were centrifuged at 1811 x g for 3
min, the medium removed and the pellet re-suspended in 50 μL of fresh LB
broth. Bacteria were then transferred and spread to a petri dish containing
LB agar. In order to allow bacterial growth, the petri dishes were incubated
upside down at 37 °C for 16 hours.
For the MitoKaede plasmid (Fig. 2.2), a sterile tip was used to get bacteria
from the agar stab and plated on a petri dish. The next day, a single colony
was picked from each dish, and the bacterial colony inoculated into 200 mL
of LB medium containing ampicillin. Following 16 hours incubation at 37 °C,
the NucleoBond® Xtra Midi EF / Maxi EF kit from Macherey-Nagel was used
for DNA extraction following company protocol. Bacteria were lysed with a
NAOH/SDS based-buffer (Birnboim and Doly, 1979) and loaded by gravity
flow in the NucleoBond® Xtra Column and filter. Plasmid DNA is bound to
the NucleoBond® Xtra silica beads thanks to the methyl-amino-ethanol
group, while other molecules such as protein, carbohydrates and cellular
components are washed away. This kit also allows removal of bacterial
endotoxins which may compromise cell viability during the transfection
process. Plasmid fraction is obtained by eluting the column under high salt
conditions and through a pH shift from 7.0 to 9.0. Under these alkaline
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conditions, plasmid DNA is released. Isopropanol is finally used to precipitate
DNA in a centrifuge at 15,000 x g for 30 min at 4 °C for 1 hour. DNA pellet
obtained is subsequently dissolved in 50 to 200 μL of TE-EF buffer (10 mM
Tris/HCl, pH 7.5, 1 mM EDTA) depending on pellet amount and stored at -20
°C.
2.4.2 DNA quantification via Nanodrop
After this procedure DNA was quantified using the NanoDrop 2000
spectrophotometer. This system uses fiber optic technology and surface
tension to quantify 0.5 μL to 2 μL of sample, without using cuvettes. Two
optical surfaces held the sample in a vertical orientation pathlenght. Before
each measurement, the surfaces were cleaned, and 1 μL of sterile TE-EF
buffer was loaded. The sampling arm was closed and blank was measured.
Surfaces were cleaned again and 2 μL of sample DNA loaded and
measured. All measurements are automatically normalised to 340 nm for
nucleic acid quantification. The Beer-Lambert equation is modified to use a
factor with units of ng-cm/μL. Absorbance of each sample was read at 230
nm and 280 nm to indicate the integrity and purity of the DNA with a value of
1.8 deemed optimal.
2.4.3 Transfection
Transfection is a widely used technique in molecular biology to insert DNA
sequences of interest into mammalian cells. There are various methods to
allow DNA to cross the cells plasma membrane: chemical-based techniques
(calcium phosphate, liposomes and cationic polymers), non-chemical
methods (electroporation and sonoporation), particle-based methods (gene
gun and magnetofection) and viral methods. A chemical-based approach
was used in this protocol for in vitro transient transfection. Lipofectamine
2000 is a cationic liposome formulation, which forms complexes with
negatively charged nucleic acid molecules. These are able to bypass the
electrostatic repulsion of the cell membrane through a neutral co-lipid
mediating fusion (Dalby et al., 2004).
Cells were seeded at a density of 2*103 onto prewashed, poly-D-lysine (5
μg/ml)-coated glass Will-Co dishes (WillCo Wells BV) and incubated
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overnight at 37 °C with 5% CO2. For each dish, 0.2 μg/μL of DNA was used;
twenty-four hours following seeding, a transfection mix was prepared which
consisted of 70 μL of Opti-MEM and 0.7μL of Lipofectamine 2000. After 20
minutes incubation at RT, the medium from each dish was removed, and the
transfection mix pipetted onto the cells. Plates were then incubated for 4
hours at 37 °C. Finally, the media containing this transfection mix was
removed and 2 mL of fresh medium added to each dish.
2.4.4 Generation of stable ATeam cell lines
The generation of stable clones enables the sustained expression of the
gene of interest, while normal transfection protocols only allow a transient
expression, which last for few hours. Moreover stable cell lines provide a
homogeneous clonal population, and this is crucial when performing live cell
microscopy of fluorescent reporters. This is made possible by taking
advantage of selection markers present in DNA plasmids. Cells that integrate
the plasmid will be protected against the selection drug used (e.g. ampicillin).
In the case of a cell line that has already been made stable for the
expression of a gene, it is possible to use colony-picking techniques. This
methodology is useful if the gene of interest induces the expression of a
particular phenotype, especially the expression of fluorescent proteins.
MCF7-pSFFV, MCF7-BCL2 and MCF7-BCL(X)L cells were seeded into 6
well plates at a density of 1*106 cells per well. Cells were then transfected
with 200 ng of ATeam plasmid using Lipofectamine 2000 and Opti-MEM
medium. After 24 hours, transfection efficacy was assessed on a fluorescent
microscope. Cells were allowed to grow until confluency was reached, and
then trypsinised, diluted 1:100 in fresh medium and seeded in fresh 6 well
plates. After 7 days, cells were imaged for the presence of fluorescent
colonies. Positive cells carrying ATeam plasmid were then picked up with a
p200 pipette tip, placed into 2 mL of medium, gently separated and moved to
a new 6 plate. The same procedure was then repeated 2-3 times to insure
the presence of 90-100% of positive-fluorescent colonies. Cells were then
allowed to reach confluency, and finally moved to a t25 flask and regularly
grow.
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2.5 Cell lines based methods
2.5.1 MTT assay
The MTT assay is a colorimetric assay that relies on the enzymatic reduction
of a yellow tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT), to form water insoluble violet-blue
formazan crystals. Formazan can be subsequently solubilized and its
concentration is measured through colorimetric reading on a plate reader.
This reaction is carried out by the mitochondrial succinate dehydrogenase
enzyme in metabolically living cells, while dead cells will not show any
activity. Thus, this method can be used to assess cell viability after certain
treatment regimens and is widely used, due to low cost (Saravanan et al.,
2003, van Meerloo et al., 2011). The MTT assay was used to calculate the
half maximal inhibitory concentration (IC50) of compounds of interest. IC50
measures the efficacy of a compound to inhibit a specific biological or
biochemical function. In order to evaluate the IC50 of cisplatin and paclitaxel,
TNBC cells were cultured in their specific medium on 96-well plates at 37 °C
(at a density of 3*104 cells for well) before treatment with increasing
concentrations of cisplatin or paclitaxel (from 0.3 µM to 1000 μM).

Figure 2.3: MTT assay reaction. MTT is reduced to formazan (characterised by
high absorptivity at 570 nm) by mitochondrial reductases in living cells. The amount
of formazan positively increases with the number of live cells (Riss et al., 2004).
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Treatments were prepared by re-suspension of the drug stock at the desired
concentration in fresh medium. After 24 hours treatment, 20 μL of 5 mg/mL
MTT solution was added and the plate incubated at 37 °C for 4 hours.
Following this incubation, medium was removed and formazan crystals were
suspended in 100 μL DMSO (dimethyl sulfoxide). Absorbance at 570 nm was
then recorded on a Multiscan EX plate reader (Thermo Scientific).
The same MTT protocol was followed for the evaluation of the IC50 of the
BCL2 and BCL(X)L selective inhibitors (ABT199 and WEHI-539,
respectively) in MCF7 cells. In the case of BCL2 inhibitors cells were treated
with increasing concentrations from 0.1 µM to 300 µM at a timepoint of 72
hours. IC50 values were obtained with Prism (GraphPad) by using a nonlinear
regression with a variable slope fit function.
2.5.2 Flow Cytometry
Flow Cytometry was used to detect the apoptosis rates in living cells
following treatment, by analysing the status of phosphatidylserine (PS) and
propidium Iodide (PI). During early apoptotic process PS is translocated from
the inner side of the cellular plasma membrane to the outer layer (Segawa
and Nagata, 2015). Annexin V, a Ca2+ dependent phospholipid-binding
protein, has a high affinity for PS. This protein is linked to the fluorochrome
FITC, in order to allow detection of apoptotic cells, while maintaining affinity
for PS. This staining is used in conjunction with PI, which is excluded by
viable cells with an intact membrane, and accumulates in dead cells with
disrupted membrane, by DNA intercalation (Atale et al., 2014). Cells which
have therefore undergone “early apoptosis” are considered Annexin V
positive and PI negative, while late apoptotic cells are both Annexin V and PI
positive.
Flow cytometry, a laser-based technology, is the main choice to detect these
fractions in cell samples, due to the capacity of this technology to detect
subpopulations of cells within samples. A single cell suspension is directed
through a small nozzle to be detected by a laser system, using sheath fluid.
The light scattered by the cells or particles is then detected by either the
detector in front or at 90 degrees from the light, to measure forward and side
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scatter, respectively. Other detectors measure the fluorescence emitted from
positive stained cells (Adan et al., 2016).
The protocol is as follows: cells were seeded at a density of 6*104 in a 24
well plate and allowed to adhere overnight. In order to study the effect of
chemotherapy on TNBC cell lines, cells were treated with 30 μM cisplatin
and 10 μM paclitaxel for 24 hours; vehicle treated cells were used as a
negative control for cell death.
To detect how cell death is influenced by BCL2 or BCL(X)L overexpression,
MCF7 cells were treated with 40 µM cisplatin and 2 µM staurosporine for 24
hours at 37° C. Starvation conditions were mimicked by using SILAC
medium (Thermo Scientific) with the addition of dialyzed FBS (Gibco) and
supplemented with 0.2 g/L arginine and 0.04 g/L lysine. No glucose and
glutamine were added to the medium. In a comparative experiment, the
same medium with the addition of 5 mM glucose was used to assess how
cells reacted to reduced glucose conditions.
In all cases, following incubation in drug containing media, medium was
removed and placed into a 1.5 mL Eppendorf tube. Cells adhered to the
plate were then washed with 500 μL of PBS, and detached with 300 μL of
trypsin for 5 minutes at 37 °C. Trypsin inactivation was performed by adding
the medium previously collected, and cells were then centrifuged at 200 x g
for 3 minutes. The supernatant was aspirated, and cell pellets were
resuspended in 200 μL of binding buffer with 2 μl of Annexin-FITC and 0.5
μL PI from a commercial kit (Biovision). Annexin/PI double staining was
carried on at room temperature in a dark box for 15 to 20 minutes. Finally, 1
mL of binding buffer was added to each sample, and fluorescence signals
were analysed using a CyFlow ML (Partec) flow cytometer and FloMax
software. A minimum of 10,000 events were recorded for each sample.
Surviving cells were defined as the fraction of Annexin V and PI negative
cells. The percentage of apoptotic cells was defined as Annexin V positive/
PI negative plus Annexin V positive/ PI positive.
2.5.3 Acid Phosphatase assay and synergy calculations
Synergism is often used to describe when two drugs with similar effects are
given together and display an enhanced effect. This concept has grown
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strongly in the field of cancer biology, since this allows decreasing the
concentration of the single agents in order to reduce adverse effect. In
contrast additivity is observed when the combination effect is equivalent with
the single agent potencies. In the past years a variety of mathematical
models to assess synergy or additivity have been developed.
Acid phosphatase assay is a colorimetric method to measure cell viability
based on the conversion of p-nitrophenyl phosphate (pNPP) to p-nitrophenol
by cytosolic acid phosphatase (Connolly et al., 1986).

Figure 2.4: Acid phosphatase reaction. p-nitrophenyl phosphate turns into pnitrophenol through the action of alkaline phosphatases. NaOH is used to stops the
reaction and to induce alkaline conditions, which turn p-nitrophenol from colourless
into yellow.

Cells were grown in a 96 well plate at a density of 1.5*104 cells per well and
treated with a dose-response matrix protocol by adding increasing
concentration of cisplatin (from 1 to 100 μM) in combination with increasing
concentrations of ABT199, WEHI-549 or A-1210477 (from 0.1 to 10 μM).
After 24 hours drug containing medium was removed and each well was
washed once with 200 μL of 1X PBS. To each well, 100 μL of buffer
containing 0.1 M sodium acetate (pH 5.0), 0.1% Triton X-100, and 7.25 mM
of p-nitrophenyl phosphate was added. The plates were then incubated at 37
ºC for 2 hours. The reaction was finally stopped with the addition of 50 μL of
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1 M NaOH, and colour development was assayed at 405 nm using a
Multiskan® EX plate reader. The non-enzymatic hydrolysis of the pNPP
substrate was also determined by including wells with the assay buffer and
without any cells. An excel template was used to calculate the fraction
affected from viability percentages, and the results were analysed with the
web version of Chalice Analyzer (Horizon Discovery) to calculate Loewe
model matrix and isobologram (Loewe, 1953). Combination index values
were calculated with Webb’s fractional product method (Webb, 1963), while
single agent activity was calculated with Prism (GraphPad) using EC50 shift
function (Chou and Talalay, 1981). To calculate synergy between 2-deoxyglucose (2DG) and BCL2 inhibitors same approach was used; range
concentrations were from 0.3 mM to 30 mM for 2DG, and 0.1 to 10 μM for
BCL2 inhibitors. Incubation time was of 72 hours.
2.5.4 Clonogenic Assay
Cancer cells usually evolve and progress through a clonal expansion
process and a Darwinian adaptive system (Greaves and Maley, 2012). In this
context, mutations that carry an advantage became the tumour drivers for
selection, expansion and heterogeneity of a tumour population (Cahill et al.,
1999). Therefore, it is quite important to study and understand how this
process works or how it can be altered. The colony formation is a technique
developed in 1950 to assess the effect of radiotherapy. This assay enables
the observation of the reproductive ability of a cell to proliferate indefinitely,
and to form a colony of 50 or more cells (Franken et al., 2006). An increasing
number of studies have used the clonogenic assay to test the effect of
cytotoxic therapies, antiangiogenic drugs or other treatments either alone or
in combination. This methodology has also been applied to observe the
effect of gene silencing on tumour growth.
HDQ-P1 TNBC cells were seeded at a density of a thousand cells per well in
a 6 well plate. After 24 hours incubation, cells were treated with 3 μM of
BCL2, BCL(X)L or MCL1 selective inhibitor. Drugs were prepared at the
desired concentration (3 µM) in 2 mL fresh medium, which was subsequently
added to each emptied well. Cells treated with vehicle, dissolved in medium,
were used as negative control. Following incubation for 24 hours, fresh
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medium was added and cells allowed to form colonies for over a week. After
1 week incubation, cells were washed with 1X PBS and fixed with 4%
paraformaldehyde (PFA) for 10 minutes. After fixation, cells were again
washed with PBS and stained with 0.5% crystal violet in 1X PBS for 5
minutes at RT.
Plates were scanned with a CanoScan LiDE 80 (Canon) at a resolution of
1200 ppi. The plastic around each well was removed with a solder in order to
obtain focused pictures. Images were then cropped with ImageJ and
analyzed with OpenCFU software (Geissmann, 2013).
The same protocol was followed for MCF7 cell lines. Starvation conditions
were mimicked by using SILAC medium with the addition of dialysed FBS
and supplemented with 0.2 g/L arginine, 0.04 g/L lysine (no glucose or
glutamine were added to the medium). Reduced glucose conditions were
obtained by adding 5 mM glucose to SILAC medium. After 24 hours
incubation in this supplemented media, medium was replaced with fresh
RPMI-1640 (for starved-condition and non-treated cells) while SILAC
medium (supplemented with dialysed FBS, 0.2 g/L arginine and 0.04 g/L
lysine) with 5 mM glucose was used for reduced glucose conditions.
2.5.5 BH3 profiling
BH3 profiling is a tool that has been developed in recent years as a predictor
for cell death. This assay measures mitochondrial depolarization after the
addition of peptides, based on BH3-only proteins sequence (Del Gaizo
Moore and Letai, 2013). BH3 peptides at a 70 μM concentration were plated
in triplicate on a black 384 well plate. The sequence of the BH3-only peptides
used and method of synthesis are as previously described. Cells were then
gently permeabilised with 0.005% digitonin and loaded with the fluorescent
mitochondrial dye JC-1. The cells were plated on top of the peptides at
2.5*104 cells per well. The loss of mitochondrial potential was measured on a
BMG ClarioStar at an excitation of 545 nM and an emission of 590 nM over 3
hours. Percentage mitochondrial depolarization, for the peptides is calculated
by normalization to the solvent -only control DMSO (0%) and the positive
control FCCP (100%) at 60 minutes. All the experiments were performed in
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collaboration with Dr. Tríona Ní Chonghaile (dept. of Physiology and Medical
Physics, Royal college of Surgeons in Ireland).
2.5.6 Mitochondrial isolation and ATP synthase activity assay
ATP synthase activity measurement was carried on with a commercially
available kit from Abcam, following mitochondrial isolation. This assay allows
the capture of ATP synthase through specific antibodies, pre-coated in the
wells of premium Nunc MaxiSorp™ modular microplates. The enzyme
hydrolyses ATP to ADP and phosphate which is ultimately linked to the
oxidation of NADH to NAD+. This step is monitored as a decrease in
absorbance at 340 nm (Lotscher et al., 1984). Mitochondria were isolated
accordingly to Frezza et al (Frezza et al., 2007).
Briefly, MCF7 clones were seeded in t175 flasks and allowed to reach 8090% confluency. Then, cells were detached, collected with fresh medium in
50 mL falcon tubes and centrifuged at 600 x g for 10 min at 4 ˚C. The
supernatant was discarded and 3 mL of ice-cold isolation buffer (0.1 M Tris–
MOPS, 0.1 M EGTA/Tris, 1 M sucrose and pH at 7.4) were added. Cells
were homogenised using a tissue homogenizer at 708 x g per 6 times, and
centrifuged again at 600 x g for 10 min at 4 ˚C. Then, the supernatant was
collected in a 15 mL falcon tube and centrifuged at 7,000g for 10 min at 4 °C.
The supernatant was discarded and the pellet washed with 200 μL of icecold isolation buffer, resuspended in 200 μL and transferred to a 1.5 mL
Eppendorf tube. The homogenate was then centrifuged at 7,000g for 10 min
at 4 °C, supernatant discarded and pellet resuspended in 50 μL of ice-cold
isolation buffer.
The homogenate sample underwent 2 cycles of freeze-thaw, and then
centrifuged at 16,100 x g for 10 min at 4 ˚C. The sample was then diluted
with 100 μL of solution 1 from the kit, and the protein concentration assessed
with BCA assay. Protein concentration was adjusted to 5.5 mg/ml and 1/10
volume of detergent solution added. After 30 min incubation on ice the
samples were centrifuged at 16,100 x g for 20 min at 4 ˚C and the pellet
discarded. The microplate from the kit was then loaded with 50 μL of solution
1, and 2.5 μg of each sample. Empty wells with the solution 1 alone were
added as background control. The microplate was then stored at 4 ºC
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overnight to let the ATP synthase enzymes bound the antibody-coated
surface of each well. The next day, wells were emptied and washed with 300
μL of solution 1. Subsequently, 40 μL of lipid mix were added to each well
and the microplate incubated at RT for 45 min. After incubation time, 200 μL
of reagent mix were pipetted into each well and the plate inserted into the
Clariostar reader at 30 °C. Absorbance was recorded at 340 nm, with a
kinetic program every minute for 2 hours. An excel template was used to
calculate the activity (after background subtraction and according to
manufacturer protocol), and normalized to ATP synthase sub. β levels from
Western Blotting (WB) experiments.
2.5.7 Intracellular O2 and pH measurement
Intracellular oxygen assay was performed using commercially available
MitoXpress®-Intra (NanO2) from Luxcel Bioscences (Cork, Ireland). This is
an oxygen-sensitive probe for the measurement of intracellular molecular
oxygen through time-resolved fluorometry (O'Riordan et al., 2007). Cells
taken up the probe by endocytosis; once inside, the nano-particles emission
is quenched by O2. During cells respiration, the concentration of oxygen is
depleted and this depletion is recorded as an increase in probe signal.
Results are expressed as probe lifetime, following ratiometric measurement
of time-resolved phosphorescence intensity.
MCF7 clones were seeded at a concentration of 1.5*103 in a Nunc Micro
Well 96 well optical bottom plate. After overnight incubation the medium was
removed and cells were stained with 100 μL of fresh medium containing 5
µg/mL of MitoXpress®-Intra and 1 μg/mL Hoechst 33588, for 24 hours. At the
time point of imaging SILAC medium with dialysed FBS, 0.2 g/L arginine,
0.04 g/L lysine, 0.0053 g/L phenol red and 2 mM glucose, pyruvate or lactate
was added to each well accordingly. The plate was placed in a BMG
ClarioStar at 37 ºC, 5% CO2, and 21% O2. A custom-made scripting function
for the assay was employed. Fluorescent intensities were measured at delay
times of 30 µs and 70 µs, with 30 µs window time, through the bottom optic.
The probe was excited at 340-400 nm and excitation was collected at 645-20
nm, using a longpass dichroic filter. A gain of 3000 was used for all
experiments. Hoechst was excited 355-20 nm and emission collected at 45574
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30 nm with a gain at 1500. Values were analysed with a custom excel
template to obtain intracellular oxygen concentration (IcO2) based on the
calibration in Fercher et al (Fercher et al., 2011) after subtraction of blank
(medium without cells). Then the signals were divided by Hoechst signal in
order to accounts for cell death/proliferation. pH was recorded in parallel
through the measurement of phenol red absorbance spectra. The
wavelength range was 350-650 nm with a step width of 5 nm and a
bidirectional mode was employed for the reading. An excel template was
560 nm
440 nm

utilised to calculate the 560/440 nm ratio and the formula log [ 0.0002 ] /1.18
was employed to obtain pH values. Both icO2 and pH calibration were kindly
provided by Dr. Irene Llorente-Folch (dept. of Physiology and Medical
Physics, Royal college of Surgeons in Ireland).
2.6 Protein and computational methods
2.6.1 Western Blotting
Western blotting (WB) is an important technique, widely used in biochemistry
and molecular biology. It allows the identification of specific proteins of
interest from whole or partial cell lysates. This technique is accomplished
through three steps: (1) separation by size, (2) transfer to a solid support,
and (3) identifying target protein using a specific primary and secondary
antibody. After the quantification of total protein from a cell extract, equal
amounts of protein are loaded onto a SDS polyacrylamide gel. These are
separated by molecular weight, through the application of a potential
difference across a gel. Polyacrylamide gels have a pore structure (that can
be changed by varying the percentage of acrylamide in the gel), which allow
smaller proteins to migrate faster that larger ones.
2.6.2 Sample preparation
TNBC and MCF7 cell lines were seeded at a density of 5*106 in a t25 flask.
After 24 hours of incubation at 37°C cells were removed from the incubator
and placed on Ice. A cell scraper was used to scrape cells from the surface
of the well into the medium. The content of each plate was then transferred
75

CHAPTER II – Materials and Methods

in a separate 15 mL tube and centrifuged for 3 minutes at 453 x g. The
supernatants were aspirated; the pellet re-suspended in 1 mL of 1X PBS and
transferred to a 1.5mL eppendorf tube. After centrifugation at 800 x g for 5
minutes at 4°C, cells were then lysed in 50-300 μL of Radio Immuno
Precipitation Assay buffer (RIPA, 150mM NaCl, 1.0% IGEPAL® CA-630,
0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0, protease and
phosphatase inhibitors mix 1:100). This buffer allows to study proteins that
are either cytoplasmic or membrane-bound, or alternatively for whole cell
extracts. Lysates were finally centrifuged at 15,000 x g for 15 minutes at 4
°C, in order to remove the DNA or any membrane left. The supernatants
were then transferred to new Eppendorf tubes, and then stored at –80°C or
directly used for determination of protein concentration.
2.6.3 Protein quantification through BCA assay
The bicinchoninic acid (BCA) assay is a well characterized colorimetric
method to assess protein concentration in biological samples. Peptide
bonds, in protein structures, are able to reduce Cu2+ to Cu+ in an alkaline
environment, depending on temperature. Two molecules of bicinchoninic
acid are able to chelate one Cu+ ion in a purple-coloured reaction. This
complex present a strong absorbance at 562 nm that is linear with increased
protein concentration, in a certain range of 20-2000 µg/mL.
Protein concentration in each sample was measured using a commercial kit
Micro bicinchoninic acid (BCA) assay (Thermo Scientific Pierce). The assay
was carried out in a clear flat bottomed 96 well plate. Both samples and
standard curve were measured in triplicate; the blank was also measured by
including wells with RIPA buffer. The quantification reaction is developed by
3 reagents A, B and C mixed in the ratio 25:24:1, up to a volume required for
150 μL per sample plus standard curve. In each well was also added 150 μL
of 0.9% NaCl plus 1 μL of sample or appropriate volume of standard in
triplicate. Standards were prepared using bovine serum albumin (BSA) in the
following concentrations: 12 µg/mL, 10 µg/mL, 8 µg/mL, 6 µg/mL, 4 µg/mL, 2
µg/mL and 0 µg/mL.
The plate was left for one hour at 37° C in the dark; after incubation the
absorbance was measured using a plate reader at 560 nm. The average
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value of the blank was subtracted from the average values of BSA standard.
The resulting values were plotted, and the slope of the regression line
determined. The average sample absorbance was extrapolated against this
curve, and the concentration of the protein determined. Unknown protein
concentrations were extrapolated from the curve generated from the
standards, using an Excel template.
2.6.4 SDS-gel and samples loading
The separation of proteins in a biological sample is accomplished by using
SDS-PAGE gel methodology. This is a well described and widely used
technique to separate proteins based on their molecular weight by applying
an electric field. Formation of polyacrylamide gels is accomplished by the
polymerization of acrylamide, and the introduction of crosslinks between
chains by N,N-methylenebis-acrylamide (Bis). This polymerization reaction is
induced by TEMED that induce ammonium persulfate (APS) to form sulphate
free radicals. Sodium dodecyl sulphate (SDS), an amphipathic detergent, is
used as well. One SDS molecule will binds per two amino acids to denature
and dissociate proteins. In addition, SDS will confer a negative charge to
proteins and mask their intrinsic charge. Therefore all proteins in the sample
will migrate toward the positively charged electrode, and the separation is
determined by the molecular weight. Polymerization of the gel will create a
series of pores that will separate proteins; the ratio of acrylamide to
bisacrylamide determines the pore size. A “stacking” gel (Table 2.6) is used
to compact all the proteins together and the “resolving” gel (Table 2.5)
separates these by mass with the larger proteins migrating slower.
For all experiments, 1.5 mm gel thickness was used with 15% gel
percentage. A Mini-PROTEAN Tetra Electrophoresis System from BioRAD
was used to prepare the gels. Glass plates were first washed with water and
rinsed with 70% ethanol. The system was assembled following kit instruction
and water added to test for leakage. Resolving gel was prepared according
to quantities in Table 2.5 and poured between the plates. Isopropanol was
added on top to prevent desiccation and the gel was left to polymerize.
Subsequently, isopropanol was removed by decanting, and water used to
clean the top of the gel. Whatman paper was employed to dry out the
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residues. Stacking gel was then prepared and used to fill the remaining gap
and either a 10 or 15 comb-well was inserted. The gel was left to set, and
used on the same day or stored in running buffer at 4°C. Protein samples
were then prepared in 1.5 mL eppendorf tubes to give a final quantity of 30
μg of protein. Complete denaturation was accomplished by adding
appropriate quantities of Laemmli buffer 6X, and the samples boiled at 90 °C
for 10 minutes. Electrophoresis buffer 1X was then added to fill completely
the inner chamber and to half-fill the outer chamber of the BioRAD
electrophoresis system. The samples were finally loaded onto the gel. Four
microliters of protein marker (PageRuler, Fermentas, Germany) were added
to the first lane to determine protein migration. The gel is then connected to
the power supply and samples were then run through the stacking gel at a
voltage of 80 V. Once protein reached the resolving gel the voltage was
switched to 120 V.
Table 2.5: Resolving gel recipe.
Gel percentage

6%

10%

12%

15%

40% acrylamide – mL

3

5

6

7.50

1.5 M Tris-HCl (pH 8.8) – mL

7.50

7.50

7.50

7.50

H20 – mL

9.50

7.50

6.50

4.75

10% APS – µL

200

200

200

200

10% SDS – µL

200

200

200

200

TEMED – µL

10

10

10

10

Table 2.6: Stacking gel recipe.
Gel percentage

5%

40% acrylamide – mL

1.25

1.5 M Tris-HCl (pH 8.8) – mL

1.2

H20 – mL

7.45

10% APS – µL

100

10% SDS – µL

100

TEMED – µL

5
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2.6.5 Protein transfer and Immunoblotting
After electrophoresis, the resolved proteins were transferred onto a solid
nitrocellulose membrane support. Nitrocellulose membranes are a popular
support matrix, because of their high protein affinity and compatibility with a
variety of detection methods. There are several methods to transfer proteins
on membranes; in this study the semi-dry protein transfer technique has
been used for all WB experiments. This method allows to blot the proteins on
the matrix support of choice, by using an electric field. Semi-dry transfer is
slower than dry blotting, but is generally faster, efficient and cheaper than
wet transfer, and is especially suited to low molecular weight proteins
(Wisdom, 1994).
Transfer was realized on nitrocellulose membrane using a Trans-Blot SD
Semi-Dry system (Biorad). The gel, the membrane and the paper filter were
soaked and equilibrated in transfer buffer for five seconds. A transfer pipette
was used to slightly wet the surface of the Trans-blot with transfer buffer, and
the transfer sandwich prepared immediately. Two filter papers were placed
as a base; then the soaked membrane was place on top, and the membrane
carefully applied onto the nitrocellulose. Finally, two more filter papers were
employed to close the sandwich and the lid applied. Transfer was performed
for 1 hour and 20 minutes at 18 V. Then each membrane was first stained
with Ponceau red, in order to ensure the transfer procedure was successful.
Ponceau red was washed away, first using sterile water for 5 minutes and
then Tris-buffered saline (TBS) for 2 minutes. Membranes were then
incubated at room temperature with gentle rocking in a solution of 5%
powdered milk, for 40 minutes; membranes were then rinsed in tris-buffered
saline-0.5% tween-20 (TBS-T).
Primary antibodies were prepared at the indicated dilution in blocking buffer
(Table 2.7), excluding MCL1 primary antibody that was diluted in filtered
TBS-T. A detailed list of all antibodies used is present in Table 2.5. The
horseradish peroxidase (HRP)-conjugated secondary antibodies were
obtained from Jackson ImmunoResearch. Each membrane was incubated
with primary antibody on the rocker for 2 hours at room temperature or
overnight at 4 °C. Following this incubation, membranes were washed three
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times for 5 minutes with TBS-T at room temperature. A second incubation,
with each respective secondary antibody, was carried on a rocker for 2 hours
at room temperature. The membranes were again washed three times for 5
minutes with TBS-T. The HRP signal was activated by rinsing the
membranes with 500 μL of chemiluminescent substrate (Millipore) for 1
minute. The resultant signals were detected and captured with several
exposure times using a Fujifilm LAS 3000 digital imaging system. An image
of the protein marker was also captured with white light.
Table 2.7: List of antibodies used for WB analysis.

Antibody

Manufacturer

Dilution

Species

Catalogue number

MCL1

BD Biosciences
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
Abcam

1:250

mouse

559027

1:100

mouse

Sc-509

1:250

mouse

Sc-8392

1:250

rabbit

Sc-832

1:1,000

rabbit

AB7972

Invitrogen

1:1,000

mouse

A-21351

Sigma-Aldrich

1:5,000

mouse

A3853

BCL2
BCL(X)L
BAK
BAX
ATP synthase
β
Actin

2.6.6 BCL2 Profiling
WB is a technique that has not drastically changed in the past years.
However, new technologies have improved different steps such as better
detection reagents, imaging techniques and increased antibody specificity.
Therefore, it has become easier to perform quantitative analysis using WB
(qWB). This is a crucial step in system biology, since mathematical models
usually require constants and quantitative numbers.
For qWB, standard curves were constructed with varying concentrations
(0.1–10.0 ng) of recombinant BAX (a kind gift from Prof. Christoph Borner),
BAK (Abnova), BCL2 (R & D Systems), BCL(X)L (Abnova), and MCL1 (a
kind gift from Prof. Christoph Borner), and varying concentrations of HeLa
protein extract. Briefly, WB was conducted using different concentrations of
recombinant proteins of BAK, BAX, BCL2, BCL(X)L, and MCL1. From these
blots, a calibration curve was established for each protein, relating blot
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intensity to mass of loading. Subsequently, 30 μg of HeLa cell lysate was
blotted and analysed by densitometry. The total mass of the investigated
proteins in the lysate was obtained from the calibration curves. Finally,
assuming a HeLa cell volume of 3.1 pL (Rehm et al., 2006) and the
appropriate molecular weights for BAK, BAX, BCL2, BCL(X)L, and MCL1,
cellular concentrations for these proteins were calculated. Densitometry was
conducted using ImageJ 1.45s (National Institutes of Health, Bethesda, MD,
USA): the invert lookup table (LUT) command was used to invert the
grayscale in each WB image; the background was then subtracted by using
a sliding paraboloid function with a rolling ball radius of 50 pixels. After this,
an area around each band was selected, and a profile plot was created
representing the relative pixel density of the area contents. The area behind
each band profile plot was selected and isolated from the residual
background signal, and a label peaks function was used to obtain the
percentage value of the relative pixel intensity. A custom made excel
template was utilised to obtain absolute protein concentration and expressed
in µM concentration.
2.6.7 DR_MOMP
DR_MOMP is an ordinary differential equation (ODE)-based systems model
of BCL-2 protein interactions comprised of 126 reactions and 71 protein
species. DR MOMP delivers a numeric score indicative of the stress dose
required to induce MOMP in individual cancer cells (Fig. 2.5) (Lindner et al.,
2013). BCL2 profiles of BT20, BT549, CAL-85-1, HCC1937, HCC1143,
MDA-MB-231, MDA-MB-468 and HDQ-P1 cells were used as input to
determine the DR_MOMP score, in collaboration with Dr. Andreas Lindner
(dept. of Physiology and Medical Physics, Royal college of Surgeons in
Ireland). Production rates of BIM, PUMA, and NOXA proteins were assumed
to be identical and modelled by a step function at a constant rate for 12
hours. The entire protein production during this period was defined as
(protein) dose η and compared to cell death rates in TNBC cells. A full
description of DR_MOMP is given in the supplemental material of Lindner et
al. 2013 (Lindner et al., 2013). Binding kinetics (kforward) of the selective BCL2
antagonists ABT-199/Venetoclax (BCL2), WEHI-539 [BCL(X)L], and A81
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1210477 (MCL1) were implemented in DR_MOMP as previously described
for ABT737 and Apogossypolone (ApoG2) (Lindner et al., 2013).
Dissociation constants (KD) used to determine binding kinetics were originally
described in the literature (Lessene et al., 2013, Leverson et al., 2015,
Souers et al., 2013). To predict the impact of ABT199, WEHI-539, and A1210477 on the tumour cells’ sensitivity to genotoxic stimuli, DR_MOMP
scores were determined with different doses of the antagonists, ranging from
0 to 6 μM, and corrected by the factor 0.5 to account for drug degradation
and active drug extrusion. The antagonist doses were applied in silico at the
same time and for the same duration as the genotoxic stress (12 hours)
(Lindner et al., 2013). All equations were solved with MATLAB 7.3
(MathWorks, R2007b, 7.5.0.342)

Figure 2.5: Overview of BCL2 protein interaction during genotoxic stress.
Systems biology graphical notation (SBGN) scheme of the computational model.
The green box represents anti-apoptotic BCL2 proteins; the red box indicates the
BH3-only proteins PUMA, NOXA, and BIM. The box labelled inhibited BH3-only
represents corresponding heterodimers. BH3-mimetic represents ABT-737 or
ApoG2, which mimic the function of BH3-only proteins (Lindner et al., 2013).
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2.7 Microscopy based methods
2.7.1 Live-cell time lapse microscopy
Cellular responses to different stimuli vary from cell to cell and often include
responses from dying cells. Cellular dynamics and kinetics obtained from
whole population, have a certain degree of error due to heterogeneous and
unsynchronized responses. To tackle this shortfall, live-cell time lapse
microscopy allows the user to follow the responses of individual cells. In
order to study metabolic processes, we employed this approach on our
different MCF7 clones. ATP production/consumption kinetics permitted a
deeper analysis at a higher resolution of this specific biological phenomenon.
In order to visualise protein-protein interactions and dynamics, co-localisation
of macromolecular complexes has been widely used through
immunofluorescence microscopy of fixed cells. However, co-localisation
often leads to questionable results, because of the lower resolution of a
fluorescence microscope compared to the size of a typical protein. The
limitations, due to the spatial proximity of protein molecules, have been
overcome by the development of Förster Resonance Energy Transfer
(FRET) microscopy techniques, which are based on the energy transfer
between two appropriately positioned fluorophores. A donor, initially in its
electronic excited state, may transfer energy to an acceptor through
nonradiative dipole–dipole coupling without emitting a photon. The resulting
fluorescence sensitised emission has characteristics similar to the emission
spectrum of the acceptor. The efficiency of this process is inversely
proportional to the sixth power of the distance between donor and acceptor,
making FRET extremely sensitive to small changes in distance (Helms,
2008). Thanks to the discovery of different fluorescent proteins and
development of microscope setups, FRET imaging has been hugely
improved and integrated in the characterisation of genetically-encoded
biosensors. Usually a selected pair of chromophores is fused together with a
linker domain able to bind a molecular species or to interact with another
protein, allowing the visualization of the complex using a fluorescent
microscope. The specific interaction alters the conformation or even cleaves
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the linker domain and thereby changes the FRET efficiency between the two
fluorescent proteins attached (Periasamy, 2001).
2.7.2 Fluorescent and confocal microscopy
An important step in biomedical research is represented by the development
of fluorescence microscopy, and the discovery of fluorescent protein such as
green fluorescent protein (GFP). This has pushed a considerable amount of
research areas few steps forward. Light microscopy uses visible light to
illuminate and produce a magnified image of a sample. In fluorescent
microscopy, a light source is used to excite a fluorescent species to a higher
energy state, from a ground electronic state. During excitation a photon is
absorbed, and one of the various vibrational states in the excited electronic
state is reached. The molecule then drops down to the vibrational levels of
the ground electronic state again, emitting a photon in the process. As this
process takes place, the emitted photons will have lower energy, and thus a
longer wavelength. This process (stokes shift), between excitation
wavelength and emission wavelength, is exploited to produce a high contrast
between fluorescent-labelled parts of the object and the background. The
basic function of a fluorescence microscope is to irradiate the specimen with
a desired and specific band of wavelengths (using an excitation filter), and
then to separate the much weaker emitted fluorescence from the excitation
light, using a dichroic mirror and an emission filter. This particular type of
microscopy offers several advantages, and is generally used for applications
which require higher resolution e.g. of subcellular objects as mitochondria. In
a conventional widefield microscope, the entire sample is exposed to the
light from a mercury or xenon lamp. Additionally out of focus and scattered
light emitted by the specimen that appears away from the region of interest,
often interferes with the resolution of the objects in focus. In a confocal
microscope, the illumination is achieved by scanning one or more focused
beams of light from a laser, across the sample. The out-of-focus light is
rejected by illuminating the sample point-by-point, and using a spatial filtering
in the emission beam path (pinhole), creating optical sections. The strength
of the optical sectioning depends on the size of the pinhole, while the
intensity drops with the square of the pinhole radius. Therefore it is really
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important to balance resolution, detector sensitivity, and laser power during
an experiment to avoid bleaching (irreversibly fading) of the fluorophore and
photo-toxicity effects.
2.7.3 Time-lapse microscopy of ATeam and MitoAteam FRET probes
with TMRM fluorescence
Cells were seeded at a concentration of 2*103 in sterile Wilco dishes. On the
day of the experiment, adherent cells were washed twice with Krebs-Hepes
buffer (KB, 140mM NaCl, 5.9mM KCl, 1.2mM MgCl2, 15mM HEPES) and the
medium replaced with 1 mL of KB containing 30 nM TMRM, 2 mM sodium
pyruvate (depending on the experiment) and 2.5 mM CaCl2. Mineral oil was
added on top of the KB to prevent evaporation and the dishes transferred to
a heated stage above a 40X/1.3 Numerical Aperture (NA) Plan-Neofluar or
63X/1.4 NA Plan-Apochromat oil immersion objective lenses.
In this study, an inverted confocal laser-scanning microscopes (LSM 710,
Zeiss) and inverted epifluorescence microscope (Axiovert 200M, Zeiss) were
used with selected polychroic mirror and filter wheel settings. ATeam
experiments were carried out using a HBO 100 mercury short-arc lamp for
excitation with illumination wavelengths of 405 and 488 nm for excitation of
FRET/CFP (cyan fluorescent protein) and YFP (yellow fluorescent protein)
with exposure time of 20 ms, and 545 nm for TMRM with an exposure time of
10 ms. MitoATeam experiments used lasers of 405, 488 and 561 nm for
excitation of FRET/CFP, YFP and TMRM respectively with a pixel dwell time
of 2.55 µs and images taken every minute. Bandpass filters of 445-513 nm
and 513-562 nm detected the CFP and FRET/YFP, while a longpass filter of
562-710 nm was used for TMRM emission. Signals from each channel were
measured for twenty minutes without treatment in order to obtain a baseline
signal. Treatments were then applied every 20 minute, 30 minutes or 1 hour
depending on the experiment performed.
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Figure 2.6: Schematic representation of ATeam FRET probe mechanism. The
bacterial ε subunit is fused together with CFP and Venus fluorescent proteins. In the
ATP-free conformation, the structure of the bacterial domain is relaxed, leading to a
low FRET efficiency. When the ATP binds to the probe, a conformational change
occurs, with an increase of the FRET efficiency due to the close proximity of the
fluorescent proteins (Imamura et al., 2009)

2.7.4 Time-lapse microscopy measurement of NADH
Mitochondrial NADH can be measured through microscopy. Properties of the
nicotinamide moiety of NADH allow absorption and emission at 340±30 nm
and 460±50 nm (Blacker et al., 2014).
MCF7 cells were prepared as before (section 2.4.4) in Wilco dishes and the
medium replaced with 1 mL of Krebs-Hepes buffer containing 30 nM TMRM
and 2.5 mM CaCl2. Mineral oil was added on top of KB to prevent
evaporation and the dishes transferred to a heated stage above a 40X/1.3
Numerical Aperture (NA) Plan-Neofluar of an inverted epifluorescence
microscope (Axiovert 200M, Zeiss). NADH experiments were carried out
using a HBO 100 mercury short-arc lamp for excitation with illumination
wavelength of 340 nm for NADH excitation with an exposure time of 100 ms,
and a binning of 4x4. Emission was collected at 450 nm and images taken
every minute.
2.7.5 Time-lapse microscopy of mitoKaede probe for mitochondrial
dynamics measurement
For mitoKaede experiments (Fig. 2.7), lasers 488 nm for excitation of green
fluorescent kaede and 561 nm for red fluorescent kaede with a pixel dwell
time of 1.58 µs were used. Bandpass filters of 485-552 nm and nm detected
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the green kaede while a longpass filter of 555-648 nm was used for photoconverted kaede emission. Green fluorescent positive mitochondria were first
selected and the position marked on the ZEN 2009 software (Zeiss).
Following optimisation of the zoom and ROI repositioning, a small region was
selected in the mitochondrial area of interest and photobleached using a 405
nm laser at 5% power. Subsequent Time-lapse images were recorded every
10 sec for 30 minutes.

Figure 2.7: Schematic representation of ATeam FRET probe mechanism.
MitoKaede is a green fluorescent protein that upon irradiation with ultraviolet light
undergoes a photoconversion to red-fluorescent. Mitochondrial fusion/fission events
will prompt a decrease in the red signal.

2.7.6 Image processing
Images were processed using ImageJ version 1.45s (National Institutes of
Health, Bethesda, MD, USA) and Metamorph 7.5 (Universal Imaging Co.,
Westchester, PA, USA). Time-lapse sequences were imported into ImageJ
and background was first subtracted from each image. After creating stacks
of each channel sequence, a median filter with a radius of one pixel was
applied. The stacks were then processed using Metamorph. Cells were
segmented from background using the YFP images. The segmented cell
areas were converted into a mask to remove background values from any
further analysis. The FRET image stack was first multiplied by the YFP-mask
and divided by CFP image stack, and regions of interest were then selected
for analysis. A custom made Metamorph journal was used to obtain the
average intensity signal from all regions, and an excel macro was then
applied to sort the values and to converted them to percentage normalised to
the baseline. All experiments were performed at least three times
independently of each other. NADH images were imported, time-lapse
sequences created and scaled at 512 pixels (width and height) with ImageJ.
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Metamorph was then employed to segment NADH fluorescence signal and
to obtain intensity values. Again a custom made excel macro was used to
sort the values and obtain all relevant data.
For MitoKaede experiment, image sequences were imported and the
background subtracted. Stacks were created for both green channel (basal
Kaede protein) and red channel (photo-converted Kaede) and a median filter
with a radius of one pixel was applied. Stacks were opened with Metamorph
and a threshold was applied to photo-converted Kaede stacks in order to
cover the red fluorescent signal. The log option in Metamorph was employed
to obtain average fluorescence intensity values. Average values were then
processed through Microsoft excel; a decrease in signal intensity of photoconverted Kaede represent fusion/fission events as the red signal is diluted
from surrounding non photo-converted mitochondria. Results were
represented as percentage normalised to baseline values.
2.7.7 Immunofluorescence
Immunofluorescence (IF) allows the direct visualization of endogenous
expression levels of proteins of interest, at the single cell level. IF is a form of
immunostaining, based on fluorescent probes and performed on
permeabilised, fixed cells. A primary antibody is used to bind the target of
interest, which is subsequently recognized from a secondary antibody
coupled to a fluorophore (Alexa Fluor® dyes). Samples are mounted on a
slide and imaged on confocal microscopes, in order to obtain detailed
images of subcellular localization of the proteins. Thus, organelle- specific
dyes are used in conjunction for direct visualization and comparison.
MCF7 celllines (3*104) were seeded and allowed to adhere on 13-mm cover
slips, and cultured for 24 hours. 24 hours following seeding, cells were
stained for 30 min at 37 °C with 0.5 nM of MitoTracker Red CMXRos to
visualise mitochondria. Subsequently, the cells were fixed with 4%
paraformaldehyde (PFA, Affymetrix) for 10 min and permeabilised with 95%
ethanol, 5% glacial acetic acid. For detection of BCL2, a mouse monoclonal
anti-BCL2 (1:500, clone 8E12, Thermo Scientific) and an Alexa Fluor® 488conjugated secondary anti-mouse (Thermo Scientific) were used. For
immunostaining of BCL(X)L a rabbit monoclonal anti-BCL(X)L (1:500, clone
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54H6, Cell Signaling) and an Alexa Fluor® 488-conjugated secondary antirabbit (Thermo Scientific) were used. Coverslip were mounted on a
microscope slide with ProLong® Gold Antifade Mountant (Invitrogen) with
DAPI to visualize nuclei.
Imaging was performed with a LSM 710 confocal microscope using
excitation at 405 nm, 488 nm, and 561 nm for DAPI, Alexa Fluor 488 and
MitoTracker Red, respectively, and using the proper emission bands of the
detection unit. Each field of view was acquired with a stack covering the
whole cell body with an optical thickness of 1 µm and steps of 0.20 mm with
a 100 × 1.4 NA oil immersion objective. Subsequently, the stacks were
deconvolved using Autoquant X (version 2.1.0, Media Cybernetics, UK) and
image further processed with ImageJ 1.45s (National Institutes of Health,
Bethesda, MD, USA).
2.7.8 High content screening microscopy (HCS)
As previously discussed, an important part of cellular biology involves the
direct visualization of different phenotypes. Thanks to the latest advances in
microscopy and automation, it is now possible to screen several features
while testing a large amount of conditions. Additionally, in the recent years,
different software for automated analysis have been developed. The
flexibility of these tools, together with the increasing range of probes,
fluorescent reporter and dyes, have allowed researcher not only to decrease
the time spent imaging and analysing the results, but also to obtain a large
amount of phenotypes and data from one experiment at the same time
(Boutros et al.).
To test the effect of different concentration of BCL2 selective inhibitors on
cellular viability in combination with cisplatin, a cellomics array was used. To
differentiate surviving cells from dead cells, Hoechst/PI double staining was
used. As stated before, PI accumulates inside dead cells, while Hoechst is a
cell-permeable dye which binds to the DNA. It is excited by ultraviolet light
and emits blue fluorescence at 460 to 490 nm. Hoechst 33588 binds into the
minor groove of DNA, preferentially to adenine-thymine (A-T) regions. This is
the staining of choice in live cell imaging approaches, since cells are not
affected by the treatment with these probes.
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Cells were seeded in a Nunc Micro Well 96 well optical bottom plate (Thermo
Scientific) at a density of 1.5*104 cells per well and left to attach overnight.
Cells were then incubated in medium containing 1 μg/ml Hoechst 33588,
1 μg/ml PI and varying concentration of BCL2 inhibitors (0.1, 0.3, 1, 3 µM)
alone or in combination with 30 µM cisplatin. 24 hours following treatment,
plates were imaged at 30 fields of view per well using a Cellomics Arrayscan
VTI (Thermo Scientific) microscope set up with a temperature of 37 ˚C and
5% of CO2 in humidified atmosphere.
Images were taken at a resolution of 0.645 μm/pixel using a × 10 PlanApo
objective lens (NA 0.45), a 120 W Hg arc illumination source with 12% ND
filter (EXFO, Chandlers Ford, UK) and a monochrome CCD camera (OrcaAG, Hamamatsu Photonics, Hertfordshire, UK). The following filters sets
were used: Hoechst excitation 387±11 nm, emission 447±30 nm; PI
excitation 560±12 nm, emission 620±60 nm all using a HC-Quad band beam
splitter with transition wavelength of 410, 504, 582, and 669 nm (Semrock,
AHF, Germany). Images were analysed using a customised processing
pipeline to identify nuclei with Hoechst staining (total cell number) and nuclei
of dead cells (PI positive) using CellProfiler r2.2.0 (Carpenter et al., 2006).
This approach was further used to quantify cell death in MCF7 clones
following BCL2 and BCL(X)L selective inhibitor treatments (1, 10, 50, 100 µM
for 72 hours) and combination treatment with 2DG (1 and 3 µM BCL2
inhibitors with 10 mM or 5 mM 2DG, in full RPMI or 5 mM glucose medium,
respectively). All image processing of HCS images was done in collaboration
with Dr. Heiko Düssmann (dept. of Physiology and Medical Physics, Royal
college of Surgeons in Ireland)
2.7.9 BCL2 silencing
Short interfering RNA (siRNA) allows selective downregulation of gene
expression. RNA interference has been widely implemented to study gene
function in a variety of process and diseases. SiRNA are short non-coding
RNA duplexes that target mRNAs. To fully function, siRNA must be fully
complementary to its target mRNA; the binding activate an endonuclease
named AGO2 which cleaves phosphodiester backbone of the mRNA
between bases 10 and 11 relative to the 5′end of the guide strand (Lam et
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al., 2015). The resulting mRNA fragments are subsequently degraded by
different exonucleases (Valencia-Sanchez et al., 2006).
For BCL2 silencing experiments 5, 10, 50 or 100 ng of siRNA targeting BCL2
(Santa Cruz Biotechnology, sc-61899) or BCL(X)L (Santa Cruz
Biotechnology, sc-43630) was transfected following Lipofectamine protocol.
MCF7-pSFFV cells were seeded at a density of 2*105 in six-well plates to
assess silencing efficiency by WB. After 24 hours incubation at 37 °C, cells
were transfected as previously discussed. A siRNA consisting of a scrambled
sequence was used a negative control (ctrl, Santa Cruz Biotechnology, sc37007). One day following transfection protein lysates were prepared from
each well and stored at -80°C for further analysis.
To assess the effect of BCL2 or BCL(X)L silencing on ATP production
kinetics, cells were seeded on a glass wilco and allowed to adhere for 24
hours. Cells were then co-transfected with 100 ng of MitoAteam plasmid and
100ng of BCL2, BCL(X)L or control siRNA, as previously described. After 24
hours, cells were prepared for time-lapse live cell imaging. To assess
clonogenic ability and viability after BCL2 or BCL(X)L silencing, MCF7pSFFV cells were seeded in a 6-well plate at a density of thousand cells per
well and at a density of 6*104 in 24-well plate for Annexin V/PI staining. Cells
were incubated for 24 hours and transfected with 100 ng of BCL2, BCL(X)L
or control siRNA; in both cases wells treated with Lipofectamine 2000 and no
DNA were added to exclude any effect that transfection reagents might have
on cell viability. Following 24 hours incubation, 2 mL of fresh medium was
added to each 6-well plates and cells let to grow colonies for 7 days, while 24
well plates were to detect apoptosis rates with flow cytometry.
2.8 Statistical Analysis
Statistical Analysis was carried out using Graph Pad Prism software
(GraphPad Software Inc., La Jolla, CA, USA). Results are represented as
mean ± SD, and significance was determined using appropriate tests as
detailed in the respective figure legends (* indicates a p-value < 0.05, **
indicates a p-value < 0.01, *** indicates a p-value < 0.001).

91

CHAPTER III – Results

CHAPTER III
DR_MOMP predicts TNBC cell
line responses to genotoxic
chemotherapy and their
synergism with BCL2 inhibitors
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3.1 Introduction
System biology is an emerging research field that combines together highthroughput and quantitative data with mathematical modelling to address
complex biological questions (Mast et al., 2014). The principle behind it
involves studying a cellular system as a whole, rather than considering the
single parts. Due to its complexity, cancer biology has benefited from
systems and mathematical modelling (Werner et al., 2014). Several
approaches have been developed to predict drug sensitivity among panels of
cell lines, based on gene expression data (Jang et al., 2014, Riddick et al.,
2011). Treatment of TNBC is very challenging and targeted therapies are
being tested. Thus, several groups have focused on the development of
predictive model for therapy responses. In a first approach gene expression
and clinical–pathological data has been analysed in 5 cohorts. Among the
1055 TNBC patients considered, the molecular signatures used, predicted
responses only within basal-like subtype (Prat et al., 2014). In order to find
predictors for neoadjuvant chemotherapy with doxorubicin and
cyclophosphamide, another study employed next generation sequencing on
56 TNBC biopsies before patients underwent treatment. As expected, it was
found that TNBC is a highly heterogeneous subtype with few recurrent
mutations; no biomarker was found to be associated with chemotherapy
responses (Lips et al., 2015). Furthermore, an alternative approach named
ConSig, has been developed and proved successful to stratify patients for
anthracycline-based treatment (Turner et al., 2015).
Platinum drugs and taxanes are two well characterized chemotherapeutic
agents, often used in standard treatment regimens for TNBC (Hassan et al.,
2010, Wahba and El-Hadaad, 2015). Cisplatin has been the first member of
the platinum-based family to be discovered. Different analogs, including
oxaliplatin and carboplatin, have been synthesized and used in clinical trials
for cancer treatment (Kelland, 2007, Wheate et al., 2010). It has been shown
that cisplatin acts on several types of cancers including sarcomas, cancers of
soft tissue, bones, muscles, and blood (Dasari and Tchounwou, 2014). The
molecular mechanism of cisplatin is known: upon import into the cytoplasm,
the chloride atoms of the drug are displaced by water, and the hydrolysed
93

CHAPTER III – Results

product is a potent electrophile that can react with any nucleophile, including
the sulfhydryl groups on proteins and nitrogen donor atoms on nucleic acids.
The 1,2-intrastrand cross-links of purine bases with cisplatin are the most
notable among the changes induced on the DNA, with the subsequent block
of cell division and induction of apoptosis (Dasari and Tchounwou, 2014).
Paclitaxel, a complex diterpene, is a mitotic agent from the bark of Taxus
brevifolia pertaining to the taxanes drugs. This compound has emerged in
the treatment of breast cancer, as well as other types of cancers (Crown et
al., 2004). Paclitaxel acts by enhancing the polymerization of tubulin to stable
microtubules (Horwitz, 1994). The combination therapy, alone or together
with fluorouracil, is an active first line strategy, and it was tested in different
clinical trials for the treatment of various types of cancers, including breast
cancer (Balduzzi et al., 2009, Hitt et al., 2002, Loong et al., 2014).
As previously discussed, the ability to evade cell death is an important
feature of cancer cells; this is achieved by altering either extrinsic or intrinsic
pathways. An imbalance in the BCL2 proteins profile can lead to a deficient
signaling network and more importantly to treatment resistance. A strong
connection between defective expression of pro-apoptotic BCL2 proteins and
p53 tumour suppressor has been established. Some of the direct targets of
this transcription factor in response to genotoxic stress are BAX, BID, PUMA
and NOXA (Miyashita et al., 1994, Miyashita and Reed, 1995, Oda et al.,
2000, Sax et al., 2002, Yu et al., 2003). Given the central role that BCL2
proteins have on apoptosis progression and therapy responses, several
studies focused on their role as prognostic biomarkers in breast cancer
(Williams and Cook, 2015). Around 85% of ER positive breast cancer
overexpress BCL2. In this subtype, high BCL2 levels are interestingly a
prognostic marker for favourable outcome (Dawson et al., 2010). In TNBC, a
co-amplification of MCL1 was found in 80% of cases harbouring MYC
amplification (Balko et al., 2014). BCL2 was found to be an independent
prognostic marker and to predict response to anthracycline combination
chemotherapy in TNBC (Abdel-Fatah et al., 2013). Furthermore, BCL(X)L
has been described as a main driver in preventing cell death particularly in
mesenchymal breast cancer cells (Keitel et al., 2014).
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Due to the complexity and functional redundancies of the BCL2 interaction
network, predictions of therapy responses based on single BCL2 protein
expression levels are prone to be difficult. To address this shortfall, we
previously developed and validated a deterministic model of BCL2 protein
interactions, DR_MOMP (Lindner et al., 2013). By taking into account
expression levels as well as interaction kinetics of anti-apoptotic (BCL2,
BCL(X)L, MCL1) and pro-apoptotic BCL2 proteins (BAX, BAK), the model
calculates a stress dose, η (corresponding to the production rates of the
BH3-only proteins PUMA, NOXA and BIM) that is required to induce MOMP
in individual cells. This output can be used to assess the severity that
genotoxic stress might have on a set of tumour cells. As previously showed
DR_MOMP ‘stress dose’ was successfully used to predict the sensitivity of
colon cancer cells to chemotherapy (Lindner et al., 2013). In a recent study
our system model approach successfully identified high-risk stage III
colorectal patients, with the highest score among all molecular and
pathological features available (Lindner et al., 2016).
Recent years have also seen the development of selective BCL2, BCL(X)L
and MCL1 inhibitors (Lessene et al., 2013, Leverson et al., 2015, Souers et
al., 2013), and the first entry of a selective BCL2 inhibitor, Venetoclax (ABT199) into the clinic. Recent reports have highlighted the efficacy of BCL2
inhibition in ER-positive breast cancer (Oakes et al., 2012, Vaillant et al.,
2013).
Since the development of selective BCL2 antagonist has become highly
important, in this study we investigated the ability of DR_MOMP of predicting
responses of TNBC cells to genotoxic agents (cisplatin and paclitaxel). After
characterization of cell death levels post- treatment, we investigated the
prognostic significance of BCL2 proteins and DR_MOMP score. We also
aimed to test DR_MOMP as a stratification tools for the re-sensitization of
resistant TNBC cells by BCL2 inhibitors.
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3.2 Results
3.2.1 Characterization of cisplatin and paclitaxel responses in TNBC
cell lines
We employed two clinically used genotoxic chemotherapeutics with different
mechanisms of action, cisplatin and paclitaxel, to assess the power of
DR_MOMP in predicting treatment responses in TNBC cells. We first
determined the sensitivity to both drugs in a panel of TNBC cell lines by
calculating the IC50. Cells were incubated with increasing concentrations of
the drugs, ranging from 0.3 to 1000 μM for 24 hours, and mitochondrial
functionality was determined using an MTT assay. All TNBC cell lines
showed heterogeneous responses to the treatments (Fig. 3.1A). In the
presence of cisplatin, IC50 values ranged between 20 and 40 μM. HDQ-P1,
CAL-85-1 and BT549 were less sensitive to the treatment (IC50 values
between 35 and 40 μM) whereas BT20, MDA-MB-468 and HCC1143
showed a higher sensitivity, with IC50 values ranging between 20 and 26 μM
(Fig 3.1A). In the presence of paclitaxel, cell responses were less
pronounced, with IC50 values ranging from 9 to 16 μM (Fig 3.1A). Overall
TNBC cell lines were more sensitive to paclitaxel compared to cisplatin (Fig.
3.1B).
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Figure 3.1: Cisplatin and paclitaxel sensitivity in a panel of 8 TNBC cell lines.
Cells were incubated with increasing concentration of cisplatin or paclitaxel (from
0.3 to 1000 μM). After 24 hours treatments MTT assay was performed and IC50
values calculated with GraphPad Prism using nonlinear regression with a variable
slope fit function. (A) IC50 values for cisplatin (black) or paclitaxel (white) treatment.
Means ± SD are showed for n = 3 experiments. (B) Same values were analysed
using Mann-Whitney test to show overall sensitivity of the drugs used (*** indicates
a p-value < 0.001).

A single concentration for cisplatin or paclitaxel was selected in order to
measure levels of cell death and surviving cells. TNBC cells were treated
with 30 μM cisplatin or 10 μM paclitaxel for 24 hours and Annexin V/PI
staining was performed to obtain surviving and apoptotic cellular fractions.
Cisplatin treatment displayed a higher effect in HCC1937, HCC1143, MDAMB-468, MDA-MB-231 and BT20, decreasing cell survival between 40 to
50%. HDQ-P1 cells were the less affected together with BT549 and CAL-851. For paclitaxel treatment, cell survival levels were again more
homogeneous (Fig 3.2A). In HDQ-P1 and BT549 cells, cisplatin was less
effective compared to paclitaxel while in HCC1937, HCC1143 and BT20 cells
the opposite results were observed. No difference in cell survival was
observed for CAL-85-1, MDA-MB-468 and MDA-MB-231 after treatment with
cisplatin or paclitaxel (Fig. 3.2A). In all cell lines both drugs induced
apoptosis as highlighted by the accumulation of Annexin V and PI after
treatment (Fig 3.2B) from 10 to 50%.
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A

B

Figure 3.2: Levels of surviving and apoptotic cells after cisplatin and
paclitaxel treatment. Cells were treated with 30 μM cisplatin or 10 μM paclitaxel for
24 hours. After incubation time a double Annexin V/PI staining was applied and cells
analysed with flow cytometry. (A) Percentages of surviving cells (Annexin V-/PIfraction) after 24 hours control, cisplatin (30 μM) or paclitaxel (10 μM) treatment. (B)
Percentages of apoptotic cells (sum of Annexin V+/PI- and Annexin V+/PI+
fractions) after treatments. Significance was assessed with a two-way ANOVA and
Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01, ***
indicates a p-value < 0.001). Column represents mean ± SD for n = 3 experiments.
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Although IC50 calculations are widely used to test a set of treatments they are
highly variable and rely on factors such as incubation time or concentration.
IC50 values were used to check for correlation with cell survival using
Spearman's analysis. A correlation coefficient of 0.73 was observed for
cisplatin treatment (p-value = 0.045, Fig 3.3A) while no significant correlation
was detected for paclitaxel (p-value = 0.1, Fig. 3.3B).

Figure 3.3: IC50 values poorly correlates with responses to genotoxic stress.
(A) IC50 values for cisplatin were correlated to surviving cells levels after same
cisplatin treatment and analysed through Spearman’s correlation test. (B) Same
procedure was applied to paclitaxel treatment.

3.2.2 Quantitative protein profiling shows heterogeneous BCL2 protein
levels in TNBC cell lines
We previously developed a technique based on quantitative western blotting
to obtain absolute protein levels for different BCL2 proteins such as BCL2,
BCL(X)L, MCL1, BAX and BAK. Despite cell line specific differences, most
cell lines accumulate higher expression levels of BAK and BAX than total
levels of the combined anti-apoptotic proteins, as previously observed in
colon cancer cells (Lindner et al., 2013). For instance, HDQ-P1 and MDAMB-231 showed higher anti-apoptotic level compared to the pro-apoptotic
while no significant difference was observed for MDA-MB-468 and BT549.
BCL2 protein was detected at very low levels in CAL-85-1 cells, however this
appeared compensated by high levels of BCL(X)L. In all cell lines, excluded
BT549, BAK displayed higher cumulative levels compared to BAX. MCL1
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exhibited the lower expression profile among all the cell lines. HCC1143,
MDA-MB-468, MDA-MB-231 and HDQ-P1 showed higher BCL2 levels
compared to the other anti-apoptotic members whereas the remaining cell
lines showed higher BCL(X)L accumulation (Fig. 3.4A, B).

Figure 3.4: BCL2 profiling of TNBC cell lines. Cell lines were cultured and lysed
in RIPA buffer. BCL2 profiling was performed comparing densitometric calibration
curves from recombinant BCL2 proteins to densitometric signals of same proteins in
HeLa cell lysates. (A) Western blots showing BCL2, BCL(X)L, MCL1, BAX and BAK
expression in TNBC cells. (B) Absolute concentrations of BCL2 proteins calculated
relative to absolute BCL2 proteins concentration in HeLa. Bars represent means ±
SD for n = 3 gels; two-way ANOVA with Bonferroni post-test was used to assess
significance of pro-apoptotic against anti-apoptotic proteins (** indicates a p-value <
0.05, *** indicates a p-value < 0.001).

To better analyse expression similarities among the panel, we clustered the
different proteins using complete linkage method. The cell lines were
grouped in 3 different clusters; HDQ-P1 MDA-MB-231 and MDA-MB468
showed similar expression patterns for BCL2, BCLXL, BAX and BAK
proteins. HCC1143, BT20, HCC1937 and CAL-85-1 were instead grouped in
a second cluster as they express slightly higher MCL1 levels and the sum of
pro-apoptotic proteins is significantly higher than the sum of the antiapoptotic members. BT549 were classified as the most different due to their
higher levels of BAX, BCL(X)L and MCL1 compared to BAK and BCL2 (Fig.
3.5A).
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Figure 3.5: Clustering of BCL2 levels highlight 3 main groups based on
expression similarities. (A) Heatmap of BCL2 profile among the TNBC cells. kmeans clustering using complete linkage method through heatmap3 package in R
was performed on proteins concentrations levels.
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The BCL2 expression levels across the panel led to different pro-apoptotic to
anti-apoptotic ratio (PA/AA ratio). This has been previously used as a
parameter to measure the sensitivity of a cancer population to undergo
apoptosis. Thus, we tested whether or not the ratio could be used as a
predictor for chemotherapy efficacy. We found that the PA/AA ratio
negatively correlated with levels of surviving cells after cisplatin treatment
(Fig. 2D, R2 = 0.50, p-value = 0.045) but not paclitaxel (Fig. 2E, R2 = 0.49, pvalue = 0.17)

Figure 3.6: PA/AA ratio is a poor predictor of treatment responses. (A, B)
Correlation between PA/AA ratio (pro-apoptotic to anti-apoptotic ratio calculated by
dividing the sum of all pro-apoptotic proteins by the sum of anti-apoptotic proteins)
and the % of surviving cells (Annexin V-/ PI-) after cisplatin and paclitaxel treatment
respectively. The correlation was tested using Spearman test.
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3.2.3 DR_MOMP is superior in delivering accurately predictions of cell
survival
BCL2 proteins have always been described as important biomarkers for drug
resistance and treatment responses. Thus the next step involved correlation
analysis between BCL2 protein levels and treatments. From our analysis no
significant correlation was found with BAK, BCL2 or MCL1 (Fig. 3.7A,B and
C). Interestingly a positive significant correlation was observed between
BCL(X)L (Fig. 3.8B, C) or BAX (Fig. 3E, F) protein levels with cisplatin and
paclitaxel treatment.
In a previous study DR_MOMP, taking into account the signal network and
protein interactions of BCL2 proteins, was used to address BH3-only protein
activation to induce MOMP as a predictor for cell death sensitivity after
treatment. A high stress dose means that a cell population will be less
susceptible to apoptosis induced by genotoxic stress. BCL2 proteins
concentrations were used as input for DR_MOMP; calculations were
performed in collaboration with Dr. Andreas Lindner (dept. of Physiology and
Medical Physics, Royal college of Surgeons in Ireland). We observed an
excellent, positive correlation between the DR_MOMP η score and cisplatin
(Fig. 3.8H, R2 = 0.96, p-value < 0.001) or paclitaxel (Fig. 3.8I; R2 = 0.94, pvalue = 0.001). Thus, model output outperformed both single protein levels
and cumulative protein levels as predictors for cell survival.
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Figure 3.7: BAK, BCL2 and MCL1 exhibit a low correlation factor with
surviving cells after treatments. (A, B and C) Correlation between BAK, BCL2
and MCL1 absolute protein levels from each cell line compared to % of surviving
cells after cisplatin and paclitaxel treatments respectively from flow cytometry data
(Fig. 1C). All correlations were tested with Spearman test.
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Figure 3.8: DR_MOMP is a better predictor of genotoxic chemotherapy. (A, B
and C) Correlation between BCL(X)L absolute protein levels from each cell line
compared to % of surviving cells after control, cisplatin and paclitaxel treatments
respectively from flow cytometry data (Fig. 1C). (D, E and F) Same analysis
performed for BAX protein levels. (G, H and I) Absolute proteins levels from BCL2
profiling were used as input to calculate DR_MOMP η scores and correlated to % of
surviving cells (Fig. 1C) after treatments. All correlations were tested with Spearman
test.
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BH3 profiling is a tool that has been developed in recent years as a predictor
for cell death. This assay measures mitochondrial depolarization after the
addition of peptides based on BH3-only proteins sequence (Del Gaizo Moore
and Letai, 2013). We exposed all TNBC cell lines to different BH3 peptides in
order to estimate their BCL2 dependence in semi-intact cell environment,
and to compare the ability of DR_MOMP and BH3 profiling in predicting
treatment responses. This was done in collaboration with Dr. Tríona Ní
Chonghaile (dept. of Physiology and Medical Physics, Royal college of
Surgeons in Ireland). As show in Fig. 3.9A, TNBC cells were completely
depolarized by BIM and BID BH3 peptide as they can directly bind and
activate BAX and BAK. PUMA peptide induced significantly less
depolarization compared to the other BH3 peptides as its activity also relies
on the displacement of BCL2 binding to BAX/BAK and BIM. PUMA2A, a
mutated, inert version of PUMA, was used as a positive control (Fig 3.9A).
None of the cell lines responded to NOXA to any great extent confirming that
these cell lines are not MCL1 dependent (Fig. 3.9B). MDA-MB-231, HDQ-P1
and HCC1937 were mainly BCL(X)L dependent as we observed high BAD
and high HRK responses. On the contrary BT-549, BT20, HCC1143 and
MDA468 were considered more BCL2 dependent, as they displayed higher
mitochondrial depolarization after BAD treatment, while HRK responses were
lower (Fig. 3.9B).
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Figure 3.9: BH3 profiling reveals different BCL2 dependency in TNBC. (A)
Apoptotic dependency of TNBC cells was assayed using BIM, BID, PUMA and
PUMA2A peptides and % of mitochondrial depolarization normalized to FCCP
treatment. (B) BCL2 dependency was assayed using BAD, NOXA and HRK
peptides. Experiments were performed in triplicates and bars represent mean ± SD;
one way-ANOVA with Tukey post-test were used to assess significance (***
indicates a p-value < 0.001).
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When comparing treatment responses to BH3 profiling, we found no significant
correlation between BIM IC50 values and cisplatin (Fig. 3.10A) or paclitaxel
treatment responses (Fig. 3.10B). Similar results were obtained for the PUMA
peptide (Fig. 3.10C and D).

Figure 3.10: BH3 profiling fails to predict therapy responses in TNBC cell
lines. (A and B) IC50 for BIM peptide calculated from BH3 profiling was plotted
against % of cell survival after cisplatin and paclitaxel treatment respectively.
Correlation was tested with Spearman test. (C and D) Same procedure was applied
to measure correlation between cells’ responses to PUMA peptide and % of survival
cells after treatments.
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3.2.4 Selective BCL(X)L inhibition with WEHI-539 shows synergistic
effects with cisplatin
We next investigated whether ABT199, WEHI-539, and A-1210477, selective
inhibitors of BCL2, BCL(X)L, and MCL1, respectively, were capable of
enhancing responses of TNBC cell lines to genotoxic chemotherapy. We
performed a 6x6 dose matrix assay to test for any synergistic activity
between BCL2 inhibitors and cisplatin in the HDQ-P1 cell line, which was
among the most resistant to treatment with either cisplatin or paclitaxel (Fig.
1). After 24 hours incubation with increasing concentration of cisplatin in
combination with increasing concentration of each inhibitor, cell survival data
were analysed using Loewe additivity analysis, isobologram analysis, and
the Webb fractional product method, to evaluate drug interactions. As shown
in Fig. 3.11A, both WEHI-539 and ABT199 possessed synergistic activity
when used in combination; in contrast A-1210477 showed no synergy at any
concentration given. In the case of WEHI-539, high synergistic Loewe
excess scores were observed for concentration ranging from 0.1 to 10 μM in
combination with 10 to 100 μM cisplatin. ABT showed synergistic Loewe
excess scores at higher combination concentration, from 1 to 10 μM ABT199
with 30 or 100 μM cisplatin (Fig. 3.11A).
Next, we calculated the single activity of each single drug. WEHI-539
showed the highest inhibition effect when compared to ABT199 and A-1210477 (Fig. 3.11B). We then used the Webb’s fractional product method to
calculate combination index (CI) values for combination treatments. CI value
is an indicator of synergy (CI<1), additivity (CI=1) or antagonism (CI>1). We
observed that the selective BCL(X)L inhibitor possessed the lowest CI
values when used in combination with cisplatin. ABT199 also acted
synergistically with cisplatin but at a lower level. Interestingly, most CI values
for MCL1 inhibitor fell into the antagonism category (Fig. 3.11C).
Isobologram analysis confirmed the synergistic effect between WEHI-539 or
ABT199 in combination with cisplatin, and highlighted that less WEHI-539 is
needed to reach 50% inhibition compared to the other compounds. Again A1210477 failed to show synergy in combination with cisplatin (Fig. 3.11D).
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Figure 3.11: Synergistic effect of ABT199 and WEHI-539 in combination with
cisplatin. A 6x6 dose matrix assay was performed by treating HDQ-P1 cells with
increasing concentration of cisplatin and BCL2 inhibitors. Cell viability was assessed
after 24 hours treatment with an acid phosphatase assay. Experiments were
performed in triplicates. (A) Heatmap of Loewe excess scores for WEHI-539,
ABT199 and A-1210477 inhibitors in combination with cisplatin. Fraction affected %
was calculated from viability and used to generate the scores. (B) Percentage of
viability inhibition for single BCL2 inhibitor from matrix assay results. (C)
Combination index values were calculated using Webb’s fractional product method.
A CI value lower than 1 means synergy while a CI lower than 0.3 is classified as
strong synergy; CI values > 1 are considered as antagonistic. All experiments were
performed in triplicate and results represent means ± SD. Values were analysed
using Mann-Whitney test (*** indicates a p-value < 0.001). (D) Isobologram analysis
for fraction affected % calculated from viability results.
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We subsequently selected a concentration of 3 μM for each selective
inhibitor and performed clonogenic survival assays. WEHI-539 showed the
highest inhibition of clonogenic survival, as it decreased the number of
colonies to around 20% compared to vehicle treated cells. ABT199 had the
second strongest effect, while A-1210477 showed no significant effect on
clonogenic survival (Fig. 3.12A).

Figure 3.12: BCL2 and BCL(X)L selective inhibition decrease the clonogenic
activity of HDQ-P1 cell line. (A) Clonogenic assay of HDQ-P1 cells treated with 3
μM of each inhibitor. After 24 hours treatment medium was changed and clonogenic
capability assayed after 10 days in culture. Colonies were counted automatically
and the change in colony growth was normalized to vehicle-treated cells. Bars
represent means ± SD from three independent experiments. One-way ANOVA with
Tukey post-test was used to assess significance (* indicated a p-value < 0.05, **
indicates a p-value < 0.01, *** indicates a p-value < 0.001).
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3.2.5 DR_MOMP identifies the most effective BCL2 antagonist for
combination treatments
Finally, we tested the ability of DR_MOMP to identify which selective BCL2
antagonist shows the highest synergistic activity with cisplatin responses,
and to validate the in silico predictions by analysis of in vitro responses. We
implemented the binding affinities of ABT199 and WEHI-539 to BCL2,
BCL(X)L and MCL1 proteins into DR_MOMP based on published
dissociation constants (described in materials and methods section).
Subsequently, we calculated the DR_MOMP score for BT549, CAL-85-1,
HDQ-P1 and MDA-MB-231 cells with an antagonist doses ranging between 0
and 3 μM (Fig. 3.13A).
In silico, WEHI-539 substantially reduced the DR_MOMP score in all cell
lines when genotoxic stress was applied. HDQ-P1 and MDA-MB-231
recorded a similar decrease in score for ABT199 or A-1210477 and a higher
response to WEHI-539. For BT549 cells, DR_MOMP predicted that cells will
respond equally to ABT199 and WEHI-539 (Fig. 3.13A). For CAL-85-1 cells,
DR_MOMP predicted a partial response to ABT199 (Fig. 3.13A). In all cell
lines DR_MOMP predicted a poor response to MCL1 inhibition.
In order to test our in silico predictions, we took advantage of a high content
screening (HCS) platform. We used Hoechst/PI double staining to quantify
surviving cells after 24 hours treatment with BCL2 inhibitors alone or in
combination with cisplatin. In line with in silico predictions, WEHI-539
decreased cell survival when combined with 30 μM cisplatin, even at very
low doses in HDQ-P1 cells (Fig. 3.13B). Similar effects were observed in
MDA-MB-231 and CAL-85-1 (Fig. 3.13B). ABT199 induced a partial
response in CAL-85-1, while in the remaining cell lines no significant effects
on cell survival were observed (Fig. 3.13B).
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Figure 3.13: DR_MOMP predicts BCL2 inhibitors responses. DR_MOMP was
used to calculate the change in the predictive score assuming ABT199, WEHI-539
and A-1210477 binding kinetics. Four cell lines from the panel were treated with
different concentrations of BCL2 inhibitors (0.1, 03, 1 and 3 μM) alone and in
combination with 30 µM cisplatin. After 24 hours treatments and staining with
Hoechst and PI, the cells were imaged with a HCS platform and results analyzed
with a CellProfiler pipeline to determine the levels of surviving cells. (A) DR_MOMP
η score for BCL2, BCL(X)L and MCL1 selective inhibition with ABT199, WEHI-539
and A-1210477 respectively. Calculations were performed with antagonist doses
ranging from 0 to 3 μM with a stepsize of 0.25 μM. (B) HCS data of Hoechst/PI
double staining for ABT199, WEHI-539 and A-1210477 in combination with 30 μM
cisplatin. Two-way ANOVA with Tukey post-test was used to assess significance (**
indicates a p-value < 0.05, *** indicates a p-value < 0.001).

We also found a high linear correlation between % of surviving cells and the
DR_MOMP scores for WEHI-539 (Figure 3.14A), suggesting that we can
employ DR_MOMP to predict a dose response for BCL(X)L inhibition. The
Pearson’s correlation coefficients were 0.96, 0.98, 0.71 and 0.90 for CAL-851, MDA-MB-231, BT549, HDQ-P1 cells, respectively. We also found that the
ratio between DR_MOMP score and % survival between cells treated with
cisplatin only, and cells treated with cisplatin and 1 μM WEHI-539 was similar
in all cell lines (0.0223, 0.0232 and 0.0210 μM/% survival in MDA-MB-231,
CAL-85-1 and BT549 cells), suggesting a consensus between in silico and in
vitro data. In contrast, we found a ratio of 0.01007 μM/% survival in HDQ-P1
cells (Fig. 3.14C).
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We found a linear correlation between % of surviving cells, analysed by
Hoechst/PI staining, and the DR_MOMP scores for ABT199 in responsive
CAL-85-1 cells (Pearson’s correlation coefficients: 0.84). However, the
remaining cell lines possessed lower correlation coefficient (-0.99, 0.41 and
0.45 for MDA-MB-231, BT549 and HDQ-P1 cells respectively, Fig. 3.14B)
suggesting again a partial response of CAL-85-1 to ABT199. MCL1 was not
included in the analysis as no differences were observed after the in vitro
treatments (3.13B).

Figure 3.14: DR_MOMP successfully predicts the efficacy of WEHI-539 in
combination with cisplatin in a subset of 4 TNBC cell lines. (A and B) Predicted
DR_MOMP scores were interpolated by linear regression for the individual cell lines
and plotted against % surviving cells after cisplatin and BCL2 antagonists treatment
for WEHI-539 and ABT199 respectively. Correlation was analysed with linear
regression and Pearson’s coefficient. (C and D) Percentages of surviving cells
related to DR_MOMP η values after combination of WEHI-539 and ABT199 with
cisplatin respectively using a 1:2 ratio.
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3.3 Discussion
Despite the advancements made in breast cancer management, the optimal
treatment approach is still determined from standard protocols. Thus,
treatment choices, especially in TNBC, are still scarce. However, the recent
understanding of the molecular and cellular basis of this disease provided
possible targets for novel treatments. Personalised therapies based on the
molecular characteristics of the tumour may improve the risk/benefit ratio for
the patients. These improvements achieved in the discovery of new
biomarkers will help clinicians towards tailored therapies.
Previous studies on the effect of BCL2 proteins in breast cancer focused on
just one member of the network (Dawson et al., 2010, Goodwin et al., 2015,
Keitel et al., 2014). Despite MCL1 being identified as an important survival
factor in TNBC (Goodwin et al., 2015), our study found that BCL(X)L is a
better prognostic factor for treatment outcome. A possible explanation might
reside in the fast turnover of MCL1 protein and the increased stability of
BCL(X)L (Rooswinkel et al., 2014). Indeed, it has been recently shown that
BCL(X)L is more potent in protecting the cells against genotoxic stress when
compared to BCL2 or MCL1 (Chen et al., 2015a). Moreover, BCL(X)L has
been implied in BAX retro-translocation from the mitochondria to the cytosol
in order to regulate mitochondrial priming (Edlich et al., 2011, Schellenberg
et al., 2013). The high levels of pro-apoptotic BAX/BAK and the low effect on
cell survival of BCL2 antagonist alone, suggest that apoptosis execution in
TNBC might occur through a unified model (which encompasses direct and
indirect models). In this scenario, sole inhibition of anti-apoptotic members is
not enough to induce MOMP but an apoptotic stimulus is necessary to
activate BH3 only direct activators and sensitizer. It has been previously
shown using BH3 profiling or a liposomes approach, how anti-apoptotic
inhibition with BH3 only sensitizers terminates in MOMP only when BAX and
BAK are activated (Certo et al., 2006, Kuwana et al., 2005). Indeed, when we
combine cisplatin (to trigger genotoxic stress and activation of BH3 only
proteins) and BCL2 inhibitors we observed a pronounced apoptosis
induction.
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DR_MOMP successfully predicted cell survival as the stress dose highly
correlated with treatment responses in TNBC cell lines. The advantage of our
system biology approaches over other technologies is the possibility to
integrate expression levels with network information and biochemical data
such as binding affinities and production/degradation rates. Indeed,
DR_MOMP outperformed both single protein biomarkers and combinatorial
biomarkers.
BH3 profiling has also been demonstrated to predict cellular responses to
treatment over single or combinatorial biomarker (Del Gaizo Moore and
Letai, 2013). In addition this approach allows to measure BCL2 protein
dependencies in cancer cell lines. However, DR MOMP predictions were
more accurate than BH3 profiling predictions. It has to be considered that
BH3 profiling depends on the addition of single peptides and measures
mitochondrial depolarization, while our predictive model measures the
quantity of several BH3 proteins needed to induce MOMP. When genotoxic
stress is triggered BH3 proteins BIM, NOXA and PUMA are expressed to
induce MOMP by a dual modality. In this context, anti-apoptotic members of
BCL2 family are able to buffer both pro-apoptotic and activators/sensitizers
BH3-only proteins. BCL2 interaction network is highly complex and the
interplay between the different members depends on many factors, thus in
our experience is not advisable to reduce this network in order to study its
effect on carcinogenesis.
Several drugs that target BCL2 proteins have been developed during recent
years. ABT737 has been one of the first agents to be developed with high
affinity towards BCL2, BCL(X)L and BCLW, however, this compound showed
a low solubility and poor oral availability. An oral active version, ABT263 or
Navitoclax, has been tested as a single agent leading to severe
thrombocytopenia (Cang et al., 2015). Recently, the selective BCL2 inhibitor
ABT199 was approved for the treatment of chronic lymphocytic leukemia
with 17p deletion (Roberts et al., 2017). This drug is specific for BCL2 and
has no impact on platelets survival. To date, ABT199 is used in different
clinical trials alone and in combination with alkylating agents or CD20targeted antibodies (Cang et al., 2015). Although ABT199 is considered to be
effective only in BCL2 dependent cancers, our study indicates that it can also
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be used to increase cisplatin effectiveness in TNBC cells that express both
BCL(X)L and BCL2, albeit at higher concentration and case-specifically.
In conjunction with these results we also find that BCL(X)L inhibition was
very potent in decreasing cell viability. It has been shown that a BCL(X)L
selective inhibitor in combination with genotoxic chemotherapy was more
efficient cell death inducer in solid tumours such as osteosarcoma, ovarian
and colon cancer (Abed et al., 2016, Baranski et al., 2015, Colak et al.,
2014). In addition it has been recently observed that combination of
PI3K/mTOR inhibitor and WEHI-539 successfully induced apoptosis in
PIK3CA mutant breast cancers (Anderson et al., 2016). However, BCL(X)L is
thought to be a crucial survival factor for platelets and that its inhibition can
lead to platelets toxicity (Wagner et al., 2000). Our study highlights that
BCL(X)L inhibition in combination with cisplatin is able to induce cell death at
much lower concentration compared to ABT199. Thus, pharmacodynamics
stratification tool such as DR_MOMP may be required to deliver personalized
medicine approaches, that identify those patient that may benefit from low
concentrations of BCL(X)L selective inhibitors. This will further prevent the
patients to develop the side effects previously discussed.
To date, DR_MOMP does not include secondary functions of BCL2 protein.
In this context the ratio between DR_MOMP score and percentage survival
was lower in HDQ-P1 cell line; this might be caused by a secondary effect of
WEHI-539 which is not present in the same extent in the other three cell
lines. Another limitation is that the model does not yet incorporate
pharmacokinetics, thus we cannot relate the cellular drug intake with model
predictions. Inclusion of such parameters will further enhance the clinical
applicability of DR_MOMP, which will require validation in preclinical models
such as patient-derived xenografts.
In conclusion, we here demonstrate that our approach can be used to predict
cellular responses to chemotherapy in TNBC, and lay down the foundation
for the deployment of DR_MOMP as a stratification tool for BCL2 antagonist.
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CHAPTER IV
BCL2 and BCL(X)L increase
bioenergetic efficiency of breast
cancer cells
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4.1 Introduction
Cellular bioenergetics is a complicate process in which several pathways
contribute. As previously explained in chapter I, cancer cells growth occurs
under hypoxic conditions. In such environment aerobic glycolysis sustains
better ATP production and compensates for deregulated OXPHOS (Liberti
and Locasale, 2016).
Nonetheless, the role of mitochondria in cancer metabolism has always been
debated. Interestingly, oxygenated tumour cell subpopulations take up
lactate produced by the cells in the hypoxic tumour compartment, through
monocarboxylate transporter 1, to feed oxidative metabolism (Sonveaux et
al., 2008).
Moreover, glutaminolysis has been proven to be an important process for
cancer cells, not only to produce energy but also for biosynthesis of
molecules and to maintain redox status (Jin et al., 2016). Glutaminase
converts glutamine to glutamate, which is subsequently turned into αketoglutarate by glutamate dehydrogenase and fuels TCA (Weinberg and
Chandel, 2009).
As opposed to “Warburg effect” a new theory, named the “reverse Warburg
effect” has been recently proposed. It has been shown that epithelial cancer
cells activate a Warburg effect in stromal fibroblast. These differentiate into
myo-fibroblast and secrete intermediates, such as lactate and pyruvate, to
promote TCA cycle and OXPHOS in epithelial cancer cells (Pavlides et al.,
2009). Furthermore, other fuels are consumed by OXPHOS such as amino
acids, fatty acids and ketone bodies, to sustain tumour progression
(Cazzaniga and Bonanni, 2015).
In order to work, a functional ETC generates a membrane potential (ΔΨm)
across the IMM through proton export points, such as complex I, III and IV.
Moreover, the ΔΨm has a role in the regulation of other processes inside the
cells. It has been observed that ΔΨm is required to synthesise iron-sulfur
clusters, important protein cofactors required for normal mitochondrial
functions (Veatch et al., 2009). ΔΨm is also used by the cells for the
mitochondrial internalization of nuclear DNA encoded proteins (Geissler et
al., 2000). Another important function of ΔΨm is to maintain sufficient reactive
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oxygen species (ROS) levels to ensure adequate proliferation and hypoxic
stabilisation of HIF-1α (Martinez-Reyes et al., 2016). Cancer cells usually
accumulate higher ΔΨm (Bernal et al., 1982, Summerhayes et al., 1982). It
has been previously shown that primary mammary carcinoma cells and
primary and metastatic colon carcinoma cells possess higher ΔΨm levels
which correlate with solid tumours expansion features (Houston et al., 2011).
BCL2 family members have a role in the regulation of cellular metabolism,
apart from their function in the intrinsic apoptotic pathway. It has been
observed that BCL2 and BAX regulate the activity of the mitochondrial
adenine nucleotide translocator (Brenner et al., 2000). In addition, BCL(X)L
has a role in channel protein regulation; it has been reported that this antiapoptotic protein preserves the physiological conformation of the VDAC
promoting the exchange of metabolites (Vander Heiden et al., 2001). The
BH3 only protein BAD has been found to modulate a complex, which
includes glucokinase, protein kinase A and protein phosphatase 1 (Danial et
al., 2003). Recently, it has been shown that some anti-apoptotic proteins
control metabolism directly. In neurons, a pool of BCL(X)L has been found to
localise in the IMM and to interact with F1F0 ATP synthase, increasing its
enzymatic activity and stabilizing ΔΨm (Chen et al., 2011, Alavian et al.,
2011). A similar function was attributed to a truncated form of MCL1 that
localizes to the matrix (Perciavalle et al., 2012). Moreover, BCL2
overexpression in human leukaemia cells has been linked to increased
oxygen consumption and higher rates of mitochondrial respiration (Chen and
Pervaiz, 2007). The overexpression of this protein has been engineered to
induce metabolic changes in a mammalian cell culture model. This led to the
reduction of lactate accumulation, with the redirection of pyruvate to
mitochondrial OXPHOS, during the lactate-producing phase, and the
increase of lactate re-uptake, during lactate-consuming phase. The
consequences of such flux changes significantly increased biomass yield
and peak viable cell density (Templeton et al., 2014).
In chapter III, we found that TNBC cells responded differently to BCL2 or
BCL(X)L inhibition. We observed that HDQ-P1 cells, which accumulated
higher levels of BCL2 compared to BCL(X)L, responded better to the
BCL(X)L selective inhibitor WEHI-539. Given the central role of cellular
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metabolism in cancer progression, we aimed to better understand the
emerging functions of BCL2 proteins the regulation of energy metabolism.
More specifically, in this chapter, we investigated the role of BCL2 and
BCL(X)L in controlling breast cancer metabolism and proliferation. Moreover,
such information could be exploited and integrated in a future version of our
mathematical model to better support in silico BCL2 inhibitors predictions.
We utilised BCL2 and BCL(X)L overexpressing MCF7 cells and compared
the responses to empty vector expressing MCF7 (MCF7-pSFFV). We
employed this model to investigate the contribution of the single
overexpression of BCL2 or BCL(X)L. Conversely, TNBC cells used in
chapter III, often express, overall high levels of BCL2, BCL(X)L, BAX and
BAK. Following characterisation of BCL2 profiles in MCF7 clones, we studied
the subcellular localisation of overexpressing BCL2 and BCL(X)L. To study
the metabolic responses of these clones, we employed time lapse live cell
imaging of a cytosolic and mitochondrial targeted ATP FRET probes
(Imamura et al., 2009).
Different treatments have been performed to study the ability of these FRET
probes to detect bioenergetic responses at mitochondrial or cytosolic level,
and to understand if the metabolism of overexpressing clones is different.
Finally, we used an siRNA approach to further validate our previous results
and determine if a decrease of BCL2 or BCL(X)L levels affected the energy
metabolism of breast cancer cells.
.
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4.2 Results
4.2.1 Characterisation of BCL2 and BCL(X)L overexpressing ER+ breast
cancer cells
BCL2 and BCL(X)L localise at the mitochondrial compartment and protect
cells from cytotoxic stimuli. First, we assessed BCL2 protein levels in MCF7
clones (Antonietti et al., 2016, Delgado et al., 2013, Laussmann et al., 2011),
using previously described BCL2 profiling (Fig 4.1A and B). MCF7-pSFFV
cells showed a higher BCL2 concentration over BCL(X)L and MCL1,
whereas BAX and BAK accumulated at similar expression level (Fig. 1A and
B). In MCF7-BCL2 cell line, BCL2 was present at a concentration value of
5.59 µM, while in MCF7-BCL(X)L the concentration was similar as detected
in MCF7-pSFFV (0.35 µM, Fig. 4.1B). BCL(X)L reached a concentration of
3.5 µM in MCF7-BCL(X)L and in MCF7-BCL2 was slightly higher when
compared to MCF7-pSFFV (Fig 4.1B). MCL1 expression levels were lower in
MCF7-BCL(X)L when compared to MCF7-pSFFV cell lines (Fig 4.1D), as
well as BAX protein concentration (Fig 4.1C). On the other hand, BAK levels
were lower when compared to control and BCL2 overexpressing cells (Fig
4.1C).
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Figure 4.1: BCL2 profiling of MCF7 clones. (A) Representative WB for MCF7 cell
lines. Cells were lysed and analysed by immunoblotting to detect levels of two proapoptotic protein, BAX and BAK, and three anti-apoptotic protein, BCL2, BCL(X)L
and MCL1. Actin was used as loading control to normalize protein concentration
values post densitometry and HeLa cell line lysates were used for absolute
quantification. (B) Expression levels for BCL2 proteins as determined by comparing
densitometric signals and considering absolute quantification level in HeLa cells. (C)
Expression levels of BAK and BAX proteins compared in all MCF7 cell lines. (D)
Expression levels for MCL1 compared in all clones. Data represent mean ± SD from
n=3 independent experiments and quantifications were analysed by two-way
ANOVA with Tukey post-test (* indicates a p-value < 0.5, ** indicates a p-value <
0.01, *** indicates a p-value < 0.001).
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Next, we analysed the subcellular localization of BCL2 and BCL(X)L in the
respective overexpressing cells, through confocal microscopy of
immunofluorescence signals. As shown in Fig. 4.2A and B, both BCL2 and
BCL(X)L antibodies co-localised with mitochondrial selective dye MitoTracker
Red CMXRos. No antibody signal was detected in the nucleus (stained with
DAPI). Nonetheless, BCL(X)L highlighted a less clear mitochondrial
localisation (with the involvement of ER), when compared to BCL2. Our
results are in line with literature as BCL2 and BCLXL have been described
as proteins localised at mitochondria.

Figure 4.2: BCL2 and BCL(X)L localise to mitochondrial compartment in
overexpressing cells. (A and B) Immunofluorescence staining showing
localization of BCL2 and BCL(X)L, respectively. MCF7-BCL2 and BCL(X)L
overexpressing cells were fixed with paraformaldehyde (4% PFA) and
permeabilised with a solution of 95% ethanol and 5% glacial acetic acid. DAPI was
used to visualize nuclei while MitoTracker Red CMXRos was used to stain
mitochondria. Images are representative of immunofluorescence performed on n=3
independent cultures.
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The main role of anti-apoptotic proteins is to protect cells from accidental
apoptotic cell death. Several reports showed that BCL2 or BCL(X)L
overexpression protect cancer cells from different chemotherapeutic agents
(Liu et al., 1999, Sartorius and Krammer, 2002, Simonian et al., 1997).
Thus, we tested if BCL2 and BCL(X)L overexpressing cells possessed
enhanced survival rates following induction of cell death with different drugs.
MCF7 clones were exposed to 2 µM staurosporine (STS) or 40 µM cisplatin
(CDDP) for 24 hours and surviving cells levels obtained following Annexin
V/PI staining through flow cytometry. STS induce apoptosis by acting on
proteins kinases while CDDP interfere with DNA replication. As expected
MCF7-pSSFV were susceptible to both treatments as surviving cell rates
decreased to around 40% post-treatments. For instance, both BCL2 and
BCL(X)L overexpressing cell lines appeared to be resistant to both
treatments as 80 to 90% of surviving cell levels were obtained (Fig. 4.3A and
B).

Figure 4.3: Overexpression of BCL2 and BCL(X)L protects breast cancer cells
from chemotherapy-induced cell death. Cells were treated with 2 μM STS or 40
μM CDDP for 24 hours. After incubation time a double Annexin V/PI staining was
performed and cells analysed with flow cytometry. (A) Percentages of surviving cells
(Annexin V-/PI- fraction) following 24 hours control, STS (2 μM) or CDDP (40 μM)
treatment. (B) Percentages of apoptotic cells (sum of Annexin V+/PI- and Annexin
V+/PI+ fractions) post treatments. Significance was assessed with a two-way
ANOVA and Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value <
0.01, *** indicates a p-value < 0.001). Column represents mean ± SD for n = 3
experiments.
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4.2.2 Mitochondrial ATP production and NADH levels are different in
BCL2 and BCL(X)L overexpressing cells
Our main interest was to characterise the contribution of BCL2 and BCLXL in
bioenergetic responses. We took advantage of an ATP FRET probe
previously characterised (Imamura et al., 2009), which is multiplexed with the
mitochondrial membrane potential sensitive dye TMRM. This allowed us to
measure ATP and mitochondrial membrane potential kinetics in the same
cell. Briefly, when cytosolic ATP binds to the probe the efficiency of FRET
signal is increased, while TMRM intensity response is fast upon changes of
the mitochondrial membrane potential and slower for plasma membrane
potential changes (Huber et al., 2010, Ward et al., 2000).
To check if we could induce mitochondrial metabolism and record
mitochondrial ATP kinetics with this system, we first performed a pyruvate
addition to cells starved for 3h, followed by an oligomycin treatment.
Pyruvate is mainly produced by glycolysis and enters mitochondria through
VDAC channels and then cross the IMM by mitochondrial pyruvate carriers
MPC1 and MPC2 (McCommis and Finck, 2015). In the matrix, pyruvate
undergoes oxidative decarboxylation through pyruvate dehydrogenase to
form acetyl-CoA. This reaction is accompanied by the reduction of NAD+ to
NADH. Acetyl-CoA fuels citric acid cycle, while NADH donates its electrons
to complex I upon oxidation, with the activation of ETC and mitochondrial
ATP production (Stein and Imai, 2012). Cells take up pyruvate and lactate
via the Mono-Carboxylate Transporter (MCT).
MCF7 clones were transiently transfected with mitochondrial ATeam probe
and, on the day of the experiment, cells were placed in Krebs buffer (KB)
with TMRM and no nutrients for three hours, to induce starvation. Each dish,
containing cells, was then imaged with a laser scanning confocal microscope
every minute, to obtain time-lapse images of mitochondrial ATP kinetics and
membrane potential. Baseline values were recorded for the first 20 minutes,
then 2 mM pyruvate was added and single cell kinetics were followed for
another 20 minutes. Finally, the cells were treated with the ATP synthase
inhibitor oligomycin, which blocks the F0 subunit. The action of oligomycin
significantly reduces electron flow through the ETC; however, this process is
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not completely blocked due to the facilitated diffusion of protons into the
mitochondrial matrix mediated by uncoupling proteins such as thermogenin,
or UCP1 (Jastroch et al., 2010). As expected, pyruvate addition activated
mitochondrial ATP production, observed by an increase in the normalized
FRET/CFP ratio in all cell lines (Fig. 4.4A). Following oligomycin addition,
mitochondrial ATP levels dropped as a result of the ATP synthase inhibition
(Fig. 4.4A). At the same time, mitochondrial membrane potential slightly
increased post pyruvate addition due to ETC activation. Similar effect is
observed after oligomycin addition, when the channel subunit of ATP
synthase is blocked and the majority of protons remain in the intermembrane
space (Fig. 4.4A). To better understand the effect observed, we also
compared the absolute FRET/CFP ratio, which is more indicative of actual
ATP levels in the mitochondria of the 3 different MCF7 clones. Baseline
levels highlighted a lower mitochondrial ATP concentration in BCL2
overexpressing cells. Similar results for MCF7-BCL2 were observed post
pyruvate addition when compared to MCF7-pSFFV and BCL(X)L cell lines.
Following oligomycin treatment, ATP levels were similar in all cell lines (Fig.
4.4B). On the other hand, mitochondrial membrane potential levels were
similar post pyruvate addition (Fig. 4.4A and C). However, lower absolute
TMRM fluorescence was recorded for BCL2 and BCL(X)L cells (Fig 4.4D).
Strikingly, BCL(X)L accumulated significantly higher levels of membrane
potential following oligomycin addition when compared to the other clones
(Fig 4.4A and C).
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Figure 4.4: Pyruvate addition increases mitochondrial ATP production. (A)
Representative traces of mitochondrial ATP signal and mitochondrial membrane
potential. FRET/CFP ratio from mitoATeam probe and TMRM fluorescence were
monitored, taking a picture every minute, in all MCF7 clones. Baseline values were
recorded for 20 minutes and 2 mM sodium pyruvate was added into the medium.
Following 20 minutes treatment, 10 μM of oligomycin was supplemented for the last
20 minutes. All data represent mean ± SD from n=3 independent experiments and
both signals are normalized to the baseline levels. (B) The absolute FRET/CFP ratio
were analysed by taking into account the maximal value reached by the probe post
pyruvate addition and minimal value post oligomycin treatment. (C) TMRM intensity
values, normalised to the baseline levels from TMRM kinetics, were analysed by
taking into account the maximal value reached following each treatment. (D) TMRM
fluorescence absolute values obtained from baseline. All values were analysed by
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two-way ANOVA with Tukey post-test (* indicates a p-value < 0.05, ** indicates a pvalue < 0.01 *** indicates a p-value < 0.001). (E) Representative images of
FRET/CFP ratio for MCF7-pSFFV cell line.

In a similar experiment, we measured NADH levels on an inverted
epifluorescence microscope. The reduced form of these molecules is
different from the oxidized form as they absorb and emit light at 340 nm and
445 nm, respectively. During starvation, NADH is consumed by the
mitochondrial ETC to maintain ATP levels constant. As expected, an
increase in NADH fluorescence was measured when pyruvate was added to
the experimental buffer (Fig. 4.5A). Due to the fact that we observed different
kinetics of NADH production, we analysed the absolute NADH levels to
account for differences in the clones. We found that during starvation, BCL2
and BCL(X)L cells accumulated NADH at higher levels (Fig. 4.5B). Again,
post pyruvate and oligomycin addition, both overexpressing cell lines
displayed higher NADH levels (Fig. 4.5B). However, MCF7-pSFFV cells
exhibited higher NADH production following pyruvate addition (Fig. 4.5A).
Additionally, we performed a slope analysis on NADH kinetics, and we found
that both MCF7-BCL2 and MCF7-BCL(X)L displayed slower NADH
production after pyruvate addition when compared to MCF7-pSFFV (Fig.
4.5C). Then, we calculated the NADH/ATP ratio, by dividing NADH absolute
fluorescence to FRET/CFP absolute fluorescence. We found that in all
treatments performed, including baseline levels, both MCF7-BCL2 and
BCL(X)L overexpressing cells accumulated a higher ratio when compared to
MCF7-pSFFV cells (Fig. 4.5D). This suggests that anti-apoptotic protein
overexpressing clones produce similar amount of mitochondrial ATP
compared to empty vector cells by producing/consuming less mitochondrial
NADH.
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Figure 4.5: BCL2 and BCL(X)L cells possess higher NADH levels. (A)
Representative traces of mitochondrial NADH signal. NADH autofluorescence was
monitored, taking a picture every minute, in all MCF7 clones. Baseline values were
recorded for 20 minutes and 2 mM sodium pyruvate was added into the medium.
Following 20 minutes treatment, 10 μM of oligomycin was supplemented for the last
20 minutes. All data represent mean ± SD from n=3 independent experiments and
both signals are normalized to the baseline levels. (B) The absolute NADH
fluorescence was analysed by taking into account the maximal value reached by the
probe after treatments. (C) NADH curve fitting and slopes for pyruvate addition was
calculated using a fit function in GraphPad Prism. (D) NADH/ATP ratio, calculated
by dividing NADH absolute fluorescence to absolute mitoAteam FRET/CFP ratio. All
values were analysed by two-way ANOVA with Tukey post-test (* indicates a pvalue < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value < 0.001). (E)
Representative images of NADH autofluorescence for MCF7-pSFFV cell line.
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4.2.3 Bioenergetics advantage of BCL2 and BCL(X)L overexpressing
MCF7 cells.
To confirm that pyruvate sustained mitochondrial ATP production and to
better study the role of BCL2 and BCL(X)L in mitochondrial ATP production
we used FCCP, a well know ionophore highly selective for H+. Stable
cytosolic ATeam expressing cells, were incubated in KB with pyruvate as the
only source of energy and imaged on an inverted epifluorescence
microscope. Following 1 µM FCCP treatment, the cytosolic ATP
concentration decreased in all cell lines with different kinetics (Fig. 4.6A).
This effect occurred due to the uncoupling action of the drug, equilibrating
the [H+] of the mitochondrial matrix and the intermembrane space. As
expected TMRM signal decreased in all clones because protons are not
available to contribute to the membrane potential. Following glucose
addition, we recorded an increase of the FRET/CFP ratio, due to glycolysis
activation (Fig 4.6A) while the mitochondrial membrane potential remained
similar as the ETC remained uncoupled by the action of FCCP (Fig. 4.6A and
C). The FRET/CFP ratio absolute values were compared to account for
differences in the clones. After FCCP addition, both BCL2 and BCL(X)L cell
lines showed a higher FRET/CFP ratio compared to pSFFV cells (Fig 4.6B).
Glucose addition restored the FRET/CFP ratio in all cell lines to a similar
level (Fig 4.6B). ATP kinetics were analysed by measuring the slope of the
FCCP onset; both BCL2 and BCL(X)L overexpressing cell lines showed
higher slope values, therefore a slower decrease in ATP production (Fig.
4.6D). No significant differences between the clones were observed in
TMRM fluorescence after each treatment.
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Figure 4.6: BCL2 and BCL(X)L cells maintain higher cytosolic ATP after FCCP
addition. (A) Representative traces of cytosolic ATP signal and mitochondrial
membrane potential. FRET/CFP ratio from ATeam probe and TMRM fluorescence
were monitored, taking a picture every minute, in all MCF7-ATeam clones. Baseline
values were recorded for 20 minutes and 1 µM FCCP was added into the medium.
After 20 minutes treatment, 5 mM glucose was supplemented for the last 20
minutes. All data represent mean ± SD from n=3 independent experiments and both
signals are normalized to the baseline levels. (B) The absolute FRET/CFP ratio
were analysed by taking into account the minimal value reached by the probe after
FCCP and maximal value after glucose. (C) TMRM intensity values normalised to
the baseline levels from TMRM kinetics were analysed by taking into account the
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maximal value reached after each treatment. (D) Slope values were assessed by
dividing the minimal FRET/CFP ratio to the Δtime (time offset – time onset). All
values were analysed by two-way ANOVA with Tukey post-test (* indicates a pvalue < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value < 0.001). (E)
Representative images of FRET/CFP ratio for MCF7-pSFFV cell line.

BCL(X)L has been linked to the metabolism of neurons through the ability to
interact with F1F0 ATP synthase and enhance ATP production (Alavian et
al., 2011). Therefore, to examine the role of these proteins in breast cancer
metabolism and to follow on with previous experiments, we performed an
oligomycin titration. Cells, transiently transfected with mitochondrial ATeam
probe, were placed in KB with 2 mM pyruvate and ATP levels were
monitored. After 20 minutes baseline, we titrated oligomycin; the
concentrations applied were 1nM, 10nM and 100nM and the signal was
followed 20 minutes after each addition. As expected, ATP production
decreased after addition of 1 nM of the inhibitor. Conversely, TMRM signal
showed an increase in membrane potential (Fig. 4.7A). Absolute FRET/CFP
ratio revealed that both MCF7-BCL2 and MCF7-BCL(X)L cells possessed a
higher ATP production following 1 nM oligomycin treatment compared to
empty vector cells. No changes were observed after 10 nM and 100 nM as
the enzyme was saturated (Fig. 4.7B). An increased TMRM fluorescence
intensity was recorded for MCF7-BCLXL cells, compared to parental clone,
when oligomycin is used. Same tendency was observed for BCL2
overexpressing cells however the difference were not statistically significant
(Fig. 4.7A and D). Kinetics were further analysed, and higher slope values
were recorded for BCL2 and BCLXL clones after 1 nM oligomycin treatment
(Fig. 4.7C).
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Figure 4.7: BCL2 and BCL(X)L cells maintain higher mitochondrial ATP after
oligomycin titration. (A) Representative traces of mitochondrial ATP signal and
mitochondrial membrane potential. FRET/CFP ratio from MitoATeam probe and
TMRM fluorescence were monitored, taking a picture every minute, in all MCF7
clones. Baseline values were recorded for 20 minutes and oligomycin titration
started by adding 1 nM, 10 nM and 100 nM of the drug with an interval of 20
minutes for each concentration. All data represent mean ± SD from n=3
independent experiments and both signals are normalized to the baseline levels. (B)
The absolute FRET/CFP ratio were analysed by taking into account the minimal
value reached by the probe after each addition. (C) Slope values were assessed by
dividing the minimal FRET/CFP ratio to the Δtime (time offset – time onset). (D)
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TMRM intensity values normalised to the baseline levels from TMRM kinetics were
analysed by taking into account the maximal value reached after each treatment. All
values were analysed by two-way ANOVA with Tukey post-test (* indicates a pvalue < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value < 0.001). (E)
Representative images of FRET/CFP ratio for MCF7-pSFFV cell line.

Next, we determined ATP synthase levels by WB. As shown in Fig. 4.8A no
significant difference in subunit β levels were detected among the cell lines.
In order to confirm previous results, we employed a commercial kit to
measure the enzymatic activity of ATP synthase activity. As shown in figure
4.8B no difference was observed among MCF7 clones.

Figure 4.8: ATP synthase activity is unchanged in MCF7 clones. (A) Protein
levels for ATP synthase sub. β in MCF7 clones were obtained from cell lysates and
normalized to actin. (B) A commercially available kit from Abcam was used after
isolation of mitochondrial fraction from MCF7 cell lines, to calculate the activity of
ATP synthase. In order to account for protein concentration, the activity was
normalized to ATP synthase subunit β (Fig. 4.8A). All data represent mean ± SD
from 3 independent experiments. All values were analysed by one-way ANOVA with
Tukey post-test.

To better understand the advantage of BCL2 or BCLXL overexpressing
breast cancer cells, we measured ATP kinetics in stable ATeam MCF7
clones during starvation. Cells were placed in KB with no nutrient and signal
measured over 24 hours. As shown in Fig. 4.9A ATP kinetics decreased
during the course of the experiment, suggesting that the ATP is consumed
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by the cells. The addition of 5 mM glucose partially rescued ATP production
due to glycolysis activation (Fig. 4.9A). Membrane potential measured at the
same time showed a small initial increase during the first 2-4 hours, followed
by a small decrease (Fig. 4.9A and D). Measurement of the absolute
FRET/CFP ratio revealed lower baseline values for MCF7-BCL(X)L
compared to pSFFV and BCL2 overexpressing cells (Fig. 4.9B). After 6
hours in a nutrient-free environment, MCF7-BCL2 cells showed significantly
higher levels of ATP compared to the other clones. From 12 hours until the
end of the experiment, both BCL2 and BCL(X)L overexpressing cell lines
maintained higher ATP levels compared to empty vector cells (Fig. 4.9B).
Finally, when glucose is added, MCF7-pSFFV produced less ATP as
compared with BCL2 or BCL(X)L overexpressing clones (Fig. 4.9B). Kinetics
analysis highlighted higher slope values for MCF7 BCL2 and BCL(X)L
compared to pSFFV cells from 6 to 12 hours after removal of nutrients (Fig.
4.9C). The difference was significant as well between BCLXL and BCL2.
Similar differences were recorded between 12 and 20 hours. These results
suggested that in both MCF7 BCL2 and BCL(X)L the ATP loss rates were
slower, with BCL(X)L having the most prominent effect. Interestingly TMRM
levels were higher for BCL(X)L cells after 2, 6 and 18 hours starving
conditions compared to the other cell lines (Fig. 4.9D).
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Figure 4.9: BCL2 and BCL(X)L cells maintain higher cytosolic ATP during
starvation. (A) Representative traces of cytosolic ATP signal and mitochondrial
membrane potential. FRET/CFP ratio from ATeam probe and TMRM fluorescence
were monitored over time in all MCF7-ATeam clones. Cells were placed in KB with
no nutrients and signal recorded every 5 minutes. After 23 hours, 5 mM glucose
was supplemented for the remaining hour. All data represent mean ± SD from n=3
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independent experiments and both signals are normalized to the baseline levels. (B)
The absolute FRET/CFP ratio were analysed by taking into account the minimal
value reached by the probe at each time-point selected. (C) Slope values were
assessed by dividing the minimal FRET/CFP ratio to the Δtime (time offset – time
onset). (D) TMRM intensity values normalised to the baseline levels from TMRM
kinetics were analysed by taking into account the maximal value reached after each
treatment. All values were analysed by two-way ANOVA with Tukey post-test (*
indicates a p-value < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value <
0.001). (E) Representative images of FRET/CFP ratio for MCF7-pSFFV cell line.

To relate previous experiments to the growth of each cell line, we performed
clonogenic assay in similar conditions as in the previous experiment. When
cells were cultured in full medium, BCL(X)L and BCL2 clones revealed a
higher capacity to grow colonies over 7 days compared to pSFFV (Fig. 4.10A
and B). Similarly, when cells were placed in SILAC medium with no nutrients
for 24 hours and then switched to full medium for 7 days, both BCL2 and
BCL(X)L highlighted an increased clonogenic potential when compared to
PSSFV. However, there was a reduction of colonies growth to 20-30% (Fig.
4.10A and B). Again, similar results were observed when the cells were
growth in medium with 5 mM glucose. To be sure this was related to cellular
growth and not to cell death, we measured levels of Annexin V/PI negative
cells by flow cytometry. A survival of 90 to 100% was observed in all
conditions and all cell lines (Fig 4.10C).
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Figure 4.10: BCL2 and BCL(X)L overexpressing cells possess an increased
clonogenic activity under starvation and low glucose conditions. (A)
Clonogenic assay of MCF7 clones in full medium, starvation medium (SILAC
medium with no glucose and no glutamine) and reduced glucose medium (SILAC
medium with 5mM glucose and no glutamine). In the case of starvation, the medium
was replaced with full RPMI after 24 h. Cells in reduced glucose conditions were
grown in SILAC medium with 5 mM glucose. Clonogenic potential was assayed
after 7 days in culture. (B) Colonies were counted using OpenCFU software and the
change in colony growth was normalized to non-treated (NT) MCF7-pSFFV cells.
Bars represent means ± SD from three independent experiments. One-way ANOVA
with Tukey post-test was used to assess significance (* indicated a p-value < 0.05,
** indicates a p-value < 0.01, *** indicates a p-value < 0.001). (C) Percentages of
surviving cells (Annexin V-/PI- fraction) in non-treated (NT), starved and reduced
glucose conditions.
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To further confirm previous results and better understand the contribution of
these two proteins in metabolism responses, we employed siRNA to
selectively silence BCL2 or BCL(X)L in MCF7-pSFFV cells. As shown in Fig.
4.11A and B, BCL2 and BCL(X)L protein levels were reduced by respective
siRNA.

Figure 4.11: Silencing of BCL2 or BCL(X)L in MCF7-pSFFV cells. (A and B) WB
for BCL2 and BCL(X)L, respectively, following treatment with different siRNA
concentrations. MCF7-pSFFV cells were treated with specific siRNA for BCL2 or
BCL(X)L to reduce the levels of these two proteins. After 24 hours transfection cells
were lysate and protein levels assessed through WB. Images are representative of
n=2 gels, from 2 independent experiments.

Subsequently, we co-transfected the cells with 100 ng of control (ctrl), BCL2
or BCLXL siRNA together with mitoAteam FRET probe, and repeated the
pyruvate addition experiment. Again cells were starved for 3 hours and
experiment performed on a confocal microscope. Following 20 minutes
baseline measurement, 2 mM pyruvate was added to imaging medium and
responses were recorded for 20 minutes. Finally 10 μM oligomycin was
added for the last 20 minutes. As shown in Fig.4.12A the traces for
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mitochondrial ATP production were different when comparing BCL2 or
BCLXL siRNA. In all cases we observed an increase in mitochondrial ATP
production. However, BCL2 or BCL(X)L knockdown cells registered
decreased ATP production kinetics when compared to baseline. We
analysed the absolute FRET/CFP ratio and observed that BCL(X)L siRNA
treated cells possessed lower ATP levels, when compared to control siRNA
while no significant difference was displayed when comparing BCL2 to
control siRNA. Of note we found that BCL2 siRNA treated cells accumulated
lower TMRM fluorescence after oligomycin (Fig. 4.12C) but higher baseline
absolute TMRM (Fig. 4.12 D) when compared to control or BCL(X)L siRNA.
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Figure 4.12: BCL2 and BCL(X)L silencing decreases ATP production following
pyruvate addition. (A) Representative traces of mitochondrial ATP signal and
mitochondrial membrane potential in siRNA co-transfected cells. FRET/CFP ratio
from mitoATeam probe and TMRM fluorescence were monitored, taking a picture
every minute, in all MCF7 clones. Baseline values were recorded for 20 minutes
and 2 mM sodium pyruvate was added into the medium. After 20 minutes treatment,
10 μM of oligomycin was supplemented for the last 20 minutes. All data represent
mean ± SD from n=3 independent experiments and both signals are normalized to
the baseline levels. (B) The absolute FRET/CFP ratio were analysed by taking into
account the maximal value reached by the probe after pyruvate addition and
minimal value after oligomycin. (C) TMRM intensity values normalised to the
baseline levels from TMRM kinetics were analysed by taking into account the
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maximal value reached after each treatment. (D) TMRM fluorescence absolute
values obtained from baseline. All values were analysed by two-way ANOVA with
Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 ***
indicates a p-value < 0.001). (E) Representative images of FRET/CFP ratio for
MCF7-pSFFV control siRNA transfected cells.

Moreover we analysed the clonogenic potential of cells transfected with the
different siRNA. As shown in Fig. 4.13A and B, we found that both BCL2 and
BCL(X)L siRNA treated cells highlighted a lower number of colonies after 7
days when compared to control siRNA or cell treated with transfection
reagent only. Additionally, no cell death was recorded under same conditions
(Fig. 4.13C), suggesting a potential block in proliferation under reduction of
BCL2 and BCL(X)L protein levels.
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Figure 4.13: BCL2 and BCL(X)L siRNA decreases the clonogenic potential of
MCF7 cells. (A) Clonogenic assay of MCF7 cells treated with control, BCL2 or
BCL(X)L siRNA and Lipofectamine in full medium. Clonogenic potential was
assessed after 7 days in culture. (B) Colonies were counted automatically with
OpenCFU and the change in colony growth was normalized to control siRNA
treated cells. Bars represent means ± SD from n=3 independent experiments. Oneway ANOVA with Tukey post-test was used to assess significance (* indicated a pvalue < 0.05, ** indicates a p-value < 0.01, *** indicates a p-value < 0.001). (C)
Percentages of surviving cells (Annexin V-/PI- fraction) in same conditions.
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4.2.4 BCL2 and BCL(X)L regulates bioenergetics under hypoxic
conditions
Next, we investigated the potential role for BCL2 proteins in ATP
consumption during hypoxia. First, we employed sodium azide and
measured the levels of cytosolic ATP when cells were fuelled with pyruvate.
Sodium azide prevents complex IV (or cytochrome c oxidase) from using
oxygen. As expected, after sodium azide treatment a decrease in ATP
production was observed in all cell lines (Fig 4.15A). In parallel, the
fluorescence intensity signal of TMRM increased in all clones since oxygen is
no longer reduced to H2O and protons are not pumped to the IMS (Fig.
4.15A and C). ATP production is partially restored after glucose addition
since glycolysis is activated and compensates for OXPHOS malfunctions
(Fig. 4.15A). Absolute values analysis showed that both BCL2 and BCL(X)L
cells maintained a higher FRET/CFP ratio compared to MCF7-pSFFV during
treatment (Fig. 4.15B). TMRM fluorescence intensities showed that BCL(X)L
possessed higher membrane potential compared to MCF7-pSFFV and BCL2
overexpressing, after glucose addition (Fig. 4.15C). Slope analysis
highlighted higher values for BCL2 and BCL(X)L compared to empty vector
cell line, suggesting a slower ATP consumption (Fig 4.15D).
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Figure 4.14: BCL2 and BCL(X)L cells maintain higher cytosolic ATP after
sodium azide treatment. (A) Representative traces of cytosolic ATP signal and
mitochondrial membrane potential. FRET/CFP ratio from ATeam probe and TMRM
fluorescence were monitored, taking a picture every minute, in all MCF7-ATeam
clones. Baseline values were recorded for 20 minutes and 0.1 mM NaAzide was
added into the medium. After 30 minutes treatment, 5 mM glucose was
supplemented for the last 20 minutes. All data represent mean ± SD from n=3
independent experiments and both signals are normalized to the baseline levels. (B)
The absolute FRET/CFP ratio were analysed by taking into account the minimal
value reached by the probe after NaAzide addition and maximal value after glucose
addition. (C) TMRM intensity values normalised to the baseline levels from TMRM
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kinetics were analysed by taking into account the maximal value reached after each
treatment. (D) Slope values were assessed by dividing the minimal FRET/CFP ratio
to the Δtime (time offset – time onset). All values were analysed by two-way ANOVA
with Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 ***
indicates a p-value < 0.001). (E) Representative images of FRET/CFP ratio for
MCF7-pSFFV cell line.

Finally, we employed the MitoXpress®-Intra to measure intracellular oxygen
levels (icO2) in parallel with pH measurement, through phenol red
absorbance, when O2 concentration is reduced to 1%. Cells were stained for
24 hours and incubated in SILAC medium with 2 mM of glucose, pyruvate or
lactate. Time resolved fluorescence and phenol red absorbance was
measured in a plate reader every 5 minutes for 3 hours, and then oxygen
was reduced to 1% through the atmospheric regulator, for 24 hours. To
account for changes in proliferation rates, nuclei were stained with Hoechst
and the nanoprobe fluorescence values were normalized to absolute
Hoechst fluorescence. We only considered data from the start of the
experiment until 600 minutes, as no significant change was observed after
10 hours, and to exclude excessive cell death due to limited nutrient and
oxygen availability. As shown in Fig. 4.16A we recorded a decrease in
oxygen concentration after switch to hypoxic conditions. We analysed the
slope of oxygen consumption and found that in glucose conditions, BCL(X)L
overexpressing MCF7 possessed faster oxygen consumption rates, when
compared to MCF7-pSFFV and BCL2. Both BCL2 and BCL(X)L cells
highlighted faster consumption kinetics in 2 mM lactate when compared to
empty vector cells (Fig. 4.16C). On the other hand, when MCF7 clones were
placed in 2 mM pyruvate, only BCL2 cells registered faster oxygen
consumption when compared to the other clones. pH simultaneously
decreased with different kinetics from 7.2 to 7.1, in 2 mM lactate or pyruvate
(Fig. 4.15B). On the other hand, in glucose medium, pH reached 7.0 in all
clones after 10 hours of hypoxia (Fig. 4.15B). In order to account for
differences in the cell lines we analysed the slopes for pH decrease. We
found that in 2 mM glucose, MCF7-BCL2 and BCL(X)L, possessed
decreased slope values compared to MCF7-pSFFV, highlighting a faster
acidification of cellular medium. On the other hand, in lactate and pyruvate,
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only MCF7-BCL(X)L, showed higher pH slope values when compared to
MCF7-pSFFV and BCL2 highlighting a slower medium acidification.

Figure 4.15: BCL2 and BCL(X)L regulate oxygen consumption during hypoxia.
(A) Intracellular oxygen levels (icO2) measured with MitoXpress®-Intra. Cells were
placed in SILAC medium with 2 mM glucose, pyruvate or lactate. After 3 hours in
normoxia (21% O2), oxygen was decreased to 1% through the plate reader
atmospheric regulator and time-resolved fluorescence measured every 5 minutes
for 24 hours. Hoechst fluorescence was measured in parallel and used to normalize
values to account for cell death/proliferation. (B) pH kinetics measured in parallel
through phenol red absorbance. (C) ic02 slopes were measured using a one phase
exponential decay function in GraphPad Prism. (D) pH slopes were measured using
a linear regression Line function in GraphPad Prism. All data represent mean ± SD
from n=3 independent experiments. All values were analysed by two-way ANOVA
with Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 ***
indicates a p-value < 0.001).
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4.3 Discussion
In this chapter we described the role of BCL2 and BCL(X)L in the regulation
of breast cancer metabolism, a function not directly related to MOMP. In
recent years, some of the BCL2 family members emerged as key factor in
different cellular processes such as metabolism, cell cycle regulation,
calcium homeostasis, autophagy and mitochondrial morphology (Gross,
2016, Hardwick and Soane, 2013). Thus, considering how cell survival is
deeply connected to metabolism (Boroughs and DeBerardinis, 2015, Mason
and Rathmell, 2011), it is necessary to better understand this role of BCL2
proteins.
Here, we used a single cell microscopy approach to better characterize the
impact of BCL2 or BCL(X)L on ATP regulation in breast cancer cells.
Although previous studies emphasised the contribution of BCL(X)L and
BCL2 on cellular metabolism during different cytotoxic stresses, there is an
insufficient knowledge on the actual role that these proteins might exert.
We first performed a BCL2 profiling on MCF7 clones, and confirmed the
higher accumulation of BCL2 and BCL(X)L in the corresponding cell lines.
Absolute concentrations of these proteins were found to be similar to levels
in colon cancer patients (Lindner et al., 2013). This is also in line with several
reports, which observed variable BCL2 expression pattern in breast tumour
xenografts, with high accumulation of BCL2, BCL(X)L, BAX and BAK (Oakes
et al., 2012, Vaillant et al., 2013). Of note, we observed decreased levels of
BAX, BAK, and MCL1 in MCF7-BCL(X)L overexpressing cells. As previously
discussed in chapter III, this might be related to the shuttling activity of
BCL(X)L towards BAX and BAK (Edlich et al., 2011, Todt et al., 2015),
resulting in increased rate of those pro-apoptotic proteins. Moreover BAK
binds to BCL(X)L but not BCL2 (Willis et al., 2005).
Both BCL2 and BCL(X)L have been found at the mitochondrial compartment
In overexpressing MCF7 cells. Nevertheless, BCL2 showed a clearer
mitochondrial localisation when compared to BCL(X)L. It is widely accepted
that both proteins resides at the OMM; however, both BCL2 and BCL(X)L
have been found at the ER (Annis et al., 2004). In addition, BCL(X)L has
been located as well at the mitochondrial associated membranes and the
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IMM (Alavian et al., 2011, Williams et al., 2016). Due to current limitations of
confocal microscopy, it is hard to discern between different organelle
localization. Further analysis, through fractionation, electron microscopy
and/or super-resolution microscopy, is needed to understand the exact
location of these proteins in breast cancer cells.
Our main objective was to study the contribution of anti-apoptotic BCL2 and
BCL(X)L on cellular bioenergetics. On a general note, we observed that low
concentration of pyruvate increases mitochondrial ATP synthesis. This
challenges the notion that cancer cells do not employ OXPHOS. Indeed, it
has been recently found that pyruvate fuels mitochondrial oxygen
consumption and increases mitochondrial function (Diers et al., 2012). This
newly synthesised ATP is exported to the cytosol. Indeed, we observed
increased cytosolic ATP levels after the addition of pyruvate (data not
shown). Additionally, when pyruvate-fed cells were challenged with FCCP or
oligomycin, we recorded a drop in the ATP levels suggesting that OXPHOS
contributed to a [H+] gradient to fuel F0F1 ATP synthase. When glucose was
added, ATP production was recovered through activation of glycolysis. The
experiments performed with FCCP and oligomycin highlighted an increased
respiratory capacity of BCL2 and BCL(X)L overexpressing cells. In fact, both
treatments appeared to be more effective in MCF7-pSFFV cells, when
compared to overexpressing BCL2 and BCL(X)L, suggesting that these
proteins might have a better proton leak regulation. BCL2 proteins have been
found to regulate the channel activity of proteins such as VDAC (Huang et
al., 2013, Shimizu et al., 2000). BCL2 and BCL(X)L have also been observed
to form ion channels in lipid bilayers (Antonsson et al., 1997, Minn et al.,
1997, Schendel et al., 1997). Moreover, BCL2 family members regulate the
channel activity of adenine nucleotide translocator (Brenner et al., 2000,
Halestrap et al., 2000) which exports ATP from the matrix and import ADP.
Additionally, we did not observed differences in ATP synthase subunit β or
ATP synthase activity. This is in contrast with the study published by Alavian
et al, which showed how BCL(X)L increases ATP synthase activity through
direct binding to the β and α subunit (Alavian et al., 2011). Interestingly, we
found that BCL(X)L overexpressing cells accumulated higher membrane
potential levels after oligomycin titration. It has been previously shown that
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BCL(X)L regulates mitochondrial energetics through the stabilisation of IMM
potential in neurons (Chen et al., 2011). According to this study, deletion or
pharmacological inhibition of BCL(X)L leads to large fluctuation of membrane
potential by reducing futile ion flux across the IMM preventing energetic crisis
during stress (Chen et al., 2011). A different study revealed that recombinant
BCL(X)L is able to restore metabolite exchange across the outer membrane,
without inducing the loss of cytochrome c from the intermembrane space
through the inhibition of VDAC closure. Moreover, when ADP-induced
oxidative phosphorylation is limited by exogenous NADH, recombinant
BCL(X)L sustains outer mitochondrial membrane permeability to ADP
(Vander Heiden et al., 2001).
Interestingly, the cellular responses observed in our study were not reflected
on an increased mitochondrial ATP production after starvation in
overexpressing cell lines. However, we recorded a lower ATP consumption
following the induction of different mitochondrial stresses such oligomycin
and FCCP in BCL2 or BCL(X)L clones.
Both BCL2 and BCL(X)L cells accumulated higher NADH levels and their
NADH production rates after pyruvate addition were slower when compared
to MCF7-pSFFV. We concluded that both BCL2 and BCL(X)L produces
similar level of mitochondrial ATP compared to non-overexpressing cells
using less mitochondrial NADH. Moreover, when the cells were challenged
with starvation, both BCL2 and BCL(X)L overexpressing clones maintained
higher ATP concentration and a slower ATP consumption. This is potentially
linked to the higher NADH levels observed and the increased mitochondrial
capacity. Indeed, higher NADH levels maintain oxidative phosphorylation for
longer times (Stein and Imai, 2012) and high NADH autofluorescence has
been classified as a marker for increased OXPHOS capacity (Bonuccelli et
al., 2017). In addition, cardiac- specific BCL2 overexpression in mice, led to
increased NADH and pyruvate oxidation (Zhu et al., 2001). BCL2
overexpression also reduces the levels of ATP consumption post FCCP
treatment (Imahashi et al., 2004).
The slower ATP consumption recorded in overexpressing cells might
improve their ability to grow under unfavourable conditions. Indeed, we
observed increased clonogenic potential in BCL2 and BCL(X)L
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overexpressing clones when cells were starved or grown in reduced glucose
conditions. Similar results were observed in normal conditions, suggesting
that BCL2 and BCL(X)L sustain slower ATP consumption/production
therefore consuming less nutrients. The increased nutrient availability might
sustain surrounding cell growth increasing tumorigenic potential of BCL2 and
BCL(X)L overexpressing tumours.
Previous results were corroborated through silencing of BCL2 or BCL(X)L.
We found that mitochondrial ATP production, post pyruvate addition in
starving conditions, was decreased. Furthermore, following silencing of BCL2
and BCL(X)L we observed decreased clonogenic potential in MCF7-pSFFV
cells, suggesting that decreased mitochondrial activity and ATP production is
reflected on cellular growth. These results confirm and highlight the activity of
these proteins in ER+ breast cancer cells. In addition we found that BCL2
knockdown destabilized TMRM levels suggesting a potential role in
regulating the proton leak. Nonetheless, no significant change was observed
in MCF7-pSFFV transfected with BCL(X)L siRNA; this might be due to the
efficacy of BCL(X)L siRNA. Further experiments are needed to fully
understand the detailed molecular mechanism employed by these proteins to
regulate mitochondrial metabolism.
Finally, we investigated the role of these proteins during oxygen deprivation
through different approaches. Our results highlighted that both BCL2 and
BCL(X)L overexpressing cells maintain higher ATP levels following sodium
azide treatment. In line with this, it was found that BCL2 overexpression is
able to induce a pro-oxidant state by engaging mitochondrial respiration. In
this study it has been shown that BCL2 cancer cells increased the activity of
cytochrome c oxidase and oxygen consumption (Chen and Pervaiz, 2007).
When oxygen concentration was decreased to 1%, BCL2 and BCL(X)L
registered faster oxygen depletion depending on the substrate used. In order
to maintain ATP production, BCL2 or BCL(X) overexpressing cells consume
more oxygen, potentially through regulation of complex IV, as our data
suggest.
In conclusion, we found that BCL2 or BCL(X)L overexpression in ER+ breast
cancer cells improve cellular bioenergetics. To the extent of our knowledge,
no study has been performed on the function of BCL2 proteins in breast
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cancer metabolism. Our data provide insight on the daily role that BCL2
proteins have on cellular functions. Moreover, the information gathered will
help in understanding the impact that these proteins have on cancer
progression. This is especially relevant in light of the development of new
selective BCL2 inhibitors. As we will further demonstrate in chapter V, BCL2
and BCL(X)L inhibition may be exploited to alter mitochondrial bioenergetics.
Additionally our study could be employed to integrate new data on BCL2
proteins in updated versions of BCL2 system models.

153

CHAPTER V – Results

CHAPTER V
Analysis of the bioenergetic
responses of breast cancer cells
to BCL2 inhibitors
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5.1 Introduction
Cancer cells have a highly versatile metabolism as they can use different
sources to obtain the energy needed. However, it is widely accepted that
glucose plays an important role for cancer progression. Glycolysis, in
addition to function as a rapid source of ATP, has been shown to be involved
in other important metabolic pathways, such as pentose phosphate,
hexosamine and glycogen synthesis (Hay, 2016). Cancer cells increase their
glucose uptake by modulating the expression of HKII, which, in turn,
phosphorylates glucose and blocks its transport to the extracellular
compartment mediated by specific transporters (Mathupala et al., 2001,
Patra et al., 2013). HKII is associated with the mitochondrial outer membrane
through the interaction with VDAC. VDAC transfers the ATP produced by the
mitochondria to HKII to catalyse the glucose phosphorylation reaction
(Mathupala et al., 2006). A second regulation step is the conversion of
phosphoenolpyruvate into pyruvate mediated by pyruvate kinases. In order
to reroute metabolites to different pathways and support cell growth, low
affinity pyruvate kinase M2 isoform are exploited by cancers to decrease this
reaction (Israelsen and Vander Heiden, 2015). In conjunction, pyruvate is
converted to lactate to maintain NAD+ levels. It has also been observed that
acidification of tumour microenvironment by extracellular lactate may
improve tumour invasion (Gatenby et al., 2006).
The observation that cancer cells have altered glucose metabolism has been
further investigated for the development of new anticancer drugs. Among the
agent tested, 2-Deoxy-D-glucose (2DG), a glucose analog in which the 2hydroxyl group has been replaced by hydrogen, has been commonly
employed. HKII phosphorylates 2DG to form 2DG-P, which cannot be
converted in fructose-6-phosphate by phosphohexose isomerase. The
accumulation of 2DG-P leads to HKII inhibition and cytosolic ATP depletion
that ultimately prevent cell cycle and induce apoptosis (Maher et al., 2004
611). Moreover, 2DG induces dissociation of HKII from mitochondria altering
the link between glycolysis and mitochondrial respiration (Lynch et al., 1991).
2DG also acts on protein glycosylation and induces ER stress (Kang and
Hwang, 2006, Kurtoglu et al., 2007). For instance, 2DG causes apoptosis in
155

CHAPTER V – Results

a NOXA-dependent manner by interfering with N-glycosylation and ER stress
in a model of alveolar rhabdomyosarcoma (Ramírez-Peinado et al., 2011).
Furthermore, it has been demonstrated that 2DG sensitises cancer cells to
both chemotherapy and radiation therapy, showing that patients could benefit
from this combination treatment (El Mjiyad et al., 2011).
During glucose starvation or energetic stress, in order to survive, cancer cells
switch to different sources of energy and carbon, through activation of AMPK
signalling (Faubert et al., 2015). An alternative energy provider for cancer
cells is glutamine, which is used to fuel TCA cycle or support nucleotides,
proteins, and lipid synthesis (De Vitto et al., 2016). In order to satisfy their
metabolic requirements and ATP synthesis, cancer cells also finely regulate
lipids through the activation of fatty acid oxidation (Luo et al., 2017).
Metabolic stress may also induce autophagy, a conserved mechanism that
recycles intracellular components, such as misfolded proteins or damaged
organelles, and that has been proven to sustain cancer growth (White,
2015).
The importance of mitochondrial metabolism in cancer has already been
discussed in chapter IV. In addition to this, it’s essential to mention that
mitochondrial dynamics and morphology processes are emerging as new
features of cancer progression. In fact, a link has been established between
mitochondrial fusion/fission and cellular energetic status. Respiratory and
active cells generally display an interconnected mitochondrial network,
whereas during an energy-related stress, cells present a fragmented
mitochondrial network (Benard et al., 2007, De Vos et al., 2005, Legros et
al., 2002, Pletjushkina et al., 2006). Additionally, it has been observed that
cells in the G1/S phase of cellular cycle possess highly interconnected
mitochondria able to provide cells with the adequate amount of energy to
sustain proliferation (Mitra et al., 2009). On the other hand, increased levels
of fission have been observed during mitosis, when the mitochondrial content
has to been equally distributed among daughter cells (Kashatus et al., 2011).
Mitochondrial fragmentation is a feature usually exhibited by cancer cells.
High levels or increased activation of fission-mediator Drp1 were observed in
several cancer types, such as lung (Rehman et al., 2012), breast (Zhao et
al., 2013) and colon cancer (Inoue-Yamauchi and Oda, 2012). Cancer cells
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can adapt to different situation by altering their mitochondrial morphology
status. In HeLa cells, when OXPHOS is activated, mitochondria form an
interconnected network throughout the cell (Rossignol et al., 2004). During
nutrient starvation, a more tubular network can protect mitochondria from
degradation by modulation of Drp1 (Gomes et al., 2011, Rambold et al.,
2011). This relationship between bioenergetics and mitochondrial dynamics
has been proven to be fundamental for cancer progression, especially in
breast cancer. Moreover, it has been demonstrated that metastatic breast
cancer cells displayed fragmented mitochondria, and that fission improved
invasion and migration (Zhao et al., 2013). Furthermore, a different study
associated hypoxic stress to stimulation of mitochondrial fission and Drp1 upregulation in metastatic breast cancer cells (Han et al., 2015).
In the previous chapter, we analysed the contribution of BCL2 and BCL(X)L
in the regulation of metabolism in a breast cancer model. Our results
highlighted that BCL2 and BCL(X)L have a physiological role in the
regulation of cellular bioenergetics and how this is linked to breast cancer
progression. Because BCL2 and BCL(X)L overexpressing cells have a
metabolic advantage compared to empty vector cells and BCL2 and BCL(X)L
gene silencing affect the ability of mitochondria to produce ATP, we next
examined whether BCL2 proteins selective antagonists ABT199 and WEHI539 altered metabolism. Characterisation of MCF7 clones responses to
BCL2 inhibitors were first assessed by MTT and HCS microscopy.
Thereafter, the effect of these drugs on metabolism was explored using the
previously employed mitochondrial ATP FRET probe. In addition, we
analysed the contribution of BCL2 and BCL(X)L and their respective
antagonist on mitochondrial fusion/fission dynamics. Finally, in order to
induce cell death, we investigated the possibility to rewire metabolism by
combining BCL2 inhibitors with glycolysis inhibitor 2DG as a new potential
therapy for both ER+ and TNBC subtypes.
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5.2 Results
5.2.1 BCL2 inhibitors alter mitochondrial activity and decrease
surviving cell levels
The first step was to determine the specificity of BCL2 proteins selective
inhibitors ABT199 and WEHI-539 in MCF7 clones. We used MTT assay to
measure mitochondrial activity and to calculate IC50 values following BCL2
antagonist exposure for 72 hours. As observed in Fig. 5.1A, increasing
concentrations of both drugs decreased mitochondrial activity with a different
slope depending on the cell line. ABT199 showed higher IC50 value in MCF7pSFFV when compared to MCF7-BCL2 or BCL(X)L overexpressing cells
(Fig. 5.1B). Interestingly, MCF7-BCL2 revealed higher IC50 for WEHI-539
when compared to MCF7-pSFFV and MCF7-BCL(X)L cell lines (Fig. 5.1B).

Figure 5.1: Sensitivity of different MCF7 clones to BCL2 and BCL(X)L selective
inhibitors ABT199 and WEHI-539. (A) Mitochondrial activity measured with MTT assay
after 72 hours exposure with increasing concentration of ABT199 or WEHI-539 (from 0.3
to 1000 μM). (B) IC50 values for ABT199 and WEHI-539 in MCF7 clones. Means ± SD
are showed for three independent experiments. Significance was assessed with a twoway ANOVA and Tukey post-test (** indicates a p-value < 0.01 *** indicates a p-value <
0.001).
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We then employed a HCS platform to quantify percentages of surviving cells
using Hoechst/PI double staining 24, 48 and 72 hours post treatments with
different concentrations of BCL2 and BCL(X)L selective antagonists (1, 10,
50 and 100 μM). ABT199 decreased the rates of surviving cells to around
80% when used at a concentration of 10, 50 or 100 μM for 72 hours in
MCF7-pSFFV. On the other hand, same effects were obtained only with 50
and 100 μM of WEHI-539 (Fig. 5.2A). Similar surviving levels were obtained
for BCL2 overexpressing cells; in this case, we recorded decreased surviving
cell numbers using 50 and 100 μM of ABT199 already 48 hours post
treatment (Fig. 5.2B). In MCF7-BCL(X)L cells, only 50 and 100 µM of WEHI539 decreased surviving cells after 72 hours, while no change was detected
in the presence of ABT199 (Fig. 5.2C). In addition, we quantified the total
number of cells present in the wells following BCL2 antagonists treatment.
As shown in Fig. 5.2D, 50 and 100 μM ABT199 exposure for 72 hours
significantly reduced the cell number in all MCF7 clones, while WEHI-539
was effective only in BCL(X)L overexpressing cells. All together these data
suggest that ABT199 and WEHI-539 inhibitors decreased mitochondrial
function independently of BCL2 or BCL(X)L overexpression. Moreover, the
effect observed indicated that these compounds may induce metabolic stress
with a minor effect on cell death.
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Figure 5.2: ABT199 and WEHI-539 treatment decrease both cell survival and
proliferation. (A, B and C) Surviving cell levels after BCL2 or BCL(X)L inhibition. Cells
were treated with 1, 10, 50 and 100 μM ABT199 or WEHI-539, separately, and stained
with Hoechst/PI solution. After 24, 48 and 72 hours treatment, 96 well plates were imaged
on a HCS microscope at 37˚C and 5% CO2. An automated Cell Profiler pipeline was used
to obtain percentage of alive and dead cells. Surviving cells are representative of Hoechst
positive/PI negative nuclei in MC7-pSFFV, MCF7-BCL2 and MCF7-BCL(X)L, respectively.
(D) The total number of cells after 72 hours was quantified with Cell Profiler and plotted to
compare differences in the single clones. Data are expressed as mean ± SD from three
independent experiments. Significance was assessed with a two-way ANOVA and Tukey
post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value
< 0.001). (E and F) Representative images of Hoechst/PI merged channels for ABT199
and WEHI-539 treatments, respectively, in MCF7-pSFFV cell line.
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5.2.2 BCL2 and BCL(X)L selective inhibition alters both mitochondrial
bioenergetics and dynamics
To further explore and validate previous MTT and viability results, we
investigated the ability of BCL2 selective inhibitors to alter mitochondrial ATP
production and mitochondrial membrane potential. MCF7 clones were first
transfected with mitochondrial ATeam construct for 24 hours and loaded with
TMRM. Cells were then placed in KB in the presence of 2 mM pyruvate to
supply mitochondrial respiration. Each inhibitor was separately added to the
medium and mitochondrial ATP and membrane potential responses were
recorded for one hour. Both inhibitors did not induce a drastic change in
mitochondrial ATP production in MCF7 clones (Fig. 5.3A and B). However,
single cell’s FRET/CFP absolute analysis revealed lower values in all cell
lines following both inhibitors, compared to baseline levels (Fig. 5.3 C and E).
Interestingly, we found that TMRM fluorescence intensity increased in MCF7pSFFV and MCF7-BCL2 when treated with ABT199 (Fig. 5.3A and D) and
MCF7-pSFFV and MCF7-BCL(X)L when exposed to WEHI-539 (Fig. 5.3 B
and F). These results indicate an uncoupling effect of BCL2 proteins
inhibitors on mitochondrial ATP synthesis.
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Figure 5.3: BCL2 and BCL(X)L selective inhibition alter mitochondrial ATP
production and membrane potential. (A and B) Representative traces of
mitochondrial ATP and membrane potential in MCF7-pSFFV and MCF7-BCL2
treated with ABT199, and MCF7-pSFFV and MCF7-BCL(X)L treated with WEHI539. FRET/CFP ratio from mitochondrial ATeam probe and TMRM fluorescence
were monitored over time in all MCF7 cell lines. Baseline was recorded for 20
minutes, after which ABT199 or WEHI-539 (1 µM) were added to the medium and
signals recorded for one hour. All data represent mean ± SD from n=3 independent
experiments and both signals are normalised to the baseline levels. (C) The
absolute FRET/CFP ratio was analysed by taking into account the minimal value
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reached by the probe in each cell after ABT199 treatment in MCF7-pSFFV and
MCF7-BCL2. Values were evaluated by two-way ANOVA with Tukey post-test for
multiple comparison (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 and
*** indicates a p-value < 0.001). (D) TMRM intensity values, normalised to the
baseline levels, were analysed by taking into account the maximal value reached
during ABT199 treatments and statistical analysis was performed as described in C.
(E) Absolute FRET/CFP ratio for WEHI-539 treatment in MCF7-pSFFV and MCF7BCL(X)L cell lines. (F) TMRM intensity values normalised to the baseline levels for
WEHI-539 treatment.

BCL2 family members have been previously shown to regulate mitochondria
dynamics; for instance, BAX and BAK control normal fusion in healthy cells
through interaction with the fusion machinery (Cleland et al., 2011,
Karbowski et al., 2006).
To examine whether BCL2 antagonists have an effect on fusion dynamics,
we transfected MCF7 clones with the photo-convertible mitochondrialtargeted probe mitoKaede, which is red-shifted following a brief irradiation in
the area of interest and allows for a mitochondrial detection over time (fig.
5.4A and B), while the rest of mitochondrial population remains unstained.
Fluorescence intensity was followed over a time of 30 min taking images
every 10 sec; a decrease in signal intensity from photo-converted Kaede
protein is due to fusion events. Interestingly, time lapse experiments
revealed that both MCF7-BCL2 and BCL(X)L cell lines possessed increased
rates of mitochondrial fusion when fuelled with pyruvate compared to MCF7pSFFV cells (Fig 5.4 B and C). Moreover, we observed that both
overexpressing cell lines had faster fusion kinetics compared to control cell
line (Fig 5.4D). The addition of 1 µM ABT199 and WEHI-539 to BCL2 or
BCL(X)L overexpressing cells, respectively, inhibited fusion/fission dynamics
(Fig. 5.4C and D).
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Figure 5.4: MCF7-BCL2 and BCL(X)L cell lines possess increased levels of
mitochondrial fusion/fission. (A) Representative images of MCF7-pSFFV cells
expressing mitoKaede fluorescent protein. Positions of Kaede-expressing green
mitochondria were marked on LSM 710 confocal microscope. Sub-areas were
selected and selectively photo-bleached to convert green-to red fluorescent signal.
(B) Time-lapse images of photo-converted mitoKaede in MCF7 clones. Fluorescent
signal was monitored every 10 sec for 30 minutes; a decrease in the fluorescence
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intensity is accountable for mitochondrial dynamics events. For BCL2 inhibitors, cell
were equilibrated in KB buffer with pyruvate and 1µM ABT199 or WEHI-539 added
for one hour. Following treatments, cells were selected and photo conversion of
mitoKaede performed as before. (C) Representative traces for time-lapse
fluorescence intensity in KB with pyruvate. The average signal values from each
photo-converted area were normalised to the baseline. All data represent mean ±
SD from n=3 independent experiments and were analysed by two-way ANOVA with
Tukey post-test (* indicates a p-value < 0.05, ** indicates a p-value < 0.01 and ***
indicates a p-value < 0.001). (D) Slope values were assessed using a nonlinear fit –
straight line function in GraphPad Prism.

5.2.3 Combination of ABT199 and WEHI-539 with 2DG as a potential
treatment for breast cancer
2DG has been investigated in different clinical trials as a single agent.
However, no significant improvements in patients were observed due to high
adaptability of cancer cell to use different energy sources (Bost et al., 2016).
Thus, we aimed to investigate whether the inhibition of mitochondrial activity
with BCL2 proteins inhibitors could be used in combination with glycolysis
inhibition with 2DG to induce cell death and block the proliferation capacity of
breast cancer cells.
First, we performed 6x6 dose matrix assay to test for synergistic activity
between BCL2 inhibitors and 2DG in the MCF7-pSFFV cell line. After 72
hours incubation with increasing concentration of 2DG in combination with
increasing concentration of each inhibitor, mitochondrial activity was
evaluated through MTT assay and data were analysed using Webb fractional
product method to evaluate drugs interaction. We also measured medium pH
through phenol red absorbance. As shown in Fig. 5.5A, higher concentration
of 2DG (10 and 30 mM) increased medium pH to around 7. 10 and 30 mM
2DG with ABT199 or WEHI-539 (0.1 to 10 μM) also maintained the pH at
around 7, indicating that cells started to uptake lactate from the medium.
Lower concentrations of 2DG (0.3 to 3 mM) in combination with BCL2
inhibitors (0.1 to 10 µM) did not change the pH compared to control
conditions (Fig. 5.5A).
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Increasing concentration of 2DG slightly induced an increase in MTT
absorbance; on the other hand, increasing concentration of ABT199 and
WEHI-539 decreased MTT signal (Fig. 5.5B). Of note, higher concentration
of combination treatment (10 and 30 mM in combination with 3 and 10 µM of
each inhibitor) decreased mitochondrial activity down to 30-40% (Fig. 5.5B).
Our results suggested that higher combination treatment with 2DG and BCL2
proteins antagonists may induce metabolic stress possibly inhibiting
glycolytic activity and mitochondrial respiration.

Figure 5.5: Combination treatment of 2DG with WEHI-539 or ABT199 alters pH
levels and mitochondrial activity in MCF7-pSFFV cell line. A 6x6 dose matrix
assay was performed treating MCF7-pSFFV cells with increasing concentration of
2DG in combination with increasing concentration of WEHI-539 or ABT199 for 72
hours. (A) pH measured by phenol red absorbance and represented as a heatmap.
(B) Mitochondrial activity obtained from MTT absorbance. Values represent mean
from n = 3 independent experiments.
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Analysis carried out using the Webb method revealed that both WEHI-539
and ABT199 possessed synergistic activity when used in combination with
2DG at similar concentrations (Fig 5.6A, B and C). In the case of WEHI-539,
lower CI values, indicating synergy, were observed for concentration ranging
from 1 to 10 μM in combination with 0.3 mM 2DG. In addition, synergistic
interactions were observed with 3 and 10 µM WEHI-539 in combination with
10 or 30 mM 2DG (Fig. 5.6A). ABT199 showed synergistic CI values at
higher combination concentration (10 μM ABT199 with 0.3 or 3 µM ABT199
with 10 mM 2DG, Fig. 5.6B). Overall no significant difference was observed
between CI values of WEHI-539 and ABT199 (Fig. 5.6C).

Figure 5.6: Synergy of 2DG in combination with BCL2 or BCL(X)L selective
inhibition in MCF7-pSFFV cell line. MTT data were analysed with Webb’s
fractional product method in order to obtain CI values. A CI value lower than 1
means synergy and CI values > 1 are considered as antagonistic. (A and B) CI
values for 2DG in combination with WEHI-539 or ABT199 respectively. (C) CI
values were analysed with one-way ANOVA with Tukey post-test to test
significance. All experiments were performed in triplicate and results represent
means ± SD.
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The optimal synergistic concentration (3 µM for each selective BCL2 inhibitor
in combination with 10mM 2DG) was subsequently selected to perform
clonogenic survival assay. Treatment of MCF7-pSFFV cells with 10 mM 2DG
alone induced a decrease of 30 to 40% in colonies compared to vehicle
treated cells (Fig. 5.7A and B). On the other hand, treatment with either
WEHI-539 or ABT199 alone did not induce any change in colonies
formations (Fig. 5.7A and B). However, both inhibitors, in combination with
2DG, showed the highest inhibition in colony formation as a decrease to
around 10% of colonies was obtained when compared to vehicle or 2DG
alone (Fig. 5.7A and B).

Figure 5.7: Combination of 2DG and ABT199 or WEHI-539 inhibits clonogenic
potential of MCF7-pSFFV cells. (A) Clonogenic assay of MCF7-pSFFV cells
treated with vehicle, 10 mM 2DG, 3 μM of each inhibitor and combination treatment
of 10mM 2DG with 3 µM of BCL2 or BCL(X)L selective inhibitor. After 24 hours
treatment medium was changed and clonogenic capability assayed after 7 days in
culture. (B) Images were cropped using ImageJ and colonies were counted
automatically with Open CFU software and the change in colony growth was
normalized to vehicle-treated cells. Bars represent means ± SD from three
independent experiments. One-way ANOVA with Tukey post-test was used to
assess significance (* indicated a p-value < 0.05, ** indicates a p-value < 0.01, ***
indicates a p-value < 0.001).
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To better understand the effect of 2DG and BCL2 inhibitors combination
treatments on ATP consumption at single cell level, the cytosolic ATP FRET
probe was used. Stable transfected ATeam MCF7-pSFFV cells, stained with
TMRM, were incubated in KB in the presence of 5 mM glucose. Baseline
measurements were recorded for 20 minutes, after which 5 mM 2DG was
added into the medium and signals were measured for the next 30 minutes.
Subsequently, we added 3 μM ABT199 or WEHI-539 to the medium for 1
hour. Finally, we treated the cells with 10 mM glucose and measured the
signal for the remaining 30 minutes. As show in Fig. 5.8A, treatment with 5
mM 2DG decreased the levels of cytosolic ATP in the cells. This is explained
by the fact that its phosphorylated form inhibits phosphoglucose isomerase
and hexokinase and glycolysis cannot further proceed. Addition of drug
vehicle did not provoke any alteration, while treatment with BCL2 inhibitors
further decreased cytosolic ATP production with different kinetics. We
analysed the FRET/CFP ratio in each cell and observed that treatment with
ABT199 after 2DG addition significantly decreased ATP production when
compared to vehicle (Fig. 5.8B). Similar results, however at a lower extent,
were observed with WEHI-539 treatment (Fig. 5.8B). After 10 mM glucose
addition, cells partially recovered cytosolic ATP production; however, cells
treated with ABT199 possessed significantly lower ATP levels compared to
vehicle or WEHI-539 treated cells (Fig. 5.8B). Slope analysis highlighted
faster ATP consumption rate in the presence of ABT199 compared to the
other treatments (Fig. 5.8C). Nevertheless, no significant differences were
observed in TMRM fluorescence (Fig. 5.8D).
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Figure 5.8: Combination treatment of 2DG and ABT199 or WEHI-539 alters
cytosolic ATP production. (A) Representative traces of cytosolic ATP signal and
mitochondrial membrane potential. FRET/CFP ratio from ATeam probe and TMRM
fluorescence were monitored over time in Stable ATeam MCF7-pSFFV cell lines.
Baseline values were recorded for 20 minutes and 5 mM 2DG was added into the
medium. After 30 minutes treatment, 3 μM of ABT199, WEHI-539 or vehicle was
supplemented for 1 hour. Glucose at a concentration of 10 mM was added for the
last 30 minutes. All data represent mean ± SD from n=3 independent experiments
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and both signals are normalized to the baseline levels. (B) The absolute FRET/CFP
ratio were analysed by taking into account the minimal value reached by the probe
in each cell after single treatments. (C) Slope values were assessed by dividing the
minimal FRET/CFP ratio to the Δtime (time offset – time onset). (D) TMRM intensity
values normalised to the baseline levels from TMRM kinetics were analysed by
taking into account the maximal value reached after each treatment. All values were
analysed by two-way ANOVA with Tukey post-test (* indicates a p-value < 0.05, **
indicates a p-value < 0.01 *** indicates a p-value < 0.001). (E) Representative
images of FRET/CFP ratio for 2DG and vehicle treated MCF7-pSFFV cell line.

We next investigated the effect of combination treatment on cell survival and
proliferation. MCF7-pSFFV and HDQ-P1 cells were treated with two
concentrations (1 µM or 3 μM) of ABT199 or WEHI-539 alone or in
combination with 10 mM 2DG in normal medium or 5 mM 2DG in 5mM
glucose medium. Cells were stained with Hoechst/PI solution and the
number of alive and dead cells was analysed with HCS microscopy after 24,
48 and 72 hours. 2DG alone slightly decreased rates of surviving cells after
72 hours in MCF7-pSFFV cells in both condition (Fig 5.9 A and B). The same
treatment induced lower levels of surviving cells in HDQ-P1 cells after 48
(80%) and 72 hours (60%) in full glucose medium and 5 mM glucose
medium (Fig. 5.9C and D). Treatment with the inhibitors did not produce a
significant effect on cell survival in MCF7-pSFFV. In HDQ-P1, a slight
decrease in surviving cell levels was observed with WEHI-539 alone (Fig. 5.9
C and D). Combination treatment of 10 mM 2DG (in full medium) and 5 mM
2DG (in reduced glucose conditions) with both concentrations of ABT199 or
WEHI-539 significantly reduced surviving cells after 72 hours and also after
48 hours in the case of 3 µM ABT199 (Fig. 5.9 A and B). In HDQ-P1 cells, all
combination treatments were more effective; in fact, a decrease in surviving
cells was observed after 48 and 72 hours (Fig 5.9 C and D). Of note,
combination treatment with both concentration of WEHI-539 significantly
reduced surviving cell levels to around 60% in full medium conditions and
40% in 5 mM glucose conditions after 48 and 72 hours; same treatments
were effective also after 24 hours (Fig 5.9 C and D).
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Figure 5.9: Combination treatment of 2DG with ABT199 or WEHI-539 decrease
cell survival in ER+ and TNBC cells. Cells were treated with different concentration if
ABT199 or WEHI-539 alone or in combination with 2DG (10 mM or 5 mM, for full RPMI
medium and 5 mM glucose medium, respectively) and stained with Hoechst/PI
solution. At the selected time points (24, 48 and 72 hours) cells were imaged on a HCS
microscope. An automated Cell Profiler pipeline was used to quantify alive and dead
cells. (A and B) Surviving cell levels after treatments for MCF7-PSSFV in full glucose
medium (RPMI 1640) or 5 mM glucose medium respectively. (C and D) Surviving cell
levels after treatments for HDQ-P1 cells in full glucose medium (RPMI 1640) or 5 mM
glucose medium, respectively. Bars represent mean ± SD from three independent
experiments. Significance was assessed with a two-way ANOVA and Tukey post-test (*
indicates a p-value < 0.05, ** indicates a p-value < 0.01 *** indicates a p-value <
0.001).
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Finally, we measured the amount of cell number from previous experiments.
We found that for MCF7-pSFFV, combination treatment of 2DG and ABT199
(3 µM) or WEHI-539 (3 μM) significantly decreased the amount of cells after
72 hours compared to vehicle treated cells in full medium conditions.
However, we identified a significant increase in cell number when ABT199
and WEHI-539 single treatments were compared to 2DG single treatment in
full medium condition. Similar results were obtained in the presence of
ABT199 alone in 5mM medium condition (Fig. 5.10A). In the case of HDQP1, we observed that ABT199 alone significantly increase cell amount
compared to vehicle and 2DG treatments. On the other hand, only 1 µM of
WEHI-539 induced similar effect when compared to 2DG (Fig 5.10B).
Combination treatments significantly decreased cell numbers compared to
vehicle, while no considerable difference was observed compared to 2DG
alone. Similar results were obtained when treatments were performed in 5
mM glucose medium, however, none of the treatments induced a significant
decrease in cell number compared to 2DG alone (Fig 5.10B).

173

CHAPTER V – Results

Figure 5.10: Combination treatment of 2DG and BCL2 or BCL(X)L selective inhibition
decrease cell proliferation. (A and B) Cell numbers after 72 hours treatments were
obtained from HCS experiment by considering the total amount of Hoechst positive/PI
positive nuclei in MCF7-pSFFV and HDQ-P1 cell lines, respectively. Bars represent mean ±
SD from three independent experiments. Significance was assessed with a two-way
ANOVA and Tukey post-test. Asterisks were used to compare results to vehicle while hash
marks were used to compare results to 2DG (* indicates a p-value < 0.05, ** indicates a pvalue < 0.01 *** indicates a p-value < 0.001). (C) Representative images of Hoechst/PI
merged channels for all treatments in MCF7-pSFFV and HDQ-P1 cells, respectively.
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5.3 Discussion
In this chapter, we demonstrated that BCL2 inhibitors induce metabolic
stress in breast cancer cells. To the extent of our knowledge, no other
studies investigated, so far, the role of these new agents on mitochondrial
bioenergetics in breast cancer in vitro.
First, we determined the specificity of these inhibitors on MCF7 clones
overexpressing BCL2 or BCL(X)L. Our results highlighted that the effect
observed were independent of BCL2 and BCL(X)L expression status. These
results are in contrast with a previous study that demonstrated a more potent
effect of ABT199 on BCL2-dependent cell line compared to BCL(X)L (Souers
et al., 2013). While we observed a decrease in mitochondrial activity 3 days
post antagonists treatment, same higher concentrations of BCL2 or BCL(X)L
inhibitor did not extensively induced cell death. However, when surviving cell
levels were analysed, ABT199 was more effective on BCL2 overexpressing
cell line and WEHI-539 on BCL(X)L cell line, suggesting that ABT199 and
WEHI-539 at high concentration induced some sort of metabolic stress that
is able to block proliferation and trigger cell death in a subset of cell
population. Low concentration of these inhibitors slightly decreased
mitochondrial activity, but no effects were obtained on cell survival. Indeed, it
was observed that siRNA targeted to BCL(X)L blocked the proliferation of 5FU resistant colon cancer cells (Zhu et al., 2005). BCL2 as well has been
shown to promote proliferation in myocytes. Moreover, both proteins have
been previously related to cell cycle progression (Janumyan et al., 2003,
O'Reilly et al., 1996).
Next, we analysed the effect of both inhibitors on mitochondrial ATP
production and membrane potential. One hour treatment with a low dose of
both drugs induced a slight change in ATP production and altered
significantly the mitochondrial membrane potential in all clones. Indeed, it
has been previously showed that inhibition of BCL2 proteins with ABT737 led
to a decrease in total ATP synthesis in neurons and increased the
membrane leak conductance in submitochondrial vesicles of the inner
membrane (Alavian et al., 2011). Furthermore, it has been described that
ABT263 treatment induces OXPHOS impairment in primary acute
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myelogenous leukaemia (AML) cells and, as a compensation mechanism,
activates a glycolytic response. Moreover, BCL2 inhibition decreases ATP
levels in normal marrow CD34+ cells and mitochondrial oxidation in AML
specimen (Lagadinou et al., 2013). The altered mitochondrial membrane
potential observed could be related to the regulation of proton leak by BCL2
and BCL(X)L proteins. In this context, a work by Chen et al., showed that
treatment with ABT737 induces fluctuation in membrane potential, as
BCL(X)L has a role in stabilising the potential by limiting total ion flux across
the membranes (Chen et al., 2011). Endogenous BCL2 in β-cells regulates
ROS signalling and also reduces the redox sensitive proton leak in the
mitochondria (Aharoni-Simon et al., 2016).
As previously discussed, mitochondrial bioenergetics and dynamics are
tightly interconnected. Thus, it was crucial for this study to measure
fusion/fission events in the different clones. Of note, we observed that BCL2
and BCL(X)L overexpressing cells possessed higher rate of mitochondrial
dynamics. This is in line with previous literature data, in which it has been
observed that BCL(X)L overexpression is able to increase fusion/fission and
biomass in neurons (Berman et al., 2009). Indeed, a direct interaction
between fission regulator Drp1 and BCL(X)L was found (Li et al., 2013).
Strikingly treatment with BCL2 and BCL(X)L selective inhibitors led to
complete inhibition of mitochondrial dynamics in overexpressing cells. A
possible explanation might reside in the increased membrane potential after
treatment with ABT199 and WEHI-539. It has been previously observed that
Drp1-mediated fragmentation can be reversed when the mitochondrial
membrane potential is restored. The same study also pointed out that
membrane potential is needed for the stimulation of fusion (Legros et al.,
2002). Similar results were obtained from another independent study
(Ishihara et al., 2003). Indeed, IMM fusion mediator Opa1 requires the
membrane potential for correct splicing by intermembrane space protease
Yme1L (Song et al., 2007). Our approach highlighted a secondary effect of
ABT199 and WEHI-539 related to mitochondrial metabolism and dynamics.
However, we did not further examine the effect of such inhibitors on different
metabolites or metabolism-related proteins. Next step will in fact require a
detailed analysis at different time-points and concentrations using nuclear
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magnetic resonance or mass spectroscopy. In addition, longer time-lapse
experiments are needed to study how the cells adapt to BCL2 proteins
inhibition.
Because low concentration of the BCL2 inhibitors showed no effect on cell
viability and/or proliferation but altered mitochondrial metabolism and
dynamics, we finally assessed the effects of the combination treatment of the
glycolytic inhibitor 2DG and ABT199 or WEHI-539 on MCF7 cells. Cancer
cells use different pathways and source of energy in order to survive; thus,
our working hypothesis was that dual inhibition of glycolysis and
mitochondrial bioenergetics with 2DG and BCL2 inhibitors, respectively,
could have an effect on cell viability and proliferation. First, we found a
moderate synergy between both ABT199 and WEHI-539 in combination with
2DG. For instance, synergistic interactions triggered metabolic stress, as
observed from mitochondrial activity data and pH measurements. Indeed,
treatments with 2DG and BCL2 inhibitors blocked completely clonogenic
potential of MCF7 cells. Furthermore, cytosolic ATP single cell analysis
confirmed the effect of 2DG as a glycolytic inhibitor and revealed that
addition of ABT199 and WEHI-539 either further reduced or blocked
metabolism. Of note, ABT199 was the most effective in this context.
Ultimately, we investigated the effect of combination treatments on viability
and proliferation. To this aim, we used MCF7 and validated the results on a
TNBC cell line HDQ-P1, that accumulates BCL2 and BCL(X)L at high levels.
After 3 days, combination treatments significantly diminish cell survival and
proliferation independently of the glucose concentration in the medium.
Combination treatments were effective on TNBC cells previously found to be
resistant to genotoxic treatment. These results are in line with previous
studies that explored 2DG treatment in combination with BCL2 inhibition
(Maïga et al., 2013, Yamaguchi et al., 2011). One of these reports
highlighted the ability of 2DG/ABT263 – ABT737 combination to induce
apoptosis in different cancer cell lines and in a xenograft model of prostate
cancer. The mechanism behind this cell death induction involved the
disruption of the BAK-MCL1 complex and BAK-BCL(X)L by 2DG and ABT
treatments, respectively (Yamaguchi et al., 2011). A more recent study
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evaluated the efficacy of 2DG-ABT199 combination to eliminate myeloma
cells (Maïga et al., 2013).
Further research is needed to evaluate the efficacy of metabolism rewiring
with 2DG and BCL2 inhibitors in vivo using patient derived xenograft (PDX)
models. In order to test whether cells respond differently based on their
position in tumour mass, it could be interesting the investigation of the
combination treatments on a spheroid model. Moreover, as cancer cells
might respond differently to normoxia, experiments carried out in this work
could be also performed in hypoxic conditions. The exact molecular
mechanism behind the interaction of 2DG with BCL2 inhibition is still
unknown. Detailed metabolic analysis is needed to better understand the
effect of these drugs and to potentially use this information for mathematical
modelling, such as DR_MOMP or a model of cellular metabolism.
In conclusion, our study demonstrated that 2DG can be successfully used in
combination with BCL2 inhibitors as a potential treatment for ER+ breast
cancer and for TNBC, that express both BCL(X)L and BCL2 at high levels.
This could be of a potential interest for the development of new approaches
that can rewire metabolism and cell death at the same time to treat cancer
therapy resistant patients.
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6.1 General discussion
Recent development of DNA sequencing techniques has allowed
researchers to further explore the impact of different genes on cancer
progression. The classification of these gene expression patterns, using
specific algorithms, has been exploited as a prognostic tool, especially in
breast cancer (Dai et al., 2015). The data obtained are then compared to
overall and relapse-free survival in a subset of patients that has been
subjected to treatment. However, molecular classification is not always
exact; as previously explained in chapter I, there is a high degree of overlap
among breast cancer molecular features. For example, TNBCs encompass
other molecular subtypes of breast cancer such as the claudin-low tumors,
which contain cells with similar properties to stem cells, and the interferonrich subgroup (Foulkes et al., 2010).
Several techniques, such as immunohistochemistry and nucleic acid in situ
hybridization, have been employed and are currently used by clinicians to
classify breast cancer into different subtypes. Gene expression markers have
also been tested for their relevance; nonetheless, a considerable number of
them have failed the clinical translation (Pusztai et al., 2006).
In recent years, many efforts have been made to identify patients with good
outcome from patients with high risk of relapse and poor response to
treatment. Especially in breast cancer, good rates of responses are achieved
in Luminal A patient (Fan et al., 2006, Parker et al., 2009). Thus, improved
tools based on biomarkers discovery are needed to obtain not only a better
patient stratification but also therapeutic predictions. This knowledge has
contributed to developments in the field of personalised medicine. In order to
obtain a greater effect with less toxicity, the specific molecular and genetic
profile of the patient is also implemented.
Clinical variables, such as grade, tumour staging and size, receptor status
and lymph node involvement, have been included in predictive models.
Three examples are represented by the Nottingham Prognostic Index, the
Adjuvant! Online and the nomogram approach of the MD Anderson Cancer
Centre (D'Eredita et al., 2001, Olivotto et al., 2005, Rouzier et al., 2005).
However, recent reports compared and highlighted the predictive limitations
180

CHAPTER VI – Discussion

of such approaches, related to age or specific population subsets (Hearne et
al., 2015, Lambertini et al., 2016, Quintyne et al., 2013, Rejali et al., 2015).
Another tool, named Oncotype DX™, has been developed to assess the
potential benefit of chemotherapy or hormone therapy alone in ER+ breast
cancer patients. This test is based on measurements of the ER and
downstream ER-regulated genes through reverse transcriptase-polymerase
chain reaction (Paik et al., 2004).
The majority of these approaches take into account cancer specific gene
expression profiles to cluster different subtypes and make predictions.
However, clustering methods are not always precise and many other
variables have an impact on predictions (Pusztai et al., 2006).
As discussed in this thesis, the ultimate goal of cancer therapy is not only to
block cancer growth, but also to induce cell death through activation of
apoptosis. The different drugs, utilised nowadays at clinical level, have
different targets. The main outcome of cell death is the induction of MOMP
and caspase activation which are mainly regulated by mitochondrial BCL2
proteins. In this work, we showed how TNBC cells have a heterogeneous
BCL2 profile and how BCL(X)L protein levels are a potential biomarker for
therapeutic outcome. We further highlighted that selective BCL2 or BCL(X)L
protein inhibition may be successfully used to increase therapeutic efficacy.
In addition, our system biology approach accurately predicted cell viability
following genotoxic stress induction.
6.2 The relevance of BCL2 proteins as potential biomarkers in breast
cancer
Tumours often present BCL2 gene amplification and this relates itself to
increased protein levels (Yip and Reed, 2008).
An early study, demonstrated that BCL2, BCL(X)L, MCL1, BAX and BAK are
generally expressed in the majority of breast cancer specimens (Rochaix et
al., 1999). In this context, a high apoptotic index correlated with high tumour
grade, BAK expression and low BCL2 levels (Rochaix et al., 1999). A second
study showed that BCL2 is a powerful prognostic factor independent of other
clinical features (Hwang et al., 2012). Most of these reports employed
immunohistochemistry to detect protein levels. Given the importance of the
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actual function of these proteins in regulating MOMP, we also focused on the
BCL2 protein profile. Similar to previous study mentioned before and the
work carried out in our laboratory (Lindner et al., 2013), TNBC cell lines also
displayed higher BAK and BAX levels. Furthermore, we found that these cell
lines also showed a dependence on BCL2 and BCL(X)L proteins (chapter
III). The different drug responses and different BCL2 levels among the panel
of the TNBC cell lines also confirmed the high heterogeneity that
characterises breast cancer. Our data showed that at low drug concentration,
sole inhibition of BCL2 anti-apoptotic proteins is well tollerated. All these data
can be adapted to the emerging theory of mitochondrial priming, described
as the ability of the mitochondria to actively engage the apoptotic pathway
(Sarosiek et al., 2013). This property is inversely correlated with resistance to
chemotherapy and can be enhanced with the alteration of BCL2 protein
levels or through BH3 peptides or BH3 mimetics (Certo et al., 2006). Primed
cancer cells accumulate BCL2 family members at different rates without
necessarily inducing MOMP. Therefore, this cellular population would require
less chemotherapy to bypass the threshold in which MOMP is activated
(Chonghaile et al., 2011). On the other hand, non-primed cancer cells are
resistant to chemotherapy and require anti-apoptotic function for survival.
These cells possess a higher priming threshold and BH3 mimetics may be
used to block the action of the anti-apoptotic members. Once a sufficient
amount of stress is applied to induce MOMP, the execution of apoptosis may
depend on the expression levels of subsequent pro-apoptotic members and
potentially on bioenergetics parameters involved in this downstream process.
Indeed, we demonstrated that a lower PA/AA ratio correlated with increased
resistance to cisplatin treatment, while a higher ratio correlated with
sensitivity to treatment. This result suggests that cells with lower antiapoptotic proteins versus pro-apoptotic members are closer to the threshold
of MOMP. As reviewed by Letai, cells that possess decreased levels of antiapoptotic proteins are relatively close to the MOMP induction “edge” (Letai,
2015). Thus, upon induction of cytotoxic stress, these cells would effectively
engage the intrinsic pathway, while resistant cells would require a higher
drug concentration to activate MOMP.
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Despite the fact that several studies have employed the BCL2 gene
expression levels to assess therapy responses (Fan et al., 2006, Parker et
al., 2009, Placzek et al., 2010, Punnoose et al., 2016), our study and others
highlight that the functional characterisation of BCL2 protein levels is a better
tool to study the contribution of the intrinsic apoptotic pathway on therapy
resistance. Nonetheless, we found that BCL(X)L and BAX protein levels are
better therapy outcome predictor. Previous studies found that BCL2 is an
independent prognostic marker for the outcome of anthracycline-based
chemotherapy (Abdel-Fatah et al., 2013, Bouchalova et al., 2015).
Additionally, as previously discussed in chapter III, also MCL1 has been
found to be essential for TNBC survival (Goodwin et al., 2015). Our BCL2
profiling detected low expression levels of MCL1 across the panel when
compared to BCL2 or BCL(X)L. Indeed, MCL1 has been shown to be have a
higher protein turnover while BCL(X)L possess increased stability
(Rooswinkel et al., 2014). Furthermore, BCL(X)L is more potent in protecting
the cells against genotoxic stress when compared to BCL2 or MCL1 (Chen
et al., 2015a). Another explanation could be found in the role that BCL2 and
BCL(X)L have shown in breast cancer metabolism (chapter IV and V). In this
context, it has been previously highlighted that bioenergetic alterations lead
to cancer drug resistance (Rahman and Hasan, 2015).
6.3 DR_MOMP: a system biology tool for personalised medicine
Early studies performed through system biology simulations of the BCL2
interaction network have shown the power of mathematical modelling (Chen
et al., 2007, Tokar et al., 2013). A first approach used ODE to assess the
sensitivity of the direct and indirect model in the intrinsic apoptotic pathway
during variations of internal parameters, including protein concentrations and
association/dissociation constants. The results revealed that the direct model
is more sensitive than the indirect model (Chen et al., 2007). However, in this
approach, all the anti-apoptotic proteins were designated as BCL2 and the
different affinities were taken into account (Chen et al., 2007). A second
approach, based on Boolean vectors, calculated that the majority of the
expression vectors cause a series of states in which BAX/BAK activation is
avoided. Once anti-apoptotic members levels are higher than BH3 only
183

CHAPTER VI – Discussion

proteins, the regulation of proteins in the BCL2 family is altered (Tokar et al.,
2013). Nonetheless, in this work BH3-only mediated activation of BAX/BAK
is not included. Additionally, all these models do not consider the actual
BCL2 protein profiling present in the cells and they are more descriptive
rather than predicting the functional role of these proteins. Indeed, our model
performed well in the prediction of biological data and drug responses.
In order to adapt previous mitochondrial priming theory, higher DR_MOMP
values correspond to unprimed cellular status, and hence to increased
resistance to treatment.

Figure 6.1: Relationship between DR_MOMP and mitochondrial priming. A
higher DR_MOMP stress dose correlates with unprimed status of cancer cells,
suggesting that a higher chemotherapeutic drug concentration to overpass MOMP
activation threshold is needed.

Techniques, such as BH3 profiling and dynamic BH3 profiling have been
used to predict therapy responses in leukaemia models (Montero et al.,
2015, Vo et al., 2012, Vo et al., 2011). These methods measure
mitochondrial membrane potential depolarisation, as a marker for MOMP,
following different BH3 peptides addition. In order to perform this assay, live
cells are needed and, hence, its applicability to cancer patients might be
more difficult, given that the tumour cell suspension has to be isolated and
obtained from biopsy. In detail, our approach measures the in silico
concentration of BH3 only proteins needed to activate MOMP, based on the
BCL2 profiling. Therefore, in order to perform the quantitative analysis, this
method only requires a small amount of tumour tissue. Patient samples can
be snap frozen and analysed further on. In addition, our mathematical model
enables the fine tuning of certain parameters according to different situation
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and/or mutation that each single patient might show. As the data on BCL2
biology increase, it is possible to modify the model at later stages in order to
include new information and expand DR_MOMP model. Indeed, DR_MOMP
outperformed BH3 profiling in predicting chemotherapy output in TNBC
(chapter III). This might be due to the fact that peptides from single BH3 only
proteins are added to obtain BCL2 proteins dependency. In order to better
capture the BCL2 network complexity, it would be of an interest to investigate
how the BH3 profiling performs after the addition of combined peptides, as
genotoxic chemotherapy might act on several pro- and anti-apoptotic
members.
A second advantage of our approach resides on the possibility to use
Formalin-fixed, Paraffin-embedded material (largely employed in the routine
diagnostics and histopathology setting) to perform the profiling and feed the
data into the model. We used quantitative Western blotting over other
techniques, such as ELISA, as it allows us to measure the trace of the
specific protein band of interest and minimise the error, due to unspecific
antibody binding. In addition, we previously showed that RPPA may be also
successfully performed to assess protein levels among a large amount of
samples (Lindner et al., 2016). Previous studies developed methods to
detect BCL2 members by flow cytometry, however, most system models
works only with quantitative data. With the development of single cell
techniques, including single cell western blotting, it is possible to better
understand tumour heterogeneity. The BCL2 profile can vary among cancer
subpopulations. Our computational approach may be employed to identify
those cells resistant to genotoxic stress, which ultimately drive cancer
progression during treatment, improving DR_MOMP precision in delivering
predictions.
The next step would involve the validation of our system approach on PDX
models. This is crucial for the translation of this model into the clinic and to
enable population studies. DR_MOMP may facilitate the prediction of the
optimal dose of chemotherapy that preserves healthy and normal tissue
while killing cancer cells. DR_MOMP may also predict which patients benefit
from the addition of BH3-mimetics that are currently preclinically and
clinically tested and predict the most suitable co-treatment, both in terms of
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type and concentration. For this reason, further analysis of the TNBC patient
cohort is required to evaluate the prognostic power of DR_MOMP in the
clinical setting. Correlation of DR_MOMP and analysis of the BCL2 profile
with other factors may help develop a more complete understanding of
breast cancer biology. Indeed, as previously observed in colon cancer
(Lindner et al., 2016), DR_MOMP has the potential to be employed with
established genetic signatures, to improve patient characterisation.
To improve the model performance and account for drug bio-availability,
additional studies are required to include pharmacokinetics and
pharmacodynamics data on BCL2 selective inhibitors. Furthermore, a BCL2
systems approach may assist, as an in silico tool, in future phase II and III
clinical trials.
6.4 BCL2 proteins as metabolism regulators
More than 3 decades ago, the discovery of BCL2 revolutionised the cancer
biology and many other fields. Since then, a significant amount of discoveries
have been made in the characterisation of this family of proteins. Nowadays,
we are beginning to understand the role of these proteins in the daily
regulation of different cellular functions. In this work, we presented the
function of two anti-apoptotic proteins, BCL2 and BCL(X)L, in the regulation
of breast cancer metabolism (chapter IV). This emerging cancer hallmark is
currently being exploited to develop new strategies for cancer therapy.
In this thesis, we studied the effect of BCL2, BCL(X)L and MCL1 selective
inhibitors in the sensitisation of TNBC to cell death. We observed that WEHI539 (BCL(X)L selective inhibitor) possessed higher synergistic effect in
combination with cisplatin (chapter III). Also ABT199 (BCL2 selective
inhibitor) showed synergy with cisplatin, whereas, A-1210477 (MCL1
inhibitor) did not synergise with cisplatin. Indeed, MCL1 accumulated at very
low levels in TNBC, compared to BCL2 and BCL(X)L (chapter III). These
results confirm that TNBC mainly rely on BCL(X)L and BCL2. For this
reason, we further analysed the role of these proteins in other pathways such
as metabolism.
We observed that breast cancer cells with BCL2 or BCL(X)L overexpression
have increased mitochondrial capacity compared to empty vector cells. In
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addition, we found that both overexpressing cells produce similar levels of
mitochondrial ATP when compared to empty vector cells, through the
production of lower amounts of mitochondrial NADH. Indeed, these cells
recorded higher baseline NADH autofluorescence. In addition, TMRM
baseline fluorescence was lower in overexpressing clones with minor
changes in both cytosolic and mitochondrial ATP levels. These findings were
reflected in the ability of BCL2 and BCL(X)L cells to maintain higher ATP
levels during starving conditions. It has been previously shown that BCL(X)L
containing mitochondria respond to growth factor withdrawal and metabolic
changes through the reduction of mitochondrial membrane potential while
preserving oxidative phosphorylation (Vander Heiden et al., 1997). The
ability of BCL2 and BCL(X)L to regulate the electrical gradient in
mitochondria could be connected to the pore formation properties of BCL2
family or their binding to channel proteins, as discussed in chapter IV.
Indeed, channel mediators, including ANT, assist VDAC in the modulation of
matrix adenine content and OXPHOS (Adams et al., 1991). Furthermore,
BCL2 has also been found at the contact site between the IMM and OMM,
where it may regulate the permeability of membranes (de Jong et al., 1994).
We observed that BCL2 and BCL(X)L overexpressing cells possess
increased rates of mitochondrial dynamics. This might contribute not only to
maintaining a healthy mitochondrial population but also to preserving ATP
levels and improved bioenergetics status of cells. The bioenergetic
responses observed, and the ability of BCL2 and BCL(X)L clones to preserve
ATP during starvation, might be related to improved mitochondrial dynamics.
Indeed, it has been shown that elongated mitochondria are spared from
autophagic degradation and maintained ATP levels. Moreover, if this process
is blocked, cells consume more cytosolic ATP and die from starvation
(Gomes et al., 2011). Altered mitochondrial dynamics often lead to unfolded
cristae and disassembled ETC complexes (Cogliati et al., 2016). Mutation in
IMM fusion mediator OPA1 retains defects in OXPHOS function and cristae
structure (Agier et al., 2012). In this context, the number and the morphology
status of mitochondria are connected to the energetic requirements of cells
(Murphy et al., 2005). Furthermore, it has been observed that DRP1
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mediated fission regulate mitochondrial content at the leading edges of
breast cancer cells, improving migration (Zhao et al., 2013).
Nonetheless, it is not yet clear the dynamic interplay between mitochondrial
dynamics and OXPHOS. It is plausible to hypothesise that the effects
observed when the overexpressing cells were subjected to oligomycin,
FCCP and sodium azide are a consequence of improved mitochondrial
dynamics. Of note, mitochondrial dynamics are regulated by the membrane
potential across the IMM (Ishihara et al., 2003). BCL2 and BCL(X)L
overexpression regulation of proton leak conductance might also be a
possible explanation for improved fusion/fission. Further studies are required
to observe how the bioenergetics status changes in relationship to the
overexpression of both BCL2 and BCL(X)L at higher levels. In order to
analyse the impact of these proteins in breast cancer progression, additional
experiments on the nutrient consumption capacity/uptake of MCF7-BCL2
and BCL(X)L overexpressing cells are needed.
Finally, our study suggests that breast cancer cells with BCL2 and BCL(X)L
overexpression not only have increased cell death protection but also
improved mitochondrial metabolism. The data presented in this thesis might
contribute to better define the priming effect (Fig. 6.2).

Figure 6.2: Improved priming definition. Unprimed cancer cell, which accumulate
higher levels of anti-apoptotic proteins, might also have improved metabolism,
which can contribute to increased therapy resistance.
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6.5 Dual function of BCL2 inhibitors
The previously described data on BCL2 and BCL(X)L regulation of
bioenergetics responses, led us to further analyse the secondary effects that
these inhibitors exact upon energy production (chapter V).
Our study highlights the ability of BCL2 and BCL(X)L selective inhibitors to
alter not only mitochondrial metabolism, but also mitochondrial dynamics. In
line with this it has been previously observed that a MCL1 selective inhibitor
induces DRP-1-mediated fission (Milani et al., 2017), confirming the role for
BCL2 proteins in mediating mitochondrial dynamics.
First, we observed that BCL2 inhibitors decreased mitochondrial activity;
however, these results did not correlated with cell survival data, suggesting a
potential action of these compounds in altering energy production. Indeed,
both inhibitors significantly increased the levels of mitochondrial membrane
potential, slightly decrease mitochondrial ATP production and completely
block mitochondrial dynamics. Increase in membrane potential has also been
reported following apoptosis initiation. Nonetheless, no cell death was
recorded post ABT199 or WEHI-539 treatment (1 µM). Additionally, it has
been observed that decreased ATP synthesis and increased ROS
generation are obtained following subtle changes in membrane potential
(Korshunov et al., 1997). Since all these processes are tightly connected, it is
yet unknown if the results observed are a consequence of the inhibition of
one process or the other. However, it has been observed that inhibition of
mitochondrial dynamics potentially blocks OXPHOS activity redirecting all
energy production through glycolysis. Increased mitochondrial fission
induces oxidative stress and a shift towards the glycolytic pathway cancerassociated myofibroblasts (Guido et al., 2012). Moreover, it has been shown
that fusion disruption leads to mitochondrial membrane potential
heterogeneity and decreased cellular respiration (Chen et al., 2005a).
As both BCL2 and BCL(X)L proteins were found to positively regulate
metabolism, it is plausible to affirm that inhibitors of BCL2 proteins have
similar effects on bioenergetic responses. As previously mentioned, BCL(X)L
is essential for platelet survival (Wagner et al., 2000); hence to avoid side
effects, BCL2 selective antagonists might represent a better option for most
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of the patients. Indeed, in order to identify patients that will respond better to
one inhibitor or the other, tools such as DR_MOMP are needed. Of note, the
effect of BCL2 inhibition alone at a lower concentration and for longer
incubation time has to be considered for further analysis. Besides, in our
study we have not focused on the regulation of calcium dynamics by BCL2
proteins. It has been previously shown that BCL2/BCL(X)L inhibition with
ABT263 causes a depletion of intracellular calcium in platelets
(Schoenwaelder and Jackson, 2012, Vogler et al., 2011). As calcium
dynamics and mitochondrial energy production are tightly regulated (Griffiths
and Rutter, 2009), it would be of interest to study the effect of BCL2 inhibitors
on both phenomena.
6.6 BCL2 and BCL(X)L inhibition in combination with 2DG as a potential
new therapy for breast cancer
In this thesis, we also proved that the combination treatment of BCL2
inhibitors with the glycolytic inhibitor 2DG, may be employed to target breast
cancer cells (chapter V). A previous study highlighted the synergistic effect of
2DG with mitochondria targeted drugs in a xenograft model of breast cancer
(Cheng et al., 2012). Specifically, it has been also demonstrated how
ABT263 increases sensitivity to 2DG and metformin in a model of paediatric
high grade glioma (Levesley et al., 2013).
Glycolytic inhibitors 2DG, has been tested in a variety of clinical trials, alone
or in combination with chemotherapy (Goldberg et al., 2012, Raez et al.,
2005, Sborov et al., 2015). It has been shown that 2DG is well tolerated up to
a concentration of 200 mg/kg followed by whole brain irradiation (Mohanti et
al., 1996) or in combination with docetaxel in several solid tumour patients
(Raez et al., 2005).
Our data confirmed the synergy between BCL2 selective inhibitors ABT199
and WEHI-539 with 2DG. Combination treatment not only induced cell death
but also blocked clonogenic potential of breast cancer cells, possibly due to
the glycolytic inhibition of 2DG in combination with the altered OXPHOS and
mitochondrial dynamics induced by BCL2 inhibitors. Furthermore, the
induction of mitochondrial priming of ABT199 and WEHI-539 also needs to
be accounted for.
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Further studies on the effect of 2DG on BCL2 proteins are required to better
understand the molecular mechanism of combination treatments.
Additionally, the efficacy of BCL2 inhibitors in combination with 2DG on PDX
models needs to be assessed.
6.7 Single cell microscopy in the study of energy production dynamics
In order to obtain the kinetics of ATP production/consumption (chapter IV),
we employed a time-lapse microscopy approach and coupled the
measurement of an ATP sensitive FRET probe to mitochondrial membrane
potential. This approach enables high resolution quantification of
bioenergetics responses at a single cell levels. The main advantage of this
technique is the temporal dimension, which is usually lost or greatly
expanded in other methods. Other techniques, such as CellTiter-Glo® assay
(Promega), allow the quantification of ATP through luminescence. However,
cell lysis is required, and the assay is performed on the entire cellular
population. The increased resolution of the single cell level is lost and subtle
changes are usually not detected through this method. Additionally, specific
conditions and great attention are needed to avoid sample degradation.
Nonetheless, this assay is quantitative when appropriate standard curves are
measured at the same time. Future work will involve the calibration of the
ATeam FRET probe through measurement of FRET/CFP ratio under
different ATP concentrations from purified ATeam protein. This will allow the
quantification of actual ATP concentration during each experiment.
Luciferase based methods are also utilised to measure ATP in living cells.
However, longer exposure times are required to overcome low luminescence
signal. This may cause phototoxicity and limits the temporal resolution used
(Rajendran et al., 2016). A series of other obstacles interfere with luciferase,
including the temperature used, pH, inhibition caused by several anions and
high salt concentrations (Praetorius and Leipziger, 2009).
The high specificity of ATeam towards ATP and the increased dynamic
range of FRET signal, due to the large conformational change obtained upon
ATP binding, ensures faster exposure times and decreased phototoxicity
(Imamura et al., 2009).
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NMR detects, with high precision, different chemical species at the same
time and is highly applied to the field of metabolomics (Larive et al., 2015).
Again, this method is not applicable to measure dynamics in live cells and
sample preparation must be accurate. Future work will include NMR
measurement on MCF7 clones under different conditions to obtain an
overview of the metabolites produced.
Another advantage of this probe is the possibility to measure organellespecific ATP levels, as we have demonstrated through the employment of
the mitoATeam probe (chapter IV). Moreover, this fluorescent-based
approach may be applied to plate-reader fluorometry. With the increased
resolution of modern plate readers, it is possible to analyse ATP kinetics on
the entire cellular population.
A piece of equipment which has recently been exploited in the metabolism
field is the Seahorse extracellular flux (XF) analyser (Seahorse Bioscience).
This system measures glycolysis and oxidative phosphorylation (oxygen
consumption) through a sensor cartridge. This last piece acts as a piston to
mix the reagents or drugs used, and measure the different parameters.
OXPHOS is usually measured with the subsequent addition of the different
complex inhibitors. Nonetheless, the Seahorse has some limitations (Horan
et al., 2012). Each drug concentration has to be optimal in order to assess
mitochondrial function since elevated concentration of FCCP or oligomycin
can induce mitochondrial swelling. Another advantage of our approach is the
possibility to multiplex FRET imaging to TMRM fluorescence measurement
to simultaneously assess mitochondrial function. In order to obtain
reproducible results through the Seahorse, the optimisation of the cell
number is needed; errors due to cell counting or pipetting might introduce
variability to the data obtained. Indeed, single cell measurement not only
overcome this limitation but also allows the heterogeneity of a cancer
population to be better captured, as some cells may respond completely
different from others. In this context, the approach we used for oxygen
measurement might greatly benefit the field of metabolism. The nanoprobe
we employed allows the measurement of oxygen with great precision and
without the need of specialised equipment such as the Seahorse. In order to
avoid cell counting errors we used Hoechst to monitor cell proliferation.
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A pitfall of every imaging approach is the type of analysis performed. In order
to exclude background noise or signal crossover from other probes or
fluorescent proteins, great attention is required. Also, the approach used in
this work is not high throughput. Further studies may be performed through
HCS microscopy; this will allow not only to test a large amount of conditions
but also to expand the time frame for each experiment.
6.8 Conclusions and future perspectives
Using quantitative biochemistry, systems biology, pharmacological and
single-cell imaging approaches, we characterised the role of BCL2 proteins
in the regulation of different cellular aspects of breast cancer. As cancer
patients often co-express BCL(X)L and BCL2 at high levels our work suggest
that:
Chapter III


BCL(X)L is a good prognostic biomarker for therapy responses in
TNBC;



DR_MOMP is a better predictor for cancer cell chemotherapeutic
responses than single or combined protein concentrations;



BCL2 proteins inhibition is a suitable approach to sensitise TNBC to
chemotherapy;



DR_MOMP predicts BCL2 inhibition responses in TNBC.

Chapter IV


BCL2 and BCL(X)L maintain higher ATP levels following treatments
with a variety of OXPHOS inhibitors;



BCL2 and BCL(X)L overexpression sustain ATP production during
starvation in ER+ breast cancer cells;



BCL2 and BCL(X)L overexpressing cells possess higher clonogenic
capacity;



BCL2 and BCL(X)L regulate mitochondrial metabolism during hypoxia.
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Chapter V


BCL2 and BCL(X)L selective inhibition decrease mitochondrial
metabolism;



BCL2 and BCL(X)L overexpression revealed increased fusion/fission
dynamics;



BCL2 or BCL(X)L inhibition blocks mitochondrial dynamics;



Glycolysis inhibition with 2DG in combination with BCL2 or BCL(X)L
inhibition is a potential treatment for ER+ and TNBC.

However, several questions remain unanswered. Future studies are required
to:


Study DR_MOMP prognostic value in breast cancer patients;



Analyse BCL2 profile under hypoxic conditions or in spheroids model;



Investigate the genetic basis of mitochondrial priming and the factors
that regulates BCL2 expression in breast cancer;



Examine the relationship between BCL2 proteins, calcium regulation
and mitochondrial metabolism/dynamics;



Exploit the effect of BCL2 inhibitors in hypoxic conditions;



Include further roles of BCL2 proteins in future versions of
DR_MOMP.

Through these avenues, we aim to build the first generation of stratification
tools based on BCL2 proteins that will help the treatments of breast cancer
patients.
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ABSTRACT
Triple negative breast cancer (TNBC) is an aggressive form of breast cancer which
accounts for 15-20% of this disease and is currently treated with genotoxic
chemotherapy. The BCL2 (B-cell lymphoma 2) family of proteins controls the
process of Mitochondrial Outer Membrane Permeabilization (MOMP), which is
required for the activation of the mitochondrial apoptosis pathway in response to
genotoxic agents. We previously developed a deterministic systems model of BCL2
protein interactions, DR_MOMP that calculates the sensitivity of cells to undergo
mitochondrial apoptosis. Here we determined whether DR_MOMP predicts
responses of TNBC cells to genotoxic agents and the re-sensitization of resistant
cells by BCL2 inhibitors. Using absolute protein levels of BAX, BAK, BCL2,
BCL(X)L and MCL1 as input for DR_MOMP, we found a strong correlation
between model predictions and responses of a panel of TNBC cells to 24 and 48 h
cisplatin (R2 = 0.96 and 0.95, respectively) and paclitaxel treatments (R2 = 0.94 and
0.95, respectively). This outperformed single protein correlations (best performer
BCL(X)L with R2 of 0.69 and 0.50 for cisplatin and paclitaxel treatments,
respectively) and BCL2 proteins ratio (R2 of 0.50 for cisplatin and 0.49 for
paclitaxel). Next we performed synergy studies using the BCL2 selective antagonist
Venetoclax /ABT199, the BCL(X)L selective antagonist WEHI-539, or the MCL1
selective antagonist A-1210477 in combination with cisplatin. In silico predictions
by DR_MOMP revealed substantial differences in treatment responses of BCL(X)L,
BCL2 or MCL1 inhibitors combinations with cisplatin that were successfully
validated in cell lines. Our findings provide evidence that DR_MOMP predicts
responses of TNBC cells to genotoxic therapy, and can aid in the choice of the
optimal BCL2 protein antagonist for combination treatments of resistant cells.
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INTRODUCTION
Breast cancer is a heterogeneous disease in which gene expression features and
molecular classification has successfully helped in defining individualised therapies,
leading to significant improvements in disease-specific survival (1, 2). Triple
negative breast cancer (TNBC), a subset of breast cancer, is defined by the loss of
estrogen receptor (ER), progesterone receptor (PgR), human epidermal growth factor
receptor type 2 (HER2) expression and the presence of basal-like markers (3).
Treatment of this cancer is very challenging as responses are often poor and targeted
therapies do not yet exist. Standard chemotherapeutic regimens for TNBC include
drugs that induce DNA damage and elicit DNA repair mechanisms such as cisplatin
and

anthracyclines,

microtubule

stabilizing

drugs

such

as

taxanes,

and

antimetabolites such as 5-fluorouracil (4, 5). Patients with TNBC show variable
responses to genotoxic chemotherapy (1, 6, 7). Therefore there is a significant need
to identify molecular biomarkers that predict patient responses to genotoxic
chemotherapy, and to identify new suitable targeted therapies and associated patient
stratification tools.
Genotoxic chemotherapy induces apoptosis in cancer cells. The BCL2 family of
proteins are main regulators of the mitochondrial apoptosis pathway (8). To date
three different subfamilies have been identified based on structural and functional
studies: the anti-apoptotic BCL2 subfamily, the pro-apoptotic BAX-like subfamily,
and the pro-apoptotic BH3-only protein subfamily. BH3-only proteins are apoptosis
initiators that are induced transcriptionally or activated post-translationally upon
cytotoxic stress. BH3-only proteins either directly activate BAX and BAK, or inhibit
the anti-apoptotic BCL2 proteins from binding their pro-apoptotic partners (9). Upon
activation BAX and BAK form pore structures in the mitochondrial outer membrane
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to release cytochrome-c and activate the apoptosome (10). Additionally, BCL2
proteins have a physiological role in the regulation of mitochondrial bioenergetics
and fusion/fission events (11).
Given the central role of BCL2 family protein in tumour progression and therapy
responses, several studies focused on their role as prognostic biomarkers in breast
cancer (12). Around 85% of ER positive breast cancer overexpress BCL2. In this
subtype, high BCL2 levels are interestingly a prognostic marker for favourable
outcome (13). In TNBC, a co-amplification of MCL1 was found in 80% of cases
harbouring MYC amplification (14). BCL2 was found to be an independent
prognostic marker and to predict response to anthracycline combination
chemotherapy in TNBC (15). Furthermore, BCL(X)L has been described as a main
driver in preventing cell death particularly in mesenchymal breast cancer cells (16).
Due to the complexity and functional redundancies of the BCL2 interaction network,
predictions of therapy responses based on single BCL2 protein expression levels are
prone to be difficult. To address this shortfall, our group developed and validated a
deterministic model of BCL2 protein interactions, DR_MOMP (17). By taking into
account expression levels as well as interaction kinetics of anti-apoptotic (BCL2,
BCL(X)L, MCL1) and pro-apoptotic BCL2 proteins (BAX, BAK), the model
calculates a stress dose, η (corresponding to the production rates of BH3-only
proteins PUMA, NOXA and BIM) that is required to induce MOMP in individual
cells. It hence delivers a single value that indicates the cell’s sensitivity to
mitochondrial apoptosis (17). In a recent study our system model approach
successfully identified high-risk stage III colorectal patients using frozen or fixed
tissue samples, with the highest risk score among several molecular and pathological
features (18).
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Recent years have also seen the development of selective BCL2, BCL(X)L and
MCL1

inhibitors (19-21), and the first entry of the selective BCL2 inhibitor,

Venetoclax (ABT199) into the clinic. Since the selective targeting of anti-apoptotic
BCL2 protein family members has become reality, we here provide proof-ofprinciple that DR_MOMP is capable of predicting responses of TNBC cells to
genotoxic agents, and can be used as a stratification tools for the re-sensitization of
resistant TNBC cells by BCL2 inhibitors.

RESULTS
Characterization of cisplatin and paclitaxel responses in TNBC cell lines
We employed two clinically used genotoxic chemotherapeutics with different
mechanisms of action, cisplatin and paclitaxel, to assess the power of DR_MOMP in
predicting treatment responses in TNBC cells. We determined the sensitivity to both
drugs in a panel of TNBC cell lines. Cells were incubated with increasing
concentrations of the drugs, ranging from 0.3 to 1000 μM for 24 h, and cell viability
was determined using an MTT assay (Supplementary Figure S1). We observed a
heterogeneous response to the treatments (Figure 1a). In the presence of cisplatin,
IC50 values ranged between 20 and 40 μM. HDQ-P1, CAL-85-1 and BT549 were
less sensitive to the treatment (IC50 values between 35 and 40 μM) whereas BT20,
MDA-MB-468 and HCC1143 showed a higher sensitivity, with IC50 values ranging
between 20 and 26 μM (Figure 1a). In the presence of paclitaxel, cell responses were
less pronounced, with IC50 values ranging from 9 to 16 μM (Figure 1a). Overall
TNBC cell lines were more sensitive to paclitaxel compared to cisplatin after 24 h of
treatment (Figure 1b).
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A single concentration for cisplatin or paclitaxel was selected to determine levels of
cell death by flow cytometry. TNBC cells were treated with 30 μM cisplatin or 10
μM paclitaxel for 24 h and 48 h. Annexin V/PI staining was performed to indicate
surviving, apoptotic and (secondary) necrotic cells. The concentrations used were
selected based on the average IC50 values observed in Figure 1b, to facilitate
comparison and to approximate a clinical setup in which the patients will receive a
standard dose of tolerated chemotherapy. After 24 h, cisplatin exerted a greater effect
in HCC1937, HCC1143, MDA-MB-468, MDA-MB-231 and BT20 cells, decreasing
cell survival between 40 to 50%. HDQ-P1, BT549 and CAL-85-1 cells were less
affected. Responses to paclitaxel treatment were again less pronounced (Figure 1c).
In HDQ-P1 and BT549 cells, cisplatin was less effective compared to paclitaxel
while in HCC1937, HCC1143 and BT20 cells cisplatin was more potent. No
difference in cell survival was observed for CAL-85-1, MDA-MB-468 and MDAMB-231 after treatment with cisplatin or paclitaxel (Figure 1c). Similar results were
observed for 48 h time point, except for cisplatin treatment in MDA-MB-468, which
recorded significantly lower surviving cell levels when compared to paclitaxel
(Figure 1d).
We also investigated whether IC50 values correlated with cell survival when analysed
by Spearman's correlation analysis. A correlation coefficient of 0.73 (p-value =
0.045, Figure 1e) and 0.78 (p-value = 0.027, Figure 1f) were observed for 24 and 48
h cisplatin treatment, respectively. No significant correlation was detected for
paclitaxel (p-value = 0.1 and 0.8, Figure 1g and h).
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Quantitative protein profiling shows heterogeneous BCL2 protein levels in
TNBC cell lines
We next performed quantitative Western Blotting to determine the absolute protein
levels for BCL2, BCL(X)L, MCL1, BAX and BAK in the cell lines (Table 1). Most
cell lines exhibited higher, cumulative expression levels of BAK and BAX when
compared to cumulative expression levels of anti-apoptotic

BCL2 proteins, as

previously observed in colon cancer cells (17). An exception was HDQ-P1 and
MDA-MB-231 cells where anti-apoptotic proteins dominated. BCL2 protein was
detected at very low levels in CAL-85-1 cells, however this appeared compensated
by high levels of BCL(X)L. In all cell lines except BT549 cells, BAK levels were
higher than BAX levels. MCL1 exhibited by far the lowest expression level among
all BCL2 proteins. HCC1143, MDA-MB-468, MDA-MB-231 and HDQ-P1 showed
higher BCL2 levels compared to the other anti-apoptotic members, whereas the
remaining cell lines showed higher BCL(X)L levels (Figure 2a and b).
To better analyse expression similarities among the panel we clustered the different
proteins using the complete linkage method. The cell lines were grouped in 3
different clusters; HDQ-P1, MDA-MB-231 and MDA-MB-468 showed similar
expression patterns for BCL2, BCLXL, BAX and BAK proteins. HCC1143, BT20,
HCC1937 and CAL-85-1 were instead grouped in a second cluster as the sum of proapoptotic proteins was significantly higher in this cluster than the sum of the antiapoptotic members. BT549 cells were classified as the most different due to their
higher levels of BAX, BCL(X)L and MCL1 compared to BAK and BCL2 (Figure
2c).
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BCL2 protein levels poorly predict treatment responses
BCL2 proteins have been described as important biomarkers for drug resistance and
treatment responses (22). Thus, the next step involved correlation analysis between
BCL2 protein levels and treatment responses. We observed a positive significant
correlation of BAX (Figure 3c) after 24 and 48 h cisplatin treatment. Interestingly
also BCL(X)L levels (Figure 3a and b) correlated with 24 and 48 h cisplatin and
paclitaxel treatment responses, respectively. Of note, we also observed a positive
correlation between the sum of BCL2 and BCL(X)L protein levels and
cisplatin/paclitaxel treatments (Supplementary Figure S2a). No significant
correlation was found with the remaining family members (Supplementary Figure
S2b, c and d).
The BCL2 expression levels across the panel also led to different pro-apoptotic to
anti-apoptotic protein ratios (PA/AA ratio). Different BCL2 protein ratios have been
previously used as a parameter to measure the sensitivity of a cancer cell population
to undergo apoptosis (23-25). We also tested whether this ratio could be used as a
predictor for chemotherapy responses. We found that the PA/AA ratio negatively
correlated with levels of surviving cells after 24 h cisplatin treatment (Figure 2d, R2
= 0.50, p-value = 0.045) and 48 h paclitaxel treatment (Figure 2g, R2 = 0.51, p-value
= 0.04).
DR_MOMP is superior in delivering accurately predictions of cell survival
We next investigated whether DR_MOMP, taking into account the signal network
and protein interactions of BCL2 proteins, is more accurate in predicting responses
of TNBC cells to cisplatin or paclitaxel. We observed an excellent, positive
correlation between the DR_MOMP η score and response to 24 and 48 h cisplatin
(Figure 3e, R2 = 0.96 and 0.95, p-value < 0.001) or paclitaxel (Figure 3f; R2 = 0.94
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and 0.95, p-value = 0.001). Thus the model output outperformed both single protein
levels and cumulative protein levels as predictors for cell survival, as it maintained
the highest degree of correlation in all treatments.
Selective BCL(X)L inhibition with WEHI-539 shows synergistic effects with
cisplatin
We next investigated whether ABT199, WEHI-539, and A-1210477, selective
inhibitors of BCL2, BCL(X)L, and MCL1, respectively, were capable of enhancing
responses of TNBC cell lines to genotoxic chemotherapy. We performed a 6x6 dose
matrix assay to test for any synergistic activity between BCL2 inhibitors and
cisplatin in the HDQ-P1 cell line which was among the most resistant to treatment
with either cisplatin or paclitaxel (Figure 1). After 24 h incubation with increasing
concentrations of cisplatin in combination with increasing concentrations of each
inhibitor, cell survival data (Supplementary Figure S3) were analysed using Loewe
additivity analysis to evaluate drug interactions. As shown in Figure 4a both WEHI539 and ABT199 possessed synergistic activity when used in combination with
cisplatin; in contrast A-1210477 showed no synergy at any concentration given. In
the case of WEHI-539 high synergistic Loewe excess scores were observed for
concentrations ranging from 0.1 to 10 μM in combination with 10 to 100 μM
cisplatin. BCL2 selective antagonist showed synergistic Loewe excess scores at
higher combination concentration, from 1 to 10 μM ABT199 with 30 or 100 μM
cisplatin (Figure 4a). We also repeated this assay for the HCC1143 cell line, which
showed a higher response to cisplatin (Figure 1a and c) and were placed in a
different BCL2 cluster compared to HDQ-P1 (Figure 2c). Again, we obtained similar
results, except that high synergistic Loewe excess scores were observed for
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concentration ranging from 0.1 to 10 μM in combination with 30 to 100 μM cisplatin
for both WEHI-539 and ABT199.
We employed Webb’s fractional product method to calculate combination index (CI)
values for combination treatments, and to confirm and to compare overall synergy
among the drugs tested. CI value is an indicator of synergy (CI<1), additivity (CI=1)
or antagonism (CI>1). WEHI-539 showed the highest inhibition effect when
compared to ABT199 and A-1210477 in HDQ-P1 cells (Figure 4c). We observed
that the selective BCL(X)L inhibitor possessed the lowest CI values when used in
combination with cisplatin. ABT199 also acted synergistically with cisplatin but at a
lower level. Interestingly, most CI values for MCL1 inhibitor fell into the
antagonism category (Figure 4c). No significant difference was observed when
comparing CI values of ABT199 and WEHI-539 in HCC1143 cells (Figure 4d).
However, both inhibitors possessed lower CI values when compared to A-1210477.
The isobologram analysis confirmed the synergistic effect between WEHI-539 or
ABT199 in combination with cisplatin and highlighted that less WEHI-539 is needed
to reach 50% inhibition compared to the other compounds. Again A-1210477 failed
to show synergy in combination with cisplatin (Figure 4e). Results were also
confirmed for HCC1143 cell line; the isobologram analysis showed that WEHI-539
and ABT199 possessed similar synergistic effect in combination with cisplatin
(Figure 4f).
DR_MOMP identifies the most effective BCL2 antagonist dose response for
combination treatments
Finally we tested the ability of DR_MOMP to predict which selective BCL2
antagonist shows the highest synergistic activity with cisplatin, and to validate the in
silico predictions by analysis of in vitro responses. We implemented the binding
248

affinities of ABT199, WEHI-539 and A-1210477 to BCL2, BCL(X)L and MCL1
proteins into DR_MOMP based on published dissociation constants as described in
Materials and Methods. Subsequently, we calculated the DR_MOMP score for
MDA-MB-231 and CAL-85-1 after applying an in silico antagonist dose ranging
between 0 and 3 μM (Figure 5a) as these two cell lines possessed similar
DR_MOMP η values and showed increased resistance to cisplatin treatments.
In silico predictions calculated that WEHI-539 substantially reduced the DR_MOMP
score in both cell lines when genotoxic stress was applied. In contrast, CAL-85-1
cells were predicted to have a response to ABT199, which was not predicted in
MDA-MB-231 cells (Figure 5b). In both cell lines DR_MOMP predicted a poor
response to MCL1 inhibition (Figure 5a and b).
Our in silico predictions were validated by employing a high content analysis
platform. We used Hoechst/PI double staining to quantify surviving cells after 24 h
treatment with BCL2 inhibitors alone or in combination with cisplatin. As predicted
in silico, WEHI-539 decreased cell survival when combined with 30 μM cisplatin,
even at very low doses in MDA-MB-231 cells (Figure 5c). No significant effect of
ABT199 was observed. In contrast, both ABT199 and WEHI-539 reduced survival
in CAL-85-1 cells, with no significant differences between the first and final
treatment (0.1 and 3.0 μM concentrations). However, 0.3 and 1.0 μM treatments
were found to be significantly different (Figure 5d).
We further compared model predictions to in vitro data to determine whether
DR_MOMP is able to calculate maximal response regions. We found a linear
correlation between % of surviving cells and the DR_MOMP scores for WEHI-539
in both cell lines (Figure 5e), suggesting that we can employ DR_MOMP to predict a
dose response to BCL(X)L inhibition. The Pearson’s correlation coefficients were
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0.96 and 0.98 for CAL-85-1 and MDA-MB-231, respectively. Also in other resistant
TNBC cell lines investigated, the change in DR_MOMP score in response to WEHI539 was equivalent to the change in survival in vitro (Supplementary Figure S2a).
We also found a linear correlation between cell survival and DR_MOMP scores for
ABT199 combined with cisplatin in the responsive CAL-85-1 cells (Pearson’s
correlation coefficients: 0.84) (Figure 5f). MCL1 was not included in the analysis as
no differences in cell survival were observed. Moreover, we correlated BCL2 protein
levels to combination treatment responses and found no significant correlation in
most of the cases. Of note, we observed that BCL(X)L protein levels positively
correlated with surviving cell levels after ABT199 plus cisplatin treatment and
PA/AA ratio negatively correlated with WEHI-539 and cisplatin treatment
(Supplementary Figure S4 d and h). Finally, we also tested for synergy interaction in
DR_MOMP, between the in silico BCL2 inhibitors and genotoxic stress. We
calculated the amount of pores formed when applying increasing concentration of
BCL2, BCL(X)L and MCL1 selective inhibitors in combination with increasing dose
of genotoxic stress. As shown in Supplementary Figure S5a an increased amount of
pores is formed at lower concentration of combined WEHI-539 and genotoxic stress,
when compared to ABT199 and A-1210477. We also calculated the CI values to
account for synergy and again found that higher synergistic interactions (lower CI
values) are observed at lower concentration of WEHI-539 in combination with
genotoxic stress, when compared to ABT199 and A-1210477 (Supplementary Figure
S5b).

DISCUSSION
Despite recent advances, TNBC treatment still represents a major challenge and few
biomarkers have been studied to stratify patient responses. Previous studies on the
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effect of BCL2 proteins in breast cancer largely focused on individual members of
the BCL2 network (13, 16, 26). Our study demonstrates that a systems approach can
be successfully used to predict TNBC cellular responses to genotoxic chemotherapy
in vitro and their synergy with selective BCL2 inhibitors.
TNBC cells were found to show heterogeneity in treatment responses; IC50 values for
cisplatin highlighted a good correlation with treatments responses. However,
paclitaxel IC50, failed to show any predictive value. Although IC50 calculations are
widely used to test a set of treatments they are highly variable and rely on factors
such as incubation time, drug concentration and the technique employed.
As in colon cancer, also TNBC cells display overexpression of the BCL2 proteins at
different rates (17, 18); tumours often present BCL2 gene amplification and this
relates itself to increased protein levels (27).
Despite MCL1 being identified as an important survival factor in TNBC (26), our
quantitative study found that BCL(X)L was a better prognostic factor for treatment
responses. Indeed it was recently shown that BCL(X)L is more potent in protecting
the cells against genotoxic stress when compared to BCL2 or MCL1 (28).
Interestingly, we also observed a correlation between BAX and treatment responses
which would contradict the hypothesis that higher pro-apoptotic levels will result in
increased cell death after treatment. We found no significant correlation between
BCL(X)L and BAX protein levels, excluding the possibility that these two proteins
are transcriptionally co-regulated, however BAX protein levels may correlate with
other factors that determine responses to cytotoxic agents. BCL(X)L has also been
implied in BAX retro-translocation from the mitochondria to the cytosol in order to
regulate mitochondrial priming (29, 30) highlighting a sub-cellular shuttling
mechanism that could explain why these proteins are better predictor for treatment
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outcome. All other BCL2 proteins poorly predicted chemotherapeutic sensitivity
even when the ratio between pro and anti-apoptotic was considered in the analysis.
In contrast, DR_MOMP successfully predicted cell survival as the stress dose highly
correlated with treatment responses in TNBC cell lines. The advantage of our system
biology approaches over other biomarkers is the possibility to integrate expression
levels with network information and biochemical data such as binding affinities and
production/degradation rates. Indeed, DR_MOMP outperformed both single protein
and combinatorial biomarkers.
Several drugs that target BCL2 proteins have been developed during recent years.
ABT737 was one of the first agents to be developed with high affinity towards
BCL2, BCL(X)L and BCLW, however this compound showed a low solubility and
poor oral availability. An oral active version, ABT263/Navitoclax, was subsequently
developed, but its clinical utility is restricted due to the increased risk of
thrombocytopenia as a consequence of its BCL(X)L inhibiting activity (31), an
important protein for platelet survival. Previous studies showed the efficacy of a
BCL(X)L selective inhibitor in combination with genotoxic chemotherapy to induce
cell death in solid tumours such as osteosarcoma, ovarian, colon and breast cancer
(32-35). Our findings revealed that BCL(X)L inhibition was very potent in
decreasing cell viability in most TNBC cells when used together with cisplatin. This
approach could be successfully used to re-sensitize cancer cells to cell death in
patient resistant to chemotherapy. Of note, our study demonstrates that DR_MOMP
is able to calculate, case specifically the most efficient dose and best dynamic range
that reduces the viability of TNBC cells. This raises hope that pharmacodynamics
stratification tool such as DR_MOMP may not only identify patients responding to
BCL(X)L inhibition, but may also be able to define those that may benefit from low
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concentrations of BCL(X)L selective inhibitors, thereby reducing unwanted side
effects such as thrombocytopenia.
Recently the selective BCL2 inhibitor ABT199 was approved for the treatment of
chronic lymphocytic leukemia with 17p deletion (36). This drug is specific for BCL2
and has no impact on platelets survival. To date ABT199 is used in different clinical
trials alone and in combination with alkylating agents or CD20-targeted antibodies
(31). Although ABT199 is often considered to be effective only in BCL2 dependent
cancers, our study indicates that it can also be used to increase cisplatin effectiveness
in TNBC cells that express both BCL(X)L and BCL2, albeit at higher concentration
than WEHI-539. Treatment with ABT199 may nevertheless be a viable option, as
BCL2 inhibition may induce less side effects. Thus systems approaches such as
DR_MOMP are needed to address which patient will respond to BCL2 inhibition
when co-expressing BCL(X)L.
On a cautionary note, it should also be considered that BCL-2 antagonists may exert
additional effects unrelated to apoptosis initiation. It was previously shown that
BCL2, MCL1 and BCL(X)L regulate different aspect of cellular metabolism (37-40),
mitochondrial energetics, fusion/fission and morphology, thereby potentially limiting
the effects of the model. Another limitation is that the model does not yet incorporate
pharmacokinetics. Inclusion of such parameters will further enhance the clinical
applicability of DR_MOMP, which will require validation in preclinical models such
as patient-derived xenografts.
In conclusion, we here demonstrate that our approach can be used to predict cellular
responses to chemotherapy in TNBC and lay down the foundation for the
deployment of DR_MOMP as a pharmacodynamics stratification tool for BCL2
antagonist.
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MATERIALS AND METHODS
Materials and reagents
Fetal bovine serum, RPMI 1640 medium, insulin, p-Nitrophenyl Phosphate Substrate
(pNPP), Thiazolyl Blue Tetrazolium Bromide (MTT), dimethyl sulfoxide (DMSO),
Hoechst 33588 and propidium iodide (PI) came from Sigma-Aldrich (Dublin,
Ireland). DMEM medium was purchased from Lonza (Analab Ltd, Lisburn, United
Kindom) and DMEM/F12 from Gibco (Biosciences, Dún Laoghaire, Ireland).
ABT199 was purchased from Active Biochem (Maplewood, NJ, USA), WEHI-539
from ChemScene (South Brunswick, NJ, USA) and A-1210477 was obtained from
AbbVie (North Chicago, IL, USA). Cisplatin and paclitaxel were purchased from
Selleckchem (Stratech Scientific Ltd, Newmarket, United Kindom).
Cell lines
HCC1937, HCC1143, MDA-MB-231, MDA-MB-468 were cultured in RPMI-1640
supplemented with 10% FBS, 1% L-Glutamine and 1% Penicilin/Streptomycin;
same medium with the addition of 0.023 UI Insulin and 10 mM HEPES was used for
BT549 cell line. DMEM supplemented with 10% FBS, 1% L-Glutamine and 1%
Penicilin/Streptomycin was used for HDQ-P1, HeLa and CAL-85-1 (with the
addition of 1 mM Pyruvate). BT20 were growth in DMEM/F12 supplemented with
10% FBS, 1% L-Glutamine and 1% Penicilin/Streptomycin. All cell lines were
incubated at 37˚C in humidified atmosphere with 5% of CO2. Cell lines were
authenticated by STR typing from Source Bioscience (Nottingham, United Kindom).

MTT assay
The MTT assay was used to determine cisplatin and paclitaxel IC50 values. TNBC
cell lines were seeded at a density of 3*104 cells for well on 96-well plates at 37°C
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and treated with increasing concentration of cisplatin and paclitaxel (from 0.3 to
1000 µM). After 24 h 20 μL of 5 mg/mL MTT (in 1X PBS) was added to each well
and the plate incubated at 37°C for 4 h. Consequently medium was removed and
crystals were suspended in 100 μL DMSO. Absorbance at 570 nm was recorded on a
Multiskan® EX plate reader (Thermo Scientific, Dublin, Ireland). IC50 values were
calculated with Prism (GraphPad, La Jolla, CA) by using a nonlinear regression with
a variable slope fit function.

Synergy calculations
Acid phosphatase assay was used to measure cell viability based on the conversion
of pNPP to p-nitrophenol by cytosolic acid phosphatase (41). Cells were grown in a
96 well plate at a density of 1.5*104 cells per well and treated with increasing
concentrations of cisplatin in combination with increasing concentrations of
ABT199, WEHI-549 or A-1210477. After 24 h treatment medium was removed and
each well was washed once with 200 μL of 1X PBS. To each well, 100 μL of assay
buffer (0.1 M sodium acetate at pH 5.0, 0.1% Triton X-100 and 7.25 mM pnitrophenyl phosphate) was added. The plates were then incubated at 37º C for 2 h.
The reaction was finally stopped with the addition of 50 μL and colour development
was assayed at 405 nm using a Multiskan® EX plate reader. The non-enzymatic
hydrolysis of the pNPP substrate was also determined by including wells with the
assay buffer and without any cells. An excel template was used to calculate the
fraction affected from viability percentages and the results were analyzed with the
web version of Chalice Analyzer (Horizon Discovery) to calculate Loewe model
matrix and isobologram (42). Combination index values were calculated using
Webb’s fractional product method (43).
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Western blotting and BCL2 profiling
Cells were seeded at a density of 1*106 and let to attach. After 24 hours, cells were
scraped, collected and lysed in RIPA buffer (150 mM NaCl, 1.0% IGEPAL® CA630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, protease and
phosphatase inhibitors mix 1:100) to obtain whole cell lysates. Protein concentration
was determined with micro BCA (bicinchoninic acid) assay (Pierce) and a total of 30
µg of protein loaded into a SDS-gel after complete denaturation at 90° C for 10
minutes in Laemmli buffer. The samples were then transferred to nitrocellulose
membrane and blocked in 5% milk in TBS-T for 1 hour. Primary antibodies to
MCL1 (1:1000; BD Biosciences), BCL2 (1:100; Santa Cruz Biotechnology),
BCL(X)L (1:250; Santa Cruz Biotechnology), and actin (1:5,000; Sigma Aldrich)
were mouse monoclonal. Antibodies to BAK (1:250; Santa Cruz Biotechnology) and
BAX (1:1,000; Upstate Biotechnology) were rabbit polyclonal. The horseradish
peroxidase

(HRP)-conjugated

secondary

antibodies

were

from

Jackson

ImmunoResearch (1:5000). Detection of protein bands was carried out using
chemiluminescence (EMD Millipore) on a LAS-3000 Imager (FUJIFILM UK Ltd.
System). BCL2 profiling and absolute protein concentration was carried on as
previously described through quantitative western blotting (17). Briefly, standard
curves were constructed with varying concentrations (0.1–10.0 ng) of recombinant
BCL2 proteins, and varying concentrations of HeLa extract. From these western
blots, calibration curves for each protein were established, plotting blot intensity to
mass of loading. Cellular concentrations for BCL2 proteins in TNBC cellular lysates
were calculated from calibration curves, considering HeLa cell volume and the
appropriate molecular weights for BAK, BAX, BCL2, BCL(X)L, and MCL1. We
assumed a HeLa cell volume of 3.1 pL from previous imaging study (44).
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Densitometry was conducted using ImageJ 1.45s (National Institutes of Health,
Bethesda, MD, USA)

Flow Cytometry
Cells were seeded on a 24 well plate at a density of 6*104 cells for well and treated
with 30 µM cisplatin and 10 µM paclitaxel for 24 h and 48 h at 37° C. After
incubation time cells were collected by tripsinization and stained with Annexin VFITC and PI (Biovision) for 20 minutes at room temperature in dark condition and
analyzed using a CyFlow ML (Partec) flow cytometer and FloMax software. A
minimum of 10,000 events were recorded for each sample. Surviving cells were
defined as the fraction of Annexin V and PI negative cells. The percentage of
apoptotic cells was defined as Annexin V positive/ PI negative plus Annexin V
positive/ PI positive.

High Content Screening Microscopy
Cells were seeded in a Nunc Micro Well 96 well optical bottom plate (Thermo
Scientific) at a density of 1.5*104 cells per well. The day of the treatment cells were
incubated in medium with 1 μg/mL Hoechst 33588 and 1 μg/mL PI. After 24 h
treatment, plates were imaged at 30 fields of view per well using a Cellomics
Arrayscan VTI (Thermo Scientific) microscope set up with a temperature of 37˚C
and 5% of CO2 in humidified atmosphere. Images were taken at a resolution of
0.645μm/pixel using a × 10 PlanApo objective lens (NA 0.45), a 120 W Hg arc
illumination source with 12% ND filter (EXFO, Chandlers Ford, UK) and a
monochrome CCD camera (Orca-AG, Hamamatsu Photonics, Hertfordshire, UK).
The following filters sets were used: Hoechst excitation 387±11 nm, emission
447±30 nm; PI excitation 560±12 nm, emission 620±60 nm all using a HC-Quad
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band beam splitter with transition wavelength of 410, 504, 582, and 669 nm
(Semrock, AHF, Germany). Images were analysed using a customised processing
pipeline to identify nuclei with Hoechst staining (total cell number) and nuclei of
dead cells (PI positive) using CellProfiler r2.2.0 (45).

DR_MOMP
DR_MOMP is an ordinary differential equation (ODE)-based systems model of
BCL-2 protein interactions comprised of 126 reactions and 71 protein species that
delivers a numeric score indicative of the stress dose required to induce MOMP in
individual cancer cells (17). BCL2 profiles of BT20, BT549, CAL-85-1, HCC1937,
HCC1143, MDA-MB-231, MDA-MB-468 and HDQ-P1 cells were used as input to
determine the DR_MOMP score. Production rates of BIM, PUMA, and NOXA
proteins were assumed to be identical and modelled by a step function at a constant
rate for 12 h. The entire protein production during this period was defined as
(protein) dose η and compared to cell death rates in TNBC cells. A full description
of DR_MOMP is given in the supplemental material of Lindner et al. 2013 (17) and
in the supplementary method section of this study. Binding kinetics (kforward) of the
selective BCL2 antagonists ABT-199/Venetoclax (BCL2), WEHI-539 [BCL(X)L],
and A-1210477 (MCL1) were implemented in DR_MOMP as previously described
for ABT737 and Apogossypolone (ApoG2) (17). Dissociation constants (KD) used to
determine binding kinetics were originally described in the literature (19-21). To
predict the impact of ABT199, WEHI-539, and A-1210477 on the tumour cells’
sensitivity to genotoxic stimuli, DR_MOMP scores were determined with different
doses of the antagonists, ranging from 0 to 6 μM, and corrected by the factor 0.5 to
account for drug degradation and active drug extrusion. The antagonist doses were
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applied in silico at the same time and for the same duration as the genotoxic stress
(12 h) (17).

Statistical analysis
Data are given as means ± S.D. (standard deviation). Correlations were assessed
using Spearman's rank correlation analysis. For statistical comparison, two-way
analysis of variance (ANOVA) or one-way analysis followed by Tukey's post hoc
test were employed. p-values <0.05 were considered to be statistically significant.
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Table 1: Concentration values (in μM) for BCL2 proteins in the TNBC cells panel.

HCC1143
MDA-MB-468
MDA-MB-231
BT20
HDQ-P1
CAL-85-1
BT549
HCC1937

BCL2
0.907
1.609
2.501
0.178
4.581
0.061
0.619
0.407

MCL1
0.330
0.051
0.001
0.063
0.059
0.311
0.663
0.078

BAK
3.173
1.518
2.202
2.764
2.982
1.907
0.842
1.651

BAX
0.638
0.761
0.508
0.654
1.209
0.987
2.284
0.484

BCL(X)L
0.317
0.416
1.273
0.469
1.175
1.150
1.415
0.557

FIGURE LEGENDS
Figure 1. Cisplatin and paclitaxel sensitivity in a panel of TNBC cell lines
Cells were incubated with increasing concentration of cisplatin or paclitaxel (from
0.3 to 1000 μM). After 24 h treatments MTT assay was performed and IC50 values
calculated with GraphPad Prism using nonlinear regression with a variable slope fit
function. (a) IC50 values for cisplatin (black) or paclitaxel (white) treatment. Means
± SD are shown for n = 3 experiments. (b) Same values were analysed using MannWhitney test to show overall sensitivity of the drugs used (*** indicates a p-value <
0.001). (c and d) Percentages of surviving cells (Annexin V-/PI- fraction) after 24 h
and 48 h control, cisplatin (30 μM) or paclitaxel (10 μM) treatment analysed through
flow cytometry. Significance was assayed with a two-way ANOVA and Tukey posttest (* indicates a p-value < 0.05, *** indicates a p-value < 0.001). Column
represents mean ± SD for n = 3 experiments. (e and f) IC50 values for cisplatin were
correlated to surviving cells levels after 24 h and 48 h cisplatin treatment,
respectively, and analysed through Spearman correlation test. (g and h) Same
procedure was applied to paclitaxel treatment for 24 h and 48 h time points,
respectively.
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Figure 2. Quantitative BCL2 profiling of TNBC cell lines
Cell lines were cultured and lysed in RIPA buffer. BCL2 profiling was performed
comparing densitometric calibration curves from recombinant BCL2 proteins to
densitometric signals of same proteins in HeLa cell lysates. (a) Western blots
showing BCL2, BCL(X)L, MCL1, BAX and BAK expression in TNBC cells. (b)
Absolute concentrations of BCL2 proteins calculated relative to absolute BCL2
proteins concentration in HeLa. Bars represent means ± SD for n = 3 gels from 3
different lysates; two-way ANOVA with Bonferroni post-test was used to assess
significance of pro-apoptotic against anti-apoptotic proteins (** indicates a p-value <
0.05, *** indicates a p-value < 0.001). (c) k-means clustering of BCL2 absolute
protein concentrations. (d and e) Correlation between PA/AA ratio (pro-apoptotic to
anti-apoptotic ratio calculated by dividing the sum of all pro-apoptotic proteins by
the sum of anti-apoptotic proteins) and the percentage of surviving cells (Annexin V/ PI-) after 24 h cisplatin and paclitaxel treatment, respectively. The correlation was
tested using Spearman test. (f and g) Same analysis was performed for 48 h cisplatin
and paclitaxel treatment, respectively
Figure 3. DR_MOMP is an excellent predictor of genotoxic chemotherapy
responses
(a and b) Correlation between BCL(X)L absolute protein levels from each cell line
compared to % of surviving cells after 24 h and 48 h cisplatin and paclitaxel
treatments, respectively, from flow cytometry data (Figure 1c and d). (c and d) same
analysis performed for BAX protein levels. (e and f) Absolute proteins levels from
BCL2 profiling were used as input to calculate DR_MOMP η score and correlated to
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% of surviving cells (Figure 1c and d) after 24 h and 48 h cisplatin and paclitaxel
treatments, respectively. All correlations were tested with Spearman test.
Figure 4. Synergistic effect of ABT199 and WEHI-539 in combination with
cisplatin
A 6x6 dose matrix assay was performed by treating HDQ-P1 and HCC1143 cells
with increasing concentration of cisplatin and BCL2 inhibitors. Cell viability was
assessed after 24 h treatment with an acid phosphatase assay. Experiments were
performed in triplicates (2 wells each repetition) (a and b) Heatmap of Loewe
excess scores for WEHI-539, ABT199 and A-1210477 inhibitors in combination
with cisplatin in HDQ-P1 and HCC1143 cells, respectively. Fraction affected % was
calculated from viability and used to generate the scores. (c and d) Combination
index values were calculated using Webb’s fractional product method for HDQ-P1
and HCC1143, respectively. A CI value lower than 1 means synergy while a CI
lower than 0.3 is classified as strong synergy; CI values > 1 are considered as
antagonistic. All experiments were performed in triplicate and results represent
means ± SD. Values were analysed using one-way ANOVA with Tukey post-test
(*** indicates a p-value < 0.001). (e and f) Isobologram analysis for fraction
affected % calculated from viability results for HDQ-P1 and HCC1143 cells,
respectively.
Figure 5. DR_MOMP predicts BCL2 inhibitors responses
MDA-MB-231 and CAL-85-1 cell lines were treated with different concentrations of
BCL2 inhibitors (0.1, 03, 1 and 3 μM) alone and in combination with 30 µM
cisplatin. After 24 h treatments and staining with Hoechst and PI, the cells were
imaged with a HCS platform and results analyzed with a CellProfiler pipeline to
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determine the levels of surviving cells. DR_MOMP was used to calculate the change
in the predictive score assuming ABT199, WEHI-539 and A-1210477 binding
kinetics. (a and b) DR_MOMP η score for ABT199, WEHI-539 and A-1210477
treatments in MDA-MB-231 and CAL-85-1 respectively. (c and d) HCS data for
ABT199, WEHI-539 and A-1210477 in combination with 30 μM cisplatin for MDAMB-231 and CAL-85-1 respectively. Two-way ANOVA with Tukey post-test was
used to assess significance (** indicates a p-value < 0.05, *** indicates a p-value <
0.001). (e and f) Predicted DR_MOMP scores were interpolated by linear regression
for the individual cell lines and plotted against % surviving cells after cisplatin and
BCL2 antagonists treatment for WEHI-539 and ABT199 respectively. Correlation
was analysed with linear regression and Pearson’s coefficient.
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Supplementary Figure Legends
Supplementary Figure S1. Dose-Response curves for chemotherapeutic
treatments. (a and b) MTT dose-response curves for TNBC cell lines after 24 hours
cisplatin and paclitaxel treatments respectively, used to calculate the IC50 values.
Supplementary Figure S2. BAK, BCL2 and MCL1 poorly predict cell survival
after treatments. (a, b, c and d) Correlation between BCL2+BCL(X)L, BAK,
BCL2 and MCL1 absolute protein levels from each cell line compared to % of
surviving cells after cisplatin and paclitaxel treatments, respectively, from flow
cytometry data (Figure 1c). All correlations were tested with Spearman test.
Supplementary Figure S3. Dose matrix assay for cisplatin in combination with
BCL2 proteins inhibitors. (a and b) Fraction affected % after treatment of HDQP1 and HCC1143 cells, respectively, with increasing concentrations of BCL2
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inhibitors in combination with increasing concentrations of cisplatin. This data was
used to calculate Loewe excess scores in Figure 4.
Supplementary Figure S4. DR_MOMP predictions for combination treatments.
(a and b) Percentages of surviving cells related to DR_MOMP η values after
combination of cisplatin with WEHI-539 and ABT199, respectively, in BT549,
CAL-85-1, HDQ-P1 and MDA-MB-231. (c, d, e, f, g, h, i) Correlation between
surviving cells after combination treatments (ABT199, WEHI-539 and A-1210477
in combination with cisplatin) and BCL2, BCL(X)L, MCL1, BAX, BAK, PA/PP
ratio and BCL2+BCL(X)L proteins levels, respectively.
Supplementary Figure S5. DR_MOMP predicts synergy for combination
treatments in HDQ-P1 cells. (a) The amount of pore induced by increasing in silico
concentration of WEHI-539, ABT199 or A-1210477 in combination with increasing
genotoxic stress was calculated in DR_MOMP. (b) The level of pores was then
analysed with the Webb’s fractional product method to obtain CI values and test for
synergy.
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